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  Oseosarcoma: The State of Affairs D ictates 
a Change. What Do We Know?            

       Can We Apply These Discoveries and Alter Clinical Research 
Practices to Achieve Success? 

 Osteosarcoma continues to claim the lives of too many children, adolescents, and 
young adults. Being a rare cancer  and  a pediatric cancer, the resources allocated to 
fi nding a cure and improving outcomes have been and will continue to be sparse. 
This is why, as we move forward, we must be judicious and strategic in the selection 
of which new agents we incorporate into our clinical treatment regimens and the 
clinical trial design constructed to assess the activity of these new agents. Experience 
and multiple clinical trials have defi ned an accepted 3-drug chemotherapy regimen 
that results in a 65–70 % overall survival at 5 years. However, clinical trial after 
clinical trial adding additional chemotherapeutic agents to this 3-drug backbone 
failed to have an impact with no improvement in outcome since 1987. This is an 
unacceptable statistic. We need to recognize that we have achieved what we can 
with combination chemotherapy and move on. 

 The era of “targeted therapy” based on genomics and proteomics of the tumor 
cells has emerged. Genomic analysis of tumor tissue has identifi ed potential targets 
for other solid tumors. However, the genetic signatures from individual osteosar-
coma patient samples and even different metastatic tumor nodules in the same 
patient are not consistent. Furthermore, tumor cells do not grow in isolation. In my 
opinion, this approach will fail therapeutically unless we also understand (a) the 
interactions between the osteosarcoma cells and the lung microenvironment (the 
most common site of metastases); (b) which molecular pathways are altered epige-
netically that permit bone cells to grow in the lung; and (c) how the osteosarcoma 
cells circumvent the immune response. We also need to understand how the osteo-
sarcoma cells adapt to the lung microenvironment. 

 Recognizing the success of using chemotherapy to treat newly diagnosed osteo-
sarcoma patients but also admitting that we have reached a plateau using this 
approach dictates that we must incorporate non-chemotherapy agents into our cur-
rent 3-drug regimen to improve patient outcomes. Such new agents can include 



viii

those that target the dysregulated pathways that have been identifi ed in the tumor 
cells, the tumor microenvironment, and the immune response. 

 How best to combine the new agent with chemotherapy and how to interdigitate 
it into the treatment schema based on our knowledge of the agent’s target and 
whether chemotherapy can help or interfere must be a primary focus. This book has 
been compiled to bring the latest fi ndings in regard to these three areas. National 
and international authorities have summarized the historical perspectives and their 
own laboratory research in an effort to provide a single resource to serve as the start-
ing point as we move forward in designing novel therapeutic strategies. We cannot 
continue to merely add one new agent and measure success by evaluating response 
in the setting of bulky, visible relapsed disease. This has been our approach for the 
last 40 years. It was successful in identifying the active chemotherapy agents, but it 
is not appropriate for assessing immunostimulatory agents, agents that target the 
tumor microenvironment, or even agents that target specifi c pathways. In addition, 
we cannot continue to assess activity by tumor shrinkage. Agents that activate an 
immune response resulting in immune cell infi ltration into the tumor may be inter-
preted as tumor progression if response is judged by radiographic measurements. 
Without histologic evaluation, we cannot decipher whether an enlarged mass is 
growing tumor or the result of immune cell infi ltration, dead amorphous tissue, and 
edema. We must incorporate histologic evaluation and biologic measures that con-
fi rm that the chosen agent’s target is being affected. Proper resources must be 
devoted and carefully designed clinical trials must be implemented. It is imperative 
that we use the discoveries made by the authors in this book to design our clinical 
trials, keeping in mind the biology of the tumor. If we do not implement such 
changes in our clinical research practice, we will continue to struggle and fail. 

 In this spirit, I express my gratitude to all of my distinguished colleagues for 
their willingness to contribute to this book. Without their assistance and their exper-
tise, this project would not have been possible. It is my hope that the information in 
this book will provide inspiration, data, and the rationale needed to change the way 
we practice clinical research and design our clinical trials for patients with newly 
diagnosed and relapsed osteosarcoma.    

    Houston, TX, USA Eugenie     S.     Kleinerman, M.D.     
   V.     Mary   
   A.     John    
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    Abstract     Chemotherapy for treatment of osteosarcoma was demonstrated to be 
effective in eradicating primary tumor and pulmonary metastases in the mid- twentieth 
century. The fi rst agents that held promise were doxorubicin and high- dose metho-
trexate with leucovorin (citrovorin factor) in the mid-1970s. Since then, other agents 
that can eliminate or cause regression of tumor have been discovered: cis-diammin-
edichloroplatinum II (cisplatin) and the oxazaphosphorines ifosfamide and cyclo-
phosphamide. Additional agents await further study to defi ne their potential. 
The effective agents have been utilized in various combination regimens and have 
escalated the survival rate from <10 to 75 %. They have also enabled pulmonary 
metastectomy in patients with persistent and/or recurrent pulmonary metastases and 
tumor ablation and limb salvage in 80 % of newly diagnosed patients. Unfortunately, 
however, despite these impressive advances no change in survival expectancy of 
patients with osteosarcoma during the past 40 years has occurred. There have been 
no new chemotherapeutic agents effective in addressing disease that is resistant to 
current agents; the few that have been introduced await further study to substantiate 
their effi cacy. This also includes attempts at alternate administration of chemotherapy 
(intra-arterial and inhalation therapy.) In this chapter, we provide an account of the 
sequential introduction of the chemotherapeutic agents, review the results of their 
application in selected regimens, and discuss the role of neoadjuvant chemotherapy.  

  Keywords     Osteosarcoma   •   Chemotherapy   •   Neoadjuvant therapy   •   Limb salvage   
•   Current status  

      Historical Perspective on the Introduction 
and Use of Chemotherapy for the Treatment 
of Osteosarcoma 

             Norman     Jaffe     
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        Introduction 

 Major progress in the treatment of osteosarcoma was achieved in the last century. 
Developments took wing as a consequence of converging discoveries in disciplines 
deployed to address the treatment of this disease. Innovations evolved after it was 
shown that a variety of chemotherapeutic agents were effective in treating the tumor. 
Chemotherapy acted as a catalyst for a dynamic change in perspective. Disciplines 
were effectively integrated into multidisciplinary strategies and a new outlook 
for cure and limb preservation emerged. This chapter chronicles the discoveries in 
chemotherapy and the standard of care today.  

    Rationale for the Application of Chemotherapy 

 In 1879, Samuel Gross of Philadelphia published a manuscript entitled “Sarcoma of 
the long-bones: based upon a study of 165 cases”    [ 1 ]. The majority of the cases, 
if not all, were probably osteosarcomas. Gross advocated early amputation although 
the operative mortality rate at that time was 30 %: limb salvage inevitably led to 
local recurrence, distant pulmonary metastases, and death. Despite this aggressive 
approach survival rates did not improve. Amputation remained the “standard and 
accepted” form of treatment for the ensuing 60–70 years. This led to the realization 
that silent pulmonary micrometastases were present in the majority of patients at 
diagnosis. These metastases were not evident on conventional radiological imaging 
but surfaced 6–9 months after amputation and were responsible for the patients’ 
demise. The survival rate was invariably under 20 % (usually 5–10 %). This obser-
vation was supported by a review of the medical records of 78 patients treated at the 
Dana Farber Cancer Center and by several other publications [ 2 – 4 ]. It constituted 
the rationale for the hypothesis that osteosarcoma, despite its local presentation, 
should be considered a local  and  systemic disease and as such requires local  and  
systemic treatment for cure. Systemic treatment generally implied the administra-
tion of chemotherapy.  

    Effective Chemotherapeutic Agents 

 Prior to the 1960s, osteosarcoma was considered a chemoresistant tumor. The agents 
investigated had yielded inconsistent, mediocre, or unconfi rmed results. They included 
 l -phenylalanine mustard (response, 16 %) [ 5 ,  6 ], mitomycin C (response 24 %) 
[ 7 ,  8 ], cyclophosphamide (response, 15 %) [ 9 – 12 ], vincristine [ 12 ,  13 ], 5-fl uorouracil 
(complete remission reported in one of two patients) [ 14 ], and nitrogen mustard 
(Jaffe N, unpublished data, Dana Farber Cancer Institute). A regimen comprising 
mitomycin C, phenylalanine mustard, and vincristine proved fruitless [ 15 ]. However, 
commencing in the mid-1970s, a glimmer of hope emerged with the introduction 
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of combination chemotherapy regimens initially designated “Conpadri” [ 16 ,  17 ]. 
The major components of the regimens were an agent that had been recently discov-
ered to be effective, doxorubicin, and later high-dose methotrexate with leucovorin 
“rescue.” This advance was followed by the discovery of other active agents: cispla-
tin and, when given at higher doses than conventionally administered at that particu-
lar time, the oxazaphosphorines ifosfamide and cyclophosphamide. Administration 
of the higher doses was facilitated by the introduction of the adjuvant mesna to 
reduce their toxicity. The agents were integrated and combined into a variety of 
chemotherapeutic regimens. 

    Conpadri and Compadri Regimens 

    Historical Perspective 

 The Conpadri regimens, devised by Wataru Sutow (Fig.  1a ) [ 16 ,  17 ], originated as 
follows. Cyclophosphamide was initially shown to be effective in rhabdomyosar-
coma [ 11 ]. In the early 1970s, it was incorporated into a combination regimen, VAC 
( v incristine,  a ctinomycin D, and  c yclophosphamide), for the treatment of soft tissue 
sarcoma [ 18 ]. The combination was found to be highly effective, which prompted 
its investigation in osteosarcoma. The use of cyclophosphamide probably also 
derived from a report by Pinkel in 1962 that documented partial regression of an 
osteosarcoma lung metastasis with the administration of this agent [ 11 ] (The pub-
lished radiograph of the response is suggestive that radiation therapy may also have 

  Fig. 1    Investigators and Outline of their contributions. ( a ) Wataru Sutow introduced Compadri 
regimen. ( b ) James Holland investigated doxorubicin. ( c ) Sidney Farber formulated methotrexate. 
( d ) Abraham Goldin designed methotrexate “rescue.” ( e ) Isaac Djerassi investigated methotrexate 
rescue in leukemia. ( f ) Norman Jaffe investigated methotrexate rescue in osteosarcoma. ( g ) Gerry 
Rosen pioneered neoadjuvant chemotherapy (T10). ( h ) Charles Pratt. Investigator. ( i ) Eugenie 
Kleinerman pioneered MTP-PE. ( j ) Stefan Bielack. Principal investigator EURAMOS       
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been given). An intensive pulsed cyclophosphamide regimen was adopted based 
upon the report by Finkelstein et al. [ 9 ]. To the VAC combination, phenylalanine 
mustard was added based upon the studies of Sutow and Sullivan [ 5 ,  6 ]. With the 
demonstration that doxorubicin was highly effective in osteosarcoma, actinomycin 
D was replaced by doxorubicin. Thus, the resulting regimen, Conpadri, comprised 
 c yclophosphamide, vincristine (brand name  On covorin),  p henylalanine mustard, 
and doxorubicin (brand name  Adri amycin) [ 16 ]. Later, when methotrexate and 
leucovorin were shown to be effective, methotrexate was added (Co m padri) [ 17 ]. 
The regimen yielded a 41 % disease-free survival rate 5 years following their 
discovery when used as postoperative adjuvant therapy after ablation of the primary 
tumor [ 19 ].

        Doxorubicin 

    Historical Perspective 

 Doxorubicin was discovered by the Italian research company Farmitalia in the 1950s 
(Fig.  2 ). The mechanism of action is probably multifactorial. A major form of activ-
ity is its ability to intercalate into DNA and induce topoisomerase II-mediated single- 
and double-strand breaks in DNA. Doxorubicin may also induce topoisomerase 
II-mediated DNA cleavage by nonintercalative mechanisms. Through intercalation, 
doxorubicin can induce histone eviction from chromatin. As a result, DNA damage 
response at the epigenome and transcriptome levels is deregulated in doxorubicin- 
exposed cells.

   Doxorubicin was found to be active in disseminated osteosarcoma [ 20 ]. 
Investigations in osteosarcoma were conducted principally under the direction of 
James Holland (Fig.  1b ). Initial clinical reports of its activity alone and in association 
with dacarbazine (dimethyl triazeno imidazole carboxamide, or DTIC) produced 
responses in 35–40 % of patients with pulmonary metastases [ 21 – 25 ]. The responses 
developed within 1–2 months with doses of 30–35 mg/m 2 /day administered for 
3 days at 3- to 4-week intervals. When administered as the sole agent after ablation 
of the primary tumor, doxorubicin also improved survival rates [ 26 ]. It could also 
potentiate the effect of radiation therapy [ 27 ].  

  Fig. 2    Doxorubicin 
(Adriamycin)       

 

N. Jaffe



5

    Current Practice 

 Doxorubicin may be administered as a single-bolus injection, short infusion (e.g., 6 h), 
or continuous infusion over 24, 48, or 72 h. It is a frequent component of combina-
tion regimens. The schedule of administration may vary particularly if the dose is 
divided: daily for 2–3 days, weekly, or tri-weekly. The conventional dose is 
60–75 mg/m 2 , every 3 weeks and may be administered as a single pulse or divided 
into three daily doses. The drug is administered intravenously; extravasation may 
cause ulceration. In a study of its intra-arterial administration over 24 h in combina-
tion with radiation (3.5 Gy) to treat the primary tumor, over 75 % tumor destruction 
was reported in 24 of 36 patients [ 28 ]. The procedure was complicated by erythema 
and ulceration of the skin and subcutaneous tissue in several patients. Selective 
entry of the drug into a small vessel was implicated, and it was suggested that the 
complication might be averted by positioning the catheter in a large-caliber vessel 
proximal to the tumor. However, in view of the possibility of ulceration, which may 
preclude a limb-salvage procedure, the intra-arterial approach has generally been 
abandoned. 

 Because doxorubicin may cause cardiac failure, several strategies have been used 
to minimize the likelihood of this complication. The cumulative dose is generally 
limited to 300 mg/m 2  in children under 6 years of age and in patients exposed to 
precordial radiation; in older patients, it is limited to 400–500 mg/m 2 . It has been 
suggested that this complication is less likely to occur if the medication is adminis-
tered over a more prolonged period (24–48–72 h) as opposed to a “pulse” infusion 
(e.g., 30 min–2 h). However, prolongation of the infusion, while possibly reducing 
the incidence of cardiac toxicity (as well as nausea and vomiting), may enhance 
mucositis and myelosuppression. Dexrazoxane has been used as a cardioprotective 
agent apparently with some success [ 29 ]. A liposomal formulation of the drug for a 
more prolonged infusion is available for use in patients with breast cancer. Despite 
its potential to cause cardiac failure, doxorubicin has been accepted as an integral 
component of most chemotherapeutic regimens for osteosarcoma. It has been 
claimed to be the most effective agent for the treatment of this tumor type [ 30 ].   

    High-Dose Methotrexate 

    Historical Perspective 

 The discovery of methotrexate as an anticancer agent (initially in leukemia) is 
generally attributed to observations by Lucy Wills and Sidney Farber. Lucy Wills, 
working in India in 1937, studied the effects of folic acid; it appeared to stimulate 
the proliferation of leukemic cells in children with acute lymphoblastic leukemia. 
Sidney Farber (Fig.  1c ), a pathologist at the Children’s Hospital Medical Center 
in Boston, MA, noted a similar phenomenon and considered the possibility of 
administering folate analogues antagonistic to folic acid to block the function of 
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folate- requiring enzymes. This was an example of rational drug design rather than 
accidental discovery. Farber, in collaboration with Harriet Kiltie and Yellapragada 
Subbarao, director of Lederle Laboratories, produced a folate analogue, aminop-
terin. Remission was induced in children with acute lymphoblastic leukemia [ 31 ]. 
The rationale proved sound and successful. Aminopterin was somewhat toxic and 
was modifi ed to amethopterin (methotrexate). 

 Methotrexate is a structural analogue of folic acid, a cofactor in the synthesis of 
purines and pyrimidines (Fig.  3 ). It exerts its activity during the S phase of the cell 
cycle and binds stoichiometrically and irreversibly to dihydrofolate reductase (DHFR). 
The latter is the enzyme responsible for converting folates into their chemically active 
reduced form, tetrahydrofolate. 10-formyltetrahydrofolate acts as a single carbon 
donor in the de novo purine synthetic pathway. 5,10-methylene tetrahydrofolate 
donates its single carbon group and is oxidized to dihydrofolate in the conversion of 
deoxyuridylate (dUMP) to thymidylate (dTMP) by thymidylate synthase. Through 
this process, methotrexate depletes intracellular tetrahydrofolate pools. This causes 
depletion of purines and thymidylate and inhibition of DNA synthesis. Accumulation 
of partially oxidized dihydrofolic acid resulting from the inhibition of DHFR also 
appears to contribute to the inhibition of de novo purine synthesis.

   Upon entry into a cell methotrexate is rapidly and tightly bound to DHFR, the uptake 
into the target cell essentially being unidirectional. Once the binding sites are saturated, 
methotrexate is metabolized to polyglutamated derivatives. Methotrexate polyglutamate 
is also a potent inhibitor of DHFR and is capable of inhibiting other enzymes in the 
synthesis of thymidine and purine, which are required for DNA synthesis. 

 Resistance to methotrexate may be innate or acquired. The mechanisms of 
resistance include decreased membrane transport (into the cell); increased levels 
of, and altered affi nity for, DHFR; decreased polyglutamination of methotrexate; 
decreased thymidylate activity; and amplifi cation of gene encoding for DHFR. 

 In an effort to surmount the problem of decreased transport activity, investigators 
increased the drug concentration and exposure time in the extracellular environment. 
This practice was based on the premise that intracellular concentration is a function 
of extracellular concentration ( C ) and time ( T ), ( C  ×  T ). It was surmised that increased 
intracellular concentration could possibly be attained (in time) by passive diffusion 
across the cell membrane. Fyfe and Goldman also suggested that methotrexate 
uptake by tumor cells could be enhanced by pretreatment with vincristine [ 32 ]. 
This was the rationale for pretreatment with vincristine in the early clinical trials in 
osteosarcoma; however because it was suspected to have caused toxicity in several 

  Fig. 3    Methotrexate        
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patients it was later abandoned. Occasional toxicity notwithstanding was still 
encountered after discontinuing vincristine but was prevented, aborted or amelio-
rated with monitoring serum methotrexate levels. 

 Leucovorin (5-formyltetrahydrofolate, formerly known as citrovorin factor or 
citrovorum factor), is the antidote to methotrexate (Fig.  4 ). It is available in levo ( l ) 
and dextro ( d ) forms. The “ l ” form is biologically active and is utilized. It competes 
with methotrexate for entry into the cell using the same transport mechanism. Within 
the cell, it is converted to 5,10-methylenetetrahydrofolate and 5- methyltetrahydrofolate, 
thereby replenishing folate pools. By this process, it supplies the product surceased by 
methotrexate activity.

       High-Dose Methotrexate “Rescue” in Osteosarcoma 

 The concept of leucovorin rescue is derived principally from experiments by Goldin 
et al. (Fig.  1d ) [ 33 ]. They administered large doses of methotrexate, followed by 
leucovorin after a delayed interval, to leukemia-bearing mice. This destroyed the 
leukemic cells and simultaneously protected normal host tissues, yielding an 
improved therapeutic ratio. Rescue may also be related to homeostatic mechanisms. 
For example, methotrexate causes temporary inhibition of DNA synthesis for variable 
periods. Normal tissues may tolerate such inhibitions better than tumor cells, while 
tumor cell viability becomes severely compromised. Also, normal bone marrow 
cells may reenter the cycle rapidly and replenish original cell numbers. In contrast, 
tumor cells may have a delayed recovery after methotrexate perturbation, permitting 
enhanced activity by immune mechanisms or other chemotherapeutic agents. 
Selective rescue may also be related to the reduced amount of folate. Some tumor 
cells may require more of this substance than do normal cells. 

 Osteosarcoma is resistant to conventional doses of methotrexate because of an 
absent transport binding mechanism. However, it may still be susceptible to high 
doses of methotrexate. The exact mechanism of action is not fully established, but is 
postulated to be related to the transport mechanism that methotrexate shares with 
naturally occurring folates. The extracellular concentrations attained with the mas-
sive doses of methotrexate over time ( C  ×  T ) are apparently suffi cient to force metho-
trexate to enter the osteosarcoma cell by passive diffusion. In contrast, methotrexate 
enters the normal cell by passive diffusion  and  the binding mechanism. The antidote, 
leucovorin, also enters normal cells via the common binding mechanism but, in 
the absence of a transport mechanism, is unable to enter osteosarcoma cells. 

  Fig. 4    Leucovorin        
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The high intracellular methotrexate concentration in the absence of antidote 
causes the osteosarcoma cell to self-destruct. Concurrently the normal cell with an 
active transport mechanism for folate (leucovorin) is rescued (Fig.  5 ).

      Clinical Application of High-Dose Methotrexate in Osteosarcoma 

 High-dose methotrexate with leucovorin rescue was fi rst investigated clinically by 
Isaac Djerassi (Fig.  1e ) in children with resistant leukemia and lymphoma report-
edly with some success [ 34 ]. This intriguing and novel approach prompted the 
author (N. Jaffe Fig.  1f ) to consider the possibility of investigating the high dose 
methotrexate regimen in osteosarcoma. The saga of the trials and tribulations in 
attempting to introduce this treatment in osteosarcoma, including the controversy 
related to historical controls and fi nally establishing proof of its effi cacy are worthy 
of note. A brief chronicle of the events is presented. It originated in the Children’s 
Cancer Research Foundation complex adjacent to the Children’s Hospital Medical 
Center in Boston, MA. 

 Sidney Farber held a weekly tumor board conference on the fourth fl oor of the 
Jimmy Fund building in the Children’s Cancer Research Foundation complex. 

MTX

a b

c
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MTX MTX

MTX

  Fig. 5    Putative mechanism for methotrexate rescue. ( a ) Normal cell can absorb methotrexate and 
leucovorin through an inherent transport mechanism. ( b ) Absent transport mechanism in osteosar-
coma cell. ( c ) Methotrexate enters neoplastic cell via passive diffusion ( C  ×  T ). Leucovorin unable 
to enter neoplastic cell and self destructs       
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Cases were presented, management was discussed, and decisions were reached in a 
setting of mixed modern contemporary and anachronistic old world formality. The 
members of his staff always arrived early and rose when he entered the meeting room. 
They would then take their seats at his request. As Clinic Administrator, the author 
prepared the agenda of cases for discussion. In 1967, with Dr Farber’s prior consent, 
he invited Isaac Djerassi to present his data on patients with resistant leukemia and 
lymphoma treated with high-dose methotrexate. The presentation was well received. 

 After the meeting the author approached Farber for permission to administer the 
high dose methotrexate regimen to a patient with osteosarcoma who had developed 
pulmonary metastases after a hemipelvectomy. Surveillance committees and 
Institutional Review Boards had not been mandated or established at that time. 
Permission was granted. A response was obtained: the pulmonary metastases were 
eradicated [ 35 ]. This result provided justifi cation for administering high-dose meth-
otrexate postoperatively alone and in combination with other agents after ablation 
of the primary tumor. The rationale was based upon studies reported by Skipper 
et al., Laster et al., and Schabel [ 36 – 38 ]. Several publications ensued demonstrating 
the role, toxicity, and effi cacy of the regimen alone and in combination regimens 
for osteosarcoma [ 39 – 44 ]. Improved survival was achieved. When administered 
preoperatively to the primary tumor, the regimen also enhanced the opportunity for 
limb salvage by destroying tumor and downstaging its status (Fig.  6 ).

  Fig. 6    Methotrexate–leucovorin effect on osteosarcoma of tibia. ( a ) Primary tumor proximal 
tibia. ( b ) Angiogram with tumor vascularity and disappearance after treatment with seven courses 
of therapy. ( c ) Clinical appearance of tumor at presentation. ( d ) Disappearance of tumor mass at 
completion of therapy       
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   Unfortunately, the introduction of high-dose methotrexate was confronted by 
controversy [ 45 ]. Historical-control survival rates (<10 %) had been used as a 
comparison to demonstrate methotrexate’s effi cacy, and their use was impugned: 
investigators at the Mayo Clinic suggested that there had been a “spontaneous” 
improvement in the survival of patients with osteosarcoma due to early diagnosis 
and other factors [ 46 ]. The argument was bolstered by a Mayo Clinic trial in 
which concurrent controls were used comparing amputation and methotrexate 
with leucovorin rescue versus amputation alone [ 47 ]. There was no improvement 
with the administration of methotrexate (survival ~40 % in both arms). That report 
gained traction with publication of an editorial refuting the role of methotrexate 
in osteosarcoma [ 48 ]. In contrast, several publications were presented in defense 
of adjuvant therapy and the use of historical controls: historical controls were 
reported from the MD Anderson Cancer Center in Houston, TX [ 49 ], St Jude’s 
Children’s Research Hospital in Memphis, TN [ 43 ], Memorial Sloan-Kettering 
Cancer Center in New York, NY [ 50 ], Dana Farber Cancer Center [ 51 ], and the 
Rizzoli Institute in Italy [ 52 ], and the comprehensive review compiled by 
Friedman and Carter [ 4 ]. The reports all confi rmed an historical survival of <20 % 
(usually 5–10 %). Reference was also made to the successful use of preoperative 
chemotherapy to facilitate limb salvage. Many patients were offered (and 
accepted) the opportunity to undergo limb salvage under this strategy instead of 
amputation. However, it was claimed that the effects of such chemotherapy were 
“conjectural” [ 53 ]. 

 The atmosphere became contentious, controversial, and emotionally charged. 
Neither friend nor foe at that stage gave succor to the use of the newly discovered 
chemotherapeutic agent. A call was made to conduct a prospectively randomized 
study utilizing concurrent as opposed to historical controls to demonstrate the 
asserted benefi ts of chemotherapy [ 54 ]. 

 Resolution of the controversy was fi nally attained with the publication of two 
studies in which the effi cacy of postoperative adjuvant therapy was indeed con-
fi rmed in comparison with a concurrent control group [ 55 ,  56 ]. The fi rst study was 
the Multi-institutional Osteosarcoma Study (MIOS). Several of the investigators of 
the trial included physicians who had previously been coauthors of the methotrexate 
communications attesting to its effi cacy. It was published fi rst [ 55 ]. The second 
study by Eilber et al. was presented at a meeting of the American Society of Clinical 
Oncology (ASCO) and then published offi cially in the Society’s journal [ 56 ]. 
The survival rates in both studies utilizing postoperative adjuvant chemotherapy that 
included methotrexate were ~65 %; in contrast the concurrent control curves (no post-
operative chemotherapy) were superimposable on those of historical controls: 
survival rates of <10 %! A follow-up of Eilber’s et al.’s trial was presented at the 2012 
meeting of the Connective Tissue Oncology Society in Prague [ 125 ]. The patients 
who received chemotherapy had sustained improved survival over the past 30 years. 

 The author in a 1968 letter to the  New England Journal of Medicine  censured the 
implementation of the MIOS trial [ 57 ]. The letter emphasized the consistency of 
survival rates in a large number of historical controls published by different 
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institutions over many years: the biological behavior of the disease in the absence of 
effective treatment had been consistent and fi rmly established. The MIOS study had 
been forged on the anvil of scientifi c rigor that denied treatment claimed and dem-
onstrated to be effective, to patients in the concurrent control arm. Several parents 
experienced self-recrimination and grief because they had given consent for their 
children to be randomized to the untreated control arm followed by demise from 
pulmonary metastases. 

 An analysis of Eilber et al.’s trial was presented by James Holland at the ASCO 
meeting and later addressed in an editorial in the  Journal of Clinical Oncology  when 
the trial was published [ 58 ]. He berated the authors at the meeting for conducting a 
trial with a “no-treatment arm.” In the editorial, he recommended implementation of 
minimum standards in embarking on a major trial. These included a thorough review 
of the literature and an in-depth study of the raw data on which the proposal rested. 
He emphasized the need to assess past experience with the candidate disease in one’s 
own clinical setting and to assess the feasibility of a pilot study of the candidate 
regimen. Finally, he emphasized the costs in human and economic terms. 

 An unsolicited letter sent to the author from Charles Pratt, a respected investiga-
tor who was present at the ASCO meeting, refers to Holland’s criticism and the 
problems and controversy extant during this period (Fig.  7 ).

   Following publication of the two trials, high-dose methotrexate with “rescue” and 
other effective agents were adopted for the treatment of patients with osteosarcoma. 
As adjuvant therapy, alone and in combination with other agents, it produced disease-
free survival rates of 40–65 % [ 59 ]. A composite graph outlining published results over 
the ensuing period and comparative historical controls is depicted in Fig.  8 .

   Methotrexate was the fi rst active agent formally subjected to a randomized trial 
to test its effi cacy against another effective agent (cisplatin) in the treatment of the 
primary tumor [ 60 ,  61 ]. Cisplatin was more effective: its response rate was 60 % 
compared with 30 % for methotrexate. The response rate in the treatment of overt 
(pulmonary) metastases with methotrexate is ~25 %.  

   Current Practice 

 Methotrexate with leucovorin rescue is optimally administered as four courses in 10- 
to 14-day intervals. The dose is 10–12.5 g/m 2  administered over 4–6 h in 600 cm 3  of 
fl uid followed by leucovorin rescue 10 mg as a loading dose at 6 h after initiation of 
treatment. Leucovorin 10 mg at 6 h intervals is again administered 24 h after com-
mencement of therapy and maintained at the same dose at 6 h intervals. It may be 
discontinued when a serum methotrexate level of 0.1–0.3 mol/L is obtained. 
Intravenous fl uids should be maintained at 3 L/m 2 /24 h. In some centers, the dose of 
leucovorin is calculated according to the weight or body surface area. 

 Attempts should be made to obtain an optimum serum Methotrexate level of 1,500 
µmol/L or higher at 6 h. The Safety of administration may be enhanced by monitoring 
the decay curve and increasing hydration and the leucovorin dose when higher than 
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  Fig. 7    Unsolicited letter received from Charles Pratt, a respected investigator and Southern gentle-
man. He diplomatically characterizes the controversy as “yelling.” The interview refers to Pearson M 
(1998) Historical perspective of the treatment of osteosarcoma: an interview with Dr Norman Jaffe J 
Pediatr Oncol Nurs 15: 90–94       

  Fig. 8    Composite graph of 
reports of survival of patients 
treated with chemotherapy. 
Historical controls depicted as 
a comparison       
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generally encountered serum methotrexate levels are detected [ 62 ]. Renal dialysis and 
Caboxypetidase-2 should be considered for decay levels which are abnormal or exces-
sive and impending signs of renal and hepatic problems. Side effects of methotrexate 
with inadequate rescue or failure include gastrointestinal mucositis, myelosuppres-
sion, hepatic and renal dysfunction, and (rarely) neurological abnormalities.   

    Cis-Diamminodichloroplatinum 

   Historical Perspective 

 In 1965, reminiscent of the discovery of penicillin, Barnett Rosenberg et al. of Michigan 
State University discovered that electrolysis of platinum electrodes generated a soluble 
geographic platinum complex that inhibited binary fi ssion in  E. coli  bacteria [ 63 ]. 
Subsequent investigations revealed that cis-PtCl 2 (NH 3 ) 2  (cis- diamminedichloroplatinum 
II, commonly known as CDDP or cisplatin) was highly effective in causing regres-
sion in the majority of sarcomas in rats. Confi rmation of this discovery and exten-
sion of testing to other tumor cell lines launched the clinical investigation and 
application of cisplatin (Fig.  9 ).

   Cisplatin cross-links DNA in several different ways, interfering with cell divi-
sion by mitosis. The damaged DNA elicits repair mechanisms, which in turn acti-
vate apoptosis when repair proves impossible. Most notable among the changes in 
DNA are the 1,2-intrastrand cross-links with purine bases. These include 
1,2- intrastrand d(GpG) adducts, which constitute nearly 90 % of the adducts, and 
the less common 1,2-intrastrand d(ApG) adducts. Other adducts include interstrand 
cross-links and nonfunctional adducts that have been postulated to contribute to 
cisplatin’s activity. Interaction with cellular proteins, particularly HMG-domain 
proteins, has also been advanced as a mechanism by which cisplatin interferes with 
mitosis, although this is probably not its primary method of action. Cisplatin is fre-
quently designated an alkylating agent, however it has no alkyl group and so cannot 
carry out alkylating reactions. It is more correctly classifi ed as alkylating-like. 

 Studies of cisplatin in osteosarcoma were fi rst published in the late 1970s [ 64 – 67 ]. 
It was effective in treating the primary tumor and pulmonary metastases. The response 
rate for intravenous administration was approximately 30 %. This rate included 
responses in patients with unresectable or metastatic disease; in these circum-
stances, cisplatin was administered alone or in combination with doxorubicin. 
However, enhanced activity in regionally confi ned tumors could be attained by 
administering the drug intra-arterially [ 68 ,  69 ]. Complete and partial responses for 

  Fig. 9    Cis- 
diamminedichloroplatinum II       
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this route were 60 %; when cisplatin was combined with doxorubicin, the response 
approached 80–90 %. Responses obtained with intra-arterial cisplatin in two 
patients with osteosarcomas in the distal femur are illustrated in Figs.  10  and  11 .

    The concentration entering the systemic circulation with intra-arterial adminis-
tration is suffi ciently tumoricidal to destroy pulmonary metastases and cause systemic 
side effects (Figs.  12  and  13 ) [ 68 ]. The effects are enhanced by cumulative courses 
of cisplatin [ 69 ]. The extent of tumor destruction is proportional to the degree of 
cisplatin tumor deposition [ 70 ]. Repeat treatments with intra-arterial cisplatin are 
also successful in destroying recurrent tumor (Fig.  14 ) [ 70 ]. The majority of the 
Treatment and Investigation of Osteosarcoma (TIOS) studies in the Pediatrics 
department at the MD Anderson Cancer Center utilized intra-arterial cisplatin as the 
foundation of treatment [ 71 ].

     Intra-arterial administration of chemotherapy is labor intensive. The procedure is 
performed under general anesthesia or conscious sedation in a radiological suite. 
Similar results may be obtained after a more prolonged period (weeks) by intrave-
nously administering several courses of combination chemotherapy. As a result, 
over the past few years, enthusiasm has waned for deploying intra-arterial cisplatin 
in the pediatric population; however, in combination with doxorubicin, intra-arterial 
cisplatin still constitutes the primary therapeutic strategy for the adult population at 
the MD Anderson Cancer Center [ 72 ]. The strategy is particularly useful in obtain-
ing a rapid response in tumors complicated by pathologic fractures or tumor infi l-
trating into, or directly adjacent to, the neurovascular bundle. The therapeutic 
potential of cisplatin may also be enhanced with radiation therapy.  

   Current Practice 

 The intravenous dose of cisplatin is 100–120 mg/m 2  generally administered over 
2–4 h. It is administered every 3–4 weeks; the intra-arterial dose is 150 mg/m 2  

  Fig. 10    Angiogram of tumor of the tibia before ( a ) and after treatment with cisplatin ( b ). 
Disappearance of tumor neovascularity after therapy       
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  Fig. 11    Image of femoral osteosarcoma before ( a ) and after therapy ( b ) with four courses of intra- 
arterial cisplatin. The corresponding pathology sections of the untreated ( c ) and treated tumor ( d ) 
are depicted       

  Fig. 12    Photomicrograph of nail beds depicting lines of growth arrest following treatment with 
four courses of intra-arterial treatment with cisplatin consistent with attainment of high systemic 
tumoricidal concentrations of cisplatin with intra-arterial administration       
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administered over 2 h every 4 weeks for four courses. Mannitol is utilized to aug-
ment diuresis. Side effects include nausea and vomiting, nephrotoxicity, ototoxoc-
ity, electrolyte disturbances, and development of second malignant neoplasms. 

 Carboplatin has also been investigated as a mechanism of treatment for osteosar-
coma [ 73 ]. It has been administered intravenously and intra-arterially. However, it 
does not appear to be as effective as cisplatin.   

  Fig. 13    Computer lung scan depicting tumor nodules ( a ) and disappearance following four 
courses of intra-arterial cisplatin ( b )       

  Fig. 14    Angiogram demonstrating recurrent tumor at distal end of femur following limb-sal-
vage procedure. Primary tumor treated with several courses intra-arterial cisplatin, doxorubicin, 
and methotrexate. Complete response obtained and tumor resected with insertion of internal 
prosthesis. Tumor recurrences detected 1 year later and responded to repeat intra-arterial admin-
istration of cisplatin. Reproduced with permission of Springer from Pediatric and Adolescent 
Osteosarcoma [ 70 ]       
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    Oxazaphosphorines 

   Historical Perspective 

 Alkylating antineoplastic agents attach alkyl groups (C  n  H 2 n +1 ) to DNA. Alkylating 
agents were initially known for their use as sulfur mustard (“mustard gas”) and 
related chemical weapons in World War I. The nitrogen mustards were the fi rst 
alkylating agents and the fi rst modern cancer chemotherapies. Goodman, Gilman, 
and others at Yale began studying nitrogen mustards in 1942 [ 74 ]. Since cancer 
cells, in general, proliferate faster and with less error-correcting than healthy cells, 
cancer cells are more sensitive to DNA damage—such as being alkylated. 

 The two major alkylating agents employed in osteosarcoma today are cyclophos-
phamide and ifosfamide (Figs.  15  and  16 ). They require hepatic microsomes for 
activation. Cyclophosphamide was investigated in the early 1960s by Pinkel, who 
reported a response in a patient with pulmonary metastases (vide supra) [ 11 ]. 
Ifosfamide was introduced approximately 20 years later. It is an analogue of cyclo-
phosphamide and may be used in its stead. They are both highly active in the treat-
ment of osteosarcoma [ 6 ,  11 ,  75 – 78 ].

    Cyclophosphamide and ifosfamide are metabolized to acrolein, which can cause 
hemorrhagic cystitis. This side effect can be aborted with the concurrent administra-
tion of mesna (2- m ercapto e thane  s ulfonate  Na  [Na being the symbol for sodium]. 
Mesna binds to acrolein—its sulfhydryl group reacts with acrolein’s vinyl group—
with a detoxifying effect. Mesna permits oxazaphosphorine drugs to be adminis-
tered in extremely high doses. As a consequence, higher response rates may be 
achieved. Mesna also increases urinary excretion of cysteine. 

 These drugs possess moderate to high effi ciency in the treatment of osteosarcoma 
(response rate, approximately 40 %).  

  Fig. 15    Ifosfamide       

  Fig. 16    Cyclophosphamide       

 

 

Historical Perspective on the Introduction and Use of Chemotherapy…



18

   Current Practice 

 Ifosfamide is administered in doses of 6–9 g/m 2 . Patients who relapse may again 
achieve a response by escalating the dose to 14 g/m 2  (2 g/m 2 /day × 7) or 17.5 g/m 2 . 
Goorin et al., in a “therapeutic window,” achieved a response rate of 59 % with a 
combination of ifosfamide (3.5 g/m 2 /day for 5 days, total 17.5 g/m 2 ) and etoposide 
(100 mg/m 2 /day for 5 days, total 500 mg/m 2 ) in newly diagnosed patients in a 
Children’s Cancer Group Study [ 79 ] The experience was duplicated at the MD 
Anderson Cancer Center; however, in contrast to the patients treated by Goorin 
et al., the patients at MD Anderson were heavily pretreated and had received prior 
ifosfamide at lower doses (9 g/m 2 ). The number of courses of the high dose of ifos-
famide, each (17.5 g/m 2 ), should be limited to four because of the potential for renal 
failure. An example of a patient who was previously treated and responded to ifos-
famide (9 and 14 g/m 2 ) and relapsed and again responded to 17.5 g/m 2  is presented 
in Fig.  17 .

   Liberal amounts of intravenous fl uids should accompany the administration of 
cyclophosphamide and ifosfamide as an additional measure to circumvent hemor-
rhagic cystitis. The agents, particularly ifosfamide, are effective in treating both pul-
monary metastases and the primary tumor and are incorporated into many preoperative 
and postoperative combination regimens. The side effects include myelosuppression, 
hemorrhagic cystitis, and development of second malignant neoplasms. 

 Ifosfamide and cyclophosphamide are not cross resistant. If a tumor appears 
resistant to one it may still be responsive to the other.    

  Fig. 17    Chest radiograph of a patient with pulmonary metastases and pleural effusion responding 
to ifosfamide 17.5 g/m 2 . Prior therapy (with sequential response and relapse) comprised metho-
trexate, doxorubicin, cisplatin, and ifosfamide 9 and 14 g/m 2 . Reproduced with permission by 
Springer from Jaffe N (2009) Pediatric and Adolescent Osteosarcoma [ 70 ]       
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    Immunostimulatory Compounds and Chemotherapy 

 An additional tactic to compliment chemotherapy to prevent the emergence of 
metastases is the use of immunostimulatory drugs. Kleinerman (Fig.  1i ) initiated 
investigations along these lines approximately 12 years ago with Liposome- 
encapsulated muramyl tripeptide-phosphatidyl ethanolamine (L-MTP-PE) [ 80 ]. 
This is an immune compound capable of stimulating pulmonary macrophages to 
destroy metastases. Clinical investigations to test the effi cacy of L-MTP-PE in pre-
venting pulmonary metastases comprised a 2 × 2 Factorial design randomized trial 
in which patients received chemotherapy alone or chemotherapy with L-MTP-PE [ 81 ]. 
Patients who received 3-drug (doxorubicin, methotrexate, and cisplatin) or 4-drug 
(3 drug + ifosfamide) chemotherapy plus L-MTP-PE had an overall survival rate of 
78 % at 6 years, whereas patients who received 3 or 4 drug chemotherapy  without  
L-MTP-PE had an overall survival rate of 70 % ( p  ≥ 0.03). L-MTP-PE has been 
licensed in Europe, Israel, and Mexico. It was available as a compassionate investi-
gational new drug therapy in the United States from 2008 to 2012. Full details of 
investigations with L-MTP-PE are presented in a separate chapter.  

    New Chemotherapeutic Agents 

 With the understanding that osteosarcoma can no longer be considered a chemore-
sistant tumor, intense investigations are currently in progress to identify other che-
motherapeutic agents that may be active in this disease. Among more recently 
investigated agents are gemcitabine [ 82 ] and cedilanid [ 83 ].  

    Inhalation Chemotherapy 

 Although inhalation therapy has been utilized extensively for over a century in anes-
thesia, it is relatively new as a therapeutic option in osteosarcoma. Its application is 
being investigated as a potential conduit for the treatment of pulmonary metastases 
[ 84 ]. In this context, pioneering studies were initiated by Kleinerman with liposo-
mal 9-nitro captothecin. The study did not yield any response in two patients and 
unfortunately could not be completed because of limited supplies of the agent 
(Kleinerman E, pers com). Granulocyte–monocyte colony stimulating factor 
(GM-CSF) was investigated by the Pediatric Oncology Group [ 85 ]. No detectable 
immunostimulatory effect against pulmonary metastases or improved outcome after 
relapse was seen. Inhaled lipid cisplatin for the treatment of patients with relapse or 
progressive osteosarcoma metastatic to the lung has recently been reported to 
achieve responses in some patients [ 86 ].  
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    Neoadjuvant (Preoperative or Presurgical) Chemotherapy 

 Agents administered preoperatively to treat the primary tumor, as well as to determine 
their potential use as postoperative treatment, are designated neoadjuvant chemo-
therapy. This term was coined by Emil Frei III in discussing a presentation by 
Gerry Rosen at an ASCO meeting in the 1980s and was fi rst formally published in 
 Cancer  [ 87 ]. Neoadjuvant chemotherapy is essentially preoperative chemotherapy 
administered to treat the primary tumor; however, its application is given additional 
semeiology by utilizing the results to design a rational optimum regimen for post-
operative adjuvant therapy. Thus, preoperative treatment that produced acceptable 
tumor necrosis (generally established at >90 % tumor necrosis) would be continued 
in the postoperative phase, whereas intermediate or poor necrosis (<90 % tumor 
necrosis) would call for an adjustment in the regimen. The strategy employed a 
grading system for necrosis devised by Huvos et al. [ 88 ]. 

 Theoretically, preoperative chemotherapy could confer several important systemic 
and local advantages. Systemically, it would initiate immediate treatment against 
micrometastases. It could also reduce the opportunity for development of early or 
spontaneous emergence of drug-resistant clones of tumor cells [ 89 ,  90 ]. Further, as 
indicated earlier, it could serve as an in vivo/in vitro trial to determine the sensitivity 
of the tumor and the selection of “customized” postoperative treatment on the basis 
of extent of necrosis. This strategy is consistent with the assumption that chemo-
therapy having an effect on bulk tumor would also be operative on micrometastases, 
yielding optimum disease-free survivals. Necrosis induced by chemotherapy could 
conceivably also reduce the potential for escape of viable tumor cells during the 
operation to extirpate the primary tumor. 

 The benefi ts accrued with effective neoadjuvant chemotherapy include its potential 
to downstage the primary tumor, e.g., Stage 2B to 2A [ 91 ]. It can also lead to forma-
tion of a fi rm pseudocapsule or “carapace,” enhancing the safety of limb- salvage 
procedures. This could reduce the opportunity for local recurrence. The latter is a 
function not only of the surgical procedure but also the degree of necrosis induced by 
chemotherapy [ 92 ,  93 ]. Better preservation of muscle tissue could also be achieved. 
Effective chemotherapy is not to be considered a substitute for the application of 
sound surgical principles in the procedure. 

 Preoperative chemotherapy can also cause healing of pathologic fractures, and 
not infrequently, tumors initially considered inoperable can be rendered operable [ 94 ]. 
Preoperative chemotherapy also provides an interval for the manufacture of a cus-
tom-made prosthesis and planning of the defi nitive procedure. Early extirpation of 
bulk (primary) tumor has occasionally been followed by an unexplained explosion 
of overt metastases. Theoretically, this spread could be prevented with neoadjuvant 
chemotherapy. 

 However, when neoadjuvant chemotherapy was introduced in the early 1980s, it 
was not without controversy. A primary opposing rationale was that preoperative che-
motherapy might not be entirely effective, and a delay in extirpating an uncontrolled 
primary tumor could jeopardize survival if adequate tumor destruction was not attained. 

N. Jaffe



21

In the absence of a response, the tumor in situ constituted an uninhibited source of 
pulmonary metastases. This could ultimately affect survival, particularly in the 
small number of patients who were initially free of pulmonary metastases. Prolonged 
exposure to preoperative chemotherapy might also select for development of drug-
resistant tumor cells that might metastasize before surgical extirpation. It was also 
possible that the sensitivity of malignant cells in the bulk tumor (the primary) might 
not necessarily predict the response in microscopic tumor (tumor vascularity and 
other factors could partially contribute to its antineoplastic effect). Notwithstanding, 
experimentally, the kinetics of tumor growth suggested that unlike primary tumors, 
micrometastases were more sensitive to effective anticancer agents and could be erad-
icated when the total tumor burden was minimal [ 95 ,  96 ]. 

 Additional concerns resided in the possibility that drugs discarded on the basis of 
modest activity against macroscopic disease (the primary tumor) might still be highly 
effective against microscopic disease in an adjuvant setting. Prolonged exposure to 
preoperative chemotherapy might also select for the development of drug- resistant 
cells that could metastasize before defi nitive surgery. Tumor heterogeneity could 
possibly also contribute to this hazard. This was supported by a report of disparate 
histologic responses in patients in whom the primary tumor and pulmonary metas-
tases were treated simultaneously with preoperative chemotherapy [ 97 ]. The disparity 
was further supported by studies in which the anticipated improved results were not 
observed with “custom-tailored” chemotherapy [ 98 ,  99 ], contradicting the recom-
mendation that active agents be withheld initially and only introduced after in vivo/
in vitro studies [ 87 ]. Notwithstanding, neoadjuvant chemotherapy was adopted 
almost universally as an integral component of chemotherapeutic regimens for the 
management of osteosarcoma. A study comparing metastasis-free survival between 
patients who had immediate surgery and those who had neoadjuvant chemotherapy 
and a delay in extirpating the primary tumor revealed that the delay in surgery did 
not jeopardize ultimate survival time and rate [ 100 ]. 

 Neoadjuvant chemotherapy pioneered by Rosen et al. as the T-10 protocol at 
Memorial Sloan-Kettering was adopted as the “gold standard” [ 87 ]. However, long- 
term results suggested that survival of patients with <90 % tumor necrosis was the 
same whether they did or did not have an adjustment (addition of cisplatin) in the 
postoperative phase of their chemotherapy regimen [ 98 ,  99 ]. Subsequent trials per-
formed by other groups also failed to demonstrate improved event-free survival 
rates when drugs not included in the preoperative regimen were added to postopera-
tive therapy [ 101 ,  102 ]. Notwithstanding, the degree of preoperative necrosis 
(and to a lesser extent, reduction in tumor size) was found to be powerful prognostic 
factors [ 71 ,  103 ]. Patients with an unfavorable histologic response were more likely 
to develop metastases. 

 As a consequence of the dilemma of the role of neoadjuvant chemotherapy, a 
multidisciplinary European and American Osteosarcoma study group was orga-
nized as a collaborative venture: EURAMOS (INT-0133) [ 104 ]. The intent was to 
identify an optimum regimen and defi ne the role of neoadjuvant treatment. Initially, 
all patients were treated with neoadjuvant chemotherapy comprising methotrexate, 
doxorubicin, and cisplatin. Poor responders received the same therapy 
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postoperatively but were further randomized to receive (or not receive) ifosfamide 
and etoposide as well. Good responders received the same preoperative therapy 
postoperatively but were further randomized to receive (or not receive) maintenance 
interferon. Preliminary results of the EURAMOS study were reported at the recent 
ASCO meeting (June 2013) [ 105 ]. A sustained disease-free survival rate of 60–65 % 
at 3 years with chemotherapy was confi rmed. However, an additional 2–3 years 
would be required to determine the benefi t (if any) that would accrue with the altera-
tion of postoperative therapy in hopes of improving survival.  

    Treatment of Pulmonary Metastases 

 Pulmonary recurrence occurs in approximately 25–30 % of patients. No standard 
second-line chemotherapy for such pulmonary metastases has been established. 
Patients with relapses are usually treated with gemcitabine (often in combination 
with docetaxel), higher doses of established agents, or newly discovered agents 
[ 79 – 82 ]. The effi cacy of such agents in advancing the cure of such patients remains 
to be determined. Pulmonary metastasectomy constitutes the best therapeutic option 
for relapse [ 106 ]. The strategy is not new; the fi rst resection was performed in 1940 [ 107 ]. 
Accelerated adoption of metastasectomy increased with the successes reported with 
the newly discovered effective chemotherapeutic agents. Contributing to the enthu-
siasm was a change in the pattern of metastases that emerged in patients who had 
relapses following apparently successful therapy: delay in the appearance and a 
reduction in the size and number of metastases [ 108 ]. Fifteen to twenty percent of 
patients are probably rendered disease free by metastasectomy, yielding an overall 
cure rate of 75–80 % [ 109 ].  

    Limb Salvage 

 The discovery of effective chemotherapeutic agents in osteosarcoma heralded a 
seminal milestone in the pursuit of a cure for the disease. It provided an enhanced 
impetus to consider  en bloc  resection and wide local excision for limb salvage. 
Limb salvage had been investigated and attempted previously by American ortho-
pedic surgeons, particularly Phemister and Parrish, in the early and mid-twentieth 
century [ 110 ,  111 ]. However, local recurrence was a frequent complication and dis-
couraged its general acceptance. This complication diminished dramatically with the 
effective deployment of preoperative (neoadjuvant) chemotherapy. Implementation 
of this procedure was predicated by the understanding that tumor- free margins would 
be achieved and that the principles of cancer surgery would not be compromised. 
Poor cancer surgery could not be excused on the grounds that chemotherapy would 
be an adequate substitute for incomplete or inadequate surgical tumor ablation. 
Improvements in limb-salvage prostheses followed. It is estimated that currently 
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approximately 80 % of newly diagnosed patients undergo limb-salvage procedures. 
Criteria for eligibility have been established. 

 Limb salvage involves the administration of preoperative chemotherapy and 
excision of the tumor-bearing bone, followed by replacement by a metal prosthesis 
or autologous or allogenic bone. Preoperative chemotherapy produced some 
exceptional results, leading to a unique study investigating the possibility of achieving 
limb salvage exclusively with chemotherapy and abrogation of surgery [ 112 ]. 
Among 31 patients entered into the study, prolonged remission with chemotherapy 
was successful in only in 3 patients. They have remained tumor free for over 
30 years. In the total cohort, 15 patients have survived (~50 %). Among these are 
four patients who underwent delayed surgical resection and no evidence of tumor 
was detected. The other eight surviving patients developed local recurrence and 
pulmonary metastases and were rendered tumor free with additional chemotherapy 
and surgical intervention. Sixteen patients succumbed to tumor recurrence. In view 
of the high possibility of local recurrence and pulmonary metastases exclusive 
treatment of the primary tumor with current forms of chemotherapy does not appear 
to be a justifi ed strategy.  

    Therapeutic Regimens and Strategies 

 Successes forged with the discovery of effective chemotherapeutic agents spawned 
the creation of innovative regimens. Protocols were devised for pre and postopera-
tive treatment. The results demonstrated improvement in survival and the ability to 
offer limb salvage as an alternative to amputation. A brief outline of the components 
of selected protocols adopted by institutions and cooperative groups is presented in 
Table  1  to illustrate the diversity of treatment. Signifi cant is the fact that the overall 
event free survival rates attained with these protocols have stabilized at approxi-
mately 60 % over the past 30 years. The informed investigator and rational observer 
will readily perceive that although protocols have been altered and redesigned in an 
attempt to improve the outcome, unfortunately there has been uniformly limited or 
minimal success. Several current strategies incorporating the established effective 
agents described above would appear to be consistent with the generally accepted 
term “standard of care.”

       Drawbacks of Chemotherapy 

 Unfortunately, the dividends accrued with chemotherapy have not always been salu-
tary. While chemotherapy has eradicated pulmonary metastases or changed the pat-
tern of their development in a signifi cant number of patients, it has permitted 
emergence of resistant clones in pulmonary and extra pulmonary sites [ 113 ]. Many 
of these have created complications requiring intensive palliation. Radiation therapy, 
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often in association with methotrexate or cisplatin, or samarium therapy has been 
found useful as palliative measures.  

    Ancillary Discoveries 

 In parallel with the chemotherapeutic discoveries during the last century, new anti-
biotic therapy, new imaging studies, and improvements in prostheses have been 
introduced. Superb supportive care accompanied the discovery of chemotherapy, 
improving the safety of its administration. These developments have contributed to 
hope and new expectations for an improved outcome.  

    Comment 

 The doses and administration of the chemotherapeutic agents depicted in this com-
munication are provided in the record of the chronicle of their discovery and their 
role in the management of osteosarcoma. Only a superfi cial account of their dosages 
and administration is provided. They are properly administered according to guide-
lines depicted in protocols. As such protocols should be consulted to ensure the 
indications, safety, and accuracy for their administration.  

   Table 1    Institutions/groups and chemotherapeutic agents utilized in their protocols   

 Institution/group  MTX  DOX  CDP  IFX  Other  References 

 EURAMOS  +  +  +  +  ETP, INF  [ 104 ,  105 ] 
 COSS studies  +  +  +  BCD, INF  [ 114 ] 
 MSKCC  +  +  +  BCD  [ 87 ,  98 ,  115 ] 
 Rizzoli Institute  +  +  [ 116 ] 
 MD Anderson (Pediatrics)  +  +  +  [ 71 ] 
 MD Anderson (Adult)  +  +  +  [ 72 ] 
 Scandinavia series (SSG)  +  +  +  [ 117 ] 
 EOI  +  +  +  [ 11 ,  126 ] 
 French series  +  +  +  ETP  [ 118 ,  119 ] 
 St Jude  +  +  +  CARBO  [ 43 ,  67 ,  120 – 122 ] 
 COG  +  +  +  MTP-PE  [ 81 ] 
 CCG  +  +  +  VCR  [ 101 ,  123 ] 
 Turkish series  +  +  EPI  [ 124 ] 
 Brazilian series  +  EPI, CARBO  [ 73 ] 

  The recorded chemotherapeutic agent may not necessarily have been incorporated in each proto-
col. If not utilized in one protocol, it was employed in another 
  COSS  Cooperative German–Austrian–Swiss Osteosarcoma Study Group,  MSKCC  Memorial 
Sloan Kettering Cancer Center,  EOI  European Osteosarcoma Intergroup, St Jude St Jude Research 
Hospital,  COG  Children’s Oncology Group,  CCG  Children’s Cancer Group,  ETP  etoposide,  INF  
interferon;  BCD  Bleomycin, Cyclophosphamide, Dactinomycin,  CARBO  carboplatin,  MTP-PE  
Muramyl triphosphate Phosphatidyl ethanolamine,  VCR  vincristine,  EPI  epirubicin  
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    Conclusion 

 During the past century, the treatment and outlook for osteosarcoma changed 
dramatically. The discovery of effective chemotherapeutic agents heralded a semi-
nal advance in the pursuit of cure. Whereas in the past, over 90 % of patients died 
of the disease, currently 75–80 % survive. Many are treated with limb-salvage pro-
cedures. These salutary events were aided and abetted by parallel improvements in 
disciplines devoted to patient care. However, the seminal advances have reached an 
impasse. There has been little advance in the curability over the past 40 years, and 
new agents and strategies are urgently required. Notwithstanding, disappointment is 
often a companion to progress and the journey traversed in the past century offers 
confi dence and perspective for future discoveries.     
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    Abstract     Osteosarcoma (OS) is the most common primary bone malignancy 
diagnosed in children and adolescents with a high propensity for local invasion and 
distant metastasis. Despite current multidisciplinary treatments, there has not been a 
drastic change in overall prognosis within the last two decades. With current treat-
ments, 60–70 % of patients with localized disease survive. Given a propensity of Wnt 
signaling to control multiple cellular processes, including proliferation, cell fate 
determination, and differentiation, it is a critical pathway in OS disease progression. 
At the same time, this pathway is extremely complex with vast arrays of cross-talk. 
Even though decades of research have linked the role of Wnt to tumorigenesis, 
there are still outstanding areas that remain poorly understood and even controversial. 
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The canonical Wnt pathway functions to regulate the levels of the transcriptional 
co-activator β-catenin, which ultimately controls key developmental gene expres-
sions. Given the central role of this mediator, inhibition of Wnt/β- catenin signaling 
has been investigated as a potential strategy for cancer control. In OS, several secreted 
protein families modulate the Wnt/β-catenin signaling, including secreted Frizzled-
related proteins (sFRPs), Wnt inhibitory protein (WIF), Dickkopf proteins (DKK-
1,2,3), sclerostin, and small molecules. This chapter focuses on our current 
understanding of Wnt/β-catenin signaling in OS, based on recent in vitro and in vivo 
data. Wnt activates noncanonical signaling pathways as well that are independent 
of β-catenin which will be discussed. In addition, stem cells and their association 
with Wnt/β-catenin are important factors to consider. Ultimately, the multiple 
canonical and noncanonical Wnt/β-catenin agonists and antagonists need to be further 
explored for potential targeted therapies.  

  Keywords     Osteosarcoma   •   Wnt   •   β-Catenin   •   Dickkopf   •   Wnt inhibitory protein   
•   Frizzled-related proteins  

        Introduction 

 Osteosarcoma is the most common primary bone malignancy which occurs 
frequently in a bimodal distribution, with peak incidences in the second decade of 
life and after the age of 60 [ 1 ]. With the current multidisciplinary treatments, 
60–70 % of patients with localized disease survive [ 2 ]. OS has a high tendency 
for local invasion and early metastasis. Unfortunately, with metastatic disease, the 
rate of 5 year overall survival is greatly reduced to 20–30 %, and the 5-year event-
free survival for patients with relapse is 20 % [ 3 ,  4 ]. Metastasis occurs primarily to 
the lungs and bones. Even though initial scans may not show evidence of pulmonary 
disease, it is thought that micrometastasis is extremely common, making it diffi cult 
to successfully eradicate this tumor. Despite aggressive efforts to strengthen and 
modify chemotherapy, the outcome of patients with OS has not signifi cantly 
improved over the past few decades [ 5 ]. 

 The exact molecular mechanism leading to the development of OS is not 
fully understood. Research endeavors have focused on the Wnt signaling pathway 
since the discovery of the WNT1 gene (originally named Int-1) in 1982 [ 6 ,  7 ]. 
The discovery of the Drosophila segment polarity gene Wingless and the mouse 
proto- oncogene Int-1 initiated the advancement of this signaling pathway now com-
monly referred to as the canonical Wnt signaling pathway [ 8 ]. There are currently 
19 Wnt proteins which have been identifi ed in the human genome [ 9 ,  10 ]. A good 
portion of them are considered target genes of Wnt signaling and play a critical 
role in development and tumorigenesis [ 11 – 15 ] (see   http://www.stanford.edu/
group/nusselab/cgi-bin/wnt/    ). Aberrant signaling by Wnt pathways is linked to a 
wide spectrum of diseases, including neurodegenerative, bone, cardiovascular, and 
especially cancer. Notably, colon cancer has been associated with mutations of the 
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Wnt-regulating gene, adenomatous polyposis coli (APC) [ 16 ,  17 ]. Several studies 
have also suggested that this particular signaling pathway plays an important role in 
the pathophysiology of bone tumors [ 18 ,  19 ].  

    Overview of Wnt/β-Catenin Signaling Pathway and Cancer 

 The Wnt family is a group of secreted glycolipoproteins that initiate a signaling 
cascade to direct cell proliferation, cell fate determination, and differentiation in 
numerous developmental stages, from embryogenesis to adult tissue homeostasis 
[ 15 ,  20 – 23 ]. Aberrant Wnt signaling plays a role in multiple cancers, such as colon, 
gastric, lung, breast, prostate, skin cancers and osteosarcoma [ 19 ,  24 – 28 ]. Given the 
power of this central mediator, understanding the mechanisms to inhibit the Wnt/β- -
catenin signaling pathway is a potential strategy for cancer therapy. 

 In order to understand this pathway, the components of the signaling system are 
important to grasp. In a non-proliferative state, there is an absence or inhibition of 
Wnt, which enables the cytoplasmic β-catenin to form a complex with multiple enti-
ties, including Axin, adenomatous polyposis coli gene product (APC), casein kinase 
1 (CK1), and glycogen synthase kinase 3β (GSK3β) [ 9 ,  20 ,  21 ,  29 ,  30 ] (see Fig.  1 ). 
Once this complex forms, CK1 and GSK3β act in conjunction to phosphorylate 
β-catenin, which is then recognized by the β-Trcp, an E3 ubiquitin ligase subunit. 
β-Trcp targets β-catenin for proteasomal degradation.

   When the signaling cascade is “on,” in the presence of Wnt, binding to targeted 
receptors, comprising Frizzleds (seven-span transmembrane receptor proteins)/low- 
density lipoprotein receptor-related protein 5 and 6 (single-span transmembrane co- 
receptor proteins) and cytoplasmic disheveled (Dvl), causes phosphorylation of the 
complex, leading to inhibition of GSK3β. This creates a cytoplasmic accumulation 
of non-phosphorylated β-catenin, inhibiting its degradation and promoting translo-
cation to the nucleus. Within the nucleus, it creates a complex with transcription 
factors, including T-cell transcription factor (TCF) and lymphoid enhancer-binding 
factor (LEF), and transcriptional co-activators, causing transcriptional activity of 
multiple downstream target oncogenes, such as c-myc, cyclin-D1, and Axin2, thus 
enhancing cellular proliferation [ 9 ,  20 ]. Other secreted factors, such as WIF-1 and 
Frzb/sFRP3 inhibit Wnt binding to frizzled receptors, and Dickkopf (Dkk) proteins 
antagonize the Wnt/LRP interaction. Wnt antagonists will be further explained in 
the latter part of the chapter. 

 The Wnt pathway has been extensively studied in colon cancer. Mutation of the 
APC gene leads to the activation of the Wnt pathway via stabilization of the 
β-catenin. This pathway was fi rst associated with cancer development when it was 
discovered to be activated in both inherited familial adenomatous polyposis (FAP) 
and colorectal cancer. Approximately 90 % of sporadic colon cancers display muta-
tions in APC leading to aberrant Wnt signaling activity [ 31 ,  32 ]. Since this time, 
multiple investigators have sought to uncover the role of the Wnt signaling pathway 
in other malignancies, including OS.  
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    Overview of Wnt/β-Catenin Signaling 
Pathway and Osteosarcoma 

 Clinical tissue samples from osteosarcoma patients have been used to correlate various 
entities of the Wnt pathway and clinical outcome. In our 2004 study, RNA isolated 
from fresh-frozen osteosarcoma tissue was used to examine the expression of the Wnt 
receptor LRP-5 by polymerase chain reaction. LRP-5 RNA expression statistically 
correlated with worse event-free survival in patients [ 33 ,  34 ], and dominant negative 
LRP-5 decreased tumorigenicity and metastasis of OS in vivo in nude mice experi-
ments [ 35 ]. Furthermore, it appears that blocking Wnt/LRP-5 signaling can reduce 
tumor invasiveness by reversing the epithelial-to-mesenchymal transition [ 36 ].  
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  Fig. 1    Overview of Wnt/β-catenin signaling. In the absence or inhibition of Wnt, the cytoplasmic 
β-catenin forms a complex with Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1), 
and glycogen synthase kinase 3β (GSK3β). CK1 and GSK3β phosphorylate β-catenin. β-Trcp (E3 
ubiquitin ligase subunit) recognizes this complex and targets β-catenin for proteosomal degrada-
tion. In the presence of Wnt binding to targeted receptors frizzleds, low-density lipoprotein 
receptor- related protein 5 and 6 (LPR 5/6), and disheveled (Dvl), the complex becomes phosphory-
lated, leading to the inhibition of GSK3β. Cytoplasmic non-phosphorylated β-catenin accumu-
lates, inhibiting its degradation and promoting translocation to the nucleus. A complex with 
transcription factors, including T-cell transcription factor (TCF), Lymphoid enhancer-binding fac-
tor (LEF), and transcriptional co-activators, lead to transcriptional activity of multiple downstream 
target oncogenes       
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    Role of Wnt Antagonists in Osteosarcoma 

 Secreted Wnt antagonists have been observed to suppress tumorigenesis and 
metastatic potential in osteosarcoma. Two types of secreted Wnt antagonists are 
characterized by their mechanisms of inhibition. The fi rst type directly binds to 
Wnt ligands, promoting an inhibitory response. Wnt inhibitory factor-1 (WIF-1), 
sFRP family and Cerberus are examples of Wnt antagonists that bind directly to 
Wnt ligands and inducing an inhibitory response. The second type of antagonist 
such as the Dickkopf family and sclerostin inhibit the Wnt pathway by binding to 
transmembrane receptors, thereby preventing Wnt signaling activation. 

 The Dickkopf family comprises of four secretory proteins, including Dkk-1, 
Dkk-2, Dkk-3, and Dkk-4. Human Dkk-1 inhibits Wnt signaling pathway by bind-
ing to the transmembrane receptors LRP5/6 [ 37 ]. Dickkopf 3(Dkk-3), also known 
as reduced expression in immortalized cells (REIC), has been shown to impede 
invasion and motility of osteosarcoma cells [ 38 ]. Dkk-3 expression is downregu-
lated in multiple cancer cell lines although its exact oncogenic suppressive mecha-
nism is still unknown. Dkk-3 has been shown to downregulate β-catenin nuclear 
translocation in OS cells leading to inhibition of downstream LEF/TCF activation 
[ 39 ]. The expression of Dkk-3 and dominant-negative LRP5 mutant in OS cell lines 
substantially decreases cell invasion and motility. We further demonstrated the abil-
ity of Dkk-3 to suppress tumorigenesis and pulmonary metastasis in nude mice via 
intratibial injection of Dkk-3 transfected OS cells [ 40 ]. 

 Frzb, a member of secreted frizzled-related protein (sFRP) family, is another 
Wnt antagonist that has been associated with cancer. It has an amino-terminal 
cysteine- rich domain (CRD) that is homologous to the ligand-binding domain of 
Frizzled [ 41 ]. Frzb blocks receptor signaling by primarily binding to the extracel-
lular Wnt ligands, preventing the ligand-receptor interaction [ 42 ]. Frzb re- 
expression has been shown to inhibit tumorigenesis and invasiveness in both 
prostate and fi brosarcoma cancer cells. In vitro studies demonstrated that Frzb can 
inhibit c-Met, a Wnt target gene that plays a key role in sarcoma progression 
[ 24 ,  43 ,  44 ]. Not only is Frzb expression downregulated in soft tissue sarcomas, but 
it is also less expressed in OS tissue and cell lines [ 45 ]. DeAlmeida et al. demon-
strated that a secreted Wnt antagonist comprising of the CRD of Fz8 attached with 
human IgG showed antitumor activity in a teratocarcinoma animal model [ 46 ]. 
This suggests the possibility of creating antagonist fusion proteins as a potential 
class of therapeutic agent. 

 The antagonist Wnt inhibitor factor 1 (WIF-1) is frequently downregulated in 
cancer cells, including prostate, breast, lung, bladder and in osteosarcoma [ 47 ,  48 ]. 
This secreted protein comprises of a WIF domain for Wnt binding activity and 
epidermal growth factor repeats [ 49 ]. In various cancers, such as lung, breast, gas-
tric, colorectal, and nasopharyngeal, silencing of the WIF-1 promoter by hyper-
methylation is associated with Wnt signaling activation [ 50 – 54 ]. Kansara et al. 
demonstrated that in primary OS, silencing of WIF-1 was also associated with in 
vivo acceleration of tumorigenesis in mice [ 55 ]. Recently, we demonstrated that 
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re- expressing WIF-1 in OS cells resulted in inhibition of anchorage-independent 
growth and cellular motility. With elevated WIF-1 expression, proteolytic enzyme 
matrix metalloproteinases (MMP-9 and MMP-14) were suppressed from degrading 
extracellular matrix. In vivo, injecting WIF-1 transfected OS cells into nude mice 
showed reduced tumorigenesis and pulmonary metastasis [ 48 ]. 

 Besides naturally occurring antagonists, small molecule Wnt inhibitors are 
also being explored as a potential means to suppress tumorigenesis. Chen et al. 
examined several synthetic compounds via high-stringency cell-based screening 
and discovered two new classes of small molecules that perturb the Wnt pathway. 
The fi rst class of compound inhibits the membrane-bound acyltransferase 
Porcupine, which is involved in Wnt protein production. The second class nulli-
fi es the destruction of Axin, which are known suppressors of the Wnt/β-catenin 
signaling pathway [ 56 ]. 

 More specifi cally, it has been shown that OS progression can be affected by 
small molecule inhibitors that disrupt the Wnt/β-catenin pathway. Previous 
research on the natural compound curcumin showed an inhibitory effect against 
β-catenin/Tcf signaling amongst several cancer cell lines [ 57 ]. Hallet et al. found 
that PKIF118-310 (β-catenin/TCF inhibitor II) given to breast tumor-bearing syn-
geneic mice arrested tumor growth in vivo [ 58 ]. In OS, Leow et al. revealed that 
both curcumin and PKIF118-310 suppressed both intrinsic and activated β-catenin/
Tcf transcriptional activities using luciferase reporter assays. They also showed 
signifi cant reduction of nuclear β-catenin and inhibitory effects on OS cell migra-
tion and invasion in a dose-dependent manner. These anticancer effects correlated 
with decreased expression of downstream targeted oncogenes, such as cyclin D1, 
c-Myc, and survivin [ 59 ]. Other small molecule inhibitors, targeting Met, such as 
PF2362376 (targeting canine OS cell lines) and STA-1474 (heat-shock protein 90 
inhibitor targeting both human and canine OS cell lines) have also shown to 
decrease proliferation and decrease phosphorylation of both Met and PKB/AKT 
[ 60 ,  61 ]. 

 Grandy et al. recently revealed another small molecule inhibitor of Wnt via the 
PDZ domain of dishevelled [ 62 ]. Dishevelled (dvl) is an essential component of 
the Wnt signaling pathway, which transduces Wnt signals from the Frizzled 
receptor to downstream targeted components. Through structure-based ligand 
screening and NMR spectroscopy, these investigators were able to discover a 
small molecule inhibitor (3289-8625) with an affi nity to the PDZ domain of dvl. 
It was shown to suppress the tumorigenesis of prostate cancer PC-3 cells, decrease 
Wnt signaling in the hyaloid vessel system, and may prove to have similar affects 
in OS cells. 

 Sclerostin is yet another glycoprotein that is known to antagonize the Wnt/
β- catenin signaling in osteoblasts by binding to LRP5/LRP6 and subsequently 
inhibiting osteoblast differentiation, activity, and survival [ 63 ,  64 ]. The SOST 
gene encodes for sclerostin, and its inhibition has been an area of interest for treat-
ment of osteoporosis [ 65 ,  66 ].  
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    Controversy of Inactivity of Wnt/β-Catenin Pathway 
in  High- Grade OS 

 There is some controversy over the impact of Wnt/β-catenin pathway in high-grade 
osteosarcoma. Unlike previous data, Cai, et al. in 2010 published results suggesting 
that loss of Wnt/β-catenin pathway activity may contribute to osteosarcoma prolif-
eration [ 67 ]. Nuclear β-catenin rather than cytoplasmic β-catenin was examined in 
osteosarcoma biopsies/cell lines and osteoblastomas by immunohistochemistry. 
Nuclear β-catenin was not detected in 90 % of the OS biopsies and cell lines and the 
rest of the cases showed weak nuclear staining. After treating OS cells with GSK3β 
inhibitor (Wnt pathway activator), immunofl uorescence β-catenin nuclear staining 
was positive in all cell lines and cellular proliferation rates were reduced. These 
investigators noted that only nuclear staining, and not membranous/cytoplasmic 
staining of β-catenin, can determine the degree of Wnt activity, since it is within the 
nucleus that transcription occurs for target gene expression. On the contrary, other 
groups such as Goentoro et al. demonstrated that the fold change, and not absolute 
level of β-catenin, determines the impact of Wnt activity and transcriptional changes 
[ 68 ]. With limitations of in vitro models, the theory from Cai et al. has yet to be 
proven within the context of an in vivo environment.  

    Targeting Noncanonical Wnt Pathways 
(β-Catenin- Independent Pathways) 

 Besides the canonical pathway, Wnt has been known to affect β-catenin-independent 
pathways as well, including Wnt/calcium, Wnt/Rho GTPase, and Wnt/JNK pathways 
[ 10 ]. Over the past two decades, more noncanonical Wnt pathways have been 
described, although they are less understood and are initiated by Wnt/Frizzled signal-
ing, rather than β-catenin transcriptional function. These signals are transduced via 
Frizzled family receptors and co-receptors ROR2 and RYK [ 69 ]. In the Wnt/calcium 
pathway, Wnt5a/Frizzled-2 modulates the calcium-sensitive proteins, calcium/
calmodulin-dependent kinase II and protein kinase C, thus increasing the intracellular 
calcium fl ux [ 70 ]. Wnt/Frizzled activates cyclic GMP-specifi c phosphodiesterase 
(PDE6) leading to depletion of cellular cGMP and inactivation of protein kinase G 
(PKG), and subsequently causing increase intracellular calcium concentration. 
The calcium-dependent effector molecules of this pathway are Nemo-like kinase 
(NLK) and nuclear factor of activated T cells (NFAT). The NLK inhibits TCF/β-
catenin signaling via phosphorylation of TCF/LEF family transcription factors, while 
the NFAT inhibits ventral patterning in Xenopus, respectively [ 71 – 73 ]. 

 The Wnt/planar cell polarity (PCP) pathway, consisting of Wnt5a and Wnt11, 
initiates signaling through its interaction with frizzled (Fz), activating dishevelled 
(Dvl) and forming Dvl/effector complexes [ 71 ,  74 ,  75 ]. The Dvl downstream 
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pathway, including both Ras homolog gene family A (RhoA) and Jun Kinase (JNK), 
regulates actin cytoskeleton, cell motility, and adhesion [ 9 ,  76 ]. It impacts temporal 
and spatial control of embryonic development seen in both Xenopus embryos and 
cuticular hairs in Drosophila. 

 The JNK pathway is also a mediator of noncanonical Wnt signaling which is 
activated via Wnt-Ror2 signaling. By using siRNA to suppress Wnt5a or Ror2, 
Enomoto et al. demonstrated reduced invasiveness and invadopodia formation in 
OS cells [ 77 ].  

    Wnt/B-Catenin Signaling and Stem Cells 

 The Wnt/β-catenin pathway not only has a role in tumorigenesis but has also been 
suggested to exert diverse regulatory effects on cancer stem cells (CSC) [ 78 ]. Stem 
cells in general are defi ned as having the ability to self-renew along with creating 
specialized cells. Several groups of investigators have examined the Wnt pathway 
and its effects on specifi c stem cell functions [ 6 ]. As early as the 1990s, Korinek 
et al. demonstrated the association between mutated TCF4 and subsequent deple-
tion of intestinal stem cells. Studies on the role of stem cells in hair follicle forma-
tion have suggested that Wnt inhibitors play a prominent role in regulating the stem 
cell microenvironments [ 79 ]. The transgenic overexpression of LEF1 resulted in not 
only follicle stem cell growth but also differentiation of the hair lineage [ 80 ]. 

 In OS cell lines, Tirino et al. identifi ed a subpopulation of CD133+ cells with 
self-renewal properties, higher proliferation, spherical formation, and expression of 
the stem cell-associated gene OCT3/4 [ 81 ]. In addition, elevated aldehyde dehydro-
genase (ALDH) activity in normal stem cells and solid tumor CSC has led to the use 
of ALDH as a means of identifying CSC in sarcomas. Wang et al. found that OS cell 
lines containing a subpopulation of cells with high ALDH activity possess increased 
tumorigenic capacity, proliferative capacities, self-renewal, and expression of stem 
cell markers [ 82 ].  

    Therapy Against Wnt Target Genes in Osteosarcoma 

 Given an abundance of data suggesting Wnt/β-catenin involvement in tumorigenesis, 
there is a need to discover ways to mitigate the Wnt transcriptional activation [ 29 ,  83 ]. 
Several strategies have been proposed to exploit the Wnt pathway for cancer therapy 
[ 22 ,  84 ,  85 ]. The challenge to some of these strategies is that the Wnt pathway is a 
vast network that also regulates normal cell functions, tissue regeneration, and stem 
cell differentiation. Depending on how this pathway is targeted (extracellular, 
cytoplasmic, nuclear), detrimental side effects may be incurred. 

 Targeting the Wnt/β-catenin signaling at the extracellular level is a strategy that 
focuses on secreted Wnt antagonists, including WIF-1, Dkk, and sFRPs. Restoring 
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the expression of these antagonists in the antagonist-defi cient tumors may prove to 
be helpful in reducing the proliferation of OS cells. Another strategy that simulates 
the mechanisms of Wnt antagonists is to create anti-Wnt monoclonal antibodies that 
can induce apoptosis of OS cells by blocking Wnt-Frizzled interaction. Therapeutic 
monoclonal antibodies against Wnt-1 and Wnt-2 have demonstrated inhibition of 
Wnt signaling and suppression of tumor growth in hepatocellular carcinoma and 
melanoma, respectively [ 86 ,  87 ]. This model can also be explored and potentially 
replicated for OS. Besides the extracellular level, we can aim to target the cytoplas-
mic components, such as β-catenin-binding domain of APC, for tumor suppression. 
Shih et al. showed that in colon cancer cells, re-expression of a recombinant adeno-
virus with APC (with known β-catenin binding repeats) can inhibit nuclear translo-
cation of β-catenin as well as β-catenin/Tcf-mediated transactivation [ 88 ]. At the 
nuclear level, targeting the β-catenin/Tcf transcriptional activity along with key 
downstream mediators, such as c-Myc, cyclin D1, survivin, needs to be further 
explored. In OS, the hepatocyte growth factor receptor c-Met is another Wnt target 
gene that is frequently overexpressed. Recent evidence suggests that c-Met can 
transform normal human osteoblasts into OS cells [ 44 ]. Therefore, c-Met is a can-
didate Wnt-related gene that can explored for OS therapeutics. 

 Nonsteroidal anti-infl ammatory drugs (NSAIDS) have been studied and thought to 
impact the Wnt pathway by inhibiting the accumulation of prostaglandin E2, which 
ultimately decreases degradation of the β-catenin. NSAIDs have mainly shown chemo-
preventative effects against colon cancer [ 89 ,  90 ]. Xia et al. demonstrated the effects of 
celecoxib (cyclo-oxygenase-2 inhibitor) on inhibiting β-catenin-dependent survival of 
human OS cell line (MG-63). Not only did β-catenin protein decrease in the cytosol 
and nucleus following celecoxib treatment, but there was also a signifi cant reduction of 
the Wnt target gene c-Myc and CCND1 [ 91 ]. As mentioned previously, using small 
molecule inhibitors identifi ed by high- throughput screens can be helpful to make an 
impact on OS therapy. These inhibitors are known to target β-catenin/TCF antagonists, 
transcriptional co-activator modulators along with the PDZ domain of Dvl [ 92 ].  

    Conclusion 

 Given the complexity of the Wnt signaling network, it is not an easy task to determine 
which group of components is responsible for the interactions that drives OS progres-
sion. With a large permutation of Wnt signaling (given 19 human Wnt family mem-
bers, 11 human Fz receptors, 4 human Dkks, along with multiple regulatory 
proteins), it is challenging to identify specifi c combinations of interaction that may 
be clinically relevant to OS. Although our understanding of the Wnt pathway has 
improved over the last few decades, there are certainly many regulatory mechanisms 
yet to be discovered. From this standpoint, the Wnt pathway offers a plethora of 
targeting potentials for cancer drug development. By understanding the pathophysi-
ology of aberrant Wnt signaling in OS, we are getting closer to designing much more 
precise and personalized treatment for this disease.     
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    Abstract     Despite aggressive surgical and chemotherapy protocols, survival rates 
for osteosarcoma patients have not improved over the last 30 years. Therefore, novel 
therapeutic agents are needed. Receptor tyrosine kinases have emerged as targets 
for the development of new cancer therapies since their activation leads to enhanced 
proliferation, survival, and metastasis. In fact, aberrant expression and activation of 
RTKs have been associated with the progression of many cancers. Studies from our 
lab using phosphoproteomic screening identifi ed RTKs that are activated and thus 
may contribute to the signaling within metastatic human osteosarcoma cells. 
Functional genomic screening using siRNA was performed to distinguish which of 
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the activated RTKs contribute to in vitro phenotypes associated with metastatic 
potential (motility, invasion, colony formation, and cell growth). The resulting RTK 
hits were then validated using independent validation experiments. From these 
results, we identifi ed four RTKs (Axl, EphB2, FGFR2, and Ret) that have not been 
previously studied in osteosarcoma and provide targets for the development of novel 
therapeutics.  

  Keywords     Receptor tyrosine kinases   •   Axl   •   EphB2   •   FGFR2   •   Ret   •   IGF-1R   
•   Targeted therapy   •   Phosphoproteomic screen   •   Osteosarcoma  

        Receptor Tyrosine Kinases 

 Protein tyrosine kinases are important signaling molecules with highly regulated 
activity. Their main function is to catalyze the transfer of the γ phosphate of ATP to 
tyrosine residues on protein substrates [ 1 ]. This creates binding sites for adaptor 
proteins and downstream signaling molecules leading to changes in cell proliferation, 
differentiation, migration, survival, or other metabolic activities. In most situations, 
autophosphorylation is associated with increased enzymatic activity [ 1 ]. 

 There are 90 protein tyrosine kinases encoded in the human genome [ 2 ]. They can 
further be divided into two subtypes. Receptor tyrosine kinases (RTKs) are trans-
membrane glycoproteins that undergo dimerization and autophosphorylation upon 
ligand binding [ 3 ]. Most RTKs consist of an extracellular ligand-binding domain, a 
transmembrane domain, and an intracellular kinase domain [ 4 ]. Many receptors for 
growth factors are included in the RTK family. Additionally, there are non-receptor 
tyrosine kinases (NRTKs) that are downstream signaling molecules of various 
receptors including RTKs. NRTKs lack transmembrane domains and are located in 
either the cytoplasm or the nucleus. NRTKs can be trans- autophosphorylated upon 
dimerization or phosphorylated by a different tyrosine kinase [ 1 ]. The remainder of 
this chapter will focus on RTKs. 

 RTKs are divided into families based on the composition of their extracellular 
domains as well as shared ligands [ 4 ]. Upon ligand binding, the receptor undergoes 
oligomerization and other conformational changes that result in autophosphorylation 
of their intracellular domain [ 3 ]. This initiates downstream signaling cascades in 
which cytoplasmic substrates are recruited and sequentially phosphorylated, 
ultimately leading to signaling outputs such as proliferation, survival, migration, 
apoptosis, and cell adhesion [ 5 ] (Fig.  1 ).

       Regulation of RTKs 

 The activity of RTKs is tightly regulated on multiple levels. Ligand binding reverses 
autoinhibition of the RTK by altering its conformation and inducing autophosphor-
ylation of key tyrosine residues. For example, the activation loop, situated next to 
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the active site in the kinase domain, contains tyrosine residues that stabilize the 
active confi guration when autophosphorylated after receptor dimerization [ 6 ]. 
The juxtamembrane region is outside of the kinase domain and may make contact 
with several areas within the tyrosine kinase domain, including the activation loop, 
to stabilize the autoinhibited confi guration [ 4 ,  7 ]. The juxtamembrane region also 
contains tyrosine residues that are transphosphorylated upon ligand binding and 
receptor dimerization. In turn, the autoinhibitory interactions of the juxtamembrane 
region are disrupted, promoting activation of the receptor. 

 RTK signaling is also regulated by positive and negative feedback loops. Protein 
tyrosine phosphatases may be inhibited as part of a positive feedback loop or 
induced during negative feedback loops. For example, reactive oxygen species, pro-
duced after prolonged epidermal growth factor receptor (EGFR) activation, inhibit 
phosphatase activity by oxidizing a cysteine in the phosphatase active domain. On the 
other hand, EGFR activation can also recruit Shp2, an SH domain-containing phos-
phatase, which leads to dephosphorylation of the receptor in a negative feedback 
loop [ 8 ]. Another positive feedback loop occurs when receptor activation induces 
production of its cognate ligand resulting in autocrine signaling [ 4 ]. Receptor acti-
vation may also lead to downstream expression of negative regulators of the signaling 
cascade representing a negative feedback mechanism.  

  Fig. 1    Mechanisms of pathological receptor tyrosine kinase signaling in osteosarcoma. 
Dysregulation of RTK signaling can occur through ligand-dependent mechanisms such as auto-
crine production of the ligand, paracrine signaling from the tumor environment, or juxtacrine sig-
naling between cells. Aberrant signaling may also occur through ligand-independent mechanisms 
such as activating mutations, translocations leading to fusion proteins, gene amplifi cation resulting 
in overexpression, or alternative splicing. Autophosphorylation and activation of the receptor 
induces intracellular signaling. When unregulated, which is common in cancer, RTK activation can 
lead to aberrant proliferation, survival and ultimately invasion and metastasis       

 

Receptor Tyrosine Kinases in Osteosarcoma: Not Just the Usual Suspects



50

    RTK Dysregulation in Cancer 

 Since key physiological functions of a cell are regulated by RTK signaling, aberrant 
activation of RTKs may result in adverse effects, such as induction of tumorigen-
esis and metastasis. In fact, dysregulation of RTK activity has been shown to 
contribute to the progression of many cancers [ 9 ]. There are many mechanisms that 
can induce pathological signaling by an RTK, most leading to activation of the 
kinase domain (Fig.  1 ). Such mechanisms can be split into ligand-dependent and 
ligand- independent categories. The ligand-independent mechanisms include chro-
mosomal translocations, activating mutations, and overexpression of the RTK. 
Chromosomal translocations lead to fusion proteins containing the c-terminal tyro-
sine kinase domain of an RTK juxtaposed with an n-terminal oligomerization 
domain of another protein [ 10 ]. Such fusion proteins dimerize and become consti-
tutively activated without ligand stimulation. Historically, BCR-Abl is one of the 
most well-known fusion proteins associated with cancer [ 11 ]. It has been predomi-
nantly described in chronic myeloid leukemia patients positive for the Philadelphia 
chromosome [ 12 ,  13 ]. Chromosomal translocations involving the RTK Ret are 
associated with papillary thyroid carcinoma [ 14 ]. Translocations have also been 
described in sarcomas. In fact, 85 % of Ewing’s sarcoma cases are attributed to a 
translocation between chromosome 11 and 22 that produces the EWS/FLI-1 fusion 
protein [ 15 ]. Unlike the previous fusion proteins that function as constitutively 
active tyrosine kinases, EWS/FLI-1 acts as an aberrant transcription factor directly 
regulating the expression of a range of oncogenes and tumor suppressors [ 16 ]. 
There have been no characteristic chromosomal translocations described for 
osteosarcoma due to complex karyotypes and the high degree of genetic variation 
between patients. 

 The genetic instability in cancer may also give rise to constitutively active RTKs. 
Some of the best characterized mutations occur in the EGFR and fi broblast growth 
factor receptor (FGFR) RTKs. A specifi c deletion in the extracellular domain of 
EGFR (EGFRvIII) has been described in non-small-cell lung carcinoma (NSCLC), 
glioblastomas, ovarian and breast carcinomas [ 17 ]. In bladder cancer, a point muta-
tion in the extracellular domain of FGFR3 results in the formation of an abnormal 
disulfi de bridge allowing ligand-independent dimerization [ 18 ]. Mutations have 
also been found in the catalytic and juxtamembrane domains. 

 Gene amplifi cation of the receptor itself may give rise to overexpression of the 
RTK in cancer cells. This produces a greater number of receptor molecules on the 
surface of the cell that are available for ligand binding and stimulation of down-
stream signaling cascades. Overexpression may also lead to receptor molecules in 
greater proximity to each other, facilitating ligand-independent dimerization and 
phosphorylation of the receptors [ 19 ]. The overexpression of many different RTKs 
has been reported in a wide array of cancers. Moreover, the overexpression of some 
of those RTKs has been correlated with patient survival. 

 Constitutive activation of RTKs can also occur through ligand-dependent mecha-
nisms, including autocrine, paracrine, juxtacrine, or matricrine [ 18 ,  20 ,  21 ].  
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    Targeting RTKS in Cancer 

 Inhibitors of RTKs represent a promising class of novel targeted anticancer therapy. 
Different strategies are currently being developed to either target the extracellular 
ligand-binding domain or the intracellular tyrosine kinase domain [ 22 ]. 

 The number of tyrosine kinase inhibitors (TKIs) in phase III clinical trials or 
approved by the FDA for cancer therapies continues to grow. Most are small mole-
cule inhibitors (SMIs) designed to interfere with the binding of ATP or substrates 
and thereby inhibit the catalytic activity of the kinase [ 5 ,  9 ,  23 ]. Since the ATP bind-
ing pocket is relatively conserved between RTKs, many of the SMIs inhibit multiple 
kinases. This may, in fact, be clinically advantageous by targeting multiple different 
phenotypes activated by different kinases. Based on their mechanism of inhibition, 
the SMIs are categorized into type I–IV inhibitors. 

 Early drug discovery sought to design ATP mimics and used enzymatic kinase 
assays. Therefore, most SMIs are type I ATP-competitive inhibitors that bind to the 
active conformation of the kinase [ 24 ]. Specifi city for these inhibitors is gained by 
targeting the gatekeeper residue located in the ATP-binding pocket [ 25 ]. Type I 
inhibitors include erlotinib, dasatinib, and sunitinib. In contrast, type II compounds 
are ATP-competitive inhibitors that bind the inactive form of RTKs [ 24 ]. These 
inhibitors recognize and stabilize a hydrophobic region exposed next to the ATP site 
when the RTK is in its inactive conformation [ 25 ]. Specifi city is gained by identify-
ing the RTKs that preferentially adopt this conformation. Common type II inhibi-
tors include imatinib, sorafenib, and nolotinib. Type III inhibitors target allosteric 
sites outside of the ATP-binding pocket. These inhibitors offer the highest amount 
of specifi city by targeting unique binding sites and regulatory mechanisms of a 
particular kinase [ 24 ]. No type III inhibitors have been described for RTKs, but the 
type III Abl inhibitor, GNF2, has been studied as an alternative to imatinib [ 26 ]. 
Type IV inhibitors form covalent bonds in the kinase domain. Most target a cysteine 
residue, irreversibly blocking ATP binding [ 24 ]. Many are cautious about this class 
of inhibitors, as the irreversible nature could lead to increased toxicity from binding 
off-target molecules. 

 Monoclonal antibodies have also been effective at neutralizing RTKs or their 
cognate ligands to prevent signaling [ 9 ]. The antibodies may either bind to the extra-
cellular ligand-binding domain of the RTK or the ligand itself to block receptor–
ligand interaction. RTK-specifi c antibodies may also induce receptor internalization 
and degradation. Trastuzumab (Herceptin) was one of the fi rst monoclonal antibod-
ies developed for cancer therapies that targeted an RTK. It is approved for use in 
breast cancer patients positive for the receptor Her2/neu [ 27 ]. Bevacizumab 
(Avastin) is an FDA approved monoclonal antibody targeting the RTK ligand vas-
cular endothelial growth factor (VEGF). It was originally developed for colorectal 
cancer but has since been approved for renal and certain types of lung cancers as 
well as glioblastoma [ 28 ]. Finally, Cetuximab (Erbitux) is an anti-EGFR antibody 
approved for the treatment of colorectal cancer and squamous cell carcinoma of the 
head and neck [ 29 ,  30 ]. 
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 Acquired resistance to TKIs is a growing concern. One of the most common 
mechanisms of resistance is a mutation in the gatekeeper residue that modulates the 
binding of the inhibitor to the ATP binding pocket of the RTK [ 31 ]. However such 
mutations do not alter the ability of ATP to bind and therefore have little effect 
on kinase activity in the absence of the inhibitor. Gatekeeper mutations have been 
identifi ed in EGFR conferring resistance to gefi tinib and erlotinib [ 32 ,  33 ]. Other 
mechanisms of resistance involve upregulation of alternative RTK pathways or 
downstream signaling cascades [ 25 ]. Several strategies are being developed to over-
come resistance such as new inhibitors that avoid the gatekeeper position [ 24 ]. 

 RTK-targeted therapies have not yet been approved for osteosarcoma since studies 
examining the roles of RTKs are limited, both in quality and quantity. Clinical trials 
that include osteosarcoma patients are rare and usually have too few patients to 
accurately predict a response. Therefore, a thorough investigation identifying RTKs 
that are activated and contribute to the metastatic potential of osteosarcoma is 
needed to expand the number of potential targets for novel therapies.  

    RTKs in Osteosarcoma 

 RTKs contribute to the progression of many cancers but remain relatively unstudied 
in osteosarcoma. Overexpression of several RTKs and their ligands occurs in osteo-
sarcoma, including EGFR, ErbB2, IGF-1R,  met , NGFR, PDGFR, VEGFR and their 
ligands [ 34 – 41 ]. Specifi cally, overexpression of ErbB2, PDGF, PDGFR, VEGF, and 
VEGFR correlates with metastasis and overall poor prognosis in osteosarcoma 
[ 39 ,  40 ,  42 – 46 ]. However, the functional contribution of RTKs to the underlying 
biology of osteosarcoma has not been well established.  

    Screening and Validation Study 

 To begin to understand the role of RTKs in osteosarcoma, we performed a screening 
and validation study to identify novel RTKs that are activated and promote the in vitro 
phenotypes of metastatic osteosarcoma cell lines (Fig.  2 ). Two established families 
of genetically related human osteosarcoma cell lines were used. The 143B cell line 
was created from the parental weakly metastatic TE85 cell line by overexpressing 
oncogenic KRAS [ 47 ]. The LM7 cell line was isolated by cycling the parental 
weakly metastatic Saos2 cells through the lungs of nude mice seven times [ 48 ].

   Since phosphorylation events occur during the activation of most receptor tyro-
sine kinases, we performed phosphoproteomic screening to identify RTKs that are 
activated and potentially contribute to signaling within the highly metastatic human 
LM7 or 143B cells. This also reduced the number of RTKs examined in the func-
tional genomic screen making it feasible to investigate multiple in vitro phenotypes 
instead of focusing on one high throughput phenotype, such as proliferation, as is 
common in large-scale screens. For our study, we measured migration, invasion, 
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colony formation, and cell growth. In our screen, the siRNAs affected cell growth 
the least out of the four assays performed, indicating that many important effects 
would have been missed had we focused solely on cell growth. Results from the 
phosphoproteomic screening identifi ed 12 RTKs that are phosphorylated in one or 
both of the metastatic cell lines [ 49 ]. 

 Functional genomic screening using siRNA was performed to distinguish which 
of the activated RTKs contribute to in vitro phenotypes associated with metastatic 
potential (motility, invasion, colony formation, and cell growth). Finally, validation 
of the screen was necessary since siRNA has the potential for off-target effects. 
The validation experiments confi rmed that fi ve RTKs (Axl, EphB2, FGFR2, IGF-1R, 
Ret) promote the in vitro behavior of the metastatic osteosarcoma cell lines [ 49 ]. 
This was the fi rst study to demonstrate a role for Axl, EphB2, FGFR2 or Ret in the 
in vitro phenotype of human metastatic osteosarcoma cell lines.  

    IGF-1R 

 IGF-1R is one of the few RTKs that have been extensively studied in osteosarcoma 
[ 50 ] and therefore acts as a positive control to support our screening and validation 
strategies for identifying RTKs important to the in vitro behavior of osteosarcoma. 

  Fig. 2    Summary of screening and validation approaches. Phosphoproteomic screening was per-
formed on 42 of the RTKs encoded in the human genome. Functional genomic screening using 
siRNA against the activated RTKs was performed. Finally, validation of the hits from the func-
tional screen identifi ed specifi c novel RTKs that promoted the in vitro phenotypes of metastatic 
human osteosarcoma cell lines [ 49 ]       
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IGF-1R is a member of the insulin receptor family, which also includes the insulin 
receptor (IR). Their ligands include IGF-1 and IGF-2. IGF-1R is ubiquitously 
expressed and is involved in proliferation, differentiation and motility. It is also 
important for anchorage independent growth [ 51 ]. 

 In our study, IGF-1R was phosphorylated in all cell lines tested. Inhibition of 
IGF-1R potently reduced motility and colony formation in the LM7 cell line. These 
results are consistent with previous studies in osteosarcoma. Inhibition of IGF-1R 
reduced proliferation [ 52 ], growth, and invasiveness and induced apoptosis in vitro [ 53 ]. 
IGF-1R neutralizing antibodies inhibited tumor growth in murine xenograft models 
of osteosarcoma [ 54 – 57 ]. Lung metastasis was inhibited in hypophysectomized 
mice, which lack IGF-1R signaling [ 58 ]. Finally, overexpression of IGF-1R has 
been reported in osteosarcoma patient samples [ 34 ]. Additionally, our lab previ-
ously demonstrated that an IGF-1R small molecule inhibitor signifi cantly reduced 
motility and colony formation in LM7 cells [ 59 ]. The promising results from the 
above studies have led to phase I clinical trials using IGF-1R inhibitors in osteosar-
coma patients [ 60 ]. 

 There are a number of small molecule inhibitors that target IGF-1R. BMS- 
754807 and OSI-906, SMIs selective for both IGF-1R and IR, demonstrated antitu-
mor activity in osteosarcoma xenografts and cell lines [ 61 ,  62 ]. Stable disease was 
achieved in osteosarcoma patients in a phase I trial using BMS-854807 [ 63 ]. There 
are also a number of neutralizing antibodies that target IGF-1R and are currently 
under development for targeted therapies. SCH717454, R1507, and cixutumumab 
(IMC-A12) have demonstrated antitumor effects in preclinical testing of osteosar-
coma [ 55 ,  56 ,  64 ] and are currently being tested in phase 2 clinical trials including 
patients with recurrent osteosarcoma.  

    Axl 

 Axl (also known as Ufo or Ark) is a member of the TAM family of RTKs, which also 
includes Tyro3 and Mer [ 65 ]. Axl was fi rst identifi ed as a transforming gene in chronic 
myeloid leukemia. The name was derived from the Greek word  a  ne  x  e  l  ekto  which 
means uncontrolled [ 65 ]. Activation of Axl can occur through binding of its ligand 
Gas6. Gas6 is a 75 kDa vitamin K-dependent protein containing a modifi ed 
γ-carboxyglutamic acid residue, EGF-like repeats and a sex hormone binding globu-
lin (SHBG)-like region [ 66 ]. The latter region directly binds Axl and activates signal-
ing. Gas6 can bind the other family members but has been shown to have a three to 
tenfold lower affi nity for Mer than Axl [ 67 ]. Axl can also be activated through ligand-
independent dimerization [ 68 ]. This can be through binding of Axl molecules on dif-
ferent cells, which can modulate cell aggregation, or through cross talk with other 
RTKs such as EGFR [ 69 ]. Axl is ubiquitously expressed and has been implicated in 
cell survival, proliferation, endothelial cell migration, and vascular network formation 
[ 67 ]. Complete knockout of Axl in transgenic mice results in a normal phenotype, 
which indicates that inhibition of Axl will likely have mild adverse effects [ 70 ]. 
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Consistent with this, the Axl SMI BGB324 or Axl-Fc is effective at inhibiting Axl 
signaling with little to no side effects in vivo [ 71 ,  72 ]. 

 Recent studies have demonstrated that Axl is important to the progression of 
many different cancers. Specifi cally, dysregulation of Axl activation can lead to 
enhanced invasion, migration, and survival ([ 73 ], and references therein). There is 
growing evidence that Axl is one of the common genes found to be upregulated and 
responsible for resistance to targeted or conventional chemotherapies [ 73 – 78 ]. 
Moreover, Axl overexpression has been associated with shorter overall survival in 
many different cancers including acute myeloid leukemia, pancreatic, lung, and 
breast carcinoma [ 79 – 82 ]. Overexpression of Axl has also been found in sarcomas 
such as synovial sarcoma and liposarcoma [ 83 – 86 ]. Prior to our work, there were a 
few studies that reported Axl overexpression in osteosarcoma. In a microarray 
study, Axl mRNA expression was upregulated the greatest (~40 fold) in metastatic 
osteosarcoma cell lines compared to their parental cell line and related non- 
metastatic cells [ 87 ]. Another microarray study demonstrated that Axl expression 
was upregulated in osteosarcoma tissue samples compared to other cancer tissues 
(  www.ebi.ac.uk/arrayexpress    , accession number E-MTAB-62). More recently, a 
compilation of gene expression data for 947 cell lines (Cancer Cell Line Encyclopedia 
(CCLE),   http://www.broadinstitute.org/ccle    ) has revealed that Axl expression was 
highest in chondrosarcoma and osteosarcoma cell lines [ 85 ]. Specifi cally, Axl 
expression was 11-fold higher in osteosarcoma cell lines compared to all other cancer 
cell types (Fig.  3 ). Further analysis of the CCLE data indicated that Axl was the 

  Fig. 3    Fold differences in mRNA expression in osteosarcoma samples compared to all other cancer 
types based on the CCLE. The median mRNA expression in osteosarcoma samples was compared 
to the median mRNA expression in all other cancer cell lines for each member of the TAM family 
of RTKs and their ligand Gas6. The data was based on the Broad Institutes CCLE [ 85 ]. The rank 
represents the level of expression in osteosarcoma samples compared to the other 36 cancer cell 
line types       
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predominant TAM family receptor expressed in osteosarcoma cell lines (Fig.  3 ). 
These results are consistent with a recently published paper that evaluated total Axl 
expression in a human osteosarcoma tissue microarray (TMA) [ 88 ]. The authors 
found no statistical difference between patients with metastases and patients with 
localized disease. This is likely due to the fact that the majority of patients (75 %) 
evaluated were positive for Axl expression [ 88 ].

   Through our phosphoproteomic screening, we demonstrated that Axl is activated 
in all osteosarcoma cell lines tested [ 49 ]. These results are consistent with other 
recently published reports in which Axl was phosphorylated in additional osteosar-
coma cell lines and patient samples. Activating mutations and translocations have 
not been found in osteosarcoma or in other cancers [ 89 ,  90 ]. Therefore, it is unlikely 
activating mutations or translocations are causing Axl activation in our cell lines 
[ 91 ,  92 ]. In contrast, overexpression of Axl and Gas6 has been reported for many 
different cancers [ 67 ]. Further studies are needed to determine whether receptor 
overexpression or autocrine signaling by Gas6 is the underlying mechanism of Axl 
activation in osteosarcoma. 

 Our siRNA screening and validation results indicate that Axl promotes the motility 
and colony formation of 143B cells in vitro. Preliminary results from recently pub-
lished studies show that Axl knockdown resulted in reduced proliferation and 
increased apoptosis and Gas6 stimulation increased invasion and migration of 
osteosarcoma cell lines [ 88 ,  92 ]. We also demonstrated that BGB324 (also known 
as R428), a selective Axl SMI [ 72 ], reduced Axl phosphorylation, motility, and 
colony formation in a dose-dependent manner. BGB324, which is orally bioavail-
able and well tolerated in mice, reduces invasion, migration, and colony formation 
in esophageal adenocarcinoma [ 93 ] and reduces metastasis in murine models of 
breast cancer [ 72 ]. This supports the investigation of BGB324 as a potential lead 
compound for targeted therapy in osteosarcoma. 

 Another promising approach is the anti-Axl neutralizing monoclonal antibody 
YW327.6S2, which blocked Axl activity and growth of lung cancer cells and metas-
tasis of breast cancer cells in murine xenograft models [ 67 ]. It was also effective at 
sensitizing lung carcinoma cells to erlotinib [ 67 ]. Aptamers, which are short single- 
stranded RNA or DNA, are able to bind to cell surface proteins with high affi nity, 
are relatively stable, and produce little immunogenicity. For these reasons, they 
have become the focus of novel cancer therapeutic drug development. GL21.T is a 
recently developed aptamer targeting Axl and has been shown to inhibit migration 
and invasion in vitro and tumor growth in vivo in human non-small-cell lung cancer 
cells [ 94 ].  

    EphB2 

 The Eph receptors represent the largest family of RTKs, consisting of ten EphA and 
six EphB receptors. The receptors were initially subdivided based on similarities in 
their extracellular domain and their binding preferences to the two classes of ligands, 

A.N. Rettew et al.



57

ephrin-A and ephrin-B ligands. Nonetheless, there is promiscuity in binding 
between ephrins and Eph receptors. Since ephrins are membrane bound ligands 
requiring cell-to-cell contact, interactions between Eph receptors and their ligands 
can induce bidirectional signaling, forward signaling in the Eph-expressing cell 
as well as reverse signaling in the ephrin-expressing cell [ 95 ]. EphB2 signaling has 
been implicated in the progression of many cancers including synovial sarcoma 
[ 95 – 97 ] and colorectal carcinoma [ 98 ]. In our study, EphB2 was phosphorylated in 
both the 143B and LM7 cells. Motility was signifi cantly inhibited in LM7 cells after 
EphB2 knockdown by either siRNA or antisense. This result is consistent with the 
fi nding that Eph Receptor signaling is involved in actin cytoskeleton organization 
thus modulating cell morphology and migration [ 95 ,  96 ]. Ephrin expression profi ling 
in osteosarcoma demonstrated that ephrin-A5 and ephrin-B1, ligands for Eph recep-
tors including EphB2, are expressed in osteosarcoma specimens but not in normal 
bone [ 99 ,  100 ]. Our study is the fi rst to demonstrate that EphB2 is important to the 
in vitro phenotype of osteosarcoma and may be a valuable target for the develop-
ment of new treatments. 

 Peptides that bind specifi cally to Eph receptors and block the binding of ephrins 
have been identifi ed through phage display. Among them, SNEW (SNEWIQPRLPQH) 
selectively binds EphB2 in the ephrin-binding pocket and inhibits EphB2 signaling 
in cells [ 101 ]. However, preclinical studies are needed to determine whether the 
peptide is effective at inhibiting tumor growth and metastasis in vivo. 

 Dasatinib and nilotinib are two multikinase inhibitors that have been shown to 
inhibit EphB2, along with BCR-abl, c-Kit, PDGFR-β, other Eph receptors, and 
members of the src family [ 102 ]. The effect of nilotinib in osteosarcoma has not 
been investigated. Dasatinib inhibited the in vitro phenotypes of osteosarcoma cell 
lines but failed to inhibit metastasis in vivo [ 103 ].  

    FGFR2 

 The fi broblast growth factor (FGF) family consists of four receptors, FGFR1, 
FGFR2, FGFR3, and FGFR4, and 18 different FGF ligands. FGF signaling is 
involved in embryogenesis, as well as angiogenesis and wound healing. It is also 
critical for limb development, with mutations in FGFR2 and FGFR3 resulting in 
skeletal dysplasias [ 18 ]. Germ-line and somatic mutations in FGFRs are associated 
with many different cancers, including bladder, breast, lung, gastric, and cervical 
cancer, rhabdomyosarcoma, and glioblastoma [ 104 ]. In osteosarcoma, several 
genetic alterations of FGFRs have been found including single nucleotide polymor-
phisms [ 105 ], overexpression [ 106 ], and germ-line amplifi cations [ 107 ]. Oncomine 
(Compendia Biosciences, Ann Arbor, MI) was also used for the analysis and 
visualization of osteosarcoma studies showing FGFR2 mRNA overexpression 
osteosarcoma biopsy samples compared to other sarcomas [ 108 ,  109 ]. Furthermore, 
a previous study demonstrated that FGF2, an FGFR ligand, upregulated migration 
in an osteosarcoma cell line [ 110 ]. This is consistent with our results indicating that 
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FGFR2 is phosphorylated and promotes the motility and colony formation of the 
metastatic LM7 cells. Taken together with the previous studies, our results indicate that 
FGFR2 may be important to the underlying biology of osteosarcoma. In contrast, 
FGFR1 and FGFR4 were not phosphorylated in either cell line. FGFR3 was phos-
phorylated in both cell lines tested. The individual siRNAs and antisense targeting 
FGFR3 had a small effect on the in vitro phenotypes. 

 Due to the similarity in their kinase domains, there are no small molecule inhibitors 
able to target a single FGFR. However, there are pan-FGFR inhibitors that have 
shown promising results. PD173074 has been shown to be effective at inhibiting 
the in vitro and in vivo phenotypes of many different cancer cell types including 
glioblastoma and rhabdomyosarcoma [ 111 ,  112 ]. Preliminary results from our lab 
demonstrate that treatment of metastatic osteosarcoma cell lines with PD173074 
signifi cantly reduces motility and colony formation in a dose dependent manner. 
Moreover, PD173074 causes preformed colonies to undergo rapid morphological 
changes consistent with cell death. Additional studies using PD173074 have dem-
onstrated a role of FGFRs in the resistance of cancer cells to other small molecule 
inhibitors, such as gefi tinib resistance in non-small-cell lung cancer [ 113 ] and 
cetuximab resistance in squamous cell carcinoma [ 114 ]. NVP-BGJ398, another 
pan-FGFR inhibitor, has recently been used in a preclinical study of 500 cancer cell 
lines. Cell viability assays demonstrated that FGFR1 amplifi cation is a powerful pre-
dictor of sensitivity to NVP-BGJ398 in osteosarcoma [ 115 ]. Due to the structural 
similarity in the kinase domains, several of the FGFR inhibitors also target VEGFRs. 
Two different SMIs targeting FGFRs and VEGF-Rs reduced colony formation or 
motility by osteosarcoma cell lines [ 116 ,  117 ].  

    Ret 

 Ret, which stands for  re arranged during  t ransfection, was one of the fi rst RTKs that 
was shown to play a role in cancer. Ret is primarily expressed in urogenital and 
neural crest-derived cells and is important for the development of the peripheral 
nervous system and kidney. The glial cell line-derived neurotrophic factor (GDNF) 
family of growth factors are the main ligands for Ret. Genetic alterations involving 
Ret, such as chromosomal translocations and activating mutations, are most com-
monly associated with thyroid cancers but have also been reported in colon cancer 
and lung adenocarcinoma. Chromosomal translocations between Ret and at least 
ten different fusion partners make up the class of Ret/PTC fusion proteins associ-
ated with papillary thyroid carcinoma (PTC) [ 14 ,  118 ]. Furthermore, Ret contrib-
utes to the migration of neuroblastoma, thyroid, pancreatic, and non-small-cell lung 
cancer cells in vitro [ 119 – 121 ], and metastasis of breast cancer in vivo. These studies 
are consistent with our results demonstrating that Ret is activated and promotes the 
migration of the metastatic LM7 cells. While ours is the fi rst study to investigate 
Ret in osteosarcoma, overexpression has been correlated with poor prognosis in 
liposarcoma [ 122 ]. 
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 Currently there are no tyrosine kinase inhibitors specifi c for Ret. However, 
a growing number of multikinase inhibitors have demonstrated anti-Ret activity. 
These include sorafenib, vandetanib, sunitinib, regorafenib, and cabozantinib (XL-184), 
which are currently being tested in clinical trials for other cancers. A few preclinical 
studies have demonstrated antitumor activity in osteosarcoma after treatment with 
sorafenib [ 123 – 125 ]. A phase I clinical study testing the multikinase inhibitor rego-
rafenib included two osteosarcoma patients [ 126 ]. One of the osteosarcoma patients 
achieved a partial response after treatment. Furthermore, progression free survival 
at 4 months was greatly improved when compared to the previously published out-
comes in a phase II clinical trial of 37 osteosarcoma patients treated with sorafenib 
[ 127 ]. Further studies are required to determine whether the effects of the inhibitors 
are due to inhibition of Ret in osteosarcoma.  

    Other RTKs 

 Other groups have begun to determine the role of other RTKs in the pathogenesis 
of osteosarcoma. One chapter in this book focuses on the role of Her2 in osteosar-
coma. Additionally, Met signaling has been investigated in osteosarcoma. While the 
RTK was highly phosphorylated in our cell lines, the individual siRNAs had little 
effect on the in vitro phenotypes. Nevertheless, in other studies using different cell 
lines, inhibition of Met signaling resulted in reduced invasion, motility, and prolifera-
tion in vitro and tumor growth in vivo [ 128 ,  129 ]. An expression analysis demon-
strated Met overexpression in 60 % of human patient samples [ 38 ]. Osteoblast-specifi c 
overexpression of Met induced tumorigenesis demonstrating the transforming capac-
ity of Met [ 130 ]. Finally, Met inhibition by overexpression of caveolin-1 (Cav-1), a 
major component of caveolae which compartmentalize membrane receptors, reduced 
lung metastasis in an experimental metastatic mouse model of osteosarcoma [ 131 ].  

    Summary 

 Cancer cells acquire specifi c characteristics that distinguish them from normal cells. 
These include enhanced proliferation, survival, adhesion, and migration, most of 
which are regulated by receptor tyrosine kinase signaling [ 132 ]. In fact, aberrant 
expression and activation of RTKs have been associated with the progression of 
many cancers [ 9 ]. Tyrosine kinase inhibitors may reverse or inhibit such progression 
and have already been successfully implemented in a number of other cancers. 
For these reasons we were compelled to examine RTK signaling in osteosarcoma. 

 Our systematic phosphoproteomic and siRNA screening study established a role 
for RTKs in the pathogenesis of osteosarcoma and highlights novel RTKs that may 
be promising targets for future therapies. However, indicative of the molecular 
complexity of osteosarcoma, none of the RTKs were validated in both the LM7 and 
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143B cell lines. Similar to osteosarcoma patients, the 143B and LM7 families of 
cell lines are genetically different from each other with varying chromosomal aber-
rations and mutations [ 133 ]. Due to this genetic instability, osteosarcoma patients 
will likely benefi t from patient-tailored, targeted therapy. In our lab, the phospho- 
array has only been tested on cell extracts. However, the same array was success-
fully used to evaluate RTK activity in glioma xenografts and human leiomyoma 
tumor samples [ 134 ,  135 ]. Studies are needed to evaluate the feasibility of using 
osteosarcoma tissue samples with the array. Nevertheless, this array could be very 
useful in the future for screening RTK activity in osteosarcoma tumor samples. 
Another method for personalizing targeted therapy has recently been reported in a 
canine osteosarcoma case [ 136 ]. Primary tumor cells were isolated prior to chemo-
therapy treatment and cell survival was screened using a panel of SMIs. Dasatinib was 
chosen since it was one of the most effective at inducing cell death in the primary 
tumor cells, and it is well tolerated in humans and is readily available. The dog was 
still in remission 24 months following the primary diagnosis [ 136 ]. It remains to be 
determined whether such method may be more broadly feasible in human patients. 

 It is well accepted that RTK signaling networks are highly complex. Cross talk 
and coactivation of RTKs may occur within a cell. In fact, with advances in high- 
throughput screening, cross talk may actually occur more often than previously 
thought [ 137 ]. In addition, chemoresistance to both conventional and targeted thera-
pies is an ongoing challenge and may result from acquired mutations in the kinase 
or compensatory mechanisms, such as upregulation of other kinases [ 25 ]. Therefore, 
inhibition of multiple kinases may be necessary for successful outcomes. 

 The ultimate goal in osteosarcoma is to improve the overall survival for patients. 
However, no major improvement in survival has been made since the introduction 
of chemotherapy in the 1970s. This illustrates the necessity for a better understand-
ing of the underlying biology of osteosarcoma to create improved therapies. Our 
results identifi ed four RTKs (Axl, EphB2, FGFR2, and Ret) that have not been 
previously studied in osteosarcoma and provide novel targets for the development 
of new therapies.     

   References 

      1.    Hubbard SR, Till JH (2000) Protein tyrosine kinase structure and function. Annu Rev 
Biochem 69:373–398  

    2.    Manning G, Whyte DB, Martinez R et al (2002) The protein kinase complement of the human 
genome. Science 298(5600):1912–1934  

     3.    Chong PK, Lee H, Kong JW et al (2008) Phosphoproteomics, oncogenic signaling and cancer 
research. Proteomics 8(21):4370–4382  

       4.    Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyrosine kinases. Cell 
141(7):1117–1134  

     5.    Gschwind A, Fischer OM, Ullrich A (2004) The discovery of receptor tyrosine kinases: targets 
for cancer therapy. Nat Rev Cancer 4(5):361–370  

    6.    Huse M, Kuriyan J (2002) The conformational plasticity of protein kinases. Cell 109(3):
275–282  

A.N. Rettew et al.



61

    7.    Hubbard SR, Miller WT (2007) Receptor tyrosine kinases: mechanisms of activation and 
signaling. Curr Opin Cell Biol 19(2):117–123  

    8.    Bae YS, Kang SW, Seo MS et al (1997) Epidermal growth factor (EGF)-induced generation 
of hydrogen peroxide. Role in EGF receptor-mediated tyrosine phosphorylation. J Biol Chem 
272(1):217–221  

       9.    Krause DS, Van Etten RA (2005) Tyrosine kinases as targets for cancer therapy. N Engl J 
Med 353(2):172–187  

    10.    Kim H, Gillis LC, Jarvis JD et al (2011) Tyrosine kinase chromosomal translocations mediate 
distinct and overlapping gene regulation events. BMC Cancer 11:528  

    11.    Kurzrock R, Kantarjian HM, Druker BJ et al (2003) Philadelphia chromosome-positive 
leukemias: from basic mechanisms to molecular therapeutics. Annal Int Med 138(10):
819–830  

    12.    Rowley JD (1973) Chromosomal patterns in myelocytic leukemia. N Engl J Med 
289(4):220–221  

    13.    Rowley JD (1973) Letter: a new consistent chromosomal abnormality in chronic myelogenous 
leukaemia identifi ed by quinacrine fl uorescence and Giemsa staining. Nature 243(5405):
290–293  

     14.    Kim DW, Hwang JH, Suh JM et al (2003) RET/PTC (rearranged in transformation/papillary 
thyroid carcinomas) tyrosine kinase phosphorylates and activates phosphoinositide- 
dependent kinase 1 (PDK1): an alternative phosphatidylinositol 3-kinase-independent path-
way to activate PDK1. Mol Endocrinol 17(7):1382–1394  

    15.    May WA, Lessnick SL, Braun BS et al (1993) The Ewing’s sarcoma EWS/FLI-1 fusion gene 
encodes a more potent transcriptional activator and is a more powerful transforming gene 
than FLI-1. Mol Cell Biol 13(12):7393–7398  

    16.    De Vito C, Riggi N, Suva ML et al (2011) Let-7a is a direct EWS-FLI-1 target implicated in 
Ewing’s sarcoma development. PLoS One 6(8):e23592  

    17.    Nishikawa R, Ji XD, Harmon RC et al (1994) A mutant epidermal growth factor receptor 
common in human glioma confers enhanced tumorigenicity. Proc Natl Acad Sci U S A 
91(16):7727–7731  

      18.    Turner N, Grose R (2010) Fibroblast growth factor signalling: from development to cancer. 
Nat Rev Cancer 10(2):116–129  

    19.    Zwick E, Bange J, Ullrich A (2002) Receptor tyrosine kinases as targets for anticancer drugs. 
Trend Mol Med 8(1):17–23  

    20.    Singh AB, Harris RC (2005) Autocrine, paracrine and juxtacrine signaling by EGFR ligands. 
Cell Signal 17(10):1183–1193  

    21.    Miyamoto S, Nakamura M, Yano K et al (2007) Matrix metalloproteinase-7 triggers the 
matricrine action of insulin-like growth factor-II via proteinase activity on insulin-like growth 
factor binding protein 2 in the extracellular matrix. Cancer Sci 98(5):685–691  

    22.    Baselga J (2006) Targeting tyrosine kinases in cancer: the second wave. Science 
312(5777):1175–1178  

    23.    Noble ME, Endicott JA, Johnson LN (2004) Protein kinase inhibitors: insights into drug 
design from structure. Science 303(5665):1800–1805  

        24.    Zhang J, Yang PL, Gray NS (2009) Targeting cancer with small molecule kinase inhibitors. 
Nat Rev Cancer 9(1):28–39  

       25.    Fabbro D, Cowan-Jacob SW, Mobitz H et al (2012) Targeting cancer with small-molecular- 
weight kinase inhibitors. Methods Mol Biol 795:1–34  

    26.    Adrian FJ, Ding Q, Sim T et al (2006) Allosteric inhibitors of Bcr-abl-dependent cell prolif-
eration. Nat Chem Biol 2(2):95–102  

    27.    Hudis CA (2007) Trastuzumab – Mechanism of action and use in clinical practice. N Engl J 
Med 357(1):39–51  

    28.    Lambrechts D, Lenz HJ, de Haas S et al (2013) Markers of response for the antiangiogenic 
agent bevacizumab. J Clin Oncol 31(9):1219–1230  

    29.    Karapetis CS, Khambata-Ford S, Jonker DJ et al (2008) K-ras mutations and benefi t from 
cetuximab in advanced colorectal cancer. N Engl J Med 359(17):1757–1765  

Receptor Tyrosine Kinases in Osteosarcoma: Not Just the Usual Suspects



62

    30.    Bonner JA, Harari PM, Giralt J et al (2006) Radiotherapy plus cetuximab for squamous-cell 
carcinoma of the head and neck. N Engl J Med 354(6):567–578  

    31.    Sierra JR, Cepero V, Giordano S (2010) Molecular mechanisms of acquired resistance to 
tyrosine kinase targeted therapy. Mol Cancer 9:75  

    32.    Kobayashi S, Ji H, Yuza Y et al (2005) An alternative inhibitor overcomes resistance caused 
by a mutation of the epidermal growth factor receptor. Cancer Res 65(16):7096–7101  

    33.    Pao W, Miller VA, Politi KA et al (2005) Acquired resistance of lung adenocarcinomas to 
gefi tinib or erlotinib is associated with a second mutation in the EGFR kinase domain. PLoS 
Med 2(3):e73  

     34.    Burrow S, Andrulis IL, Pollak M et al (1998) Expression of insulin-like growth factor receptor, 
IGF-1, and IGF-2 in primary and metastatic osteosarcoma. J Surg Oncol 69(1):21–27  

   35.    Benini S, Baldini N, Manara MC et al (1999) Redundancy of autocrine loops in human osteo-
sarcoma cells. Int J Cancer 80(4):581–588  

   36.    Hughes DP, Thomas DG, Giordano TJ et al (2006) Essential erbB family phosphorylation in 
osteosarcoma as a target for CI-1033 inhibition. Pediatr Blood Cancer 46(5):614–623  

   37.    Charity RM, Foukas AF, Deshmukh NS et al (2006) Vascular endothelial growth factor 
expression in osteosarcoma. Clin Orthop Relat Res 448:193–198  

    38.    Ferracini R, Di Renzo MF, Scotlandi K et al (1995) The Met/HGF receptor is over-expressed 
in human osteosarcomas and is activated by either a paracrine or an autocrine circuit. 
Oncogene 10(4):739–749  

    39.    Lee YH, Tokunaga T, Oshika Y et al (1999) Cell-retained isoforms of vascular endothelial 
growth factor (VEGF) are correlated with poor prognosis in osteosarcoma. Eur J Cancer 
35(7):1089–1093  

    40.    Sulzbacher I, Birner P, Trieb K et al (2003) Expression of platelet-derived growth factor-AA 
is associated with tumor progression in osteosarcoma. Mod Pathol 16(1):66–71  

    41.    Fukuda T, Ichimura E, Shinozaki T et al (1998) Coexpression of HGF and c-Met/HGF receptor 
in human bone and soft tissue tumors. Pathol Int 48(10):757–762  

    42.    Gorlick R, Huvos AG, Heller G et al (1999) Expression of HER2/erbB-2 correlates with 
survival in osteosarcoma. J Clin Oncol 17(9):2781–2788  

   43.    Handa A, Tokunaga T, Tsuchida T et al (2000) Neuropilin-2 expression affects the increased 
vascularization and is a prognostic factor in osteosarcoma. Int J Oncol 17(2):291–295  

   44.    Kaya M, Wada T, Kawaguchi S et al (2002) Increased pre-therapeutic serum vascular endo-
thelial growth factor in patients with early clinical relapse of osteosarcoma. Br J Cancer 
86(6):864–869  

   45.    Oda Y, Yamamoto H, Tamiya S et al (2006) CXCR4 and VEGF expression in the primary site 
and the metastatic site of human osteosarcoma: analysis within a group of patients, all of 
whom developed lung metastasis. Mod Pathol 19(5):738–745  

    46.    Onda M, Matsuda S, Higaki S et al (1996) ErbB-2 expression is correlated with poor progno-
sis for patients with osteosarcoma. Cancer 77(1):71–78  

    47.    Luu HH, Kang Q, Park JK et al (2005) An orthotopic model of human osteosarcoma growth 
and spontaneous pulmonary metastasis. Clin Exp Meta 22(4):319–329  

    48.    Jia SF, Worth LL, Kleinerman ES (1999) A nude mouse model of human osteosarcoma lung 
metastases for evaluating new therapeutic strategies. Clin Exp Meta 17(6):501–506  

       49.    Rettew AN, Young ED, Lev DC et al (2012) Multiple receptor tyrosine kinases promote the 
 in vitro  phenotype of metastatic human osteosarcoma cell lines. Oncogenesis 1(e34):1–9  

    50.    Kolb EA, Gorlick R (2009) Development of IGF-IR Inhibitors in Pediatric Sarcomas. Curr 
Oncol Rep 11(4):307–313  

    51.    Larsson O, Girnita A, Girnita L (2005) Role of insulin-like growth factor 1 receptor signal-
ling in cancer. Br J Cancer 92(12):2097–2101  

    52.    Kappel CC, Velez-Yanguas MC, Hirschfeld S et al (1994) Human osteosarcoma cell lines are 
dependent on insulin-like growth factor I for in vitro growth. Cancer Res 54(10):2803–2807  

    53.    Wang YH, Wang ZX, Qiu Y et al (2009) Lentivirus-mediated RNAi knockdown of insulin- 
like growth factor-1 receptor inhibits growth, reduces invasion, and enhances radiosensitivity 
in human osteosarcoma cells. Mol Cell Biochem 327(1–2):257–266  

A.N. Rettew et al.



63

    54.    Dong J, Demarest SJ, Sereno A et al (2010) Combination of two insulin-like growth factor-I 
receptor inhibitory antibodies targeting distinct epitopes leads to an enhanced antitumor 
response. Mol Cancer Ther 9(9):2593–2604  

    55.    Kolb EA, Gorlick R, Houghton PJ et al (2008) Initial testing (stage 1) of a monoclonal anti-
body (SCH 717454) against the IGF-1 receptor by the pediatric preclinical testing program. 
Pediatr Blood Cancer 50(6):1190–1197  

    56.    Kolb EA, Kamara D, Zhang W et al (2010) R1507, a fully human monoclonal antibody tar-
geting IGF-1R, is effective alone and in combination with rapamycin in inhibiting growth of 
osteosarcoma xenografts. Pediatr Blood Cancer 55(1):67–75  

    57.    Wang Y, Lipari P, Wang X et al (2010) A fully human insulin-like growth factor-I receptor 
antibody SCH 717454 (Robatumumab) has antitumor activity as a single agent and in 
combination with cytotoxics in pediatric tumor xenografts. Mol Cancer Ther 9(2):
410–418  

    58.    Pollak M, Sem AW, Richard M et al (1992) Inhibition of metastatic behavior of murine osteo-
sarcoma by hypophysectomy. J Natl Cancer Inst 84(12):966–971  

    59.    Messerschmitt PJ, Rettew AN, Brookover RE et al (2008) Specifi c tyrosine kinase inhibitors 
regulate human osteosarcoma cells in vitro. Clin Orthop Relat Res 466(9):2168–2175  

    60.    Bagatell R, Herzog CE, Trippett TM et al (2011) Pharmacokinetically guided phase 1 trial of 
the IGF-1 receptor antagonist RG1507 in children with recurrent or refractory solid tumors. 
Clin Cancer Res 17(3):611–619  

    61.    Kolb EA, Gorlick R, Lock R et al (2011) Initial testing (stage 1) of the IGF-1 receptor inhibi-
tor BMS-754807 by the pediatric preclinical testing program. Pediatr Blood Cancer 
56(4):595–603  

    62.    Kuijjer ML, Peterse EF, van den Akker BE et al (2013) IR/IGF1R signaling as potential target 
for treatment of high-grade osteosarcoma. BMC Cancer 13:245  

    63.   Desai J, Solomon J, Davis ID et al (2010) Phase I dose-escalation study of daily BMS- 
754807, an oral, dual IGF-1R/insulin receptor (IR) inhibitor in subjects with solid tumors. 
In: ASCO Annual Meeting Proceedings, 2010, p 3104  

    64.    Houghton PJ, Morton CL, Gorlick R et al (2010) Initial testing of a monoclonal antibody 
(IMC-A12) against IGF-1R by the Pediatric Preclinical Testing Program. Pediatr Blood 
Cancer 54(7):921–926  

     65.    Linger RM, Keating AK, Earp HS et al (2008) TAM receptor tyrosine kinases: biologic 
functions, signaling, and potential therapeutic targeting in human cancer. Adv Cancer Res 
100:35–83  

    66.    Varnum BC, Young C, Elliott G et al (1995) Axl receptor tyrosine kinase stimulated by 
the vitamin K-dependent protein encoded by growth-arrest-specifi c gene 6. Nature 
373(6515):623–626  

        67.    Verma A, Warner SL, Vankayalapati H et al (2011) Targeting Axl and Mer kinases in cancer. 
Mol Cancer Ther 10(10):1763–1773  

    68.    Bellosta P, Costa M, Lin DA et al (1995) The receptor tyrosine kinase ARK mediates cell 
aggregation by homophilic binding. Mol Cell Biol 15(2):614–625  

    69.    Korshunov VA (2012) Axl-dependent signalling: a clinical update. Clin Sci 122(8):361–368  
    70.    Linger RM, Keating AK, Earp HS et al (2010) Taking aim at Mer and Axl receptor tyrosine 

kinases as novel therapeutic targets in solid tumors. Exp Opin Therap Targ 14(10):1073–1090  
    71.    Rankin EB, Fuh KC, Taylor TE et al (2010) AXL is an essential factor and therapeutic target 

for metastatic ovarian cancer. Cancer Res 70(19):7570–7579  
      72.    Holland SJ, Pan A, Franci C et al (2010) R428, a selective small molecule inhibitor of Axl 

kinase, blocks tumor spread and prolongs survival in models of metastatic breast cancer. 
Cancer Res 70(4):1544–1554  

     73.    Linger RM, Cohen RA, Cummings CT et al (2012) Mer or Axl receptor tyrosine kinase 
inhibition promotes apoptosis, blocks growth and enhances chemosensitivity of human non- 
small cell lung cancer. Oncogene 32(29):3420–3431  

   74.    Liu L, Greger J, Shi H et al (2009) Novel mechanism of lapatinib resistance in HER2-positive 
breast tumor cells: activation of AXL. Cancer Res 69(17):6871–6878  

Receptor Tyrosine Kinases in Osteosarcoma: Not Just the Usual Suspects



64

   75.    Hong J, Peng D, Chen Z et al (2013) ABL regulation by AXL promotes cisplatin resistance 
in esophageal cancer. Cancer Res 73(1):331–340  

   76.    Keating AK, Kim GK, Jones AE et al (2010) Inhibition of Mer and Axl receptor tyrosine 
kinases in astrocytoma cells leads to increased apoptosis and improved chemosensitivity. Mol 
Cancer Ther 9(5):1298–1307  

   77.    Huang F, Hurlburt W, Greer A et al (2010) Differential mechanisms of acquired resistance to 
insulin-like growth factor-i receptor antibody therapy or to a small-molecule inhibitor, 
BMS- 754807, in a human rhabdomyosarcoma model. Cancer Res 70(18):7221–7231  

    78.    Zhang Z, Lee JC, Lin L et al (2012) Activation of the AXL kinase causes resistance to 
EGFR- targeted therapy in lung cancer. Nat Genet 44(8):852–860  

    79.    Rochlitz C, Lohri A, Bacchi M et al (1999) Axl expression is associated with adverse prog-
nosis and with expression of Bcl-2 and CD34 in de novo acute myeloid leukemia (AML): 
results from a multicenter trial of the Swiss Group for Clinical Cancer Research (SAKK). 
Leukemia 13(9):1352–1358  

   80.    Koorstra JB, Karikari CA, Feldmann G et al (2009) The Axl receptor tyrosine kinase confers 
an adverse prognostic infl uence in pancreatic cancer and represents a new therapeutic target. 
Cancer Biol Ther 8(7):618–626  

   81.    Shieh YS, Lai CY, Kao YR et al (2005) Expression of axl in lung adenocarcinoma and 
correlation with tumor progression. Neoplasia 7(12):1058–1064  

    82.    Gjerdrum C, Tiron C, Hoiby T et al (2010) Axl is an essential epithelial-to-mesenchymal 
transition-induced regulator of breast cancer metastasis and patient survival. Proc Natl Acad 
Sci U S A 107(3):1124–1129  

    83.    Fernebro J, Francis P, Eden P et al (2006) Gene expression profi les relate to SS18/SSX fusion 
type in synovial sarcoma. Int J Cancer 118(5):1165–1172  

   84.    Peng T, Zhang P, Liu J et al (2011) An experimental model for the study of well-differentiated 
and dedifferentiated liposarcoma; deregulation of targetable tyrosine kinase receptors. Lab 
Invest 91(3):392–403  

     85.    Barretina J, Caponigro G, Stransky N et al (2012) The Cancer Cell Line Encyclopedia enables 
predictive modelling of anticancer drug sensitivity. Nature 483(7391):603–607  

    86.    Hoffman A, Ghadimi MP, Demicco EG et al (2013) Localized and metastatic myxoid/round 
cell liposarcoma: clinical and molecular observations. Cancer 119(10):1868–1877  

    87.    Nakano T, Tani M, Ishibashi Y et al (2003) Biological properties and gene expression asso-
ciated with metastatic potential of human osteosarcoma. Clin Exp Meta 20(7):
665–674  

      88.    Zhang Y, Tang YJ, Man Y et al (2013) Knockdown of AXL receptor tyrosine kinase in osteo-
sarcoma cells leads to decreased proliferation and increased apoptosis. Int J Immunopathol 
Pharmacol 26(1):179–188  

    89.    Choy E, Hornicek F, MacConaill L et al (2012) High-throughput genotyping in osteosarcoma 
identifi es multiple mutations in phosphoinositide-3-kinase and other oncogenes. Cancer 
118(11):2905–2914  

    90.    Seo JS, Ju YS, Lee WC et al (2012) The transcriptional landscape and mutational profi le of 
lung adenocarcinoma. Genome Res 22(11):2109–2119  

    91.    Bai Y, Li J, Fang B et al (2012) Phosphoproteomics identifi es driver tyrosine kinases in sar-
coma cell lines and tumors. Cancer Res 72(10):2501–2511  

     92.    Han J, Tian R, Yong B et al (2013) Gas6/Axl mediates tumor cell apoptosis, migration and 
invasion and predicts the clinical outcome of osteosarcoma patients. Biochem Biophys Res 
Commun 435(3):493–500  

    93.    Alvarez H, Montgomery EA, Karikari C et al (2010) The Axl receptor tyrosine kinase is an 
adverse prognostic factor and a therapeutic target in esophageal adenocarcinoma. Cancer 
Biol Ther 10(10):1009–1018  

    94.    Cerchia L, Esposito CL, Camorani S et al (2012) Targeting Axl with an high-affi nity inhibitory 
aptamer. Mol Ther 20(12):2291–2303  

      95.    Pasquale EB (2010) Eph receptors and ephrins in cancer: bidirectional signalling and beyond. 
Nat Rev Cancer 10(3):165–180  

A.N. Rettew et al.



65

    96.    Barco R, Hunt LB, Frump AL et al (2007) The synovial sarcoma SYT-SSX2 oncogene 
remodels the cytoskeleton through activation of the ephrin pathway. Mol Biol Cell 
18(10):4003–4012  

    97.    Surawska H, Ma PC, Salgia R (2004) The role of ephrins and Eph receptors in cancer. 
Cytokine Growth Factor Rev 15(6):419–433  

    98.    Mao W, Luis E, Ross S et al (2004) EphB2 as a therapeutic antibody drug target for the treatment 
of colorectal cancer. Cancer Res 64(3):781–788  

    99.    Fritsche-Guenther R, Noske A, Ungethum U et al (2010) De novo expression of EphA2 in 
osteosarcoma modulates activation of the mitogenic signalling pathway. Histopathology 
57(6):836–850  

    100.    Varelias A, Koblar SA, Cowled PA et al (2002) Human osteosarcoma expresses specifi c ephrin 
profi les: implications for tumorigenicity and prognosis. Cancer 95(4):862–869  

    101.    Koolpe M, Burgess R, Dail M et al (2005) EphB receptor-binding peptides identifi ed by 
phage display enable design of an antagonist with ephrin-like affi nity. J Biol Chem 
280(17):17301–17311  

    102.    Noberini R, Lamberto I, Pasquale EB (2012) Targeting Eph receptors with peptides and small 
molecules: progress and challenges. Semin Cell Dev Biol 23(1):51–57  

    103.    Hingorani P, Zhang W, Gorlick R et al (2009) Inhibition of Src phosphorylation alters metastatic 
potential of osteosarcoma in vitro but not in vivo. Clin Cancer Res 15(10):3416–3422  

    104.    Kelleher FC, O’Sullivan H, Smyth E et al (2013) Fibroblast growth factor receptors, develop-
mental corruption and malignant disease. Carcinogenesis 34(10):2198–2205  

    105.    Mirabello L, Yu K, Berndt SI et al (2011) A comprehensive candidate gene approach identifi es 
genetic variation associated with osteosarcoma. BMC Cancer 11(1):209  

    106.    Sadikovic B, Yoshimoto M, Chilton-MacNeill S et al (2009) Identifi cation of interactive 
networks of gene expression associated with osteosarcoma oncogenesis by integrated molec-
ular profi ling. Hum Mol Genet 18(11):1962–1975  

    107.    Entz-Werle N, Lavaux T, Metzger N et al (2007) Involvement of MET/TWIST/APC combi-
nation or the potential role of ossifi cation factors in pediatric high-grade osteosarcoma onco-
genesis. Neoplasia 9(8):678–688  

    108.    Baird K, Davis S, Antonescu CR et al (2005) Gene expression profi ling of human sarcomas: 
insights into sarcoma biology. Cancer Res 65(20):9226–9235  

    109.    Henderson SR, Guiliano D, Presneau N et al (2005) A molecular map of mesenchymal 
tumors. Gen Biol 6(9):R76  

    110.    Datsis GA, Berdiaki A, Nikitovic D et al (2011) Parathyroid hormone affects the fi broblast 
growth factor-proteoglycan signaling axis to regulate osteosarcoma cell migration. FEBS J 
278(19):3782–3792  

    111.    Singh D, Chan JM, Zoppoli P et al (2012) Transforming fusions of FGFR and TACC genes 
in human glioblastoma. Science 337(6099):1231–1235  

    112.    Crose LE, Etheridge KT, Chen C et al (2012) FGFR4 blockade exerts distinct antitumori-
genic effects in human embryonal versus alveolar rhabdomyosarcoma. Clin Cancer Res 
18(14):3780–3790  

    113.    Terai H, Soejima K, Yasuda H et al (2013) Activation of the FGF2-FGFR1 autocrine 
pathway: a novel mechanism of acquired resistance to gefi tinib in NSCLC. Mol Cancer Res 
11(7):759–767  

    114.    Oliveras-Ferraros C, Cufi  S, Queralt B et al (2012) Cross-suppression of EGFR ligands 
amphiregulin and epiregulin and de-repression of FGFR3 signalling contribute to cetuximab 
resistance in wild-type KRAS tumour cells. Br J Cancer 106(8):1406–1414  

    115.    Guagnano V, Kauffmann A, Wohrle S et al (2012) FGFR genetic alterations predict for sen-
sitivity to NVP-BGJ398, a selective pan-FGFR inhibitor. Cancer Discov 2(12):1118–1133  

    116.   Grigoriadis A, Patino-Garcia A, Zandueta C et al (2010) The role of FGFR signaling in osteo-
sarcoma progression and metastasis. In: 16th annual meeting of the Connective Tissue 
Oncology Society, Paris, France, 2010, pp 155–156  

    117.    Glen H, Mason S, Patel H et al (2011) E7080, a multi-targeted tyrosine kinase inhibitor sup-
presses tumor cell migration and invasion. BMC Cancer 11:309  

Receptor Tyrosine Kinases in Osteosarcoma: Not Just the Usual Suspects



66

    118.    Nikiforov YE (2002) RET/PTC rearrangement in thyroid tumors. Endoc Pathol 13(1):3–16  
    119.    Cockburn JG, Richardson DS, Gujral TS et al (2010) RET-mediated cell adhesion and migration 

require multiple integrin subunits. J Clin Endocrinol Metab 95(11):E342–E346  
   120.    Gil Z, Cavel O, Kelly K et al (2010) Paracrine regulation of pancreatic cancer cell invasion 

by peripheral nerves. J Natl Cancer Inst 102(2):107–118  
    121.    Tang JZ, Kong XJ, Kang J et al (2010) Artemin-stimulated progression of human non-small 

cell lung carcinoma is mediated by BCL2. Mol Cancer Ther 9(6):1697–1708  
    122.    Cheng H, Dodge J, Mehl E et al (2009) Validation of immature adipogenic status and 

identifi cation of prognostic biomarkers in myxoid liposarcoma using tissue microarrays. 
Hum Pathol 40(9):1244–1251  

    123.    Wolfesberger B, Tonar Z, Gerner W et al (2010) The tyrosine kinase inhibitor sorafenib 
decreases cell number and induces apoptosis in a canine osteosarcoma cell line. Res Vet Sci 
88(1):94–100  

   124.    Pignochino Y, Grignani G, Cavalloni G et al (2009) Sorafenib blocks tumour growth, angio-
genesis and metastatic potential in preclinical models of osteosarcoma through a mechanism 
potentially involving the inhibition of ERK1/2, MCL-1 and ezrin pathways. Mol Cancer 
8:118  

    125.    Pignochino Y, Dell’Aglio C, Basirico M et al (2013) The combination of sorafenib and evero-
limus abrogates mTORC1 and mTORC2 upregulation in osteosarcoma preclinical models. 
Clin Cancer Res 19(8):2117–2131  

    126.    Mross K, Frost A, Steinbild S et al (2012) A phase I dose-escalation study of regorafenib 
(BAY 73-4506), an inhibitor of oncogenic, angiogenic, and stromal kinases, in patients with 
advanced solid tumors. Clin Cancer Res 18(9):2658–2667  

    127.    Grignani G, Palmerini E, Dileo P et al (2012) A phase II trial of sorafenib in relapsed and 
unresectable high-grade osteosarcoma after failure of standard multimodal therapy: an Italian 
Sarcoma Group study. Ann Oncol 23(2):508–516  

    128.    Coltella N, Manara MC, Cerisano V et al (2003) Role of the MET/HGF receptor in prolifera-
tion and invasive behavior of osteosarcoma. FASEB J 17(9):1162–1164  

    129.    Sampson ER, Martin BA, Morris AE et al (2011) The orally bioavailable met inhibitor 
PF-2341066 inhibits osteosarcoma growth and osteolysis/matrix production in a xenograft 
model. J Bone Miner Res 26(6):1283–1294  

    130.    Patane S, Avnet S, Coltella N et al (2006) MET overexpression turns human primary osteo-
blasts into osteosarcomas. Cancer Res 66(9):4750–4757  

    131.    Cantiani L, Manara MC, Zucchini C et al (2007) Cavelolin-1 reduces osteosarcoma metasta-
ses by inhibiting c-Src activity and met signaling. Cancer Res 67(16):7675–7685  

    132.    Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100(1):57–70  
    133.    Forbes SA, Bindal N, Bamford S et al (2011) COSMIC: mining complete cancer genomes in 

the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res 39(Database issue):
D945–D950  

    134.    Stommel JM, Kimmelman AC, Ying H et al (2007) Coactivation of receptor tyrosine kinases 
affects the response of tumor cells to targeted therapies. Science 318(5848):287–290  

    135.    Yu L, Saile K, Swartz CD et al (2008) Differential expression of receptor tyrosine kinases 
(RTKs) and IGF-I pathway activation in human uterine leiomyomas. Mol Med 14(5–6):
264–275  

     136.    Davis LE, Hofmann NE, Li G et al (2013) A case study of personalized therapy for osteosar-
coma. Pediatr Blood Cancer 60(8):1313–1319  

    137.    Xu AM, Huang PH (2010) Receptor tyrosine kinase coactivation networks in cancer. Cancer 
Res 70(10):3857–3860    

A.N. Rettew et al.



67E.S. Kleinerman (ed.), Current Advances in Osteosarcoma, Advances in Experimental 
Medicine and Biology 804, DOI 10.1007/978-3-319-04843-7_4,
© Springer International Publishing Switzerland 2014

    Abstract     The Notch pathway has been described as an oncogene in osteosarcoma, but 
the myriad functions of all the members of this complex signaling pathway, both 
in malignant cells and nonmalignant components of tumors, make it more diffi cult 
to defi ne Notch as simply an oncogene or a tumor suppressor. The cell-autonomous 
behaviors caused by Notch pathway manipulation may vary between cell lines but 
can include changes in proliferation, migration, invasiveness, oxidative stress resis-
tance, and expression of markers associated with stemness or tumor-initiating cells. 
Beyond these roles, Notch signaling also plays a vital role in regulating tumor 
angiogenesis and vasculogenesis, which are vital aspects of osteosarcoma growth 
and behavior in vivo. Further, osteosarcoma cells themselves express relatively 
low levels of Notch ligand, making it likely that nonmalignant cells, especially 
endothelial cells and pericytes, are the major source of Notch activation in osteosar-
coma tumors in vivo and in patients. As a result, Notch pathway expression is not 
expected to be uniform across a tumor but likely to be highest in those areas imme-
diately adjacent to blood vessels. Therapeutic targeting of the Notch pathway is 
likewise expected to be complicated. Most pharmacologic approaches thus far have 
focused on inhibition of gamma secretase, a protease of the presenilin complex. 
This enzyme, however, has numerous other target proteins that would be expected 
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to affect osteosarcoma behavior, including CD44, the WNT/β-catenin pathway, and 
Her-4. In addition, Notch plays a vital role in tissue and organ homeostasis in 
numerous systems, and toxicities, especially GI intolerance, have limited the 
 effectiveness of gamma secretase inhibitors. New approaches are in development, and 
the downstream targets of Notch pathway signaling also may turn out to be good 
targets for therapy. In summary, a full understanding of the complex functions of 
Notch in osteosarcoma is only now unfolding, and this deeper knowledge will help 
position the fi eld to better utilize novel therapies as they are developed.  

  Keywords     Osteosarcoma   •   Notch   •   DLL4   •   Jag1   •   Angiogenesis   •   Metastasis   
•   Dormancy   •   Cancer stem cells  

           Introduction: The Notch Signaling Pathway 

 The Notch signaling pathway, a key component in normal bone development that is 
implicated as a key mediator in a number of various cancers, is initiated when a 
membrane-bound ligand belonging to the Delta–Serrate–Lag (DSL) family (jagged 1/
Jag1, Jag2, delta-like-1/DLL1, DLL3, and DLL4) on the surface of a cell interacts with 
a membrane-bound Notch receptor (Notch1–4) on another cell. This interaction 
induces a two-step proteolytic cleavage of the receptor, fi rst by ADAM10 (also known 
as Kuz) or ADAM17 (also known as TACE) and then by the γ-secretase complex 
which is made up of at least four individual proteins: presenilin, nicastrin, anterior 
pharynx-defective 1 (APH-1), and presenilin enhancer 2 (PEN-2). These cleavage 
events release the  i ntra c ellular domain of  N otch (ICN). Now activated, ICN enters the 
nucleus where it forms a transcriptional complex with  Ma ster m ind- like  1 (MAM1) to 
regulate transcriptional complexes containing the DNA-binding protein  C BF1/
RBPjk/ S u(H)/ L ag1 (CSL). This complex initiates the transcription of  H airy/ E nhancer 
of  S plit-1 (Hes1), Hes5, Hes7, HES-related with YRPW motif (Hey1/HERP2), Hey2 
(HERP1), and HeyL which encode basic helix loop helix (bHLH) transcription factors 
that perform a range of cellular activities that include promoting progenitor cell sur-
vival and suppressing differentiation [ 1 ,  2 ]. This pathway is displayed schematically in 
Fig.  1 . The Notch signaling pathway, via cell–cell contacts, highly regulated feedback 
loops, and lateral inhibition/induction mechanisms, has been shown to infl uence 
multiple cellular processes including cell fate decisions, proliferation, apoptosis, migra-
tion, angiogenesis, and plasticity. In terms of bone homeostasis, skeletal cells express 
Notch1, Notch2, and low levels of Notch3, although Notch1 and 2 are considered 
responsible for the effects of Notch in the skeleton [ 3 ] (Notch signaling reviewed in [ 4 ,  5 ]).

       Role of Notch Signaling in Normal Osteoblast Development 

 Mesenchymal stem cells (MSCs) can give rise to multiple lineages in response to 
environmental molecular cues: the presence of MyoD leads to the differentiation of 
MSCs into myocytes, PPARγ leads to the generation of adipocytes, the Sox family 

M.M. McManus et al.



69

of genes drive chondrocytogenesis, and runt-related transcription factor-2 (RunX2) 
and osterix lead to osteoblastogenesis [ 6 – 8 ]. Normal osteoblast development and 
subsequent bone formation are meticulously regulated not only by RunX2 and 
osterix but also by a cascade of regulatory signaling that includes morphogens, 
signaling molecules, and transcriptional regulators [ 9 – 16 ]. A partial list of these 
factors includes the Wnt/β-catenin, TGFβ/bone morphogenic protein (BMP), FGF, 
Notch and Hedgehog signaling pathways, ATF4, TAZ, RANKL, and NFATc1 
transcription factors [ 16 – 19 ]. Signaling molecules like RunX2, BMPs, and the 
Wnt/β- catenin canonical pathway are conducive to osteoblastogenesis, while oth-
ers, such as the Notch signaling pathway, obstruct osteoblast differentiation [ 20 – 22 ]. 
In osteoblasts, RunX2 regulates the transcription of genes including osteocalcin, 

  Fig. 1    Schematic diagram of Notch pathway signaling. Notch ligands, consisting of the jagged 
(Jag1 and Jag2) and delta-like (DLL1, DLL3, and DLL4) families, typically are presented on the 
surface of signal-sending cells, though these receptors can be shed by proteolytic cleavage in some 
circumstances. Prior to ligand binding, the Notch family receptors (Notch1, Notch2, Notch3, and 
Notch4) remain fi xed at the plasma membrane, and the CSL transcription complex remains bound 
to corepressor elements, shutting off transcription of CSL target genes. Upon binding ligand, 
Notch1 is subject to a two-step proteolytic cleavage by ADAMS family protease and then 
γ-secretase. Cleavage by γ-secretase frees the cytoplasmic domain of the Notch1 from the plasma 
membrane; this fragment is termed  in tracellular  N otch 1  (ICN1). ICN1 binds to CSL, displacing 
corepressor elements and recruiting coactivator elements, including  Ma ster m ind- L ike (MAML), 
turning on transcription of CSL target genes, including the Hes, Hey, Herp, NRARP, and Deltex 
families. Notch1 also mediates transcription of non-CSL target genes, which is termed the nonca-
nonical Notch pathway. Regulation of Notch2, Notch3, and Notch4 is similar       
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bone sialoprotein, osteopontin, type I collagen, fi bronectin, galectin 3, MMP13, 
osteoprotegrin (OPG), Tram2, Lnx2 (an intracellular scaffolding protein that may 
play a role in Notch signaling), and Tnfrsf12a (a tumor necrosis factor receptor 
family member) by binding to sequences that resemble the 5′-ACACCA-3′ motif 
upstream from their transcription start sites [ 23 – 28 ]. Because of its importance in 
this process, RunX2 is labeled the “master regulator” of osteoblast differentiation; 
indeed homozygous RunX2 mutant mice have cartilaginous skeletons that fail to 
mineralize, owing to a complete arrest in osteoblast differentiation [ 24 ,  29 ,  30 ]. 
For further details of the role of RunX2 in osteoblast development and in osteosar-
coma, please see the chapter on this book entitled “Developmental Pathways 
Hijacked by Osteosarcoma.” 

 The Notch signaling pathway plays an important and complex role in bone homeo-
stasis [ 22 ,  31 – 34 ]. In bone marrow, Notch signaling normally acts to maintain a pool 
of mesenchymal progenitors by suppressing osteoblast differentiation by inhibiting 
RunX2 [ 3 ]. In osteoblasts, the Notch pathway has several mechanisms that inhibit 
osteoblastogenesis. Notch antagonizes Wnt signaling: ICN2 colocalizes with glyco-
gen synthase kinase-3β (GSK3β) to mediate the degradation of    β-catenin [ 22 ,  35 ]. It 
has been shown that NFATc1 and osterix form a complex that activates osterix-depen-
dent transcription [ 36 ]; ICN and mastermind form a complex with Foxo1 which 
inhibits NFAT-mediated osteoblastogenesis, osteoblastic bone formation, as well as 
osteoclastogenesis and bone resorption [ 37 ,  38 ]. Furthermore, Engin et al. show that 
Notch both stimulates early osteoblastic proliferation by upregulating cyclin D, cyclin 
E, and osterix and represses osteoblast maturation through the binding of ICN to 
RunX2 [ 31 ]. Hilton et al. and others demonstrate an additional mechanism by which 
Notch signaling inhibits RunX2: RunX2 transcriptional activity is inhibited by its 
direct interactions with the HLH and Orange domains of Hey1 [ 3 ,  34 ]. The enzyme 
necessary for Notch receptor cleavage and activation, ADAM10, is expressed in cells 
of the osteoblast lineage and is localized at sites of active bone formation. Catalytically 
active ADAM10 was found to colocalize with Notch2 at these bone-forming sites 
[ 39 ]. This suggests that ADAM10 may play a role in controlling osteoblast differen-
tiation; alternatively, it has been suggested that ADAM10 may work rather to cleave 
Notch receptor ligands to provide soluble activators of the receptor [ 39 ,  40 ]. 

  Osteosarcoma and Differentiation . Osteosarcoma (OS) may be thought of as a dis-
ease of disrupted osteogenic differentiation [ 8 ,  10 ,  41 – 43 ]. With the prevention of 
the differentiation of MSCs into mature osteoblasts, there is an increased risk for 
malignant transformation as cells continue to proliferate uncontrollably [ 8 ,  44 ]. 
Osteosarcoma cells display similar characteristics to undifferentiated osteoblasts: 
early osteogenic markers like CTGF are high in OS cell lines, while markers of 
differentiation like RunX2, alkaline phosphatase, osteopontin, and osteocalcin are 
low [ 10 ,  41 ,  42 ,  45 ]. Interestingly, the aggressiveness of OS may depend on the 
stage of differentiation that was disrupted: more aggressive OS may develop from 
disruptions in the differentiation of early osteoblast progenitors, while benign 
tumors may arise from disruptions in late-stage osteoblasts [ 8 ,  41 ]. Considering the 

M.M. McManus et al.



71

importance of Notch in normal osteoblast development, the Notch signaling 
pathway has become increasingly interesting to those studying the progression of 
osteosarcoma [ 46 – 52 ]. 

    Notch and the Vasculature 

  Introduction . Blood vessels comprise an extensive tubular network that delivers oxy-
gen and nutrients to all organs and tissues. Vital processes such as embryogenesis, 
wound healing, body temperature stabilization, and homeostatic balance mainte-
nance all require highly adjustable blood supply and nutrient delivery. These demands 
are met through the meticulously regulated growth and expansion of the vascular 
network by angiogenesis. The process of sprouting angiogenesis is highly dynamic 
and requires a multitude of individual processes such as the proliferation of endo-
thelial cells (ECs), selection of leading cells that develop fi lopodia and promote 
endothelial motility, elongation of the new sprout, formation of new cell–cell junc-
tions, conversion into endothelial tubules, specifi cation into arteries, veins, and 
capillaries, recruitment of mural cells (smooth muscle cells, SMCs, and pericytes), 
anastomosis with other vessels, remodeling and pruning, perfusion, and stabilization 
of the newly formed vessel. 

 The Notch signaling pathway is evolutionarily conserved and is an important 
mediator of cell–cell communication during the formation of new blood vessels 
[ 53 ]. Major components of the Notch pathway are expressed in the vasculature [ 54 , 
 55 ], and genetic deletion of Notch pathway components, including Notch1 [ 56 – 58 ], 
Notch2 [ 59 ], Jag1 [ 60 ], DLL1 [ 61 ,  62 ], DLL4 [ 63 ,  64 ], Hey1/Hey2 [ 65 ], CSL [ 66 ], 
or presenilins which make up the γ-secretase complex [ 67 ,  68 ], as well as the 
ectopic activation of Notch1/Notch 4 [ 69 ,  70 ], results in embryonic lethality associ-
ated with defects in sprouting angiogenesis, arterial/venous specifi cation, vascular 
remodeling, and vascular SMC organization (Table  1 ).

        Role of Notch Signaling in Normal Vascular Development 

    Notch and Arterial/Venous Specifi cation 

 One of the earliest roles for Notch is in the developing embryo; Notch functions in 
early vascular development to drive endothelial identity while suppressing venous 
identity [ 64 ,  71 ]. Later in development, arterial endothelial cells have been shown 
to require DLL1 to maintain their cellular identity [ 61 ]. A more detailed review of 
this subject has been published recently [ 72 ].  
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    Notch and Sprouting Angiogenesis 

 Vascular endothelial growth factor (VEGF/VEGF-A) is the key regulator that 
promotes sprouting angiogenesis. In normal/physiologic angiogenesis, VEGF-A 
is secreted by astrocytes in the avascular region leading to the formation of a 
VEGF gradient [ 73 ,  74 ]. VEGF-A binds to the tyrosine kinase receptors VEGFR1 
(Flt1) and VEGFR2 (KDR/Flk1/Flt2) expressed on the cell surface of nearby ECs. 

   Table 1       Notch signaling pathway knockout mice   

 Knockout  Major effect  Author, Year 

 Notch ligands 
 Jagged 1  Embryonic lethal; severe vascular defects  Xue et al. [ 60 ] 
 Jagged 2  Defects in limb, craniofacial, thymic 

development 
 Jiang et al. [ 207 ] 

 Delta-like 
ligand 1 

 Embryonic lethal; defects in the formation of 
somite borders; defects in arterial identity 

 Hrabe de Angelis et al. [ 62 ]; 
Sorensen et al. [ 208 ] 

 Delta-like 
ligand 3 

 Highly disorganized vertebrae and costal defects; 
disruption of the segmentation clock 

 Dunwoodie et al. [ 209 ] 

 Delta-like 
ligand 4 

 Embryonic lethal; defects in arterial development  Duarte et al. [ 64 ]; Gale et al. 
[ 63 ] 

 Notch receptors 
 Notch1  Embryonic lethal; severe defects in angiogenic 

vascular remodeling 
 Swiatek et al. [ 58 ]; Krebs 

et al. [ 57 ]; Limbourg et al. 
[ 56 ] 

 Notch2  Embryonic lethal; defects in postimplantation 
development 

 Hamada et al. [ 59 ] 

 Notch3  Defects in arterial identity and maturation of 
vascular smooth muscle cells 

 Domenga et al. [ 210 ] 

 Notch4  No apparent defi ciencies  Krebs et al. [ 57 ] 
 Notch1 and 4  More severe than Notch1 KO only  Krebs et al. [ 57 ] 

 Downstream notch targets 
 Hes1  Death occurs in utero or neonatally  Blake et al. [ 206 ] 
 Hey1  No apparent defi ciencies  Fischer et al. [ 65 ] 
 Hey2  Postnatal lethality; cardiac defects  Fischer et al. [ 65 ] 
 Hey1 and 2  Embryonic lethal; global lack of vascular 

remodeling 
 Fischer et al. [ 65 ] 

 Notch-related genes 
 γ-secretase 

complex 
 Presenilin 1  Skeletal and CNS defects  Shen et al. [ 211 ]; Nakajima 

et al. [ 68 ] 
 Presenilin 2  Mild pulmonary fi brosis  Herreman et al. [ 67 ] 

 CSL  Vascular defects  Krebs et al. [ 66 ] 

  The major effects observed in mice with each of the Notch family ligands, receptors, and down-
stream signaling molecules are summarized, together with the relevant publication referenced  
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VEGFR2 is the primary receptor transmitting VEGF signals in ECs [ 75 ,  76 ], while 
VEGFR1, with weaker kinase activity, acts as a VEGF decoy [ 77 ,  78 ]. Newly sprout-
ing blood vessels are made up of two important endothelial cell types:  tip cells , which 
initiate new sprouting, and  stalk cells  which maintain connection with the parent ves-
sel [ 79 – 83 ]. In response to VEGF-A/VEGFR2-mediated signaling, ECs at the leading 
front of angiogenic sprouts develop protruding fi lopodia and become tip cells that 
extend toward sources of pro-angiogenic growth factors. These tip cells respond to 
positive/negative guidance cues to allow for directional growth while preventing unor-
ganized and random vessel development [ 84 ,  85 ]. Once such negative guidance cue 
involves VEGF-mediated induction of DLL4 as a negative feedback regulator, which 
acts to prevent uncontrolled angiogenic sprouting while promoting the timely forma-
tion of a well-differentiated vascular network [ 83 ,  86 ]. Expression of DLL4 stimulates 
Notch1 activation in adjacent ECs that trail tip cells and form the base of the protru-
sion and become stalk cells [ 87 ]. Whereas tip cells mainly express DLL4, stalk cells 
primarily express Jag1 which consequentially antagonizes DLL4 activity by compet-
ing for Notch receptors via DLL4/Notch1/Jag1-mediated lateral inhibition [ 82 – 84 , 
 88 – 90 ]. Stalk cells are important in that they proliferate when stimulated with 
VEGF-A, form the vascular lumen, establish adherins and tight junctions to maintain 
integrity of the new sprout, and maintain connection with parental vessels so as to 
establish luminal/abluminal polarity which leads to basal lamina deposition and mural 
cell recruitment and attachment [ 84 ,  91 ,  92 ]. In stalk cells, Notch signaling potently 
inhibits VEGFR3 [ 93 ,  94 ]; VEGFC/VEGFR3 signaling activates PI3K and its down-
stream target FoxC2, which results in the downregulation of DLL4 in the stalk cell 
[ 95 ,  96 ]. High levels of activated Notch (ICN) lead to the production of soluble 
VEFGR1 which acts to enhance the steepness of the VEGF-A signaling gradient by 
sequestering VEGF-A and inhibiting its action with VEGFR2 in stalk cells [ 97 ]. Stalk 
cells express Hes1 and Hey1 which act to downregulate the levels of VEGFR2, 
VEGFR3, and DLL4, thereby transiently decreasing the responsiveness to VEGF-A 
and further enhancing the stalk cell phenotype [ 81 ,  82 ,  93 ]. This allows new tip cells 
to form along the front to form branching vessels [ 98 ,  99 ]. Vessel branching within the 
developing vascular network is also the consequence of another downstream Notch 
target, Notch- regulated ankyrin repeat protein (Nrarp), which counteracts Notch sig-
naling and is expressed in stalk cells at the branch points [ 100 ,  101 ]. 

 Considering that local changes in VEGF/Notch signaling can trigger the conversion 
of stalk cells into tip cells, and that the Notch pathway can act in a highly transient 
and oscillating manner [ 102 ], tip and stalk cell phenotypes are remarkably transi-
tory and interchangeable as ECs dynamically shuffl e position along the angiogenic 
sprout competing for the tip cell position [ 103 ]. This leads to highly regulated and 
organized vessel formation. In normal vascular development, these mechanisms 
work together to balance the numbers of tip cells and stalk cells required for effec-
tive sprouting and network formation [ 82 ,  104 – 107 ]. Tissue oxygenation eventually 
downregulates paracrine VEGF-A production and thus helps establish a quiescent 
state for the new vessels [ 108 ]. This process has been reviewed in detail [ 87 ,  109 ]. 
The role of Notch pathway signaling in regulating normal vascular development is 
shown schematically in Fig.  2 .

Understanding the Role of Notch in Osteosarcoma



74

  Fig. 2    Normal angiogenesis and the role of Notch pathway signaling. ( a ) Tip cell development 
through tubulogenesis. Upon exposure to VEGF-A, endothelial cells respond by taking on a tip 
cell signaling phenotype. The initial response is stochastic and cyclical, eventually allowing some 
cells to acquire the full tip cell phenotype, while adjacent cells are prevented from acquiring this 
phenotype through lateral inhibition, which is Notch mediated. Initial sprouting of tips is also a 
cyclic process, with individual tips extending and retracting back into the tip cell, leaving behind 
empty matrix sleeves that help to repattern the extracellular matrix needed in the sprouting blood 
vessel. Cells adjacent to tip cells become stalk cells, extending outwards toward the VEGF-A 
gradient, pushing the tip cell outward from the parent vessel. As the fi lopodia of nearby tip cells 
contact each other, macrophages are recruited to the site of anastomosis, facilitating fusion of 
tubes, with subsequent extension of these tubes. ( b  and  c ) Notch/VEGF signaling during activa-
tion, selection, and sprouting. VEGF-A binds to both VEGFR-1 and VEGFR-2 on adjacent endo-
thelial cells, signaling through both receptors. Predominance of VEGFR-2 signaling favors a tip 
cell phenotype, which VEGFR-1 favors a stalk cell phenotype. VEGFR-2 signaling mediates 
upregulation of DLL4 which, in turn, activates Notch1 on the cells to either side of the endothelial 
cell. DLL4 reduces transcription of VEGFR-2 and promotes secretion of a soluble VEGFR-1 that 
serves as a ligand trap and reduces the ability of stalk cells to respond to VEGF-A. ( d ) Notch/
VEGF signaling during anastomosis and the role of macrophages. Normal macrophages, without 
activation, express cell surface DLL4, Jag1, and Jag2 as well as Notch1, Notch2, and Notch4. 
Notch receptors, especially Notch2, allow macrophages to be recruited to the sites of tip cell anas-
tomosis, where the high levels of DLL4 activate these macrophages. Through a process that is not 
fully understood, the activated macrophage then helps two tip cells to form a stable bridge that 
develops into a full vascular loop       
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       Notch and Vascular Mural Functions 

 Notch signaling also plays an important role in vessel stability by regulating 
vascular mural cell function. Mural cells (SMCs and pericytes) are attached to 
the basal surface of certain vessels and help to stabilize the vessel wall, signal 
to ECs to inhibit their proliferation, promote survival, and regulate blood pres-
sure [ 110 ,  111 ]. Mural cells express Notch1–3, Jag1, and DLL4 [ 112 ]. In vitro, 
it has been shown that endothelial Jag1 activates Notch3 on SMCs to induce 
Notch3 expression and regulate SMC differentiation [ 113 ]. Notch1 signaling is 
critical for mural cell recruitment to new vessels, whereas Notch3 plays a role 
in pericyte/SMC maturation once it arrives at its fi nal destination. This process 
has been reviewed recently [ 72 ]. Notch pathway activity is essential for recruit-
ment of bone marrow-derived pericytes to the blood vessels of Ewing sarcoma 
tumors, and inhibition of the Notch pathway with either shRNA or antibodies 
impeded Ewing sarcoma tumor growth in vivo and caused impaired vasculogen-
esis [ 114 ,  115 ]. Perivascular cells, in addition to the endothelium, also have 
been shown to play an important role in angiogenesis and are deregulated in 
pathological angiogenesis [ 110 ,  115 ].  

    Notch and Macrophage-Mediated Angiogenesis 

 Macrophages have been recognized as key angiogenic effector cells [ 116 ,  117 ]. 
Macrophages are closely associated with sprouting endothelial cells during reti-
nal angiogenesis [ 118 ]. Importantly, tissue macrophages act as cellular chaper-
ones during VEGF-mediated endothelial tip cell induction and anastomosis, 
allowing for the bridging of tip cells to form stable, perfused vessels [ 117 ,  119 ]. 
Inactive macrophages express Notch1, -2, and -4, DLL4, and Jag1-2; once acti-
vated, macrophages increase their expression of Notch1 and Jag1 [ 120 – 122 ]. 
Though it is known that VEGFR1 recruits macrophages to sites of infl ammation 
and active angiogenesis [ 123 ], macrophage recruitment to sites of anastomosis 
remains an active area of research. It has been hypothesized that DLL4 expressed 
in tip cells attracts macrophages via Notch1–DLL4 signaling [ 117 ]. Mice with 
heterozygous mutations for Notch1 have decreased macrophage recruitment 
and, interestingly, also have decreased expression of VEGFR-1 [ 124 ]. Through 
these studies and others, it is clear that both VEGFR1 and Notch1 play an 
important role in macrophage recruitment to sites of angiogenesis. Recent pub-
lications are available with more complete reviews of the role of macrophages 
in angiogenesis [ 72 ,  125 ].   
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    Role of Notch Signaling in Tumor Vascular 

    Notch Signaling at the Primary Tumor 

 Tumor angiogenesis relies on many of the same mechanisms involved in physiolog-
ical angiogenesis. Tumors, restricted to 1–2 mm 3  without an oxygen and nutrient 
source, release large amounts of VEGF in response to their hypoxic environment. 
Unlike normal angiogenesis, however, tumors continuously release pro-angiogenic 
factors despite the ever-growing expansion of blood vasculature into the well- 
oxygenated portions of the tumor. This vasculature not only feeds the tumor and 
allows for uncontrolled proliferation, but it also allows for the metastatic spread of 
the disease to distant loci, since osteosarcoma spreads almost exclusively via the 
hematogenous route. 

 VEGF-A has been shown to be over-expressed in many tumor types [ 126 – 128 ]. 
Although not much is known about the process of vasculogenesis in osteosarcoma, 
multiple studies have shown that VEGF overexpression in osteosarcoma unfavor-
ably impacts the overall survival [ 129 – 131 ]. Similarly, the role of Notch has been 
well documented in other tumor types [ 115 ,  132 ,  133 ] but continues to be an active 
area of study in osteosarcoma. In multiple tumor types, it has been shown that either 
blockade [ 105 ,  106 ,  134 – 136 ] or forced activation of the Notch pathway [ 137 – 142 ] 
can inhibit angiogenesis. Genetic or pharmacologic inactivation/inhibition of either 
DLL4 or Notch1 signaling leads to an increase in the number of fi lopodia and 
sprouting tip cells at the angiogenic front which, together with EC proliferation, 
results in the formation of a hyperdense vascular network with immature, hyper-
plastic, and nonfunctional characteristics [ 81 ,  83 ,  86 ,  104 ,  107 ,  143 ]. Chronic 
blockade of the pathway, however, results in the formation of vascular neoplasms 
[ 144 ]. Conversely, activation of Notch signaling leads to a reduced number of tip 
cells and less dense vascular network [ 86 ,  107 ]. A schematic model of the role of 
Notch in tumor angiogenesis is shown in Fig.  3 .

       Notch Signaling at the Metastatic Site 

 Judah Folkman fi rst championed the concept that tumors require an “angiogenic 
switch” in the balance between pro- and anti-antigenic signals to establish a robust 
blood supply capable of supporting rapid tumor growth [ 145 ]. By extension, this 
model would suggest that, for dormant tumors, there is a balance between signals that 
increase angiogenesis and those that impede angiogenesis and that dormant microme-
tastases of osteosarcoma would be relatively poorly vascularized. Indraccolo and 
colleagues showed that expression of DLL4 on blood vessels in close proximity to 
colon cancer cells was necessary for these tumor cells to awaken from dormancy 
[ 146 ]. The same group had shown already that a short-term “spike” in angiogenesis 
was suffi cient to awaken dormant tumors [ 147 ]. This awakening is associated with a 
transcriptional switch from expressing anti-angiogenic proteins to secreting 
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  Fig. 3    Tumor angiogenesis. ( a ) Heterogenic distribution of vasculature and O 2  in a tumor. Because 
oxygen diffusion is limited in tissues to ~1 mm from capillaries, rapidly growing tumors will have 
regions of relative normoxia and other areas of profound hypoxia, with an oxygen gradient between 
these regions. The extremely high levels of VEGF-A secreted in the areas with the worst hypoxia 
override normal angiogenic controls, leading to large numbers of small, dysfunctional, and leaky 
blood vessels that can be observed on arteriograms ( a ,  right hand panel ) as a “vascular blush.” Other 
areas of the tumor do not appear to have any blood supply at all and often are necrotic when examined 
pathologically. (The  right hand panel  in ( a ) is taken from an osteosarcoma patient receiving an arte-
riogram prior to the delivery of intra-arterial chemotherapy. The method is exactly as described previ-
ously [ 205 ].) ( b ) Tumors hijack empty matrix sleeves for migration/invasion. As described above and 
in Fig.  2 , normal angiogenesis involves cyclical extension and retraction of tips, repatterning the 
extracellular matrix, including spreading laminin away from the basement membrane toward the 
VEGF-A source. In tumors, these empty sleeves left behind by tip cell extension and retraction 
become pathways in which the extracellular matrix ceases to be a barrier to tumor cell migration, but 
rather a guide for tumor cells to “fi nd” blood vessels. ( c ) Tumors promote uncontrolled angiogenesis. 
Growing tumors provide a sustained source of VEGF-A, either directly through their own secretion 
or by inducing hypoxia, thereby promoting VEGF-A secretion from nonmalignant cells within the 
tumor, such as tumor-associated fi broblasts. Unlike normal angiogenesis, in which VEGF-A levels 
eventually decline and new vessels are allowed to mature and stabilize, the sustained VEGF-A secre-
tion in the tumor microenvironment causes uncontrolled, sustained angiogenesis, without the matura-
tion and stabilization found in normal angiogenesis. ( d ) High expression of VEGF promotes an all 
tip cell phenotype. In areas with the highest VEGF-A secretion, the concentration of VEGF-A is 
suffi cient to override the cellular processes that induce lateral inhibition and organized vessel forma-
tion. In this environment, endothelial cells may take on an “all tip cell” phenotype, leading to vascular 
leak and highly disorganized blood vessels that completely lack vessel wall components. Note that in 
any given tumor, aspects of abnormal blood vessel development shown in panels A–D may all be 
taking place, each in different regions of the tumor       
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pro-angiogenic ones [ 148 ]. While there is no direct experimental evidence in 
osteosarcoma models to support this role of the vasculature in osteosarcoma metastasis, 
it certainly seems plausible that a similar effect operates in these patients’ lungs. 

 There is a conception among some patients and families that major operations 
for osteosarcoma patients “spread the tumor.” While this has not been scientifi cally 
validated, it has been observed that pulmonary metastasis sometimes develops 
shortly after resection of the primary tumor or lung metastases. Since the healing of 
large wounds results in high levels of circulating growth factors and cytokines such 
as EGF and its related ERBB family ligands, these growth factors and angiogenic 
cytokines could stimulate the expansion of tumor vessels in micrometastases. 
The transient upregulation of Notch ligands on vessels near the dormant microme-
tastases may initiate the angiogenic response that facilitates growth. A more com-
prehensive review of the putative roles of the Notch pathway in regulating tumor 
escape from dormancy in the metastatic site has been published recently [ 149 ].  

    Notch Signaling in Osteosarcoma 

 The Notch pathway has been called “the stem cell master switch” [ 53 ,  150 ] because 
it infl uences multiple processes that drive morphogenesis, lineage specifi cation, 
apoptosis, and proliferation, not only in normal tissues but also in some cancers 
[ 151 ]. Notch dysregulation serves as an oncogene for many cancers including T-cell 
leukemia [ 152 ] and solid tumors of pancreas, breast, prostate, melanoma, and colon 
[ 151 ,  153 – 157 ]. In these malignancies, it contributes to malignancy by promoting 
growth, survival, motility, neo-angiogenesis, drug resistance, invasion, and metasta-
sis [ 158 – 163 ]. In other cancers, Notch functions as a tumor suppressor, impeding 
growth or causing apoptosis in B-lineage ALL [ 164 ], myeloid malignancies [ 165 ], 
squamous cell carcinomas [ 166 ], neuroblastoma [ 167 ], other neural crest-derived 
cancers [ 168 ], and the GI stromal tumor [ 169 ]. It was recently suggested that Notch1 
signaling is activated in human OS and may play a role in tumor invasion and metas-
tasis [ 47 ,  52 ,  170 ]. One possible reason for this association is the reported link 
between Notch pathway activity and behavior of tumor-initiating cells or the puta-
tive cancer stem cells [ 171 – 177 ]. 

 Two popular models for tumorigenesis include the stochastic model and the cancer 
stem cell model. The traditional stochastic model presumes that cancer arises from a 
single cell which has become genetically unstable and initiates tumor growth. The 
cancer stem cell model proposes that tumor-initiating cells share important properties 
with normal stem cells, including self-renewal and resistance to stress [ 42 ]. Over the 
past 5 years or more, the theory of cancer stem cells in osteosarcoma has gained a 
great deal of acceptance, with numerous publications in recent years describing 
phenotype, behavior, and therapeutic potential [ 178 – 194 ]. Logically, cells with stem 
cell-like properties should be superior at tumorigenesis and metastasis. 
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 This concept was studied recently using two murine cell lines, K7M2 and K12, 
which were derived from the same spontaneously occurring murine osteosarcoma. 
K7M2 metastasizes with high frequency to the lung in mouse models, whereas K12 
is much less metastatic [ 195 ]. 

 Several groups have published that K7M2 and K12 cells produce different 
quantities of cytokines and that inhibition of these cytokines alters OS cell behavior 
in vitro [ 195 – 198 ]. For example, we have demonstrated that highly metastatic 
K7M2 cells express and produce more bone morphogenetic protein-2 (BMP-2) and 
VEGF than less metastatic K12 cells. Additionally, we observed that the inhibition 
of these factors diminished the motility and viability of K7M2 cells [ 197 ,  198 ]. 
More recently, we have demonstrated important differences between K7M2 and 
K12 in terms of Notch1 expression and function [ 50 ]. 

 To evaluate the role of Notch in regulating stemness behaviors, we fi rst com-
pared K7M2 and K12 cells with reverse transcription polymerase chain reaction 
(RT-PCR). We analyzed differences in the expression of Notch1, its downstream 
targets, and other important genes in OS biology. We observed a signifi cant upregu-
lation (nearly twofold) of Notch1, Notch2, and Notch4 expression [ 50 ]. We also 
observed the upregulation of the Notch1 target genes Hes1 and Stat3 in highly meta-
static K7M2 cells compared with less metastatic K12 cells. Notch pathway inhibition 
using an inhibitor of γ-secretase (GSI) in K7M2 cells reduced expression of these 
genes down to levels similar to K12 and also reduced migration and invasiveness of 
K7M2. Activation of Notch in K12 using an exogenous ligand increased invasive-
ness and migration, confi rming the vital role of the Notch pathway in regulating 
these processes in this model [ 50 ]. 

 Aldehyde dehydrogenase (ALDH) is another putative cancer stem cell factor 
[ 199 – 202 ] that has been implicated in a variety of human cancers. ALDH is a tetra-
meric protein that oxidizes aldehydes to carboxylic acids and thus enables cells to 
withstand oxidative stress. Its activity has been associated with metastasis, drug 
resistance, and poor prognosis [ 199 – 203 ]. We have shown that K7M2 cells possess 
greater mean ALDH activity and a higher percentage of ALDH-positive cells than 
the less metastatic K12 cells [ 204 ]. GSI treatment of K7M2 cells reduced the 
expression of ALDH and rendered the cells less tolerant of oxidative stress (Fig.  4 ), 
while treatment of K12 cells with the Notch ligand jagged 1 increased ALDH 
expression and rendered cells more tolerant of oxidative stress (Fig.  5 ), confi rming 
that Notch pathway signaling is upstream of ALDH expression [ 50 ].

         Conclusions 

 These studies, taken together, support the concept that Notch pathway signaling 
plays a key role in maintaining a stem cell-like phenotype for osteosarcoma and 
highlights the importance of Notch in osteosarcoma growth and metastasis. It is 
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interesting to note, however, that the phenotype associated with Notch pathway 
expression could be induced by exposure to exogenous Notch ligand, calling into 
question the concept that tumor stem cells represent a discrete subpopulation in 
osteosarcoma. Given the importance of Notch signaling in tumor blood vessels and 
the high level of expression of Notch ligands in the vasculature, it is possible that 
the phenotype we associate with stemness in osteosarcoma really refl ects proximity 
to tumor blood vessels and, therefore, exposure to Notch ligands. As therapies are 
developed to target Notch in cancer patients, the role of Notch in tumor vessel for-
mation and expansion must also be considered.     

  Fig. 4    K7M2 cells are resistant to H 2 O 2  but become sensitive after treatment with DAPT. ( a ) 
K7M2 cells were treated with or without the γ-secretase inhibitor DAPT (10 μM) for 4 days and 
were then cultured with media containing H 2 O 2  (0, 250, or 500 μM) for 6 h. Cell death was ana-
lyzed using PI exclusion assay. ( b ) The percentage of PI+ cells was determined for each group in 
( a ).  Asterisk  indicates that the difference is signifi cant comparing DAPT-treated or non-treated 
samples ( p  < 0.05). Figure taken from [ 50 ], used with permission       
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    Abstract     Cancer of any type often can be described by an arrest, alteration or 
disruption in the normal development of a tissue or organ, and understanding of the 
normal counterpart’s development can aid in understanding the malignant state. 
This is certainly true for osteosarcoma and the normal developmental pathways 
that guide osteoblast development that are changed in the genesis of osteogenic 
sarcoma. A carefully regulated crescendo–decrescendo expression of RUNX2 
accompanies the transition from mesenchymal stem cell to immature osteoblast to 
mature osteoblast. This pivotal role is controlled by several pathways, including 
bone morphogenic protein (BMP), Wnt/β-catenin, fi broblast growth factor (FGF), 
and protein kinase C (PKC). The HIPPO pathway and its downstream target YAP 
help to regulate proliferation of immature osteoblasts and their maturation into non- 
proliferating mature osteoblasts. This pathway also helps regulate expression of the 
mature osteoblast protein osteocalcin. YAP also regulates expression of MT1-MMP, 
a membrane-bound matrix metalloprotease responsible for remodeling the extracel-
lular matrix surrounding the osteoblasts. YAP, in turn, can be regulated by the ERBB 
family protein Her-4. Osteosarcoma may be thought of as a cell held at the imma-
ture osteoblast stage, retaining some of the characteristics of that developmental 
stage. Disruptions of several of these pathways have been described in  osteosarcoma, 
including BMP, Wnt/b-catenin, RUNX2, HIPPO/YAP, and Her-4. Further, PKC can be 
activated by several receptor tyrosine kinases implicated in osteosarcoma, including 
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the ERBB family (EGFR, Her-2 and Her-4 in osteosarcoma), IGF1R, FGF, and 
others. Understanding these functions may aid in the understanding the mechanisms 
underpinning clinical observations in osteosarcoma, including both the lytic and 
blastic phenotypes of tumors, the invasiveness of the disease, and the tendency for 
treated tumors to ossify rather than shrink. Through a better understanding of the 
relationship between normal osteoblast development and osteosarcoma, we may 
gain insights into novel therapeutic avenues and improved outcomes.  

  Keywords     Osteosarcoma   •   Organogenesis   •   Osteoblast   •   Development   •   Cancer 
signaling   •   ERBB4   •   RUNX2   •   Wnt/β-catenin   •   FGF   •   IGF1R   •   MMP   •   BMP   
•   TWIST   •   YAP  

        Introduction 

 To better understand the biology of osteosarcoma, it can be helpful to think of 
this disease as a cancer arising from the malignant transformation of osteoblasts, 
the cells responsible for normal bone formation. While the cell of origin for osteo-
sarcoma typically is defi ned as the mesenchymal stem cell, mesenchymal stem 
cells also are the progenitor cell for not only osteoblasts [ 1 ] but also adipocytes 
and chondrocytes [ 2 ]. The term “osteosarcoma” itself is, in fact, a contraction of 
the older term, “osteogenic sarcoma,” meaning “the sarcoma that gives birth to 
bone,” based on the disease-defi ning characteristic of malignant bone formation 
within tumors, fi rst identifi ed 80 years ago [ 3 ,  4 ]. Further, transgenic mice with 
driver mutations (i.e., p53 and Rb) limited exclusively to the osteoblast lineage do 
develop osteosarcoma [ 5 ], indicating the link between the malignancy and its 
normal counterpart. Because of the phenotypic and functional similarity between 
immature osteoblasts and osteosarcoma cells, it is useful to examine osteosar-
coma from the perspective of arrested development of osteoblasts, evaluating 
those pathways defi ned as important in normal bone development. With that in 
mind, we focus here on those pathways that regulate normal osteoblast develop-
ment, weighing the evidence for each pathway’s involvement in osteosarcoma 
pathobiology.  

    Runx2 

 RUNX2 is a major transcriptional factor in bone formation, acting as the master 
regulator for osteoblast differentiation [ 6 ]. RUNX2 is a DNA binding protein that 
comes from a family of very well described Runt-related transcription factors, with 
homologs RUNX1 and RUNX3 [ 7 ]. These proteins in this family are heterodimeric 
proteins, which typically not only involve the cofactor CBF-β [ 8 ] but also include a 
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variety of co-activators, including, but not limited to, HES1 [ 9 ] and YAP [ 10 ]. 
RUNX2 induces bone formation and mineralization in vivo [ 11 ] through activation 
of bone matrix proteins such as osteocalcin [ 12 ] and osteopontin [ 13 ]. RUNX2 −/−  
transgenic mice have normal skeletal development, but lack mineralization and 
die just after birth [ 14 ]. In humans, defective RUNX2 results in cleidocranial 
dysplasia [ 15 ]. 

 In addition to its major function as the master regulator of bone formation and 
mineralization, RUNX2 also regulates cell cycle exit and apoptosis. In proliferating 
osteoblasts, RUNX2 is present only in the G1 phase of cell cycle, being suppressed 
in S, G2, and M [ 16 ]. RUNX2 has been shown in normal osteoblasts to upregulate 
p27 KIP1  [ 17 ], a known regulator of growth arrest and cell cycle control. The effects 
of RUNX2 on cell cycle also result from its interactions with the hypophosphory-
lated retinoblastoma protein (Rb), which has been shown to be mediated by HES1 
[ 18 ]. This interaction between Rb and RUNX2 facilitates cell cycle exit into G 0 , 
inducing cellular senescence. Additionally, HES1 and pRB interact physically to 
cause transcriptional activation of RUNX2 [ 18 ]. The physical interaction of the 
C-termini of RUNX2 and HES1 has been implied to prevent TLE/Groucho medi-
ated silencing of target genes. Further, the retinoblastoma binding protein-1 (RBP1) 
serves as a co-activator of RUNX2, promoting target gene expression and subse-
quent differentiation [ 19 ]. 

 Another function of RUNX2 is its ability to suppress p53 mediated apoptosis in 
response to DNA damage, through physical interaction with and use of HDAC6 
[ 20 ]. Although many osteosarcoma cell lines lack endogenous or functional p53 
[ 21 ], those which still possess p53 are subject to suppression by RUNX2 and 
HDAC6. In osteosarcoma, RUNX2 gain of function models indicate that RUNX2 
levels remain high throughout the cell cycle in osteosarcoma, in contrast to its role 
in normal osteoblasts [ 16 ,  22 ]. It has been suggested that the effects of RUNX2 on 
p27 KIP1  are abrogated in osteosarcoma. This loss of the RUNX2-p 27KIP1  signaling 
axis prevents osteosarcoma cells from terminally differentiating and exiting the cell 
cycle. 

 Expression of several osteoblast-specifi c proteins is controlled in part by RUNX2. 
RUNX2 interacts with the Mastermind-like 1 protein (MAML1), a component of the 
CSL complex that is activated by Notch signaling, to activate osteocalcin expression 
through binding to a promoter element called osteoblast-specifi c element 2 [ 23 ]. 
Overexpression of MAML1 in murine derived mesenchymal stem cells resulted in 
enhanced alkaline phosphatase (ALP) expression, which is an early marker of osteo-
blast differentiation. Osteoblast differentiation also is heightened by p300/CBF-
associated factor (PCAF) which directly binds to and acetylates RUNX2, resulting 
in an increase in transcriptional activity of RUNX2 target genes [ 24 ]. ALP activity 
and mineralization were both attenuated with PCAF siRNA mediated knockdown, 
suggesting that PCAF is important in normal osteoblast differentiation. 

 RUNX2 also is subject to control by a variety of extracellular and intracellular 
signals. TNFα is a pro-apoptotic and antiproliferative protein in osteoblasts [ 25 ,  26 ]; 
however, RUNX2 activation in SaOS2 cells results in protection from these effects, 
accompanied by an increase in anti-apoptotic factor Bcl-1 and sequestering of 
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pro-apoptotic factor Bax [ 27 ]. Interestingly enough, EWS-FLI, the major fusion 
protein responsible for Ewing’s Sarcomas, directly binds to and inhibits RUNX2, 
giving rise to a loss of RUNX2 activation, which translates to a loss of function of 
RUNX2 and prevention of lineage commitment in these cells carrying the EWS-FLI 
t(11;22) translocation [ 28 ]. A variety of other factors can infl uence osteoblast 
differentiation in RUNX2 dependent manners, such as epidermal growth factor 
receptor (EGFR) [ 29 ], insulin-growth factor receptor (IFGR), fi broblast growth factor 
receptor (FGFR), and the bone morphogenetic protein receptor (BMPR), as well as 
canonical Wnt/β-catenin signaling axis and Hippo signaling. In addition, RUNX2 
regulates several genes responsible for cell motility and adhesion [ 30 ]. Clearly then, 
RUNX2 plays multiple roles in osteoblast differentiation and aberrations in these 
signals play a vital role in the malignant phenotype observed in osteosarcoma.  

    Wnt/β-Catenin 

 The Wnt family of proteins includes soluble peptide ligands which bind to 
FRIZZLED receptors, as well as LRP5/6 coreceptors, which affect cells through 
both canonical and noncanonical signaling pathways. Canonical Wnt signaling 
includes the stabilization, accumulation, and nuclear translocation of β-catenin, 
allowing it to cooperate with the Lef/Tcf transcriptional factor family of proteins, 
resulting in activation of target genes [ 31 ]. β-catenin is critical for the proliferation 
of osteoblasts during early development [ 32 ]. The specifi c roles of Wnt5a in osteo-
blast differentiation have been reviewed recently [ 33 ]. Wnt5b also has been shown 
to associate closely with Nestin, a marker for bone marrow mesenchymal stem 
cells, which implies that Wnt5b aids in maintaining the stem cell population [ 34 ]. 

 Some of the noncanonical functions of Wnt signaling in osteoblast differentia-
tion are mediated by interleukin-1β (IL-1β). This important cytokine signals through 
Wnt5a and receptor tyrosine kinase-like orphan receptor 2 (Ror2) to induce differ-
entiation [ 35 ]. Addition of IL-1β to mesenchymal stem cells in vitro alone demon-
strated marked increase in mineralization (as determined by Alizarin Red Stain) and 
increase in alkaline phosphatase levels, both indicative of advanced differentiation. 
These effects were mediated through Wnt5 and Ror2. 

 Although there are several activators and enhancers of the Wnt signaling pathways 
present in bone cells, there are also a variety of molecules which inhibit Wnt/β-catenin 
signaling. Sclerostin, for example, is a molecule produced by osteocytes which 
inhibits osteoblast activity by suppressing Wnt signaling. Typically associated with 
osteoporosis, sclerostin not only serves to prevent further bone development by 
suppressing osteoblast function but also acts as a negative regulator of osteoblast 
proliferation [ 36 ]. Additionally, sclerostin is induced by BMP in the osteosarcoma 
line SaOS2 [ 37 ]. Sclerostin has been shown to be downstream of osterix (discussed 
below). The role of sclerostin in osteosarcoma has not been determined. 

 Several important negative regulators of Wnt signaling are included in the phos-
phorylation complex responsible for degradation of β-catenin, including glycogen 
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synthase kinase 3β, Axin, casein kinase 1α, and adenomatous polyposis coli 1 (AP1). 
This complex hyperphosphorylates β-catenin, allowing for F-box/WD repeat-
containing protein 1A (FBXW1A) to target β-catenin for degradation, supposedly 
through its action as part of an E3 ubiquitin ligase [ 38 ]. 

 Another inhibitor of Wnt signaling is the family of proteins known as the 
Dickkopf (Dkk) proteins, which have been implied to be signifi cant regulators of 
osteoblast activity and osteosarcoma behavior. In a recent study, Dkk-3 was shown 
to decrease tumor growth and reduce pulmonary metastasis by 88.7 % in vivo, while 
reducing cell motility, viability, and anchorage independent growth in vitro. In the 
same study, Dkk-3 was shown to downregulate MMP2 and MMP9, both of which 
are key in invasion, migration, and metastasis [ 39 ]. Consistent with this function, 
Dkk-3 in osteosarcoma cell lines is downregulated in comparison to normal human 
osteoblasts, suggesting that loss of Dkk-3 may be important for osteosarcoma 
pathogenesis. 

 Taken together, Wnt appears to be a very important pathway in osteoblasts and 
osteosarcoma and manipulation of Wnt seems to have very potent effects both on 
normal osteoblasts and on osteosarcoma cells. Novel therapies targeting Wnt 
signaling are being developed for use in a variety of bone diseases, and possibly 
osteosarcoma [ 34 ,  40 – 42 ].  

    FGF 

 The fi broblast growth factor (FGF) proteins are a family of molecules which sig-
nal through four distinct fi broblast growth factor receptor (FGFR) proteins [ 43 ]. 
The mechanism of FGF signaling involves the binding of soluble ligand by the 
immunoglobulin- like (Ig-like) regions of the receptor, dimerization, and subsequent 
activation through its intracellular tyrosine kinase domain. Additionally, alterna-
tively spliced mRNA of the FGFR genes determines which isoform, IIIb or IIIc, is 
produced based on the C-terminal half of the third Ig-like domain [ 44 ]. FGFR3, 
when missing exons 8–10, becomes soluble in SaOS2 cells [ 45 ]. Full length FGFR3, 
without the missing C-terminus Ig-like domain, only binds FGF-1 with high spec-
ifi city, but loss of this domain resulted in binding of both FGF-1 and FGF-2, 
which reduces the specifi city of the receptor and allows for increased nonspecifi c 
activation by FGF2 in SaOS2. 

 The biological effects of soluble FGF receptors have been shown in other cell types, 
such as breast cancer [ 46 ]. Soluble FGFR4 resulted in a decrease in the response of 
breast cancer line MCF7 to FGF-1, with a marked decrease in mitogen activated pro-
tein kinase activity. Additionally, soluble FGFR transcripts lacking the transmem-
brane domain have been shown to both compete for ligand and heterodimerize with 
surface FGFRs in vivo, both decreasing the response of the cell to FGF [ 47 ,  48 ]. 
Thus, soluble FGFRs have the potential to exert signifi cant biological effects. 

 Fibroblast growth factors play a vital role in normal human osteoblasts. FGF-8, 
for example, promotes bone formation in vivo by upregulating osteocalcin, 
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allowing for greater deposition of hydroxyapatite [ 49 ]. FGF-8b was shown to 
increase alkaline phosphatase staining and activity in vitro after short exposure. 
However, prolonged exposure of FGF-8 led to inhibition of bone nodule formation. 
On the contrary, FGF-2 inhibits osteoblast differentiation of mesenchymal stem 
cells in vitro through transcriptional suppression of BMP ligand and receptor, medi-
ated by activation of ERK and JNK [ 50 ]. Drug mediated inhibition of ERK and JNK 
rescued cells from the effects of FGF-2, thus giving strong support to the hypothesis 
that FGF-2 signals through ERK and JNK to suppress BMP and BMPR upregula-
tion during osteoblast differentiation. 

 FGF2 signaling in osteosarcoma cells, then, may mediate two of the hallmark 
behaviors of cancer: blockade of differentiation and sustained proliferation. Since 
specifi c receptors can bind FGF-2, and the previously reported soluble FGFR-3 
gain of function mutation results in nonspecifi c binding to FGF-2 in SaOS2, it 
appears as though these receptors may be good therapeutic targets. As discussed 
later in this review, FGF-2 also has been shown to signal downstream of protein 
kinase c delta (PKCδ), which causes phosphorylation of RUNX2, resulting in an 
increase in transcriptional activity of RUNX2 target genes [ 51 ]. Basic fi broblast 
growth factor (bFGF) and basic growth factor receptors (bFGFR) have been shown 
to be overexpressed in osteosarcoma line MG-63 [ 52 ]. This overexpression is 
correlated with the differentiation state of the cells, which has been correlated with 
prognosis.  

    MMP 

 The matrix metalloproteinase (MMP) proteins are part of a group of endopeptidases 
which are responsible for degradation of most extracellular matrix molecules [ 53 ]. 
Although MMPs are necessary for normal osteoblast function, expression of these 
proteins is associated with metastasis, invasiveness, increased migration, and angio-
genesis in osteosarcoma [ 54 ]. Of all MMPs, MMP-2 and MMP-9 seem to be the 
major proteases functioning in osteosarcoma pathogenesis. Gallic acid has been 
shown to decrease invasiveness and migration in osteosarcoma cell line U2OS 
mainly through downregulation of MMP-2 and MMP-9 [ 55 ]. These effects were 
mediated through known upstream regulators of MMP-2 and MMP-9, mainly protein 
kinase c (PKC), PI3K/AKT, and NF-κB. This decrease in expression and activity of 
MMP-2/-9 led both to decreased invasiveness through Matrigel and o decreased 
metastatic capability of the cells. In addition, the use of  Phyllanthus urinaria  
extracts (PUE), a known anti-infl ammatory, antiviral, and antibacterial agent, in 
osteosarcoma cell line SaOS2 resulted in decreased migration and invasion [ 56 ]. 
The effects of PUE on SaOS2 cells were traced to the effects on MMP-2, mainly in 
the decreased expression of MMP-2. Once again, these effects were mediated 
through suppression of the ERK and PI3K/AKT signaling pathways. MMP-9 
expression correlated with metastatic disease in several cancers [ 57 ] and is impor-
tant in the context of osteoblasts and osteosarcoma, since MMP-9 is an integral 
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proteinase involved in bone remodeling [ 58 ]. This gave rise to the theory that aberrant 
expression of MMP-9 in osteosarcoma may be responsible for metastatic behavior. 
In osteosarcoma, MMP-9 is strongly expressed in pulmonary metastases, suggest-
ing that MMP-9 may be necessary for the metastatic phenotype. Although MMP-9 
has not yet been correlated with outcome, studies suggest that this may warrant 
investigation. ERK5 has also been implied to be upstream of MMP-9 [ 59 ]. Short 
hairpin RNA targeting ERK5 resulted in suppression of MMP-9 without having sig-
nifi cant effects on MMP-2, TIMP, or matrix tethered MMP14 (MT1-MMP). 
Therefore, it was concluded that ERK5 expression may be correlated with meta-
static disease and could pose as a therapeutic target for metastatic osteosarcoma 
tumors expressing MMP-9. MT1-MMP modulates the fi broblast signaling axis by 
proteolytically inhibiting ADAM9, which has been shown to mediate ectodomain 
shedding of FGFR2 [ 60 ]. MMP-14 −/−  mice experience a greater accumulation of the 
truncated FGFR2 receptor, which results in defective FGFR signaling. Removal of 
ADAM9 rescues cells from this effect. MT1-MMP also has implications in the 
β1-integrin/YAP/TAZ signaling axis by controlling β1-integrin activation in skeletal 
stem cells by regulating extracellular matrix remodeling [ 61 ]. Loss of MT1-MMP 
results in loss of osteoblastic cell lineage commitment in skeletal stem cells and 
allows for increased commitment in the adipogenic and chondrogenic pathways. 
Additionally, since YAP/TAZ signaling is dependent on cell–cell contact, through 
Hippo signaling (see elsewhere in this chapter), the effects of ECM remodeling by 
MT1-MMP clearly play a vital role in regulation of downstream activation of YAP/
TAZ target genes. Since YAP/TAZ signaling has been tied to osteogenesis, upregu-
lation of MT1-MMP would result in an increased movement towards the osteoblast 
cell fate, while downregulation would result in higher rates of adipogenesis and 
chondrogenesis. Thus, MT1-MMP plays a vital role in regulating osteoblast differ-
entiation. MMP-1 also promotes tumorigenesis and pulmonary metastases in vivo 
[ 62 ]. Knockdown of MMP-1 in vivo resulted in signifi cantly fewer pulmonary 
metastases, while adenoviral mediated expression of MMP-1 in osteosarcoma line 
HOS, which lacks endogenous MMP-1 expression, results in greater lung metasta-
ses. Additionally, MMP-1 expression promotes anchorage independent growth in 
soft agar, with overexpression resulting in more numerous and larger colonies and 
knockdown resulting in smaller and less numerous colonies. MMP-1 also correlated 
with tumor burden in mouse xenograph models, with signifi cant increases in tumor 
burden correlating with increased MMP-1 expression. Thus, MMPs have a vital role 
in osteosarcoma pathogenesis and metastasis.  

    IGFR 

 The insulin growth factor (IGF) signaling axis is a pivotal component of the osteoblast 
phenotype [ 63 ]. IGFR regulates proliferation, differentiation, apoptosis, and metabolism 
in cell through activation of Akt and MAPK [ 64 ]. In osteosarcoma, IGFs and IGFRs 
have been linked to tumor progression, chemoresistance, and tumorigenesis. 
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Due to its involvement in these phenotypes, the IGFR signaling axis is an attractive 
therapeutic target. Additionally, IGF1R has been shown to be correlated with progno-
sis in osteosarcoma patients [ 65 ]. Analysis of primary lesions for IGF1R expression 
was linked with overall survival rate, with high IGF1R leading to poor outcome. 
The small molecule inhibitor tyrphostin AG1024 targets IGF1R by preventing phos-
phorylation of its intracellular domain, resulting in inhibition of IGF1R down-
stream signaling [ 66 ]. This inhibition was linked with increased sensitivity to 
doxorubicin, a chemotherapy agent. Dual treatment with AG1024 and doxorubicin 
resulted in increased growth inhibition, onset of cell cycle arrest, and increased 
apoptosis than treatment with either drug alone. Additionally, IGF1R has been 
implicated in angiogenesis, driving production of VEGF in sarcomas [ 67 ]. 
Suppression of VEGF could be achieved by addition of an antibody targeting 
IGF1R, CP-751,871. Unfortunately, clinical trials using anti-IGF1R antibodies for 
osteosarcoma rarely showed more than a brief, transient benefi t, underscoring both 
the complexity and plasticity of signaling in osteosarcoma.  

    BMP 

 Canonical bone morphogenic protein (BMP) signaling is initiated when BMP 
ligand induces dimerization of BMP receptor (BMPR). which activates down-
stream phosphorylation of the SMAD family of proteins. This phosphorylation 
causes nuclear trans-localization of SMAD 1/5/8 by chaperone protein SMAD 4, 
activating transcription of target genes [ 68 ]. BMP-2 is a potent inducer of osteo-
blast differentiation, through induction of osteocalcin, which results in bone nod-
ule formation [ 69 ]. BMP-7 has been shown to have similar effects in vitro by 
increasing alkaline phosphatase activity, a marker of osteoblastic differentiation, 
and increased mineralization [ 70 ]. Synergistic effects are seen between BMP and 
FGF, as well as BMP and Wnt signaling pathways. In calvarial osteoblasts, FGF 
signaling results in upregulation of BMP-2 [ 71 ]. During bone fracture healing, 
FGF-2 and BMP-2 have synergistic effects, with FGF-2 promoting proliferation of 
osteoblasts during early stages and BMP-2 serving as an inducer of differentiation 
during later stages [ 72 ]. BMP and Wnt signaling also seem to have synergistic 
effects through the cooperative effects of Wnt3A and BMP-9, resulting in induc-
tion of alkaline phosphatase in mesenchymal stem cells [ 1 ]. Wnt/β-catenin signal-
ing has been shown to regulate BMP-2 expression in osteoblasts. Forced 
overexpression of β-catenin results in upregulation of BMP-2 while knockdown 
results in decreased expression [ 73 ]. BMP-2 is also unique in its ability to serve as 
a chemotactic migration agent for osteosarcoma cells [ 74 ]. Although BMP-4 and 
BMP-6 function elsewhere in osteoblast differentiation, only BMP-2 was shown to 
increase in vitro migration of U2OS cells. Thus, the BMP signaling axis is critical 
for normal osteoblast differentiation, but may be altered or subverted as a part of 
osteosarcoma pathology.  
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    Osterix 

 Osterix (OSX), also called Sp7 Transcription Factor, is a zinc fi nger transcription 
factor that serves as a regulator of osteoblast differentiation, promoting transcrip-
tion of osteocalcin, osteopontin, and bone sialoprotein [ 75 ]. OSX has been described 
as an antitumor agent, serving as a potent inducer of the commitment step from 
immature osteoblast to mature osteoblast. There is a clear lack of OSX expression 
in osteosarcoma [ 76 ]. Transfection with an OSX expressing vector caused a clear 
reduction in tumorigenesis, decreased osteolysis, decreased migration, and 
decreased pulmonary metastases in vivo. Although upregulation of OSX in vivo 
results in decreased metastasis, a panel of patient samples demonstrated that there 
were not signifi cant differences in the expression of OSX in metastatic osteosarco-
mas vs. nonmetastatic osteosarcomas [ 77 ]. Neither the primary tumors nor the 
metastases had signifi cant differences in OSX expression, which could imply that 
loss of OSX is not necessary for osteosarcoma pathogenesis. Although RUNX2 and 
OSX classically work in synergy to promote differentiation in osteoblasts, it appears 
as though heightened expression of RUNX2, together with loss of OSX expression, 
results in the osteosarcoma phenotype, keeping the cells in an immature, undiffer-
entiated state [ 78 ]. Further investigation is warranted to fully establish the role of 
signaling through the RUNX2-OSX axis and its implications in osteosarcoma 
pathogenesis.  

    TWIST 

 The TWIST family of basis helix loop helix transcriptional factors [ 79 ] have been 
linked to a variety of cancers, including breast cancer [ 80 ], neuroblastoma [ 81 ], and 
other epithelial cancers [ 82 ]. TWIST1 is a potent regulator of the osteoblast lineage 
due to its ability to regulate RUNX2. In mesenchymal stem cells, enforced expres-
sion of TWIST1 results in an increase in life span and reduction of osteogenic 
potential as measured by calcium deposition [ 83 ]. There are several mechanisms 
proposed for this effect. One includes TWIST1 mediated inhibition of BMP signal-
ing through recruitment of HDAC1 to SMAD4, which would effectively silence 
BMP signaling as well as TGF-β signaling [ 84 ]. Although this is the case in mesen-
chymal stem cells, TWIST has other implications in osteoblast cells. TWIST has 
been shown to promote RUNX2 expression in osteoblast cells [ 85 ]. Reduced expres-
sion of TWIST results in decreased RUNX2 target gene transcription, including 
bone sialoprotein, osteopontin, and osteocalcin, all of which are markers of mature 
osteoblasts. TWIST also has been implicated in the β-catenin signaling pathway, 
where it may induce chemoresistance [ 86 ]. TWIST was shown to regulate β-catenin 
target genes, suggesting that TWIST is upstream of β-catenin. (Alternatively, 
TWIST may act directly on these genes in a b-catenin-independent fashion.) 
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 Twist also appears important in the biology of osteosarcoma. SaOS2 cells which 
overexpress TWIST have marked reduction of alkaline phosphatase, reduced prolif-
eration, and lose their response to basic fi broblast growth factor, while cells which 
have decreased TWIST expression have an upregulation of alkaline phosphatase 
and type I collagen, induced osteopontin expression, and reduced proliferation [ 87 ]. 
Overexpression of TWIST resulted in increased apoptosis by cisplatin and knock-
down of β-catenin furthered this effect in SaOS2 cells. Knockdown of TWIST in 
MG-63 cells resulted in decreases apoptosis mediated by cisplatin and knockdown 
of β-catenin completely abolished this effect. These results offer evidence to the 
idea that TWIST expression decreases osteosarcoma cell resistance to cisplatin, 
mediated by a decrease in soluble β-catenin through the PI3K pathway. Additionally, 
shTWIST1 in mesenchymal stem cells resulted in increased proliferation, but had 
no effect on cell survival in serum free media [ 88 ]. shTWIST1 resulted in increased 
alkaline phosphatase expression and increased mineral deposition, both indicative 
of osteoblast differentiation. In the same study, silencing TWIST1 resulted in 
FGFR2 upregulation. These effects were mediated by RUNX2. TWIST1 is down-
stream of parathyroid hormone in osteoblasts [ 89 ]. Expression of parathyroid hor-
mone results in decreased TWIST1 expression. The effects of parathyroid hormone 
may be meditated in part by this decrease in TWIST1 since TWIST1 was shown to 
inhibit bone-specifi c ATF4 transcriptional activity. Physical interactions between 
the C-terminus of TWIST1 and N-terminus of ATF4 allow for suppression of osteo-
calcin mRNA transcription. Exogenous expression of TWIST1 in osteosarcoma 
cells lacking endogenous TWIST1 resulted in suppression of the differentiation 
inductive effects of parathyroid hormone. Studies of archival osteosarcoma tumor 
samples pointed toward a role for TWIST in osteosarcoma pathogenesis. Metastatic 
osteosarcoma cases showed higher rates of TWIST abnormalities and amplifi cation 
[ 90 ]. Relapsed tumors also had statistically signifi cant increases in TWIST abnor-
malities. Hypoxia has also been shown to induce TWIST in mesenchymal stem cells 
[ 91 ]. Overexpression of TWIST resulted in decreased RUNX2 and osteocalcin, 
while siTWIST resulted in increased RUNX2 and osteocalcin. Thus, hypoxia was 
shown to inhibit osteogenesis through HIF-1α and TWIST. Thus, there is an impor-
tant role for TWIST both in normal osteoblast development and in osteosarcoma 
pathogenesis, and there may be therapeutic benefi t to manipulating this pathway in 
osteosarcoma patients. Further study is needed.  

    Hippo/YAP Pathway in Osteoblast Differentiation 

 First discovered in Drosophila, the Hippo signaling pathway plays an important 
role in cell development and organ size control [ 92 ]. The discovery of the Hippo 
signaling pathway in mammals provides us a novel important entry point to the 
control of organ size and the mechanisms which regulate this process [ 93 – 95 ]. 
At least 35 proteins or complexes have so far been identifi ed in the Hippo signaling 
pathway, which consist of a large network of proteins [ 96 ,  97 ]. 
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 The core part of the Hippo pathway includes mammalian STE20-like protein 
kinase1 (MST1) and MST2, large tumor suppressor 1(LATS1) and LATS2 together 
with the adaptor proteins Salvador (SAV1), Mob kinase activator 1A (MOB1A) and 
MOB1B [ 98 ,  99 ]. MST1/2, activated by caspase cleavage under apoptotic stress, 
can phosphorylate SAV1, LATS1/2, and MOB1-A/B [ 100 ,  101 ]. The interaction 
between MST1/2 and SAV1 regulates MST1/2 nuclear translocation, which is 
mediated by the SARAH (Sav/RASSF/Hpo) domains within both MST1/2 and 
SAV1. MST1/2 directly phosphorylates LATS1/2 at the hydrophobic motif and also 
is required for LATS1/2 expression [ 102 ]. Moreover, it is also reported that SAV1 
provides a bridge to bring MST1/2 and LATS1/2 together [ 103 ]. After being phos-
phorylated by MST1/2, MOB can bind to the auto-inhibitory motif in LATS1/2 
which leads to the phosphorylation of the Lats activation loop [ 103 ,  104 ]. 

 These proteins, which constitute the core part of the Hippo pathway, inhibit cell 
growth by facilitating LATS1- and LATS2-dependent phosphorylation of the 
homologous oncoproteins Yes-associated protein (YAP) and TAZ (also known as 
WWTR1), the transcriptional co-activator with PDZ-binding motif [ 105 ]. This 
interaction is mediated by the interaction of PPxY motifs on LATS-1/2 and WW 
domains on the YAP/TAZ [ 106 ]. YAP can be phosphorylated at various serine resi-
dues by its two upstream kinases, MST1/2 and LATS1/2 [ 106 ]. After YAP is phos-
phorylated in the cytoplasm, it will be retained in the cytosol so that YAP cannot 
combine with transcriptional enhancer factor domain family members (TEADs) as 
a transcriptional complex to drive growth-promoting and anti-apoptotic gene 
expression [ 107 ]. Both YAP and TEAD transcription factors are enriched in mul-
tiple types of stem cells [ 108 ]. YAP phosphorylation is activated at high cell den-
sity, while YAP will translocate to nucleus to facilitate cell proliferation at low cell 
density [ 106 ,  109 ,  110 ]. Three potential steps are recognized in regulation of the 
YAP/TAZ complex: (1) phosphorylated YAP/TAZ interact with 14-3-3, which 
leads to cytoplasmic retention; (2) YAP/TAZ phosphorylation results in protein 
degradation; (3) translocate to nucleus to interact with DNA-binding transcription 
factors [ 111 ]. 

 While YAP/TAZ does not contain intrinsic DNA-binding domains, it binds to the 
promoters of its target genes through interaction with TEAD family members 
(TEADs) [ 112 ]. Besides TEADs, YAP/TAZ also can interact with other transcription 
factors, such as SMAD1-3, RUNX1/2, p63/73, and ERBB4 [ 113 – 116 ]. These inter-
actions can mediate expression of diverse genes involved in proliferation, differen-
tiation, development and other biological processes. Since many of these transcription 
factors are known to affect osteoblast development (see elsewhere in this chapter), 
it is reasonable to assume that the Hippo signaling pathway can regulate osteoblast 
differentiation. 

 Another way in which HIPPO signaling can affect cell death and organ size is 
through interaction with RASSF (Ras-association domain family) protein family 
(which has 10 members, RASSF1–10), which induce cell-cycle arrest and apopto-
sis. RASSF 2 binds to and stabilizes STK3/MST2 via the SARAH (Sav/RASSF/
Hpo) domain, and knockout of RASSF2 causes bone remodeling defects. Since the 
RASSFs are KRAS-specifi c effectors, this interaction may help explain the 
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differential effects of geranylgeranylated KRAS vs farnesylated KRAS in promoting 
growth arrest or apoptosis [ 117 ]. Moreover, in vitro cell differentiation experiments 
show that RASSF2 promotes osteoblast differentiation and inhibits osteoclast 
differentiation. This effect might be mediated by nuclear factor (NF)-κB hyper- 
activation, as transduction of RASSF2 into RASSF2 −/−  osteoclast or osteoblast 
precursors inhibited NF-κB and normalized osteoclast and osteoblast differentiation 
[ 118 ,  119 ]. 

 The SoxC group, which includes Sox4, Sox11, and Sox12, also facilitates dif-
ferentiation of osteoblasts, T or B lymphocytes, and pancreatic β-cells. In mice with 
one copy of Sox4 inactivated (heterozygotes), osteoblast cell development and bone 
formation is impaired [ 120 ]. Sox4 and Sox11 are up-regulated in several cancer 
types, and may serve as prognosis indicators in some cancers. SoxC genes are 
upstream of the TEAD family, facilitating their association with YAP and TAZ co- 
activators to mediate cell survival and proliferation downstream of the Hippo sig-
naling pathway [ 121 ]. 

 Protein kinase A and Rho GTPases facilitate LATS1/2 kinase activity and YAP 
phosphorylation by cyclic adenosine monophosphate (cAMP), which is a second 
messenger downstream from Gα s -coupled receptors. YAP phosphorylation is 
strongly decreased when PKA expression is inhibited by shRNA, while overexpres-
sion of the catalytic subunit PKAα stimulates YAP phosphorylation. Further, YAP/
TAZ dephosphorylation is required for the PKA inhibitor to suppress differentia-
tion, whereas YAP/TAZ phosphorylation is crucial to inducing differentiation. 
Thus, YAP/TAZ activity is required for PKA signaling to regulate adipocyte dif-
ferentiation. Rho GTPases mediate the effect of PKA on Hippo-YAP regulation, 
implying that the Rho family helps mediate the effect of PKA on LATS1/2. PKA 
also inhibits osteoblast differentiation, so it suggests that the effects of YAP on 
osteogenesis and adipogenesis are mediated by the Gαs-cAMP-PKA-Rho signaling 
pathway [ 122 ,  123 ]. 

 Another protein that regulates YAP function is Angiomotin (AMOT). This pro-
tein inhibits the mobility of endothelial cells in angiogenesis and wound healing, 
and is required in embryogenesis to prevent differentiation of the inner cell mass 
(ICM). Depletion of AMOT and Amot-like 2 (AMOTl2) can promote ICM dif-
ferentiation and compromise embryonic development. Two PPxY motifs and sev-
eral other motifs mediate interaction between YAP and AMOTl [ 124 ]. Further, 
AMOT can regulate YAP localization, and, consequently, the expression of tran-
scription factor Cdx2, a key regulator of vitamin D receptor (VDR) expression. 
This function is independent of classical Hippo pathway signaling, as AMOT 
function can compensate for the absence of LATS1/2. In the absence of the Hippo 
pathway, high levels of AMOT are suffi cient to regulate YAP translocation to the 
nucleus [ 125 ]. 

 So, YAP localization and its impact on the expression of transcriptional targets 
such as Cdx2 is regulated not only through Hippo signaling but also through a 
Hippo pathway-independent mechanism [ 126 ]. Both types of regulation should be 
considered in evaluating the impact of YAP expression in tumor cell biology.  
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    Hippo/YAP Pathway in Osteosarcoma 

 Since the Hippo/YAP pathway plays a vital role in regulating organ size, it is not 
surprising to fi nd that this pathway is frequently “hijacked” during tumorigenesis. 
In recent years, numerous studies identifi ed Hippo pathway gene mutations involved 
in cancer development and metastasis [ 127 – 129 ]. 

 Neurofi bromin 2 (NF2, also known as Merlin) is a cytosolic protein typically 
found near the membrane in fi lipodia and ruffl ed membranes, which can help mediate 
activation of the Sav1/MST1/2 complex. As the apical upstream component of the 
Hippo pathway, NF2 often is involved in sarcoma pathogenesis. In a murine model 
of NF2 inactivation, heterozygous mice developed a variety of high grade, frequently 
metastatic cancers, including osteosarcoma or fi brosarcoma. Thus, NF2 might act 
as a tumor suppressor in osteosarcoma [ 130 ]. 

 Hypermethylation of MST1/2, one of the core parts of the Hippo pathway, is 
frequently detected in soft tissue sarcoma and MST1 hypermethylation is a prog-
nostic marker for soft tissue sarcoma patients. LATS1, another core protein in the 
Hippo pathway, is associated with organogenesis; LATS1 −/−  mice develop soft tis-
sue sarcomas and ovarian stromal cell tumors, especially after treatment with car-
cinogens. Those data indicate that LATS1/2 functions as a tumor suppressor 
[ 131 – 133 ]. MOBKlA/B and the TEAD family, the other two core components of 
the Hippo pathway, have been associated with several types of cancer, but the role 
of these proteins in osteosarcoma need further investigation. 

 Other Hippo pathway modulators such as the RASSF family members also are 
associated with sarcoma, among other cancers. Both RASSF1A and RASSF2 genes 
frequently are methylated in Ewing sarcoma (either tumors or cell lines); the overex-
pression of these two genes can reduce Ewing sarcoma cell colony formation ability. 
RASSF2 methylation correlates with poor overall survival, especially in younger 
patients (under 18y) [ 134 ]. Moreover, RASSF10 promoter hypermethylation also is 
involved in osteosarcoma (and other several cancer types); its expression level is 
elevated by cell contact and regulated by protein kinase A (PKA) and activator Protein 
1 (AP-1), linking the RASSF10 to the cAMP signaling pathway [ 135 ]. 

 YAP activity also is affected by Hippo-independent pathways that are altered in 
sarcoma. BMI-1, which is one of the polycomb group family proteins, suppresses 
cell contact inhibition and promotes the tumorigenicity of Ewing sarcoma through 
CDKN2A repression. Moreover, BMI-1 stabilized YAP expression and nuclear 
localization [ 136 ]. In osteosarcoma, overexpression of BMI1 promotes cell cycle 
and confers cisplatin resistance [ 137 ]. In various cancers, nuclear localization of 
YAP correlates with poor prognosis [ 92 ]. Hippo signaling regulates YAP expression 
and translocation into nucleus vs. sequestration in the cytosol. YAP overexpression 
promotes resistance to chemotherapy-induced apoptosis and to anoikis in cancer 
cells [ 138 ]. YAP/TAZ hyperactivity also promoted tumorigenic ability by increasing 
stem-cell-like properties [ 61 ]. Several key junctional proteins such as α-cadherin 
and E-cadherin can complex with and regulate YAP/TAZ activity to control cancer 
cell proliferation and metastasis [ 139 ,  140 ]. 
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 The Hippo/YAP pathway also plays an important role in cancer metastasis. 
Cancer cells must resist anoikis and survive transit through the circulation before 
they can recolonize in a secondary site. Hippo pathway deregulation is a potential 
promoter of metastasis, as YAP overexpression can both inhibit anoikis and pro-
mote epithelial–mesenchymal transition (EMT), which is an important process 
in carcinoma prior to cancer cell dissociation from the primary tumor [ 141 ,  142 ]. 
YAP/TAZ activity was signifi cantly elevated in high-grade metastatic breast cancer 
compared with low-grade non-metastatic ones; further, the expression of LATS1/2, 
which could inhibit YAP/TAZ activity, was lower in metastatic prostate cancers 
[ 143 ,  144 ]. 

 Multiple cancer-associated signaling networks engage in regulatory crosstalk 
with the Hippo pathway, often at the level of YAP/TAZ. Several pathways including 
WNT, transforming growth factor-β (TGF-β) -bone morphogenetic protein (BMP), 
Notch, insulin, and mTOR all have been reported to interact functionally with the 
Hippo pathway [ 145 ]. Mutations of these pathways frequently are associated with 
lung, colon, and other cancers [ 146 – 148 ]. For example, β-catenin activated by WNT 
signaling pathway in colorectal cancer can activate YAP to promote its nuclear 
accumulation [ 149 ]. The current data for the involvement of many of these pathways 
in osteosarcoma pathogenesis is discussed elsewhere in this chapter. 

 Since YAP is an important protein downstream of the Hippo pathway and at the 
convergence of several pathways, chemical and biological agents that affect YAP 
localization or expression may provide novel methods for cancer treatment [ 150 ]. 
The effi ciency of this therapeutic strategy functionally depends on the expression 
and activity of pathway components in different cancer types. As the core parts of 
the Hippo pathway, MST1/2, SAV1, and LATS1/2 will effect Hippo signaling 
directly, so they are potential targets to design Hippo-specifi c drugs [ 150 ]. Most 
Hippo pathway components are tumor suppressor genes, so the conventional 
approach of designing small-molecule kinase inhibitors might be unlikely to work 
for the Hippo pathway. By contrast, the YAP/TAZ-TEAD complex might be a more 
promising target. Interestingly, dobutamine, which is a β-adrenergic receptor ago-
nist, compromises YAP-dependent transcription by inhibiting its nuclear transloca-
tion. There are three major sites within TEAD to bind with YAP/TAZ [ 151 ]. 
However, further investigation on the interaction between TAZ and TEAD are still 
needed to design new inhibitors.  

    ERBB4 Signaling in Osteoblast Differentiation 

 As an important co-activator of YAP, the receptor tyrosine-protein kinase ERBB4 
also is highly associated with cell differentiation. ERBB4 regulates many key cellular 
responses in normal organogenesis and maintenance of mature tissues, such as 
control of cell division, migration, differentiation, and apoptosis [ 152 ,  153 ]. 
Characterizing the contribution of ERBB4 to osteoblast development is challenging, as 
the receptor has 4 juxtamembranous isoforms (JM-A, JM-B, JM-C, and JM-D), which 
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arise from alternative use of two in-frame exons, 15b and 16. While all four 
isoforms encode a functioning receptor tyrosine kinase, exon 16 encodes a recogni-
tion sequence for cleavage by ADAMS17 protease, which then renders the residual 
protein susceptible to γ-secretase cleavage. Thus, the JM-A and JM-D isoforms 
have the potential, after activation, of being cleaved to form a soluble intracellular 
fragment [ 115 ,  154 ] that can function as a transcription modifi er [ 155 ]. There also is 
alternative use of exon 26, a 48-base pair region that encodes an AKT binding site, 
generating the CYT1 isoform when exon 26 is included, and CYT2 when it is not 
[ 156 ]. Several proteins, including YAP, WWOX, p63, and p73, are capable of bind-
ing with the ERBB4 intracellular domain (4ICD) as molecular chaperones to facili-
tate 4ICD translocation to the nucleus, where it can affect the transcription of target 
genes [ 157 ]. Not all studies exploring the impact of ERBB expression in osteoblast 
development or osteosarcoma biology have appreciated this complexity. 

 The cleavable JM-A isoform is capable of suppressing cell differentiation, while the 
two soluble intracellular isoforms of ERBB4 (CYT-1 and CYT-2) exert opposite effects 
on epithelial differentiation [ 158 ,  159 ]. The ligand of ERBB4, neuregulin (NRG) can 
induce mesenchymal and neuronal cell differentiation. Heparin binding- epidermal 
growth factor (HB-EGF), which binds to both EGFR and ERBB4, contributes to dif-
ferentiation via ERBB4; downregulation of EGFR or ERBB4 during embryonic lung 
development prevented stretch-induced type II cell differentiation via ERK signaling 
[ 160 ]. The expression and activation of ERBB4 induces expression of the differen-
tiation marker, GAP-43, to promote neuronal differentiation [ 161 ]. The role of the 
ERBB family in bone biology has been reviewed recently [ 162 ]. While the full story 
is too complex to explain here, ERBB signaling generally serves to promote prolif-
eration of immature osteoblasts while blocking differentiation.  

    ERBB4 in Osteosarcoma 

 Abnormal expression and activity of ERBB pathway proteins can lead to tumorigen-
esis [ 115 ,  163 ], as it can activate and maintain several pivotal transcription factors to 
mediate cell proliferation, cell cycle, apoptosis, and metastasis [ 164 ]. Polymorphisms 
in the ERBB4 promoter region increase the risk for breast and colorectal cancers 
[ 165 ]. The protease-cleavable ERBB4 isoforms are also found to promote Estrogen 
Receptor (ER)-positive breast cancer growth and enhances ER-mediated gene tran-
scription [ 166 ]. Nuclear expression of ERBB4 confers a worse prognosis in esopha-
geal cancer [ 167 ]. 

 We have found that nuclear localization of 4ICD, as well as the cell surface 
expression of ErbB-2 (Her-2) and EGFR, contributes to osteosarcoma pathogenesis 
[ 168 ]. Osteosarcoma cell lines demonstrate constitutive phosphorylation of ERBB4, 
as well as EGFR and ERBB2 [ 169 ]. Further, ERBB4, especially the 4ICD fragment, 
is a protective factor when the cancer cells are exposed to multiple exogenous apop-
totic stimuli, including anoikis, nutrient defi ciency, and cytotoxic chemotherapy 
[ 170 ]. These effects are likely to lead to osteosarcoma metastasis and recurrence. 
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E-cadherin dependent ERBB4 activation can mediate anoikis resistance and increase 
resistance to chemotherapeutic agents in Ewing sarcoma [ 171 ]. In one small series, 
expression of ERBB4 was associated with worse outcome for adult patients with 
osteosarcoma [ 172 ]. 

 While it may be presumed that the interactions with YAP and other WW-containing 
signaling proteins provide the basis for the adverse impact of nuclear ERBB4 
expression on multiple cancers, including osteosarcoma, the precise mechanisms 
remain to be defi ned. It also remains to be seen is pan-ERBB kinase inhibitors will 
serve to block all of the pro-survival effects of ERBB4 expression in these cells.  

    Conclusions 

 Osteoblast development is a complex and tightly regulated process, involving mul-
tiple signaling pathways that regulate cellular proliferation, lineage commitment, 
differentiation and eventual terminal differentiation and growth arrest. Among the 
key pathways and molecules are Runx2, Wnt/β-catenin, BMP, Osterix, Twist, 
HIPPO/YAP, and the ERBB family, especially ERBB4. For each of these pathways 
and molecules, there are examples of osteosarcomas in which the process has 
become dysregulated, or “hijacked” by the malignant process. Since osteosarcomas 
are genetically diverse and lack a common molecular alteration that drives their 
behavior, it is unlikely that any of these alterations would be found in all osteosar-
comas. Rather, by understanding normal osteoblast development, we may fi nd 
frequent alterations that explain the diversity of tumor behaviors and patient out-
comes seen. Further, once it is clear which of these pathways are most essential for 
malignant transformation or the persistence of malignant cells, these pathways and 
molecules may provide a new set of therapeutic targets for a disease that desperately 
needs novel therapies.     
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    Abstract     The etiology of osteosarcoma (OS) remains enigmatic. Particular clini-
cal and molecular patterns, observed with high frequency in OS, suggest that it 
results from some yet-to-be-discovered central driver. How else can biology gen-
erate such an aggressive, metastatic, genetically and chromosomally unstable 
malignancy with virtually no apparent precursor neoplasms that are partway along 
a disease path toward OS? With this conundrum as a backdrop, the discovery of 
every new native molecule with power to impact a cell’s biology is usually quickly 
followed by a search to see if this type of molecule contains the key to unlock OS 
biology.  

  Keywords     MircoRNA   •   miRNA   •   Prognosis   •   Apoptosis   •   Chemoresponsiveness  

     This pattern was followed closely as the appreciation of microRNAs (miRs) dawned 
on the biology of cancer and development over the last decade. MiRs are short non-
coding RNAs, typically 20–22 nucleotides in length, with profound impact on the 
posttranscriptional control of gene expression [ 1 ]. Typically, miRs bind to the 3′ 
untranslated regions of target genes, limiting the level of translation. MiRs destabi-
lize some gene transcripts, limiting the duration for which the messenger RNAs are 
available for translation. Other transcripts are not degraded any faster because of the 
bound miR, but are blocked from the ribosomal translational machinery. A single 
miR can impact a variety of genes. Families of miRs, sometimes grouped by sequence 
similarities and sometimes by co-expression from a single genomic locus, have 
proven to be master regulators of broad transcriptional profi les in development and 
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disease. The modulating role of miRs in oncogenesis has been demonstrated in 
numerous cancers. In a few malignancies, dominant, cancer-initiating roles have been 
elucidated for specifi c miRs. In most cancers, they have been found to play a role. 

 Many investigators have sought a potential role for miRs in OS. Most have given 
up the initially tantalizing thought that a miR or miR family might be the driving 
force behind OS. However, even without some core discovery explaining OS 
biology, patterns of miR expression in OS and individual miRs function in OS cell 
lines has led to an understanding that miRs comprise an important part of the molec-
ular landscape of OS. 

 A role for miRs in the management of OS has been sought by the profi ling of 
snap frozen specimens, paraffi n embedded specimens [ 2 ], and even patient serum 
samples [ 3 – 5 ]. Most of these have sought prognostic markers of survival, metastasis, 
or chemotherapeutic response. A variety of methods have been utilized to profi le 
miRs, including locked nucleic acid (LNA) microarray, beads array, and TaqMan 
quantitative real-time PCR low density array (TLDA). Each array type has demon-
strated high intra-platform reliability, but poor inter-platform reliability [ 6 ]. The wide 
variations in miR collection and profi ling likely contribute to the diffi culty of pars-
ing the different profi les reported, but some themes are discernible. 

 Additional work has attempted to characterize the expression levels of individual 
miRs, for prognostication, deciphering of biological pathways, identifi cation of 
therapeutic targets, or identifi cation of potentially therapeutic miRs. 

    Profi les and Patterns of MicroRNAs in Osteosarcoma 

 In an early miR profi ling paper, the miR-181 family (miR-181a, b, c) were overex-
pressed in OS tumor samples and higher expression of miR-181c was associated 
with development of metastasis. Multiple members of the miR-16 family were 
decreased in OS tumor samples, and lower levels of one family member associated 
with chemoresistance [ 7 ]. These two groups of oncogenic and tumor suppressive 
miRs have been identifi ed by other groups as well [ 8 ]. For example, the well-known 
MG-63 OS cell line was found to overexpress miR-181a [ 9 ]. Others have also shown 
miR-181 overexpression [ 10 ]. MG-63 cells also overexpress miR-195, a miR-16 
family (generally tumor suppressing) member. 

 A possibly explanation for the prominent role of miR-16 family members in vari-
ous profi les is their participation in osteoblast differentiation [ 11 ]. Other osteoblast 
differentiation associated miRs, such as miR-29a/miR-29b, the let-7 family, and the 
miR-34 family also fi gure prominently in a variety of reported profi les of usually 
downregulated miRs [ 11 – 18 ]. Levels of the master osteoblast regulator, RUNX2, 
are related directly with miR-34 [ 17 ]. 

 Another generally oncogenic miR group identifi ed in OS cells is the miR-17-92 
cluster. The miR-17-92 cluster and its two paralogous clusters miR-106a-92 and 
miR-106b-25, all associated with stemness and poor outcome in a variety of cancers, 
were found to be upregulated in multiple OS cell lines [ 19 ,  20 ]. 
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 MiR-126/126*, a well-established tumor suppressing miR in colon cancer and 
other carcinomas, was also found to be downregulated in osteosarcoma by a few 
different investigative teams [ 12 ,  20 ,  21 ]. This may be due to its recently established 
role antagonizing the SDF-1α cytokine, which recruits infl ammatory monocytes 
and mesenchymal stem cells to tumors, prompting metastasis [ 22 ], or to its suppres-
sion of Sirt1 [ 21 ]. 

 The remainder of the data available for miRs in OS either focuses on individual 
miRs or profi ling that has not been reproduced in multiple series.  

    Pronostic MicroRNAs in Osteosarcoma 

    General Aggressiveness 

 Some miRs have been identifi ed as individually prognostic of survival in OS. Others 
have been shown in cell lines to increase invasiveness or aggressiveness. For example, 
silencing of the 14q32 locus has an important role in OS progression. A group of 
miRs expressed from this locus, including miR-382, miR-134, and miR-544, have 
prognostic value in OS [ 2 ,  3 ]. In contrast, decreased levels of miR-206 [ 23 ] and 
miR-145 [ 24 ] are associated with more advanced clinical stages of OS and histo-
logic de-differentiation. Other miRs have been shown to be dysregulated in OS, but 
when manipulated in OS cell lines have impacted their aggressiveness. These would 
include miR-16, as noted above, but also miR-210 [ 25 ] and miR-21 [ 26 ], which are 
expressed more in OS cells than osteoblasts and modulate tumor aggressiveness in 
cell lines. Invasiveness due to pathologic angiogenesis is related to a loss of miR-132 
expression [ 27 ].  

    Metastasis 

 A number of individual miRs have been associated with metastasis by different study 
groups in OS patient cohorts. These include miR-27a and miR-181c [ 12 ], miR-206 
[ 23 ], miR-145 [ 24 ], and miR-93 [ 28 ]. The modulation of expression of other miRs 
has been demonstrated to impact metastatic phenotypes of cell lines. This second, 
partly overlapping group includes miR-27a [ 12 ], miR-340 [ 29 ], miR- 183 [ 30 ,  31 ], 
miR-424 [ 32 ], miR-195 [ 33 ], and miR-20a [ 34 ]. Specifi c gene transcript targets of 
some of these have also been validated. MiRs-424, -195, and -20a all target fatty acid 
synthase (FASN), which has previously established function in OS metastasis. 
The last of these, miR-20a, is part of the miR-17-92 cluster that fi gures prominently 
in more than one general profi le of OS miRs. MiR-340 targets Rho-associated pro-
tein kinase 1 (ROCK1), awareness of which as a general driver of metastasis in can-
cer is growing rapidly [ 29 ]. MiR-183 targets ezrin, a gene central to the metastatic 
program for OS [ 30 ,  31 ].  
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    Chemoresistance 

 In addition to miR-15b, as noted above, dysregulation of other miRs in OS tumor 
samples have correlated with resistance to chemotherapy. Chemoresistance was 
noted in OS cells that had increased levels of miR-21 [ 4 ]. Decreased responsiveness 
to the specifi c chemotherapeutic agent cisplatin was found in OS cells that had 
increased expression of miR-221 [ 35 ]. Five miRs were identifi ed as being prognostic 
for ifosfamide response, miR-92a, miR-99b, miR-132, miR-193a-5p and miR- 422a, 
impacting the TGF-β, Wnt, and MAP kinase signaling pathways [ 36 ]. Resistance to 
both methotrexate and raltitrexed (Tomudex ® ) was found to correlate with increased 
levels of miR-215 [ 37 ]. Overexpression of miR-140 in OS cells caused resistance to 
methotrexate and 5-fl uorouracil [ 38 ].   

    Pathways of Infl uence for MicroRNAs 

 Although the appreciation of miRs has elevated to our awareness the critical impact of 
noncoding RNA molecules, we still interpret most of the biological infl uence of miRs 
through the language of the genes whose translation they ultimately impact. Naturally, 
most investigators have looked for target genes in the major developmental and onco-
genic pathways. As most of these pathways have been implicated one at a time and by 
single miRs, it is diffi cult to summarize these data without apparent lists. 

    Proliferation 

 The group of miRs expressed from the 14q32 locus, typically lost in OS, impact a 
number of important pathways in proliferation, including Notch, RAS/p21, MAPK, 
Wnt, and the Jun/FOS [ 39 ]. Other miRs also impact Notch signaling, including 
miR34c, a tumor suppressor miR downregulated in OS [ 7 ]. In contradistinction, 
Notch signaling activity is increased by miR-199b-5p, which is often overexpressed 
in OS and has proven to be a potential therapeutic target. Transfection with a 
miR-199b- 5p inhibitor decreased Notch signaling and proliferation. A downstream 
effect was a reduction in HES1 expression, which diminished cell invasiveness [ 40 ]. 
Other members of the miR-199 family, such as miR-199a-3p, reduce cell proliferation 
by affecting the G1/S cell cycle checkpoint of the cell cycle [ 41 ]. 

 Signal transducer and activator of transcription 3 (STAT3), another central 
driver of proliferation, is a downstream target of miR-125b, which is often 
decreased in OS [ 42 ]. Transforming growth factor alpha (TGF-α), a ligand for the 
epidermal growth factor receptor, is often overexpressed in OS, functioning in 
autocrine fashion. MiR- 376c decreases levels of TGF-α and is noted to be down-
regulated itself in OS [ 43 ]. 
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 Insulin-like growth factor 1 receptor (IGF-R1) is involved in the proliferation of 
many cancers. In osteosarcoma, it is a target of miR-16, which represses cell prolif-
eration. When miR-16 is underexpressed, then cell proliferation increases via IGF-R1 
and the Raf1-MEK1/2-ERK1/2 pathway [ 8 ]. MiR-15a and miR-16-1 also impact pro-
liferation partly by targeting cyclin D1 [ 44 ]. 

 Another regulator of increased OS cell proliferation is lysophosphatidic acid 
acyltransferase β (LPAATβ), a target of miR24. In many OS cell lines, miR-24 is 
downregulated, leading to increased LPAATβ activity and OS cell proliferation [ 45 ]. 

 MiR-34a levels are low in OS cells leading to upregulation of ether à go-go 1 
(Eag1) pathway activity and dependent proliferation [ 15 ].  

    Apoptosis 

 MiR-133a is downregulated in OS, resulting in increased cell proliferation. When levels 
of miR-133a are reestablished, it functions as a tumor suppressor via inhibition of 
Bcl-xL and Mcl-1 expression [ 46 ]. Similarly, pro-differentiation, tumor- suppressing 
miR-29a silenced Bcl-2 and Mcl-1 and is typically downregulated in OS [ 14 ]. Bcl-2 
alone is targeted by miR-143, which is low in OS specimens [ 47 ]. 

 Transcript levels of the regulatory gene, c-MYC, can be affected by a group of 
miRs at the chromosome 14q32 locus, including miR-382, miR-369-3p, miR 544, 
and miR-134, downregulated in OS cells. Reinstating functional levels of these 
miRs causes decreased c-MYC activity, triggering induction of apoptosis [ 48 ]. 

 In contrast, suppression of the oncogenic miR-181a leads to increased apoptosis 
in OS [ 10 ]. Heat shock protein 90 (Hsp90) is a target of miR-223, which produces 
increased apoptosis in OS cells as well as G0/G1 arrest when the miR is antago-
nized [ 49 ].  

    DNA Damage Repair 

 DNA repair is aided by a phosphorylated histone H2AX. MicroRNA-138 inhibits 
formation of this important histone complex, thereby improving the responsiveness 
to both radiation therapy and chemotherapy [ 50 ].  

    Invasion 

 Matrix metalloproteinases (MMPs), integral in cell migration contribute to the 
metastatic phenotype. OS cells with decreased levels of miR-143 demonstrate 
resultant upregulation of its target MMP-13 and therefore metastasis [ 51 ].  
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    Angiogenesis 

 Angiogenesis in previously dormant osteosarcoma cells was associated with 
decreased expression of miR-190 [ 52 ]. Vascular endothelial growth factor is down-
regulated when miR-145 is over-expressed, therefore also limiting invasion of OS 
cells [ 53 ].   

    Driving MicroRNA Dysregulation 

 While so much research has focused on how miRs manage the expression levels of 
a variety of coding genes, much less is known about what factors directly infl uence 
the expression levels of miRs. A few associations have been identifi ed. 

 For example, miR34a, a member of the illustrious miR 34 family, with its varied 
and sundry effects in OS, is a target of the key tumor suppressor gene p53 [ 13 ,  16 ]. 
p53 also targets miR-211, indirectly. Noncoding RNA loc 285194, a p53 regulated 
tumor suppressor, leads to decreased levels of miR211 as well as decreased prolif-
eration [ 54 ]. 

 Changes in the expression of 13 different miRs were identifi ed by microarray and 
qRT-PCR when cells were transfected with apurinic/apyrimidinic endonuclease1 
(APE1). This enzyme functions in both cellular DNA repair and redox regulation. 
Downstream pathways that were affected include p53 signaling, Wnt, TGF- β, and 
MAPK. Therefore, multiple cellular processes including differentiation and signaling 
can be regulated by APE1 through alteration of gene expression by miRs [ 55 ]. 

 Some therapeutic chemicals applied to OS also have been shown to impact 
miR expression profi les. Exposure of OS cells to epirubicin increased levels of 
miR- 302b, which inhibits OS cell proliferation via promotion of apoptosis [ 56 ]. 

 Diallyl trisulfi de (DATS) decreases angiogenesis, cell survival, and invasion of 
OS cells. Mechanistically, it causes a drop in the expression of Notch-1 signaling 
pathway and its downstream genes, such as matrix metalloproteinases (MMPs) 
and vascular endothelial growth factor (VEGF). However, expression of a group of 
miRs, normally decreased in OS, is increased. This group of miRs acts as tumor sup-
pressors and include miR-34a, miR-143, miR-145, and miR200b/c [ 18 ].  

    Future Directions 

 Doubtless, we have only begun to understand the breadth and depth of impact miRs 
have on osteosarcomagenesis, progression, metastasis, and chemoresistance. 
As technology and our understanding of miRs continue to improve, additional uti-
lization of miRs in diagnostic, prognostic, and hopefully therapeutic purposes will 
be made.     
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    Abstract     The RECQ family of DNA helicases is a conserved group of enzymes 
that are important for maintaining genomic integrity. In humans, there are fi ve 
RECQ helicase genes, and mutations in three of them— BLM ,  WRN , and  RECQL4 —
are associated with the genetic disorders Bloom syndrome, Werner syndrome, and 
Rothmund–Thomson syndrome (RTS), respectively. Importantly all three diseases 
are cancer predisposition syndromes. Patients with RTS are highly and uniquely 
susceptible to developing osteosarcoma; thus, RTS provides a good model to study 
the pathogenesis of osteosarcoma. The “tumor suppressor” role of RECQL4 and the 
other RECQ helicases is an area of active investigation. This chapter reviews what 
is currently known about the cellular functions of RECQL4 and how these may 
relate to tumorigenesis, as well as ongoing efforts to understand RECQL4’s func-
tions in vivo using animal models. Understanding the RECQ pathways may provide 
insight into avenues for novel cancer therapies in the future.  

  Keywords     RECQ   •   RECQL4   •   DNA helicase   •   Rothmund–Thomson syndrome   
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        Introduction 

    The role of the RECQ helicases in cancer and specifi cally the role of RECQL4 in 
osteosarcoma (OS) are active areas of investigation. While it is known that consti-
tutional mutations in the  RECQ  genes predispose patients to developing cancer, the 
exact mechanisms of tumorigenesis remain to be discovered. As basic science 
research continues to reveal the normal cellular functions of the RECQ helicases, 
application of this knowledge to OS pathogenesis will provide avenues for future 
investigation into targeted therapies for this disease. This chapter focuses on what is 
currently known about the  RECQL4  DNA helicase gene, which is mutated in the OS 
predisposition disorder Rothmund–Thomson syndrome (RTS).  

    RECQ Family of DNA Helicases and Cancer Predisposition 

 The RECQ DNA helicases are a family of proteins that are important in maintaining 
genomic integrity. DNA helicases are ubiquitous molecular motor proteins which 
harness the chemical-free energy of ATP hydrolysis to catalyze the unwinding of 
duplex DNA, and as such play important roles in nearly all aspects of nucleic acid 
metabolism, including replication, repair, recombination, and transcription [ 83 ]. 
The RECQ helicases belong to the SF2 superfamily of DNA helicases that unwind 
DNA in a 3′ → 5′ direction in an ATP- and Mg 2+ -dependent fashion [ 3 ,  5 ]. As such, 
they contain a conserved region that includes the seven characteristic helicase 
motifs (I, Ia, II, III, IV, V, and VI) that defi ne this family of helicases and that are 
important for coupling ATP hydrolysis to the separation of DNA strands. The fi rst 
RECQ helicase was discovered in  Escherichia coli  ( E. coli ) in a screen for resis-
tance to thymineless death [ 57 ]. Subsequently, RECQ proteins have been identifi ed 
in multiple species. These evolutionarily conserved proteins are defi ned by their 
common central helicase motif, a highly conserved region of approximately 400 
amino acids (Fig.  1 ) [ 5 ,  38 ]. The number of RECQ helicases increases from lower 
to higher organisms. Bacteria such as  E. coli  have one (RecQ), as do yeast ( Sgs1  in 
 Saccharomyces cerevisiae  and  Rqh1  in  Schizosaccharomyces pombe ), while 
 Caenorhabditis elegans  has two and  Arabidopsis thaliana  has seven [ 40 ].

   In humans, there are fi ve RECQ helicases (Fig.  1 ). Three of them, WRN, BLM, 
and RECQL4, are associated with human diseases [ 54 ]. Mutations in the  WRN  gene 
[ 99 ] cause Werner syndrome [ 51 ], and mutations in the  BLM  gene [ 21 ] are respon-
sible for Bloom syndrome [ 24 ]. Mutations in  RECQL4  are associated with three 
overlapping disorders: RTS, RAPADILINO syndrome, and Baller–Gerold syn-
drome (BGS) [ 39 ,  71 ,  85 ].  RECQL1  and  RECQL5  have not thus far been associated 
with any human diseases. 

 All of the human RECQ disorders are cancer predisposition syndromes, but their 
cancer profi les are different (Table  1 ). Patients with Werner syndrome display fea-
tures of premature aging, such as diabetes, coronary artery disease, cataracts, and osteo-
porosis. They are susceptible primarily to thyroid cancer, melanoma, meningioma, 
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  Fig. 1    Structural features of RecQ helicases. The RecQ proteins have several structural domains 
that are conserved from bacteria through humans. All RecQ proteins have a core helicase domain. 
Most RecQ proteins also contain conserved helicase and RNase D C-terminal (HRDC) and RecQ 
C-terminal (RQC) domains that are thought to mediate interactions with nucleic acid and other pro-
teins, respectively. Many RecQ proteins have acidic regions that enable protein–protein interactions, 
and some of the RecQ proteins have nuclear localization sequences. WRN and FFA-1 protein are 
unique in that they also contain an exonuclease domain. Sgs1 and Blm are the fi rst characterized 
members of this family of proteins containing a functional strand exchange domain in their 
N-terminus. The number of amino acids in each protein is indicated on the right. (Reprinted with 
permission from Bernstein KA, Gangloff S, Rothstein R. The RecQ DNA helicases in DNA repair. 
Annu Rev Genet 2010; 44:393–417)       

   Table 1    Human RECQ helicase syndromes   

 Disease  Main clinical features  Cancer predisposition  Gene location 

 Bloom syndrome  Small stature, photosensitive 
rash, immunodefi ciency 

 Multiple tumor types, 
including leukemia, 
lymphoma, solid tumors 

  BLM  15q26.1 

 Werner syndrome  Premature aging, cataracts, 
diabetes, atherosclerosis 

 Soft tissue sarcomas, skin 
(melanoma), thyroid 
cancer, osteosarcoma 

  WRN  8p11 

 Rothmund–Thomson 
syndrome 

 Poikiloderma, radial ray and 
other skeletal defects, 
alopecia 

  Osteosarcoma , skin cancer 
(squamous and basal 
cell carcinomas) 

  RECQL4  
8q24.3 

 RAPADILINO 
syndrome 

 Small stature, radial ray and 
limb deformities, palatal 
defects, absent patella 

 Lymphoma and 
osteosarcoma 

  RECQL4  
8q24.3 

 Baller–Gerold 
syndrome 

 Craniosynostosis, radial ray 
defects, poikiloderma 

 Possibly lymphoma   RECQL4  
8q24.3 
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soft tissue sarcomas, and OS. In a study of the spectrum of cancers in Werner 
syndrome patients, OS was found to comprise 7.7 % of all neoplasms [ 43 ]. In contrast, 
patients with Bloom syndrome are susceptible to all types of cancers seen in the 
general population but at a much higher frequency and at an earlier age. These 
include leukemias and lymphomas, epithelial cancers of the colon, breast, head and 
neck, cervix, as well as OS, which accounted for 2 % of the fi rst 100 cases of cancers 
reported in the Bloom Registry [ 25 ]. Among the  RECQL4 -associated disorders, 
patients with RTS have a very high and  specifi c  risk for OS, in addition to non-
melanoma skin cancers (squamous and basal cell carcinomas). In one clinical cohort 
study of 41 RTS patients, 30 % had a diagnosis OS [ 90 ]. Patients with RAPADILINO 
syndrome and  RECQL4  mutations are also at risk for cancer, most commonly 
lymphomas as well as OS [ 72 ]. These patients share many of the same phenotypes 
as RTS patients, including small stature, limb deformities, radial ray defects, and 
absent patellae. Interestingly, these patients do not display poikiloderma, which is a 
defi ning feature of RTS. BGS is the least well- characterized of the  RECQL4  disor-
ders. These patients are characterized by craniosynostosis and radial ray defects, as 
well as poikiloderma in some patients. So far only a few cases have been described 
to have  RECQL4  mutations, and cancer has only been described in one patient who 
developed a midline NK cell lymphoma [ 17 ]. Overall there have been over 60 
 RECQL4  mutations identifi ed among these three disorders [ 84 ]. Exact genotype–
phenotype correlations with respect to specifi c mutations and resultant phenotypes, 
including cancer, remain to be elucidated.

   As a group, the RECQ helicase are felt to be “caretakers” of the genome and as such 
do not necessarily directly regulate tumorigenesis, but prevent genomic instability 
that results in accumulation of structural changes in oncogenes or tumor suppressors 
that could then lead to cancer [ 11 ]. This protection of genome stability is achieved 
through their various roles in DNA replication, repair, and telomere maintenance. 
It is also possible that the RECQ helicases could play a more direct role in affecting 
tumorigenesis. For example, it has been shown that the MYC oncoprotein directly 
stimulates transcription of  WRN , which may promote MYC-driven tumorigenesis 
through prevention of cellular senescence normally mediated by the WRN protein 
[ 28 ]. While the exact molecular mechanisms of tumor suppression have yet to be 
worked out fully, it is clear that defi ciency of the WRN, BLM, and RECQL4 
proteins in humans predisposes to the development of cancer.  

    Functions of the RECQL4 DNA Helicase 

 RECQL4 is unusual among the other human RECQ helicases because it lacks 
several of the common conserved domains, such as the RecQ C-terminal (RQC) 
domain which is thought to be important for mediating protein–protein interactions, 
as well as the Helicase-and-RNase D C-terminal (HRDC) domain which is felt to be 
important for interactions with nucleic acids (Fig.  1 ) [ 5 ,  55 ]. However, unlike the 
other RECQ members, RECQL4 has an N-terminal domain (amino acids 1–200) 
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with homology to the yeast replication initiation protein Sld2 in  S. cerevisiae  and 
DRC1 in  S. pombe  [ 11 ,  52 ,  67 ], which are important for establishing replication 
forks during the process of DNA replication. The N-terminus also contains several 
localization regions, including two nuclear localization domains [ 6 ], a region of 
acetylation by p300 which regulates nuclear to cytoplasmic localization [ 18 ], and a 
predicted mitochondrial localization signal in amino acids 1–84 [ 16 ]. For several 
years, researchers were unable to demonstrate actual DNA unwinding activity by 
RECQL4 using a variety of DNA substrates [ 48 ,  98 ]. Finally after many attempts, 
in 2009, helicase activity was demonstrated for RECQL4 by several groups [ 9 ,  64 , 
 77 ,  95 ], which was likely masked in previous assays by the strong annealing activity 
of the enzyme. In vitro biochemical data suggest that RECQL4 possesses another 
N-terminal region contributing to DNA unwinding besides the well-known con-
served helicase domain [ 95 ], although known helicase motifs and nucleotide bind-
ing sites are not found to be present in that region. The in vivo function of this extra 
helicase domain is not clear. Furthermore, the fi rst 54 amino acids of N-terminus of 
human RECQL4 forms a homeodomain which has DNA-binding activity without 
any specifi c DNA-binding sequences [ 61 ]. 

 The role of RECQL4 in DNA replication has been extensively studied, and it 
appears that while RECQL4 may participate in many cellular functions, its primary 
role is in the initiation of DNA replication [ 33 ,  52 ,  67 ,  81 ,  93 ,  96 ,  97 ]. The N-terminal 
domain of RECQL4 shares homology to the yeast replication factor Sld2 that, after 
phosphorylation by cyclin-dependent kinases, binds Dpb11, a key mediator of the 
formation of the active replicative helicase complex on replication origins and a 
crucial factor in the initiation of DNA replication [ 36 ,  78 ,  87 ]. In Xenopus, it has 
been shown that xRECQL4 belongs to the replication initiation complex and helps 
to promote loading of replication factors at the origins, after pre-replication com-
plex formation [ 67 ]. The N-terminal amino acid region 1–596 has been demon-
strated to interact directly with xCut5 (frog ortholog of Dpb11), which is responsible 
for recruiting DNA polymerases to the sites of replication [ 52 ]. RECQL4 has been 
shown by mass spectrometry in human cells to interact with multiple DNA replica-
tion factors, such as MCM10, MCM2-7, CDC45, GINS, and SLD5 which are essen-
tial for initiation of DNA replication [ 33 ,  96 ] as well as TopBP1, the vertebrate 
ortholog of Dpb11 [ 61 ]. The function of the C-terminus of RECQL4 in replication is 
not as well understood, but studies by Kohzaki et al. demonstrated that the helicase 
domain and C-terminus region, while not critical for unperturbed replication, are 
important in the replication elongation process in cells exposed to ionizing radiation, 
perhaps by allowing replication forks to negotiate the radiation- damaged DNA 
templates [ 41 ]. 

 RECQL4 has also been implicated to function in various aspects of DNA repair, 
including DSB repair [ 42 ,  63 ,  73 ], nucleotide excision repair (NER) [ 13 ,  22 ], and 
base excision repair (BER) [ 68 ]. Many of these studies have shown that RECQL4 
localizes to sites of DNA damage or that it colocalizes or interacts directly with 
proteins well known to be involved in the various forms of DNA damage. For example, 
RECQL4 has been shown to interact physically by co-immunoprecipitation with 
RAD51, a key protein involved in the homologous recombination pathway of DSB 
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repair, and to associate with RAD51 by immunofl uorescence in DNA damage foci 
[ 42 ,  63 ,  73 ]. RECQL4 has also been shown to colocalize with XPA, a key protein 
involved in NER, and to interact with this protein directly by GST-pulldown assay 
[ 22 ]. The NER pathway is a major mediator of repair of UV damage. RECQL4 was 
also found to colocalize and functionally interact with key proteins involved in 
BER, including APE1, FEN1, and DNA polymerase β, after treatment with H 2 O 2  [ 68 ]. 
The BER pathway is the main mechanism for repair of oxidative DNA lesions. 
Werner et al. showed that after H 2 O 2  treatment RECQL4 translocates from the 
cytoplasm to the nucleus and forms nuclear foci in normal human fi broblasts. 
After recovery from oxidant damage, viable RTS patient fi broblasts underwent 
irreversible growth arrest and had signifi cantly decreased DNA synthesis [ 91 ]. Woo 
et al. also showed that in response to oxidative stress, RECQL4 had altered cellular 
localization to the nucleolus, and using a T7 phage display screen showed that 
RECQL4 C-terminus interacts with the single-strand break repair protein, poly(ADP-
ribose) polymerase-1 (PARP-1) [ 92 ]. PARP-1 is activated in response to a wide vari-
ety of DNA damaging agents and modulates the cellular sensitivity to γ-irradiation 
[ 47 ]. RECQL4 has also been shown to interact with BLM helicase, which like 
RECQL4 probably has many functions in the cell, the most important of which is its 
role in homologous recombination. This interaction was strengthened in S-phase and 
after ionizing radiation treatment in human cells, indicating that RECQL4 coordinates 
with BLM to function in DNA replication and DNA damage repair [ 74 ]. 

 The responses to different genotoxic agents in  RECQL4  mutant cells have been 
investigated by several groups; these have included UV and ionizing radiation, 
hydrogen peroxide, topoisomerases inhibitors, and chemotherapy agents such as 
doxorubicin and cisplatin [ 7 ,  13 ,  22 ,  35 ,  41 ,  73 ,  91 ]. However, the results have been 
somewhat inconsistent between studies, likely refl ecting the use of different primary 
cells or cell lines (transformed cells vs. untransformed cells, RTS patient cells vs. 
 RECQL4  knockdown cells), different assays to determine sensitivity, and different 
 RECQL4  mutations present in the cells. For example, some studies have demon-
strated increased sensitivity to UV radiation [ 62 ,  70 ,  75 ], while others have not 
[ 35 ,  41 ]. Taken together, the above studies suggest that RECQL4 is involved in 
DNA repair and that mutations in  RECQL4  can lead to defects in DNA damage 
repair, which can then result in accumulation of genome instability and increased 
cancer susceptibility. 

 In addition to its function in DNA replication and DNA damage repair, RECQL4 
has also been shown to play a role in telomere maintenance [ 26 ]. RTS patient cells 
and human cells with  RECQL4  knockdown have been shown to exhibit increased 
fragile telomeric ends. In addition, human RECQL4 localizes to telomeres and 
interacts with shelterin protein telomeric repeat-binding factor 2 (TRF2) which 
maintains telomere integrity [ 26 ]. RECQL4 also interacts with the WRN protein 
and stimulates WRN’s activity on telomeric D-loops. Similar to WRN and BLM, 
RECQL4 also appears to be able resolve these D-loops, which is necessary for 
replication to take place at the telomeres, and this resolving activity is stimulated by 
TRF1 and TRF2 as well as the shelterin protein POT1 [ 26 ]. Also similar to WRN 
and BLM, RECQL4 seems to be more active on telomeric D-loops that contain 
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8-oxoguanine base lesions, indicative of oxidative damage. Unlike WRN, however, 
RECQL4 also has a clear preference for unwinding D-loops that contain thymine 
glycol (Tg) lesions, which are the most common oxidation product of the thymine 
base, and this activity is stimulated by TRF2 [ 23 ]. Thus, mutations in  RECQL4  
could result in dysfunctional telomeres, which are well known to play a role in both 
tumor suppression and tumor progression, depending on the cellular milieu, particu-
larly with respect to the checkpoint status of the cells [ 94 ]. 

 In addition to these nuclear functions, RECQL4 has also been shown to localize 
in the cytosol [ 18 ,  98 ] and more recently in the mitochondria [ 10 ,  14 ,  16 ]. Yin et al. 
showed that RECQL4 interacts with cytosolic ubiquitin ligases UBR1 and UBR2 
which function in the N-end rule pathway by ubiquitination and degradation of 
proteins [ 98 ]. Dietschy et al. demonstrated that RECQL4 can be acetylated by 
histone acetyltransferase p300 resulting in the cytosolic translocation of RECQL4 
from the nucleus [ 18 ], providing a mechanism to modulate RECQL4 nuclear activities. 
In the mitochondria, RECQL4 has recently been shown to be important for mainte-
nance of mitochondrial DNA (mtDNA) integrity [ 14 ] and in mtDNA oxidative dam-
age repair [ 10 ]. Furthermore, De et al. demonstrated that RECQL4 interacts with 
and directs p53 localization in the mitochondria of human cells under unstressed 
conditions, and that DNA damage and  RECQL4  mutations lead to p53 nuclear 
stabilization and activation [ 16 ]. This provides a novel regulation of p53 activity by 
RECQL4. Interestingly, RECQL4 was also previously shown to be transcriptionally 
repressed by p53 [ 69 ]. The interaction between RECQL4 and p53 is particular inter-
esting and warrants further investigation since constitutional mutations in either 
gene gives rise to cancer predisposition syndromes. 

 There have been a few studies analyzing the biochemical functional consequences 
resulting from specifi c mutations in  RECQL4  [ 15 ,  34 ]. For example, Croteau et al. 
demonstrated that mutant RECQL4 protein lacking exon 7 and caused by the 
c.1390 + 2delT splice-site mutation frequently found in RAPADILINO patients was 
defi cient in DNA helicase activity when expressed in  E. coli  [ 15 ]. Furthermore, 
using similar biochemical assays, RECQL4 missense mutations in the DNA helicase 
domain were demonstrated to dramatically weaken the function of RECQL4 on 
DNA unwinding and ATP hydrolysis [ 34 ]. These fi ndings are invaluable in dissect-
ing the function of RECQL4 in multiple aspects of DNA metabolism and provide 
the basis for ongoing genotype–phenotype analyses.  

    Rothmund–Thomson Syndrome: Nature’s Model 
of Osteosarcoma 

 RTS was fi rst described in 1868 by Dr. Auguste Rothmund, who was a German 
ophthalmologist. He described poikiloderma, the classic skin fi nding in RTS, along 
with rapidly developing bilateral juvenile cataracts in several families in an isolated 
region in the Bavarian Alps [ 65 ]. In 1921, Dr. Sydney Thomson, a British derma-
tologist, described a similar rash in two sisters, but instead of juvenile cataracts, 
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they had bone abnormalities (radial ray defects) [ 82 ]. Later, Dr. William Taylor in 
the USA proposed that the two disorders described by Rothmund and Thomson 
were the same, and he proposed the eponym Rothmund–Thomson syndrome [ 80 ]. 
Mutations in the  RECQL4  gene in RTS was not discovered until 1999 [ 38 ,  39 ], 131 
years after the original description by Rothmund. It is now known that approxi-
mately two-thirds of patients with RTS have mutations in the  RECQL4  gene (desig-
nated Type 2 RTS). The gene defect(s) in the other one-third (Type 1 RTS) has not 
yet been identifi ed. Studies have shown that the presence of deleterious mutations 
in  RECQL4  correlates signifi cantly with risk of developing OS (Fig.  2 ) [ 89 ]. None 
of the patients with Type 1 RTS have developed OS thus far, while every RTS patient 
with OS has  RECQL4  mutations. These deleterious mutations included nonsense, 
frameshift, splice site, and intronic deletions. Unlike other hereditary cancer syn-
dromes known to predispose patients to OS, such as Li-Fraumeni syndrome and 
hereditary retinoblastoma, where the causative genes, p53 and RB, respectively, are 
commonly mutated in sporadic OS [ 88 ], mutations in  RECQL4  have not been 
detected in sporadic OS tumors [ 60 ]. Thus,  RECQL4  does not appear to be a direct 
target for somatic mutations in sporadic OS. However, the extremely high and spe-
cifi c risk for OS in Type 2 RTS patients suggests that the RECQL4 helicase plays a 
clear role in OS tumor suppression, making RTS a relevant model for the study of 
OS pathogenesis.

   In addition to  cancer  of the bone, patients with RTS also have prominent bone 
 developmental  defects. In a study of 28 RTS patients who underwent skeletal 

  Fig. 2    Estimated probability of osteosarcoma onset in Rothmund–Thomson syndrome, classifi ed 
by  RECQL4  mutation status. The time to OS onset was defi ned from the date of birth to the fi rst 
diagnosis of OS. Event-time data were analyzed by Kaplan–Meier method, and the difference 
between the RECQL4 mutation positive and negative was compared by the log-rank method       
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surveys, 75 % were found to have major skeletal abnormalities, including radial, 
ulnar or thumb agenesis/hypoplasia, radio-ulnar and radio-humeral synostoses, 
abnormal metaphyseal trabeculation, brachymesophalangy, and osteopenia [ 53 ]. 
This risk correlated with the presence of  RECQL4  mutations. Understanding the 
role that RECQL4 plays in normal skeletal development will provide additional insight 
into the specifi c risk for OS, since many developmental pathways, such as the Wnt, 
Hedgehog, and Notch signaling pathways, are not only critical for normal skeletal 
development [ 27 ,  31 ,  79 ] but also play important roles in tumorigenesis [ 4 ,  12 ,  37 ,  86 , 
 100 ]. 

 Early case reports suggested that OS arising in RTS patients may be different 
from sporadic OS, i.e., arising in unusual or multiple (multifocal) sites [ 19 ]. In addi-
tion, because of the implicated role of  RECQL4  in DNA damage repair, clinicians 
have often considered decreasing chemotherapy doses up-front for RTS patients 
diagnosed with OS. However, a study of 12 RTS patients with OS showed that their 
tumors had features that mirrored OS in the general population with regard to loca-
tion of primary tumor (distal long bones), histology (conventional OS), histologic 
response to neoadjuvant chemotherapy, and overall outcomes [ 29 ]. The major 
difference was that the age of onset was younger in the RTS cohort compared to 
sporadic OS, which is not surprising given the genetic predisposition of RTS patients 
to OS. Some patients developed mucositis requiring dose modifi cations, particu-
larly to doxorubicin (no more than 25 % decrease), but there is no current method 
to determine a priori who will experience increased toxicities. Therefore, current 
recommendations are to treat with standard doses of chemotherapy and to adjust 
according to the patient’s individual course. The similarities between OS in RTS and 
sporadic OS support the further study of the contribution of the RECQL4 pathways 
in the pathogenesis of OS.  

    Understanding the Role of RECQL4 in Osteosarcoma 
Development 

    Previous Recql4 Mouse Models 

 In order to understand the function of RECQL4 in OS tumorigenesis in vivo, 
three mouse models of global  Recql4  disruption have been generated. In the fi rst 
mouse model, exons 5–8 of  Recql4  upstream of the conserved helicase domain 
(exons 9–15) were replaced with  PGKneo  and  LacZ  cassettes [ 32 ]. The homozy-
gous mutants died during early embryonic stage E3.5–6.5. Blastocyst cultures of 
E3.5 mutants showed severely reduced growth of inner cell mass and trophoblasts. 
Heterozygous mutants were phenotypically similar to wild type littermates. 
Although there was no information about transcripts and protein levels of  Recql4  in 
the paper, presumably this targeting strategy generated a null mutation as a result 
of nonsense-mediated decay. 
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 The second mouse model by Hoki et al. targeted exon 13 of the helicase domain 
of the  Recql4  gene with a neomycin cassette [ 30 ]. The mutant  Recql4  transcripts 
without exon 13 could be detected by RT-PCR in the primary mouse embryonic 
fi broblasts (MEFs) and testes of these mutant mice, but with signifi cantly reduced 
expression levels indicating that the stability of the mutant transcripts could be 
affected by the neomycin cassette. These homozygous mutants were viable at 
birth, but 95 % of them died within 2 weeks. The remaining 5 % exhibited growth 
retardation, skin atrophy, hair abnormalities, and tissue hypoplasia, such as 
severely reduced bone trabeculae and fewer and smaller villi of the small intestine. 
The MEFs from these mutants showed reduced proliferation. However, there was 
no malignancy reported in these mice. It is worth noting that the authors also 
showed that a number of short transcripts spanning exon 1–12 of  Recql4  could be 
detected, indicating that the relatively milder phenotypes in this mouse model 
compared with the fi rst model could be due to these potentially translated truncated 
Recql4 proteins. 

 The third mouse model was generated by replacing exons 9–13 in the conserved 
helicase domain of  Recql4  with a  PGK-HPRT  cassette [ 50 ]. Homozygous mutants 
were born alive with normal Mendelian ratio, but 16 % of them died within 24 h of 
birth. The remaining mutants exhibited tail pigmentation defects by 12 months, and 
palatal patterning defects were seen in all examined animals. Furthermore, 5.7 % of 
these mutants developed limb defects at birth, ranging from preaxial polydactyly of 
hindlimbs to forelimb aplasia. Transcript analysis showed weak and truncated 
products spanning exon 1–8 of  Recql4 . Chromosome analysis showed that these 
mutants had signifi cantly increased aneuploidy in MEFs as well as in bone marrow 
cells and lymphocytes. Premature centromere separation was found to be markedly 
increased in the mutant cells. Interestingly, 5 % of these mutants developed OS or 
lymphoma by 20 months, while heterozygous and WT mice had no tumor forma-
tion, although this difference was not found to be statistically signifi cant. Mutants 
were crossed with  Apc   min   mice which are highly susceptible to spontaneous intes-
tinal adenoma formation and die by 120 days of age [ 56 ]. The double mutants had 
larger and increased incidence of macroadenomas in the gastrointestinal tract. 
However, there was no difference in tumor histological grade between double 
mutants and  Apc   min   mice. 

 These three mouse models were generated by targeting different regions of the 
mouse  Recql4  gene which could explain the different phenotypes between mutant 
mice. Viable mice in the latter two models exhibited phenotypes mimicking some 
of the clinical fi ndings in  RECQL4  associated diseases, e.g., pigmentation defects, 
hair and skin abnormalities, and limb defects. However, these mutant mice failed to 
recapitulate the dramatic OS susceptibility observed in patients carrying  RECQL4  
mutations. The fi rst model gave the strongest “null” phenotype, indicating that 
exons 5–8 may be an ideal targeting region for studying the function of this gene. 
However, due to early embryonic lethality, it was not possible to analyze the func-
tion of Recql4 in development and tumorigenesis in these mice. Generation of a 
conditional tissue-specifi c knockout mouse model would be an alternative strategy 
to circumvent this issue.   
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    Generation of a Conditional (Bone-Specifi c) Mouse 
Model of RTS 

 In an attempt to further investigate the function of RECQL4 in both skeletal devel-
opment and OS pathogenesis in vivo, our laboratory has generated a conditional 
allele of mouse  Recql4  by gene targeting. Based on the fi rst mouse model by 
Ichikawa et al. in which global targeting of exons 5–8 resulted in embryonic lethal-
ity, we fl anked exons 5–8 by  loxP  sites. Utilizing the  Cre/loxP  recombination sys-
tem, a conditional knockout of  Recql4  specifi cally in the mouse skeletal system can 
then be generated using a variety of transgenic mouse lines expressing Cre recom-
binase controlled by promoters expressed at different stages of the skeletal lineage 
[ 20 ]. These include the paired-related homeobox gene-1 (Prx1, primarily expressed 
in mesenchymal progenitor cells) [ 46 ], osterix (Osx, primarily expressed in osteo-
progenitor cells), collagen type 1 alpha (Col1a1, primarily expressed in osteoblasts), 
and collagen type 2 alpha (Col2a1, primarily expressed in chondrocytes). Early 
results show that conditional deletion of  Recql4  using Prx1-Cre ( Recql4   fl /fl   ;  Prx1- 
Cre      +  ) leads to limb developmental defects (deformed forelimbs, aplasia/hypoplasia 
of digits, missing patellae, and low bone mass), growth retardation, and bilateral 
synostoses of cranial coronal and squamosal sutures, which faithfully recapitulate 
the major skeletal fi ndings in RECQL4-related human disorders.  Recql4   fl /fl   ;  Prx1- 
Cre      +   mutant embryos develop smaller forelimbs at embryonic day E12.5 and exhibit 
markedly increased apoptosis in the forelimb tissues. Real-time RT-PCR analysis of 
mutant E13.5 forelimbs display dramatically increased transcripts of the pro-apop-
totic factor  Bax  and cyclin-dependent kinase inhibitor 1A ( CDKN1A/p21 ) which 
induces cell cycle arrest, indicating activation of the p53 signaling pathway. Western 
blot analysis shows that the level of phosphorylated p53 at residue serine 15 is 
strongly increased, while the transcripts and protein levels of unmodifi ed p53 are 
unchanged in the forelimbs of  Recql4   fl /fl   ;  Prx1-Cre   +   mutants (data not shown). Our 
in vivo data indicate that inactivation of  Recql4  in mouse skeletal progenitor cells 
leads to increased p53 activation which could be caused by replication defects and/
or DNA damage or by increased p53 nuclear stabilization [ 16 ]. The skeletal fi ndings 
in RTS patients carrying  RECQL4  mutations may be a result of elevated genome 
instability leading to p53 activation which results in increased cell death and cell 
cycle arrest in skeletal progenitor cells during development. For OS tumorigenesis 
in RTS patients, a small proportion of cells may somehow escape the increased p53 
activation and acquire additional mutations or oncogenic events that lead to the 
development of malignant tumor clones. Interestingly, those  Recql4   fl /fl   ;  Prx1-Cre   +   
mutant mice that survived the weaning period had no increased OS susceptibility at 
18 months although they had severely deformed limbs. This could be partially 
accounted for by differences between humans and mice, but other underlying mech-
anisms of osteosarcomagenesis in the setting of Recql4 defi ciency are currently 
actively being investigated. For example, crossing the fl oxed  Recql4  mice with a 
mouse model whereby fl oxed p53 is inactivated using the Prx1-Cre transgene and 
which gives rise to OS [ 8 ,  44 ] may provide further information which will allow us 
to dissect the exact function of RECQL4 in OS pathogenesis.  
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    Implications for Understanding and Potentially Targeting 
RECQ-Related Pathways for Cancer Therapy 

 Based on the roles of the RECQ proteins in normal cellular proliferation, DNA 
damage response, DNA repair, and telomere maintenance, there is growing interest 
in exploring inhibition of these functions in susceptible cancer cell types. Recent 
work has identifi ed small molecule inhibitors of the WRN protein [ 1 ] and BLM 
protein [ 59 ] as potential anti-proliferative cancer therapies. Both of these molecules 
were identifi ed through in vitro helicase activity screens. The WRN inhibitor, a 
small molecule inhibitor identifi ed from the National Cancer Institute Diversity Set, 
designated NSC 19630 [ 2 ], was shown to inhibit cell proliferation and to induce 
apoptosis in a WRN-dependent manner. It also caused increase in double-strand 
breaks and accumulation of blocked replication forks in human tumor cells grown 
in culture. NSC 19630 also had a synergistic effect on inhibiting cell proliferation 
when cells were co-treated along with telomestatin, a small molecule that binds G4 
structures and causes disruption of telomere associated proteins, as well as a PARP 
inhibitor KU0058948. It also acted synergistically with the topoisomerases inhibitor 
topotecan in inducing double-strand breaks. Investigators later characterized a 
structurally related compound, NSC 617145, which they demonstrated was able to 
sensitize cancer cells to mitomycin C, resulting in decreased cell proliferation, 
increased DNA damage and chromosomal abnormalities [ 1 ]. Taken together, 
small molecule inhibitors to the WRN protein may be useful to enhance existing or 
developing DNA-damaging anticancer therapies, particularly in tumor cell types 
with DNA repair defi ciencies. 

 The small molecule inhibitor of BLM, ML216 [ 59 ], was found to exert its action 
by preventing BLM from binding to DNA. Cells treated with ML216 showed 
decreased proliferation as well as an increase in sister chromatid exchanges, a hall-
mark of Bloom syndrome. One of the proposed future uses of this BLM-specifi c 
inhibitor would be to test its effi cacy to treat tumor cells that depend on the ALT 
(alternative lengthening of telomeres) mechanism for maintenance of telomeres, 
since previous work showed that the BLM ortholog Sgs1 is required for telomere 
maintenance in the absence of telomerase. Approximately 5–10 % of tumors depend on 
the ALT pathway for continued proliferation, including osteosarcomas; therefore, 
further exploration of this BLM-specifi c inhibitor could open up a new therapeutic 
strategy for targeting susceptible tumors. 

 Expression of  RECQL4  has been found to be upregulated in a variety of cancer 
types in addition to sporadic OS [ 49 ,  66 ], including soft tissue sarcomas [ 45 ], prostate 
cancer [ 76 ], and cervical cancer [ 58 ], suggesting that inactivation of RECQL4, and 
thus inhibition of its functions in cellular replication/viability, genome stability, DNA 
repair, and telomere maintenance may be attractive as a potential adjunct to cancer 
therapy in susceptible tumor cells. Ongoing basic science research is needed to fully 
understand the cellular context and molecular mechanisms by which RECQL4 exerts 
its actions in tumorigenesis.     
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    Abstract     Osteosarcoma (OS) metastatic disease is resistant to conventional 
chemotherapy. Tumor resistance to chemotherapy has been one of the major areas 
of concern to clinicians and the topic of many laboratory investigators. Evaluation 
of mechanisms implicated in OS lung metastasis resistance to chemotherapy has 
been the focus of some of our most recent work. We have previously demonstrated 
the therapeutic effi cacy of aerosol gemcitabine (GCB) in OS lung metastases. 
However, a subset of cells fails to respond to GCB treatment and persists as isolated 
lung metastases in vivo. Autophagy, a physiological mechanism that supports 
nutritional deprivation under stressful conditions, has been implicated in tumor 
resistance to chemotherapy. We demonstrated the induction of autophagy by GCB 
in LM7 metastatic human OS cells and K7M3 metastatic murine OS cells. Inhibition 
of autophagy resulted in increased sensitivity to GCB in LM7 cells. By contrast, 
inhibiting autophagy in K7M3 cells decreased GCB sensitivity. Defi ning the role 
autophagy plays in chemotherapy response in different tumor types has become of 
greater importance in order to identify the best suitable therapeutic approach. In this 
chapter, we summarize some of the most recent work related to autophagy in OS, 
identify some of the known mechanisms, and address the different roles autophagy 
plays in chemotherapy response.  
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        Introduction 

 Osteosarcoma (OS) overall survival has remained the same in the last 15 years. 
Pulmonary metastasis continues to be a major concern in patients with OS. New ther-
apeutic strategies are being sought. Using a human OS mouse model, we have previ-
ously demonstrated that aerosol Gemcitabine (GCB) has a signifi cant therapeutic 
effect in OS lung metastases [ 1 ]. Nevertheless, a subset of cells fails to respond to 
GCB treatment and persist as small isolated lung metastases in vivo (Fig.  1 ). Resistance 
to GCB is also evidenced by survival of OS cells after treatment in vitro. One of the 
main concerns and limitations of cancer treatment is acquired resistance by tumor 
cells. Scientists have focused on trying to understand the underlying molecular 
mechanisms implicated in tumor resistance to chemotherapy to identify targets 
that will enhance therapeutic effi cacy and further improve patient survival. For this 
purpose, autophagy constitutes one of the mechanisms most recently studied.

   Autophagy, a Greek term that refers to “self-eating,” is a catabolic process with 
a housekeeping role in protein turnover that allows cells to eliminate unwanted pro-
teins or damaged organelles. Under stressful conditions such as starvation, hypoxia, 
and cytotoxicity, it serves as a source of energy, providing the cells amino acids to 
sustain cell survival [ 2 ,  3 ]. It exerts a critical role in different biological functions 
that implicates not only cell survival but also cell metabolism and development. It has 
also been related to different physiological and pathophysiological settings such as 
aging, muscular diseases, neurodegenerative disorders, and cancer [ 4 ]. Even though 
the process of autophagy has been mostly defi ned as a protective mechanism to 
enhance cell survival under adverse environmental conditions, recent evidence 
suggests that excessive autophagy can lead to cell death. To this end, autophagy has 
been recognized as programmed cell death (PCD) type II. PCD type I is apoptotic 
cell death and type III programmed necrosis [ 5 ,  6 ]. These processes are not mutu-
ally exclusive. They can occur simultaneously or sequentially depending on the 
cell context and the stimulus. Additionally, autophagy can work as an independent 
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  Fig. 1       Therapeutic effect of aerosol Gemcitabine (GCB) in K7M3 murine osteosarcoma (OS) 
lung metastases. Balb/c mice were injected i.v. with K7M3 OS cells. Aerosol GCB was started 10 
days after i.v. injection for 3 weeks. Mice were sacrifi ced and macro- and micrometastases were 
quantifi ed       
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process capable of antagonizing or delaying apoptosis. The cross talk between these 
processes in tumorigenesis is not clear, but it is thought to be determined by the 
tumor type, context, and disease stage [ 3 ,  7 ]. 

 Three different types of autophagy have been described: (1) Chaperone mediated- 
autophagy, (2) microautophagy, and (3) macroautophagy. They all differ in the 
delivery of the substrates to the lysosome [ 5 ]. This chapter focuses on macroau-
tophagy (hereafter referred as autophagy), which is the most studied type [ 5 ]. 

 The process of autophagy has been divided into several steps that comprise 
induction, autophagosome formation-nucleation, elongation, completion, lysosome 
fusion, degradation, and recycling (Fig.  2 ). All steps are regulated by more than 30 
autophagy-related ( Atg ) genes. Under situations of nutrient deprivation, hypoxic 
conditions, and/or chemotherapeutic treatment, activation of Atg 1 complex occurs 
leading to formation of a fl at membrane cistern, phagophore, or isolation membrane 
and vesicle nucleation via activation of a complex formed by Vps34, a phosphatidyl 
inositol 3 kinase (PI3K) and Beclin1 one of the fi rst characterized autophagy pro-
teins. This last complex is involved in vesicle traffi cking. Interaction of these 
complexes and other factors help to recluse proteins and lipids necessary for the 
autophagosome formation [ 2 ]. The next step is elongation, where the autophago-
some formation is completed. This step is mediated by two ubiquitin-like systems. 
The fi rst system is involved in the formation of Atg12, Atg5, and Atg16 complex 
which is mediated by the E1-like enzyme, Atg7. The second system regulates the 
conjugation of the microtubule-associated protein 1 light chain 3 (LC3-I/Atg8) with 

  Fig. 2    The process of autophagy       
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phosphatidylethanolamine (PE). LC3 is fi rst synthesized as an unprocessed form, 
proLC3 which is converted to a proteolytically processed form, LC3-I. LC3-I is 
cleaved by the protease Atg4, modifi ed into the PE-conjugated form, LC3-II and 
translocated from the cytoplasm to the autophagosome membrane [ 3 ,  8 ]. LC3 is the 
only known marker for autophagosome. At this stage, the lysosome fuses to the 
autophagosome, forming the autolysosome. As a fi nal step, proteins are degraded in 
the autolysosome and amino acids are released into the cytoplasm. These fi nal prod-
ucts can be used for protein synthesis or can be oxidized by mitochondria electron 
transport chain to produce adenosine triphosphate (ATP) to use for cell survival.

       Regulation of Autophagy in OS 

 Different mechanisms have been described to regulate the process of autophagy. 
The most studied mechanism involves the PI3K/AKT/mTOR pathway. The mam-
malian target of rapamycin (mTOR) kinase is downstream of the nutrient sensor 
PI3K and negatively regulates autophagy in response to nutrient deprivation [ 2 ,  9 ]. 
This process is accomplished through phosphorylation of many different proteins 
necessary to cell metabolism. Under normal nutrient conditions, PI3K/AKT/mTOR 
is activated, autophagy is suppressed and cells undergo normal proliferation [ 8 ,  10 ]. 
However, when cells are deprived from nutrients or under stressful conditions, 
mTOR is inhibited and autophagy is activated [ 9 ] (Fig.  3 ).

  Fig. 3    Regulation of autophagy       
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   An additional mechanism found to participate in autophagy regulation and 
tumorigenesis involves Beclin-1, originally recognized as a Bcl-2 binding protein. 
It is part of a multi-protein complex formed by Vps34/class III PI3K. Beclin-1/
Vps34 interaction can be modulated by anti-apoptotic molecules such as B cell 
lymphoma 2 (Bcl-2) and B cell lymphoma extralarge (Bcl-xL). Interaction of these 
molecules with the Beclin1 complex inactivates autophagy [ 7 ,  11 – 15 ]. 

 In OS, activation of the Beclin1 complex by additional upstream mediators 
appears as the most common mechanism involved in induction of autophagy. 
Table  1  summarizes the most recent mechanisms implicated in the induction of 
autophagy in OS. Beclin1-associated autophagy-related key regulator (Barkor), a 
cloned autophagy specifi c-protein was shown to play a critical role in autophagy 
induction in U2OS human OS cells. Under starvation conditions, Barkor knock-
down U2OS cells showed decrease autophagy as evidenced by decrease in LC3 II 
and autophagosome formation. Barkor re-expression increased autophagy. In this 
case, Barkor was shown to interact directly with Beclin1 and compete with UV 
radiation resistant gene product (UVRAG), an additional gene bound to the Vps34 
complex, to induce autophagy [ 16 ]. In addition, human SaOS OS cells treated with 
an anti-tumoral compound 2-methoxyestradiol, upregulate damaged regulated 
autophagy modulator (DRAM), a p53 target gene, and enhance activation of c-Jun 
NH2 terminal kinase (JNK) which in turn activates autophagy by the induction of 
Bcl-2 phosphorylation and activation of Beclin 1/Vps34 complex [ 17 ]. Hypoxia, a 
common feature of solid tumors was also shown to induce autophagy by enhancing 
degradation of a multifunctional signal adaptor protein sequestosome 1 (SQSTM11/
p62) by a mechanism independent of the hypoxic signal mediators, hypoxic induc-
ible factor (HIF) [ 18 ,  19 ]. Furthermore, the well-known retinoblastoma (Rb) gene 
has been shown to activate autophagy in OS by repressing E2 transcription factor 1 
(E2F1) which in turn down-modulates Bcl-2 allowing activation of the Beclin1/
Vps34 complex [ 20 ]. Jiang et al. demonstrated that introduction of Rb into SaOS-2 
human OS cells, induced autophagy confi rmed by an increase in Beclin-1 expres-
sion. No changes were observed in mTOR phosphorylation suggesting that 
Rb-induced autophagy is more relevant to E2F1-mediated Bcl-2 expression than the 
mTOR pathway [ 20 ]. Moreover, the receptor-interacting protein 3 (RIP3), a key 
necrosis mediator has also been shown to play a role in activation of autophagy as a 

   Table 1    Mechanisms implicated in the induction of autophagy in osteosarcoma (OS)   

 Mechanism  Cell line  Reference 

 Barkor–UVRAG  U2OS  Sun et al. [ 16 ] 
 ↑DRAM — (+)JNK  SaOS  Lorin et al. [ 17 ] 
 Hypoxia→p62 degradation  Solid tumors  Pursiheimo et al. [ 18 ,  19 ] 
 Rb —∣ E2F1→↓Bcl-2  SaOS  Jiang et al. [ 20 ] 
 RIP3  U2OS  Ciupienne et al. [ 21 ] 
 HMGB1→Beclin/Vps34  Mg63, U2OS, SaOS  Huang et al. [ 22 ,  23 ] 
 STAT3 —∣ PKR —∣ sIF2α  U2OS  Wong et al. [ 24 ] 
 ↓PI3K/AKT/mTOR  K7M3/LM7     Santiago-O’Farril [ 55 ] 
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protective mechanism in U2OS human OS cells [ 21 ]. High mobility group box 1 
(HMGB1), a chromatin binding nuclear protein induces autophagy by controlling the 
formation of the Beclin1/Vps34 complex and decreasing OS sensitivity to chemother-
apy. In accordance with this, three human OS cells MG63, SaOS, and U2OS trans-
fected with HMGB1 cDNA showed decrease sensitivity to chemotherapy [ 22 ,  23 ].

   Most recently an additional mechanism that involves the cytoplasmic form of the 
signal transducer and activator of transcription 3 (STAT3) was found to inhibit 
autophagy in U2OS human OS cells by a mechanism that involves inhibition of 
protein kinase R (PKR) which in turn inhibits phosphorylation of eukaryotic initia-
tion factor 2α (eIF2α) a step required for the activation of autophagy [ 24 ]. Lastly, 
we have recent evidence to suggest that the activation of autophagy in human LM7 
and murine K7M3 OS cells involves the PI3K/Akt/mTOR pathway. Gemcitabine, a 
nucleoside analog previously shown to induce autophagy in pancreatic tumor cells 
[ 25 – 27 ], induces autophagy in OS by decreasing Akt and mTOR phosphorylation 
and Beclin 1/Vps34 complex activation. 

 Overall, there is enough evidence to suggest that autophagy is induced in OS. 
Many intermediates are involved in the process. Nevertheless, the end result is 
determined by the trigger, the type, and context of the tumor cell and the tumor 
development stage.  

    Autophagy and Tumorigenesis: Cell Survival vs. Cell Death 

 Several studies have reported autophagy to exert a dual role in tumorigenesis. Under 
certain conditions, autophagy appears to contribute to either cell survival or cell 
death by either increasing or decreasing tumor sensitivity to chemotherapy [ 5 ,  28 ]. 

    Autophagy as a Cell Death Mechanism 

 Currently, the role of autophagy in cancer has received increased interest within the 
scientifi c community since many chemotherapeutic agents induce autophagy in can-
cer cells [ 6 ,  7 ,  29 ]. Overall, chemotherapy constitutes the most effective treatment 
for many cancers and has been part of the standard of care for more than 50 years. 
This type of treatment targets cancer cells and induces cell death. Apoptosis and 
necrosis were thought to be the only mechanisms of drug-induced cell death [ 30 ]. 
Autophagy is now considered an additional mechanism to induce cell death. 

 The term “autophagic cell death” is used to describe an important form of 
cell death that results from excessive levels of cellular autophagy (cellular con-
sumption), causing massive degradation of cellular content [ 31 ,  32 ]. This type 
of cell death is distinguished by the excessive presence of autophagic markers 
and morphological features [ 4 ]. Table  2  summarizes the major differences 
between apoptosis and autophagy. In general, cells undergoing autophagy are 
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morphologically characterized by the absence of chromatin condensation and 
by cytoplasmic vacuolation [ 33 ]. By contrary, apoptosis is characterized by 
chromatin condensation, cytoplasmic membrane blebbing, and formation of 
apoptotic bodies. In addition, autophagy is a caspase  independent  process hall-
marked by the cleavage and lipidation of LC3I to LC3II and the degradation of 
another important protein called p62/SQSTM1 [ 34 – 37 ]. By contrast, apoptosis is 
a caspase  dependent  process that involves DNA degradation and cellular frag-
mentation [ 3 ]. Finally, in autophagy, the autophagic vesicles are destroyed and 
removed by the lysosomal system of the same cell [ 2 ,  33 ], whereas in apoptosis, 
apoptotic bodies are recognized by macrophages and removed by phagocytosis.

       Autophagy as a Cell Survival Mechanism 

 Chemotherapy-induced autophagy has recently been described as a mechanism 
of tumor cell resistance. In an attempt to understand resistance to cancer chemo-
therapy, studies have focused on mechanisms thought to be specifi c to one drug 
class or another. 

 Most recently, different resistance patterns associated with the majority of non-
specifi c cytotoxic agents have been described. These patterns include alterations in 
drug transport, tumor-cell apoptosis, the DNA damage response, tumor microenvi-
ronment, and the function of cancer stem cells [ 38 – 41 ] (Fig.  4 ).

   Within the  alterations in drug transport  are specifi c factors that infl uence drug 
uptake, metabolism, and sequestration. Factors specifi cally related to  drug uptake  
include decrease expression or mutation of solute carriers responsible for cellular 
uptake of different chemotherapies. Decrease expression or mutation of these car-
riers impairs drug and plasma membrane interactions resulting in decrease intra-
cellular accumulation of the drug and decrease therapeutic effect. Some of these 
solute carriers include SLC29A1, A2, and SLC28A1, described as solute carriers 
that mediate the cellular uptake of nucleoside analogs such as Gemcitabine. 

   Table 2    Difference between autophagy and apoptosis   

 Apoptosis  Autophagy 

 Morphological 
characteristics 

 Nuclear fragmentation, DNA fragmentation, 
membrane blebbing, apoptotic bodies 
formation 

 Vacuolization, organelles, 
and proteins degradation 

 Biochemical 
features 

 Caspase activation, PARP cleavage, 
phagocytosis 

 LC3I/LC3II lipidation, p62/
SQSTM1 degradation, 
lysosome activity 

 Stimulus  Oxidative stress  Starvation, hypoxia, 
chemotherapy 

 Death receptor ligands  Growth factor deprivation 
 Chemotherapy  PI3-kinase, mTOR inhibition 
 Extrinsic and intrinsic signals 
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In addition, proteins that belong to the ATP-binding cassette (ABC) transporter 
family, also consider drug effl ux pumps, can affect drug uptake by maintaining a 
low intracellular drug concentration. 15 of these proteins have been characterized to 
confer resistance to most of the currently used anticancer drugs. The most fre-
quently associated to multidrug resistance are p-glycoprotein (MDR, Pgp or 
ABCB1), multidrug resistance protein 1 (MRP1 or ABCC1), and ABCG2. These 
proteins can be constitutively highly expressed in cells from which tumors originate 
or can be up- regulated by exposure of the tumor cells to the drugs. In regards to 
 drug metabolism , alterations in the metabolic enzymes such as mutations can sig-
nifi cantly decrease the success of chemotherapy treatment. Lastly,  drug sequestra-
tion  in secretory vesicles such as lysosome and Golgi can infl uence drug therapeutic 
effect and confer resistance [ 41 ]. 

 The  DNA-damage response network  is another way by which cancer cells 
become resistant to chemotherapy. Many chemotherapeutic drugs induce cell death 
by causing DNA lesions. However, cancer cells have the ability to repair these 
lesions through a complex network of repair systems. This network involves the 
mismatch repair (MMR) pathway, the nucleotide excision repair (NER), the base 
excision repair (BER), homologous recombination (HR), and the non-homologous 
recombination pathway (NHR). Defi ciencies in some of these DNA damage signaling 
pathways lead to chemoresistance since cell cycle arrest is not triggered upon DNA 
damage and the cells go through the cell cycle unrepaired. 
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  Fig. 4    Mechanisms implicated in chemotherapy resistance       
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 The  tumor microenvironment  can also contribute to cancer cells resistance to 
chemotherapy. Enough evidence indicates the presence of hypoxic areas in most 
human solid tumors. Oxygen defi ciency triggers activation of hypoxia-specifi c 
factors, the HIFs (Hypoxia-inducing factors) responsible for a lot of the cellular 
reprogramming that compromises the effectiveness of chemotherapy. In addition, 
tumor stromal cells have also been implicated in chemotherapy resistance in some 
instances due to adaptive signaling dialog between tumor cells and their surrounding 
environment or cell adhesion-mediated resistance. 

  Cancer stem cells  can also infl uence chemotherapy response by their inherent 
insensitivity to chemotherapy. If tumors develop from CSCs, these are the cells that 
need to be killed upon treatment to eradicate the tumor. Any left intact will be 
responsible for tumor relapse, mainly because these cells are equipped with special-
ized defenses against anticancer drugs. 

  Evasion of drug induced cell death or tumor cell apoptosis  also constitutes 
another mechanism of tumor cells resistance to chemotherapy. Apoptotic-cell death 
is the most conventional end result expected from chemotherapy treatments. 
However, tumor cells have developed smart ways to circumvent apoptotic signals. 
Some of them include overexpression of anti-apoptotic molecules such as Bcl-2, 
Mcl-1, Bcl-xL, FLIP, and IAPs or inactivation of pro-apoptotic molecules such as 
Bax and Bid and mutations in genes encoding caspases or alterations in the p53 path-
way. Most recently, additional non-apoptotic mechanisms have been identifi ed as 
cell death mechanisms. Disruption of these pathways has been a major limitation in 
the success of cancer treatment. Within the non-apoptotic mechanisms are necropto-
sis, senescence, and autophagy. Conventionally,  autophagy  has been described as a 
cell survival mechanism induced by cancer cells under stressful conditions. As such, 
autophagy has a cytoprotective role that enables cancer cells to cope with stresses. 
Autophagy, when triggered by chemotherapeutic drugs has shown to mostly participate 
in tumor resistance rather than cell death [ 38 ,  42 ]. 

 In general, once autophagy is found to occur, identifi cation of the role of autoph-
agy in the specifi c tumor context is necessary to determine therapeutic interventions 
using autophagy inhibitors or activators as a way to improve cell killing effi cacy of 
chemotherapeutic agents.   

    Implications of Autophagy in OS 

 In OS, several agents have shown to trigger autophagy and either increase drug 
sensitivity or induce drug resistance (Table  3 ). More specifi cally, natural products 
such as  curcumin ,  pancratistatin ,  and voacamine  ( VOA ) were shown to enhance 
the sensitivity of OS cells to the cytotoxic action of chemotherapy [ 43 – 49 ]. VOA 
induces autophagy in multidrug resistant (MDR) U2OS human OS cells as con-
fi rmed by electron microscopy and LC3 conversion. Treatment of MDR U2OS with 
doxorubicin in the presence of VOA increased cell death. Modulation of autophagy 
by pre-treatment with autophagy inhibitors or by transfection of OS cells with 
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siRNA against Atg genes reduced the ability of VOA to augment doxorubicin- 
mediated cytotoxicity [ 44 ]. The  BH3-mimetic agent, GX 15-070 , was also shown to 
have a tumor cell death promoter effect on U2OS human OS cells. Treatment of 
these cells with 3-methyladenine and chloroquine, inhibitors of autophagy through 
two different mechanisms, potentiated the GX15-070 cytotoxicity effect [ 50 ,  51 ]. 
Interestingly,  Cisplatin ,  Doxorubicin ,  and Methotrexate , three of the agents included 
in the standard treatment of OS, were shown in at least three different studies, to 
induce autophagy in OS cells and promote tumor cell survival by inducing tumor 
cell resistance to chemotherapy [ 43 ,  50 ,  52 ,  53 ].

   Using an OS mouse model, we have previously demonstrated that aerosol 
 Gemcitabine  ( GCB ) has a signifi cant therapeutic effect in OS lung metastases as 
evidenced by a signifi cant increase in the mean survival of the untreated vs. treated 
group (35 days vs. >155 days, respectively) [ 54 ]. However, OS cells resistance to 
GCB is evidenced by survival of cells after treatment in vitro and persistence of 
small isolated lung metastases in vivo. Most recently, our preliminary data suggests 
that GCB induces autophagy in different human (LM7, CCH-OS-D) and mouse 
(K7M3) OS cells and either increases sensitivity to chemotherapy contributing to 
cell death or promotes resistance and increase tumor cell survival. The difference in 
the autophagy effects induced by the treatment of the OS cell lines with GCB could 
not be attributed to difference in species since opposing effects were found in the 
two human OS cells tested (LM7 and CCH-OS-D) confi rming once again that the 
different effects of autophagy induced by different chemotherapeutic agents is cell 
and context dependent. 

 In conclusion, the role of autophagy in the tumor cell’s sensitivity or resistance 
to chemotherapy is complex. In OS, as shown in other tumors, autophagy plays a 
dual role either by promoting cell survival and tumor cell resistance to chemother-
apy or by acting as one of the mechanisms responsible for chemotherapy- induced 
cell death. Better understanding of the molecular pathways that govern the process 
of autophagy will allow identifi cation of a mode to modulate these pathways in 
order to enhance the activity of chemotherapy.  

   Table 3    Dual role of autophagy in Osteosarcoma (OS)   

 Agents  Effect  References 

 Natural products (curcumin, pancratistatin, voacamine)  Tumor suppressor  [ 43 – 49 ] 
 BH3-mimetic GX 15-070  Tumor suppressor  [ 50 ] 
 Delta-24-RGD (conditionally replicating adenovirus)  Tumor suppressor  [ 51 ] 
 Cannabinoids  Unknown  [ 49 ] 
 Cisplatin  Pro-tumorigenic  [ 50 ] 
 Doxorubicin, cisplatin, methotrexate-mediated HMGB1 

upregulation 
 Pro-tumorigenic  [ 22 ,  23 ] 

 Biphosphinic palladacycle complex (BPC)  Pro-tumorigenic  [ 48 ] 
 Natural product (Dihydroptychantol-DHA)  Pro-tumorigenic  [ 46 ] 
 Gemcitabine  Pro-tumorigenic and/or 

tumor suppressor 
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    Modulation of Autophagy 

 Experimental studies have defi ned different stages where autophagy can be modulated 
to increase chemotherapy effi cacy. Early- and late-stage autophagy inhibitors have 
been identifi ed. The  early-stage inhibitors  target Vps34 directly and impede its 
recruitment to the membrane. The  late-stage inhibitors  act at different levels, how-
ever only two members of this group have been evaluated in humans. They include 
two known anti-malarial drugs chloroquine and hydroxychloroquine. Both drugs 
work by preventing acidifi cation of lysosomes whose digestive hydrolases depend 
on low pH. Hydroxychloroquine is the most widely used due to its minor side 
effects. However, since excessive autophagy has the potential to induce cell death, 
 autophagy inducers  have been considered as potential cancer treatments. Since 
mTOR is one of the major autophagy down-regulators, the most used autophagy 
inducers are the mTOR inhibitors Rapamycin and its analogs Temsirolimus 
(CC- 779), Everolimus (RAD-001), and Deforolimus (A3-23573). However, with 
the exception of certain types of cancers, these autophagy inducers have had limited 
activity in clinical trials. 

 In conclusion, different strategies have been identifi ed to modulate the process of 
autophagy. However, more research is necessary to delineate the complex functions 
of the autophagy process. Specifi cally, there is a need to determine how autophagy 
fi ts into the picture of drug resistance or drug sensitivity. Currently, several studies 
are evaluating the effectiveness of these autophagy modulators in different types of 
cancers. So far, none of the studies have a particular focus in OS.  

    Summary 

 Eradication of OS pulmonary metastases remains the main challenge in OS. Here, we 
present  autophagy  as one of the mechanisms involved in OS resistance to chemo-
therapy. We summarized the most recent data to identify known mediators of 
autophagy in OS and address some of the different roles autophagy plays in OS. 
Understanding the role of autophagy, its regulatory mechanisms and how it affects 
chemotherapy-induced cell death may allow identifi cation of potential agents to use 
in combination with conventional chemotherapy to improve disease-response and 
long-term survival in these patients. The dual role of autophagy underlines the 
necessity to carefully identify and defi ne its role in tumor cells before applying 
autophagy-based therapies. It is of paramount importance to determine which can-
cer cell undergoes autophagy in response to therapy, and whether increased autoph-
agy leads to chemotherapy resistance or is an important part of the drug- induced cell 
death process. Moreover, because only a subpopulation of cells undergo autophagy, 
it is unlikely for autophagy inhibitors to be used as single agents. As a consequence, 
the main strategy of ongoing studies is to incorporate anti-autophagic therapy into 
the existing anti-cancer regimens.     
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    Abstract     The major goals of translational research in osteosarcoma entail the 
identifi cation of prognostic factors and therapeutic targets. Given the relevance of 
epidermal growth factor receptor pathway to breast cancer and the fi nding that 
HER-2 was expressed in a proportion of osteosarcoma, it was reasonable to investi-
gate this pathway further. Investigations of HER-2 in osteosarcoma have led to the 
publication of numerous confl icting reports with regard to the level and prognostic 
value of HER-2 expression, which are reviewed and discussed. Numerous lessons 
provided by this research experience are described. This pathway has also been 
explored as a therapeutic target with at least one study of trastuzumab for the treat-
ment of osteosarcoma completed. Other studies utilizing alternative approaches 
to target the HER-2 receptor for the treatment of osteosarcoma have been 
considered.  
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        Introduction 

 The major goals of translational research in osteosarcoma entail the identifi cation of 
prognostic factors and therapeutic targets. The human epidermal growth factor 
receptor (HER-2) pathway has been demonstrated to have biological relevance in 
breast cancer, and its inhibition has been shown to have clinically signifi cant results. 
A portion of osteosarcomas express HER-2. The level of HER-2 expression and its 
prognostic relevance in osteosarcoma remains controversial. This chapter reviews 
and discusses the germane literature and clinical implications.  

    HER-2 Biology 

 HER-2 was fi rst described by multiple groups in the 1980s, which has led to its 
multiple names in the literature. The term  neu  was derived from studies in rats 
which developed neuroglioblastomas following in utero exposure to ethylnitrosourea. 
The  neu  gene transformed NIH3T3 cells. The protein product was shown to have 
homology with the epidermal growth factor receptor (EGFR) encoded by the  erb-B  
gene [ 1 ]. Using the avian erythroblastosis virus transforming gene, v- erbB , which has 
similarity to human EGFR, as a probe, the human homologue of the rat  neu  gene was 
isolated. Due to it similarity to EGFR, it was named HER-2 [ 2 ]. Using the same probe, 
another group isolated two genes:  c-erB-1 , encoding EGFR, and  c-erB-2  [ 3 ]. In a 
mammary carcinoma cell line, another group also using the v- erB  probe described 
MAC117 [ 4 ]. Subsequently,  neu ,  c-erB-2 , MAC117, and HER-2 were all shown to be 
the same gene by having sequence homology and the same chromosome locus. 

 Like its homologue, EGFR, HER-2 is a transmembrane tyrosine kinase receptor 
[ 5 ]. While EGFR is localized to chromosome 7, HER-2 is found on chromosome 
17q21. During fetal development, HER-2 is widely expressed in tissues including 
placenta, liver, kidney, lung, and brain. Lower levels of expression are also seen 
in adult tissues: kidney, liver, skin, lung, jejunum, uterus, stomach, and colon. 
The HER-2 null mouse is embryonic lethal due to complete absence of cardiac 
trabeculae [ 6 ]. Conditional knockout of HER-2 in mouse ventricular cardiomyo-
cytes leads to the development of severe dilated cardiomyopathy [ 7 ]. HER-2 is 
expressed throughout mammary duct development from the nulliparous mouse to 
lactation [ 8 ]. The dominant negative truncated HER-2 receptor expressed under the 
control of a mouse mammary cell specifi c promoter leads to a failure to form lacta-
tionally active lobuloaveoli [ 9 ]. In addition, HER-2 expression has been implicated 
in the development of the sympathetic nervous system, peripheral nerves, as well as 
spinal cord oligodendrocytes [ 10 – 12 ]. 

 There are four members of the family of epidermal growth factor receptor tyro-
sine kinases: ErbB-1 (EGFR), ErbB-2 (HER-2), ErbB-3 (HER-3), and ErbB-4 
(HER-4). All of these receptors need to dimerize to initiate the signaling cascade 
and frequently form heterodimers. HER-2 is unique in that it is the only member of 
this family for which there is no known ligand. However, it has been shown to be the 
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preferred partner for the other members to form heterodimers. Heterodimers with 
HER-2 as a partner have enhancement and prolongation of intracellular signaling [ 13 ]. 
HER2 heterodimerization and activation has been implicated in multiple down-
stream signaling cascades including mitogen-activated protein kinase (MAPK), 
PI3K/Akt, mTOR, Src kinase, and Signal Transducer and Activator of Transcription 
(STAT). The complexity of these downstream effects is mediated by the differing 
ligand affi nity between the different members of the HER family and the specifi c 
heterodimer at the time of activation [ 14 ,  15 ]. 

 HER-2 overexpression has been shown to be tumorigenic. Transfection of 
NIH3T3 cells with HER-2 transforms the cells and leads to tumor formation in 
mice. The tumorigenicity is associated with level of expression of HER-2 within the 
transformed cells [ 16 ,  17 ]. Transgenic mice expressing HER-2 under the control of 
a mouse mammary cell specifi c promoter form mammary tumors consistent with 
adenocarcinomas at 4 months of age. Ultimately most of the mice develop lung 
metastases as well [ 18 ].  

    HER-2 in Breast Cancer 

 HER2 has been shown to be overexpressed in many human adenocarcinomas includ-
ing breast, ovaries, lung, stomach, and salivary gland [ 19 ]. It has been the most thor-
oughly evaluated in breast cancer. Shortly after HER-2 was described as a possible 
oncogene, it was demonstrated to be amplifi ed in greater than 30 % of breast cancers. 
This initial evaluation also noted a trend for the increased number of copies being 
associated with increased number of involved lymph nodes at diagnosis. In addition, 
when the authors evaluated a cohort of node positive patients, HER2 amplifi cation 
was signifi cantly associated with the number of involved nodes as well as shorter 
time to relapse and shorter overall survival [ 20 ]. Amplifi cation of HER-2 was also 
demonstrated to correlate with overexpression by Northern, Western, and immuno-
histochemistry. Western blot analysis was most discordant because of excessive stromal 
elements in the tumor tissue. In 10 % of the cases, while there was no evidence of 
amplifi cation, there was clear overexpression at the level of RNA and protein [ 21 ]. 
This suggests that gene amplifi cation may not be the only mechanism leading to 
HER-2 overexpression in breast cancer. 

 Trastuzumab is a humanized mouse monoclonal antibody directed at the extracel-
lular domain of HER-2. In xenograft models of human breast cancer cell lines overex-
pressing HER-2, trastuzumab was shown to have a dose-dependent antitumor activity 
that was additive with paclitaxel or doxorubicin [ 22 ]. In a phase II study of single-
agent trastuzumab in women with relapsed, metastatic breast cancer overexpressing 
HER-2, 5 of 43 evaluable patients (11.6 %) exhibited response to treatment; 37 % had 
some response or stable disease. One patient exhibited compete response. HER-2 
status was defi ned by immunohistochemistry demonstrating membrane staining in 
greater than 25 % of cells [ 23 ]. When trastuzumab was added to cisplatin in women 
with relapsed, metastatic breast cancer overexpressing HER-2 the overall response 
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rate was 23 %. HER-2 status was determined by immunohistochemistry grading 0–3: 
2+ and 3+ were considered eligible for study participation [ 24 ]. In a phase III study of 
women with metastatic breast cancer overexpressing HER-2, many of whom had 
received prior chemotherapy, women were randomized to chemotherapy with or 
without trastuzumab. The addition of trastuzumab prolonged median time to pro-
gression from 4.6 months to 7.4 months ( p  < 0.001). The eligibility criterion for 
HER-2 overexpression was immunohistochemical membrane staining of 2+ or 3+ on 
10 % of the tumor cells [ 25 ]. Trastuzumab exhibited survival advantage when 
combined with adjuvant chemotherapy in women with operable HER-2 positive 
breast cancer. In a report of two randomized trials, the patients in the trastuzumab 
group had an event free survival of 87.1 % compared to 75.4 % in the control arm. The 
overall survival rates for the trastuzumab and control group at 3 years were 94.3 % and 
91.7 %, respectively. For participation on this study, the tumors required to have 
immunohistochemical staining of 3+ on greater than 10 % of the tumor cells or 
demonstration of amplifi cation of HER-2 by fl uorescence in situ hybridization [ 26 ]. 
The different criteria for HER-2 positivity led to signifi cant confusion about the 
relevance of HER-2 in breast cancer. Contradictory reports with varying percentages 
of HER-2 positive tumors using different antibodies added to the controversy [ 27 ]. 

 During the initial pivotal trials of trastuzumab in breast cancer, cardiac dysfunc-
tion became readily apparent as a major toxicity of treatment. This led to the estab-
lishment of an independent Cardiac Review and Evaluation Committee (CERC). 
The results of the review of the CERC revealed that 3–7 % of patients treated with 
trastuzumab alone experienced cardiac dysfunction. This compares to 1 % of 
patients treated with paclitaxel alone and 8 % of patients treated with anthracy-
clines. When trastuzumab is combined with paclitaxel or anthracyclines, the rates 
of cardiac toxicity increased to 13 % and 27 %, respectively. If trastuzumab was 
combined with other chemotherapy, the rates of cardiac dysfunction remained 
between 3 and 6 %. The majority of patients with cardiac dysfunction required post- 
treatment medical therapy. Functional impairment was most pronounced in the 
patients receiving trastuzumab in combination with anthracyclines, occurring in 
16 % versus no greater than 4 % in all the other regimens. However, given the 
improvement in time to treatment failure associated with trastuzumab, the authors 
conclude that the risk of cardiac dysfunction is justified. The addition of 
trastuzumab to chemotherapy other than anthracyclines led to similar outcomes 
observed with the anthracyclines based regimens [ 28 ].  

    HER-2 in Osteosarcoma Cell Lines 

 Unlike in breast cancer cells, in osteosarcoma cell lines HER-2 displays primarily 
cytoplasmic or mixed membranous and cytoplasmic staining. Hughes, et al exam-
ined the expression pattern of all the members of the family of epidermal growth 
factor receptors in primary as well as established osteosarcoma cell lines. They 
evaluated the expression patterns by immunohistochemistry, western blot, poly-
merase chain reaction (PCR), and fl ow cytometry. They demonstrated that HER-3 
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was not expressed in osteosarcoma. EGFR expression was detectable in a primarily 
membranous pattern by immunohistochemistry in most of the cell lines studied. 
The expression of EGFR was confi rmed by PCR as well as western blot. However, 
fl ow cytometry revealed minimal surface EGFR expression, which the authors sug-
gest may be secondary to internalization in endocytosed vesicles. Supporting this 
assertion, the authors found that EGFR immunohistochemistry staining in archival 
specimens displayed a diffuse pattern consistent with localization of the activated 
receptor within the cytoplasm. HER-4 demonstrated diffuse and nuclear patterns of 
staining by immunohistochemistry in the primary tumor samples, and primarily 
nuclear localization in the archival tissue. The protein levels by western blot were 
consistent with the levels of expression detected by immunohistochemistry. HER-2 
demonstrated primarily a diffuse pattern of staining consistent with cytoplasmic 
localization by immunohistochemistry in both the primary cell lines as well as the 
archival samples of osteosarcoma. The expression of HER-2 by immunohistochem-
istry was less intense than that seen by EGFR. The expression levels by immunohis-
tochemistry were consistent with the levels of messenger RNA detected by PCR 
and protein by western blots. Unexpectedly, despite the lack of detection of HER-2 
on the membrane by immunohistochemistry, fl ow cytometry revealed higher quan-
tities of HER-2 than EGFR on the surface of the primary osteosarcoma cell lines [ 29 ]. 

 The detection by fl ow cytometry of HER-2 on the cell surface of osteosarcoma 
cell lines has been corroborated by two other studies. Hassan et al. demonstrated in 
primary as well as established osteosarcoma cell lines that HER-2 is detectable in 
greater quantities than EGFR [ 30 ]. Scotlandi et al. found that 62 % of the primary 
and established osteosarcoma cell lines tested demonstrated HER-2 expression by 
fl ow cytometry, albeit at lower levels than the breast and ovarian cancer cell lines 
used as positive controls. None of the osteosarcoma cell lines demonstrated ampli-
fi cation of the  HER2  gene by fl uorescence in situ hybridization. When treated with 
trastuzumab, the primary cell lines demonstrated only modest growth inhibition. 
In contrast, the established osteosarcoma cell line, SaoS-2, showed similar growth 
inhibition to the positive control breast cancer cell line. However, since the insulin- 
like growth factor receptor (IGF-1R) is known to play a role in resistance to treat-
ment with trastuzumab and because IGF-1R has been implicated in the pathogenesis 
of osteosarcoma, the combination of trastuzumab with an antibody targeting IGF-1R 
was found to have signifi cant growth inhibitory effects, greater than with either 
antibody alone [ 31 ]. Unlike the data in cell lines, the studies in patient samples have 
described confl icting results regarding whether HER-2 is expressed in  osteosarcoma 
and its role in defi ning prognosis.  

    HER-2 Is a Negative Prognostic Indicator in Osteosarcoma 

 Six studies have demonstrated that HER-2 expression in osteosarcoma portends a 
poor outcome. Onda et al. in 1996 fi rst described HER-2 expression in osteosarcoma. 
Using frozen and paraffi n embedded tissue from 26 patients, they evaluated HER-2 
expression by immunoblotting, immunohistochemical staining, and Southern 
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blotting, which they correlated with known clinical outcomes. They found that 42 % 
of tissues demonstrated various levels of expression by immunoblotting, which was 
scored from 0 to 3+ (no staining, weak, moderate, and high, respectively). This was 
corroborated by immunohistochemistry, revealing a primarily membranous pattern 
of staining. Southern blot analysis did not reveal any amplifi cation of the  HER-2  
gene. Patients whose tumors expressed HER-2 (1 to 3+) had signifi cantly worse 
response to preoperative chemotherapy and survival as measured by Kaplan-Meier 
curves. In this series, patients who had no HER-2 expression demonstrated a 1-year 
survival rate of 100 % and 3-year survival rate of 84 %. In contrast those with weak 
to high expression of HER-2 had signifi cantly worse outcomes with 1- and 3-year 
survival rates of 61 % and 14 %, respectively [ 32 ]. 

 In another, single-institution, retrospective analysis, Gorlick et al. reviewed 53 
patients treated on the T12 protocol. This randomized trial found no survival benefi t 
to dose intensifi cation of the preoperative chemotherapy, allowing all the samples to 
be treated as a single cohort [ 33 ]. HER-2 expression levels were evaluated by immu-
nohistochemistry and scored according to according to the percentage of cells 
staining positive: 0 (no staining), 1+ (1–25 %), 2+ (26–50 %), 3+ (51–75 %), and 
4+ (76–100 %). HER-2 staining localized primarily to the cell membrane. 
Overexpression was defi ned as greater than 2+ staining. HER-2 was overexpressed 
in 45.3 % of the patients’ tumors, which was similar to the 42.6 % detected from 
the initial biopsy specimens. Overexpression of HER-2 was found to be correlated 
with decreased response to preoperative chemotherapy and a worse event-free 
survival. At 5-years, patients whose tumors overexpressed HER-2 had a 40 % 
event-free survival compared to 78 % for patients with low or undetectable levels of 
HER-2 expression. The difference in event-free survival remained signifi cant even 
when the 13 % of patients who presented with metastatic disease were excluded 
from the analysis (47 % versus 79 %) [ 34 ]. 

 Zhou et al. reviewed HER-2 expression from 25 patients treated at their institution 
from 1981 to 1996. They included in their analysis 25 primary tumor samples and 
12 specimens from metastatic lung lesions. They evaluated the samples using 
immunohistochemistry for levels of HER-2 expression and FISH for amplifi cation. 
Immunohistochemistry was defi ned as positive if greater than 25 % of tumor cells 
demonstrated immunoreactivity. Amplifi cation was defi ned as positive if greater 
than 10 % of the cells demonstrated more than two signals or if more than three cells 
showed a large number of signals by FISH probe for the  HER-2  gene. They found 
focal to diffuse cytoplasmic staining in the majority of the tumor cells staining posi-
tive for HER-2. HER-2 expression was detectable in 44 % of the primary tumor 
samples and 58 % of the pulmonary metastases. HER-2 expression was not found 
to be correlated with response to chemotherapy. However, patients whose tumors 
stained positive for HER-2 were found to have a signifi cantly worse metastasis-free 
survival. In this cohort, 19 patients presented with localized disease at diagnosis. 
Of those 19 patients, 7 had tumors staining positive for HER-2, and 5 went on to 
develop recurrences. To evaluate for amplifi cation of the  HER- 2 gene FISH was 
performed on 12 samples. Increased signal consistent with amplifi cation was observed 
in 6 of 7 immunostain-positive samples and 2 of 5 immunostain-negative samples. In 
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the two immunostain-negative samples which were found to have amplifi cation of 
 HER-2 , the immunohistochemistry revealed focal HER-2 staining which did not 
meet the criteria for positive [ 35 ]. As discussed above, the cytoplasmic staining of 
HER-2 has uncertain biologic signifi cance because of the protein’s known function 
as a transmembrane receptor. In colon cancer, cytoplasmic staining for HER-2 has 
been demonstrated to correlate with a worse overall survival. Western blots were 
performed to corroborate protein expression on tumors that had both cytoplasmic 
and membranous staining and those that demonstrated only cytoplasmic staining. In 
the tumors that demonstrated both cytoplasmic and membranous pattern of staining, 
they found two bands: one at 185-kDa (corresponding to the expected size of the 
HER-2 protein) and one at 155-kDa. In the tumors that stained positive for HER-2 
solely in the cytoplasm, only the 155-kDa band was detected by western blot [ 36 ]. 
The biological signifi cance of this truncated version of HER-2 has not been exam-
ined. Given the discrepancy in size, it also raises the concern that cytoplasmic stain-
ing for HER-2 may indicate false positive staining and possible cross-reactivity 
with another protein expressed by these tumors. 

 In 2004, Fellenberg et al. attempted to address some of these issues with immu-
nohistochemistry by assessing HER-2 expression at the level of mRNA by real-time 
reverse-transcription PCR (RT-PCR). To enrich the samples, they used laser micro-
dissection to isolate osteosarcoma cells for analysis. They evaluated 17 pretreat-
ment biopsies from a single institution using histologic response as their primary 
clinical endpoint. They found that HER-2 mRNA could be detected in all the 
samples tested. HER-2 expression was signifi cantly elevated in patients who 
demonstrated a poor histologic response to preoperative chemotherapy. For internal 
validation, they corroborated their fi ndings by testing two different areas of the 
tumors to ensure reproducibility. When they analyzed the samples for protein 
expression by immunohistochemistry, they found strong cytoplasmic staining in all 
the samples. There was no correlation between mRNA levels and protein expression 
of HER-2 [ 37 ]. This study serves as a proof of concept, that they were able to enrich 
tumor cells and perform RT-PCR on paraffi n-embedded tissue. Using histologic 
response as the primary clinical endpoint, did not provide data on the signifi cance 
of HER-2 overexpression on survival. Secondarily, the lack of correlation between 
mRNA and protein levels may have implications for the clinical signifi cance of 
cytoplasmic staining for HER-2 by immunohistochemistry. 

 In the same year, Ferrari et al. published a report on a cohort of 19 patients who 
presented with localized disease who subsequently experienced a pulmonary 
relapse. They evaluated differences in the expression pattern between the primary 
tumor and the subsequent pulmonary metastasis. They examined HER-2 expression 
by immunohistochemistry according to the percentage of cells staining positive on 
the membrane, 0 to 4+. The tumor was considered to be positive if it exhibited 2+ or 
greater staining. They found HER-2 to be expressed in 32 % of the primary tumors 
and 53 % of the patients had at least one nodule expressing HER-2. The accordance 
rate, defi ned as the presence of the same expression pattern in the primary and meta-
static samples, was 42 %. Patients with HER-2 positive primary tumors had a shorter 
recurrence-free interval of 17.2 months versus 31.8 months for patients with HER-2 
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negative primary tumors. Likewise, patients with HER-2 positive primary tumors 
were more likely to recur with multiple pulmonary metastases [ 38 ]. 

 A large, single-institution, retrospective analysis of HER-2 expression in osteo-
sarcoma in 84 patients treated on two similar protocols was published by Scotlandi 
et al. in 2005. They examined pretreatment biopsy specimens, using two different 
antibodies, and for half of the specimens three different antibodies. They defi ned 
expression as having greater than 25 % of the cells stain positive. They detected 
HER-2 expression in 32 % of the samples with a pattern of focal to diffuse cytoplas-
mic staining. Between the two antibodies tested they found a concordance rate of 
78 %. For the samples tested with the third antibody similar results were obtained 
with 28 % of the samples positive for HER-2 expression. Patients whose tumors 
expressed HER-2 were found to have a higher rate of relapse and a worse event-free 
survival. Patients with HER-2 negative tumors exhibited an event-free survival of 
greater than 60 % compared to approximately 40 % for those expressing HER-2 [ 31 ]. 
This analysis demonstrated cytoplasmic staining for HER-2 in osteosarcoma using 
multiple antibodies. The high-rate of concordance in the pattern of staining between 
these three antibodies suggests that the cytoplasmic staining is less likely to be due 
to cross-reactivity with another protein. However, the clinical signifi cance of HER-2 
in osteosarcoma remains controversial as several studies have found contradictory 
results in HER-2 expression.  

    HER-2 Is Not Prognostic in Osteosarcoma 

 At the same time as the retrospective analyses discussed previously demonstrated 
the correlation with poor prognosis in patients whose tumors expressed HER-2, 
eight studies also reported that HER-2 expression is not prognostic in osteosarcoma. 
Maitra et al., in 2001, using immunohistochemistry and FISH examined 21 diagnos-
tic biopsy specimens from a single institution. For immunohistochemistry analysis, 
they defi ned as positive only cell membrane staining, excluding cytoplasmic and 
nuclear staining, and graded according to a four-tier grading scheme: negative, low, 
medium, and high. They did not fi nd HER-2 overexpression by immunohistochem-
istry in any of the samples. Likewise, they did not detect any amplifi cation of the 
 HER-2  gene by FISH [ 39 ]. 

 Kilpatrick et al., in the same year, reported on a retrospective analysis from two 
centers between 1985 and 2000. They examined HER-2 expression by immunohis-
tochemistry comparing two different antibodies as well as decalcifi ed versus nonde-
calcifi ed specimens. They delineated between membranous and cytoplasmic 
staining, but did not exclude cytoplasmic staining. Cytoplasmic staining was scored 
from 0 to 3+. Positive was defi ned as 2+ or 3+: weak to moderate staining in more 
than 10 % of cells; or moderate to strong staining in more than 10 % of cells. 
None of the osteosarcoma specimens demonstrated staining for HER-2 on the cell 
membrane. Focal cytoplasmic staining in more than 10 % of the cells was found in 
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83 and 98 % of the samples, using the different antibodies. There was poor agreement 
between the antibodies in the extent of cytoplasmic staining, even when they were 
collapsed to positive and negative. Neither antibody demonstrated correlation with 
response to preoperative chemotherapy, metastasis, or survival [ 40 ]. 

 Thomas et al. performed a retrospective analysis of osteosarcomas in a single- 
institution from 33 patients that included 25 primary biopsies, 29 resections after 
chemotherapy, 9 pulmonary metastatic lesions, and 6 other lesions. The samples 
were analyzed by immunohistochemistry and RT-PCR. They graded the immuno-
histochemical staining according to a fi ve-tier system: negative, cytoplasmic, low- 
positive membranous, medium-positive membranous, and high-positive 
membranous. None of the samples demonstrated staining for HER-2 on the cell 
membrane, but 47 % of the specimens did demonstrate diffuse cytoplasmic staining. 
None of the samples had HER-2 mRNA amplifi able by RT-PCR. mRNAs from 
housekeeping genes were amplifi able suggesting that this was not due to issues with 
technique or failure of RNA extraction. Likewise they were able to RT-PCR HER-2 
from a breast cancer specimen, suggesting that this negative result is not secondary 
to failure of the primers [ 41 ]. Since they were unable to detect the corresponding 
mRNA in the samples, the authors concluded that the cytoplasmic staining of 
HER-2 should be discounted as a positive fi nding. 

 Another single-institution, retrospective analysis was performed by Anninga 
et al. They included in their analysis 15 pretreatment biopsy specimens as well as 12 
specimens including post-chemotherapy resections or pulmonary, distant bone, or 
local relapse specimens. They evaluated the samples by quantitative real-time 
RT-PCR (qPCR) and by immunohistochemistry. Tumor samples were scored 0 to 
3+ according to the level of membrane staining. Cytoplasmic staining was not con-
sidered positive. Of the 27 evaluable specimens, only one sample (from a pre- 
treatment biopsy) displayed membranous staining, which was scored as moderate. 
Focal cytoplasmic staining was detected in two other samples. None of the samples 
had overexpression of HER-2 mRNA when compared to a HER-2 overexpressing 
cell line. The levels of HER-2 expression detected by qPCR were described as 
within the range of normal breast tissue. In the one sample with HER-2 membra-
nous staining, FISH did not reveal  HER-2  amplifi cation [ 42 ]. The authors likewise 
concluded that HER-2 does not play a signifi cant role in osteosarcoma. 

 A collaborative project, involving four institutions, evaluated HER-2 expression in 
22 samples from 20 patients. They were all reviewed at one institution by immunohis-
tochemistry and fl uorescence in situ hybridization. Immunohistochemistry was graded 
from 0 to 3+ according to level (>10 % of cells) and intensity (mild, moderate, strong) 
of membranous staining. Scores of 0 and 1+ were considered to be negative. Four of 
the samples (18 %) showed focal positivity for HER-2 (1+ grading). None of the 
samples revealed amplifi cation of HER-2 by fl uorescence in situ hybridization. 
When the authors interpreted 1+ staining as positive, univariate analysis did not reveal 
a statistically signifi cant difference in survival in the two groups [ 43 ]. The authors 
note that major concerns of this study include the small sample size and the limited 
follow-up, as median survival had not been reached at the time of publication. 
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 Somers et al reviewed 34 samples from 18 patients in a single-institution. 
They examined tumor samples on tissue microarrays for HER-2 expression by 
immunohistochemistry and amplifi cation by chromogenic in situ hybridization 
(CISH). They graded the immunostaining from 0 to 3+ according to intensity of 
membrane staining. Cytoplasmic staining was graded as 0. They found that four 
osteosarcoma specimens from two patients displayed HER-2 immunostaining. Two 
revealed cytoplasmic staining (0), and two cytoplasmic and membranous staining 
(1+). None of the samples were evaluated as having overexpression of HER-2 by 
immunohistochemistry. None of the samples demonstrated  HER2  gene amplifi ca-
tion by CISH. In 39 % of the tumors, aneuploidy (having multiple signals to the 
CISH probe) was detected in less than 10 % of the cells. They also noted that four 
samples exhibited three nuclear signals in greater than 50 % of the cells, which they 
state is suggestive for trisomy 17. None of the tumors with increased signal by 
CISH probe displayed expression for HER-2 [ 44 ]. Since there was no concordance 
between the increased chromogenic signal and immunohistochemistry, the authors 
concluded that the increased signal should not be interpreted as amplifi cation of the 
gene. These fi ndings if interpreted by the criteria used by Zhou et al. would have 
been described as positive for amplifi cation. 

  HER-2  gene amplifi cation was evaluated by Willmore-Payne et al using FISH as 
well as multiplex and monoplex PCR. They also performed immunohistochemistry 
on the samples, grading from 0 to 3+. Cytoplasmic staining was graded as 0. In the 
initial 21 cases evaluated by multiplex PCR and FISH, there was no evidence of 
 HER-2  gene amplifi cation. Of these cases, 11 demonstrated cytoplasmic staining 
for HER-2 by immunohistochemistry, which were all graded as 0. No samples dem-
onstrated membranous staining. Given the negative fi ndings, they obtained an addi-
tional 35 paraffi n blocks from 26 patients from another institution to perform 
monoplex PCR and FISH. Again, they were not able to detect any  HER-2  gene 
amplifi cation. In these 26 patients, they detected two samples with cytoplasmic 
staining for HER-2 by immunohistochemistry, and one sample with 1+ membra-
nous staining [ 45 ]. The authors concluded that HER-2 is not amplifi ed or expressed 
in osteosarcoma. 

 Bakhshi et al. evaluated HER-2 expression by immunohistochemistry in 63 
patients. They delineated the pattern of staining as cytoplasmic versus membranous. 
They graded the samples according to the percentage of cells stained: 0, 0–10 %; 
1+, 11–30 %; 2+, 31–50 %; 3+, 51–100 %. They observed HER-2 staining (1+ and 
greater) in 47.6 % of samples. All of the samples demonstrated cytoplasmic stain-
ing, and four samples demonstrated both cytoplasmic and membranous staining. 
Positive staining for HER-2 was not correlated with metastatic disease at presenta-
tion [ 46 ]. The authors did not evaluate HER-2 for any clinical outcomes. Also con-
founding the results is that almost half of the patients presented with metastatic 
disease. The high proportion of patients presenting with advance disease which is 
the most powerful predictor of outcome in osteosarcoma may obscure the relevance 
of a biological marker.  
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    HER-2 Is a Positive Prognostic Indicator in Osteosarcoma 

 Adding to the controversy over the relevance of HER-2 in osteosarcoma, Akatsuka 
et al. published a report of 81 patients with localized disease from two centers. They 
evaluated initial biopsy specimens for HER-2 expression by immunohistochemis-
try. The samples were graded from 0 to 3+ based on the percentage of cells staining 
positive: 0, negative; 1+, 1–30 %; 2+, 31–75 %; 3+, 76–100 %. The section with the 
highest degree of staining was used as representative, and overexpression was 
defi ned as tumors with 2+ or 3+ staining. They found that 63 % of the tumors had 
overexpression of HER-2. HER-2 expression did not correlate with response to che-
motherapy. Overexpression of HER-2 was signifi cantly correlated with event-free 
survival. At 5 years, the event-free survival of patients with overexpression of 
HER-2 was 72 % compared to 46 % for patients without HER-2 overexpression [ 47 ]. 
In a separate report, these authors also demonstrate that the rate of HER-2 expres-
sion is lower in metachronous pulmonary metastases as compared to initial biopsy 
specimens. They suggest that HER-2 does not play a role in the development of lung 
metastasis [ 48 ].  

    Summary of HER-2 Studies 

 All of these studies (summed in Table  1 ) provide limited clarity of the role of HER-2 
in osteosarcoma. The confounding features include issues with immunohistochem-
istry staining and gene amplifi cation. In the studies examining the levels of expres-
sions of HER-2 by immunohistochemistry, there are differences in the antibodies 
being used, differences in the interpretations of positive staining, and differences in 
the grading systems used to defi ne overexpression; recapitulating the experience in 
breast cancer during the incipient years following the identifi cation of HER-2. 
In the studies revealing that HER-2 is not prognostic in osteosarcoma, the point of 
contention lies in whether HER-2 is truly overexpressed in osteosarcoma. Two stud-
ies which identifi ed defi ned positive HER-2 staining in osteosarcoma demonstrated 
that it was not associated with a worse prognosis. The study by Bakhshi et al. was 
complicated by the increased numbers of patients presenting with advance disease. 
In contrast, Akatsuka et al. demonstrated positive HER-2 staining, but showed that 
it improved survival.

   In regards to the second confounding feature, in breast cancer, the basis of over-
expression of HER-2 is gene amplifi cation in the majority of tumors. In osteosar-
coma, there is evidence that gene amplifi cation of  HER-2  is not involved in the 
pathogenesis. Again, there is disagreement in the literature in terms of the defi nition 
of positive criteria for gene amplifi cation. 

 A meta-analysis published in 2010 evaluated the association of HER-2 overexpres-
sion with prognosis in osteosarcoma. Of the 28 evaluable reports, 23 were excluded. 
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   Table 1    Studies evaluating HER-2 as a prognostic indicator in osteosarcoma   

 Study  Assay   n   Positive (%)  Outcome 

 Onda  Immunoblotting 
 IHC 
 Southern 

 26  Membranous: 42 
 0 

 Survival: 1-yr, 3-yr 
 Neg: 100 %, 84 % 
 Pos: 61 %, 14 % 

 Gorlick  IHC  53  Membranous: 42.6  Event-free survival: 5-yr 
 Neg: 78 % 
 Pos: 40 % 

 Zhou  IHC 
 FISH 

 25 primary 
 12 metastases 
 7 IHC pos 
 5 IHC neg 

 Cytoplasmic: 44 
 Cytoplasmic: 58 
 85.7 
 40 

 Metastasis-free survival 
 Worse 

 Fellenberg  RT-PCR 
 IHC 

 10 good 
response 

 7 poor response 
 NR 

 0 
 85 
 Cytoplasmic: 100 

 Histologic response: 
 mRNA levels 94 % 

predictive of 
histologic response 

 Ferrari  IHC  17  Primary: 32 
 Metastases: 53 

 Recurrence-free interval: 
 Neg: 31.8 months 
 Pos: 17.2 months 

 Scotlandi  IHC  84  28–32  Event-free survival: 
 Worse 

 Maitra  IHC 
 FISH 

 21  0 
 0 

 NR 

 Kilpatrick  IHC  41  Membranous: 0 
 Cytoplasmic: 83–98 

 Response to 
chemotherapy, 
metastasis, survival: 

 No association 
 Thomas  IHC 

 RT-PCR 
 66  Membranous: 0 

 Cytoplasmic: 47 
 0 

 NR 

 Anninga  RT-PCR 
 IHC 
 FISH 

 27 
 27 
 1 

 0 
 Membranous: 3.7 
 Cytoplasmic: 7.4 
 0 

 NR 

 Tsai  IHC 
 FISH 

 22 
 22 

 Focal: 18 
 0 

 No association (limited 
follow-up) 

 Somers  IHC microarray 
 CISH microarray 

 34 
 34 

 Membranous and 
cytoplasmic: 5.8 

 Cytoplasmic: 5.8 
 0 

 NR 

 Willmore- 
Payne  

 FISH 
 PCR 
 IHC 

 47 
 46 

 0 
 0 
 Membranous: 0 
 Cytoplasmic: 4.3 

 NR 

 Bakhshi  IHC  63  Cytoplasmic: 41.2 
 Membranous and 

cytoplasmic: 6.3 

 Expression in patients 
with metastatic 
disease and grade: 

 No difference 
 Akatsuka  IHC  81  63 %  Event-free survival: 5-yr 

 Neg: 46 
 Pos: 72 

   IHC  immunohistochemistry,  NR  not reported,  yr  year,  RT-PCR  reverse-transcription polymerase 
chain reaction,  FISH  fl uorescent in situ hybridization,  CISH  chromogenic in situ hybridization  
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In the remaining fi ve reports, the authors had diffi culty with standardization of the 
cohorts as the reports as described above used different modalities to evaluate 
HER-2 overexpression, different antibodies, and different criteria for the evaluation 
of immunohistochemistry staining. The authors conclude that HER-2 positivity 
revealed a trend for a 1.26-fold higher risk of death, which was not statistically 
signifi cant [ 49 ]. Another major confounder of the meta-analysis was the lack of 
standardization of the populations and the treatments across the studies. 

 More recently, results from the Children’s Oncology Group have been presented. 
They evaluated 191 samples from 149 patients for whom there were confi rmed his-
tologic diagnosis of osteosarcoma, adequate staining, and survival information. 
Most of the patients were enrolled on clinical trial and had standardized treatment. 
HER-2 overexpression was evaluated by immunohistochemistry and graded accord-
ing to the percentage of cells staining positive: negative (no staining), 1+ (0–25 %), 
2+ (26–50 %), 3+ (51–75 %), and 4 (>75 %). Positive for HER-2 overexpression 
was defi ned by a grade of 3+ or 4+. According to these criteria, the investigators 
found that HER-2 was overexpressed in 13.4 % of the samples evaluated. HER-2 
overexpression did not correlate with survival [ 50 ].  

    Trastuzumab in Osteosarcoma 

 Given the promising clinical benefi t of trastuzumab in breast cancer and the early 
retrospective analyses in osteosarcoma, the Children’s Oncology Group initiated a 
phase II trial of trastuzumab in patients with metastatic osteosarcoma. Eligible 
patients were required to have newly diagnosed metastatic disease, defi ned as bone, 
bone and lung, bilateral lung, or greater than four unilateral lung metastases. 
Immunohistochemistry staining was used to evaluate the HER-2 status of the 
patients’ biopsy specimen performed and graded by an independent, centralized 
facility. The specimens were graded according the percentage of cells staining posi-
tive for HER-2 (membranous, cytoplasmic, and nuclear staining all considered posi-
tive): 0, <10 %; 1+, 10–50 %; 2+, >50 %. Patients with 2+ staining received 
trastuzumab in addition to the fi ve-drug regimen of methotrexate, doxorubicin, cis-
platin, ifosfamide, and etoposide. Patients treated with trastuzumab initiated therapy 
prior to week 6 and continued weekly until they had completed the course of 34 
doses. The primary outcome of event-free survival was compared to patients with-
out HER-2 expression receiving fi ve-drug chemotherapy without trastuzumab. 
Between July 2001 and November 2005, 96 evaluable were enrolled on the study: 
41 HER-2 positive and 55 HER-2 negative. Of the patient samples submitted for 
review, 33–35 % demonstrated HER-2 positive expression. The results of the trial 
were disappointing. There was no difference in the event-free and overall survival 
in the two treatment arms. The 30-month event-free survival was 32 % in both the 
trastuzumab arm and the non-HER-2 expressing arm. The 30-month overall sur-
vival was 59 % in the trastuzumab cohort and 50 % in the non-HER-2 expressing 
cohort. Despite the high-doses of anthracyclines, there was no increase in cardiac 
toxicity in the trastuzumab treated arm [ 51 ]. The addition of trastuzumab to 
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cytotoxic chemotherapy was well tolerated in this group of patients. The lack of 
clinical benefi t noted in the trial may have been due to trastuzumab overcoming 
the negative prognostic effects associated with the overexpression of HER-2.  

    Lessons Learned 

 There is limited value of institutional retrospective analyses in defi ning possible 
targeted therapy. The sample sizes available are too small to detect differences in 
subpopulations. Secondarily, inconsistencies in techniques make reproducibility 
and validation very challenging. Target validation requires proving  in vivo , using 
available rodent and canine models, the tumor localization and effi cacy of the 
therapeutic agent. In conjunction, understanding the biologic basis for the targets 
and the mechanisms of cellular dependencies will lend confi dence to the applica-
bility of the therapeutic agent for targeted therapy. These requirements need to be 
standardized in the foundation of a coherent drug development plan in osteosarcoma.  

    Conclusion 

 HER-2 expression, like P-glycoprotein, is too controversial and cannot be used as a 
prognostic factor or in the treatment of osteosarcoma.     
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    Abstract     The cause of death for the vast majority of cancer patients is the development 
of metastases at sites distant from that of the primary tumor. For most pediatric 
sarcoma patients such as those with osteosarcoma (OS), despite successful manage-
ment of the primary tumor through multimodality approaches, the development of 
metastases, commonly to the lungs, is the cause of death. Signifi cant improvements 
in long-term outcome for these patients have not been seen in more than 30 years. 
Furthermore, the long-term outcome for patients who present with metastatic 
disease is grave [ 1 – 5 ]. New treatment options are needed. 

 Opportunities to improve outcomes for patients who present with metastases and 
those at-risk for progression and metastasis require an improved understanding of 
cancer progression and metastasis. With this goal in mind we and others have identifi ed 
ezrin as a metastasis-associated protein that associated with OS and other cancers. 
Ezrin is the prototypical ERM (Ezrin/Radixin/Moesin) protein family member. 
ERMs function as linker proteins connecting the actin cytoskeleton and the plasma 
membrane. Since our initial identifi cation of ezrin in pediatric sarcoma, an  increasing 
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understanding the role of ezrin in metastasis has emerged. Briefl y, ezrin appears 
to allow metastatic cells to overcome a number of stresses experienced during the 
metastatic cascade, most notably the stress experienced as cells interact with the 
microenvironment of the secondary site. Cells must rapidly adapt to this environ-
ment in order to survive. Evidence now suggests a connection between ezrin expres-
sion and a variety of mechanisms linked to this important cellular adaptation 
including the ability of metastatic cells to initiate the translation of new proteins and to 
allow the effi cient generation of ATP through a variety of sources. This understanding 
of the role of ezrin in the biology of metastasis is now suffi cient to consider ezrin as an 
important therapeutic target in osteosarcoma patients. This chapter reviews our under-
standing of ezrin and the related ERM proteins in normal tissues and physiology, 
summarizes the expression of ezrin in human cancers and associations with clinical 
parameters of disease progression, reviews reports that detail a biological under-
standing of ezrin’s role in metastatic progression, and concludes with a rationale 
that may be considered to target ezrin and ezrin biology in osteosarcoma.  

  Keywords     Ezrin   •   ERM Proteins   •   Osteosarcoma   •   Metastasis   •   Sarcoma  

        Ezrin, Radixin, and Moesin Proteins 

    Functional Relationship and Structure Organization 
in Normal Tissues 

    Structure and Domain Organization 

 Ezrin, radixin, and moesin are widely expressed proteins known as ERMs that link 
the actin cytoskeleton to membrane and membrane-associated proteins. ERM pro-
teins share homology in sequence structure and function. They are composed of 
three domains, an N-terminal globular domain (N-terminal ERM association 
domain, N-ERMAD); an extended alpha-helical domain; and a charged C-terminal 
domain (C-terminal ERM association domain, C-ERMAD). The N-terminal domain 
of ERM proteins, called the FERM ( f our-point-one protein,  e zrin,  r edixin,  m oesin) 
domain is highly conserved, and is also found in the protein merlin, band 4.1 proteins 
and members of the band 4.1 superfamily. The crystal structures of ERM proteins 
have revealed the FERM domain to be composed of three modules that together 
form a compact clover-shaped structure. In contrast to the globular FERM domain, 
the carboxy-terminal domain adopts an extended structure and is composed of one 
β-strand and six helical regions that bind to and cover an extensive area on the 
FERM-domain surface, potentially masking recognition sites of other proteins. Ezrin 
and radixin also contain a polyproline region between the helical and C-terminal 
domains (Fig.  1 ). ERM proteins can undergo intramolecular and/or intermolecular 
head-to-tail interactions: both monomers and oligomers exist in cells, but it is not 
clear whether all forms are biologically active.
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       Tissue Localization and Functional Relationship 

 Although ezrin, radixin, and moesin are co-expressed in most cultured cells, they 
exhibit somewhat distinctive tissue-specifi c expression patterns. For example, ezrin 
is highly concentrated in intestine, stomach, lung and kidney. Moesin is predomi-
nantly expressed in lung and spleen, and radixin is primarily found in the liver and 
intestine. Ezrin is normally expressed in epithelial and mesothelial cells while moe-
sin is expressed in lymphoid and endothelial cells. The brush border of intestinal 
epithelial cells expresses only ezrin, and hepatocytes express only radixin. 

 The functional redundancy that exists between ERM proteins is supported by 
the phenotype of moesin, radixin, and ezrin gene knockout mice.  Moesin  −/−  mice 
do not carry any observable phenotype in any of the tissue examined [ 6 ]. Not sur-
prisingly, the expression and subcellular distribution of ezrin and radixin in the 
tissues from the moesin −/−  mice are not changed. Similarly,  Rdx  (encoding radixin) −/−  
animals are viable and only exhibit deafness and hepatic abnormalities [ 7 ]. Deafness 
in these mice results from defective stereocilia in the inner and outer hair cells, 
which exclusively express radixin and no ezrin or other ERM proteins [ 8 ]. 
The ezrin knockout mouse is viable at birth suggesting the ability of radixin and 
moesin to compensate for ezrin during development. Interestingly the fatal pheno-
type of this mouse is characterized by intestinal villous malformations seen at day 
13 post partum. As may be predicted, normal intestinal epithelial cells nearly 
exclusively express ezrin [ 9 ]. Genetic studies using  Drosophila  and  C. elegans  
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  Fig. 1    Band 4.1 protein and ERM (ezrin, radixin, and moesin) family members. ERM proteins 
consist of three domains: a globular N-terminal membrane binding domain (FERM domain or 
N-ERMAD), following by an extended α-helical domain and a positively charged C-terminal 
actin-binding domain (C-ERMAD). The percentage sequence identity with ezrin in N-terminal 
domain is indicated at amino acid sequence level.  P  polyproline region       
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extend further to support the functional redundancy of ERM proteins [ 10 ,  11 ]. 
In  Drosophila  only a single ERM protein/orthologue (Dmoesin) is present. The 
functional loss of Dmoesin, in  Drosophila , leads to a wide range of developmental 
and morphologenic defects which can be largely attributed to abnormal epithelial 
morphogenesis [ 11 – 15 ].   

    Conformational Regulation: Physiology 

 ERM proteins are conformationally regulated. ERM proteins exist in proposed 
dormant forms in which the C-terminal tail binds to and masks the N-terminal 
FERM domain. The activation of ERM protein is mediated by both exposure to 
PIP2 and phosphorylation of the C-terminal threonine (T567 in ezrin, T564 in 
radixin, T558 in moesin). It is likely that phosphorylation at other residues in ERM 
proteins are needed to maintain an open activated conformation for ezrin and to 
direct ezrin specifi c effects in cells [ 16 ]. The studies of ezrin using atomic force 
microscopy (AFM) demonstrated that ezrin activation, induced by T567 phosphory-
lation, is a 2-step process [ 17 ]. In the resting stage, ezrin is initially folded, with an 
association of C-ERMAD with the α-helical region followed by a second associa-
tion of N-FERM/C-ERMAD, which forms a completely closed ezrin molecule. 
During the process of ezrin activation, modifi cation of the N-terminus following 
PIP2 binding disrupts the N-FERM/C-ERMAD contact to allow Thr567 to be 
exposed for subsequent phosphorylation [ 18 ]. This phosphorylation subsequently 
releases the extreme carboxyl terminal region for F-actin binding [ 19 ]. Several pro-
tein kinases have been found to phosphorylate the C-terminal threonine residue of 
the ERM proteins. Examples include protein kinase C (PKC)α [ 20 ], PKCθ [ 21 ], 
PKCι [ 22 ], Rho kinases/ROCK [ 23 ], G protein-coupled receptor kinase 2 (GRK2) 
[ 24 ], Myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) [ 25 ], and 
the ste20-related kinase Nck-interacting kinase (NIK) [ 26 ] (Fig.  2 ). Although we 
have focused on the role of ERM proteins in their proposed active and open confor-
mation, it is reasonable that ERM proteins have some biological activity in their 
closed conformations.

   The deactivation of ERM proteins is also important for physiologic functions 
including the dynamics of actin-rich membrane projections. This process might be 
triggered by ERM protein dephosphorylation. Moesin T558 dephosphorylation has 
been suggested to be a crucial step for lymphocyte adhesion and transendothelial 
migration. The disassembly of microvilli on lymphocyte cell surfaces caused by 
dephosphorylation of moesin facilitates the cell–cell (lymphocyte–endothelium) 
contact. Protein phosphatase 2C is involved in the dephosphorylation of moesin 
through the activation of Rac1 small GTPase [ 27 ]. A recent study in the transgenic 
mice whose T-lymphocytes express low levels of ezrin phosphomimetic protein 
(T567E) showed a decreased lymphocyte migration across the endothelium [ 28 ]. 
In vivo, dephosphorylation of ERM proteins correlates with microvilli breakdown 
induced by anoxia and apoptosis [ 29 ,  30 ].  
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    Cellular Functions 

    Membrane and Cytoskeleton Linker 

 ERM proteins either directly associate with the cytoplasmic domains of some trans 
membrane proteins, such as CD44 [ 32 – 34 ], CD43 [ 35 ,  36 ], ICAM-1, -2 and -3 
[ 37 – 39 ], Fas [ 40 ], p-glycoprotein (Pgp) [ 41 ] or indirectly associate with membrane 
proteins via PDZ-containing adaptors EBP50 and E3KAP [ 42 – 44 ]. The role of ERM 
proteins is to not only recruit the membrane proteins in the correct localization on the 
cell membrane but also regulate their physiological functions [ 44 ]. ERM proteins 
can localize signaling molecules that regulate the activity of these membrane proteins 
[ 45 – 49 ]. ERMs may also contribute to the transport/delivery of membrane proteins 
for their recycling and vesicular traffi cking [ 50 – 52 ]. Regulated attachment of mem-
brane proteins to F-actin is essential for many fundamental cellular processes, 
including the determination of cell shape, polarity and surface structure, cell adhe-
sion, motility, cytokinesis, phagocytosis, apoptosis, drug resistance. and integration 
of membrane transport with signaling pathways.  

  Fig. 2    Activation of ERM proteins. The dormant ERM proteins exist as monomers, dimers, and 
oligomers with a closed conformation. The activation of ERM proteins is mediated by both expo-
sure to PIP2 and phosphorylation of the C-terminal threonine. The C-terminal of activated ERM 
proteins bind to F-actin fi laments. The N-terminal domains of activated ERM proteins are associ-
ated directly with the molecules such as CD44 and ICAM-1, -2 and -3 or indirectly with other 
transmembrane proteins such as NHE3 through EPB50    [ 31 ]       
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    Intracellular Signaling 

 ERM proteins lie both downstream and upstream in signal-transduction pathways in 
epithelial and mesenchymal tissues. As described earlier, ERM protein conforma-
tion (activity) is regulated by a combination of phospholipid binding and phos-
phorylation. Both events have been proposed to lie downstream of signals mediated 
by Rho [ 23 ,  53 – 56 ]. Recent evidence also places ERM proteins upstream of Rho- 
pathway activation through direct association with proteins that regulate Rho func-
tions. In vitro studies indicate that ERM binding to RhoGDI, a potent sequestering 
factor, releases inactive Rho from the GDI, thereby allowing activation through the 
exchange of GDP to GTP [ 57 ]. 

 In a similar fashion, ERM proteins seem to act as effectors in PKCα and PKCθ 
signaling events [ 21 ,  34 ,  58 ]. Both kinases have been shown to phosphorylate the 
conserved c-terminal threonine and thereby facilitate conformational activation of 
ERM proteins. In addition, PKC mediated phosphorylation has been proposed to 
regulate interactions between CD44 and ezrin by altering phosphorylation of the 
intracellular domain of CD44 [ 34 ]. 

 Several lines of evidence link ezrin to Fas-mediated apoptosis in human T lym-
phocytes. Ezrin has been found to directly interact with Fas (CD95) in the lipid raft 
on the uropod and facilitate the susceptibility of Fas-mediated apoptosis [ 40 ], which 
is important in the control of cell homeostasis and may have a role in some human 
diseases in which programmed cell death seems to be a central pathogenetic mecha-
nism, such as AIDS [ 49 ]. 

 Ezrin has been found to bind to Pgp in the plasma membrane and exerts a pivotal 
role in the establishment of Pgp-mediated MDR in human cancer cells [ 41 ,  59 ,  60 ]. 
Pgp membrane localization is maintained by Pgp-to-actin anchorage through ezrin, 
allowing a stable localization in membrane lipid rafts.  

    Nuclear Localization 

 To further complicate our understanding of ERM protein biology, Batchelor et al. 
found ERM proteins to localize in nucleus [ 61 ]. The nuclear localization of endog-
enous ezrin and moesin is regulated by cell density and is resistant to detergent 
extraction, suggesting a tight association with nuclear structures. Phosphorylation 
in the C-terminal actin-binding domain of ERM proteins is not a prerequisite for 
nuclear localization. A specifi c nuclear localization sequence has been identifi ed 
and is conserved and functional in all ERM family members. The nuclear localiza-
tion of ezrin was also found in breast cancer tissues [ 62 ,  63 ] and OS patient samples 
[ 64 ]. Although the precise nuclear function of ERM proteins is not clear, these data 
provide further evidence that an increasing number of cytoskeletal components 
directly link the plasma membrane with nuclear events.    
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    Ezrin Expression in Cancer 

 Ezrin has been recently shown to be expressed in most human cancers and linked to 
progression in several cancers including carcinomas of endometrium, breast, colon, 
ovary, nasopharynx, and in uveal and cutaneous melanoma, brain tumors, non-small- 
cell lung cancer, soft tissue sarcoma, and osteosarcoma (Table  1 ). A brief summary of 
the associations between ezrin and some of these human cancers is presented below.

   Table 1    Summary of clinical associations between human cancers and ezrin expression   

 Cancer type 
 Correlation of ezrin expression and cellular localization with tumor 
grade and patient outcomes  References 

 Breast cancer  Cytoplasmic ezrin expression increases from benign to malignant 
breast tumor. Ezrin and CD44 co-expression was associated 
with a poorer prognosis in patient subsets. 

 [ 65 ,  66 ] 

 Ovarian 
cancer 

 A study performed on tissue microarrays revealed a favorable 
outcome for patients with ezrin-positive invasive ovarian 
carcinomas. The other study using whole tissue sections showed 
that ezrin expression correlates with reduced overall survival. 

 [ 67 ,  68 ] 

 Melanoma  Ezrin expression is directly correlated with risk for metastasis in 
cutaneous and uveal melanoma. Ezrin was identifi ed as an 
independent predictor of outcome in aggressive uveal melanoma. 

 [ 69 ,  70 ] 

 Head and neck 
cancer 

 There is a signifi cant association of increased cytoplasmic ezrin 
with poor cancer survival in the head and neck squamous cell 
carcinoma. Patients with tumors expressing high ezrin had a 
shorter disease-free survival. 

 [ 71 – 73 ] 

 Lung cancer  In non-small-cell lung cancer, the up-regulation of ezrin expression 
at both mRNA and protein levels were signifi cantly associated 
with increased tumor stage and lymph node metastasis. Ezrin is 
expressed diffusely in the cytoplasm. The invading tumor cells 
have stronger ezrin staining. 

 [ 74 – 76 ] 

 Brain cancer  Increased ezrin expression correlates signifi cantly with increasing 
malignancy of astrocytic tumors. Ezrin is over expressed and 
inactivates tumor suppressor NF2/Merlin in glioblastoma. 

 [ 77 ,  78 ] 

 Colorectal 
cancer 

 Ezrin expression in the colorectal cells was typically cytoplasmic and 
is more intense in colon than in rectal carcinomas. Ezrin is a 
disease-specifi c survival predictor. Negative/weak ezrin expression 
correlates with favorable disease outcome, High ezrin expression in 
the tumors correlates with shorter time of local recurrence. 

 [ 79 – 83 ] 

 Gastric cancer  Positive expression of ezrin correlated with age, size of tumor, 
location of tumor, depth of invasion, vessel invasion, lymph 
node and distant metastasis, and TNM stage. Ezrin 
overexpression was correlated with a poor outcome. Ezrin is 
mainly localized in the cytoplasm, and nuclear localization can 
be detected in few primary cancer cells. 

 [ 84 ,  85 ] 

 Soft tissue 
sarcoma 

 Increased ezrin expression predicted development of metastasis and 
local recurrence. Ezrin expression correlates signifi cantly with 
an infi ltrative growth pattern. 

 [ 86 ,  87 ] 

 Osteosarcoma  High ezrin expression associates to the poor overall survival of OS 
patients and confers high risk of recurrence. Ezrin is localized 
on cell membrane, cytoplasm, and nucleus in OS tumors cells. 

 [ 88 – 91 ] 
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      Melanoma 

 Several studies have attempted to fi nd molecular signatures that correlate with the 
malignant phenotype (aggressive behavior and poor prognosis) of melanoma. 
Indeed, in these studies in melanoma, ezrin expression has been shown to be associ-
ated with metastatic potential. [ 69 ,  70 ]. Moreover, in aggressive uveal melanoma, 
following a multivariate study, ezrin was identifi ed as an independent predictor of 
outcome in patients [ 92 ]. In metastatic melanoma, ezrin mediates aberrant linkage 
of the cytoskeleton to various proteins, including CD44 and LAMP-1, inducing 
marked changes in the general framework of cellular functions that are important 
to metastasis [ 69 ]. This leads to an aberrant engagement with the extracellular 
microenvironment that is directly involved in metastatic behavior of tumor cells. 
Intriguingly, ezrin has also been correlated with the capacity of metastatic mela-
noma cells to cannibalize other cells either dead or alive [ 70 ,  93 ], which is dem-
onstrated by the fact that ezrin knockdown abolished tumor cell phagocytic 
activities [ 94 ,  95 ].  

    Head and Neck Cancer 

 Over-expression of ERMs has been linked to tumor progression in the head and neck 
squamous cell carcinoma (UADT-SCC) using DNA microarrays [ 96 ]. At the protein 
level high cytoplasmic ezrin expression was signifi cantly associated with decreased 
survival in patients. Strong cytoplasmic moesin expression was associated with 
poorer survival, albeit not signifi cantly. In contrast, membranous ezrin expression 
was associated with improved overall survival [ 71 – 73 ] in these patients.  

    Non Small Cell Lung Cancer (NSCLC) 

 Western blot analysis showed that the level of ezrin in the NSCLC tissues was 
signifi cantly higher than that in the normal tissues. The expression of ezrin protein 
and mRNA was up-regulated in highly metastatic human NSCLC. In two indepen-
dent studies, ezrin immunohistochemical staining was performed using patient 
tumor tissues, and the ezrin protein expression was detected by Western blot in 
freshly collected or frozen NSCLC tissues [ 74 ,  76 ]. The up-regulation of ezrin 
expression was signifi cantly associated with increased tumor stage and lymph node 
(LN) metastasis but not correlated with age, sex, tumor size, histological type, clinical 
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TNM system or pathological grade. The 5-year survival rate of patients with no 
ezrin expression was signifi cantly higher than that of patients with positive ezrin 
expression [ 74 ]. These results suggested that high-level ezrin expression contrib-
uted to NSCLC progression.  

    Brain Cancer 

 In glioblastoma both ezrin and neurofi bromatosis type 2 (NF2/merlin), a cytoskeletal- 
related protein, have opposite yet interdependent activities. Ezrin overexpression 
was observed in glioblastoma, and interestingly ezrin enhanced cell proliferation 
and anchorage-independent growth only in cells expressing NF2/merlin. Ezrin 
interacted and delocalized NF2/merlin from the cortical compartment releasing its 
inhibition on Rac1. Ezrin expression may represent another mechanism for NF2/
merlin inactivation in glioblastoma [ 77 ]. 

 Ezrin immunoreactivity was examined in normal human brain tissues and tissues 
from human glial tumors including astrocytoma, ependymoma, oligodendroglioma, 
and glioblastoma [ 78 ]. The increase of ezrin expression correlated signifi cantly 
with increasing malignancy of astrocytic tumors ( P  < 0.0001). It was found that 
weak staining of peripheral processes in normal human brain astrocytes and in 
World Health Organization grade II benign astrocytoma. Staining was markedly 
increased in anaplastic astrocytoma (World Health Organization grade III) and 
clearly strongest in glioblastoma (World Health Organization grade IV). Ezrin 
immunoreactivity may provide a useful tool for the distinction of oligodendrogli-
oma and astrocytoma and for the grading of astrocytic tumors.   

    Ezrin in Sarcomas/Osteosarcoma 

    Expression 

 Studies of ezrin expression in cancer and corresponding normal tissues have sug-
gested uniquely aberrant expression of ezrin in tissues of mesenchymal origin. 
Normal human mesenchymal tissues express very little to no ezrin; whereas, mes-
enchymal human cancers (i.e., sarcomas) are amongst the highest expressers of 
ezrin [ 97 ]. This may suggest a distinct role for ezrin in sarcoma. In adult soft tissue 
sarcoma, a direct correlation has been made between histological grade and ezrin 
staining intensity using immunohistochemistry [ 86 ]. Furthermore, multivariate 
analysis has suggested that high ezrin staining intensity in primary tumors is 
inversely associated with metastasis-free interval. A strong correlation between 
ezrin expression and infi ltrative growth pattern of soft tissue sarcoma was also 
observed [ 86 ,  87 ]. 
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 By utilizing microarray analysis to identify gene expression patterns that were 
specifi c to highly metastatic derivatives of murine tumor cell lines, we and others 
[ 98 ,  99 ] have found that ezrin was signifi cantly overexpressed in highly metastatic 
osteosarcoma and murine rhabdomyosarcoma (RMS) and cell lines relative to their 
poorly metastatic counterparts. We determined that ezrin inhibition by stable expres-
sion of antisense constructs or short hairpin RNA directed at ezrin, or an through 
functional disruption of ezrin by a dominant negative ezrin mutant. In these studies 
a signifi cantly reduced metastatic capability was seen in cells that had reduced ezrin 
expression or function in both cancer types. Conversely, overexpression of wild- 
type ezrin conferred higher metastatic capability to nonmetastatic RMS cells. 
Finally, we extended our fi ndings demonstrating clear correlations between high 
ezrin levels and both increasing RMS grade in humans and with reduced disease 
free-interval in OS that naturally developed in dogs and in human OS patients. 
These data, together with the work of others, provide compelling evidence for a 
metastasis-promoting function of ezrin [ 98 ,  100 ,  101 ] in osteosarcoma and other 
sarcoma subtypes. In follow-up studies, ezrin was found to be a direct transcrip-
tional target of Six1, a homeodomain containing transcription factor [ 99 ]. RNA 
interference (RNAi)-based knockdown of ezrin fully inhibited the ability of Six1 to 
promote metastasis in RMS cells [ 102 ]. 

 High level expression of ezrin was also found in Ewing’s sarcoma tissues. But unlike 
the other sarcomas, the alteration of ezrin activity in the Ewing’s sarcoma cell lines had 
profound effects on cell proliferation in vitro and primary tumor growth in vivo. 
Molecular examination reveals that the action of ezrin in Ewing’s sarcoma is dependent 
on the AKT/mTOR signal transduction cascade, but not MAP Kinase [ 103 ].  

    Ezrin Expression Predicts Outcome in OS Patients 

 Recently, a systematic review and meta-analysis of published studies on prognostic 
role of ezrin expression in OS were conducted by two research groups [ 90 ,  104 ]. 
Final analysis of 318 patients from fi ve eligible studies was performed. Combined 
hazard ratio (HR) of ezrin immunohistochemical staining suggested that positive 
immunoexpression had an unfavorable impact on OS patients’ overall survival 
( n  = 223 in four studies; HR = 4.79; 95 % CI: 1.50–15.30;  P  = 0.008) but not on 
event-free survival ( n  = 202 in three studies; HR = 1.59; 95 % CI: 0.61–4.15; 
 P  = 0.342). Combined odds ratio (OR) of ezrin immunohistochemical staining indi-
cated that positive immunoexpression was associated with recurrence ( n  = 134 in 
two studies; OR = 3.79; 95 % CI: 1.49–9.64;  P  = 0.005) but not with serum ALP 
level ( n  = 160 in two studies; OR = 2.16; 95 % CI: 0.09–52.50;  P  = 0.637) and histo-
logical response to neoadjuvant chemotherapy ( n  = 260 in 4 studies; OR = 0.87; 
95 % CI: 0.37–2.03;  P  = 0.740). The results of this meta-analysis suggest that ezrin 
positive immunoexpression confers a higher risk of recurrence and a worse survival 
in OS patients. Large prospective studies are needed to confi rm these results and 
understand the precise prognostic signifi cance of ezrin.   
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    A Biological Understanding of Ezrin in OS Metastasis 

 Increasing evidence highlights that ezrin may have a pleiotropic roles in the devel-
opment of the metastatic process. Indeed, ezrin has been reported to exert multiple 
effects on the metastatic cascade [ 62 ,  69 ,  100 ,  101 ,  105 ,  106 ]. Ultimately, a better 
understanding of exactly how ezrin confers metastatic advantage will provide 
important insight into this key problem in cancer biology. Followings are some 
advances on the study of ezrin’s role in OS metastasis: 

    Ezrin Increases Survival of OS Cells Early After Their Arrival 
in the Lung 

 The metastatic spread of cancer cells from a primary tumor to a distant secondary 
site involve a complex set of discrete steps and processes that are in many ways 
distinct from those associated with primary tumor growth. Most studies of this met-
astatic cascade suggest that cancer cells readily gain entry to the circulation from 
the primary tumor and that the majority of circulating cancer cells successfully 
arrive and extravasate at the distant secondary site; however, only a small minority 
of cells is able to survive at the distant and foreign microenvironment. Indeed, man-
aging this critical stage of vulnerability is a defi ning feature of metastatic cells. 
Ezrin expression appears to provide an early survival advantage for OS cells that 
metastasize to the lung. Using an experimental tail vein injection model of metasta-
sis, we found that reducing ezrin expression led to decreased survival of highly 
metastatic OS cells that were able to reach the lung. Reduced ezrin expression was 
accompanied by reduced levels of active MAPK and Akt, which can both promote cell 
survival. It is important to note that the inhibition or ezrin expression in these cells 
appeared to do little to infl uence primary tumor growth of these cancers [ 98 ].  

    Dynamic Regulation During Metastasis 

 The active phosphorylated form of ezrin does not appear to be constitutively 
expressed during metastasis, rather, it is dynamically regulated. By following the 
progression of metastasis in highly metastatic murine and human OS cells, high 
expression of phosphorylated ezrin was observed early after cells arrived in the 
lung. This is consistent with earlier fi ndings suggesting that ezrin was actively 
involved in the survival of cancer cells that arrive at the secondary site. Surprisingly, 
at later points in the metastatic process there was a loss of phosphorylated ezrin 
most evident as metastatic lesions progressed in size, particularly within the central 
portions of large viable metastases. Re-expression of phosphorylated ezrin was then 
found at the invasive front of larger metastatic lesions. This re-expression of ezrin at 

Role of Ezrin in Osteosarcoma Metastasis



192

the invasive front was consistent with the hypothesis that ezrin was necessary to 
augment survival of cells experiencing the stress of interacting with the foreign 
microenvironment of the lung. This dynamic pattern of overexpression of phos-
phorylated ezrin early after cells arrive in the lung, followed by a subsequent decline 
was also found in mice xenografted with canine OS cells [ 107 ]. The kinase respon-
sible for regulating this dynamic process of ezrin phosphorylation in OS metastasis 
was found to be the classical PKC family members [ 108 ]. The connection between 
PKC and ezrin expression was further observed in canine OS cells [ 109 ] and several 
other cancer cell lines [ 110 ]. Collectively these fi ndings indicate that the regulation 
of ERM activation/phosphorylation, and not simply the expression of ERM proteins, 
may play an important role in tumor metastasis.  

    Early Metastatic Stress and PKC Inhibition 

 As outlined above, PKC was found to be responsible for the regulation of ezrin 
activation in OS [ 108 ] and its activation was signifi cantly linked to survival of 
highly metastatic OS and breast cancer cells [ 111 ]. Using novel fl uorescent-based 
imaging strategies (Single Cell Video Microscopy) that assess tumor cell interaction 
with the lung microenvironment, most high and low metastatic cells can be distin-
guished within 6 h of their arrival in the lung. Furthermore this difference is defi ned 
by the ability of high metastatic cells to resist apoptosis at the secondary site. These 
observations, in both murine and human OS, suggested that the metastatic pheno-
type is notably defi ned by the ability of metastatic cells to endure stresses early 
hours after their arrival in the lung. The stresses experienced by single cancer cells 
are likely related to differences in microenvironment at the secondary site compared 
to the primary site, including differences in tissue oxygen tension [ 112 ], reactive 
oxygen species [ 113 ], infl ammation [ 114 ], nutrition sources [ 115 ], pH, and other 
metabolic features [ 116 ]. The cells that are able to resist these stresses will survive, 
progress, and yield metastases. The ezrin associated survival advantage for highly 
metastatic cells was found to be Akt independent but PKC and caspase 3 dependent. 
After exposure to the PKC inhibitors, a complete inhibition of metastatic progres-
sion of OS cells and marked and effective reduction metastatic burden ex vivo and 
in vivo were observed [ 111 ].  

    Alteration of Cellular Metabolism 

 To further evaluate the relative contributions and importance of phosphorylated 
(open) and dephosphorylated (closed) forms of ezrin, an open (ezrin phospho-
mimic; ezrinT567D), closed (ezrinT567A) or full-length forms of ezrin were 
expressed in OS cells. Surprisingly, OS cells expressing constitutively open ezrin 
(ezrinT567D) could neither form primary orthotopic tumors or lung metastases. 

L. Ren and C. Khanna



193

In contrast, ezrinT567A over-expression inhibited metastasis but had no effect on 
primary tumor growth. Single-cell imaging of cells progressing through the meta-
static cascade in mice suggested that the transitions between ezrin conformational 
forms contributed to metastatic progression early after cells arrived in the secondary 
site (lung). Gene expression analysis of cells expressing ezrinT567A revealed a 
signifi cant increase of genes that were functionally linked to carbohydrate and 
amino acid metabolism. Indeed, characterization of the metabolic competency of 
the ezrinT567A expressing cells or cells in which ezrin expression was suppressed 
revealed reduced lactate production (ECAR), basal oxygen consumption (OCR), 
and ATP dependent OCR [ 117 ]. Collectively, these results suggest that dynamic 
regulation of phosphorylation of ezrin at T567 is associated with alterations in 
cellular metabolism, and this ability to simultaneously undergo effi cient oxidative 
phosphorylation and glycolysis may contribute to OS metastasis.  

    Regulation of Protein Translation 

 To better understand the role of ezrin in metastasis, two non-candidate analyses of 
ezrin function including a microarray subtraction of high and low ezrin expressing 
OS cells and a proteomic approach to identify proteins that bound the N-terminus of 
ezrin in tumor lysates. Functional analyses of these data led to a novel hypothesis 
that ezrin contributes to the effi ciency of metastasis through regulation of protein 
translation. In support of this hypothesis, ezrin was found to be part of the ribonu-
cleoprotein complex, to facilitate the expression of complex mRNAs in cells and to 
bind with poly A binding protein 1 (PABA1;  PABPC1 ). These fi ndings were further 
supported by the identifi cation of ezrin and components of the translational machin-
ery in pseudopodia of highly metastatic cells during the process of cell invasion [ 118 ]. 
In addition, two small molecule inhibitors recently shown to inhibit the ezrin 
metastatic phenotype disrupted the Ezrin/PABP1 association [ 119 ].  

    Linkage to mTOR Pathway 

 A mechanism of ezrin-related metastatic behavior is also believed to be linked to a 
mammalian target of rapamycin (mTOR)/p70 ribosomal protein S6 kinase (S6K1)/
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) pathway. Suppression of 
ezrin expression either by antisense transfection or by small interfering RNAs or 
disruption of ezrin function by transfection of a phospho-inactive ezrin mutant 
(ezrinT567A) led to decreased expression and decreased phosphorylation of both 
S6K1 and 4E-BP1. Blockade of the mTOR pathway with rapamycin or its analog, 
temsirolimus led to signifi cant inhibition of experimental lung metastasis in vivo [ 120 ]. 
These results suggest that blocking the mTOR/S6K1/4E-BP1 pathway may be an 
appropriate target for strategies to reduce OS metastasis.   
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    Inhibition of Ezrin Functions as Therapeutic 
Target in OS Metastasis 

 The collective evidence linking the expression and activation of ezrin in OS cells 
is suffi cient to consider ezrin and the functional consequences of ezrin expres-
sion as a therapeutic target. It is important to note that based on the genetic 
knockdown of ezrin or dysregulation of ezrin function, the outcome of targeting 
ezrin therapeutically will be to prevent metastatic progression but not have sig-
nifi cant effect against a primary or measurable tumor. Accordingly, novel clinical 
development paths for agents that uniquely target the metastatic phenotype will 
be needed. For example our biological understanding of ezrin expression and 
activity suggest a rationale for targeting ezrin itself, or targeting ezrin associated 
pathway components including the initiation of protein translation and the mTOR 
pathway, PKC, or the metabolic effi ciency that is associated with highly meta-
static and ezrin expressing cells. As alluded to earlier efforts to identify ezrin 
inhibitors through a small molecule library screen have been initiated. Specifi cally 
small molecules were screened for their abilities to directly interact with ezrin 
protein using surface plasmon resonance. Through a multilevel screen of ezrin 
binding compounds, two molecules, NSC305787 and NSC668394, which 
directly bind to ezrin with low micromolar affi nity, have been identifi ed. These 
compounds have been shown to inhibit ezrin phosphorylation, ezrin-actin inter-
action and ezrin-mediated motility of OS cells in culture. NSC305787 mimicked 
the ezrin morpholino phenotype, and NSC668394 caused a unique developmen-
tal defect consistent with reduced cell motility in developing zebrafi sh embryos. 
Following tail vein injection of OS cells into mice, both molecules inhibited 
lung metastasis of OS ezrin-sensitive cells, but not ezrin- resistant cells [ 119 ]. 
The small molecule inhibitors NSC305787 and NSC668394 demonstrate a novel 
targeted therapy that directly inhibits ezrin protein as an approach to prevent 
tumor metastasis. 

 In addition to targeting ezrin directly, studies of ezrin’s role in OS metastasis 
provide a rationale for targeting mTOR and the initiation of protein translation that 
appears to be needed for the survival of metastatic cancer cells. Indeed, as predicted 
by studies with ezrin, the inhibition of mTOR signaling reduces growth and metas-
tasis in OS models by blocking S6 kinase 1 and 4EBP-1 phosphorylation [ 121 ]. 
The rapalog inhibitors of mTOR, including rapamycin have been found to inhibit 
ezrin- mediated metastatic behavior [ 120 ,  122 ]. 

 Similarly the connection between PKC signaling and cancer metastasis of 
OS provides a biologic rationale for the use of PKC inhibition in the prevention 
of metastatic progression. Classical PKC isoforms regulate the phosphorylation of 
ezrin in OS [ 108 ]. As predicted, UCN-01, a PKC inhibitor, can effectively reduce 
metastatic burden in OS mouse models [ 111 ]. The development of additional selective 
inhibitors of PKC are needed before this therapeutic rational in the setting of OS 
metastasis can be fully exploited.  
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    Conclusion and Future Directions 

 Ezrin is an example of a metastasis-associated protein that appears to be important 
in OS and other cancers. The specifi c roles that ezrin plays in OS metastatic pro-
gression have been recently examined and have thus far focused on the early events 
following the arrival of metastatic cells at a secondary site. Additional studies are now 
needed to expand this understanding and clarify how ezrin may contribute to later 
steps in the metastatic cascade. Furthermore, ezrin appears to act at the nexus or as 
central node in the metastatic cascade. In this way ezrin appears to regulate a variety 
of important processes that may contribute to parts of the metastatic cascade. These 
processes include protein translation, cellular metabolism, and signal transduction. 
Studies are necessary to defi ne where, in the metastatic cascade, that each of these 
ezrin-associated processes is important. The development of inhibitors of ezrin and 
ezrin-associated processes will rely on this biological understanding to allow the rapid 
translation of these agents to OS patients at risk for metastatic progression.     
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    Abstract     The lungs are the most common site for the metastatic spread of 
osteosarcoma. Success in using chemotherapy to improve overall survival has 
reached a plateau. Understanding the biologic properties that permit osteosarcoma 
cells to grow in the lungs may allow the identifi cation of novel therapeutic 
approaches—the goal being to alter the tumor cells’ expression of cell surface proteins 
so that there is no longer compatibility with the metastatic niche. We have demon-
strated that the Fas Ligand positive (FasL + ) lung microenvironment eliminates 
Fas +  osteosarcoma cells that metastasize to the lungs. Indeed, osteosarcoma lung 
metastases from patients are Fas − , similar to what we found in several different 
mouse models. The Fas +  cells are cleared from the lungs through apoptosis induced 
by the Fas signaling pathway following interaction of Fas on the tumor cell surface 
with the lung FasL. Blocking the Fas signaling pathway interferes with this process, 
allowing the Fas +  cells to grow in the lungs. Our investigations show that Fas expres-
sion in osteosarcoma cells is regulated epigenetically by the micro-RNA miR-20a, 
encoded by the miR-17-92 cluster. Our studies support the feasibility of fi nding 
agents that can re- induce Fas expression as a novel therapeutic approach to treat 
osteosarcoma patients with lung metastases. We have identifi ed two such agents, 
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the histone deacetylase inhibitor entinostat and the chemotherapeutic agent gemcitabine 
(GCB). Aerosol GCB and oral entinostat induce the upregulation of Fas and the 
regression of established osteosarcoma lung metastases. Aerosol GCB was not 
effective in the FasL- defi cient gld mouse confi rming that the lung microenviron-
ment was central to the success of this therapy. Our studies establish the critical role 
of the lung microenvironment in the metastatic process of osteosarcoma to the lungs 
and suggest an alternative focus for therapy, that is, incorporating the lung microen-
vironment as part of the treatment strategy against established osteosarcoma disease 
in the lungs.  

  Keywords     Osteosarcoma   •   Pulmonary metastasis   •   Fas   •   FasL   •   microRNA-17-92 
cluster   •   miR-20a   •   Histone deacetylase inhibitors   •   Entinostat   •   Gemcitabine   
•   c-FLIP  

        Introduction 

 The success or failure of a cancer cell to form a metastasis in a distant organ site 
depends on its ability to survive in the new microenvironment. Interactions between 
the primary tumor cells and the normal cells in this new host environment can alter the 
balance between tumor cell proliferation and tumor cell death. Tumor cells with bio-
logic characteristics that support the adaptation to the new microenvironment will be 
successful in growing and inducing the vasculature needed to support continued 
growth. Tumor cells that do not have these needed biologic phenotypes or have 
phenotypic variations that are not compatible with the new microenvironment will die. 
Understanding how the microenvironment supports or interferes with tumor cell 
survival can uncover new strategies for the therapy of metastatic disease. 

 The most common site of metastases in osteosarcoma is the lungs [ 1 – 3 ]. While the 
overall survival rate for non-metastatic patients treated with combination chemo-
therapy and surgery is 60–65 %, this decreases to 10–30 % for patients that present 
with lung metastases or for those who develop metastases during or after treatment 
[ 4 ,  5 ]. Salvage chemotherapy has had little impact on this poor patient outcome [ 6 ]. 
In the past 20–25 years, no new drugs have been approved in the USA to treat meta-
static osteosarcoma in the lungs. The immune modulator liposomal MTP-PE 
(MEPACT, mifamirtide) increased both disease-free and overall survival when used 
in conjunction with chemotherapy in non-metastatic patients [ 7 ]. MEPACT has 
recently been approved by the European Medicine Agency. However, it is not avail-
able in the USA and its effi cacy in treating relapsed osteosarcoma in the lungs is 
preliminary [ 8 ]. Therefore, at the present time standard chemotherapy combinations 
and multiple surgical excisions are the only approaches for patients with osteosarcoma 
lung metastases. 

 In this chapter, we summarize how Fas expression on osteosarcoma cells, the 
FasL +  lung microenvironment, and an intact Fas/FasL signaling pathway contribute 
to the prevention of metastatic spread of osteosarcoma to the lungs. We show how 
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changing tumor cell properties can allow the tumor microenvironment to induce 
tumor regression. The studies presented demonstrate the critical role of the lung 
microenvironment in this metastatic process and offer a different therapeutic focus, 
which is incorporating the lung microenvironment as part of the strategy to eliminate 
established metastatic disease.  

    The Death Receptor Fas and the Fas Signaling Pathway 

 Fas (CD95, APO-1) is a 48 kDa type I transmembrane protein which belongs to the 
tumor necrosis factor (TNF)/nerve growth factor (NGF) receptor family [ 9 ]. Fas is 
expressed on a variety of immune cells including T and B cells, as well as being 
constitutively expressed in numerous other tissues. Its ligand, FasL, is however only 
expressed in the lungs, small intestine, testes, and anterior chamber of the eye [ 10 ,  11 ]. 
Interaction of Fas with FasL triggers the apoptotic cascade leading to the activation 
of Caspase 8/Caspase 3 or the mitochondrial pathway, eventually resulting in cell 
death. Under normal physiological conditions, the Fas +  T or B cells will undergo 
apoptosis when entering the FasL +  testes or anterior chamber of the eye. These are 
considered “immune privileged” sites. Therefore, the Fas/FasL signaling pathway is 
critical in regulating immune homeostasis and in maintaining these immune privi-
leged sites in the body. The Fas signaling pathway has been shown to participate in 
the regulation of tumor development and progression in melanoma and colon carci-
noma [ 12 – 14 ].  

    Fas Expression Inversely Correlates with the Metastatic 
Potential of Osteosarcoma Cells 

 We have demonstrated that Fas expression in osteosarcoma cells is inversely correlated 
with their capability in forming lung metastases. Theoretically, Fas +  osteosarcoma 
cells would be eliminated by the FasL +  lung epithelial cells and pneumocytes [ 15 , 
 16 ]. Indeed, SAOS-2 human osteosarcoma cells express high levels of Fas and do 
not form lung metastases following  i.v.  injections [ 17 ]. The LM6 and LM7 sublines 
were developed from SAOS-2 cells by harvesting the tumor cells from lung metas-
tases and reinjecting them into the mouse after culture expansion [ 16 ,  17 ]. This 
process was repeated six and seven times resulting in the isolation of the LM6 and 
LM7 sublines. In contrast to the parental SAOS-2 cells, LM6 and LM7 cells express 
low levels of Fas and formed lung metastases. With each passage, the time from 
injection to metastasis detection decreased. There was also an increase in both the 
number and size of the metastases. Transfecting LM7 cells with Fas cDNA upregu-
lated Fas expression and signifi cantly decreased the metastatic potential of these 
cells compared to control-transfected cells [ 15 ,  16 ]. This phenomenon was also 
observed in the mouse osteosarcoma model. K7 mouse osteosarcoma cells rarely 
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form lung metastases and express high levels of Fas. By contrast, K7M3 cells 
(derived from the K7 cells in a manner similar to the LM7 cells) are highly meta-
static and express low levels of Fas [ 18 ]. These were the fi rst data suggesting that 
the presence or absence of Fas expression controlled the metastatic potential of 
osteosarcoma cells to the lungs and signifi cantly contributed to the ability of osteo-
sarcoma cells to form lung metastases [ 15 ,  16 ]. 

 In addition to the cell lines and animal models described above, we also investi-
gated Fas expression in patient tumor samples [ 19 ]. Immunohistochemical analysis 
of pulmonary metastases from 38 patients revealed that 23 of the 38 patients (60 %) 
were Fas −  and 12 patients (32 %) were weakly positive. Only one patient sample 
showed strong positivity for Fas expression. The remaining two patients could not be 
evaluated due to the extensive necrosis seen in the tumor lesions. These data support 
the in vivo animal studies cited above. 

 Given that FasL is constitutively expressed on lung epithelium, we hypothesized 
that Fas +  cells will not be able to form pulmonary metastases and that cell death is 
mediated by the Fas/FasL signaling pathway following the interaction of the receptor 
on the tumor cell with the FasL on the lung epithelium. However, Fas −  cells can 
evade this host defense mechanism and be preferentially selected to survive and 
grow in the lung microenvironment. 

 To prove this hypothesis, Fas +  and Fas −  K7M3 cells were injected into wild-type 
BALB/c and FasL-defi cient gld mice [ 18 ,  20 ]. The primary tibia tumors that formed 
in BALB/c mice were a mixture of Fas +  and Fas −  cells, whereas the lung metastases 
were Fas − . This result is consistent with our observation of the patient lung metastases, 
further indicating that Fas −  cells are  selected  to form lung metastases. By contrast, 
the lung metastases in the gld mice were heterogeneous in Fas expression with both 
Fas +  and Fas −  cells [ 18 ]. This was presumably because there was no FasL on the lung 
epithelium to interact with the Fas receptor on the Fas +  tumor cells. This fi nding 
demonstrates that FasL expressed in the lungs is  essential  for eliminating Fas +  cells 
and supports our hypothesis that Fas expression on osteosarcoma cells and the FasL +  
microenvironment contribute to the fate of the tumor cells when they reach the lungs.  

    An Intact Fas/FasL Signaling Pathway is Essential 
for the Elimination of Fas +  Osteosarcoma Cells 

 The induction of apoptosis depends not only on the expression of the receptor and 
the ligand but also on a functional Fas signaling pathway within the target cells. 
Fas +  cells can escape from apoptosis following engagement of the receptor if the 
signaling pathway that triggers apoptosis has been disrupted [ 20 ]. We have shown 
the Fas +  K7 osteosarcoma cells can form lung metastases when the cells were trans-
fected with Fas associated death-domain dominant negative (FDN), which blocks 
the apoptosis signaling pathway by inhibiting Caspase 8 at the death-inducing 
signaling complex (DISC). The lung metastases formed following injection of Fas +  
K7 FDN cells were Fas + . In addition, the retention of FDN-transfected cells in the 
lungs was signifi cantly longer than control transfected Fas +  K7 cells [ 21 ]. 
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 As discussed above, the majority of osteosarcoma lung metastases from patients 
were Fas − . However, we also observed the presence of Fas +  cells in a small percentage 
of patients [ 19 ]. The results described above using the FDN-transfected cells indi-
cate that these Fas +  osteosarcoma cells may have evaded FasL-induced cell death 
and survived in the FasL +  lung microenvironment because their Fas signaling pathway 
was blocked [ 22 ,  23 ]. 

 The expression of c-FLIP is another mechanism that blocks the Fas-signaling 
pathway and the induction of apoptosis. c-FLIP is the structural homologue of 
pro- Caspase 8, which functions to block the apoptosis signaling cascade by binding 
to the Fas-associated death domain (FADD) at the DISC. In an analysis of osteosar-
coma patient samples, we found that c-FLIP was upregulated in some of the lung 
metastases [ 22 ]. Similarly, we also found that c-FLIP expression was upregulated 
in KRIB and CCH-OS-D osteosarcoma lung metastases in our mouse models as 
compared with the primary tumors in the tibia. Therefore, by inhibiting the apoptosis 
pathway, c-FLIP may allow the Fas +  cells to survive and form metastases in the 
lungs even though the cells express Fas. 

 Figure  1  summarizes how Fas expression and the Fas/FasL signaling pathway 
control the metastatic potential of osteosarcoma cells.

       Fas Regulation in Osteosarcoma 

 The important role of Fas in the metastatic process of osteosarcoma to the lungs led 
us to investigate how Fas expression in these cells was altered. Using the parental 
non-metastatic SAOS-2 cell line and its metastatic subline LM7, we demonstrated 
that the Fas gene had not been deleted or mutated but rather had been downregulated. 
This was done by demonstrating the successful re-expression of Fas in LM7 Fas −  
lung metastases following exposure to aerosol interleukin-12 (IL-12) gene therapy 
or aerosol chemotherapy [ 15 ,  24 – 27 ]. The re-expression of Fas resulted in tumor 
regression [ 25 – 27 ]. As IL-12 does not induce cell death, tumor regression could not 
be attributed to the direct effect of IL-12 on the tumor cells. We further demon-
strated that IL-12 upregulated Fas expression by stimulating Fas gene promoter 
activity [ 24 ]. We identifi ed that the kB-Sp1 motif, one of the enhancer elements in 
the Fas promoter, was responsible for IL-12’s activation of the Fas promoter. 
Treatment of mice with established Fas −  lung metastases with IL-12 gene therapy 
resulted in increased Fas expression. Similarly, the upregulation of Fas on Fas −  
osteosarcoma lung metastases was seen following aerosol gemcitabine (GCB) 
[ 26 ,  27 ]. The therapeutic activity of aerosol GCB was eliminated in FasL-defi cient 
gld mice. This confi rms that the tumor regression induced by aerosol GCB was 
mediated by the upregulation of Fas on the tumor cell rather than a direct cytotoxic 
effect of GCB [ 20 ]. Several chemotherapeutic agents including cisplatin, doxorubicin, 
and mitomycin-C have been shown to increase Fas in different tumors [ 28 – 30 ]. 
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The data discussed above show that in osteosarcoma cells, GCB upregulated Fas 
expression on the cell surface and increased FasL-induced apoptosis in vivo [ 20 ]. 

 Osteosarcoma cells have been shown to be heterogeneous in the expression 
of numerous genes. It is therefore not surprising that the primary bone tumor is 
comprised of both Fas +  and Fas −  cells. By contrast, the lung metastases are Fas −  
 presumably because the  FasL +   lung microenvironment eliminated the  Fas +   cells . 
We demonstrated that these Fas −  cells can be induced to increase Fas expression 
once they form lung metastases. Therefore, the downregulation of Fas may occur by 

  Fig. 1    Fas/FasL signaling pathway and its role in the metastatic potential of osteosarcoma (OS) 
cells to the lungs. ( 1 ) The interaction of Fas and FasL initiates the apoptosis cascade resulting in 
the death of OS tumor cells. ( 2 ) When OS cells are Fas negative, apoptosis signaling is not trig-
gered. ( 3 ) When OS cells express c-FLIP, the apoptosis cascade and the signaling pathway are 
blocked. Therefore, OS tumor cells without Fas expression or those with c-FLIP expression may 
escape from FasL-induced apoptosis and form lung metastases       
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an epigenetic mechanism that affects the transcription or posttranscriptional process 
of the Fas gene. We therefore investigated whether DNA methylation, histone 
acetylation, or micro-RNAs played a role in the epigenetic silencing of Fas.  

    Fas Expression in Osteosarcoma 
Is Not Regulated by Methylation 

 DNA methylation is one of the important epigenetic mechanisms that regulate gene 
expression transcriptionally (Fig.  2 ). Methylation of promoter-associated CpG 
results in the silencing of genes. Furthermore, the methylation status of a particular 
gene has been shown to contribute to gene expression in different levels in many 
types of cancer [ 31 ]. Indeed, it has been shown that Fas expression is regulated by 
gene methylation in antigen-specifi c cytotoxic T cells, as well as in prostate and 
colon cancer cells [ 31 – 35 ]. In these cells, the Fas gene is highly methylated resulting 
in the downregulation of Fas expression which contributes to the cells’ anti- apoptotic 
characteristics. However, we found that methylation mechanism was not responsi-
ble for Fas gene silencing in the osteosarcoma cells [ 36 ]. Our analysis showed that 
there were 28 CpGs in the Fas gene promoter region and 46 CpGs in the fi rst intron 
region. CpG dinucleotides are targets for DNA methylation. Using a PCR-based 
methylation assay and bisulfi te-modifi ed DNA sequencing, we found that more than 
99.8 % CPG sites in the Fas promoter and fi rst intron regions were unmethylated. In 
addition, there was no difference in CpG methylation in the high Fas expressing 
SAOS-2 cells and the low Fas expressing LM7 cells or cells from the LM7 meta-
static lung tumor tissue. Moreover, treatment with the demethylating agent, 5-azad-
eoxycitidine (AzadC), did not alter Fas expression. Taken together, these results 
indicated that the downregulation of Fas expression in the metastatic osteosarcoma 
cells is  not  secondary to DNA methylation.

  Fig. 2    Methylation regulation of gene expression. DNA methylation occurs in the sites of CpG 
dinucleotides. DNA methylation of CpG islands in the promoter-associated region results in 
transcriptional silencing of the gene. Unmethylated CpG islands lead to gene expression       
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       miR-20a Encoded by MicroRNA 17-92 Cluster Regulates 
Fas Expression 

 Micro-RNAs (miRNAs) play an important role in gene regulation. More than 30 % 
of the human coding genes may be regulated by miRNAs [ 37 ]. miRNAs are small 
21–23 nucleotide noncoding RNAs that function to suppress translation or directly 
cleave the target mRNA by binding to complementary sequences in the 3′ untrans-
lated regions (3′-UTR) or the coding region of the mRNA (Fig.  3 ). Thus, miRNAs 
downregulate the expression of target genes posttranscriptionally. By regulating a 
variety of genes, miRNAs have been shown to be involved in development, cell dif-
ferentiation, and regulation [ 37 ,  38 ]. An increasing number of studies have shown 
that miRNAs are also critical for cancer development and progression. In compari-
son to normal tissues, the miRNA expression profi les in cancer cells are different. 
Both overexpression and downregulation have been reported [ 39 ]. Many miRNAs 
have been identifi ed to regulate the genes involving cell differentiation, proliferation, 
apoptosis, and stress response that are important for the biology of cancer cells. 
For example, miRNAs can regulate many death receptor signaling proteins including 
TNF-α, Fas, FADD, ribosome-inactivating protein (RIP), caspase-3, Bcl-2- interacting 
mediators of cell death (Bim), and p21 [ 40 – 45 ]. Based on their control of particular 
functions which participate in the initiation and progression of cancers, several 
miRNAs and their clusters have been classifi ed as oncogene- or tumor suppressor- 
miRNAs. For example, miR-155 or members of the miR-17-92 cluster have 
been shown to contribute to tumorigenesis and are considered oncogenic miRNAs, 
while miR-15a and miR-16-1 function as tumor suppressor-miRNAs [ 46 – 49 ].

  Fig. 3    miRNA processing and gene regulation. Pre-miRNA is transcribed from the miRNA gene 
by RNA polymerase II, followed by Drosha/Pasha processing to form pre-miRNA. Pre-miRNA is 
transported from the nucleus to the cytoplasm and processed by Dicer to form the miRNA duplex. 
Mature miRNA is assembled into the RNA-induced silencing complex (RISC) which is directed to 
mRNAs of the target gene, resulting in mRNA cleavage or translational suppression       
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   Microarray based miRNA analysis found the dysregulation or overexpression of 
a dozen of different miRNAs in different osteosarcoma cell lines, suggesting an 
important role for miRNAs in the pathogenesis and development of osteosarcoma 
[ 50 ,  51 ]. In order to develop potential therapeutic miRNA targets, the specifi c 
miRNAs involved in tumorigenesis, invasion, and metastasis of osteosarcoma must 
be identifi ed. 

 The gene for the miR-17-92 cluster is located in the third intron of chromosome 13 
(C13orf25) [ 46 ]. The human miR-17-92 cluster encodes 6 miRNAs (miR-17, miR-18a, 
miR-19a, miR-20a, miR-19b, and miR-92). The paralogy cluster of miR-17- 92 
encodes 2 miRNAs, miR-106a, and miR-106b. The amplifi cation of chromosome 
13 has been found frequently in B-cell lymphomas. It is therefore consistent that the 
miR-17-92 cluster was identifi ed in B-cell lymphoma as an oncogenic- miRNA, 
which functions to promote lymphoma cell growth. Overexpression of miR-17-92 
has subsequently been observed in mantle cell lymphoma [ 46 ], lung cancer [ 47 ], 
and other solid tumors [ 48 ]. 

 We were the fi rst to report that the expression levels of several members of the 
miR-17-92 and its paralogy clusters (including miR-20a, miR-106a, miR-20b, and 
miR-19a) are signifi cantly higher in the metastatic LM7 cells than in the parental non-
metastatic SAOS-2 cells [ 52 ]. Baumhoer et al. later reported that there was a signifi cant 
upregulation of fi ve members of miR-17-92 and its paralogy clusters (miR-17-5p, 
miR-18a, miR-93, miR-106a, and miR-106b) in several other osteosarcoma cell lines 
including HOS-58, U2-OS, MNNG/HOS, and SJSA-1, as compared to normal osteo-
blasts and mesenchymal stem cells [ 53 ]. Namlos et al. reported that all miRNAs in 
the paralogous clusters miR-17-92, miR-106b-25, and miR-106a were overex-
pressed in 19 different human osteosarcoma cell lines, as compared to normal bone 
[ 51 ]. These independent results consistently indicate that oncogenic miR-17-92 
may play an important role in the development and progression of osteosarcoma. 

 Our studies also demonstrated that the level of miR-20a inversely correlated with 
the Fas expression in osteosarcoma patient samples [ 52 ]. Further investigations 
showed that miR-20a induced the downregulation of Fas expression. By contrast, 
inhibiting miR-20a through the transfection of miR-20a specifi c inhibitors resulted 
in the upregulation of Fas. This upregulation of Fas, secondary to the inhibition of 
miR-20a, led to increased FasL-induced apoptosis and, more importantly, to a sig-
nifi cant decrease in the number of lung metastases in our animal model [ 52 ]. Taken 
together, these data confi rm the importance of miR-20a in the regulation of Fas 
expression. Osteosarcoma cells with low miR-20a expressed higher levels of 
Fas and produced fewer metastases in the lungs presumably due to apoptosis that 
was induced following the interaction of Fas on the tumor cell with FasL in the lung 
microenvironment. miR-20a can therefore modulate the metastatic capability of 
osteosarcoma to the FasL +  lung microenvironment by altering the expression of Fas 
on the tumor cell. Specifi c gene expression may be targeted by different miRNAs 
depending on the type of cells. This is one example of how epigenetic regulation can 
contribute to the metastatic potential of cancer cells. 

 The expression of Fas has also been shown to be regulated by other miRNAs 
such as, miR-21 in glioblastoma, miR-200c in NCI60 cells, and miR-146a in 
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mesenchymal cells [ 43 ,  44 ,  54 ]. Therefore, Fas regulation by miRNA may be tumor 
specifi c. In osteosarcoma, the ability of miR-20a to promote pulmonary metastasis 
by downregulating Fas expression is consistent with the oncogenic function of the 
miR-17-92 cluster. High levels of miR-20a in osteosarcoma cells contribute to 
metastatic potential by altering tumor cell biology to a phenotype that is more favor-
able to survive in the lung microenvironment. 

 We investigated the mechanism of Fas regulation by miR-20a. Typically, miRNAs 
regulate gene expression through transcriptional repression by interacting with the 
3′-UTR region of the specifi c RNA. This results in the degradation of the mRNA. 
Bioinformatic analysis revealed two potential binding sites for miR-20a in the 
3-UTR’ region of Fas mRNA. However, using a luciferase reporter construct assay, 
we were unable to demonstrate direct targeting of the Fas 3′-UTR by either miR- 20a 
or miR-20a oligonucleotides. We therefore concluded that miR-20a did not regulate 
Fas expression through translational repression. By contrast, we found that the 
activity of the Fas promoter was affected by miR-20a. This was determined using 
reporter assays that evaluated Fas-promoter-driver luciferase expression in the 
presence of miR-20a or a control in miRNA. We went on to identify a 90 bp region 
(–240 to –150 bp) that was critical for the miR-20a-mediated downregulation of 
Fas. Therefore, miR-20a appears to regulate Fas via a transcriptional mechanism. 
We hypothesize that miR-20a targets transcriptional factor(s) that bind to the Fas 
promoter leading to the shutdown in Fas expression.  

    Harnessing the Lung Microenvironment as Part 
of the Therapy Aimed at Eradicating Osteosarcoma 
Lung Metastases 

 We have demonstrated that (a) the presence of the Fas receptor on osteosarcoma 
cells determines the cell’s ability to survive in the FasL +  lung microenvironment; (b) 
the downregulation of Fas is epigenetic rather than secondary to gene mutation or 
deletion; (c) the re-expression of Fas on established osteosarcoma lung metastases 
leads to tumor regression; and (d) this tumor regression is dependent upon a func-
tioning Fas signaling pathway and the expression of FasL in the lungs. Taken 
together, these fi ndings suggest that a pharmacologic approach aimed at upregulat-
ing Fas expression on the tumor cell may allow the lung microenvironment to 
become part of the therapeutic approach. This requires the identifi cation of agents 
that can induce the re-expression of Fas, either by targeting miR-20a or having a 
direct effect on the Fas promoter. To date, we have identifi ed at least two potential 
agents, the histone deacetylase inhibitor entinostat, and the chemotherapeutic agent 
gemcitabine (GCB). 

 In addition to miRNAs, another mechanism for the regulation of gene transcrip-
tion is chromatin histone acetylation. The function of histone deacetylases (HDACs) 
is to remove the acetyl groups from the lysine residues in the core histones, which 
results in the formation of a condensed and transcriptionally inactive chromatin. 
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HDAC inhibitors can inactivate the function of HDACs, leading to hyperacetylation 
of histones and transcriptionally active chromatin, resulting in the upregulation of 
gene expression. Several HDAC inhibitors have been used in clinical trials to treat a 
variety of hematopoietic malignancies and solid tumors [ 55 ]. We demonstrated that 
the transcription of the Fas gene can be upregulated in human LM7 and CCH-OS-D 
osteosarcoma cells, and mouse DLM8 osteosarcoma cells by the HDAC 1/3-spe-
cifi c inhibitor, entinostat [ 56 ,  57 ]. This fi nding was supported by other investigators 
showing that HDAC-1 or HDAC-3 inhibitors stimulated the upregulation of Fas 
mRNA in U2OS osteosarcoma cells [ 58 ,  59 ]. 

 Studies have also shown that successful triggering of the Fas/FasL pathway 
depends on the shifting of the Fas receptor to the lipid rafts in the cell membrane, 
followed by internalization of the Fas receptor which is mediated by recruiting actin 
and ezrin [ 60 ]. Interestingly, our investigations showed that in addition to the upreg-
ulation of Fas expression, entinostat promoted the shifting of the Fas receptor to the 
lipid rafts in the cell membrane [ 56 ]. The increased distribution to the lipid rafts led 
to the sensitization of osteosarcoma cells to FasL. This process was independent of 
the upregulation of Fas expression. Therefore, entinostat acts in multiple ways to 
promote FasL-mediated sensitivity through the regulation of Fas. We found that the 
upregulation of Fas by entinostat was mediated by decreasing the expression of both 
miR-17-92 and miR-20a. This was determined by real-time polymerase chain reac-
tion. Finally, we demonstrated that the administration of entinostat to mice with 
osteosarcoma lung metastases resulted in tumor regression [ 23 ]. Entinostat has 
been used in clinical trials for patients with relapsed acute leukemia, lymphoid 
malignancies, and other solid tumors including sarcoma [ 55 ,  61 ]. Our data indicate 
that entinostat may also be a potential agent for the treatment of osteosarcoma lung 
metastases.  

    Gemcitabine Upregulates Fas Expression 

 GCB is a pyrimidine antimetabolite that belongs to the nucleoside analog family, 
and has been used as a chemotherapeutic agent in small cell lung cancer, pancreatic 
cancer, and breast cancer. Unfortunately, it has been reported that the effi cacy of 
systemic administration of GCB in the treatment of advanced sarcomas, including 
osteosarcoma, is poor [ 62 ]. However, we have shown that aerosol GCB induced 
the regression of LM7 or DLM8 osteosarcoma lung metastases in mice [ 26 ,  27 ]. 
In exploring the underlying mechanism, we found that GCB induced the upregula-
tion of Fas expression on the cell surface of osteosarcoma cells in vitro and on lung 
metastases in vivo. In vitro, this upregulation of Fas resulted in increased suscepti-
bility to FasL-induced apoptosis. More importantly, the activity of GCB in inducing 
the regression of osteosarcoma lung metastases was abolished in FasL-defi cient gld 
mice or when the Fas/FasL signaling pathway was blocked [ 18 ]. Indeed, the size 
and number of lung metastases in gld mice following aerosol GCB was increased 
compared to the control mice. These results indicated that the antitumor effect 
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induced by aerosol GCB was  not  mediated by a direct effect on the tumor cells 
but rather secondary to the upregulation of Fas expression followed by the actions 
of the FasL +  lung microenvironment. These fi ndings further validate that the tumor 
microenvironment can indeed be part of the therapeutic process.  

    Summary 

 Our studies make a strong case that the lung microenvironment, with its constitutive 
expression of FasL, plays a role in the fate of osteosarcoma cells that migrate to the 
lungs and whether or not these migrated cells can go on to form lung metastases. 
The expression of Fas on the cell surface of the osteosarcoma cells is a critical factor. 
Osteosarcoma cells that have downregulated Fas or a blocked Fas signaling pathway 
will be able to survive in the FasL +  lung microenvironment. We have also demon-
strated that therapeutic interventions that result in the re-expression of Fas can 
induce the regression of established lung metastases. This is in addition to, or inde-
pendent of, the agent’s ability to directly induce tumor cell apoptosis. It therefore 
behooves us to consider incorporating potential therapeutic interventions which 
take advantage of the tumor microenvironment into the therapeutic approach for the 
treatment of osteosarcoma lung metastases.     
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    Abstract     For various reasons involving biological comparativeness, expansive 
technological possibilities, accelerated experimental speed, and competitive costs, 
zebrafi sh has become a comprehensive model for cancer research. Hence, zebrafi sh 
embryos and full-grown fi sh have been instrumental for studies of leukemia, mela-
noma, pancreatic cancer, bone tumors, and other malignancies. Although because 
of its similarities to human osteogenesis zebrafi sh appears to be an appealing model 
to investigate osteosarcoma, only a few osteosarcoma specifi c studies have been 
accomplished yet. Here, we review interesting related and unrelated reports of 
which the fi ndings might be extrapolated to osteosarcoma. More importantly, ratio-
nal but yet unexplored applications of zebrafi sh are debated to expand the window 
of opportunities for future establishment of osteosarcoma models. Accordingly 
technological advances of zebrafi sh based cancer research, such as robotic high- 
throughput multicolor injection systems and advanced imaging methods are dis-
cussed. Furthermore, various use of zebrafi sh embryos for screening drug regimens 
by combinations of chemotherapy, novel drug deliverers, and immune system mod-
ulators are suggested. Concerning the etiology, the high degree of genetic similarity 
between zebrafi sh and human cancers indicates that affected regions are evolution-
arily conserved. Therefore, zebrafi sh as a swift model system that allows for the 
investigation of multiple candidate gene-defects is presented.  
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        General Introduction 

 The high quantity of worldwide research with dozens of weekly reports regis-
tered to PubMed emphasizes the international interest for osteosarcoma investi-
gation. Partly this is explained by the clinical questions which yet need to be 
answered to improve patient care. On the other hand, it is the complex genesis 
and pathophysiology of osteosarcoma that attracts researchers from diverse 
fi elds of expertise to study this highly malignant bone neoplasm. However, the 
magnitude of the ongoing research is disproportional to the limited number of 
satisfying results achieved within the past decades [ 1 ,  2 ]. Here, the complexity 
of the tumor together with its rareness is the main limiting factor [ 3 ,  4 ]. This 
chapter provides a brief review of the zebrafi sh as a model for cancer and more 
specifi cally for osteosarcoma and provides some ideas for future zebrafi sh based 
studies of osteosarcoma.  

    Introduction to Zebrafi sh as a Cancer Model 

 During recent years zebrafi sh ( Danio rerio ) models have been increasingly gener-
ated to study malignancies, qualifying these fi sh as illustrative animal systems for 
the study of human cancer. Some experiment-specifi c characteristics of the zebraf-
ish make it superior to other model systems; the main advantages include the fol-
lowing. Zebrafi sh embryos—which in the fi rst few days after fertilization are not 
larger than just a couple of millimeters—undergo a full external development. 
Therefore, together with their transparency before pigmentation appears, the 
embryos provide miniature and optically advantageous model systems. Moreover, 
the high fecundity and short generation time of these fi sh make them ideal organ-
isms for in vivo studies [ 5 ]. From a genetic point of view, advantageous of zebraf-
ish is that the genome has been fully sequenced, showing many conserved genes 
as compared to the human genome, and the animals are relatively easily accessi-
ble for genetic manipulation [ 6 ]. More specifi cally for osteosarcoma studies it is 
relevant that zebrafi sh are vertebrate animals with developmental processes com-
parable to human osteogenesis. For these reasons, many cancer zebrafi sh models 
have been developed [ 7 – 11 ]. Although these models include hematologic (both 
myeloid and lymphatic lineages) and solid tumors (rhabdomyosarcoma, Ewing’s 
sarcoma, hepatocellular carcinoma and other malignancies), they represent malig-
nancies which are mainly referred to as tumors with relatively simple karyotypic 
changes [ 12 – 14 ]. This explains the lack of such models and especially transgenic 
systems for osteosarcoma because of its highly complex genomic alterations and 
stresses the need for xenograft models.  
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    Miniature Laboratory 

    Background 

 The hallmarks of cancer [ 15 ] include (1) sustaining proliferative signaling, (2) evad-
ing growth suppressors, (3) resisting cell death, (4) enabling replicative immortality, 
(5) inducing angiogenesis, (6) activating invasion and metastasis, (7) the capability 
to reprogram or modify cellular metabolism, and (8) evading destruction by the 
immune system. Broadly these hallmarks can be divided into two groups. The fi rst 
group including the fi rst four and number 7 contains internal characteristics of 
malignantly transformed cells while the second group including hallmarks 5, 6, and 
8 defi nes common traits of the interaction between malignant cells and their host. 
Investigating these hallmarks in osteosarcoma biology shows that many character-
istics of the tumor are resulting from a tremendous level of genomic instability. How 
a normal cell can gain and maintain such genomic instability is not the subject of 
this chapter; however, data point towards a single master mutation which allows the 
cell to continuously proliferate accumulating mutations while escaping cell cycle 
checks and apoptosis [ 16 – 20 ]. 

 Especially for the second group of hallmarks a model is required which 
would allow for objectifi cation of all the processes which the cancer cells induce 
inside the body of their host. For this zebrafi sh embryo models are proven to be 
ideal as processes like tumor growth, local aggressiveness, angiogenesis, metas-
tases, etc. can be followed in a fast and real-time manner (Fig.  1 ) [ 7 – 9 ,  21 – 24 ]. 
Regarding osteosarcoma, previously models were established for both groups of 
hallmarks. First, since osteosarcoma cells show an array of genomic alterations 
by the time they are isolated from the human tumors that makes them very dif-
fi cult to study, we established a mouse mesenchymal stem cells (MSCs) based 
model [ 25 ,  26 ]. This model allowed for addressing processes from the fi rst 
group of hallmarks such as sustaining proliferative signaling, evading growth 
suppressors, and resisting cell death [ 26 ]. Next, the model was implemented 
into a zebrafi sh embryo model system to study aspects from the second group of 
hallmarks like angiogenesis, migration, and the immune system response of the 
zebrafi sh [ 27 ]. As for the osteosarcoma cells, any adequate normal cells for 
comparison on genetic level are lacking, selection for the driver-affected genes 
would be impossible. Therefore, MSCs were used of which we possessed nor-
mal parental cells before transformation and transformed ones, which produced 
osteosarcoma-like tumors after injection into mice. In short this experiment was 
conducted as described in Box 1 and Fig.  2 .
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  Fig. 1    In vivo tumor progression. A schematic representation of a zebrafi sh embryo with fl uorescent green 
vasculature is shown. After injection of labeled tumorigenic cells—in this case colored  red —into the 
embryos’ yolks, important processes of tumor progression can be studied. As indicated by the  arrows , ( 1 ) 
in vivo cell proliferation, ( 2 ) escaping immune cells (colored  blue ), ( 3 ) inducing angiogenesis, ( 4 ) intrava-
sation, ( 5 ) migration through the circulation, ( 6 ) extravasation, and ( 7 ) proliferation at a secondary location 
can be observed respectively. Depending on how cells are labeled accurate proliferation rates and doubling 
times can be calculated to compare different cell lines or to examine anti-proliferative effects of selected 
compounds. Which components of the zebrafi sh immune system might be encountered by the injected 
cells is dependent on the embryonic stage. Within a couple of hours after fertilization the innate immune 
system is functional while the adaptive immunity is detectable within the fi rst weeks. Studying migration 
of the cells involving angiogenesis, intravasation and extravasation, and homing at a new location is crucial 
from a clinical point of view as drugs selectively inhibiting any of these aspects might be useful to prevent 
osteosarcoma cells from metastasizing or to target micro metastases. From a technical point of view, it is 
important that cells are not directly injected into the blood vessels, as in that case regardless of their intrin-
sic characteristics cells would travel through the circulation system. Experiments show that “metastases” 
are most frequently found at the distal end of the tail or the head of the fi sh. Next to the plausible explana-
tion that cells are entrapped at these locations due to the small vasculature network, it would be interesting 
to study alternative theories with a role for cytokines and a supportive niche. Please note that if instead of 
injecting cells, tumor tissue pieces are transplanted into the embryo’s, migration of tumor cells and tumor 
formation elsewhere would be more representative of true metastasis       

         Cell Lines Versus Primary Tumor and Niche Support 

 For the model described in Box 1 cultured cells were used to inject into zebrafi sh 
embryos. Although within the fi rst hours of injection the cells remain together and 
proliferate, this clump of cells does not fully represent a true tumor. Inside the yolk the 
cells lack interaction with stromal cells except for the early immune cells. One way to 
improve the model would be to inject the cells of interest—either MSCs or osteosar-
coma cells—together with stromal cells, for example fi broblasts. Another possibility 
in case of MSCs would be to inject a mix of normal and transformed MSCs and to 
hypothesize that the normal MSCs would be stimulated by the transformed ones in a 
way to provide niche support, maybe by differentiating into other lineages. However, 
more elegantly, pieces of osteosarcoma directly dissected from patients’ tumors could 
be xenografted into zebrafi sh embryos. In mouse studies it is shown that such “fresh” 
pieces of osteosarcoma as well as many osteosarcoma cultured cell lines are able to 
survive and grow subcutaneously [ 30 ,  31 ]. Unfortunately in those studies the course 
of tumor growth, angiogenesis, and metastasis could mainly be examined after the 
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  Fig. 2    Normal versus tumorigenic. Two pictures of zebrafi sh embryos obtained by a camera cou-
pled to a fl uorescent microscope are depicted. The transgenic embryos at 2 dpf with green vascu-
lature were injected with cells labeled in  red  and these pictures were taken after 3 days (5 dpf). 
Magnifi cation bars represent approximately 1 mm. ( a ) A zebrafi sh embryo injected with normal 
mouse MSCs is depicted. Despite the strong red signal of the cells ( 1 ), no signs of angiogenesis 
were found and the cells remained inside the yolk. ( b ) This embryo was injected with transformed 
mouse MSCs which were shown to be tumorigenic when transplanted into mice. Already within 
24 h sprouting of the subintestinal vein (SIV) was observed indicating angiogenesis ( 2 ). 
Furthermore, cells migrated to these vessels ( 3 ) could be found inside the circulation ( 4 ) and accu-
mulated at the distal part of the tail ( 5 ) or the head (not shown here)       

animals were sacrifi ced. By implementing this system of xenotransplantation into 
zebrafi sh embryos, it would be possible to image a live tumor piece and to closely 
follow the subsequent processes in a real-time manner. Currently experiments are 
ongoing to establish optimal ratios of normal and transformed MSCs when injected 
together. This will point out if it is possible to create a primary tumor before the pro-
cesses of angiogenesis and migration take place. Experiments aiming xenotransplan-
tation of human tumors are hampered by technical diffi culties due to the small size of 
the embryos and the aggressiveness of the tumors; however, overcoming these techni-
cal problems only seems to be a matter of time.  

    Immune Response 

 Another interesting fi nding from this model leading to new ideas was the fact that the 
immune response by the fi sh injected with normal MSCs was clearly different from the 
immune response of those injected with transformed MSCs as shown by gene expres-
sion patterns. The data suggested that the transformed MSCs could regulate the embryos 
immune system to their advantage. A shortcoming of the model was the lack of a label 
for the immune cells so this fi nding could be validated. Therefore, for future studies 
zebrafi sh based models are developed with certain labeled immune cells. Fundamental 
members of the zebrafi sh immune system, both innate and acquired, are shown to be 
similar to those in human [ 32 ,  33 ]. This provides the possibility to investigate crucial 
interactions between tumor cells and macrophages, antigen recognizing lymphocytes 
and immunoglobulins. Box 2 provides a more detailed overview of the zebrafi sh immune 
system in which some players might be important against tumor cells.   
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    Box 1 Zebrafi sh Progression Model 

 Towards modeling clinical relevant aspects of osteosarcoma, such as its highly 
aggressive local growth and its progression in terms of invasion, angiogene-
sis, and metastasis, zebrafi sh embryos were used. 

 The night before the start of the experiment two mature zebrafi sh of both 
sexes were put together in an aquarium, but separated by a glass divider so that 
they could see but not reach each other. One transgenic zebrafi sh was express-
ing enhanced green fl uorescent protein (EGFP) in all blood vessels [ 28 ] and the 
other was a transparent zebrafi sh called Casper [ 29 ]. Next morning when the 
divider was removed the female fi sh almost directly produced about 200–300 
eggs which were fertilized by the male resulting into transparent embryos with 
green blood vessels. Subsequently the embryos started accelerated, simultane-
ous development outside the mother’s body. Meanwhile, two types of MSCs, 
normal and transformed MSCs which produced osteosarcoma like tumors 
inside mice were cultured and labeled with a red dye. Next, both type of labeled 
MSCs were injected into the yolks of zebrafi sh 2 days post fertilization (dpf) so 
the red cells could be easily followed inside transparent zebrafi sh embryos with 
green vessels (Fig.  3 ). In contrast to the normal MSCs, the transformed MSCs 
showed within 3 days after injection excessive proliferation, migration towards the 
body of the fi sh, and induced angiogenesis. Whole-genome expression  analysis 
of both the cells and the host showed that angiogenesis and migration-related 
genes were overexpressed in transformed MSCs as compared to normal MSCs.

  Fig. 3    Intravasation/extravasation of cells. Magnifi ed pictures of the SIV complex—and 
newly formed vessels—of zebrafi sh embryos injected by transformed mouse MSCs are 
shown. Magnifi cation bars represent approximately 100 μm. ( a ) High-resolution image by 
confocal microscopy depicts intravasation of the cells as indicated by the  white arrows . 
( b ) Three- dimensional reconstruction of ( a ) shows that cells are inside the blood vessels to 
exclude optical deception when cells and vessels would only overlap       

(continued)
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Box 1 (continued)

Investigating the host response, embryos injected with transformed MSCs 
showed decreased expression of immune response-related genes as compared 
to embryos injected with normal MSCs. The advantages of this model as 
compared to mouse models were its relatively low costs, its high statistical 
power by the large group sizes, its high speed—experiments were performed 
within 5 days—and its advantages in imaging by using transparent fi sh.  

    Box 2 Zebrafi sh Immune System 

 Zebrafi sh model systems provide opportunities to identify members of the 
immune system which play a role in the defense mechanisms against cancer 
cells. Therefore, it is crucial to know how representative the fi sh immune 
system is for the human defense mechanisms. 

 Although the number of immune organs in zebrafi sh seems to be limited as 
compared to mammals and consist only of kidney, thymus, and spleen—so no 
bone marrow or lymph nodes—zebrafi sh possess both innate and acquired immu-
nity [ 34 ]. The anterior kidney contains developing B lymphoid cells and is mainly 
involved in antigen processing, IgM formation, and immune memory [ 35 – 40 ]. 
The spleen plays an essential role in hematopoiesis, antigen trapping and degrada-
tion, and antibody production [ 41 ,  42 ]. Erythrocytes destruction by fi ltrating blood 
however is accomplished within melanomacrophagic centers in which macro-
phages are accumulated to capillaries. And fi nally the T-lymphocytes are produced 
in the thymus to control many of the previously mentioned effectors of the immune 
system [ 43 ]. The innate—or nonspecifi c—immune system of the zebrafi sh 
includes antibacterial peptides, lectins, and lysozyme expressed in cells of myeloid 
origin [ 44 ]. Furthermore, it is interesting to know that C-reactive protein (CRP) is 
a highly conserved acute phase protein and present in zebrafi sh [ 45 ]. Also both the 
classical and alternative complement pathways are comparable to those in human 
and play an important role in the link between the innate and adaptive immune 
responses [ 46 – 48 ]. As for the adaptive—or specifi c—immune response, the over-
all mechanisms are in zebrafi sh similar to those in human [ 49 ]. Main components 
of this system in zebrafi sh include MHC, recombination activating genes ( RAG  1 
and 2 which cause diversity in T cell receptors and antibodies), antigen recognizing 
lymphocytes and immunoglobulins [ 49 ,  50 ]. Finally important immune modula-
tors such as toll-like receptors and cytokines, including interleukin-1b, TNF-alpha, 
and IL-6 are found in fi sh [ 51 – 55 ]. In conclusion, multiple high-quality recent 
studies have emphasized crucial similarities between the zebrafi sh and the human 
immune systems [ 56 ,  57 ]. This opens new windows of opportunity to investigate 
interactions between osteosarcoma cells—or cancer in general—and components 
of the immune system with consequences for novel drug screens. 
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    High-Throughput Injection and Imaging 

 One of the major advantages of using zebrafi sh embryos as compared to other animal 
models is related to the small size of the larvae. Keeping 50–100 embryos in one nor-
mal sized petri dish or single fi sh in wells of 96-well plates, provides possibilities to 
study large groups increasing the power of the experiments. However, at the time the 
above-mentioned study was performed, which included manual injection of hundreds 
of embryos, it was clear that for future larger studies alternative methods for injection 
would be required. Furthermore, handling of the fi sh after injection and daily imaging 
to follow the cells were very time-consuming and labor- intensive. For these reasons 
experiments were performed to assay robotic injections and automated imaging sys-
tems. Recently several systems have been reported, by which a combination of robotic 
injections and several manners of automated imaging guarantee high-throughput 
screens with less labor intensity [ 58 – 60 ]. One remaining challenge when using robotic 
arms to inject zebrafi sh embryos is that the location of injection is less precise. As a 
consequence embryos might be injected at vital locations and not survive the experi-
ment. Moreover, accidental injections directly inside the blood vessels would bias the 
results when migration of the cells is a primary outcome. However, robotic injection 
systems would speed up the experiments to such an extent that it is worthwhile to 
increase the size of the groups before injection and to select the correctly injected 
embryos afterwards (Fig.  4 ).

        Drug Screens 

    Single Drugs 

 Traditionally zebrafi sh models were frequently used for screening of chemical com-
pounds to assay carcinogenic effects by looking for tumor formation or mutant fi sh 
[ 61 – 65 ]. However, it is only recent that these fi sh exponentially gained the interest 
of cancer researchers for screening anticancer drugs. The main reason for this is the 
establishment of various zebrafi sh transgenic or xenotransplantation—as exempli-
fi ed in Box 1—cancer models [ 61 – 63 ,  65 – 67 ]. With the availability of such models 
in which processes related to cancer progression, like angiogenesis and metastasis, 
can be followed in a live setting, it is only logical to screen drugs which could 
inhibit these processes. Moreover, when such drug screens are performed in a high- 
throughput automated fashion, signifi cantly more drugs could be tested. This might 
decrease the pressure for in vitro selection steps for probable drugs and potentially 
increase the discovery of novel therapeutics based on in vivo results. Next to the 
previously mentioned advantages of zebrafi sh related to imaging, group size and 
simultaneous development of the embryos, there is another factor which makes the 
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fi sh superior to other animals for drug screening. Namely the drug of interest can be 
added to the swimming water of the fi sh which will secure equal uptake by all the 
members of the experimental group. A drawback here is that other routes of drug 
delivery, such as micro intravenous injections, are yet hampered by technical diffi -
culties; however, solutions or alternative methods are being developed [ 59 ,  68 ]. Up 
to today only one report has been published with the specifi c aim to test anti- 
osteosarcoma drugs of which the developmental effects were assayed in zebrafi sh. 
In this study small molecule inhibitors of Ezrin [ 69 ] were shown to inhibit the inva-
sive phenotype of osteosarcoma cells [ 70 ].  

  Fig. 4       High-throughput injection and imaging. A schematic work fl ow is provided for high- 
throughput injection and screening of zebrafi sh embryos. At 1 dpf embryos are still inside the chorion 
and can be mounted in rows in petri dishes coated with agarose. At these stage embryos dot not move, 
which simplifi es robotic injections. Although the embryos will be injected at random locations, its 
high speed and reduction of labor intensity rationalize robotic injections. The next day embryos 
which were injected at the right location—in this case only inside the yolk—and without any sign of 
deformity can be selected. For the following days depending on the duration of the experiment, 
selected embryos can be imaged on a regular base. Automatic imaging systems could reduce the 
workload even further and provide a narrower selection for manual screening       
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    Combined Therapies 

 In addition to drug screens for single agents, high-throughput automated zebrafi sh 
model systems seem to be amenable for multiple drugs testing which allows for 
various combinations of different therapeutic regimens. Osteosarcoma patients’ 
outcome considerably improved after the introduction of chemotherapy in the 1970s 
followed by adjustments in treatment protocols to reduce chemotherapy toxicity as 
much as possible [ 71 ]. However, in terms of survival no signifi cant improvements 
were accomplished since [ 2 ]. Therefore, toxic chemotherapy next to surgery remains 
the key treatment, which fails in 30–40 % of the patients. Nevertheless, recently 
alternative or additional therapeutic options were reported to effectively kill osteo-
sarcoma cells and cells of other sarcomas in vitro. Two of the promising protocols 
include addition of muramyl tripeptide to chemotherapy [ 72 ] and the use of anti- 
EGFR antibody cetuximab to increase the anti-osteosarcomic effect of NK cells 
[ 73 ]. An alternative method to stimulate NK cells cytolytic effect towards tumor 
cells was shown to be achieved by cytokine stimulation [ 74 ,  75 ]. Next to chemo-
therapy resistance yet another issue in the lack of specifi city in current chemother-
apy regimens. Recently the use of gold nanoparticles has been reported by which 
via the highly expressed folic acid in cancer cells enhanced therapeutic effi cacy and 
reduced side effects were realized [ 76 ]. As osteosarcoma cells abundantly express 
folic acid—in fact methotrexate which is one of the most widely used chemothera-
peutics against osteosarcoma is an antifolate—this might allow for better marking 
of the cancer cells [ 77 ]. These novel immune and chemical treatment options are 
just a few examples, which have proved to be effective for killing cancer cells in 
vitro. The next logical step is to investigate these alternative therapy regimens 
wherein combination of the current chemotherapeutics and novel agents can lead to 
more effective targeted therapy. Zebrafi sh embryo models provide excellent animal 
systems to implement such wide drug screens for assaying the effects on human 
tumor derived cells and even metastases.   

    Mimicking Human Osteosarcoma 

 In paradox to the frequent number of attempts, transgenic animal models, which fully 
represent human conventional osteosarcoma are lacking [ 78 – 80 ]. The main reason 
for this is the complex karyotype as a result of genomic instability which underlies the 
disease but is until now indefi nable to single mutations which could be applied to 
animal models [ 3 ,  12 ]. Recently great strides have been made towards a better under-
standing of the complex pathogenesis of osteosarcoma. Processes likely underlying 
genomic instability were identifi ed and investigated [ 17 ,  19 ,  26 ,  81 ] and possible 
susceptibility loci were identifi ed [ 82 ]. As these type of clues are upcoming, new 
opportunities for—preferentially conditional—transgenic representative osteosar-
coma models are rising. Since the number of possibilities for genomic engineering is 
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still broad, mouse models would be quite time consuming to start with. Alternatively, 
in a signifi cantly swifter manner, zebrafi sh transgenic or knockout lines could be 
generated, as widely performed for other diseases and cancer [ 8 ,  83 – 95 ]. Recently 
detailed protocols have been published [ 59 ] for a sequence of experiments for genera-
tion of transgenic and knockout zebrafi sh lines, gene knockdown by using morpholi-
nos, siRNA, or antibodies in a high-throughput manner and more. These protocols 
shorten the bridge between exciting in vitro data and transgenic zebrafi sh models.  

    Conclusion 

 After some relatively quiet years, great steps have been set towards a better under-
standing of the complex genomics and pathophysiology of osteosarcoma. 
Nevertheless, the lack of less toxic and more effective targeted therapy still remains. 
Therefore, alternative treatment protocols are urgently needed, especially for osteo-
sarcoma patients with chemotherapy insensitive tumors. To accomplish this great 
challenge for such a multifarious and yet rare disease, the use of representative 
animal models is unavoidable. Certainly zebrafi sh embryo models would not always 
be suffi cient as a link between in vitro data and clinical trials. However, current data 
strongly suggest that these models not only are outstanding alternatives to limit the 
number of mouse or other animal model studies but also provide new opportunities 
by allowing for much broader screens. Such screens should start by investigating 
the progression of osteosarcoma cells live inside the zebrafi sh bodies. In subsequent 
steps assaying key players which control tumor cells proliferation, migration 
through the circulation, metastasis, and the interplay with the immune system could 
provide novel specifi c targets for therapy. In addition for recently identifi ed genes 
which might predispose osteosarcoma, zebrafi sh provide a speedy method for func-
tional validation. When the targeted genes turn out to indeed be the true driver muta-
tions, simultaneously new representative models are born. Finally all the established 
xenotransplanted and transgenic models could be utilized for comprehensive drug 
screens.     
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    Abstract     Since its domestication more than 10,000 years ago, the dog has been the 
animal that most intimately shares our work and homelife. Interestingly, the dog 
also shares many of our diseases including cancer such as osteosarcoma. Like the 
human, osteosarcoma is the most common bone malignancy of the dog and death 
from pulmonary metastasis is the most common outcome. The incidence of this 
spontaneous bone neoplasm occurs ten times more frequently that it does so in 
children with about 8,000–10,000 cases estimated to occur in dogs in the USA. 
Because there is no “standard of care” in veterinary medicine, the dog can also serve 
us by being a model for this disease in children. Although the most common therapy 
for the dog with osteosarcoma is amputation followed by chemotherapy, not all 
owners choose this route. Consequently, novel therapeutic interventions can be 
attempted in the dog with or without chemotherapy that could not be done in humans 
with osteosarcoma due to ethical concerns. This chapter will focus on the novel 
therapies in the dog that have been reported or are in veterinary clinical trials at the 
author’s institution. It is hoped that collaboration between veterinary oncologists 
and pediatric oncologists will lead to the development of novel therapies for (micro- 
or macro-) metastatic osteosarcoma that improve survival and might ultimately lead 
to a cure in both species.  
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     In the past 50 years, the dog’s status in the USA has risen from that of serving us on 
the back 40 to a place near the back door, to a warm space in the kitchen, to a dog’s 
bed on the fl oor of the bedroom, to a space on the actual bed. Indeed, it can be 
argued there is no other animal that shares both our work and home environment as 
intimately as does the dog. Interestingly, the dog also shares many of our neoplastic 
diseases such as mammary cancer (the most common tumor of the dog), diffuse 
large B cell lymphoma, malignant melanoma, and the subject of this book, osteosar-
coma; thus, the dog can again unfailingly serve us, but this time as a relevant spon-
taneous out-bred large-animal immune-competent tumor model in which to test 
novel therapies against this formidable foe common to both man and man’s best 
friend: osteosarcoma. 

 As is the case in children [ 39 ], osteosarcoma (OS) is also the most common bone 
tumor of the dog [ 45 ]. It is estimated that 8,000–10,000 cases of canine OS (COS) 
are diagnosed each year in the USA [ 45 ]. While there is no “standard of care,” surgery 
(amputation or limb sparing) plus single agent anthracycline [ 9 ,  68 ] or platinum 
[ 10 ,  92 ,  98 ,  105 ,  113 ] or anthracycline–platinum combination [ 4 ,  5 ,  16 ,  17 ,  47 ,  73 ] 
chemotherapy are considered the mainstays of therapy in COS. The median survival 
of dogs treated with amputation alone is 4–6 months [ 73 ,  109 ,  111 ] and the addition 
of chemotherapy provides median survivals of 11 months or more [ 4 ,  5 ,  7 – 10 ,  16 , 
 17 ,  47 ,  60 ,  61 ,  68 ,  73 ,  80 ,  92 ,  101 ,  106 ,  110 ,  111 ,  113 ,  118 ]. In the majority of cases, 
death is attributable to the evolution of the metastatic disease, which is present in 
90 % of cases at the time of diagnosis, from occult microscopic disease to clinically 
detectable diffuse, gross pulmonary metastasis. Euthanasia usually ensues within 
60–90 days of the diagnosis of metastasis due to rapid loss of quality of life of the 
dog [ 96 ]. Similarly, despite advances in therapy in pediatric oncology, the 5 year 
survival rate in children has remained at 67 % for the past 20 years [ 108 ] and death 
from pulmonary metastasis is unfortunately the most common sequelae [ 12 ]. It can 
thus be said with absolute certainty that metastasis are  the  impediment to the cure 
of OS in both the dog and in humans. Effective therapies targeting metastatic dis-
ease are clearly necessary if survivals of either humans or dogs with OS are to be 
realized. Because of the compressed time-line of the disease from diagnosis to death 
in the dog and because of the similarities between canine and human OS [ 88 ], novel 
strategies can be quickly assessed for effi cacy against COS, and if fi ndings from the 
canine studies are promising, these clinically useful therapies can be rapidly trans-
lated to human trials. 

 Conventional intravenous anthracycline-, platinum-, or alkylator-based chemo-
therapy is largely ineffective in the metastatic setting in the dog [ 6 ,  13 ,  41 ]. Due to 
the diffuse multifocal nature of the metastatic presentation in the dog, surgery and 
radiation therapy are rarely useful in the management of COS except in very select 
cases [ 84 ]. The remainder of the chapter will review what has been tried and what 
we are trying in the veterinary oncology clinic as therapeutic intervention in both 
the microscopic and macroscopic metastatic setting in the OS-bearing dog with a 
hope to push the most effective tested therapies into clinical trials in children with OS. 
The therapies that will be discussed are liposome-encapsulated muramyl tripeptide, 
tetrathiomolybdate, and aerosol therapy utilizing gemcitabine or  interleukin 2 alone 
or in combination with chemotherapy. 
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    Therapies 

    Liposome-Encapsulated Muramyl Tripeptide- 
Phosphatidylethanolamine (L-MTP-PE) 

 When activated by L-MTP-PE, macrophages and monocytes are primed to eradicate 
chemotherapy-resistant neoplastic cancer cells in vitro [ 24 ,  25 ,  40 ] and in vivo in 
humans [ 52 ,  54 ,  55 ,  69 ] and dogs [ 63 ,  102 ,  107 ]. In murine melanoma models, the 
in situ pulmonary macrophages are activated and this activation mediates spontane-
ous regression of pulmonary metastases [ 26 ,  27 ]. In spontaneous COS, two major 
studies [ 62 ,  67 ] have been completed in the micrometastatic setting based on these 
data. In the fi rst double-blind placebo-controlled study [ 67 ], dogs with previously 
untreated, histologically confi rmed primary osteosarcoma of the extremity that were 
radiographically free of distant pulmonary metastases were enrolled, underwent com-
plete amputation of the affected limb and were then randomized to receive either 
L-MTP-PE or empty liposomes immediately postoperatively. 

 The lyophilized liposomes with or without MTP-PE (CGP19835A lipid) were 
provided by Ciba-Geigy Limited (Basel, Switzerland). The liposome preparation 
(L-MTP-PE was 2 mg/m 2 ) was given twice weekly for 8 weeks by a slow, 5- to 
8-min intravenous infusion. A complete physical examination and a complete blood 
count were performed prior to each liposome treatment and rectal body temperature 
was monitored hourly for 6 h after each liposome injection. Thoracic radiographs 
were obtained at 2-month intervals following amputation. Follow-up continued for 
as long as necessary to determine metastasis-free interval (defi ned as the time from 
surgery to evidence of metastasis) and overall survival time (defi ned as the time 
from surgery to death or euthanasia due to advanced disease) for each dog. 

 Twenty-seven dogs with osteosarcoma of the extremities were enrolled in this 
study. Of these, 14 received L-MTP-PE and 13 received empty/placebo liposomes. 
The administration was well tolerated; the only observed side effect was a transient 
elevation in body temperature of 1–2 °C that occurred 1–3 h after the fi rst three to 
four liposome treatments, and which returned to normal by 6 h post injection in 
each case in which the fever was observed. While temperature elevations were more 
frequent in dogs receiving L-MTP-PE than in those receiving empty placebo lipo-
somes the difference was not statistically signifi cant. 

 Importantly, the median metastasis-free interval for dogs receiving L-MTP-PE 
or placebo was 168 days and 58 days, respectively ( p  = 0.002). The median overall 
survival time for the dogs receiving L-MTP-PE or placebo was 222 days and 
77 days, respectively ( p  < 0.002). In contrast to the placebo group where all 13 dogs 
died of metastatic disease, in the L-MTP-PE group, 4 dogs were alive and metasta-
sis free 17, 18.5, 25.5 and 32 months after amputation. This study demonstrated the 
effi cacy, safety and tolerability of L-MTP-PE ALONE in the micrometastatic setting 
and provided the impetus for the second study in COS [ 62 ]. 

 Whereas the fi rst study evaluated L-MTP-PE ALONE in the microscopic 
metastatic setting, the second double-blind placebo-controlled study [ 62 ] combined 
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this immunotherapy with cisplatin chemotherapy. One hundred eleven dogs with 
previously untreated, histologically confi rmed primary osteosarcoma of the extrem-
ity that were radiographically free of distant pulmonary metastases were enrolled 
in two different trial arms after pre-enrollment health screening and informed 
owner consent. 

 In the fi rst arm, within 24 h after surgery, dogs were started on cisplatin chemo-
therapy (70 mg/m 2  iv) and were scheduled to receive a total of four doses of cisplatin 
administered once every 28 days. One month after the completion of the cisplatin 
treatment (4 months after the amputation), the dogs were reevaluated for the pres-
ence or absence of metastasis and those that were free of metastatic disease were then 
block randomized in groups of four to receive either L-MTP-PE or empty placebo 
liposomes at the same dose, frequency, and administration scheme as described in 
the fi rst study. 

 The second arm was a multi-institutional double-blind placebo-controlled study. 
In this arm, dogs were scheduled to undergo amputation and then receive cisplatin 
(70 mg/m 2  iv) every 21 days for four treatments as well as either L-MTP-PE or 
placebo beginning 24 h after the fi rst cisplatin administration on an either once or 
twice weekly schedule at the same dose and administration scheme as described in 
the fi rst study. In both arms, the dogs were followed with routine physical exams 
monthly and thoracic radiographs every 8 weeks following the amputation. Subject 
evaluations continued as long as necessary to determine both the metastasis free 
interval and overall survival (both determined as described in the fi rst study) for 
each dog. Again, as had been noted in the fi rst trial, the only consistently observed 
side effect was an elevation in the body temperature. 

 In the fi rst arm, 40 dogs were initially entered into this clinical trial. During the 
chemotherapy administration period, 15 dogs were excluded from randomization 
because 13 dogs developed metastasis and 2 died of other causes. Twenty-fi ve dogs 
were randomized after the completion of 16 weeks of chemotherapy. Fourteen dogs 
were randomized to receive placebo and eleven dogs were randomized to receive 
L-MTP-PE. Of the 14 dogs in the placebo group, 13 died of metastasis and 1 died 
of an unrelated cause (neurological disease). The median metastasis-free interval 
and overall survival for the dogs in the placebo group was 7.6 months and 9.8 months, 
respectively. Four dogs survived for more than 1 year. In the L-MTP-PE group, 8 of 11 
dogs developed metastasis, two dogs died of unrelated causes (both euthanized for 
severe arthritis), one was still alive and free of metastasis at the time of the publica-
tion of the manuscript, one was alive with metastasis, and one dog with metastasis 
was lost to follow-up. The median metastasis-free interval and overall survival for 
the L-MTP-PE group was 11.2 months and 14.4 months, respectively. Seven dogs 
survived for more than 1 year. Those dogs receiving L-MTP-PE had signifi cantly 
longer metastasis-free interval ( p  < 0.035) and overall survival time ( p  < 0.01) when 
compared to dogs given placebo liposomes. 

 In the second arm, 71 dogs were enrolled but 7 were withdrawn for various 
reasons. Of the remaining 64 dogs, 21 dogs were randomized to receive L-MTP-PE 
twice weekly, 21 received L-MTP-PE once weekly, and 22 received placebo 
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liposomes once weekly. There were no signifi cant differences among the three 
groups with regard to the metastasis-free intervals or to the overall survival times. 
A total of 58 dogs completed all four doses of chemotherapy; 6 dogs did not do so 
due to the evolution of pulmonary metastasis before completion of the 4 planned 
chemotherapy administrations. Median metastasis free interval for the three groups 
was 7.5 months, 6.3 months, and 5.8 months, respectively. Median overall survival 
time for the three groups was 10.3, 10.5, and 7.6 months. In the twice weekly 
L-MTP-PE group, 19 of 21 dogs developed metastatic disease; 7 dogs survived for 
1 year or longer. In the once weekly L-MTP-PE group, 18 of 21 dogs developed 
metastasis; in this group, 3 dogs with metastasis died of unrelated causes (renal 
failure, gastric ulcer, and gastric torsion), 1 dog with metastasis was lost to follow-
up, and 3 were alive and free of disease; 7 dogs survived for 1 year or longer. In the 
placebo group, 17 of 22 dogs developed metastasis, 2 dogs died of renal disease 
with no evidence of metastasis, and 3 were alive and free of disease; 9 dogs survived 
for more than 1 year. There were no differences in survival among the three treat-
ment groups in the second arm. The median metastasis free survival and overall 
survival time for all 64 dogs was 6.6 months and 10.3 months, respectively. 

 Survival times of the 11 dogs receiving twice weekly L-MTP-PE in arm 1 were 
also compared to those of the 18 dogs in arm 2 receiving twice weekly L-MTP-PE 
concurrently with four doses of cisplatin. Median overall survival times were 
14.4 months and 10.6 months for the dogs in arms 1 and 2, respectively that were free 
of metastasis at 4 months after surgery, respectively ( p  < 0.04). Survival times of 
the 14 dogs receiving twice weekly placebo liposomes in arm 1 were compared to 
those of 16 dogs in arm 2 that received once weekly placebo liposomes concurrently 
with four doses of cisplatin. There was no difference between the two placebo groups 
with respect to median survival times (9.8 months and 10.8 months for arm 1 and 2, 
respectively). 

 The results from this two arm trial chemo-immunotherapy trial compared favor-
ably with the fi rst trial evaluating postoperative immunotherapy alone where dogs 
receiving L-MTP-PE had median overall survivals of 7.3 months as compared to 
2.5 months of median overall survival for dogs receiving placebo. In the fi rst arm 
of this trial, cisplatin plus amputation provided a median survival of 9.8 months, 
which is similar to reports in other canine papers [ 8 ,  61 ,  80 ,  101 ,  110 ,  111 ]. 
Contrary to expectations, however, improved survivals were not noted when cis-
platin was administered concurrently with L-MTP-PE. A similar inhibitory effect 
on the L-MTP-PE-mediated macrophage activation against pulmonary metastasis 
was noted in a B16-F10 mouse melanoma model [ 11 ] and may partially explain the 
negative fi ndings in this COS study. 

 In comparison, the results of the Phase II trial evaluating L-MTP-PE alone demon-
strated a signifi cant increase in both the disease-free and long-term survival of patients 
with relapsed osteosarcoma [ 53 ] and the results of the Phase III trial evaluating 
L-MTP-PE combined with chemotherapy in newly diagnosed osteosarcoma demon-
strated improved 6-year survival [ 79 ]. Unfortunately, additional studies with this 
L-MTP-PE molecule in the dog have been waiting on a ready source of the product.  
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    Tetrathiomolybdate 

 Targeting neovascularization is another approach to slowing micrometastatic cancer. 
Because copper has been shown to be an angiogenic stimulant [ 90 ,  93 ], it has been 
postulated that copper depletion might be a viable approach to the management of 
cancer [ 15 ]. Tetrathiomolybdate (TM) is powerful copper chelator and thus may 
have utility in the management of micrometastasis of OS. It was originally devel-
oped as a well-tolerated oral treatment for the treatment of patients with Wilson’s 
disease, an autosomal recessive disease of copper transport that results in abnormal 
copper accumulation and toxicity [ 14 ]. The ability of TM to reduce total body stores 
of copper is thought to involve at least two mechanisms. The fi rst involves the for-
mation of a complex together with food proteins in the gastrointestinal tract, and the 
blocking the absorption of copper from the diet [ 14 ]. The second is that the absorbed 
TM along with copper and albumin in blood form a tripartite complex that renders 
the copper unavailable for cellular uptake; this sequestration in the complex essen-
tially removes the copper from use in angiogenesis [ 14 ]. This newly formed tripar-
tite complex is biologically inert and is slowly cleared in both bile and urine [ 14 ]. 
Tetrathiomolybdate’s clinical utility is due to its favorable properties of fast action, 
copper specifi city, and low oral toxicity. This low oral toxicity profi le of TM is pos-
sible because the level of copper required for angiogenesis is higher than that 
required for essential copper-dependent cellular processes, such as heme synthesis, 
the functions of copper/zinc superoxide dismutase (SOD) and cytochrome, and the 
incorporation into enzymes and other proteins, thus providing a tolerable therapeutic 
index [ 14 ]. 

 Positive studies have been done in rodent models of infl ammatory mammary cancer 
[ 87 ], head and neck cancer both in the fl ank and in the orthotopic setting [ 18 ], lung 
cancer [ 48 ], and prostate cancer [ 114 ]. We evaluated 13 advanced-stage and metastatic 
cancer bearing dogs (including COS). Of the nine evaluable dogs, three had stable 
disease for >4 months and a fourth had a measurable partial response of the metastasis 
and resolution of the attendant hypertrophic osteopathy while on TM, thus extending 
the artifi cial rodent fi ndings to spontaneously occurring cancer in the dog. 

 These fi nding provided the impetus to begin a multi-institutional randomized 
double-blind clinical trial in newly diagnosed COS. The study is evaluating adria-
mycin (iv q2w × 5) with or without TM in the micrometastatic disease setting. This 
TM-adriamycin couplet has been shown to be effective at restoring doxorubicin 
sensitivity to cell lines [ 51 ]. The postulated and confi rmed mechanism of action is 
through TM-mediated inhibition of Cu-Zn SOD1, an enzyme that protects the cell 
against reactive oxygen species (ROS). Adriamycin is known to produce ROS, and 
thus, this combination of a ROS-generating drug with a molecule that can suppress 
intracellular antioxidant mechanisms may be a useful and powerful therapy. At the 
time of this writing, 5/40 dogs have been enrolled. Because TM is a drug in com-
mon use in humans with Wilson’s disease, if positive results are obtained from this 
trial in COS, then a rationale for the use in children with OSA fi rst as a Phase II and 
then as a confi rmatory Phase III trial is plausible.  
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    Aerosol Therapy 

 The development of aerosol chemotherapy or aerosol immunotherapy, which targets 
delivery to the respiratory system where occult micrometastases of OSA are most 
likely to be found, may provide a noninvasive method of therapy for pulmonary 
metastasis. To date, there has been some work in the delivery of various chemo-
therapeutic agents such as gemcitabine and immune modulators such as interleu-
kin-2 to the lungs in an effort to eradicate the micrometastatic or gross metastatic 
osteosarcoma found in this organ in the mouse model [ 36 ,  58 ], and recently in 
humans with lung or renal [ 43 ,  66 ] cancer. We have completed one study with aerosol 
gemcitabine in dogs with gross metastatic disease [ 96 ] and are currently utilizing 
aerosol gemcitabine alone or combined with carboplatin for micrometastatic dis-
ease or with ifosfamide for gross metastatic disease. We have also begun therapy 
with recombinant human interleukin 2 for gross metastatic COS. The remainder of 
this chapter will focus on these two molecules.  

    Gemcitabine 

 Gemcitabine (2′,2′-difl uorodeoxcycytidine, Gemzar, dFdC) is a deoxycytidine 
analogue [ 42 ] which has demonstrated clinical utility in the management of diverse 
human malignancies [ 1 ,  32 ,  35 ,  70 ,  76 ,  77 ,  85 ,  86 ,  91 ,  94 ,  95 ,  99 ,  115 ,  121 – 123 ], 
but whose activity has only recently been explored in veterinary oncology [ 19 – 21 , 
 23 ,  28 ,  29 ,  44 ,  46 ,  56 ,  65 ,  71 ,  72 ,  74 ,  75 ,  103 ,  112 ]. In contrast to the large body of 
preclinical and clinical literature devoted to gemcitabine in the management of 
carcinomas, relatively fewer studies have been performed in OS in humans [ 2 ,  3 , 
 76 – 78 ,  83 ,  85 ,  86 ,  117 ,  120 ], and to date, one (negative) has been reported in COS 
[ 74 ]. Gemcitabine is routinely administered intravenously as either a 30-min or 
longer infusion. A major limitation in the control of pulmonary metastasis with the 
use of the systemic administration of drugs, however, is the reduced drug concentra-
tion that is delivered to the lungs due to dilution in the blood volume; this may 
explain the observed lack of effi cacy intravenous therapy for COS. Because aerosol 
delivery can bypass this limitation and is a strategy that may improve the control of 
pulmonary metastases, we chose to evaluate aerosol chemotherapy in COS. 

 In mouse models, aerosol delivery of gemcitabine has been demonstrated to 
signifi cantly inhibit the growth of primary OS tumors and of established lung 
metastases in a Fas-dependent manner [ 33 ,  34 ,  59 ]. Inhaled gemcitabine also pre-
vented metastatic spread, with no evidence of toxicity to normal tissues in the mice. 
In a relatively larger animal model more reminiscent of the dog or a human, aero-
solization of gemcitabine was shown to deposit in a moderate, but signifi cant, quantity 
in the peripheral lung compartment of the baboon with no evidence of pulmonary or 
systemic toxicity [ 31 ]. Because the clinical feasibility of aerosol delivery in the dog 
had been demonstrated with other chemotherapeutic and immunomodulatory agents 
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[ 38 ,  49 ,  50 ,  100 ], we completed a study to assess the pulmonary versus systemic 
toxicity of aerosol gemcitabine delivery, to examine the histopathological effects 
against gross OS pulmonary metastasis, and to assess the role of the Fas/FasL 
pathway the dog with gross pulmonary metastasis of OS ultimately with an eye 
towards pursuing this method of delivery in children with metastatic OS. 

 Dogs were evaluated at the William R. Prichard Veterinary Medical Teaching 
Hospital at the University of California by the oncology service. They were custom- 
fi tted with a polyethylene hood and sent home with the owner for desensitization to 
the wearing of the hood and to the noise of the nebulizer through the use of increased 
wearing of the hood and food rewards. Baseline hematological and serum biochemical 
tests were obtained before therapy and then routine clinicopathological (CBC, SBA, 
ABG) monitoring occurred at 2 weeks, 4 weeks, and monthly thereafter; serial 
radiographs were obtained monthly. 

 The caregiver was educated about personal safety (respirator, mask, gloves, 
and gowns) and trained to administer the therapy to their dog using a Minimate 
compressor with nebulizer (Precision Medical, Inc., Northhampton, PA). Utilizing 
this system, aerosol particles containing gemcitabine were delivered that had a mass 
median aerodynamic diameter of 0.8 mm with GSD 2.1 as measured with the 
Andersen Cascade Impactor [ 59 ]. To prevent occupational exposure to ambient air 
levels of gemcitabine that may have been propagated during therapy, nebulization 
was performed outdoors. 

 The gemcitabine was reconstituted per manufacturer’s instructions and adminis-
tered on a M/W or T/Th schedule. The initial intent was to escalate dogs by 5 mg 
per week until 25 mg/dog was achieved or when clinicopathological or radiological 
evidence of toxicity was identifi ed. When no toxicity was found in the fi rst fi ve 
dogs, subsequent dogs initiated the therapy at 25 mg/dog on the fi rst treatment. Five 
additional dogs were started at 50 mg/dog total dose twice weekly. 

 Pet dogs (patients) were exclusively used in this study. The characteristics of 
aerosol gemcitabine-treated dogs ( n  = 20). Osteosarcoma of the skeleton ( n  = 18) 
and osteosarcoma of soft parts ( n  = 2) were treated with amputation or radical exci-
sion, respectively. Either carboplatin alone ( n  = 5) or doxorubicin and carboplatin 
( n  = 11) was administered in the adjuvant setting to the dogs prior to the detection of 
metastatic disease. In fi ve dogs, surgery alone was the sole means of control of the 
primary tumor without additional chemotherapy. Two patients received intravenous 
chemotherapy (4 and 6 weeks prior to enrollment) for the treatment of their pulmonary 
metastasis prior to receiving aerosol gemcitabine. All but one patient underwent 
complete necropsy. 

 Six hundred seventy-two 1-h doses of aerosol gemcitabine were delivered 
(mean: 28; range: 2–80) twice weekly. Median duration of treatment was 60 min 
(range: 45–75). Eleven dogs received 25 mg and seven dogs received 50 mg on 
schedule. There were no delays in treatments in either group. 

 CBCs were normal in all dogs at every visit except for a single grade I neutropenia 
(1,500) episode. Neither thrombocytopenia nor anemia occurred. SBA parameters 
were within reference range in every patient at every visit. Arterial blood gas and 
alveolar–arterial gradients did not vary from base line in any dog at any time point. 
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No gastrointestinal toxicity was reported by any owner. Body weights did not vary 
from baseline. These fi ndings underscored the systemic safety of this loco- regional 
approach to gemcitabine chemotherapy in the dog. 

 To assess the local tissue tolerance, the lungs were examined at necropsy. Mild 
histological changes were present within the sections of the examined airways that 
could be directly attributed to aerosol gemcitabine. Four animals exhibited minimal 
to mild expansion of the submucosa of one or more of their larger conducting 
airways. The submucosa was thickened by loosely arranged highly vascular con-
nective tissue, which formed short blunt papillary projections that protruded into the 
airway lumina. No similar lesions were noted among the nontreated animals. 
Alveoli remained normal in both aerosol-treated and aerosol naïve dogs (Fig.  1a , b). 
Seven animals, all of which had either pleural effusion or pleural metastases, had 
marked regionally extensive to generalized chronic proliferative villous pleuritis 
with prominent, congested vasculature, which was attributable to the pathological 
process not to the therapy. Six animals had pleural effusion and six animals had 
pleural metastases; however, only fi ve (of 12) animals possessed both lesions con-
currently. Interestingly, in one dog with pleural metastasis, the lungs remained free 
of pulmonary metastasis. Three dogs with pulmonary and or pleural metastasis 
developed hypertrophic osteopathy, which was identifi ed antemortem and con-
fi rmed postmortem. Alveolar lumina immediately adjacent to metastatic foci were 
expanded by increased numbers of foamy alveolar macrophages, which frequently 
possessed abundant intracytoplasmic hemosiderin pigment, indicative of prior hem-
orrhage. Metastasis was identifi ed in anatomical locations outside of the lungs as 
well and included liver ( n  = 3), spleen ( n  = 3), kidney ( n  = 3), adrenal ( n  = 3), other 
bones ( n  = 3), eye ( n  = 1), and skin ( n  = 1), which suggests that aerosol therapy should 
be combined with systemic therapy for maximum long-term survival.

   To evaluate the specifi c effects of aerosol treatment on gross pulmonary metastasis, 
a series of sections of affected lungs from contemporary but aerosol naïve animals 
were identifi ed as controls. The degree of necrosis within the metastasis was deter-
mined by estimating the overall percentage of necrotic tumor area relative to the 
total area of the tumor metastases and comparing the results between aerosol- treated 
and aerosol-naïve lesions (Fig.  1c , d). 

 When examining the patterns of tumor killing by aerosol gemcitabine, extensive, 
predominately central, intratumoral necrosis was noted within all (100 %) aerosol- 
treated dogs (Fig.  1d ). There was marked increase in the incidence and severity of 
necrosis noted among the treated animals compared to the gemcitabine-naive cases. 
The majority (85 %) of aerosol-treated metastasis exhibited >25 % necrosis. In contrast, 
only 4 of the 13 (31 %) nontreated animals did so and many foci from aerosol-naïve 
patients had minimal necrosis (Fig.  1c ). Forty-six percent of the aerosol- treated 
animals exhibited >50 % necrosis, whereas none of the metastasis from naïve control 
animals exhibited >50 % necrosis. These fi ndings demonstrated the effi cacy of 
metastasis killing by the aerosol delivery of gemcitabine. 

 Because the status of Fas on tumor metastasis in the lungs may play a role in the 
evolution of pulmonary metastatic disease in osteosarcoma [ 33 ,  34 ], Fas expression 
in both the primary tumor (Fig.  2a ) and the metastatic foci (Fig.  2b , c) of these 
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spontaneously arising COS was also examined to determine if this was a possible 
mechanism of action for the observed tumor cell killing in the metastasis. Canine 
osteosarcoma ranged in the expression of Fas as detected and measured by immu-
nohistochemistry staining intensity (Fig.  2a ). Fas staining intensity did not differ 
between the primary tumors obtained from aerosol gemcitabine-treated and -naïve 
dogs ( p  > 0.05; Fig.  2a , compare upper and lower rows). Interestingly, Fas staining 
intensity was decreased in pulmonary metastases (b) compared to the primary tumor 
(a), and this difference was statistically signifi cant ( p  = 0.008; photomicrographs: 
compare a to b; scatter plot: compare Bone and Untreated). Importantly, the Fas 
staining intensity in pulmonary metastasis from aerosol gemcitabine-treated animals 
(c) was greater than that found in both the primary tumor ( p  = 0.025; photomicro-
graphs: compare a and c; scatter plot: compare Bone and Aerosol Gemcitabine) and 
in the gemcitabine-naïve metastases ( p  = 0.0075; Fig.  2 , photomicrographs: com-
pare b and c; scatter plot, compare column untreated metastasis and gemcitabine). 
These data suggested that the Fas/FasL pathway was a potential mechanism of 
action of cell killing in metastatic osteosarcoma.

  Fig. 1    Representative images of histopathological sections used in evaluating the effect of aerosol 
gemcitabine on canine pulmonary tissues. Dogs with osteosarcoma that harbored gross pulmonary 
metastasis were treated with aerosol gemcitabine twice weekly for a median of 7 weeks. Tissues 
were harvested at necropsy and processed for routine H&E staining. Minimal changes were identifi ed 
in aerosol gemcitabine-naïve ( a ) or gemcitabine-treated lung ( b ). In contrast to the aerosol 
gemcitabine-treated metastatic foci ( d ), which demonstrated increased central necrosis, 
chemotherapy- naïve ( c ) historical controls harbored minimal to no central necrosis. From: J Aerosol 
Med Pulm Drug Deliv. 2010 Aug; 23(4):197–206       

 

C.O. Rodriguez, Jr.



247

   As the Fas/FasL pathway kills metastatic osteosarcoma cells by inducing not 
necrosis but apoptosis [ 33 ,  34 ,  57 ,  64 ,  119 ], the TUNEL assay was used to deter-
mine if the observed increase in Fas expression resulted in an increase in death of 
tumor cells by apoptosis (Fig.  3 ) despite the marked background of necrosis. 
Minimal TUNEL staining was identifi ed in untreated pulmonary metastasis (a). 
In contrast, TUNEL staining was increased in osteosarcoma cells in the pulmonary 
metastasis obtained from aerosol gemcitabine-treated dogs (b), and this difference 
was signifi cant ( p  = 0.028).

  Fig. 2    Fas expression in canine osteosarcoma. Representative sections of primary ( a ) and metastatic 
( b ,  c ) osteosarcoma lesions removed from aerosol gemcitabine-naïve ( a ,  top row ,  b ) or aerosol gem-
citabine-treated ( a ,  bottom row ,  c ) dogs were harvested at necropsy, formalin fi xed and paraffi n 
embedded, and then stained for Fas by immunohistochemistry. The staining in 200 nuclei was quanti-
fi ed and plotted as the ratio of MEAN positive nuclei to total 200 nuclei counted (scatter plot). Canine 
liver served as the negative (Fas antibody omitted; NEG) and positive (POS) controls. The quantita-
tion of Fas staining intensity (scatter plot) was lower in pulmonary metastases from untreated dogs 
( open square ) than in the originating primary osteosarcoma tumor ( open circle ). This difference 
was signifi cant ( p  = 0.008). In contrast, pulmonary metastases obtained from aerosol gemcitabine-
treated ( fi lled square ) dogs demonstrated stronger Fas staining intensity than the in the primary 
tumor ( p  = 0.025). The difference between untreated and treated metastases was also statistically 
signifi cant ( p  = 0.0075). Whisker bars represent SEM. From: J Aerosol Med Pulm Drug Deliv. 
2010 Aug; 23(4):197–206       
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   The fi ndings from this fi rst in dog study confi rmed that aerosol gemcitabine is 
systemically well tolerated, and suggested that local toxicity (manifest as changes 
in pulmonary function or radiographic appearance) would also be minimal. The 
clinicopathological and pathological fi ndings confi rmed and extended the murine 
studies [ 34 ,  58 ] in the tumor-bearing dog. The results from this study may provide 
a rationale for use in humans with OS and can assuage some patient tolerability 
concerns. 

 The necropsy fi ndings of metastasis in the abdominal viscera and the brain also 
underscore the need to treat the patient systemically when using aerosol gem-
citabine. As mentioned previously, there is no “standard of care” in veterinary medi-
cine. Thus, we are able to offer single agent aerosol therapy for dogs whose owners 
refuse conventional therapy (intravenous chemotherapy), something that no ethics 
committee would allow for in a human trial. This cohort of dogs will allow evalua-
tion of aerosol gemcitabine in the micrometastatic setting, which more closely 
resembles the murine work that has been performed [ 34 ,  58 ]. To date, we have 
treated nine dogs with COS in the micrometastatic setting. As was the case in the 
fi rst trial, the therapy was well tolerated. The median survival of these nine dogs is 

  Fig. 3    Apoptosis induced by aerosol gemcitabine in metastatic canine osteosarcoma. 
Representative sections of metastatic canine osteosarcoma lesions from untreated ( a ) or aerosol 
gemcitabine-treated ( b ) dogs were harvested at necropsy, formalin-fi xed and paraffi n embedded, 
and stained for apoptosis using the TUNEL assay. The staining was quantifi ed as the ratio of 
MEAN positive nuclei to total 200 nuclei counted (graph). Human prostate served as negative 
(primary antibody omitted; NEG) and positive (POS) controls. The level of apoptosis was low in 
untreated pulmonary metastases ( open square ). After exposure to aerosol gemcitabine ( fi lled 
square ), there was a marked increase in apoptotic activity in the pulmonary metastases ( p  = 0.028). 
Whisker bars represent SEM. Where not visible, the bars are contained within the symbol. From: 
J Aerosol Med Pulm Drug Deliv. 2010 Aug; 23(4):197–206       
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8.5 months, or a doubling of survival when amputation is utilized as the only form of 
therapy for COS (Rodriguez, unpublished data). Additional dogs will be necessary 
to achieve statistical signifi cance. 

 Aerosol gemcitabine combined with intravenous chemotherapy is another avenue 
of exploration in the clinic. We routinely combine aerosol therapy with intravenous 
carboplatin. Whereas the median survival of dogs treated with intravenous chemo-
therapy is 11 months [ 4 ,  5 ,  7 – 10 ,  16 ,  17 ,  47 ,  60 ,  61 ,  68 ,  73 ,  80 ,  92 ,  101 ,  106 ,  110 , 
 111 ,  113 ,  118 ], the combination of aerosol gemcitabine plus carboplatin has resulted 
in median survivals of 24 months in nine dogs thus treated (Rodriguez, unpublished 
data). Additional dogs will be necessary to achieve statistical signifi cance. 

 Finally, for macrometastatic disease, while aerosol gemcitabine appeared to kill 
cells in the metastatic foci through a Fas/FasL mediated mechanism of action [ 96 ], 
no dog was cured and the overall survival was 75 days. Ifosfamide is a chemothera-
peutic agent that can upregulate FasL in pulmonary metastasis of OS in mice [ 22 ]. 
In COS, single agent ifosfamide has shown minimal survival benefi t; the dogs lived 
95 days [ 6 ]. However, because aerosol gemcitabine upregulates Fas and because 
ifosfamide upregulates FasL, we postulated that the combination of these two thera-
pies would induce the expression of an autocrine death loop on the surface of meta-
static COS. To date we have treated seven dogs with macrometastatic COS with a 
combination of intravenous ifosfamide every 3 weeks along with aerosol gem-
citabine delivered twice weekly. The median survival of these dogs is 9.5 months. 
Additional dogs will be needed to confi rm the statistical signifi cance of these 
fi ndings (Rodriguez, unpublished data). While the pulmonary tissues have been 
harvested they have not been evaluated for Fas/FasL; it is tempting to speculate that 
the autocrine death loop will be present.  

    Interleukin 2 

 Interleukin 2 (IL-2) was initially identifi ed as a T-cell growth factor [ 81 ]. It is pro-
duced when T cell recognize antigen-MHC complexes in the face of costimulatory 
molecules on the surface of antigen-presenting cells. In particular, IL-2 has a 
 pronounced stimulatory effect on natural killer cells [ 82 ]. 

 Canine lymphokine activated killer cells were induced in vitro in after exposure 
to recombinant human IL-2 (rhIL-2) suggesting that the canine IL-2 receptor can be 
stimulated by the human molecule [ 30 ]. An in vivo study confi rmed that canine 
lymphocytes proliferate in response to rhIL-2 [ 37 ]. The dogs in this study were 
infused on four consecutive days with high dose rhIL-2. The side effects included 
mild gastrointestinal toxicity in all of the dogs. There was however, no evidence of 
more untoward effects (capillary leak) such as those seen in people treated with high 
dose IL-2. 

 Early murine experiments utilizing intraperitoneal administration of recombinant 
human rhIL-2 demonstrated reductions in growth of pulmonary metastasis of 
several cancers [ 89 ] and when high doses were used, more than 80 % of the 
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pulmonary lesions were eradicated [ 97 ]. Unfortunately, translating the murine high 
dose systemic therapy comes at a cost to the human patient, which includes pulmo-
nary edema and ascites due to capillary leakage syndrome, hepatocellular necrosis, 
renal dysfunction, dermatitis, anemia, and thrombocytopenia [ 104 ,  116 ]. Clearly, 
alternative methods of delivery should be explored. 

 When rhIL-2 was delivered by aerosol to humans with renal cancer minimal 
untoward effects were observed [ 43 ]. Similarly, when dogs with primary lung can-
cer or with pulmonary metastasis from COS were treated with aerosol liposomal 
rhIL-2 no untoward effects were seen [ 49 ,  50 ]. Two of four dogs with metastatic 
osteosarcoma had complete resolution of the metastasis and the other two had sta-
bilization of the lesions for more than 12 months. To assess the mechanism of 
action, bronchoalveolar lavage samples were obtained. and the lytic activity of iso-
lated lymphocytes was increased after 15 days of therapy in all nine dogs. There 
were minimal untoward toxic effects in these dogs. We have treated fi ve dogs with 
hypertrophic osteopathy due to COS or dogs that have failed other treatments for 
COS with the commercially available rhIL-2, proleukin (aldesleukin). None of the 
dogs have achieved a complete response but all dogs with hypertrophic osteopathy 
have had resolution of their clinical signs and all for dogs have had stable metastatic 
COS disease for more than 11 months (Rodriguez, unpublished data). The drawback 
to the use of the rhIL-2 is the development of canine anti rhIL-2 antibodies after 
30 days of use (Khanna C, personal communication). We are currently investigating 
recombinant canine IL-2 in vitro and hope to move this molecule to the clinical setting 
as it will allow for longer periods of dosing. Importantly, the preclinical murine and 
canine data have prompted the commencement of an aerosol rhIL-2 trial for meta-
static osteosarcoma (Kleinerman, E, personal communication). 

 In summary, while we share our work and homelife intimately with our dogs, 
the dog also shares many of our neoplastic diseases including but not limited to 
osteosarcoma. Because of the similarities between COS and OS in children and 
because of the compressed timeline of the evolution of COS in the dog, the dog is 
an excellent model in which to attempt novel therapies aimed at eradicating micro-
metastatic or macrometastatic osteosarcoma. The dog has served us faithfully since 
its domestication; perhaps these old dogs can teach us some new tricks.      
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    Abstract     Since the fi rst anecdotal reports of dramatic tumor responses following a 
viral infection in early 1900s, the fi eld of oncolytic virotherapy has evolved at a 
rapid pace fi nally making its way into clinical trials. A large number of both wild- 
type and genetically altered viruses with a preferential replication-competency for 
tumor cells have been studied in tissue cultures, animal models and in humans, with 
an ever increasing repertoire of new viruses being added to this pool. Although 
oncolytic viruses have caused dramatic antitumor responses in cell cultures and 
mouse models, their clinical effects in humans have been modest. Therefore, the 
current research is focused on understanding the mechanisms by which viruses kill 
tumor cells, the barriers to successful viral delivery and penetration into tumor cells, 
the role of the immune system in viral oncolysis and generating stronger target 
specifi c and replication competent viruses. Osteosarcoma is a challenging malig-
nancy to identify novel targets for therapy due to its complex genetic make-up. 
Oncolytic virotherapy may be a promising approach as a novel therapeutic, not 
dependent on consistent expression of a single target. In this review we summarize 
the supportive evidence and rationale for use of viral oncolysis in osteosarcoma 
along with the specifi c challenges it may face.  
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        Introduction 

 Historical reports of dramatic remissions of cancer following a viral illness date back 
to early 1900s [ 22 ,  25 ]. These observations led to the idea of using viruses to treat 
cancer in the 1950s [ 51 ,  81 ]. With the advent of cell culture technologies and animal 
models, testing viruses in cancer models became possible. Several publications 
reported decreased growth or complete tumor regressions of implantable tumors in 
mice after virus therapy but with signifi cant toxicity [ 79 ,  80 ,  82 ]. Around the 
1960s–1970s, unmodifi ed and impure viruses with low pathogenicity were used 
to treat hundreds of patients with cancer via various routes [ 99 ]. In the majority of 
patients, viruses were cleared by the immune system without any effect on the cancer 
growth. However, cancer regressions were noted in a few patients with severely 
immunocompromised host systems but were associated with signifi cant morbidity 
and mortality secondary to overwhelming viral infection in these patients. These 
animal and human experiments dampened the enthusiasm of oncolytic virus therapy 
until in early 1990s; the fi rst report of a genetically engineered attenuated HSV was 
reported in a murine glioblastoma model [ 72 ]. Over the past two decades, the 
advances in genetic engineering technologies as well as viral delivery systems have 
rapidly increased the pace of clinical development of viral therapies in cancer 
patients with hundreds of patients treated on clinical trials with a variety of DNA 
and RNA viruses via intratumoral or intravenous routes. More than 25 clinical trials 
using oncolytic viruses are currently open for cancer patients across the country 
(  www.clinicaltrials.gov    ). The safety profi le of oncolytic viruses has been excellent 
across all trials and all routes of administration. The clinical effi cacy of most onco-
lytic viruses given alone has been below what was expected from the preclinical 
response data due to unique challenges of this therapy in humans. However, a few 
recent trials of intratumoral injection of a genetically modifi ed HSV and vaccinia 
virus (JX594) that express GM-CSF, in patients with melanoma and hepatocellular 
carcinoma respectively, have demonstrated compelling evidence of single agent 
virus therapy leading to objective responses in patients [ 88 ,  96 ]. These data support 
the belief that although anticancer viral therapy may not have yet yielded the 
expected outcomes, its full potential is yet to be harnessed. Some of the challenges 
and novel approaches to overcome these are discussed later in this chapter. 

 Metastatic osteosarcoma is an extremely challenging disease to cure with 5-year 
event-free survival being less than 20 %. Conventional chemotherapy and surgery have 
remained the mainstay of therapy for the past 4–5 decades. Novel therapeutic approaches 
which may include a combination of new cytotoxics, agents targeting specifi c pathway 
abnormalities, immunotherapies, genomic approaches, or virotherapy are all potential 
options to improve the dismal outcome in these patients. In this chapter, we specifi cally 
review the role of viral therapies in OS as a potential therapeutic option.  
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    Oncolytic DNA Viruses in Osteosarcoma 

 The main strategy for virotherapy in osteosarcoma is to optimize the oncolytic 
potential of naturally or genetically rendered oncolytic viruses that target aberrantly 
expressed molecules and pathways (e.g., Rb/E2F/p16, p53, IFNs, ILs, PKR, EGFR, 
Ras) in tumor cells. The following sections describe the DNA viruses that have been 
evaluated preclinically and clinically in osteosarcoma. These are adenovirus (AdV), 
herpes simplex virus (HSV), and vaccinia virus (Table  1  lists the preclinical and 
clinical trials of DNA viruses in OS).

      Adenovirus 

 AdV is a non-enveloped, dsDNA virus with a linear genome of 36 kb that causes 
mild respiratory and alimentary tract infections. Wild type (WT) AdV has many 
appealing characteristics of a therapeutic viral vector, including the ability to infect 
both dividing and non-dividing cells by inducing an S-Phase-like state [ 106 ], rapid 
increase in viral titers [ 89 ], transduction of numerous cell types, and non-integration 
of the viral genome into the host genome, to reduce risk of mutagenic effects [ 45 ]. 
Accordingly, AdVs are the fi rst commercially developed oncolytic virus and remain 
among the most promising. Adenoviral-2 and -5 serotypes of subgroup C are the 
most common strains used in research. 

 Following infection, the fi ber protein of the AdV particle binds the fi ber receptor 
of the host cell, the coxsackievirus and AdV receptor (CAR), and the viral penton 
base attaches to the integrin receptor of the cell membrane [ 102 ]. This permits inter-
nalization by receptor-mediated endocytosis, and the release of dsDNA into the 
nucleus where viral early-region 1A (E1A) or early-region 1B (E1B) genes are tran-
scribed by RNA polymerase II [ 16 ,  67 ]. These viral proteins inactivate cellular reti-
noblastoma protein (Rb) and p53 tumor suppressor protein and induce cell cycle 
progression and promote replication [ 67 ]. E1A binds and inhibits the function of Rb. 
In normal cells, Rb-E2F complex formation suppresses the cell from entering the 
S Phase of the cell cycle. The binding of E1A to pRb and the subsequent release of 
E2F1 are required for stimulating cell cycle progression for effective viral replica-
tion to occur. E1B is a 55 kDa protein that binds and inactivates p53. The E1B- p53 
complex binds DNA and regulates transcriptional activity leading to cell cycle 
progression and replication of WT AdVs [ 12 ]. 

  Table 1    Oncolytic DNA 
viruses evaluated in 
osteosarcoma  

 DNA virus  Trials with osteosarcoma  Citation 

 Adenovirus  Preclinical  [ 63 ,  111 ] 
 Phase I  [ 84 ,  85 ] 

 Herpes simplex virus  Preclinical  [ 11 ] 
 Phase I  [ 66 ,  87 ] 

 Vaccinia virus  Preclinical  [ 41 ] 
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 The emphasis of AdV in virotherapy has been on conditionally replicating AdV 
vectors (CRAds). Tumor targeted conditional replication can be achieved with 
partial deletions of essential early genes. Deletions in E1A or E1B genes result in 
attenuated mutants that cannot bind normal cellular proteins that drive gene expres-
sion initiating and maintaining cellular proliferation to restrict productive virus 
infection in normal cells. CRAds are replication-competent in cancer cells which 
lack functional Rb and p53, allowing in situ amplifi cation and intratumoral spread 
of infection. ONYX-015 (dl1520) is a chimeric human group AdV, engineered to 
suppress expression of E1B and is the fi rst CRAd to enter clinical trials [ 36 ]. This 
agent has been evaluated with systemic chemotherapy in patients with advanced 
sarcomas [ 85 ]. Replication following intratumoral administration was generally low 
and when applied with standard sarcoma chemotherapy [ 85 ] one partial response 
(PR) was observed in a patient with malignant peripheral nerve sheath tumors. While 
these reports were promising, concerns for tumor targeting, antitumor activity, and 
host immune response were highlighted in these early studies. 

 Inactivating p53 and Rb mutations are common in osteosarcoma [ 76 ,  112 ]. 
In Rb-defi cient patients, osteosarcoma is the second most common neoplasm, after 
retinoblastoma. The CRAd, AdΔ24 (Addl922–947) contains a 24-bp deletion in the 
E1A region to abolish binding to pRb [ 31 ] for permissive replication in cells with a 
defective Rb pathway. When tested in human osteosarcoma cell lines, primary cell 
cultures, as well as subcutaneous osteosarcoma xenografts, AdΔ24 demonstrated 
limited antitumor responses at low-doses of the virus [ 111 ]. One limitation in the 
use of AdVs is that they bind directly to CAR and many malignant cells, including 
osteosarcoma, express low levels of CAR [ 20 ] which limits entry of viral particles 
into tumor cells [ 26 ]. 

 Another approach to designing a conditionally replicative CRAd has been to 
place genes essential for replication under the control of a tumor marker-specifi c 
promoter which results in the expression of critical genes (Fig.  1 ). While there is no 
tumor marker for osteosarcoma, this method has been applied using osteocalcin, a 
bone protein highly expressed in osteotropic and numerous solid tumors, including 
osteosarcoma and prostate cancer [ 56 ,  57 ]. A Phase I/II clinical trial for treatment of 
metastasized osteosarcoma using the osteocalcin promoter expressing the E1A gene 
(Ad-OC-E1A) was planned but the study is unpublished [ 9 ]. Ad-OC-E1A showed 
activity in preclinical models of osteosarcoma and its pulmonary metastasis [ 64 ] 
suggesting this therapeutic strategy could be explored in bone sarcomas and can-
cers that metastasize to the bone. An AdV using the osteocalcin promoter to drive 
expression of the suicide gene herpes simplex virus- thymidine kinase (HSV-1 TK) 
also showed antitumor activity in bone tumor xenografts with low IC50 values [ 15 ]. 
This approach is particularly attractive as doses may be of low magnitude to prevent 
secondary effects in patients. Human telomerase and the catalytic subunit telomer-
ase reverse transcriptase (hTERT), a polymerase that stabilizes telomere lengths, 
are highly expressed and activated in a large number of cancers, but not in normal 
cells [ 55 ,  97 ]. Telomelysin (OB-301) is a replication-defective CRAd that utilizes 
the hTERT promoter to restrict viral replication to telomerase expressing tumor 
cells [ 55 ]. Telomelysin was tested in a Phase I clinical trial for solid tumors and 
demonstrated cytolytic properties in osteosarcoma both in vitro and in vivo [ 63 ]. 
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Experimental studies showed virulence in multiple bone and soft tissue sarcoma 
cell lines [ 95 ] as well as safety in a Phase I trial of patients with advanced solid 
tumors including sarcomas [ 84 ].

       Herpes Simplex Virus 

 HSV is a large, enveloped, dsDNA virus with a 152 kb genome that encodes more 
than 80 genes, approximately half of which are involved in replication. HSV type 1 
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  Fig. 1       Targets for oncolytic virotherapy in osteosarcoma. Schematic representation of various 
DNA and RNA viruses studied to date in osteosarcoma. The fi gure depicts ( a ) Various modes of 
entry of viruses into the tumor cell (receptor dependent, e.g., AdV, MeV, LAPV; receptor indepen-
dent, e.g., reovirus, VSV, SFV, vaccinia) and ( b ) Various modes of tumor kill (viral replication 
mediated cell oncolysis, e.g., vaccinia, reovirus, AdV; caspase induced apoptosis, e.g., LAPV, 
HSV; immune mediated tumor kill, e.g., SFV). IFN mediated antiviral response is impaired in 
several tumor cells aiding in entry and replication of several viruses causing oncolysis (e.g., NDV, 
VSV).  AdV  adenovirus,  HSV  herpes simplex virus,  VSV  vesicular stomatitis virus,  NDV  Newcastle 
disease virus,  MeV  measles virus,  SFV  Semliki forest virus,  LAPV  live attenuated polio virus,  IFN  
interferon.  Solid blue arrows  represent viral penetration;  Solid black arrows  represent activated 
signaling pathway or transcription;  Solid blunt lines  represent inhibition of signaling pathway or 
transcription;  Dotted black lines  represent indirect signaling pathways       
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(HSV-1) and type 2 (HSV-2) belong to the herpesviridae family. Oral ulcerations 
(HSV-1) and genital ulcerations (HSV-1 or HSV-2) are the most common manifes-
tations of the disease. Viral attachment is mediated via interactions of glycoproteins 
with heparan sulfate proteoglycans (HSPGs) present on host cells [ 43 ]. Fusion of 
the virion envelope with the plasma membrane and release of tegument proteins 
permit penetration and viral DNA is released for replication. Immediate early α 
proteins enter the nucleus and activate gene transcription, early β proteins direct 
DNA replication, and late γ proteins form viral structural proteins. Following 
primary infection, viruses are transported along the sensory nerves to sensory nerve 
cell bodies, where they become latent. Neutralizing antibodies are produced by the 
immune system but the virus is not cleared from the body. Although the majority of 
the population has preexisting anti-HSV immunity, oncolytic virotherapy with 
HSV is effective in many different types of tumors including colorectal cancer and 
melanoma [ 52 ,  75 ]. 

 HSV was the fi rst genetically engineered, replication-selective oncolytic virus 
tested in the laboratory [ 72 ]. In addition to ease of cell entry and robust viral replication 
in cells, the use of HSV as an oncolytic agent has many other distinct advantages. 
The large viral DNA genome provides opportunities for deletion of replication and 
nonessential genes (~ 30 kb) and insertion of transgenes. HSV-1 virus is unique, in 
that the spread of infection is not dependent on a hematogenous or lymphatic route 
but rather by cell-to-cell contact, which may promote intratumoral spread and 
confi nement [ 24 ]. The natural infection of HSV can cause lethal encephalitis, and 
thus, it was necessary to attenuate the virus with deletions of the viral neuropatho-
genicity gene,  γ1 34.5, an inhibitor of cellular apoptosis, to minimize morbidity. 
Upon HSV infection, the innate activation of dsRNA-dependent protein kinase 
(PKR) phosphorylates the translation initiation factor eIF-2a and terminates host 
protein synthesis to prevent viral replication. ICP34.5, the viral protein product of 
the  γ1 34.5 gene overcomes the PKR pathway host defense mechanism by recruiting 
protein phosphatase-1a to dephosphorylate eIF2a, permitting viral protein synthesis 
and translation. eIF2a is expressed in normal cells but attenuated in tumor cells with 
an aberrant PKR pathway [ 17 ,  107 ]. The Ras/Mitogen activated protein kinase 
kinase (MEK) pathway is often activated in cancer cells including osteosarcoma, 
which suppresses PKR (Fig.  1 ). This enables  γ1 34.5-defi cient HSV replication in 
these cancers [ 98 ]. In the event of adverse effects, uncontrolled replication can be 
terminated with anti-HSV drugs such as ganciclovir and acyclovir. 

 The UL39 gene encodes ICP6 protein, the large subunit of ribonucleotide reductase 
(RR), an enzyme required for viral DNA replication which is highly expressed in 
rapidly dividing tumor cells [ 66 ,  77 ]. Inactivation of ICP6 results in selective HSV-1 
replication in tumors but not in quiescent cells. As a consequence, UL39 and  γ1 34.5 
deletions to HSV strains confer oncolytic activity in tumor tissue while sparing normal 
cells. HSV-TK is encoded by viral gene UL23; which phosphorylates thymidine (and 
other nucleosides). HSV-TK is able to phosphorylate the drug ganciclovir, resulting in a 
toxic derivative that is incorporated into DNA to enhance cell killing [ 74 ]. Treatment of 
experimental osteosarcoma tumors in rats by HSV-TK gene transfer and ganciclovir 
appears promising for rapidly proliferating tumors such as osteosarcoma [ 15 ]. 
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 Although HSV is a neurotropic virus, it is effi cacious in numerous cancer types, 
including sarcomas, melanomas, colon, breast, lung, prostate, and hepatic tumors, and 
demonstrates safety and antitumor effects in preclinical and clinical studies of these 
malignancies [ 66 ]. Experimental studies to evaluate the effi cacy of oncolytic HSV in 
osteosarcoma were performed with NV1020 and G207 viral strains genetically engi-
neered from HSV-1 [ 11 ]. NV1020 is a multimodal HSV-1 virus, containing an HSV-2 
glycoprotein insertion (to attenuate potency in normal cells), gene deletion of one copy 
of ICP34.5 (to enhance potency in tumors) and an HSV-1 TK gene driven by the viral 
 α 4 promoter (to promote deoxyribonucleotide synthesis during cell division to facilitate 
viral DNA replication). G207 is another conditionally replicating HSV-1 vector with 
viral gene deletions of UL39 and both copies of ICP34.5. High preclinical effi cacy of 
NV1020 and G207 was demonstrated in pediatric rhabdomyosarcoma (RMS) and 
malignant fi brous histiocytoma cells and modest sensitivity in osteosarcoma cells [ 11 ]. 

 HSV1716 (SEPREHVIR (R)), which has a single viral gene deletion (ICP34.5) 
has been applied in several clinical studies. Preclinical data suggest intratumoral HSV 
injection induces an immune response against tumor antigens, effectively acting as an in 
situ cancer vaccine [ 87 ]. An ongoing Phase I clinical study evaluating direct intratu-
moral injection of HSV in children and young adults with non-central nervous sys-
tem tumors including patients with rhabdomyosarcoma, osteosarcoma, and Ewing’s 
sarcoma has recently been expanded to evaluate intravenous administration of the 
virus (NCT00931931). Systemic delivery will be required for treatment of metastatic 
cancer. The trial involves a single treatment at one of two dose levels and requires 
additional consent for multiple injections if there is a partial or complete response. 
Like AdVs, numerous oncolytic HSV-1 strains are being constructed containing several 
genetic modifi cations. HSV-1 containing the human calponin promoter restricts 
viral replication to specifi c tissues [ 114 ]. Calponin mRNA and protein are aberrantly 
expressed in a variety of human soft tissue and bone tumors and could support the 
replication of this transcriptional targeting virus, resulting in tumor specifi c oncolysis.  

    Vaccinia Virus 

 Vaccinia virus is a member of the poxvirus family. This is a large, enveloped virus 
containing a linear, dsDNA genome of about 190 kb, which encodes approximately 
250 genes. The vaccinia virus was fi rst used as a vaccination for smallpox, making 
this the fi rst successfully eradicated human disease. WT vaccinia virus has exhib-
ited a natural affi nity for preferentially infecting malignant tumors. At least sixteen 
poxvirus proteins are required for viral entry into the host, 4 for attachment and 12 for 
penetration [ 60 ]. Unlike many viruses, which rely on cellular machinery to replicate, 
vaccinia replicates virtually as an independent unit. The virus remains exclusively 
in the cytoplasm and uses virally encoded polymerases to replicate which elimi-
nates the possibility of chromosomal integration. Vaccinia induces tumor killing by 
replicative necrosis. The vaccinia growth factor (VGF) is a secreted virulence factor 
that binds to and activates the epidermal growth factor receptor (EGFR), which is 
critical for viral spread in untransformed tissues [ 21 ]. 

Oncolytic Viruses for Potential Osteosarcoma Therapy



266

 Vaccinia virus has a wide host range and natural tumor tropism and is able to 
infect most mammalian cell lines. Vaccinia has shown antitumor activity in clinical 
trials for chronic lymphocytic leukemia [ 40 ], metastatic malignant melanoma [ 115 ], 
and prostate cancer (NCT00108732). This virus has been preclinically tested against 
fi brosarcoma, osteosarcoma, fi brohistiocytoma, and rhabdomyosarcoma cell lines 
and shows high cytotoxicity against osteosarcoma [ 41 ]. An attenuated strain was 
created with a TK gene deletion to prevent deoxyribonucleotide synthesis during 
replication. This limits viral replication to cells with high levels of TK, which is 
typical in cancer cells with a mutated RAS or p53 gene. This viral strain was fi rst 
shown to selectively replicate in sarcomas [ 92 ]. A double-deleted vaccinia virus 
(vvDD) containing deletions TK and of VGF [ 21 ] created a more effective systemic 
agent, JX-963. Additional selectivity is achieved with JX-963 by expressing com-
bined granulocyte–macrophage colony-stimulating factor (GM-CSF) to initiate an 
antitumor immune response [ 100 ]. 

 JX-594 is an oncolytic vaccinia poxvirus expressing human GM-CSF and with TK 
gene deletion. A planned Phase 1 dose escalation study of JX-594, administered by 
intratumoral injection in pediatric patients with unresectable refractory solid tumors is 
being evaluated (NCT01169584). Tumors include neuroblastoma, lymphoma, Wilms’ 
tumor, rhabdomyosarcoma, Ewing’s sarcoma, osteosarcoma, non- rhabdomyosarcoma, 
soft tissue sarcomas, and malignant peripheral nerve sheath tumors. Although vaccinia 
induces a strong immune response and can cause encephalitis in immunocompro-
mised patients, the virus is generally safe. Neutralizing antibodies do not hinder antitumoral 
activity of the virus over multiple injection cycles. A Phase 2b randomized trial evalu-
ating JX-594 plus best supportive care versus best supportive care in patients with 
advanced hepatocellular carcinoma who have failed sorafenib treatment is also in 
progress (NCT01387555).   

    Oncolytic RNA Viruses in Osteosarcoma 

 Several RNA viruses are being analyzed as oncolytic agents for the treatment of osteo-
sarcoma including reovirus [ 44 ], Semliki forest virus (SFV) [ 53 ], vesicular stomatitis 
virus (VSV) [ 86 ], measles virus [ 10 ], and Newcastle disease virus (NDV) [ 93 ] (Table  2  
lists the RNA viruses tested in preclinical and clinical trials in OS).

      Reovirus 

 Reovirus is a double stranded RNA virus ubiquitous in the environment that is a 
member of the reoviridae virus family along with orbivirus and rotavirus. 
Reovirus usually causes no clinical sequelae but can be isolated from the respiratory 
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and gastrointestinal tract of humans [ 50 ]. Reovirus selectivity is imparted by its 
reliance on cells with an activated Ras-signaling pathway, which is present in many 
human cancers including osteosarcoma [ 83 ]. Reolysin is a formulation of reovirus 
type 3, Dearing strain that has been developed by Oncolytics Biotech and is the only 
therapeutic reovirus currently being utilized in therapeutic trials. Reolysin showed 
signifi cant effect in sarcoma cell lines in preclinical studies in vivo and in vitro. 
All sarcoma cell lines treated with 1–10 virus particles per cell at the time of plating 
had a decrease in cell viability with 120 h of continuous exposure to the virus, and 
human osteosarcoma xenografts implanted subcutaneously into the fl anks of athymic 
nu/nu mice responded to treatment with Reolysin (5 × 10 9  pfu) given intravenously 
every other day for 3 days starting on Day 1 and Day 22. Reovirus infection was 
confi rmed with visualization of viral particles by electron microscopy after 48 h in 
the osteosarcoma implanted tumors. Reolysin showed signifi cant antitumor activity 
in the sarcoma models when compared to the controls, and there was statistically 
signifi cant improvement in survival for the osteosarcoma models. In addition, stable 
disease was achieved in mice treated with Reolysin alone and when combined with 
cisplatin treatment a partial response (greater than 50 % regression in tumor volume 
but tumor mass remaining >0.1 cm 3 ) was obtained [ 44 ]. More than 16 adult clinical 
trials using Reolysin have been completed to date. In the Phase I trials in which the 
virus was given intravenously, Reolysin was found to be very well tolerated with no 
maximum tolerated dose up to 3 × 10 10  TCID 50  [ 108 ]. The most common symptoms 
were mild fl u-like complaints and did not require treatment. In 2007, a Phase II 
trial began which utilized Reolysin as monotherapy for patients with bone and soft 
tissue sarcomas metastatic to the lungs. Accrual is ongoing; however, at last publi-
cation, seven patients with osteosarcoma have been enrolled. Primary effi cacy goals 
have been met, and thus far Reolysin has shown to be well tolerated in this popula-
tion and shows promise for the treatment of metastatic sarcoma [ 78 ]. A Phase I trial 
of Reolysin alone and in combination with cyclophosphamide in pediatric patients 
with relapsed or refractory solid tumors is ongoing (NCT01240538). Accrual to this 
study is also ongoing.  

   Table 2    Oncolytic RNA viruses evaluated in osteosarcoma   

 RNA virus  Trials with osteosarcoma  Citation 

 Reovirus  Preclinical  [ 44 ,  78 ,  108 ] 
 Phase I 

 Semliki forest virus  Preclinical  [ 53 ] 
 Vesicular stomatitis virus  Preclinical  [ 59 ,  86 ] 
 Measles virus  Preclinical  [ 10 ] 
 Poliovirus  Preclinical  [ 6 ] 
 Newcastle disease virus  Preclinical  [ 69 ,  93 ] 

 Phase I 
 Phase II 
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    Semliki Forest Virus 

 SFV is an enveloped alphavirus of the family Togaviridae with neurotropic properties 
that normally infects rodents causing fatal encephalitis but in humans is considered 
nonpathogenic [ 8 ,  105 ]. An avirulent strain of the virus, SFVA7(74), was modifi ed 
into an attenuated vector that expressed green fl uorescent protein, VA7- EGFP, and 
tested side by side with another widely studied oncolytic virus, conditionally repli-
cating AdV Ad5Δ24, against osteosarcoma xenografts. In vitro, VA7-EGFP grew in 
four out of fi ve osteosarcoma cell lines effi ciently with less time, lower multiplici-
ties of infection (MOI), and more extensive cell death than the AdV. When human 
osteosarcoma xenografts were implanted into nude mice, both oncolytic viruses 
were highly effective in shrinking subcutaneous tumors when given intratumorally, 
although VA7-EGFP showed slightly more potent antitumor effect when compared 
with Ad5Δ24 and signifi cantly improved the survival of the animals [ 53 ].  

    Vesicular Stomatitis Virus 

 VSV is an RNA virus that infects cattle, horses, and swine, but causes rare insignifi cant 
sequelae with human infection. VSV replicates rapidly in sarcomas with progeny 
virus beginning to emerge within a few hours of infection. It has innate selectivity 
due to its sensitivity to the effects of interferon. It also has the ability to replicate in 
hypoxic areas of tumors. An oncolytically enhanced mutant of VSV, VSV-G/GFP, 
has a green fl uorescent protein gene embedded to allow better visualization of 
infected cells. VSV has been shown to be ten times more infective in sarcoma cell 
lines than in normal mesoderm and caused rapid killing of most types of sarcoma, 
including three osteosarcoma cell lines treated with 5 pfu/cell. One osteosarcoma 
cell line was among those classifi ed as highly susceptible to infection [ 86 ]. When 
reovirus was compared to VSV, a single dose of VSV completely infected 12 of 13 
sarcoma cell lines within 36 h and showed 100 % killing by 48 h compared to 
reovirus which inhibited sarcoma growth by 50 % after 5 days after multiple doses 
at comparable MOI [ 86 ]. Using an isolated limb perfusion approach to minimize 
systemic exposure of the virus, the technique of isolated limb perfusion was utilized 
for hind leg osteosarcoma, and VSV was given directly into a canalized femoral 
artery of the isolated hind limb. Four weeks after tumor inoculation, the tumor 
volumes were signifi cantly smaller in the treated group than the control group. 
In addition, viral gene expression was limited to osteosarcoma cells and not found 
in nearby perfused leg muscle, non-perfused leg muscle, brain, lung, or liver. In this 
study, all rats survived without loss of body weight, limb viability, or infections after 
the treatment [ 59 ].  
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    Measles Virus 

 An oncolytic measles virus (MeV) has been evaluated in multiple sarcoma cell lines 
including osteosarcoma. When tested, the osteosarcoma cell line was found to be 
resistant to oncolysis; resistance was due to inhibition of viral replication and not 
viral entry. Resistance to the virus was found to be at least in part due to elevated 
cytoplasmic pathogen receptors and interferon stimulating genes because resistant 
cell lines such as osteosarcoma displayed higher basal mRNA expression of these 
proteins. Indeed, levels of interferon-β were increased in the osteosarcoma cell 
culture supernatant after infection with MeV, but when cells were treated with a 
neutralizing antibody to IFN-β, they observed no improvement in the susceptibility 
to the MeV, indicating that the differences accounting for resistance to MeV are 
located upstream of interferon production [ 10 ].  

    Poliovirus 

 Poliovirus is a non-enveloped RNA virus which infects the nervous system of 
humans and can lead to the neurologic disorder of poliomyelitis. Due to its depen-
dence on CD155 for host cell binding and infection [ 73 ], poliovirus has been tested 
as oncovirotherapy in several neuroectodermal malignancies. However, CD155 
expression was discovered in many bone and soft tissue sarcoma cell lines, and in 
fact infection with live attenuated poliovirus has been shown to induce apoptosis in 
several osteosarcoma cell lines in vitro through activation of the caspase cascade. 
When subcutaneous fi brosarcoma xenografts implanted in mice were treated with 
intratumoral injections of the virus (1 × 10 6  TCID 50 ) daily for 3 days, 40 % tumor 
growth inhibition was seen [ 6 ].  

    Newcastle Disease Virus 

 Only two RNA viruses, reovirus [ 108 ] and NDV [ 69 ], have been tested in patients 
with osteosarcoma in Phase I studies and have been proven to be safely administered 
intravenously. NDV is an avian paramyxovirus not known to cause disease in humans 
[ 14 ]. PV701 is an attenuated strain of NDV that selectively lyses tumor cells based 
on tumor-specifi c defects in the interferon signaling. The virus has been shown to 
infect osteosarcoma cell lines in plaque assays while sparing normal fi broblast cells 
in culture [ 93 ]. NDV was tested in over 113 patients with solid tumors and was very 
well tolerated, especially after the fi rst dose desensitization. In addition, six major 
and four minor responses were seen among 95 heavily pretreated patients [ 69 ]. 
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A Phase I and II NCI trial is studying the effect of NDV on patients with advanced 
glioblastoma multiforme, soft and bone sarcomas and neuroblastoma (NCT01174537). 
At the time of this writing, there are no patients currently enrolled.   

    General Challenges and Novel Approaches of Virotherapy 
in Humans 

 Preclinical and clinical studies have provided scientifi c and medical evidence to 
support the use of oncolytic virotherapy as a viable, new treatment modality for 
cancer. These targeting strategies hold great promise to signifi cantly impact both 
outcomes and quality of life for patients. In light of these fi ndings, studies address-
ing the effects of viral infection and improving the effi cacy, safety, and applicability 
of virotherapy are ongoing. This section highlights some of the general challenges 
encountered in the use of viruses as targeted therapies (Fig.  2 ).

  Fig. 2    Strategies to resolve challenges in oncolytic virotherapy. Schematic summary of the gen-
eral challenges of oncolytic virotherapy as a cancer therapeutic and strategies being employed to 
address those challenges       
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      Tumor Specifi city 

 When targeting an oncolytic virus to selectively attack a cancer cell, specifi city is 
paramount in order to maintain clinical safety. Tumor specifi city is either intrinsic 
to viruses or engineered by genetic alterations to the viral genome to achieve a 
better therapeutic effect. RNA viruses have small genomes with relative intrinsic 
tumor selectivity, such as the reovirus which targets Ras-transformed cells [ 44 ]. 
Others like the MeV virus possess specifi c tropism based on the expression of cell 
surface receptors (SLAM, CD46) that are unique to cancer cells [ 117 ]. Meanwhile, 
lack of the CAR receptor in ovarian cancer, melanoma, colon cancer, and also osteo-
sarcoma has been attributed to limited effi cacy of adenoviral treatments in these 
diseases. 

 There are multiple strategies to enhance tumor selectivity and infection of malignant 
cells while sparing normal tissues. Transductional retargeting strategies such as 
modifying the AdV fi ber knob with an integrin-binding arginine–glycine–aspartate 
(RGD) peptide motif into the HI-loop of the fi ber knob region [ 113 ] and masking 
the capsid with polymers (e.g., PEG or PHMA) enhance virus attachment and entry 
into the cell [ 19 ]. Transcriptional targeting strategies use tumor marker specifi c pro-
moters to express critical genes in cancer cells. AdV strains containing the human 
prostate-specifi c antigen (PSA) promoter [ 94 ] to drive E1A gene expression, suc-
cessfully attenuated growth of PSA-expressing prostate cancer cells in vitro. Double 
targeting with both transductional and transcriptional strategies is expected to be 
additive over any one method. A more recently developed approach has been to 
deliver oncolytic viruses to the tumors by carrier cells [ 110 ]. Cellular carriers 
including mesenchymal stem cells (MSCs), dendritic cells, T-cells, and intrinsic 
blood carriers such as peripheral blood mononuclear cells (PBMCs) [ 1 ] have all 
been shown in different models to enhance viral delivery to tumors by decreasing 
the viral neutralization in the blood [ 47 ,  48 ,  58 ,  70 ]. In addition, specifi c tumor 
targeting in this manner may also limit off-target side effects of oncolytic viruses. 
MSCs are specifi cally of interest in solid tumors due to their inherent tendency to 
home towards the tumor stroma. This has been demonstrated in preclinical models 
of renal cancer, ovarian cancer, melanoma and gliomas [ 3 ,  13 ,  44 ,  70 ]. A small case 
series of use of autologous MSCs infected with an oncolytic AdV in patients with 
relapsed neuroblastoma showed good safety profi le and evidence of antitumor 
activity [ 38 ].  

    Neutralizing Antibodies 

 Most of the general population is seropositive against many common viruses including 
AdV, HSV, MeV, vaccinia virus, and reovirus. Naturally acquired immunity is not 
restrictive to virotherapy, as most oncolytic viruses are generally replication- 
competent in the presence of preexisting host antibodies. Viral replication is either 
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inherent or altered through genetic modifi cations and is the prerequisite for tumor 
cell lysis and increase in viral progeny by lateral spread throughout the tumor. 
However, intracellular viral proteins can be processed by the host and presented on 
major histocompatibility type I (MHC-I) proteins as viral antigens. Viral spread 
may be restricted by this activation of the immune response during the initial stages 
of infection with rapid increases in interferons and natural killer cells for prompt 
viral clearance. Clinical studies have demonstrated that antibody titers increase dra-
matically within weeks after both intratumoral delivery of reovirus in gliomas [ 30 ] 
and intravenous administration in patients with metastatic melanoma [ 33 ]. Other 
studies have shown that the presence of antibodies in immunocompetent hosts 
impair effective systemic delivery of oncolytic AdV [ 103 ] and VSV [ 90 ], limiting 
the effi cacy of virotherapy. It is also apparent, that a dramatic immune response 
positively impacts therapy by inducing potent antitumoral immune effectors that 
destroy cancer cells which are not directly lysed by virus. At present, the positive 
and negative effects of the immune response to viruses and tumors in virotherapy 
are still ambiguous. Ideally, it would be benefi cial to minimize immune responses 
against the virus and maximize this response against the tumor. 

 The use of attenuated viral strains (e.g., deletion of the matrix protein of VSV, 
the NS1 protein of infl uenza virus, the C and V proteins of paramyxovirus family 
members, the HSV γ34.5 protein and the proteins encoded in the E1 and E3 regions 
of the AdV genome) can suppress the magnitude of the antibody response in patients 
to allow viral replication and spread within the tumor, and multiple treatments. In a 
syngeneic rat glioma model, pretreatment with cyclophosphamide enhances HSV 
replication and oncolysis and reduces an HSV-mediated increase in CD68+ and 
CD163+ cells and intratumoral IFN-γ [ 32 ]. Carrier cell-based delivery has also been 
demonstrated to circumvent antiviral immunity [ 90 ] and the strategy of viral cloak-
ing using genetic modifi cations of the capsid has been suggested to limit AdV clear-
ance and promote tumor targeting [ 5 ,  27 ]. 

 To enhance the immunotherapeutic potential of oncolytic viruses immune 
regulatory genes are inserted into viral genomes. Granulocyte-monocyte colony 
stimulating factor (GM-CSF) promotes the differentiation of progenitor cells into 
dendritic cells, and has been successfully used in strategies to generate tumor- 
reactive cytotoxic lymphocytes [ 27 ]. Strains of vaccinia virus, measles, HSV, and 
AdVs have all been engineered to incorporate GM-CSF [ 39 ,  54 ,  62 ,  65 ]. In a model 
of bilateral fl ank lymphoma treated with HSV expressing murine GM-CSF, tumor 
regression was observed when compared with treatments by control HSV lacking 
GM-CSF and this response was associated with enhanced splenocyte production of 
IFN-γ on tumor stimulation [ 65 ]. Measles virus expressing murine GM-CSF also 
showed greater effi cacy compared with the vector lacking GM-CSF after intratu-
moral injection [ 39 ]. The cytotoxic T lymphocyte antigen CTLA-4 downregulates 
T cells and anti-CTLA-4 antibody prolongs T cell activation. Upon intracerebral 
administration, oncolytic HSV-1 G207 preferentially replicates within glioma cells, 
which may elicit tumor-specifi c systemic immune and cytotoxic T lymphocyte 
(CTL) responses in addition to direct cytopathic effects. Further, combination therapy 
of anti-CTLA-4 antibody with VSV, enhanced antitumor effects in a mammary 
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tumor model, in a CD4 and CD8 T cell dependent manner [ 37 ]. Although Treg cells 
suppress the generation of adaptive responses, Treg cell depletion after VSV therapy 
was found to have a negative therapeutic effect, stimulating an antiviral immune 
response and leading to rapid viral clearance [ 23 ]. This highlights the importance of 
investigating antiviral as well as antitumor immune responses.  

    Combination Therapy 

 Oncolytic virotherapy in preclinical and clinical cancer models have shown few 
examples of single-agent tumor eradication. Moreover, because tumors are typically 
heterogeneous genetically and therapy selects for resistant phenotypes, single 
agents are not usually completely effective. Combination therapies with other anti-
cancer modalities (standard chemotherapy, radiotherapy, targeted therapy, immuno-
modulators) are the next strategies that are being developed. The benefi ts of this 
multi-agent approach with several chemotherapeutic treatments have already been 
shown to suppress the neutralizing effect of antibodies [ 32 ] and enhance cell killing 
and antitumor effects [ 42 ]. In multiple Phase I clinical trials, WT reovirus (Reolysin) 
was administered in combination with docetaxel [ 18 ], gemcitabine [ 68 ] and carbo-
platin and paclitaxel [ 49 ] and disease control was exhibited for the majority of 
patients at a well-tolerated dose. Combinations of vascular endothelial growth fac-
tor (VEGF) and paclitaxel or cisplatin increased the vascular permeability of the 
tumor endothelium and improved the delivery of Sindbis vector to tumors [ 104 ]. 
The VEGF pathway is involved in angiogenesis and is crucial for tumor growth and 
progression. The sequence of administration of agents in combination therapy is also 
important. While pretreatment with cyclophosphamide enhances HSV replication 
and oncolysis [ 32 ], maximal effi cacy was observed when cisplatin was administered 
concomitantly with or subsequently to ONYX-015 [ 42 ]. It is further anticipated that 
by acting on different cell populations within the tumor, these multimodal strategies 
will achieve a greater therapeutic benefi t at lower drug toxicities.  

    Risks of Virotherapy 

 Viral infection proceeds through three major stages: (1) Initial (acute) infection is 
associated with rapid viral replication and dissemination, which is often accom-
panied by a transient period of disease; (2) This is followed by a latent period, 
during which the virus is brought under immune control and no disease occurs; 
(3) High levels of viral replication could resume at some later time, leading to 
disease. Viruses that do not integrate into the host cell DNA or replicate only in 
the cytoplasm do not carry this latter risk, precluding the risk of mutation (e.g., 
vaccinia, HSV). Developing new viruses and modifying their genes presents a 
greater risk of creating undesirable mutations or dangerous new diseases altogether. 
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To date, the oncolytic viruses tested in clinical trials are well tolerated and have 
good safety profi les. Newly engineered viral strains are preclinically evaluated in 
robust and reliable preclinical models of disease providing insights into the viru-
lence of therapies and to inform early-phase clinical testing of agents in patients in 
an effi cient manner. AdVs, HSV, poxviruses, and reoviruses have been all tested in 
preclinical mouse models. While xenograft tumors allow the investigation of viral 
effi cacy directly in cancer cells of human origin, immunodefi cient animals do not 
allow the study of therapies in the context of an intact immune system. Nonetheless, 
these studies are necessary to generate safety, toxicity, and effi cacy profi les.   

    Specifi c Challenges of Virotherapy in Osteosarcoma 

 Most of the above-discussed challenges with virotherapy are applicable in patients 
with osteosarcoma. Although elegant work using different approaches to enhance 
viral oncolytic effects have been described in preclinical cell culture or mouse 
model systems of cancers including osteosarcoma, these preclinical model systems 
have major limitations, and therefore, the results do not translate equivalently into 
human trials. The current preclinical model systems use immunodefi cient mice 
lacking a host immune system that does not address the issues of viral clearance in 
an immunocompetent host. Specifi cally, ideal preclinical models would be those 
that are immunocompetent, are comparable to human pathogenesis and are suscep-
tible to the oncolytic virus being studied. In osteosarcoma, establishment of lung 
metastases is the major cause of mortality. Hence, it is imperative that the preclini-
cal model is able to replicate the disease process. Canine model mirrors the human 
host most closely both in terms of immune competence as well as osteosarcoma 
growth and metastasis. Canine specifi c conditionally replicative AdV has shown 
effi cacy in canine osteosarcoma cells in vitro [ 61 ]. More recently, successful deliv-
ery of the canine specifi c AdV in dogs with neutralizing antibodies by using osteo-
sarcoma tumor cells as carriers has been demonstrated [ 4 ]. No clinical trials of 
oncolytic viruses in dogs are currently ongoing but if conducted, will provide valu-
able insights into promoting virotherapy in osteosarcoma. 

 The other major challenge in solid tumors is delivery and penetration of enough 
virus into the tumor tissue. This can be specifi cally challenging for osteosarcoma 
that usually contains a dense osteoid matrix and high interstitial tumor pressure. 
To reduce viral neutralization after systemic administration by serum neutralizing 
antibodies and enhance viral delivery into the tissues, different viral carriers have 
been tested in preclinical models. A recent study showed effective delivery of por-
phyrin loaded nanoparticles using MSCs into osteosarcoma cells causing photo-
induced cell death in vitro [ 28 ]. Thus, MSCs may serve as a good delivery system 
in osteosarcoma for other agents including oncolytic viruses and should be further 
evaluated. 

 Most solid tumors are believed to have a peripheral zone of newly developing 
microvasculature and proliferating tumor cells and a core center of necrosis with 
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hypoxic conditions and minimal vasculature. Hence, delivery of drugs or viruses is 
limited to the peripheral zone with inadequate penetration into the central core of 
the tumor. Attempts at increasing tumor penetration of oncolytic viruses include 
targeting of the virus to receptors on endothelial cells by attaching specifi c receptor 
antibodies on the virus [ 7 ], enhancing the permeability of the tumor blood vessels 
by either giving chemotherapy or radiation or targeted agents such as vascular 
endothelial growth factor [ 104 ] and decreasing the tumor interstitial pressure by 
chemotherapy or radiation or agents that target the tumor stroma such as collage-
nase or hyaluronidase [ 34 ,  116 ]. All of these strategies are likely very relevant in 
osteosarcoma and a combination approach would potentially be most benefi cial. 
Combination of chemotherapy and potentially radiation therapy prior to oncolytic 
virus administration may enhance the effects of viral oncolysis as demonstrated in 
preclinical models of pediatric sarcomas [ 44 ]. Hyaluronidase has been shown to 
induce a transcapillary pressure gradient and improve the distribution and uptake 
of liposomal doxorubicin in human osteosarcoma xenografts [ 29 ]. However, some 
of these methodologies such as intratumoral administration of collagenase or 
hyaluronidase are challenging to achieve in humans especially in metastatic set-
tings. In addition, none of these approaches address the issue of being able to 
ensure delivery of oncolytic viruses to every tumor cell, specifically the ones 
in the hypoxic central areas. In recent years, hypoxia-activated prodrugs (HAPs) 
such as TH-302 and PR-104 have been developed that specifi cally target the 
hypoxic areas of the tumor and are in clinical trials involving sarcomas [ 35 ]. 
Combination of HAPs with other therapies including oncolytic viruses may be 
one potential rational strategy. 

 Another challenge that several solid tumors including sarcomas face is the exis-
tence of cancer stem cells (CSCs) which are believed to be cells that possess the 
ability to self-renew and give rise to other tumor cells. CSCs are a subgroup of cells 
that exist within the tumor in a distinct microenvironment and possess the charac-
teristic of resistance to chemotherapy and radiation therapy thus being responsible 
for tumor dormancy and relapse or progression of tumors after standard treatment 
modalities. CSCs have been identifi ed in osteosarcoma and are characterized by the 
presence of cell surface markers such as CD133, CD117, and Stro-1 and enzymes 
such as ALDH [ 2 ,  101 ,  109 ]. This subpopulation of cells has increased tumorigenic 
abilities, self-renewal capacity and metastatic potential in preclinical models. While 
traditional therapeutic strategies do not work for this subpopulation of cells, onco-
lytic viruses may have the ability to attack these cells either in their unmodifi ed 
form or when modifi ed to specifi cally target these cells. Although no specifi c 
studies exist of targeting osteosarcoma CSCs by oncolytic viruses, studies in other 
tumor types including neuroblastoma and rhabdomyosarcoma have shown equal 
sensitivity of CD133+ CSCs and CD133− tumor cells to modifi ed oncolytic HSV-1 
virus [ 71 ,  91 ]. 

 All of the above studies highlight the elegant work that has accomplished remark-
able results in preclinical studies with oncolytic viruses using different strategies to 
ranging from delivery of the virus to fi nal effective tumor killing. Perhaps, the biggest 
challenge in osteosarcoma is the rarity of the disease and limited number of patients 
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that would be eligible for clinical trials with oncolytic viruses. To be able to choose 
the most effective oncolytic virus and strategy from scores of different possibilities 
that will work in humans will be a daunting task especially in light of the current 
clinical trial designs that require a signifi cant number of patients to determine safety 
and effi cacy of a new agent. Newer, more fl exible trial designs using innovative 
statistical strategies will be needed to be able to test multiple different oncolytic 
viruses in this patient population.  

    Future Directions 

 Despite tremendous progress made in the fi eld of oncolytic virotherapy in both adult 
and pediatric cancers, limited data exists in osteosarcoma. The need for more robust 
research using novel therapies such as viruses in osteosarcoma, where overall 
survival has not changed for several decades cannot be overstated. The future of 
oncolytic viruses in osteosarcoma will depend on continuing preclinical research 
studies involving a model host such as the canine that mirrors human disease closely, 
testing novel viral delivery, tumor penetration, and replication strategies, harnessing 
the host immune system to aid in viral killing and specifi cally targeting the resistant 
CSC population that is likely responsible for relapse and progression in most 
patients. Data from such studies will guide the choice and technique of viruses to be 
used in clinical trials. Finally, novel clinical trial designs that address the uniqueness 
of viral therapy and not just view them as another new drug would be needed to 
impact patient outcome.     
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    Abstract     Recent advances have shown that cell surface receptors are expressed 
differentially in normal and pathological conditions. Novel organ specifi c and dis-
ease specifi c proteins expressed on tumor vasculature have been identifi ed by in 
vivo phage display technology and the diversity of the tumor-associated vasculature 
has provided the basis for the development of targeted therapeutics. Investigators 
recently screened a phage display library in a human cancer patient. An IL-11 
mimic phage displaying the cyclic peptide CGRRAGGSC (single letter amino acid 
code) specifi cally bound to immobilized IL-11Rα. It has been demonstrated that the 
expression of the IL-11Rα is increased in several other types of tumors including 
osteosarcoma. The ability to selectively target the IL-11Rα may provide an alternative 
treatment of for a disease where new treatment options are truly needed.  

        Introduction 

 Osteosarcoma is the most common primary tumor of bone. Although modern che-
motherapy introduced in the 1980s improved survival from 20 to 70 %, the survival 
rate has plateaued. Death from pulmonary failure, secondary to progression of 
pulmonary metastatic disease, remains a signifi cant problem. The initial hope that 
poor responders, those patients who did not respond to neoadjuvant chemotherapy, 
could be salvaged by adding new chemotherapeutic agents or new chemotherapy regi-
mens has not been realized. New treatment options are needed. As the understanding 
of osteosarcoma biology at the cellular and subcellular level increases, investigators 
are pursing possible osteosarcoma tumor targets for selective therapy. 

      IL-11Rα: A Novel Target for the Treatment 
of Osteosarcoma 
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 There is a clear need for improved biomarkers of tumor cell growth and potential 
targets in osteosarcoma. In vivo phage display has been used to isolate probes that 
home selectively to different vascular beds and target tissues. Both tissue-specifi c 
and angiogenesis-related vascular ligand-receptor pairs have been identifi ed with 
this technology. Targeted delivery of cytotoxic drugs, proapoptotic peptides, fl uoro-
phores, or cytokines to the vasculature generally improved selectivity and/or thera-
peutic windows in animal models [ 1 – 3 ]. Researchers recently screened a phage 
display library in a human cancer patient. The published large-scale survey of motifs 
that localized to different organs showed that the tissue distribution of circulating 
peptides was not random [ 4 ]. To gain insight into candidate native ligands, a panel 
of proteins that contained the selected peptides was identifi ed by homology blast 
against established protein databases. Among the selected peptide sequences, the 
motif Arg-Arg-Ala-Gly-Gly-Ser had homology to interleukin 11 (IL-11). An IL-11 
mimic phage displaying the cyclic peptide CGRRAGGSC (single letter amino acid 
code) specifi cally bound to immobilized IL-11Rα. 

 Studies with archival human tissues revealed that the expression of the IL-11Rα 
is increased in several other types of tumors such as colon cancer, gastric cancer, 
breast cancer, prostate cancer, and osteosarcoma. Morphologic and functional anal-
yses revealed IL-11Rα to be a potential target for intervention in human prostate 
cancer [ 5 – 11 ]. 

 IL-11 is a multifunctional cytokine fi rst isolated in 1990 from bone marrow stromal 
cells. A member of the gp130 family of cytokines, that includes IL-6, leukemia- 
inhibitory factor, and oncostatin M, it has multiple effects on the hematopoietic and 
nonhematopoietic systems. The binding of IL-11 to IL-11Rα mediates the assembly 
of a multisubunit transmembrane receptor and this receptor complex initiates intra-
cellular signaling by association with the transmembrane signal transducer glycopro-
tein gp-130 [ 12 ,  13 ]. IL-11/IL-11Rα binding and downstream signaling via signal 
transduction and activator of transcription 3 activation has been proposed as a leading 
molecular pathway in several biological activities such as adipogenesis, osteoclasto-
genesis, neurogenesis, and hematopoiesis and metastasis [ 13 ,  14 ].  

    IL-11Rα in Osteosarcoma 

 Researchers demonstrated that IL-11Rα is expressed in several osteosarcoma 
cell lines [ 11 ,  12 ]. Immunofl uorescence analysis revealed that a IL11 mimic phage, 
a phage displaying CGRRAGGSC, specifi cally bound to the IL-11Rα and could be 
internalized by the receptor into osteosarcoma cells. These data supported IL-11Rα 
as a viable candidate target for ligand-directed delivery to osteosarcoma tumor cells. 
In vivo orthotopic mice models of osteosarcoma were then used to examine the in 
vivo expression of IL-11Rα. Immunohistochemical staining of formalin-fi xed, 
paraffi n- embedded osteosarcoma tumors at 2, 3, 5, and 7 weeks postinjection 
revealed that IL-11Rα staining was strongly localized to the intratibial lesions, then at 
later time points, limited to the periphery of the lesions. Staining of the surrounding 
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medullary bone was not present. IL-11Rα staining was most prominent in viable 
tumor areas and as the central areas of the tumors became necrotic, staining was no 
longer present in this area. It has been suggested that the biologic characteristics of 
the metastatic nodules may differ from those of the primary tumor, so it was impor-
tant to assess whether IL-11Rα expression was present in the lung metastases. Since 
these in vivo models of osteosarcoma spontaneously developed lung metastases, the 
pulmonary metastases were examined for IL-11Rα expression. Strong expression of 
IL-11Rα was noted in the pulmonary metastases but not in the control or normal 
lung parenchyma. 

 Having demonstrated the presence of a functionally active IL-11Rα on the 
primary and lung metastases, researchers were then able to target the receptor. 
Systemic administration of an IL-11Rα-targeting phage displaying the cyclic nona-
peptide CGRRAGGSC resulted in strong and selective accumulation of IL-11Rα-
homing phage particles both in the primary and the lung metastasis in the osteosarcoma 
but not in several control organs including brain, lung, heart, and kidney [ 11 ]. 
Administration of a chimeric peptide, composed of the IL-11Rα homing peptide and 
a proapoptotic domain, CGRRAGGSC-D(KLAKLAK)2, to a mouse orthotopic 
model of osteosarcoma, caused regression of the primary osteosarcoma and its 
pulmonary metastasis (unpublished data). 

 To evaluate whether expression of IL-11Rα in the murine tumor models trans-
lated to human osteosarcoma, a large panel of human primary and metastatic (lung) 
tumors was evaluated. Expression of IL-11Rα was noted in all primary osteosar-
coma samples. In addition, IL-11Rα was noted to be expressed on the endothelial 
cells within the tumors. Interestingly, only the small caliber blood vessels within 
the tumor positively expressed the IL-11Rα, whereas large tumor blood vessels did 
not express the receptor at detectable levels. All pulmonary metastases were posi-
tive for IL-11Rα expression, but control and normal lung parenchyma was negative 
for IL-11Rα expression. This data taken together suggests that therapeutic targeting 
of IL-11Rα could potentially act as an antitumor, antiangiogenesis, and antimetastatic 
agent for the management of human osteosarcoma.  

    Therapeutic Activity 

 Microscopic osteosarcoma lung metastases have been shown to be sensitive to 
immune-based therapy [ 15 ,  16 ]. This data taken together with the success of 
liposome- encapsulated MTP-PE (L-MTP-PE) supported the investigation of the 
use of engineered T cells to combat the pulmonary metastases that develop in 
osteosarcoma. Researchers, armed with the knowledge that IL-11Rα is expressed in 
pulmonary metastases, developed IL-11Rα-CAR-specifi c T cells aimed at eradicating 
osteosarcoma lung metastases. 

 IL-11Rα-CAR-specifi c T cells were created by transfecting human peripheral 
blood T cells with an IL-11R-CAR transposon and then propagating the transfected 
T cells ex vivo with aAPCs. IL-11Rα-CAR expression was confi rmed by western 
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blot analysis and fl ow cytometry. These T cells were cytotoxic to several osteosarcoma 
cells lines in vitro, including SAOS-7, LM0-7 and KRIB cells. Following injection 
of the IL-11Rα-CAR-specifi c T cells into orthotopic models of osteosarcoma, the 
IL-11Rα-CAR-specifi c T cells accumulated in the osteosarcoma lung metastases 
but not in the normal surrounding tissues. The IL-11Rα-CAR-specifi c T cells selec-
tively infi ltrated lung metastases and induced apoptosis thereby causing regression 
of osteosarcoma pulmonary metastases. The use of IL-11Rα-CAR- specifi c T cells 
in osteosarcoma patients may have additional relevance since not only do the T-cell 
infusions increase the total number of T cells, which has been shown to be benefi -
cial to patients, but it can recruit other cytotoxic effector cells which has been 
hypothesized to have some benefi t as well [ 15 ,  17 ,  18 ].  

    Conclusion 

 Histologic and functional data has established that the IL-11/IL-11Rα system acts 
as a bona fi de ligand receptor pair in osteosarcoma. Data also demonstrates that the 
receptor can be selectively targeted and effectively cause regression in primary and 
metastatic osteosarcoma. The fact that this has been done with genetically altered 
T-cells and chimeric peptides aimed at the IL-11Rα reinforces the therapeutic 
potential of the IL-11/IL-11Rα system. The toxicities and side effects of systemic 
chemotherapy are signifi cant and debilitating, and a new approach to the treatment 
of osteosarcoma which is not chemotherapy based will provide a positive impact on 
the osteosarcoma patient.     
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    Abstract     Osteosarcoma is a cancer characterized by formation of bone by malignant 
cells. Routine bone scan imaging with Tc-99m-MDP is done at diagnosis to evalu-
ate primary tumor uptake and check for bone metastases. At time of relapse the 
Tc-99m-MDP bone scan also provides a specifi c means to assess formation of bone 
by malignant osteosarcoma cells and the potential for bone-seeking radiopharma-
ceuticals to deliver radioactivity directly into osteoblastic osteosarcoma lesions. 
This chapter will review and compare a bone-seeking radiopharmaceutical that 
emits beta-particles, samarium-153-EDTMP, with an alpha-particle emitter, 
radium-223. The charged alpha particles from radium-223 have far more mass and 
energy than beta particles (electrons) from Sm-153-EDTMP. Because radium-223 
has less marrow toxicity and more radiobiological effectiveness, especially if inside 
the bone forming cancer cell than samarium-153-EDTMP, radium-223 may have 
greater potential to become widely used against osteosarcoma as a targeted therapy. 
Radium-223 also has more potential to be used with chemotherapy against osteosar-
coma and bone metastases. Because osteosarcoma makes bone and radium-223 acts 
like calcium, this radiopharmaceutical could possibly become a new targeted means 
to achieve safe and effective reduction of tumor burden as well as facilitate better 
surgery and/or radiotherapy for diffi cult to resect large, or metastatic tumors.  

  Keywords     Osteosarcoma   •   Internal radiotherapy   •   Radium-223   •   Samarium-153   
•   Alpha particle   •   Beta particle   •   Bone scan for screening   •   Double strand DNA 
breaks   •   Resistance is futile   •   Radiobiological effectiveness (RBE)  
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        Osteosarcoma Biology Favors Use of Bone-Seeking 
Radiopharmaceuticals 

 The pathologic diagnosis of osteosarcoma is characterized by formation of bone [ 1 ]. 
For detection of new bone formation by osteosarcoma, the “routine”  99m Tc-MDP bone 
scan is the best screening test. Because osteoblastic osteosarcoma tumors make 
new bone, the  99m Tc-MDP bone scan is a specifi c and sensitive test. This should be 
routinely done at diagnosis and after relapse in patients with osteosarcoma. Avid 
uptake of the bone-seeking  99m Tc-MDP radioactive tracer into osteosarcoma lesions 
identifi es the possibility of using a bone-seeking radiopharmaceutical for targeted 
therapy. Although currently bone-seeking radiopharmaceuticals are used in the setting 
of palliative care for patients with bone metastases this chapter will review principles 
for not only current use, but also future use of internal radiation to control osteosar-
coma. Preclinical work and human studies have provided information to understand 
the advantages and limitations of beta emitters such as samarium-153-EDTMP 
compared to a new bone-seeking alpha emitter, radium-223 [ 2 ].  

    Radiation for Osteosarcoma Cancer Control 

 The use of radiation for local control of osteosarcoma has been a controversial 
topic. Early studies with radiation alone resulted in a high rate of osteosarcoma 
local relapse and lack of durable local control [ 3 ]. Radiotherapy of osteosarcoma 
can also result in skin toxicity, wound complications, and increased risk of infection 
[ 4 ]. Proton irradiation, carbon ion radiotherapy, and photons using intensity- 
modulated radiation therapy (IMRT) have been shown to provide some benefi t for 
axial osteosarcoma and metastatic osteosarcoma tumors which are diffi cult or 
impossible to resect [ 5 – 13 ]. Stereotactic radiotherapy (i.e., 1–5 large fractions of 
radiation) has been useful for metastases of brain, spine [ 14 ] and in lungs [ 15 ,  16 ]. 
Because patients with osteosarcoma metastases and/or axial sites have very high 
rates of relapse and poor prognosis, new and better means of defi nitive local control 
are needed [ 17 ,  18 ]. Radiotherapy of osteosarcoma lesions is likely most effective 
when combined with chemotherapy [ 13 ,  19 – 23 ].  

    The Problem of Multiple Bone and/or Metastatic 
Sites of Osteosarcoma 

 Osteosarcoma bone metastases at diagnosis are associated with a very poor prognosis 
[ 24 ,  25 ]. Although the use of ifosfamide was helpful in this group [ 25 ], patients with 
high alkaline phosphatase or metastatic disease in two organs had less than a 5 % 
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     Table 1    Alpha has high energy and short range   

 Effective 

 Bone-seeking 
radiopahrmaceutical 

    Particles 
emitted 

 Energy 
(MeV)  Range (um)  Half-life (days) 

 Radium-223  Alpha  27.8  ~50  11.4 
 Samarium-153  Beta   0.2  ~500   1.9 

survival in the French series [ 24 ]. Combined lung and bone metastases and/or 
relapse at the site of primary tumor sometimes contribute to treatment failure and 
death from osteosarcoma because of diffi culty in local control of multiple sites. 
Bone-seeking radiopharmaceuticals can offer a potential means to simultaneously 
treat multiple osseous and osteoblastic non-osseous sites of osteosarcoma (Table  1 ). 
This is because lung or other visceral metastases of osteosarcoma can be osteoblas-
tic and thus incorporate bone-seeking radiopharmaceutical. As shared earlier, the 
bone scan with avid uptake of  99m Tc-MDP is the best screening test to identify 
potential candidates for this approach.

       Properties of Samarium-153-EDTMP, a Beta-Emitting 
Radiopharmaceutical 

 Samarium-153 manufacture occurs by placing a capsule of samarium-152 oxide 
into a nuclear reactor. Neutron capture produces the unstable samarium-153 iso-
tope. Decay of samarium-153 to stable europium-153 produces a beta particle 
(electron) and a photon (gamma ray) which is also useful for gamma camera imaging 
(Tables  1  and  2 ) [ 26 ,  27 ]. Samarium-153-EDTMP has been studied since early work 
by William Goeckeler in 1987 showing that the ethylene diamine tetramethylene 
phosphonate (EDTMP) chelate was not only one of the most effective chelates to 
deliver the beta-emitting samarium-153 isotope to the bones, but also was also asso-
ciated with very little release from bone once it was deposited in the bone mineral 
hydroxyapatite [ 28 ].

    Table 2    Gamma imaging using bone-seeking radiopharmaceuticals   

 Radiopharmaceutical 
imaging agent 

 Energy 
(keV) 

 Decay 
(%abundance) 

 Gamma camera 
imaging 

 Tc-99m-MDP  141  (89 %)  Yes 
 Samarium-153-EDTMP  103  (29 %)  Yes 
 Radium-223   81  (15 %)  Yes 

  84  (26 %)  Yes 
 269  (14 %)  Yes 
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       Preclinical Studies of Samarium-153-EDTMP in Relation 
to Osteosarcoma 

 The potential usefulness of samarium-153-EDTMP for treating osteosarcoma was fi rst 
described by Lattimer et al. in dogs with spontaneously occurring osteosarcoma 
primary tumors [ 29 ]. Dogs with smaller osteoblastic tumors had more durable 
responses than dogs with larger tumors; this may be due to more intense and uniform 
deposition of the samarium-153-EDTMP radiopharmaceutical. Aas et al. showed 
that a dose of 36–57 MBq/kg (1–1.5 mCi/kg) samarium-153-EDTMP provided 
approximately 20 Gy to primary osteosarcoma tumors in dogs with reduction in 
pain as well as delaying the onset of metastatic disease [ 30 ]. It is not known whether 
treatment effi cacy was due to rapid reduction of tumor burden or treatment of micro-
metastases already in the lungs at the time of presentation. 

 The biodistribution of samarium-153-EDTMP is almost exclusively skeletal 
with rapid blood clearance and bone lesion to normal bone ratio of 17:1; unbound 
radiopharmaceutical is eliminated in the urine [ 28 ]. Because growth plates are sites 
of active deposition of hydroxyapatite, juvenile 8-week-old rabbits were used to 
investigate potential effects of samarium-153-EDTMP on epiphyses [ 31 ]. Clinically 
signifi cant damage was seen at a dose of 1 mCi/kg when the rabbits were evaluated 
8 weeks later (age = 16 weeks). Although no long-term studies of the effects of 
samarium-153-EDTMP on prepubertal bone growth and repair have been reported, 
samarium-153-EDTMP can facilitate bone healing of bones involved in older cancer 
patients indicating potential for healing after damage by internal radiation.  

    Samarium-153-EDTMP Experience Against 
Cancer in Humans 

 This radiopharmaceutical has been available for palliative treatment of bone metas-
tases including osteosarcoma [ 32 ] since the mid 1990s. The most extensive use of 
samarium-153-EDTMP has been in prostate cancer [ 33 – 35 ]. Although the dose lim-
iting toxicity is thrombocytopenia, repeated doses of samarium-153-EDTMP have 
been safely given to men with prostate cancer [ 36 ,  37 ]. The samarium-153- EDTMP 
radiopharmaceutical also has been used with docetaxel successfully [ 38 ,  39 ]. 

 Samarium-153-EDTMP has also been used in standard doses (1–1.5 mCi/kg) in 
osteosarcoma [ 26 ,  27 ,  32 ,  40 ,  41 ]. Because of the heterogeneity of deposition and/
or diffi culty of standard doses to produce durable responses, samarium-153-EDTMP 
has also been combined with radiotherapy [ 42 ]. A method for dose calculations for 
combined external beam and internal samarium-153-EDTMP radiotherapy in 
osteosarcoma tumors has recently been published [ 43 ]. Once samarium-
153-EDTMP is administered and unbound drug is eliminated in the urine (this 
occurs within 6 h), then a “bone-specifi c” radiosensitization chemotherapy drug 
can be given [ 22 ]. The principle is that once the radiopharmaceutical is bound to 
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the target (bone/bone- forming tumor) and unbound  153 Sm-EDTMP is eliminated 
into the urine, then the radiosensitization effects of chemotherapy are localized to 
regions of bound radiopharmaceutical because visceral organs (e.g., lungs, heart, 
liver, intestines, brain) have very low amounts of bound samarium-153-EDTMP 
radiopharmaceutical.  

    High-Dose Samarium-153-EDTMP 

 Avid and specifi c skeletal and bone-forming tumor localization of samarium-153- 
EDTMP allowed for a 30-fold dose escalation in osteosarcoma [ 44 ]. High-dose 
samarium-153-EDTMP, with or without chemotherapy, requires stem cell support 
because of the potential for prolonged thrombocytopenia, as shown by Turner et al. 
[ 45 ,  46 ]. High-dose samarium-153-EDTMP has been used by different investigators 
to treat osteosarcoma [ 41 ,  44 ,  47 – 50 ]. Although increased radiographic responses 
were seen using gemcitabine radiosensitization 1 day after samarium-153-EDTMP 
infusion, the durability of response against osteosarcoma metastases was not 
improved [ 47 ]. To summarize, it would appear that samarium-153-EDTMP is useful 
in the relatively limited osteosarcoma situations: (a) palliation of bone metastases, 
(b) palliation of metastases of tumors that form bone (i.e., positive on bone scan), and 
(c) in conjunction with external beam radiotherapy for control of unresectable 
osteosarcoma.  

    Advantages of Radium-223, an Alpha Particle Emitting 
Bone- Seeking Radiopharmaceutical Compared to the Beta 
Emitter, Samarium-153-EDTMP 

 Once a radionuclide is deposited in bone and/or in or near a cancer cell or tumor 
vessel in bone, the rate of rate of radioactive emissions (half-life), range, and energy 
of particle emissions (MeV) are quite different within the target zone for alpha versus 
beta emitters [ 51 – 54 ]. Energy, tissue penetration range, gamma camera imaging, and 
physical characteristics of these bone-seeking radiopharmaceuticals are a summa-
rized in Tables  1 ,  2 , and  3 , respectively. Figure  1  depicts mass and energy character-
istics of ionizing radiation (gamma rays, electrons or beta particles, protons, and 
alpha particles) as well as different type of DNA damage from the ionizing radiation 
particles. Figure  2  illustrates the radioactive decay cascade of radium-223.

     All radium isotopes are unstable and decay to produce radiation. Prior experience 
with radium for treatment of cancer in the early twentieth century used radium-226 
which has long half-life and signifi cant safety problems associated with decay to 
long-lived radon daughters (i.e., radioactive radon gas) and off-target radiation side 
effects from radioactive radon (Fig.  3 ). Hence, the radium-226 isotope is now 
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considered unsuitable for safe internal radiotherapy [ 55 ]. However, radium-223 has 
favorable decay characteristics: radon daughter decay is rapid (4 s), providing much 
less of a chance for “off target” radon diffusion (Fig.  3 ).

   Preclinical studies of radium-223. Production and characterization of clinical 
grade radium-223 has been previously described in detail [ 55 ,  56 ]. Because 
radium-223 is an alkaline earth metal, it acts like calcium. The radium-223 isotope 
has been shown to specifi cally deposit alpha particles at sites inside the intended 
skeletal metastases and/or bone-forming osteosarcoma target lesions [ 56 – 60 ]. 
Preclinical studies in rodents with radium-223 showed avid skeletal deposition, 
relative sparing of the bone marrow, and nearly no soft tissue uptake [ 57 ,  61 ]. 
Extremely high doses of radium-223 in Balb c mice [1,250, 2,500, and 3,750 kBq/kg 
(25–75× the recommended monthly dose of 50 kBq/kg)] caused some effects on 
marrow, but the 4-week LD50 was not reached [ 62 ]. In this study, the greatest effect 
was on osteoblasts and osteocytes; it also confi rmed marrow sparing and inability 
of the short-range alpha particles from radium-223 to completely ablate radiation- 
sensitive hematopoietic stem cells. 

 Experience with radium-223 in a phase I [ 59 ] and a randomized phase II trial in 
men with metastatic prostate cancer confi rmed excellent activity against bone 
metastases and a low toxicity profi le (i.e., a high therapeutic index) [ 58 – 60 ,  63 ]. 
Using doses of 5, 25, 50, or 100 kBq/kg, a dose response relationship was seen in 
pain index at week 2 [ 60 ] and the highest dose group also had signifi cantly decreased 
levels of alkaline phosphatase. Two-year follow-up of the phase II trial shows over-
all survival benefi t of 65 weeks vs 46 weeks comparing radium-223 versus placebo 
(HR 0.476; cox regression  p  = 0.017). There were no long-term hematologic toxici-
ties or secondary malignancies reported in this small phase II cohort ( N  = 33) [ 63 ]. 
Results of a randomized phase III, double-blind, placebo controlled trial of [ 2 ,  64 ] 
radium-223 in prostate cancer at a dose of 50 kBq/kg monthly × 6 and 2:1 random-
ization between active and placebo ( N  = 921) were presented at ASCO 2012 [ 64 ] 
and recently published in the New England Journal of Medicine. This study resulted 

   Table 3     153 Sm-EDTMP and Radium-223: physical characteristics   

 Radiopharmaceutical  Samarium-153- EDTMP   Radium-223 

 Half-life ( t  1/2 )  46 h  11.4 days 
 Radiation emitted  Beta (electron)  Alpha (×4) 
 Relative mass  1  7,000 
 MeV particle emission  0.66 max  27.8 
 Energy  0.22 average 
 Linear energy transfer (LET)  0.015–0.4 keV/um  60–230 keV/um 
 Type of DNA damage  Single strand breaks  Double strand breaks 
 Cytotoxic to G 0  cells (dormant metastases)  No  Yes 
 # Hits to kill cancer cells  100–1,000  1–4 
 Effective range (um)  >500  50–100 
 Elimination of unbound  Urine—within 4–6 h  GI tract (1–3 days) 
 Bone–red marrow ratio  4.4  10.3 
 Safety  Medium  VERY High 
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in the FDA approval of radium-223 in May 2013. Compared to placebo radium-223 
was associated with signifi cantly improved overall survival (median, 14.9 months 
vs. 11.3 months; hazard ratio, 0.70; 95 % CI, 0.58–0.83;  P  < 0.001) and was also 
associated with prolonged time to fi rst skeletal-related event (median 15.6 months 

  Fig. 1    Radioactive particle mass, energy, and DNA damage.  Top : photons have no mass; protons have 
¼ the mass energy of alpha particles. Thus, alpha particles have much greater mass and energy than 
electrons (beta particles).  Bottom : Graphic representation of the high energy of alpha particles causing 
double strand breaks which are more diffi cult for cancer cells to repair than single stand breaks       
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vs 9.8 months, respectively; HR = 0.658; 95 % CI, 0.522–0.830;  p  = 0.00037). 
Hematologic adverse events were uncommon (any grade 3 or 4 neutropenia in 
2.2 % and 0.7 % and any grade 3 or 4 thrombocytopenia in 6.3 % and 2 % of the 
radium-223 and placebo groups, respectively). Although targeting of osteoblastic 
osteosarcoma tumors would expected to be much more specifi c than prostate cancer, 
currently this is an unlabeled use of the radiopharmaceutical. 

 At MD Anderson Cancer Center a single osteosarcoma patient with head, neck, 
and skull base osteosarcoma with skeletal metastases was provided 2 doses of 
radium-223 in December 2009 and January 2010 [ 65 ]. Decrease in alkaline phos-
phatase and improvement in pain for approximately 2 months was seen. Bone scan 
showing the clinical response of this patient is illustrated in Fig.  4 . At MD Anderson 
Cancer Center, a phase I dose trial in osteosarcoma is open to accrual (  www.clini-
caltrials.gov     # NCT01833520). The purpose is to determine safety of escalating 
doses of radium-223 in osteosarcoma patients with osteoblastic tumors as well as to 
determine best quantitative imaging to evaluate responses using Tc-99m-MDP 
Spect-CT, NaF-18 PET, and F-18 deoxyglucose.

984960 sec 0.002 sec4 sec 2166 sec 130 sec 286 sec

.52 sec

Radium223 Decay

219

Pb207

(stable)

  Fig. 2    Radium-223 decay cascade. On average, the initial ejection of the high LEt alpha particle 
takes a relatively long time ( t  1/2  11.4 days is almost a million seconds). Subsequent quick decay of 
unstable isotopes of radon (4 s), polonium (2 ms), lead (2,166 s) bismuth (130 s), and polonium or 
thallium isotopes (287 s) yields an additional three alpha particles + two beta particles in the same 
before the stable Pb-207 isotope is fi nally formed. Alpha particle emissions account for about 94 % 
of the emitted energy of radium-223. In 1 month (<3 half-lives) ~10 % of radioactivity remains; in 
7 weeks (6 half-lives) only about 1/64 (<2 %) of initial radium-223 radioactivity remains       
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       Possible Roles of Bone-Seeking Radiopharmaceuticals 
in Osteosarcoma Therapy 

 Palliation of painful bone metastases can be accomplished in a number of ways: 
medical treatment (opiates), or using local control measures including surgery, 
radiofrequency ablation, and/or radiotherapy. Thus, the use of external beam radio-
therapy for treatment of painful osseous metastases is a widely accepted medical 
practice. Techniques are improving and stereotactic radiotherapy for spine metasta-
ses has become a frontline strategy [ 14 ,  66 ]. Larger single fractions seem to be more 
effective; this has been reviewed in meta-analyses of more than 25 clinical trials 
[ 67 – 71 ]. Because of internal lesion deposition and low marrow toxicity the usefulness 
of radium-223 and external beam radiotherapy for control of osteoblastic osteosar-
coma remains to be determined, but is a strategy that may yield more durable control, 
particularly if combined with chemotherapy after localization of the bone-seeking 
isotope to the target lesion(s). 
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  Fig. 3    Safety of Radium-223 compared to other radium isotopes is graphically depicted. Radon (Rn) 
daughter decay is in  red . The very short half-life of Rn daughter for radium-223 (4 s) limits amount of 
diffusion away from the targeted bone tumor deposition of radium-223. In contrast in the early 
twentieth century radium-226 was used clinically. This isotope was less safe and is no longer in clinical 
use because of the radon daughter  t  1/2  of 3.8 days resulted in off-target radiation side effects       
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 Experience with combined use of radiopharmaceuticals with chemotherapy: 
Combining  153 Sm-EDTMP with docetaxel has been reported to have synergy in 
prostate cancer [ 39 ], and with bortezomib in myeloma [ 72 ]. Unfortunately, 
because of delayed thrombocytopenia (usually ~3–6 weeks after a dose), the com-
bination of  153 Sm-EDTMP in routine osteosarcoma is probably not feasible in 
many patients.  

  Fig. 4    Improvement in 3 distant osteosarcoma skeletal metastases after 50 kBq/kg radium-223 × 2 
doses 1 month apart. The bone scan shows supine ( top ) and prone ( bottom ) views: note the less 
avid Tc-99m-MDP uptake of T12 spine, right acetabular, and sacral osteosarcoma bone metastases 
comparing before ( right  with  arrows ) to after treatment ( left  without  arrows ). This patient also had 
improved pain at these sites and serum alkaline phosphatase decrease from 964 to 276 in 7 weeks 
after radium-223 administration       
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    Would Low Marrow Toxicity of Radium-223 Allow 
Concurrent Use with Osteosarcoma Chemotherapy? 

 Radium-223 should be suitable for use in combination with chemotherapy, but 
additional work needs to be done. If the experience with humans is the same as the 
experience of dogs with osteosarcoma treated with samarium-153-EDTMP who had 
a delayed development of lung metastases [ 30 ], it is possible that early treatment with 
radium-223 could affect control in lung metastases. Thus far, the evidence suggests 
that radium-223 should have a higher therapeutic index (low marrow toxicity, more 
effect on malignant bone-forming cells that take up the radiopharmaceutical) than 
samarium-153-EDTMP. Because of current poor survival, patients likely to benefi t 
are those with bone metastases [ 24 ] or axial tumors [ 17 ,  18 ]. Benefi t in these very 
high-risk groups could then provide the rationale for randomized clinical trials and 
wider application of this targeted radiopharmaceutical against osteosarcoma.  

    Conclusion 

 Samarium-153-EDTMP has modest effi cacy in the setting of palliative treatment of 
osteosarcoma metastases, but it is sometimes diffi cult to use repeated doses or with 
chemotherapy. The path length (range) of radium-223 is shorter, and thus, there is 
less hematologic toxicity because fewer marrow stem cells are “innocent bystand-
ers.” It is the author’s view that radium-223 has the potential to signifi cantly improve 
effectiveness of osteosarcoma chemotherapy as well as external beam radiation of 
unresectable tumors. Radium-223 may also possibly provide rapid control of initial 
pain and could possibly contribute to increased necrosis of osteoblastic tumors. 
Furthermore, because radium-223 has the potential to reduce viability of lung osteo-
sarcoma micro-metastases, it also has potential to impact survival and reduce the 
incidence of relapses in the lungs as well as in the bones.     
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    Abstract     Bacille Calmette-Guerin (BCG) has been used for decades as an immune 
stimulant to treat cancer. Early work by Fidler and Kleinerman identifi ed muramyl 
dipeptide (MDP) as a critical component of the BCG cell wall which retained most 
of the immunostimulatory properties of the native BCG. Addition of a peptide to 
MDP resulted in muramyl tripeptide (MTP) which allowed incorporation into lipo-
somal membranes. The resulting pharmaceutical, liposomal muramyl tripeptide 
phosphatidyl ethanolamine (L-MTP-PE or mifamurtide) showed activity in preclin-
ical models of human cancers. Phase I studies documented the safety of the com-
pound for human administration. These trials did not reach a maximally tolerated 
dose (MTD), and the dose chosen for phase II trials was a biologically optimized 
dose, not an MTD. Phase II studies showed decreased risk of further recurrence in 
patients who received mifamurtide after surgical ablation of metastatic osteosarcoma. 
A phase III prospective randomized trial demonstrated a statistically signifi cant 
reduction in the risk of death from osteosarcoma when MTP was added to systemic 
chemotherapy for the treatment of localized osteosarcoma. The same trial allowed 
treatment of patients who presented with initially metastatic disease. While the overall 
and event-free survival was improved in patients with metastatic osteosarcoma who 
received L-MTP-PE, the sample size was small and the improvement did not achieve 
conventional statistical signifi cance. From 2008 to 2012, patients with metastatic 
and recurrent osteosarcoma were given L-MTP-PE in an expanded access trial, and 
the results suggest a decreased risk of subsequent recurrence and death with the 
inclusion of L-MTP-PE in the treatment strategy for these high-risk patients.  
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Ethanolamine Encapsulated in Liposomes 
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        Introduction 

 The concept of using immunotherapy to treat chemotherapy-resistant tumors has 
been around for several decades. The use of T-cells, lymphokine-activated killer 
cells, interferon, and NK cells have been explored for the treatment of solid tumors 
including melanoma, brain tumors, hepatoblastoma, and lymphoma. While there 
have been reported successes particularly in the use of α-interferon (α-IFN) to treat 
metastatic melanoma, improvement in survival for large numbers of patients with 
other solid tumors has been modest. Furthermore, there is no standard of care treat-
ment that combines cytokines, T-cells, or NK cells with chemotherapy for newly 
diagnosed patients. 

 The one immune cell that has largely been ignored in terms of its potential in 
cancer treatment is the macrophage. In this chapter, the history and development of 
the macrophage-activating agent, L-MTP-PE, will be traced from the fi rst concept 
through preclinical studies, phase I, phase II, and phase III trials. The phase III trial 
demonstrated for the fi rst time that an agent that targets and activates macrophages 
can be successfully combined with chemotherapy to achieve an improvement in 
long-term outcome as measured by a signifi cant decrease in the mortality rate at 
6–8 years. The use of L-MTP-PE together with chemotherapy in newly diagnosed 
nonmetastatic osteosarcoma patients resulted in a decrease in the death rate as well as 
an improvement in both the progression-free and long-term survival of patients with 
this disease. Targeting the macrophage and activating its tumoricidal function is there-
fore an approach that warrants more focus and additional clinical investigations.  

    Background 

 Bacille Calmette-Guerin (BCG) was isolated after hundreds of passages to create a 
vaccine against tuberculosis. As early as the 1930s, BCG was used to stimulate the 
immune system in patients with cancer in hopes that their enhanced immunity 
would lead to regression of cancer. BCG remains in use to the present as an adjuvant 
for superfi cial bladder cancer. Injection of BCG into superfi cial bladder cancers 
leads to tumor regression [ 1 ]. 

 Zwilling and Campolito demonstrated that BCG could activate alveolar macro-
phages to become tumoricidal to autologous tumor cells [ 2 ]. Japanese investigators 
localized this macrophage-activating activity to the cell-wall skeleton [ 3 ]. A synthetic 
peptidoglycan,  N -acetyl muramyl- L -alanine- D -isoglutamine, or muramyl dipeptide 
(MDP) was formulated to correspond to a component found in a water- soluble 
extract of cell wall of mycobacteria [ 4 ]. Benacerraf and colleagues demonstrated that 
MDP could serve as an adjuvant to enhance immune responses [ 5 ]. Fidler and col-
leagues demonstrated that encapsulating lymphokines in liposomes resulted in more 
effi cient activation of macrophages [ 6 ]. The same group showed that liposome-
encapsulated MDP could result in activation of tumoricidal properties in rat alveolar 
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macrophages [ 7 ]. It was shown that unmodifi ed MDP was eliminated from the 
systemic circulation very rapidly [ 8 ]. Fidler and colleagues demonstrated that 
intravenous injection of liposomes containing MDP could eradicate spontaneous 
metastases and activate alveolar macrophages in a murine model [ 9 ]. 

 It was shown that low-molecular-weight compounds such as MDP could leak 
from liposomes. Fidler’s group demonstrated that modifi cation of MDP by the addition 
of a third peptide to create muramyl tripeptide (MTP) followed by incorporation 
into multi-lamellar liposomes enhanced macrophage activation [ 10 ] (Figs.  1  and  2 ). 
Kleinerman and Fidler initiated work using liposome-encapsulated muramyl tripeptide 
(L-MTP-PE) in human cells [ 11 ]. They demonstrated that human blood monocytes 
could be rendered tumoricidal after activation with L-MTP-PE.

        Early Clinical Investigation 

 The fi rst studies of L-MTP-PE in humans were performed at the MD Anderson 
Cancer Center (MDACC). The results of the fi rst phase 1 trials were reported in 
1989 [ 12 ]. Toxicity was moderate, with the most common side effects reported 
including chills, fever, malaise, and nausea. The maximum tolerated dose (MTD) 
was reported to be 6 mg/m 2 . Imaging studies of radiolabeled L-MTP-PE showed 
rapid uptake in the spleen, liver, lungs, nasopharynx, and, in two patients, tumor. 
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Kleinerman reported the tumoricidal properties of peripheral blood monocytes from 
the patients who were the subjects of that phase I study [ 13 ]. She reported that acti-
vation of monocyte-mediated tumorilytic activity was found in 24 of 28 patients at 
some point during therapy. While the MTD for the clinical trial was reported to be 
4–6 mg/m 2 , the optimal biological dose for macrophage activation was 0.5–2.0 mg/m 2 . 
This concept that optimal biological dose may be lower than MTD has been 
confi rmed in many studies of biological agents for the treatment of cancer [ 14 ]. 

 L-MTP-PE had been shown to be capable of inducing lung-resident alveolar 
macrophages to become tumoricidal. It had been shown to prevent tumor cells from 
developing into pulmonary metastases in murine models. These observations sug-
gested that L-MTP-PE might be useful in preventing the progression of microscopic 
metastases in the lung to clinically detectable size, making L-MTP-PE particularly 
interesting in osteosarcoma. At initial presentation, most patients with osteosarcoma 
do not have clinically detectable metastatic disease. In the absence of systemic ther-
apy, 90 % of these patients will go on to develop clinical metastases, and the great 
majority of these metastases will appear fi rst in the lung [ 15 ]. This makes osteosar-
coma a good candidate disease in which to study an agent which activates pulmonary 
macrophages to become tumoricidal. 

 Many studies of new anticancer drugs are performed in models in which human 
tumor cell lines are grown in immunodefi cient mice. These heterotopic xenografts 
are an imperfect model because human tumor cell lines are often signifi cantly 
mutated from the tumor of origin, tumors grow in compartments which are different 
from the compartments in which they spontaneously arise, and the lack of an 
immune system makes it impossible to test therapies that incorporate host immune 
responses. Dogs develop osteosarcoma spontaneously. Osteosarcoma in dogs arises 

  Fig. 2    When muramyl tripeptide-phosphatidyl ethanolamine is incorporated into liposomes, the com-
pound intercalates into the membrane bilayers of the liposome to create the pharmaceutical L-MTP-PE. 
Copyright of the image is held by Paul Meyers. Used with permission from Paul Meyers       
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in the long bones and metastasizes to the lungs, recapitulating human disease. 
Osteosarcoma in dogs is an excellent natural model in which to study new agents for 
the treatment of human osteosarcoma. 

 MacEwen and colleagues conducted a double-blinded placebo-controlled trial of 
L-MTP-PE in dogs with osteosarcoma [ 16 ]. All the dogs had osteosarcoma without 
clinically detectable metastatic disease. All dogs underwent amputation of the 
tumor-bearing limb. Dogs were randomly assigned to receive L-MTP-PE or a pla-
cebo consisting of empty liposomes. Historic data suggested that all dogs with 
osteosarcoma treated with amputation alone would rapidly develop metastatic dis-
ease and die. The prospective randomized study confi rmed the historical experi-
ence. All of the dogs assigned to receive placebo developed metastasis, and the 
median survival time was 77 days. Median survival for the dogs treated with 
L-MTP-PE was 222 days, a statistically signifi cant improvement, and 4 of 14 treated 
dogs remained free of recurrent osteosarcoma 1 year following amputation (Fig.  3 ). 
These encouraging results supported the conduct of subsequent phase II trials in 
human patients and ultimately the randomized phase III trial.

   Investigators at the MDACC conducted a phase II study of L-MTP-PE in 
patients with osteosarcoma which had recurred with pulmonary metastases after 
initial therapy with surgery and combination cytotoxic chemotherapy [ 17 ]. All 
patients were rendered disease free by surgical resection of pulmonary metastases. 
L-MTP-PE was administered twice weekly for 12 weeks (group 1). An additional 
cohort of patients received L-MTP-PE twice weekly for 12 weeks and then once 
weekly for an additional 12 weeks for a total of 24 weeks of treatment (group 2). 
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Progression- free survival was compared to a similar historical control group treated 
at MDACC with surgery and chemotherapy (Fig.  4 ). The median time to relapse for 
group 2 patients was 9 months compared to 4.5 months for the historical control 
group. Additionally, group 2 patients had a better outcome than group 1, supporting 
the concept that longer duration therapy with L-MTP-PE was superior. Since all 
patients who entered the trial had undergone resection of pulmonary metastases 
prior to study entry, it was possible to compare the histology of pulmonary metasta-
ses resected from study participants after treatment with L-MTP-PE to their own 
pulmonary metastases prior to the administration of L-MTP-PE [ 18 ]. Nodules 
resected following treatment showed peripheral fi brosis surrounding the tumor and 
infl ammatory cell infi ltration. This was evidence that L-MTP-PE had a biological 
effect on the tumor metastases.

   Chemotherapy has been shown to be an essential component of the treatment of 
osteosarcoma [ 15 ]. If we wished to administer L-MTP-PE and chemotherapy 
concurrently to patients, we needed to show that chemotherapy did not interfere 
with the macrophage activation caused by L-MTP-PE and the L-MTP-PE did not 
interfere with chemotherapy. In in vitro studies adding monocytes activated by 
L-MTP-PE to cultures of tumor cells with serial concentrations of doxorubicin, 
there was no modifi cation of the tumor response [ 19 ]. L-MTP-PE and chemotherapy 
were administered concurrently in three murine syngeneic models, and no additive 
toxicity was observed. Similar antitumor effects of chemotherapy were observed 
with and without L-MTP-PE [ 20 ]. 

 Most importantly, Kleinerman and colleagues showed that doxorubicin did not 
interfere with cytokine release or activation of monocyte tumoricidal function by 
L-MTP-PE [ 19 ,  21 ]. They studied monocytes obtained from patients before, during, 
and after chemotherapy administration and showed no differences in the response to 
L-MTP-PE [ 22 ]. 
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 Investigators at MDACC and the Memorial Sloan-Kettering Cancer Center 
(MSKCC) performed a phase II study of concurrent administration of ifosfamide 
and L-MTP-PE in patients with metastatic pulmonary osteosarcoma that had 
recurred after initial therapy with surgery and multi-agent chemotherapy that did 
not include ifosfamide [ 23 ]. There was no increase in the anticipated toxicity of 
ifosfamide and no delays in administration of ifosfamide. Increases in cytokines 
following L-MTP-PE were similar to those seen when L-MTP-PE was administered as 
a single agent. Tumors removed from the lungs of patients following chemotherapy 
and L-MTP-PE showed both necrosis typically associated with chemotherapy and 
fi brosis and infl ammatory changes previously reported following the administration 
of L-MTP-PE.  

    Prospective Randomized Phase III Trial 

 L-MTP-PE had demonstrated safety in a phase I trial. It had shown improved out-
come compared to historical controls in a phase II trial. It was safe to administer 
concurrently with chemotherapy. It had shown signifi cant improvement in survival 
in a prospective, randomized, double-blinded study in dogs with osteosarcoma. 
This evidence supported the development and design of a randomized phase III trial 
in osteosarcoma. 

 At the time that the phase III study was being designed there was another question of 
importance to the pediatric oncology community. Ifosfamide had been shown to be an 
active agent in patients with osteosarcoma which recurred following initial therapy, and 
objective responses were reported in 30–50 % of patients [ 24 ,  25 ]. Many investiga-
tors were using three chemotherapy agents to treat osteosarcoma: cisplatin, doxorubicin, 
and high-dose methotrexate. We designed a trial to answer two questions:

    1.    Would the addition of ifosfamide to cisplatin, doxorubicin, and high-dose meth-
otrexate for the treatment of osteosarcoma improve the outcome?   

   2.    Would the addition of L-MTP-PE to chemotherapy improve the outcome?    

  Osteosarcoma is a rare disease. In order to answer both questions in a reasonable 
period of time it was necessary to use a factorial design. In a factorial design, patients 
are randomly assigned for each intervention, but each intervention is analyzed for its 
effect on the entire population. Therefore, all patients who received ifosfamide 
(four-drug chemotherapy) would be compared to all patients who did not receive 
ifosfamide (three-drug chemotherapy), without considering whether or not they had 
been assigned to receive L-MTP-PE. All patients assigned to receive L-MTP-PE 
would be compared to all patients assigned not to receive L-MTP-PE, without consid-
ering whether they had been assigned to receive three- or four-drug chemotherapy. 
These marginal analyses rely on the assumption that no interaction exists between 
the two study interventions. No preclinical or clinical evidence suggested that there 
would be an interaction between the two study interventions and there was no 
plausible biological basis to suggest an interaction [ 22 ]. The fi nal analysis at the 
completion of the randomized prospective phase III trial detected no interaction. 
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 The study design for the chemotherapy question was an addition study (Fig.  5 ). 
Patients assigned to treatment arm A received cisplatin, doxorubicin, and high-dose 
methotrexate. Patients assigned to treatment arm B received the same agents with 
the addition of ifosfamide. Patients received an initial period of chemotherapy 
followed by defi nitive surgical resection of the primary tumor followed by addi-
tional adjuvant chemotherapy. Assessment of necrosis in the primary tumor after 
the initial period of systemic chemotherapy was performed as there is a strong cor-
relation between the degree of necrosis in the primary tumor following initial ther-
apy and outcome [ 26 ]. The duration of the chemotherapy prior to defi nitive surgery 
can infl uence the degree of necrosis observed at the time of defi nitive surgery [ 27 ]. 
Therefore the duration of the initial period of chemotherapy was the same in both 
regimen A and regimen B.

   When to initiate L-MTP-PE therapy was a critical issue. All the preclinical and 
early clinical studies suggested that the effi cacy of L-MTP-PE is linked to tumor 
burden and that maximum activity is seen in the setting of minimal residual disease 
[ 9 ,  23 ]. Roughly 80 % of patients with osteosarcoma present without clinically detect-
able metastatic disease as determined by conventional imaging. However, clinical 
studies clearly show that close to 90 % of these “non-metastatic patients” have micro-
scopic metastases. This is the rationale for continuing chemotherapy following 
removal of the primary tumor. Unfortunately, despite the use of adjuvant chemotherapy 
following surgery 30–35 % of patients will relapse in the lung within 2 years. 
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  Fig. 5    The North American pediatric cooperative groups performed a prospective randomized 
trial in patients with osteosarcoma. Patients were assigned to receive chemotherapy with cisplatin, 
doxorubicin, and HD methotrexate (regimen A) or the same three agents with the addition of ifos-
famide (regimen B). Total doses of cisplatin, doxorubicin, and HD methotrexate were identical in 
both regimens. Patients were randomly assigned at study entry to receive or not to receive 
L-MTP-PE, and L-MTP-PE was begun following surgical resection of the primary tumor and any 
sites of macroscopic metastatic disease. Copyright of the image is held by Paul Meyers. Used with 
permission from Paul Meyers       

 

P.A. Meyers and A.J. Chou



315

 Since L-MTP-PE has its maximum effect against minimal residual disease, 
L-MTP-PE therapy was initiated following surgical resection of the primary tumor. 
There were thus four treatment arms A, A+, B, and B+. Patients assigned to regimen 
A received chemotherapy with cisplatin, doxorubicin, and high-dose methotrexate. 
Patients assigned to regimen B received chemotherapy with the same three drugs 
with the addition of ifosfamide. Patients assigned to receive L-MTP-PE were desig-
nated with the addition of a plus sign to the chemotherapy regimen; 677 patients 
were randomly assigned to one of the four treatment regimens at the time of study 
enrollment. In retrospect, this was an error in study design, because it allowed for 
an imbalance in the assignment of poor-prognosis patients (as determined by % 
necrosis) to one arm, an error that ultimately masked the treatment success of 
L-MTP-PE in the three-drug plus L-MTP-PE group (A+) as discussed below. 

 There was no difference in the frequency of greater and lesser necrosis following 
initial chemotherapy between the patients assigned to chemotherapy regimens 
A and B. Toxicities were very similar among the arms of the study and were as 
anticipated from the chemotherapy regimen. We saw no increased toxicity from the 
addition of L-MTP-PE. 

 Analysis of the results of the study approximately 9 years after the last patient 
was enrolled (13 years after enrollment of the fi rst patient) revealed the following:

    1.    Treatment with three chemotherapy drugs (regimen A) and four chemotherapy 
drugs (regimen B) achieved the same probability for both event-free and overall 
survival.   

   2.    All patients assigned to receive L-MTP (with three- or four-drug chemotherapy) 
showed an improvement in event-free survival compared to those that received 
three- or four-drug chemotherapy alone. The probability for event-free survival 
6 years from study entry was 67 % with L-MTP-PE and 61 % without. The  p -value 
for this difference was 0.08.   

   3.    The same comparison showed a statistically signifi cant improvement in the over-
all survival. The probability for overall survival 6 years from study entry was 
78 % with L-MTP-PE and 70 % without. The  p -value for this difference was 
0.03 (Fig.  6 ).

       4.    The hazard ratio for death from osteosarcoma comparing treatment with 
L-MTP-PE to treatment without was 0.7.     

 Necrosis following initial chemotherapy in the randomized prospective trial was 
analyzed according to the method described by Huvos [ 26 ]. Less necrosis (Huvos 
grade 1 and 2 necrosis) was associated with a higher probability for recurrence and 
death than more necrosis (Huvos grade 3 and 4). When we analyzed the frequency 
of greater and lesser necrosis among the patients assigned to receive each of the four 
possible randomized therapies, we observed an excess of patients with less necrosis 
assigned to receive three-drug chemotherapy in combination with L-MTP-PE (regi-
men A+) (Table  1 ). Since the observation of less necrosis strongly correlates with a 
higher probability for recurrence, this imbalance could explain the apparent failure 
to observe an improved outcome for event-free survival among the patients receiv-
ing three-drug chemotherapy who were assigned to receive L-MTP-PE.
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   Further analysis of the imbalance in necrosis revealed that by chance most of the 
imbalance took place in patients older than 16 at study entry. For patients aged less 
than 16 at study entry, there was better balance among the study arms in the fre-
quency of patients with greater and lesser necrosis following initial chemotherapy 
(Table  2 ). This allowed us to examine the effect of the addition of L-MTP-PE to 
chemotherapy in 496 patients free from the confounding effect of an excess of 
patients with poor necrosis in one study arm. For this group of 496 children, the 
addition of L-MTP-PE to chemotherapy resulted in improved event-free survival 
(Fig.  7 ). The improvement was seen with both chemotherapy regimens to the same 
degree. There was no interaction between the two study questions. For this group, 
the addition of L-MTP-PE to chemotherapy resulted in improved overall survival 
(Fig.  8 ). The improvement was exactly the same for both chemotherapy regimens. 
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  Fig. 6    Administration of L-MTP-PE was associated with improved overall survival. Patients 
assigned to receive L-MTP-PE following defi nitive surgery had a 78 % probability of survival of 
6 years following study entry, compared with a 70 % probability for patients not assigned to 
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   Table 1    Prospective randomized phase 3 trial: Imbalance in necrosis among patients assigned to 
treatment arms   

 Regimen 

 Huvos grade 1 and 2 
necrosis 
 Unfavorable 

 Huvos grade 3 and 4 
necrosis 
 Favorable  Not reported a   Total 

 A   78 (45 %)   71 (41 %)  25 (14 %)  174 
 A + L-   MTP-PE   93 (56 %)   52 (31 %)  22 (13 %)  167 
 B   78 (47 %)   68 (41 %)  20 (12 %)  166 
 B + L-MTP-PE   73 (43 %)   72 (42 %)  26 (15 %)  171 
 Total  322  263  93  678 

  For the comparison between unfavorable and favorable necrosis among the treatment arms  p  = 0.08 
  a Includes patients who progressed prior to defi nitive surgery or for whom data was not reported  
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The hazard ration for death associated with the addition of L-MTP-PE was 0.5 
( p  = 0.001). This analysis of 496 children in a prospective randomized trial represents 
one of the largest experiences ever reported for osteosarcoma and demonstrates a 
clinically and statistically signifi cant improvement for both event- free and overall 
survival when L-MTP-PE is added to chemotherapy. The benefi t was independent 
of the chemotherapy regimen to which the patients were assigned.

   Table 2    Prospective randomized phase 3 trial: Balance in necrosis among patients less than 16 
assigned to treatment arms   

 Regimen 

 Huvos grade 1 and 2 
necrosis 
 Unfavorable 

 Huvos grade 3 and 4 
necrosis 
 Favorable  Not reported a   Total 

 A   56 (43 %)   55 (42 %)  20 (15 %)  131 
 A + L-MTP-PE   63 (51 %)   43 (36 %)  16 (13 %)  121 
 B   60 (48 %)   52 (42 %)  12 (10 %)  124 
 B + L-MTP-PE   47 (39 %)   56 (48 %)  15 (13 %)  120 
 Total  225  208  96  495 

   a Includes patients who progressed prior to defi nitive surgery or for whom data was not reported  
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  Fig. 7    Among 496 patients aged less than 16 years in whom there was no imbalance in necrosis 
following initial chemotherapy, administration of L-MTP-PE was associated with improved event- 
free survival with both chemotherapy regimens, and there was no interaction between the two 
study interventions. Copyright of the image is held by Paul Meyers. Used with permission from 
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         Phase III Randomized Trial for Patients with Metastatic 
Disease at Initial Presentation 

 For patients who do present with clinically detectable metastasis, the great majority 
have metastatic disease detected only in the lung. These patients can also be consid-
ered to have minimal residual disease burden after surgical removal of the primary 
tumor and all palpable pulmonary nodules. We elected to begin L-MTP-PE therapy 
for these patients at the time they were rendered free of clinically detectable meta-
static disease, following surgical resection of the primary tumor, and pulmonary 
nodules for those patients. The results of the trial for this stratum were reported in 
2009 [ 28 ]. The small number of patients enrolled in this stratum decreased the 
power of this stratum to detect statistically signifi cant differences between treat-
ments. We reported the following observations:

    1.    Similar to what we found in the study for “non-metastatic” patients, there was 
no interaction between the two study interventions seen in the patients in the 
metastatic stratum.   

   2.    There was no difference in outcome between three-drug and four-drug regimens 
for either event-free or overall survival.   
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  Fig. 8    Among 496 patients aged less than 16 years in whom there was no imbalance in necrosis 
following initial chemotherapy, administration of L-MTP-PE was associated with improved over-
all survival with both chemotherapy regimens, and there was no interaction between the two study 
interventions. The hazard ratio for death among this population in whom there was no confounding 
infl uence from an imbalance of patients with poor necrosis in one study arm was 0.5 ( p  = 0.001). 
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   3.    Both event-free and overall survival were superior for the patients who received 
L-MTP-PE than for the patients who did not, although neither analysis achieved 
a conventional level of statistical signifi cance.   

   4.    The hazard ratio for death from osteosarcoma comparing treatment with 
L-MTP-PE to treatment without was 0.7, exactly the same as the hazard ratio for 
patients with localized osteosarcoma.    

      Compassionate Access Trials 

 From 2008 to 2012 L-MTP-PE was administered to 205 patients with either osteo-
sarcoma with metastases at initial presentation or patients with metastatic recurrent 
osteosarcoma after prior treatment with surgery and multi-agent chemotherapy. 
This was part of a compassionate access clinical protocol [ 29 ]. Patients received either 
L-MTP-PE as a single agent or L-MTP-PE concurrently with chemotherapy. Among 
50 patients whose disease was completely resected, more than 50 % remained alive 
for more than 2 years from study entry. Many of these patients were treated following 
two or more recurrences after treatment with ≥2 prior lines of therapy.  

    Regulatory Status of L-MTP-PE 

 L-MTP-PE, marketed as MEPACT or mifamurtide, was approved by the European 
Medicines Agency in 2008 for newly diagnosed, non-metastatic osteosarcoma in 
conjunction with chemotherapy [ 30 ]. L-MTP-PE is currently included in the treatment 
of osteosarcoma in many countries in Europe, Central and South America, Israel, 
and Turkey. It remains an investigational agent in the United States. 

 L-MTP-PE is the only immune therapy to date to have received global approval 
for the treatment of a newly diagnosed sarcoma in conjunction with chemotherapy. 
The use of L-MTP-PE has had a clinically and statistically signifi cant impact on the 
long-term survival of hundreds of children with osteosarcoma. Its toxicity profi le is 
minimal when compared to chemotherapy. Its success warrants further investigation 
in other types of sarcomas and solid tumors that metastasize to the lung. The clinical 
success of L-MTP-PE also supports more focus on the macrophage as an immune 
cell target for therapy.     
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    Abstract     T-cell immunotherapy may offer an approach to improve outcomes for 
patients with osteosarcoma, who fail current therapies. In addition, it has the potential 
to reduce treatment-related complications for all patients. Generating tumor- specifi c 
T cells with conventional antigen presenting cells  ex vivo  is time consuming 
and often results in T-cell products with a low frequency of tumor-specifi c T cells. 
In addition, the generated T cells remain sensitive to the immunosuppressive tumor 
microenvironment. Genetic modifi cation of T cells is one strategy to overcome 
these limitations. For example, T cells can be genetically modifi ed to render them 
antigen specifi c, resistant to inhibitory factors, or increase their ability to home to 
tumor sites. Most genetic modifi cation strategies have only been evaluated in 
preclinical models, however early phase clinical trials are in progress. In this chapter 
we review the current status of gene-modifi ed T-cell therapy with special focus on 
osteosarcoma, highlighting potential antigenic targets, preclinical and clinical 
 studies, and strategies to improve current T-cell therapy approaches.  
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        Introduction 

 Adoptive T-cell therapy refers to the isolation of allogeneic or autologous T cells, 
followed by  ex vivo  manipulation, and subsequent infusion into patients for thera-
peutic gain [ 101 ]. Channeling the cytotoxic killing and specifi c targeting ability of 
T cells through adoptive transfer has the potential to improve outcomes for patients 
with osteosarcoma. An early example of adoptive T-cell therapy for osteosarcoma 
was reported by Sutherland et al. [ 113 ]. A 14-year-old girl, who had the same 
human leukocyte antigen (HLA) type as her mother received unmanipulated, mater-
nal lymphocytes. Lymphocytes isolated from the patient post infusion killed osteo-
sarcoma cells in vitro, but the patient had only a minimal clinical response prior 
disease progression and death. Since Sutherland’s report, signifi cant advances in 
immunotherapeutic techniques have taken place. 

 Cell therapy with conventional T cells has shown promise in several clinical set-
tings [ 11 ,  52 ,  101 ]. Examples include donor lymphocyte infusions (DLI) after stem 
cell transplantation to treat CML relapse [ 61 ], infusion of Epstein-Barr virus (EBV)-
specifi c T lymphocytes to treat EBV-related lymphomas and nasopharyngeal carci-
noma [ 5 ,  7 ,  24 ,  72 ,  110 ], infusion of tumor infi ltrating lymphocytes (TILs) to treat 
melanoma [ 31 ,  101 ], and the infusion of virus-specifi c T cells to prevent and treat 
viral-associated disease in immunocompromised patients [ 42 ,  64 ,  65 ]. 

 Since the  ex vivo  generation of T cells specifi c for tumor associated antigens 
(TAA) is often cumbersome, investigators have developed genetic modifi cation 
strategies to render T cells TAA specifi c [ 52 ,  101 ,  104 ]. For example, infusion of 
T cells genetically modifi ed with chimeric antigen receptors (CAR) specifi c for 
GD2 or CD19 has shown promise in early clinical studies for neuroblastoma and 
CD19- positive hematological malignancies including acute lymphoblastic leuke-
mia and lymphoma [ 12 ,  39 ,  54 ,  60 ,  71 ,  92 ,  93 ,  105 ]. Besides rendering T cells 
tumor- specifi c, genetic modifi cations enable the generation of T cells with enhanced 
effector functions (Table  1 ). While these approaches have been mainly evaluated in 
preclinical models, some are already being actively explored in the clinic. In this 
chapter we review the current status of gene-modifi ed T-cell therapy for osteosar-
coma, highlighting potential antigenic targets, preclinical and clinical studies, and 
strategies to improve T-cell therapeutic approaches.

       T-Cell Therapy Targets for Osteosarcoma 

 Developing successful antigen-specifi c T-cell therapy depends on the availability 
of specifi c TAA. Once a TAA is identifi ed, TAA-specifi c T cells can be either generated 
using conventional antigen presenting cells or by gene transfer to recognize and 
induce killing of TAA-positive osteosarcoma. 
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 TAA are potential candidates for immunotherapy, including T-cell therapy, if they 
are (1) expressed at higher than normal levels on tumor cells compared to nonma-
lignant host cells, (2) are normally only expressed during fetal development or at 
immunoprivileged sites, such as the testes, (3) contain novel peptide sequences cre-
ated by gene mutation, (4) are viral antigens, (5) are antigens produced by epigenetic 
changes, (6) or are antigens on non-transformed cells in the tumor microenvironment 
[ 15 ,  98 ,  121 ]. Unaltered tissue-differentiation antigens on tumors can also be targets 
for T-cell immunotherapy, but only if the associated tissues are not essential for life 
and/or their products can be replaced [ 121 ]. For example, CD19-specifi c T-cell 
therapy induces regression of CD19-positive malignancies, but also leads to long-
term depletion of normal, CD19-positive B cells, which can be remedied by the 
infusion of intravenous immunoglobulin (IVIG) [ 12 ,  39 ,  54 ,  60 ,  92 ,  105 ]. 

 For osteosarcoma, numerous TAA have been described that are summarized in 
Table  2 . These include human epidermal growth factor receptor 2 (HER2) [ 2 ,  38 ], 
interleukin 11 receptor alpha (IL11Rα) [ 46 ] , melanoma associated antigen (MAGE) 
and g melanoma antigen (GAGE) family members [ 49 ], GD2 (a disialoganglioside; 
not a protein tumor associated antigen) [ 129 ], New York esophageal squamous 
cell carcinoma 1 (NY-ESO-1) [ 49 ], clusterin-associated protein 1 (CLUAP1) [ 48 ], 
papillomavirus binding factor [ 118 ], fi broblast activation protein (FAP) [ 130 ], 
tumor endothelial marker 1 (TEM1) [ 103 ], and B7-H3 [ 75 ]. Other TAA for 
osteosarcoma- targeted T-cell therapy are rapidly being elucidated. Orentas et al. 
described several potential targets shared amongst multiple pediatric tumors, such 
as melanoma cell adhesion molecule (MCAM) and glypican-2, which are present 
on six different pediatric solid tumors, but not expressed in normal tissues [ 83 ,  84 ]. 
While gene expression data was used to identify these targets, and additional studies 
are needed to confi rm expression on a protein level, the work demonstrates the use 
of gene expression array data to identify new TAAs.

    Table 1    Genetic modifi cations for T-cell therapy for osteosarcoma   

 Goal  Introduced gene class  Example 

 Antigen-specifi city  Receptors  αβ TCR, CAR 
 T-cell expansion  Costim molecules  CD80, 41BBL 

 Domains of costim molecules  CD27, CD28, 41BB, OX40 
 Cytokines  IL12, IL15 

 Resistance to inhibitory tumor 
environment 

 Costim molecules  CD80, 41BBL 
 Domains of costim molecules  CD27, CD28, 41BB, OX40 
 Cytokines  IL12, IL15 
 Dominant negative receptors  DN TGFβ receptor 
 Chimeric cytokine receptors  IL4/IL2, L4/IL7 
 shRNAs  FAS 
 Constitutive activated kinases  AKT 

 Improve T-cell homing to tumor sites  Chemokine receptors  CCR2b or CXCR2 
 Safety  Inducible suicide genes  HSV-tk; caspase 9 

 Cell surface markers  CD20 

   DN  dominant negative,  HSV-tk  Herpes simplex virus thymidine kinase,  IL  interleukin,  TGFβ  trans-
forming growth factor β  
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       Genetic Approaches to Render T Cells Specifi c 
for Osteosarcoma 

 Since the  ex vivo  generation of conventional antigen-specifi c T cells is often cumber-
some and unreliable, investigators have developed genetic approaches to rapidly 
generate antigen-specifi c T cells. These include the forced expression of α/β T-cell 
receptors (TCRs) and CARs. 

    α/β TCR Modifi ed T-Cells 

 Conventional TCRs are composed of α and β chains that form heterodimers. TCRs 
recognize peptides, which are derived from proteins and are presented on major 
histocompatibility complex (MHC) molecules on the cell surface. Isolating TCRs 
for adoptive T-cell therapy requires the generation of TAA-specifi c T-cell clones 
and subsequent isolation and cloning of the TCR α and β chains [ 120 ]. In general, a 
large number of T-cell clones need to be screened, and isolated TCRs often are of 
low affi nity requiring additional affi nity maturation. Following isolation, genes 
encoding the α and β chains are cloned into retroviral or lentiviral vectors, and then 
used to transduce T cells [ 98 ]. Since T cells express endogenous α/β TCRs, mispair-
ing between endogenous α/β and transgenic α/β TCR chain is a common problem. 

   Table 2    Tumor associated antigens expressed in osteosarcoma   

 Target antigen  Cell surface expression  Preclinical in vivo studies a   Clinical studies b  

 B7-H3  +  −  − 
 CLUAP1  −  −  − 
 FAP  +  −  − 
 GAGE 1,2,8  −  −  − 
 GD2  +  −  − 
 Glypican-2  −  −  − 
 HER2  +  +  + 
 IL-11Rα  +  +  − 
 MAGE A1-6,10, 12; C2  −  −  − 
 MCAM  −  −  − 
 NY-ESO-1  −  −  − 
 Papillomavirus binding 

factor 
 −  −  − 

 TEM1  +  −  − 

   CLUAP1  clusterin-associated protein 1,  FAP  fi broblast activation protein,  GAGE  G melanoma antigen, 
 GD2  disialoganglioside,  HER2  human epidermal growth factor receptor 2,  IL11Rα  interleukin 11 
receptor α,  MAGE  melanoma associated antigen,  MCAM  melanoma cell adhesion molecule, 
 NY-ESO-1  new York esophageal squamous cell carcinoma 1,  TEM1  tumor endothelial marker 1 
  a Using an osteosarcoma model 
  b Including osteosarcoma patients  
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Several approaches have been developed to overcome this limitation, including the 
introduction of disulfi de bonds or use of murine sequences to favor dimerization of 
transgenic α/β TCR chains [ 23 ,  37 ]. Silencing the expression of endogenous α/β 
TCR by shRNAs or zinc-fi nger nucleases is another option [ 82 ,  116 ]. 

 α/β TCRs have been isolated for several TAA including CEA, GP100, MAGEA3, 
MART1, and NY-ESO-1 [ 51 ,  76 ,  77 ,  87 ,  99 ]. So far the safety and effi cacy of α/β 
TCR T-cell therapy has been evaluated mainly in melanoma patients, but studies 
have also been conducted for patients with sarcoma, colon cancer and multiple 
myeloma. One of the fi rst studies in humans with transgenic α/β TCR T cells was 
conducted by Morgan et al. and demonstrated that the infusion of autologous poly-
clonal T cells expressing MART1-specifi c α/β TCRs was safe and induced objective 
tumor responses in 2 out of 15 lymphodepleted melanoma patients [ 77 ]. To increase 
the response rates, the same group infused T cells expressing high affi nity MART1- 
and gp100-specifi c α/β TCRs. While response rates increased, several patients 
developed toxicities including skin rash, uveitis, and/or hearing loss that were not 
associated with antitumor responses [ 51 ]. Recognition of normal tissues expressing 
low levels of CEA has also been reported for the adoptive transfer of CEA-specifi c 
α/β TCR T cells [ 87 ]. In contrast, infusion of NY-ESO-1-specifi c α/β TCR T cells 
was well tolerated with a response in 4/6 patients with synovial cell sarcoma and in 
5/11 patients with melanoma. In addition, an ongoing clinical study indicates that 
NY-ESO-1-specifi c α/β TCR T cells induce clinical responses in patients with 
multiple myeloma without off-targets effects [ 68 ]. As mentioned above, affi nity 
maturation is frequently used to increase the activity of α/β TCRs. However, this 
can lead to recognition of related antigens resulting in severe adverse events [ 74 ,  76 ]. 
For example, infusion of MAGE A3-specifi c α/β TCR T cells caused fatal neurotox-
icity due to recognition of MAGE A12 as well as fatal cardiac toxicities due to 
recognition of titin. 

 Thus clinical studies so far have not only demonstrated the potency of adoptively 
transferred α/β TCR-modifi ed T cells but also their clinical limitations. Nevertheless, 
active exploration of α/β TCR-modifi ed T-cell therapy is warranted for osteosarcoma.  

    CAR-Modifi ed T Cells 

 Antigen-specifi c T cells can also be generated by the transfer of genes encoding 
CARs [ 32 ,  73 ,  104 ]. CARs consist of an ectodomain that confers antigen specifi city, 
a hinge, a transmembrane domain, and an endodomain that contains signaling 
domains derived from the T-cell receptor CD3-ζ chain and co-stimulatory molecules 
such as CD27, CD28, 41BB, or OX40. Depending on the number of co- stimulatory 
domains, CARs are referred to as fi rst generation (no), second generation (one), or 
third generation (two) CARs. CARs targeting multiple pediatric malignancies have 
been developed [ 2 ,  16 ,  39 ,  44 ,  46 ,  86 ,  93 ,  102 ,  106 ]. CAR ectodomains are most 
commonly generated by joining the heavy and light chain variable regions of a 
monoclonal antibody (MAb), expressed as a single-chain Fv (scFv) molecule. 
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CARs recognize unprocessed antigen on tumor cell surfaces, and do not require 
peptide presentation on MHC molecules. 

 CAR T-cell therapy has several advantages compared to α/β T-cell therapy. 
Because CARs do not require antigen presentation on MHC molecules, generation 
of CAR T cells for patients does not require HLA matching. This property also 
renders CAR T cells resistant to tumor escape mechanisms, such as downregulation 
of HLA molecules and defects in the MHC class I processing pathway. A second 
advantage is that MAbs already exist for numerous surface antigens, obviating 
the need of cumbersome α/β TCR isolation. Additionally, CAR T cells recognize 
carbohydrate and glycolipid antigens, in addition to protein antigens [ 73 ,  104 ]. 
Furthermore, CARs confer T-cell specifi city in a single molecule unlike artifi cial 
α/β TCRs, which require the expression of two molecules that are prone to heterodi-
merization with the endogenously expressed α/β TCR chains. A potential drawback 
of CARs is that in general only cell surface molecules are recognized. However, the 
isolation of scFvs that recognize HLA-molecule/peptide complexes has allowed the 
generation of CARs that recognize peptides derived from intracellular proteins 
[ 107 ,  127 ]. 

 Of the TAA expressed in osteosarcoma, GD2, HER2, IL11Rα, and FAP are 
expressed on the cell surface, and have been targeted with CAR T cells in preclini-
cal animal models and/or clinical studies. Pule et al. expressed a fi rst generation 
GD2-specifi c CAR on EBV-specifi c T cells and gave them to 11 children with 
advanced neuroblastoma [ 71 ,  93 ]. Three of them had complete responses (sus-
tained in two) while an additional two with bulky tumors showed substantial 
tumor necrosis. Follow up studies are in progress [ 80 ], and these encouraging 
results should justify the exploration of GD2-specifi c CAR T cells for patients with 
osteosarcoma. 

 While HER2 is not gene amplifi ed in osteosarcoma, 60–70 % of osteosarcoma 
are HER2 positive and HER2-positivity is associated with poor outcomes [ 38 ,  79 ]. 
T cells expressing a second generation CAR with a CD28.ζ-endodomain showed 
promising antitumor activity in preclinical animal models [ 2 ]. In addition, HER2- 
CAR T cells had potent antitumor activity against osteosarcoma sarcospheres, 
which are enriched in osteosarcoma-initiating cells [ 97 ]. However, safety con-
cerns have been raised in regards to targeting HER2 with CAR T cells in humans. 
One patient, who received high dose chemotherapy followed by the infusion of 
1 × 10 10  T cells expressing a third generation HER2-specifi c CAR and IL2 devel-
oped respiratory failure within 12 h of infusion and died [ 78 ]. Subsequently, up to 
1 × 10 8 /m 2  T cells expressing a second generation CAR were given to pediatric 
and adolescent sarcoma patients. While the infusions were safe, infused T cells did 
not expand signifi cantly post infusion, and antitumor activity of the infused T cells 
was limited [ 1 ]. 

 To target IL11Rα, Huang and colleagues developed a second generation CAR 
that contains the natural ligand (IL11) as a CAR ectodomain [ 46 ]. IL11Rα-specifi c 
CAR T cells recognized and killed IL11Rα-positive osteosarcoma cells, and caused 
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regression of lung metastases in the KRIB metastatic osteosarcoma model in vivo. 
Lastly, T cells expressing a second generation FAP-specifi c CAR, which not only 
target FAP-positive osteosarcoma cells but also FAP-positive stromal cells [ 53 ], have 
shown promising antitumor activity in preclinical models, which are discussed in the 
section “Genetic Modifi cation to Overcome Tumor-Mediated Immunosuppression.” 

 In summary CAR T cells have shown promising antitumor activity in preclinical 
animal models, and the initial clinical experience is encouraging. However, several 
challenges remain including in vivo T-cell expansion and persistence, the inhibitory 
tumor microenvironment, T-cell traffi cking to tumor sites, and safety. As reviewed in 
the next section (Table  1 ), we and others believe that additional genetic modifi cations 
of T cells have the potential to overcome these obstacles.   

    Genetic Approaches to Enhance the Effector Function of 
Osteosarcoma-Specifi c T Cells 

    Enhancing T-Cell Expansion and Persistence In Vivo 

 Dramatic T-cell expansion and long-term persistence post infusion of adoptively 
transferred T cells has been observed in lymphodepleted patients post hematopoi-
etic stem cell transplantation or in patients that have been lymphodepleted with 
chemotherapy and/or radiation prior to T-cell transfer [ 31 ,  42 ]. Since T-cell expan-
sion post antigen recognition requires the provision of costimulation, investigators 
have included signaling domains in CAR endodomains derived from costimulatory 
molecules including CD27, CD28, 4-1BB, and OX40. Numerous preclinical studies 
have documented the benefi t of added costimulation [ 13 ,  14 ,  94 ,  109 ], however only 
one study so far has done a “head to head comparison” in humans. Savoldo et al. 
compared CD19-specifi c CARs with a ζ− or CD28.ζ-domain [ 105 ]. While CD28 
costimulation resulted in expansion of adoptively transferred CAR.CD28.ζ T cells 
in contrast to CAR.ζ T cells, the effect was limited. Limited expansion was also 
observed in our clinical trial with HER2.CAR.CD28.ζ T cells for patients with sar-
coma [ 1 ]. Both of these studies were conducted without lymphodepleting chemo-
therapy and/or radiation. Thus, aggressive lymphodepletion prior to T-cell transfer 
might enhance CAR.CD28.ζ T-cell expansion in vivo. Other options include vac-
cination post infusion to boost T-cell expansion. Lastly, most studies have been 
conducted with unselected T cells. Recent studies indicate that it might be advanta-
geous to express CARs in T cells that are specifi c for viruses, so that infused cells 
could be boosted by vaccination (e.g., infl uenza) [ 25 ] or by viruses, which are 
present latently in humans (e.g., EBV) [ 93 ]. In addition, expressing CARs in T-cell 
subsets like effector memory T cells has the potential to enhance T-cell persistence 
[ 3 ,  114 ].  
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    Genetic Modifi cations to Overcome Tumor-Mediated 
Immunosuppression 

 Malignant cells including osteosarcoma and their supporting stroma have developed 
an intricate system to suppress the immune system [ 4 ,  34 ,  36 ,  96 ,  119 ]. They (1) 
secrete immunosuppressive cytokines such as transforming growth factor (TGFβ) 
or IL10, (2) attract immunosuppressive cells such regulatory T cells (Tregs) or 
myeloid derived suppressor cells (MSDCs), (3) inhibit dendritic cell maturation, 
(4) express molecules on the cell surface that suppress immune cells including 
FAS ligand (FAS-L) and PD-L1, and (5) create a metabolic environment (e.g., high 
lactate, low tryptophan) that is immunosuppressive. 

 Three broad approaches have been developed to overcome tumor immunosup-
pression [ 66 ]: (1) increasing CAR T-cell activation, for example by enhanced 
co- stimulation (discussed above) or by local production of transgenic cytokines, 
(2) engineering CAR T cells to be resistant to the immune evasion strategies used 
by the tumor, or (3) targeting the cellular components of the tumor stroma. Any one 
may affect more than one mechanism of tumor immunosuppression. 

 CAR T cells can be engineered to produce immunostimulatory cytokines by 
transgenic expression of cytokines such as IL-15 [ 45 ,  95 ], which improves CAR 
T-cell expansion and persistence in vivo. In addition, it renders T cells resistant to 
the inhibitory effects of Tregs by activation of the phosphoinositide 3-kinase (PI3K) 
pathway [ 90 ]. Alternatively, transgenic expression of IL12 in CAR T cells acts 
directly to enhance T-cell activity [ 18 ,  56 ,  89 ,  131 ]. In addition it reverses the immu-
nosuppressive tumor environment by triggering the apoptosis of inhibitory tumor-
infi ltrating macrophages, dendritic cells, and MDSCs through a FAS-dependent 
pathway [ 56 ], resulting in enhanced antitumor activity of adoptively transferred T 
cells in several preclinical animal models. While there are safety concerns in regards 
to constitutive IL12 expression, there are several mechanisms available to restrict 
IL12 production to activated T cells at the tumor site by using inducible expression 
systems [ 131 ]. 

 Conversely, instead of themselves being engineered to produce cytokines, CAR 
T cells can be engineered to be resistant to cytokines such as IL4 and TGFβ that 
inhibit their cytolytic function. TGFβ is widely used by tumors as an immune eva-
sion strategy [ 128 ], since it promotes tumor growth, limits effector T-cell function, 
and activates Tregs. These detrimental effects of TGFβ can be negated by modifying 
T cells to express a dominant-negative TGFβ receptor type II (DNR), which lacks 
most of the cytoplasmic kinase domain [ 8 ,  33 ]. DNR expression interferes with 
TGFβ-signaling and restores T-cell effector function in the presence of TGFβ, and a 
clinical study evaluating this strategy is in progress for patients with EBV-positive 
lymphomas [ 6 ]. 

 It is also possible to engineer T cells to actively benefi t from the inhibitory signals 
generated by the tumor environment, by converting inhibitory into stimulatory 
signals [ 67 ,  123 ,  125 ]. For example, linking the extracellular domain of the TGFβ RII 
to the endodomain of toll-like receptor (TLR) 4 results in a chimeric receptor that 
not only renders T cells resistant to TGFβ, but also induces T-cell activation and 
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expansion [ 123 ]. Chimeric IL4 receptors are another example of these “signal 
converters.” Many tumors secrete IL4 to create a TH2-polarized environment, and 
two groups of investigators have shown that expression of chimeric IL4 receptors 
consisting of the ectodomain of the IL4 receptor and the endodomain of the IL-7Rα 
or the IL-2Rβ chain enable T cells to proliferate in the presence of IL4 and retain 
their effector function including TH1-polarization [ 67 ,  125 ]. 

 Silencing genes that render T cells susceptible to inhibitory signals in the tumor 
microenvironment may also improve T-cell function. For example, many tumor cells 
express FAS ligand, and silencing FAS in T cells prevents FAS-induced apoptosis [ 30 ]. 
Besides silencing genes, expression of a constitutively active form of serine/threonine 
AKT (caAKT), which is a major component of the PI3K pathway, in T cells has also 
been shown to improve their function [ 112 ]. caAKT-expressing T cells sustained 
higher levels of NF-κB and had elevated levels of anti-apoptotic genes such as Bcl2, 
resulting in resistance to Tregs and TGFβ. 

 Lastly, most solid tumors have a stromal compartment that supports tumor growth 
directly through paracrine secretion of cytokines, growth factors, and provision of 
nutrients, and contributes to tumor-induced immunosuppression [ 22 ,  40 ,  91 ]. For 
example, we have shown in preclinical studies that T cells expressing CARs specifi c 
for FAP expressed on cancer associated fi broblasts (CAFs) have potent antitumor 
effects [ 53 ]. In addition, combining tumor-specifi c CAR T cells with FAP-specifi c 
CAR T cells enhanced antitumor effects. While recently some concerns have been 
raised in regards to targeting FAP [ 100 ,  117 ], our fi ndings indicate that targeting CAFs 
has the potential to improve the antitumor effects of adoptively transferred CAR 
T cells. Targeting the tumor vasculature with CARs to enhance T-cell therapy for solid 
tumors has been explored by others [ 19 ,  81 ]. Targeting the tumor vasculature with 
vasculature endothelial growth factor receptor (VEGFR)2- specifi c CAR T cells in 
addition to tumor cells synergized in inducing tumor regression in several syngeneic, 
preclinical tumor models [ 17 ]. In addition, transgenic expression of VEGFR2-specifi c 
CARs and IL12 in T cells was suffi cient to eradicate tumors, indicating that combining 
countermeasures might potentiate effects [ 18 ]. 

 While many of the discussed genetic modifi cation strategies have not been 
explored in osteosarcoma models, these strategies could be readily integrated in 
current T-cell therapy approaches for osteosarcoma.  

    Genetic Modifi cation of T Cells to Improve 
Homing to Tumor Sites  

 T-cell homing to solid tumor sites might be limited. For example, Kershaw et al. 
evaluated the safety and effi cacy of fi rst generation folate receptor (FR)-α CAR 
T cells in patients with ovarian cancer [ 58 ]. Infused T cells persisted less than 3 weeks 
in all but one patient, and did not specifi cally home to tumor sites as judged by 
 111 Indium scintigraphy. No antitumor activity was observed. Since then, several 
investigators have shown in preclinical models that the expression of chemokine 
receptors in CAR T cells that recognize chemokines secreted by solid tumors can 
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enhance T-cell homing. For example, transgenic expression of chemokine receptors 
CCR2b or CXCR2 in T cells enhances traffi cking to CCL2- or CXCL1-secreting 
solid tumors including melanoma and neuroblastoma [ 26 ,  57 ].  

    Improving Safety of T-Cell Therapy 

 Toxicities can be divided into four categories: (1) toxicities due to genetic modifi cation 
(which have not been observed with genetically modifi ed T cells in humans so far [ 9 ]), 
(2) “on target organ” toxicities (e.g., depletion of normal B cells post CD19- CAR 
T cells [ 54 ]), (3) “on target, off organ” toxicities (e.g., liver toxicity of carbonic 
anhydrase IX CAR T cells to target renal cell carcinoma [ 62 ]), and (4) systemic 
infl ammatory syndromes [ 39 ,  54 ,  92 ]. 

 Genetic safety switches have been developed to selectively destroy genetically modi-
fi ed T cells once adverse events occur. The most widely used suicide gene strategy for 
T-cell therapy is to introduce the herpes simplex virus thymidine kinase (HSV-tk) gene 
into the T cells. HSV-tk phosphorylates acyclovir, valacyclovir, and ganciclovir to toxic 
nucleosides [ 21 ]. T cells transduced with HSV-tk are robustly killed in the presence of 
these medications and clinical studies demonstrate effectiveness of the strategy. A draw-
back to utilizing HSV-tk as a safety switch for T-cell therapy is the immunogenicity of 
HSV-tk, and that some patients require acyclovir, valacyclovir, or ganciclovir to treat 
herpetic diseases. Therefore, genetic safety switches using non-immunogenic human 
components have been developed, such as inducible caspase 9 that can be activated by a 
dimerizer [ 28 ,  111 ]. Once exposed to the dimerizer, genetically modifi ed T cells rapidly 
undergo apoptosis. Another approach includes the transgenic expression of CD20, ren-
dering T cells sensitive to the clinically approved CD20 MAb rituximab [ 47 ]. While 
suicide gene switches can selectively kill infused cells, systemic infl ammatory syn-
dromes might be diffi cult to control with this approach since resident immune cells, 
which are activated by the infused T cells, most likely contribute. Recent studies indicate 
that IL6 plays a critical role in these syndromes, and the infusion of the IL6 receptor 
MAb (tocilizumab) alone or in combinations with steroids and TNFα MAbs (infl ix-
imab) proved to be effective [ 39 ,  54 ,  92 ]. 

 While suicide switches are one strategy to prevent “on target, off organ” toxici-
ties, other strategies include the generation of T cells that are only fully activated if 
they encounter a unique “antigen address” at the tumor site. Examples include the 
development of T cells expressing two CARs in which one TAA-specifi c CAR has 
an endodomain with a ζ-signaling domain, and a second CAR, specifi c for another 
TAA, provides costimulation [ 59 ,  63 ,  126 ].   

    Combinatorial T-Cell Therapy 

 As for other cancer therapies, combinatorial therapies hold the promise to improve 
T-cell therapy for cancer [ 122 ]. These can be divided into approaches that (1) 
kill tumor cells without affecting T cells, (2) enhance the expression of TAA, 
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(3) improve T-cell expansion and persistence, and (4) reverse the inhibitory tumor 
microenvironment. For example the BRAF inhibitor vemurafenib has no adverse 
effects on T-cell function, and combining vemurafenib with adoptive transfer of T 
cells enhances antitumor effects in preclinical animal models of melanoma [ 29 ,  69 ]. 
Increasing the expression of TAA in cancer cells can be achieved with epigenetic 
modifi ers such decitabine [ 20 ,  27 ]. 

 Combining T-cell therapy with blocking antibodies specifi c for negative regula-
tors of T-cell responses such as the cytotoxic T-lymphocyte-associated protein 
(CTLA-4) and programmed cell death 1 (PD-1) is one strategy to increase their 
function [ 55 ,  88 ,  115 ,  124 ]. The role of CTLA-4 as a negative regulator of T-cell 
responses has been well demonstrated in CTLA-4-defi cient mice and preclinical 
tumor models. Based on these studies, an antibody to block human CTLA-4, ipili-
mumab, was developed, and a phase III randomized clinical trial showed that 23 % 
patients with metastatic melanoma survive more than 4 years following ipilimumab 
treatment, leading to FDA approval in March 2011 [ 43 ]. 

 Similarly, combining T-cell therapy with MAbs that block PD-1 and/or its ligands 
(PD-L1 and PD-L2) is another promising approach. A recent clinical trial evaluating 
the safety and effi cacy of a PD-L1 antibody reported encouraging objective clinical 
response rates in patients with advanced melanoma, renal cell carcinoma, and 
non-small-cell lung cancer [ 10 ]. In addition, a recent report demonstrated the benefi t 
of combing PD-1 blockade with the adoptive transfer of HER2-CAR T cells in a pre-
clinical melanoma model [ 50 ]. 

 As mentioned in section “‘Enhancing T-Cell Expansion and Persistence In Vivo,” 
the administration of vaccines is an attractive strategy to boost adoptively transferred 
T cells in vivo. Several groups have shown that vaccines augment the effectiveness of 
adoptive T-cell therapy in preclinical animal models [ 70 ,  85 ,  108 ]. Besides provision 
of antigen, providing potent co-stimulation, and/or cytokines was critical for the 
observed effects. However, limited experience is available in humans except for an 
ongoing clinical trial in which patients are vaccinated with an autologous DC vaccine 
post α/β TCR T-cell transfer. 

 Lastly, reversing the immunosuppressive tumor microenvironment with small mol-
ecule inhibitors is another approach to enhance the antitumor activity of adoptively 
transferred T cells. For example blocking STAT3 in combination with the adoptive 
transfer of T cells resulted in enhanced antitumor effects [ 35 ,  41 ].  

    Conclusions 

 T-cell therapy has shown promising results in early phase clinical studies especially 
for hematological malignancies. For solid tumors, including osteosarcoma, T-cell 
therapy has shown promise in preclinical studies but formidable challenges remain 
in developing safe and effective T-cell therapies for patients with osteosarcoma. 
These include target antigen selection, limited in vivo T-cell expansion and persis-
tence, T-cell traffi cking to tumor sites, and the hostile tumor microenvironment. 
Genetic modifi cation of T cells and combining T-cell transfer with other therapies 
holds the promise to overcome some of these obstacles.     
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    Abstract     Natural killer (NK) cells are lymphocytes of the innate immune system 
that have the ability to recognize malignant cells through detection of a variety of 
cell-surface indicators of stress and danger. Once activated through such recognition, 
NK cells release cytokines and induce target cell lysis through a variety of mecha-
nisms. NK cells are increasingly recognized as important mediators of other immu-
notherapeutic modalities, including cytokines, antibodies, immunomodulators, and 
stem cell transplantation. Adoptive immunotherapies with NK cells are being tested 
in early-stage clinical trials, and recent advances in manipulating their number and 
function have caused a renewed emphasis on this cancer-fi ghting cell. In this chapter 
we address the evidence for NK cell recognition of osteosarcoma in vitro and in vivo, 
discuss new therapies that are directly or indirectly dependent on NK cell function, 
and describe potential approaches for manipulating NK cell number and function to 
enhance therapy against osteosarcoma.  

  Keywords     Natural killer cells   •   Adoptive immunotherapy   •   Immunomodulation   
•   Monoclonal antibodies   •   NKG2D  

        Brief Overview of NK Cell Biology 

 NK cells are lymphocytes of the innate immune system with cytotoxic and regulatory 
functions, which are critical mediators of immune responses against infections and 
malignancies [ 1 ]. Unlike adaptive T and B lymphocytes, NK cells are characterized by 
their ability to recognize such targets without prior sensitization. Human NK cells 
comprise approximately 10–15 % of all peripheral blood lymphocytes and are 
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identifi ed by the lack of CD3 and the presence of CD56 and/or CD16. NK cells 
express several classes of activating receptors that recognize proteins which are 
upregulated by cell stress or are of nonself origin, and are negatively regulated by 
inhibitory receptors that primarily bind human leukocyte antigens (HLA) as a 
mechanism of self-recognition. NK-cell effector function, including target cyto-
toxicity, is triggered when the balance of activating and inhibiting signals is tipped 
towards activation. 

    Activating and Inhibitory Receptors 

 Several families of activating receptors have been characterized, including CD16 
(FcRγIIIa), natural cytotoxicity receptors (NCR), and NK Group 2 (NKG2)-family 
lectin-like receptors. CD16 is the low-affi nity Fc receptor which binds the Fc por-
tion of human IgG1 and IgG3, mediating antibody-dependent cell cytotoxicity 
(ADCC) of antibody-labeled cells [ 2 ]. The NCRs (NKp30, NKp44, and NKp46) are 
activating receptors that bind virus- and stress-related proteins, with expression 
mostly restricted to NK cells [ 3 ]. The receptors of the NKG2 family are expressed as 
heterodimers with CD94, except for NKG2D which is expressed as homodimer [ 4 ]. 
NKG2D, the major activating receptor in this family, recognizes MHC-class-I- related 
Chain A or B (MICA/B) and members of the UL-16 binding protein (ULBP)-family, 
which are increased in response to cellular stress. 

 Killer Immunoglobulin-like Receptors (KIR) have cytoplasmic domains com-
prised of a short immunoreceptor tyrosine-based activating motif (ITAM) or a long 
immunoreceptor tyrosine-based inhibition motif (ITIM) [ 4 ]. The primary inhibitory 
receptors in NK cells are the long-tailed KIRs and NKG2A, which serve to recognize 
self by binding to HLA class I molecules, preventing NK-mediated lysis of cells with 
normal HLA expression. 

 Fifteen closely related KIR genes are located on chromosome 19q13.4 and are 
present or absent in many haplotype combinations such that most individuals lack 
one or more KIR genes. In addition to their haplotype variability, KIR genes are 
highly polymorphic, are variably expressed between NK cells, and functional reac-
tivity is educated by interaction with the host HLA haplotypes. Thus, the NK-cell 
repertoire varies greatly between individuals. The allelic variations in KIR have 
been grouped into A and B haplotypes [ 5 ], with B haplotypes having greater num-
bers of activating KIR genes. Allogeneic transplants from donors with the “B” hap-
lotype are predicted to have superior NK cell-mediated antitumor effects [ 6 ]. 

 Inhibitory KIRs are specifi c for HLA isotypes on the basis of conserved amino 
acid residues at position 80. Approximately half of HLA-C alleles have the amino 
acid asparagine (N) at residue 80—referred to as Group C1—which confers binding 
to KIR2DL2 and KIR2DL3. The other half of the C alleles codes for lysine (K) at 
residue 80 (Group C2), which confers binding to KIR2DL1. Similarly, about 40 % 
of HLA-B alleles carry the supertypic serologic epitope HLA-Bw4 (defined 
primarily by threonine (T) at residue 80), which confers binding to KIR3DL1. 
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The presence of the HLA ligand regulates the activity of these KIRs during NK cell 
development through a process called licensing. Thus, given both parental alleles it 
is possible for the HLA type of an individual to restrict NK cell licensing to as few as 
one (e.g., C2/C2 homozygous and Bw4–) or as many as three (C1/C2 heterozygous 
and Bw4+) inhibitory KIR. 

 This HLA-biased education without HLA-restricted antigen recognition (as for 
T cells), gave rise to the “missing-self hypothesis,” which postulates that NK cells 
recognize and destroy autologous cells with lost or altered self-HLA class I molecules 
[ 7 ]. However, classical HLA class I is not always required to protect from NK-cell 
mediated cytotoxicity, nor is it always suffi cient to prevent NK-cell cytotoxicity [ 8 ].  

    Mechanisms of NK Cell-Mediated Killing 

 Upon receiving a predominance of activating signals, NK cells release granules 
containing perforin and granzymes directed towards the target cell. The perforins 
form a pore in the cell membrane, allowing entry of the granzymes to the cytoplasm 
to induce apoptosis by direct activation of caspase-3 [ 9 ]. NK cell activation also 
results in increased expression of death receptor ligands on the NK cell, such as Fas 
ligand (FasL) and tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) [ 10 ], which induce apoptosis via associated death receptors on target cells 
[ 11 – 13 ]. In addition to these pathways, NK cells also produce several cytokines 
such as IFN-γ, which are important in mediating the adaptive immune response 
against cancer [ 14 ].   

    Evidence for NK Cell Activity in Osteosarcoma 

    NK Cell Function in Osteosarcoma Patients 

 NK cells play a critical role in tumor surveillance and low NK cell cytotoxicity in 
older adults is associated with increased risk of developing cancer [ 15 ]. Clinical 
data show that NK cells may play an important role in osteosarcoma (OS) preven-
tion and treatment response. In patients with OS, a lower number of circulating NK 
cells was observed in peripheral blood compared to normal controls [ 16 ] suggest-
ing that NK cells play a preventive role in OS tumor development. Furthermore, 
patients undergoing treatment for OS demonstrate better survival outcome with 
faster absolute lymphocyte recovery compared to patient with slow lymphocyte 
recovery [ 17 ], denoting the antitumor role of the immune system in treatment 
response. Finally, patients with OS treated with Il-2 in addition to polychemo-
therapy and surgery showed augmentation in the number and activity of NK cells, 
the magnitude of which correlated with an improved clinical outcome [ 18 ]. 
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Whereas NK cells in patients with several types of cancer have been shown to have poor 
function, NK cells isolated from patients with OS were shown to be functionally and 
phenotypically unimpaired, have intact IFN signaling, and demonstrated cytolytic 
activity against autologous and allogeneic OS cells and other target cells [ 19 ,  20 ].  

    Expression of NK Ligands 

 The susceptibility of tumor cells to NK cell lysis is regulated by the proportion 
of inhibiting and activating signals perceived upon interaction of NK cells with the 
target cell. It correlates negatively with expression of HLA class I antigens and posi-
tively with intercellular adhesion molecules and activating ligands on the surface of 
tumor cells. 

 Downregulation of HLA class I antigens on the cell surface can be induced by 
stress conditions and is correlated with increased susceptibility to NK cell killing 
through decreased signaling by inhibitory KIRs, a phenomenon described as 
“missing- self.” In vitro experiments with OS cell lines of varying levels of HLA 
class I antigen expression show that OS cells with surface expression of HLA are 
less susceptible to killing by NK cells compared to cells lacking cell surface HLA; 
moreover, downregulation of cell-surface HLA enhances the sensitivity of 
NK-resistant OS cells to NK killing. Similarly, OS target cell killing correlates with 
their degree of KIR-HLA incompatibility with the NK cells [ 21 ]. In vivo, OS pri-
mary and metastatic tumors have been shown to lose or downregulate HLA class I 
expression, thus becoming more susceptible to NK cell killing [ 22 ]. 

 Expression of cell adhesion molecules renders tumor cells more susceptibility to 
NK-mediated lysis; these molecules fortify cell-to-cell interactions and provide 
co- stimulatory signals that enhance the cytotoxic activity of NK cells [ 23 ,  24 ]. 
Expression of the adhesion molecules CD54 and CD58 increases the bond between 
target and effector cells and correlates positively with the susceptibility of OS cells 
to NK lysis [ 25 – 27 ]. In vivo, lack of CD54 expression allows the circulation of 
tumor cells, avoids establishing stable cytolytic conjugates, and provides means of 
evading NK spontaneous lysis [ 28 ]. 

 Several activating receptor–ligand interactions have been implicated in the inter-
action of NK cells with OS cells. Ligands for NKG2D and DNAM-1 activating 
receptors (MICA/B, ULBP, PVR, and nectin-2) are widely expressed on OS cell 
lines and OS tumor samples [ 19 ,  29 ], rendering them more sensitive to NK recogni-
tion and killing. Cytolysis of OS cells is dependent on NKG2D and DNAM-1 path-
ways and blockade of both pathways is required for optimal inhibition of activated 
NK cells; activation through NKG2D and DNAM-1 pathways also overcomes inhi-
bition of NK cells mediated by KIR–HLA interaction [ 19 ]. In vivo, the level of 
MICA expression on OS cells has been correlated with staging; expression of MICA 
is higher in patients with early stage disease compared to late stage, suggesting a 
role for MICA-NKG2D mediated NK control of OS [ 29 ], and downregulation of 
MICA appears to be a common immune escape mechanism [ 30 ]. Unlike other 
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tumor types, MICA expression on OS tumor cells is unaltered by exposure to 
chemotherapy [ 19 ]. NK cell recognition of OS tumor cell has also been described via 
the NCR receptors, although the ligands on OS cells for these receptors is unknown.  

    Mechanisms of Killing 

 NK cells exert direct and indirect antitumor activity and kill target tumor cells via 
release of perforin and granzyme containing granules, secretion of cytokines and 
effector molecules, ligation of death receptors, and ADCC through the CD16 
receptor. 

 OS cell lines and freshly isolated OS tumor cells are susceptible to the cytolytic 
activity of activated NK cells [ 31 ]. The release of granules containing granzyme B 
(GrB) into the target cell cytoplasm is a predominant pathway involved in NK cell 
killing of OS cells; blocking GrB results in complete abrogation of NK-mediated 
OS lysis [ 19 ]. NK cytotoxicity to OS cells is enhanced by Fc–FcγR interaction; 
epidermal growth factor receptor (EGFR)-expressing OS cells are more susceptible 
to NK killing in the presence anti-EGFR monoclonal antibody (MoAb) compared to 
EGFR-negative OS cells [ 32 ]. The Fas-Fas ligand mediated apoptosis, an important 
process of target killing by NK cells, appears at least in vitro to play only a minor role 
in the interaction between NK cells and OS cells [ 19 ].  

    Mechanisms of Immune Escape 

 Tumor cells may acquire diverse mechanisms to evade NK cell recognition [ 33 ]. No or 
low expression of adhesion molecules or ligands for activating receptors and/or 
increased expression of ligands for inhibitory receptors are described mechanisms 
adapted by tumor cells to evade NK cell surveillance. In addition, shedding of 
NKG2D ligands (soluble sMICA) from the membrane of tumor cells can impair 
NKG2D-mediated cytotoxicity by blocking the NKG2D receptors on NK cells. 
Furthermore, secretion of immunosuppressive cytokines and transforming growth 
factor-β has been associated with defective NK cell function, restricting tumor cell 
recognition and killing. 

 Both classical and nonclassical HLA class I molecules, which are ligands for 
inhibitory KIR and CD94/NKG2A receptors, are expressed on some OS naïve tumors 
and may be increased in OS cells when exposed to chemotherapy [ 19 ]. 

 OS cell lines and tumor sample show higher expression of surface MICA com-
pared to normal bone tissue and benign bone tumors making them theoretically 
more susceptible to NK cells killing. However, soluble MICA was detected in the 
serum of some patient with OS resulting in diminished NKG2D expression on NK 
cells and decreased tumor cell killing. Clinical correlation showed that in patients 
with OS, elevated MICA expression combined with increased soluble MICA was 
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associated with decreased NKG2D expression on PBMC, and this combination 
correlated signifi cantly with advanced and metastatic disease [ 29 ,  34 ]. With progres-
sion of OS, expression of MICA decreases, soluble MICA increases, and expression 
of NKG2D on NK cells decreases [ 29 ].   

    Indirect Activation of NK Cell Function 

 In patients with OS, NK cell abnormalities have been described including lower 
numbers of circulating cells and decreased expression of activating receptors; these 
NK cells, however, have normal cytolytic activity following stimulation in vitro. 
The antitumor activity of NK cells can be modulated and enhanced by monoclonal 
antibodies, cytokines, or immunomodulators. 

    Monoclonal Antibodies 

 ADCC by NK cells requires interaction between the Fc receptor (CD16) on NK 
cells and the Fc region of an antibody binding to an antigen on the tumor cell surface, 
resulting in NK cell activation and degranulation toward the target cell. 

 EGFR is expressed on 90 % of OS tumor samples [ 35 ]. Cetuximab, a MoAb 
targeting EGFR, increases NK-dependent lysis of EGFR-expressing sarcomas. 
Importantly, the sensitivity to cetuximab-enhanced lysis by resting NK cells is com-
parable among most EGFR-expressing cell lines, including chemotherapy-resistant 
OS cells [ 32 ]. Although prolonged OS/NK cell cocultures and excess of tumor cells 
in culture results in diminished NK cell cytotoxicity secondary to downregulation 
of activating receptors on NK cell surface, ADCC killing of OS by NK cells is unal-
tered by this suppressive mechanism [ 36 ].  

    Cytokines 

 Cytokines may act directly on tumor cells as anti-proliferative agents and indirectly 
via activation of cellular immune agents such as NK cells leading to increased lysis 
of tumor cells. 

 Interleukin (IL)-15 potentiates the cytolytic activity of NK cells by increasing 
NKG2D expression on cell surface and enhancing GrB release upon activation. 
IL-15 activation reverses impaired expression of NKG2D and DNAM-1 and 
impaired NK cell cytotoxicity induced by prolonged cocultures of NK cells with 
OS cells, and NK cells activated with IL-15 prior to coculture with OS cells do not 
downregulate activating receptors and preserve functional activity despite prolonged 
exposure to target cells [ 36 ]. IL-2 and IL-12 increase cytotoxicity of NK cells to 
NK-sensitive and NK-resistant OS cell lines by increasing the density of CD18 and 
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CD2 receptors on the NK cell surface, enhancing the conjugate-forming capacity of 
NK cells to OS targets [ 37 ]. Importantly, targeted application of IL-2 to the lung by 
aerosolized delivery markedly improves the migration of adoptively transferred NK 
cells into lung metastasis, resulting in enhanced control of metastatic disease [ 38 ]. 

 IL-12 increases expression of ICAM-1 (a ligand for CD18) on OS cell lines 
cocultured with PBMCs in cell-to-cell contact [ 39 ]. In a mouse model of metastatic 
osteosarcoma, mice bearing pulmonary metastasis treated with IL-12 showed 
decreased number and size of pulmonary metastasis mediated by NK cells [ 40 ]. 
IFN potentiates NK-mediated lysis of OS cell lines, IFN-conjugated antibodies 
specifi cally localize tumor cells in a mouse xenograft tumor model and further 
increase NK cell activation and tumor cell lysis [ 41 ,  42 ]. IL-17 augments expression 
of fi bronectin on OS cell lines that express the IL-17 receptor, mediating increased 
adhesion of NK cells to OS cells and thus enhancing NK cytotoxicity. IL-17 has no 
direct effect on NK cells function [ 43 ].  

    Chemotherapy 

 As mentioned above, chemotherapy appears to increase expression of inhibitory 
ligands, but does not increase MICA [ 19 ]. Chemotherapy does increase sensitivity to 
ADCC by NK cells [ 36 ], and both gemcitabine [ 44 ] and cisplatin [ 45 ] may increase 
sensitivity of OS to direct NK cell lysis by upregulation of Fas or downregulation of 
anti-apoptotoic proteins.  

    Immunomodulators 

 In addition to MoAbs and cytokines, a variety immunomodulatory drugs have been 
successfully combined with NK cells to potentiate their antitumor activity and treat 
human malignancies [ 46 – 48 ]. 

 In the setting of OS, the activity of NK cells may be weakened or enhanced by 
immune-modulating agents. Sodium valproate (an HDAC inhibitor) and hydrala-
zine (a DNA-methylation inhibitor) increase the expression of MICA and MICB 
on OS cells, but not sMICA in serum, and therefore increase the susceptibility of 
tumor cells to NK cell lysis [ 49 ,  50 ]. Moreover, hydralazine increases cell surface 
expression of Fas and augments Fas-induced OS cell death, whereas valproic acid 
sensitizes OS cells to Fas-mediated cell death and decreases production of soluble 
Fas [ 49 ,  50 ], thus further potentiating OS sensitivity to NK cell killing. However, 
both HDAC inhibition [ 51 ] and DNA hypomethylation [ 52 ] can have an adverse 
direct effect on NK cell function, necessitating approaches that sequence drug 
therapy and cell therapy. A narrow-spectrum HDAC inhibitor, SNDX-275, has 
been shown to increase osteosarcoma killing through upregulation of Fas [ 53 ], 
c-FLIP [ 54 ], and MICA [ 52 ], and also augments NK cell function through upregulation 
of NKG2D [ 30 ]. 
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 Lenalidomide is an immunomodulatory thalidomide derivative with activity 
against a wide variety of cancers. Lenalidomide may enhance NK cell number and 
maturation through increased IL-15 levels [ 55 ]. Lenalidomide augments the activity 
of NK cells by enhancing ADCC of MoAbs against solid tumors [ 56 ], including 
trastuzumab and cetuximab activity against bone sarcomas [ 57 ]. Mifamurtide 
(MTP-PE), discussed extensively in chapter “IL-11Rα: A Novel Target for the 
Treatment of Osteosarcoma,” may exert some of its anticancer effect by enhancing 
NK cell activity [ 58 ]. 

 Heat treatment of OS cell lines increases their susceptibility to NK-cell-mediated 
lysis through upregulation heat-shock-protein 72 (HSP72) expression [ 59 ]. Hypoxia 
decreases the expression of MICA on OS cell lines in a hypoxia-inducible factor 1α 
(HIF-1α)-dependent manner and consequently decreases the susceptibility of tumor 
cells to NK cell lysis [ 60 ]. However, hypoxia does not interfere with MoAb- 
mediated target cell killing by ADCC [ 61 ].   

    NK Cell Adoptive Immunotherapy 

    Clinical NK Cell Sources and Trials 

 NK cells may be obtained in numbers suffi cient for clinical use in adoptive immu-
notherapy by apheresis and CD3 depletion, or by  ex vivo  expansion. NK cells have 
been successfully expanded from peripheral blood, cord blood, and pluripotent or 
embryonic stem cells. Expansion methods have included various combinations of 
cytokines, cytokine fusion proteins, cytokines and OKT3, cytokines and stromal 
support, antibody-coated beads, and feeder cells obtained from peripheral blood or 
derived from EBV-lymphoblastoid cell lines or K562 (reviewed in [ 62 ]). 

 NK cells have been delivered by adoptive transfer to very few patients with osteo-
sarcoma. Expanded NK cells were given as adjuvant immunotherapy after matched 
allogeneic transplant (C. Mackall, personal communication—ClinicalTrials.gov 
Identifi er NCT01287104). As mentioned above, KIR-ligand incompatibility is associ-
ated with increased NK cell activity against osteosarcoma cell lines [ 21 ]. Thus, simi-
lar to the observed benefi t in AML, it is likely that approaches using mismatched 
allogeneic donors for NK cell therapy of osteosarcoma will have greater antitumor 
effect than matched or autologous NK cells. NK92 is a cell line derived from a patient 
with NK cell leukemia and has NK cell-like activity against tumor cell lines. Clinical 
grade irradiated NK92 cells have been infused in a patient with advanced osteosar-
coma, though no response to treatment was observed [ 63 ].  

    Future Approaches 

 The recent availability of clinically viable approaches for obtaining large number of 
NK cells now enables the clinical testing of combination therapies to enhance NK 
cell function and osteosarcoma sensitivity. Genetic modifi cation of NK cells may 
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further enhance their activity against osteosarcoma. The antigen-binding domains 
of all of the MoAbs mentioned above have been identifi ed and genetically manipu-
lated to generate chimeric antigen receptors (CAR) that mediate enhanced killing 
by T cells, as described in chapter “Using Canine Osteosarcoma as a Model to 
Assess Effi cacy of Novel Therapies: Can Old Dogs Teach Us New Tricks?” These 
CAR also have potential application for clinical development in NK cells, and 
CAR with NKG2D-like specifi city can further improve the NK cell immunother-
apy of osteosarcoma in murine models [ 64 ]. The ability to deliver large cell doses, 
combination with sensitizing chemotherapy, radiation, or immunomodulatory 
drugs, and genetic modifi cations will be the subjects of cutting edge trials in the 
decade to come.      
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