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Abstract

Non-GIST soft tissue sarcomas are a heterogeneous grouping of mesenchymal tumors that
comprise less than 1% of adult malignancies. Treatment continues to be based on cytotoxic
chemotherapy regimens. However, characterization of the molecular pathway deregulations that
drive these tumors has led to the emergence of more customized treatment options. In this review,
we focus on the multitude of molecular inhibitors targeting angiogenesis and cell cycle pathways
being tested in clinical trials.
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OVERVIEW

Sarcomas are mesenchymal in origin and comprise less than 1% of adult cancers. The term
sarcoma encompasses a wide gamut of diseases originating from bone, cartilage, adipose,
muscular, vascular, or hematopoietic tissues. In this review, we focus on soft tissue
sarcomas (STS) other than gastrointestinal stromal tumors (GIST). Traditionally, non-GIST
soft tissue sarcomas have been classified based on their tissue of origin. An evolving
understanding of the associated genetic and molecular pathway aberrations may provide
more reproducible classifications and lead to more efficacious treatment options.

Currently, treatment options for patients with non-GIST STS are limited. In the locally
advanced and metastatic setting, anthracycline-based cytotoxic chemotherapy, either as a
single agent or in combination with other cytotoxic agents, has remained the mainstay of the
majority of clinical treatment regimens with modest responses of up to 25% for single agent
therapy and 30-40% when used in combination[1]. New treatment options are therefore
crucial to improve clinical response.
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Sarcomas, as characteristic of cancers as a whole, often activate oncogenic pathways and
suppress tumor suppressor pathways to sustain their growth. Likewise, a multitude of
dysregulated molecular pathways are implicated in the oncogenesis of STS. A summary of
major known pathways is illustrated in Figure 1 below. Knowledge of the specific STS
subtypes and their propensity for specific pathway alterations is critical to developing more
effective therapeutic combinations. In particular, this review focuses on phase 2 or higher
clinical trials incorporating agents that target aberrant angiogenic and cell cycle pathways
(highlighted boxes Figure 1). The pharmacologic agents referenced in this review are listed
in Table 1 and our recommendations are in Table 2.

TARGETING ANGIOGENESIS

VEGFR

Angiogenesis is defined as the process of forming new blood vessels from pre-existing
vessels and has been suggested as one of the hallmarks of cancer [2]. Vascular endothelial
growth factors (VEGF) and their receptors (VEGFR) are key components of endothelial cell
proliferation during new blood vessel formation. Concurrently, platelet-derived growth
factors (PDGF) and their receptors (PDGFR) are critical regulators of the tumor stroma.
Activation leads to pericyte recruitment and stabilization of the newly formed blood vessels
vascular smooth muscle [3]. More recently, it has been elucidated that insulin-like growth
factor (IGF) and its receptor IGF-R1 play a role in VEGF stimulation of angiogenesis and
that inhibition of IGF-R1 can inhibit angiogenesis [4]. Similarly, our understanding of the
fibroblast growth factor (FGF) pathway has lead to the discovery that its signaling not only
leads to cell differentiation and pro-survival but tumor angiogenesis and VEGF inhibition
resistance as well [5].

STS, like other proliferating malignancies, are dependent on the formation of new blood
vessels to support their growth, invasion and metastasis. This process is complex and not
fully understood, but the interplay between numerous factors, including oncogenic
mutations, mechanical stress, and tumoral and microenvironmental hypoxia are thought to
shift tumors into a pro-angiogenic state [6]. Endothelial cell proliferation and tube formation
is mediated through VEGF (VEGF-A) signaling with VEGFR-2. VEGFR-1 regulates
VEGFR-2 mediated angiogenesis, and VEGF-C and -D induce lymphangiogenesis via
VEGFR-3 signaling [7,8]. In STS, numerous strategies — either as single agents or in
combination — have been employed to block VEGF-activity and are associated with anti-
tumor activity.

Analyses of non-GIST STS patient samples utilizing immunohistochemistry and ELISA
have been instrumental in identifying tumor subtypes with the highest likelihood of
susceptibility to anti-VEGF therapies [9-18]. Collectively, evidence indicates that VEGF
levels are increased in malignancy compared to non-malignant controls, and that increased
VEGF expression is associated with higher tumor grade [9-11,14,18]. Conversely, VEGF
expression does not consistently correlate with disease-free or overall survival, and
occurrence of metastasis [9,12,13,16,18]. Interestingly, no consistent association between
microvessel density (MVD) and VEGF expression or histologic subtype has been reported,
but MVD itself has been shown to correlate with tumor grade and tumor size [14,16,18].
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Though these studies do not depict a prognostic role of VEGF/VEGFR in non-GIST STS
sarcomas, they do highlight numerous potential STS subtypes that may be targetable with
anti-VEGF therapies.

Several strategies targeting the VEGF pathway have been developed and tested in various
phase clinical trials in patients with non-GIST STS, including recombinant humanized
antibody against VEGF, VEFGR tyrosine kinase inhibitors (TKI) [19-25] and combined
treatment with target and chemotherapy agents [26-28].

Bevacizumab (Avastin), a humanized recombinant antibody against VEGF has shown
clinical efficacy in combinatorial regimens in numerous malignancies. Considering the
dependence of advanced vascular sarcomas on the VEGF pathway for proliferation, growth
and metastasis, Agulnik et al. (2012) evaluated its use in the first, prospective, multicenter
phase 2 trial evaluating target therapy in a subset of vascular sarcoma patients[29]. Thirty
patients with metastatic or locally advanced angiosarcoma (AS) or epithelioid
hemangioendothelioma were enrolled to evaluate the safety and efficacy of single-agent
bevacizumab. Single-agent treatment was well tolerated and no unexpected adverse events
were experienced. Two patients from each group had evidence of partial response (PR), 50%
of patients had stable disease (SD) after two cycles of treatment, and the overall median
progression-free survival (PFS) was 12.4 weeks. In patients with AS, median PFS was 12
weeks and overall survival (OS) was 52.7 weeks. Vascular sarcomas are rare, aggressive and
have shown minimal response to chemotherapy. This trial indicated that bevacizumab is safe
with modest single-agent efficacy in subset of this population.

Based on the previously described phase 2 trial of single-agent bevacizumab, numerous
trials have evaluated the role of bevacizumab in combination regimens in patients with STS.
D’Adamo et al. (2005) evaluated the combination of bevacizumab and doxorubicin in a
single-arm phase 2 trial in 17 patients with metastatic STS (11 with leiomyosarcoma (LMS))
[26]. Treatment was not associated with any complete responses, but 65% of patients had
SD, the overall response rate (ORR) was 12%, median OS was 16 months, and two patients
with uterine LMS had a PR. Toxicities did not differ greatly from that reported for single-
agent doxorubicin; however, a greater than expected decline in cardiac function was noted.
Specifically, 35% of patients were removed from the study for grade 2 or higher cardiac
toxicity; one patient each with grade 3 and 4 toxicities following 11 and 8 cycles of
treatment respectively, and 4 patients with grade 2 reductions in the left ventricular ejection
fraction (LVEF) after one, two, and 4 cycles (2 patients) of treatment. At follow-up, 5 of
these 6 patients had improvement in LVEF. Verschraegan et al. (2011) conducted a dose-
finding study of combination docetaxel-gemcitabine-bevacizumab in 38 patients with STS
(15 in the neoadjuvant setting and 20 for metastatic disease) [27]. One patient had bowel
perforation attributable to bevacizumab and later died from a pulmonary embolism. Further,
grade 4 events included one patient each with pneumothorax and necrotizing pneumonia.
The overall response rate was 31.4%, clinical benefit rate was 82.8%, and patients treated in
the neoadjuvant setting had an OS rate of 69% at 4 years. All 4 patients with AS and 40% of
the patients with undifferentiated high-grade sarcomas had partial response or better. PRs
were also observed in patients with myxoid liposarcoma (LS), synovial sarcoma (SS), and
adenosarcoma of the uterus. These results suggest that a 3-drug regimen improves response,
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albeit at the expense of additional risk for adverse events. Recently, preliminary results from
the ANGIOTAX-PLUS trial were presented at the 2014 American Society of Clinical
Oncology (ASCO) Conference [30]. This was a randomized phase 2 trial assessing the
activity of weekly paclitaxel plus or minus bevacizumab in patients with advanced AS.
Despite promising results in prior studies in patients with AS, this randomized trial showed
no difference in ORR, PFS, or OS with the addition of bevacizumab.

Currently, pazopanib is the only anti-VEGF FDA-approved targeted molecular therapy in
STS. This 2" generation VEGF inhibitor TKI has high affinity against VEFGR 1/2/3 and
lower affinity for PDGFR-a/p, FGFR-1/2 and stem cell factor receptor (c-Kit). The
European Organisation for Research and Treatment of Cancer (EORTC) 62043 phase 2 trial
in 142 patients with advanced STS [23] included 4 cohorts based on disease subtype: LS,
LMS, SS, and “other’. Treatment was generally well tolerated and associated with no
complete responses, but 9 patients had evidence of partial response (SS (5), other (3), and
LMS (1)). The 3 month PFS was 44%, 49%, and 39% for LMS, SS, and ‘other’,
respectively. The OS was 354 days for patients with LMS and 310 days for patients with SS.
Importantly, the LPS cohort was closed early due to evidence of insufficient activity. The
subsequent pivotal PALETTE (Pazopanib Explored in Soft-tissue Sarcoma) trial was a
phase 3 multinational, randomized, double-blinded, placebo controlled study that further
defined the role of pazopanib in non-GIST STS [24]. This study enrolled 372 patients with
non-adipocytic STS, and included patients with LMS (115), SS (30), and ‘other’ (101). Six
percent of patients had PR and 67% had SD that were sufficient to obtain its FDA
indication. Although generally well tolerated, 39% of patients necessitated dose reduction of
the 800 mg starting dose and 34% of patients withdrew from the trial due to drug toxicity.

Suntinib is a multi-targeted tyrosine kinase inhibitor with activity against VEGF receptors
1/2/3, PDGFR- a/p, c-Kit, FLT3, RET, and CSF-1. Similar to pazopanib, sunitinib has
multiple effector sites that make it a plausible antitumor agent in patients with non-GIST
STS, and 3 different phase 2 trials have evaluated its safety and clinical efficacy. George et
al. (2009) enrolled 53 patients with non-GIST sarcoma (LMS (11), malignant fibrous
histiocytoma (MFH) (5) and SS (4)) in a phase 2 trial investigating single-agent sunitinib
[19]. Twenty percent of patients had evidence of stable disease, and one patient with
desmoplastic round cell tumor had a PR and remained on therapy for 56 weeks. Mahmood et
al. (2011) evaluated patients with LS, LMS, and MFH in a phase 2 single agent trial [20].
Fifty percent of patients required dose reduction. The median PFS was 3.9, 4.2, and 2.5
months, median OS was 18.6, 10.1, and 13.6 months, and 3-month PFS was 69%, 62.5%,
and 44.4% for LPS, LMS and MFH, respectively. It should be noted that these promising
results were not recapitulated in a uterine LMS cohort of 23 patients [31].

Sorafenib inhibits BRAF, VEGFR-1 — 3, PDGFR-, fms-like tyrosine kinase 3, and c-Kit.
Evidence from four different clinical trials indicate that single-agent sorafenib has variable
efficacy in non-GIST STS, but that similar to other TKIs, it may have therapeutic efficacy in
the treatment of vascular tumors. Maki et al. (2009) conducted a phase 2, multicenter trial in
122 patients [21]. Sixty-two of the enrolled patients had SD, 14% of patients with had
evidence of PR, and one patient with AS had a complete response. The median PFS was 3.2
months, median OS was 14.3, and the 3-month PFS was highest in AS (64%) and LMS
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(54%). These findings led to the conclusion that sorafenib is active in metastatic AS and is
associated and modest activity in LMS. In a randomized phase 2 trial in 26 patients non-
GIST STS, 3 patients had evidence of tumor regression (SS, spindle cell sarcoma, and
GIST), 5 patients had SD, and time to progression was 23, 47, and 47 weeks in fibrosarcoma
(FS), LMS, and chondrosarcoma, respectively [22]. Further, in the cohort of patients with
vascular tumors (AS and hemangiopericytoma), 7 of 9 patients had stable disease and two
remained on treatment for over 12 months, suggesting an improved anti-VEGF effect in
more these more vascular tumors. Ray-Coquard et al. (2012) further define the role of
sorafenib in highly vascularized tumors in a phase 2 trial in 41 patients with AS, 73% of
which had received prior chemotherapy [32]. Chemotherapy-naive patients gained no
clinical benefit from treatment, but previously treated patients had modest antitumor
efficacy with an associated 40% tumor control and 23% response rate (RR). Similar results
were evident in a 2012 phase 2 trial investigating sorafenib in 51 patients who had received
0 — 1 prior therapies for advanced disease [25]. In this study, 6 of 8 patients with advanced
vascular sarcoma had SD or better and had an associated median PFS of 5 months, which
was 2 — 3 months longer than in those patients with LS and LMS.

Vincenzi et al. (2013) combined dacarbazine with sorafenib in a phase 1 trial in 17 patients
with STS [28]. Of the 14 evaluable patients, no complete responses were seen, but 3 patients
had a PR, and 6 had SD. The median OS was 43 weeks and clinical benefit was evident in
64% of patients. Five patients required dose reduction of both agents and three patients
required dose reduction of sorafenib only due to dermatologic toxicities.

Platelet-derived growth factor (PDGF) ligand binding to kinase receptors (PDGFR-a and
PDGFR-B) results in activation of signaling pathways (Eg. Ras, PI3K) and transcription
factors that function, in part, to stimulate cell growth and survival, and regulate tissue
homeostasis. Mutational changes involving the PDGF family can lead to overactive
autocrine and paracrine signaling ultimately associated with tumorigenesis and the
development of progressive disease and metastasis [33]. Evidence from in vitro and clinical
correlative studies demonstrate an association between aberrant PDGF family signaling and
numerous STS subtypes, including dermatofibrosarcoma protuberans (DFSP), AS,
endometrial stromal sarcoma (ESS), LMS, rhabdomyosarcoma (RMS), LS, and SS.

We have previously reviewed the multi-targeted tyrosine kinase inhibitors pazopanib,
sunitinib, and sorafenib in the treatment non-GIST STS, and thus refer you to the prior
section. Positive preclinical and clinical data has led to the FDA approval of multi-targeted
tyrosine kinase receptor inhibitors in STS subtypes including DFSP (imatinib) and non-
GIST STS (pazopanib). An association between aberrant PDGF activity and imatinib
responsiveness has been described in a subset of DFSP patients [34]. In this population,
DFSP is associated with a chromosome 17 and 22 translocation and production of the
COL1A1-PDGF-f fusion protein that drives an autocrine PDGFR signaling loop and
promotes tumorigenesis [35]. In these tumors, imatinib inhibits the growth and induces
apoptosis of DFSP cells via PDGFR inhibition, likely accounting for the 50% RR in patients
treated with this agent [36]. In other non-DFSP and -GIST sarcomas, PGFR aberrancy has
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not been shown to correlate with response to anti-PDGF agents, as was shown by Sugiura et
al. 2010 in a phase 2 trial of 25 patients with non-GIST STS (osteosarcoma (OS), Ewing,
RMS, LPS, FS, SS, MFH, epithelioid sarcoma and others) treated with imatinib [37]. Aside
from DFSP, the lack of correlative PDGF-related analyses in these trials do not allow for
definitive conclusions to be made about the role of anti-PDGF activity in STS patients. That
being said, there is evidence of preclinical efficacy of IMC-3G3 (Olaratumab), a fully
human 1gG1 monoclonal antibody that specifically binds to PDGFR-a and blocks ligand
binding and receptor activation, in LMS [38] and OS cell lines. As such, a randomized phase
1b/2 trial investigating doxorubicin with or without IMC-3G3 in patients with advanced STS
(NCTO01185964) is currently underway, but preliminary data is not yet available.

Insulin-like growth factor (IGF) signaling is a critical factor in malignant transformation and
resistance to cytotoxic, hormonal and radiation therapies [39]. IGF-1R is a tyrosine kinase
receptor, and is a glycoprotein composed of two extracellular alpha subunits that
preferentially bind IGF-1 and with a lesser affinity to IGF-2 and insulin. Activation
promotes survival and cell growth via the PI3BK/AKT/mTOR and Ras/Raf/MAPK pro-
angiogenic pathway [40], and approximately 50% of LMS, UPS, and sarcomatoid non-GIST
STS tumors express IGF-1R [41].

Cixutumumab (IMC-A12) is an IgG 1/k monoclonal antibody that binds to the IGF-IR with
high affinity. Phase 2 studies investigating single-agent cixutumumab have shown modest
clinical benefit in LPS, with an associated PFS of 12.1 weeks, double that of patients with
other non-GIST STS subtypes [42]. Another monoclonal antibody, R1507, was associated
with similar modest clinical benefit, such that in a phase 2 clinical trial investigating 163
eligible patients with osteosarcoma (n = 38), RMS (n = 36), SS (n = 23), and other sarcomas
(n = 66), the overall ORR was 2.5%, including 4 partial responses [43].

The fibroblast growth factor receptor (FGFR) family is composed of 4 receptor tyrosine
kinases, including FGFR 1, 2, 3, and 4. FGFR signaling plays a critical role in cell
migration, proliferation, survival and differentiation in normal cells. Along with VEGF and
PDGF, FGF signaling is associated with angiogenesis, tumorigenesis, lymphangiogenesis
and metastasis in non-GIST STS [5,44]. Utilizing next generation sequencing, Jour et al,
2014 showed that in 25 patients with STS, that 40% of patients had tumors associated with a
FGFR copy number gain and amplification, specifically in LMS and clear cell sarcomas
[45]. Further, FRS2, a FGFR substrate that plays a critical role in FGFR signaling, along
with CDK4 and MDM2, is a characteristic feature of high grade or DDLS [46]. Aberrant
FGF signaling has also been implicated in other non-GIST STS subtypes including, but not
limited to, AS, CS, OS, SS, and RMS.

Based on this preclinical data, aberrant FGF signaling likely has a tumorigenic role in STS.
The clinical efficacy of both pazopanib and dasatinib (discussed above) may be at least
partially attributable to their non-selective nature that results in numerous off-target effects,
including inhibition of FGFR. More selective anti-FGF agents are also currently being

J Surg Oncol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shorov and Chen

Page 7

developed and investigated in early phase clinical trials. Schwartz et al (2011) conducted a
randomized phase 2 discontinuation trial evaluating Brivanib (BMS-582664), an oral FGF
and VEGEF signaling inhibitor, in 251 patients with advanced STS (LMS, LS, AS, other)
[47]. Patients with stable disease were randomized (n = 76) to receive the study drug or
placebo. Patients with immunohistochemical evidence of FGF2 expression were shown to
have a significantly increased 3-month PFS (2.8 months versus 1.4 months), and the study
was not able to exclude the benefit of this agent even in FGF2-negative patients. At 12
weeks, 7 patients achieved a partial response, 3 of which were in patients with AS. Though
data is limited, Bahleda et al. (2014) conducted a phase 1 trial investigating JNJ042756493,
a pan-fibroblast growth factor receptor (1 — 4) inhibitor in 37 patients with advanced solid
tumors [48]. Ten patients on this trial had grade 3 or higher adverse events, and AST/ALT
elevation represented the only grade 3 dose-limiting toxicity and occurred at the highest
tested dose. Incomplete data is available pertaining to the number of STS patients enrolled,
but one patient with chondrosarcoma had evidence of stable disease, the duration of which is
unknown. Considering the importance of FGF signaling in the pathogenesis of numerous
malignancies, there are a number of ongoing early phase trials investigating the role of novel
agents in patients with advanced STS, including BGJ398 (NCT01004224) and TEN-010
(NCT01987362).

TARGETING CELL CYCLE

The mammalian target of rapamycin (mTOR) assimilates upstream nutrient and mitogen
signals to regulate cell growth and cell division. Like the mTOR pathway, the MEK/ERK
signaling cascade is one of the key signaling pathways that integrates extracellular pressures
(i.e. nutrient starvation). MEK activates ERK1 and ERK2 isoforms resulting in cell
proliferation. Once cell cycle begins, cyclin-dependent kinases (CDKs), along with cyclins,
are responsible for regulating the progression of cells through the cell cycle. The cell cycle
pathway is further controlled by the p53 tumor suppressor which mediates the transition
from G1 to S and is negatively regulated by the murine double minute 2 (MDM2). Next,
aurora kinases such as Aurora Kinase A (AURKA) that mediate the transition of cell cycle
from G2 to M. Similarly, histone deacetylases (HDACSs) regulate gene expression by
deacetylating histones and modulate the acetylation of a number of non-histone proteins
including cell division — and indeed have been shown to also be critical for the G1to S
transition [49].

MTOR / PI3K / AKT

The mTOR pathway integrates the upstream pathway information from insulin, growth
factors and amino acids. The centrality of the mTOR pathway with regard to sensing cellular
nutrient, oxygen, and energy levels explains its integral role in oncogenesis. Multiple studies
have shown that the PI3K/Akt/mTOR pathway is activated in and mediates translational
control of various sarcoma subtypes (53-57). In vitro expression analyses of 140 bone and
soft tissue sarcomas revealed Akt activation in 55% of cases (61% in malighant and 27% in
benign), and mTOR expression in 61% (66% in malignant and 39% in benign) of cases,
most notably in RMS and SS [50]. To note, mTOR pathway activation is associated with a
higher likelihood of metastases, adverse prognosis, and decreased survival [51-54].
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Everolimus, ridaforolimus, sirolimus and temsirolimus have been evaluated in single-agent
clinical trials. A multi-center phase 2 trial investigated everolimus in 38 patients with STS
who failed prior standard anthracycline based therapy. One partial response was noted in a
patient with AS, 10 patients had SD at 16 weeks, and the PFS was 1.9 months [55]. Further,
three patients with peripheral vascular epithelioid cell tumors (PEComas) were treated with
sirolimus and all demonstrated radiographic responses [56]. Temsirolimus, which is
converted by CYP3A4 enzyme to sirolimus, was investigated in a phase 2 trial in 40
evaluable patients that had not previously received treatment for metastatic disease. Partial
responses were evident in one patient each with undifferentiated FS and uterine LMS, and
the median PFS was 2.0 months [57].

The largest studies incorporating mTOR inhibition have been conducted with ridaforolimus
(previously known as deforolimus). Based on promising phase 2 data, SUCCEED, a
multinational, randomized, double-blinded, placebo-controlled, phase 3 trial of
ridaforolimus versus placebo in 711 patients with advanced sarcoma who had achieved
clinical benefit with prior cytotoxic therapy was completed. Clinical benefit at four months
was achieved more often with ridaforolimus than placebo (40.6% vs 28.6%; p<0.001). The
ridaforolimus group had a 28% reduction in the risk of progression or death (p<0.001), but
the median PFS benefit was small (17.7 weeks for ridaforolimus versus 14.6 weeks for
placebo). Overall survival at 24 months was not significant [58]. With these modest results,
ridaforolimus did not receive FDA approval.

Given the small responses of mTOR inhibition and IGF-R1 alone, combination pathway
inhibition therapy has been explored. This may permit compensatory activation of the
PI3K/AKT pathway post mTORC1 inhibition can occur through an IGF-1R-dependent
mechanism [59]. Furthermore, inhibition of IGF-1R may abrograte some AKT activation in
a TORC1 independent manner [60]. This and other preclinical observations have spurred a
phase 2 trial combining temsirolimus with cixutumumab[61]. In this open-label trial,
patients were stratified into 3 arms IGF-1R-positive soft-tissue sarcoma, IGF-1R-positive
bone sarcomas, or IGF-1R-negative bone and soft-tissue sarcoma. 31% (17/54) of the
IGF-1R-positive soft-tissue sarcoma group, 35% (19/54) IGF-1R-positive bone sarcoma
group, and 39% (21/54) of the IGF-1R-negative group were progression free at 12 weeks.
Median overall survival was over 14 months for all patients in the study. In the pediatric
population presented in abstract form, of 43 evaluable patients, no objective responses were
observed with only 16% patients progression free at 12 weeks[62]. Thus this combination,
failed to improve upon single agents alone.

Combination mTOR clinical trials have been or are being performed with multiple
therapeutic partners. Regarding cytotoxics, liposomal doxorubicin [63], cyclophosphamide
[64], irinotecan [65] have all been attempted with modest results. In addition, there is an
ongoing study with gemcitabine (NCT01684449). Nevertheless, whether any of these
mTOR-cytotoxic combinations outperform single agent mTOR inhibition is still in question.
Combinations with different molecular pathway inhibition are also underway. There are
Phase 2 studies of everolimus with bevacizumab (anti-VEGF monoclonal antibody) in
MPNST (NCT01661283), everolimus with sorafenib (anti-VEGF TKI) in OS
(NCTO01804374). Perhaps most interesting are the combinations that address feedback
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activation of PIBK/AKT pathways after mTORCL1 inhibition with RAS/MEK pathway
inhibitors. Indeed, dual inhibition of RAS/MEK and mTOR appears to be a promising
modality in vitro [66].

The RAS pathway is involved in cell proliferation, differentiation, angiogenesis and
survival. The mitogen-activated protein kinase (MAPK) signaling pathway, also known as
the extracellular signal-regulated pathway (ERK), occurs downstream of RAS and consists
of three different kinases, including ERK, and the serine-threonine kinases RAF and MEK.
The constitutive activation of this pathway is associated with proliferation and metastasis in
numerous malignancies (pancreas, colon, lung, ovary, prostate, and kidney). Aberrant
activation of the MAPK pathway has been demonstrated in numerous STS subtypes and
preclinical studies have demonstrated antitumor efficacy of numerous MEK inhibitors in
sarcoma cell lines and mouse models. Specific STS subtypes that have been studied include
SS, malignant peripheral nerve sheath tumor (MPNST), MFH, FS, AS, and RMS.

Despite preclinical evidence suggesting the efficacy of MEK inhibition in the treatment of
certain STS subtypes, relatively little clinical data substantiating its therapeutic efficacy is
available. Honda et al. (2013) conducted a small phase 1 study evaluating the oral MEK
inhibitor RO5126766 in 12 patients with advanced solid tumors [67]. Among the patients
enrolled, 5 patients had sarcoma. Of these, treatment was associated with progressive
disease in 4 patients, and SD for 65 days in the other. Trametinib (GSK1120212) has been
relatively well studied in advanced solid tumors, but very little data is available in regard to
STS. Infante et al. (2012) conducted a phase 1 trial in patients with advanced solid tumors
[68]. In this trial, one patient with STS was enrolled and was found to have SD, although the
specific disease subtype and length of disease stability is unknown.

In the NCI-sponsored Phase 2 trial of temsirolimus and the MEK inhibitor, selumetinib,
(NCT01206140), 69 subjects were randomized to selumetinib and allowed to crossover
upon progression, or to selumetinib plus temsirolimus weekly (n=35). There was no
difference in PFS between the single agent vs. combination arm for the overall cohort but an
improved median PFS was observed in the combination arm (N=11) over single agent
(N=10) in the pre-specified leiomyosarcoma stratum (median 3.7 vs. 1.8 months; p=0.01)
[69]. In addition, recent preclinical work suggests that NF1 deletion may predispose STS to
MEK:i sensitivity[70].

Cyclin-dependent kinases (CDKSs), along with cyclins, are responsible for regulating the
progression of cells through the cell cycle. Disruption of this process is a common
phenomenon in malignancy, and agents that manipulate aberrant cell cycle activation are
being tested in early phase clinical trials.

Flavopiridol, a non-selective CDK 1, 2, 4, 6, 7, and 9 inhibitor, is an analogue of a naturally
occurring flavonoid isolated from the bark of Dysoxylum binectariferum, a plant that is
indigenous to India [71]. Morris et al. (2006) evaluated single-agent flavopuridol in a phase
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2 trial in 18 patients with untreated advanced STS [71]. In this trial, no objective responses
were seen, and 47% of the patients had SD for a median of 4.3 months. Luke et al. (2012)
evaluated flavopiridol in combination with doxorubicin in a phase 1 trial in 31 patients with
advanced STS[72]. Combination treatment was associated with neutropenia,
thrombocytopenia, and febrile neutropenia, but despite 2 DLTs in the highest dose cohort,
the maximum tolerated dose was not achieved. In total, there were two PR, and 16 patients
had SD. Subset analysis revealed that 8 of 12 patients with well- or de-differentiated
liposarcoma (WDLS or DDLS) had stable disease for over 3 months.

Based on the finding that up to 90% of WDLS and DDLS are associated with CDK4
amplification, Schwartz et al. (2011) investigated the CDKA4/6 selective inhibitor palbociclib
in a phase 1 trial in 33 patietns with retinoblastoma-positive advanced tumors [73].
Treatment was well tolerated and all 4 patients with WDLS and DDLS had SD, two of
which for > 10 cycles. A follow-up phase 2 trial in 29 patients with CDK4 amplified
advanced STS revealed that treatment was well tolerated and associated with a single PR
and a median PFS of 18 months [74]. More recently, a phase 2 trial investigated the CDK4
inhibitor PD0332991 in 29 patients with locally advanced or metastatic WDLS and DDLS.
Patients in this trial had a 3-month PFS of 52% and median PFS of 17.9 weeks; one patient
had a confirmed PR lasting over one year [74].

A phase 1 PK study of continuous oral administration of P1446A-05, a novel oral inhibitor
of CDK4-D1, CDK1-B, and CDKO9-T enrolled 39 patients with advanced malignancies.
Treatment was associated with dose-limiting diarrhea, and one patient with alveolar STS
whose disease was progressing at the time of enrollment remained on treatment with SD
evident after 11 cycles [75].

AURKA inhibition

MDM2

Microarray studies indicate that Aurora Kinase A (AURKA) is commonly overexpressed in
sarcoma [76]. AURKA is a serine/threonine kinase that regulates cell entry into mitosis, and
thus is an important regular of cell cycle. In preclinical models, inhibition of AURKA by
shRNA or by a specific AURKA inhibitor blocks in vitro proliferation of multiple sarcoma
subtypes. Multiple clinical trials are underway examining whether AURKA inhibition.
Alisertib is a novel, oral, ATP-competitive, selective small-molecule inhibitor of AURKA.
A cooperative group study (A091102) of MLN8237 (alisertib) was recently reported at the
2014 ASCO Conference. In this trial, 72 patients at 24 sites were evaluated. One patient
with AS had a confirmed PR, and the 3-month PFS was 73%, 44%, 23%, 57%, and 39% for
patients with LPS, LMS, US, MPNST, and other, respectively [77]. A smaller, single-
institution, phase 2 trial of the AURKA inhibitor ENMD-2076 enrolled 10 patients with
advanced/metastatic STS who had received <1 line of prior therapy. Two patients had
confirmed PR and one patient had a confirmed SD of > 6 months.

p53 is a transcription factor that responds to intra- and extracellular stresses via activation of
numerous genes associated with DNA repair, metabolism, cell-cycle arrest, cellular
senescence, metabolism, and apoptosis [78]. It is tightly controlled by the negative
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regulators human double minute 2 (MDM2 or HDMZ2) and human double minute 4 (MDM4
or HDMX) [79,80]. Augmentation of this signaling pathway occurs in over 50% of
malignancies [81] and is caused either by suppression of p53 activity via MDM2 +/- MDM4
amplification in p53 wild-type alleles or by p53 mutational events that result in loss of p53
tumor suppression. Numerous therapeutic strategies targeting aberrant p53 signaling are
being developed, including MDM2 inhibitors in wild type p53 tumors, dual HDM2/HDMX
antagonists, p53-binding antagonists, and agents that restore the activity of mutant p53 [82].
Altered p53 signaling is evident in sarcomagenesis [83], and these therapeutic strategies
have great potential in the treatment in a variety of STS subtypes, especially in
chemoresistant tumors.

In STS, well-differentiated (WDLPS) and dedifferentiated liposarcomas (DDLPS) are
closely associated with amplification of the chromosomal region 12q13-15 [84]; mutations
that ultimately result in suppression of p53 activity and tumorigenesis. In a phase 1 study in
20 patients with WDLPS and DDLPS treated with RG7112, a MDM2 inhibitor; 30%
developed significant hematologic toxicities. Treatment resulted in one confirmed PR and
SD in 14 patients, results that suggest that inhibition of MDM2 is associated with p53
pathway activation and decreased cell proliferation in MDM2-amplified liposarcomas [85].
A phase 1b dose-escalation trial evaluated the combination of RG7112 and doxorubicin in
23 patients with advanced STS. Treatment was associated with grade 3 or 4 neutropenia,
thrombocytopenia, and febrile neutropenia in 12, 9 and 5 of the 20 evaluable patients,
respectively. At the time of publication, interim analysis indicated that 50% of patients had
evidence of stable disease (disease subsets not presented) [86]. RG7388, a second generation
MDM?2 inhibitor, also recently reported stable disease in sarcoma patients in their phase |
trial [87]. Other MDMZ2 inhibitors, including MI-773 (SAR205838) and DS-3032b are
undergoing clinical development.

Aberrant histone acetylase (HAT) and/or histone deacetylase modification of gene
expression has been implicated in the pathogenesis of various malignancies. As such,
HDAC inhibitors (HDACI) are being actively explored in a number of other solid organ and
hematologic malignancies. These agents induce the transcription of positive and negative
regulators that alter cell signaling and cause differentiation, growth arrest and/or apoptosis
of tumor cells [88,89]. Preclinical studies in STS models highlight a potential role for these
agents in specified sarcoma subsets, including endometrial stromal sarcoma,
rhabdomyosarcoma, and synovial sarcoma.

HDACI’s are currently being evaluated in early phase clinical trials in patients with
advanced STS [90,91]. Cassier et al. (2013) evaluated single-agent panabinostat in
anthracycline-refractory patients with advanced STS [90]. This trial enrolled 48 patients,
including 14 patients with translocation-related sarcoma (myxoid LS, SS, ESS, and alveolar
soft part sarcoma), and non-translocation related sarcoma (WDLS, DDLS, pleomorphic LS,
LMS, MPNST, and sarcoma NOS). No objective responses were evident, but 36% of the
patients had stable disease, 20% had a 3-month PFS, and 6 patients were progression free at
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6 months. The study did not reach its primary endpoint (3-month PFS), but subset analyses
revealed that 6 patients had prolonged SD (SFT, well differentiated LPS, LMS, and ESS).

Attia et al. (2011) evaluated the combination of vorinostat and bortezomib in a phase 1 trial
in patients with advanced malignancies [91]. One of the two patients with partial response
had MFH, findings that suggest clinically relevant synergism between these 2 agents in
patients with advanced refractory STS. More recently preclinical data suggests that a
combination of HDAC and VEGF inhibition may be synergistic in overcoming autophagy
[92].

CONCLUSION

No single targeted agent or existing combination therapy was effective for more than a
minority of sarcoma patients. Yet, inhibition of angiogenic and cell cycle pathways has
demonstrated remarkable responses in specific non-GIST STS subtypes and in individual
patients. Thus, the future of targeted therapy in sarcoma will require further deciphering of
the molecular heterogeneity to allow better personalization of these targeted therapies.
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Table 2

Table of summary statements from each section.

Target Recommendations
VEGFR Anti-VEGF therapies are most effective against highly vascularized STS and have moderate activity in LMS.
PDGER Aside from DFSP, the Iaclg of correlat_iv_e P_DGF-reIat_ed analyses in these trials do not allow for definitive conclusions to be
made about the role of anti-PDGF activity in STS patients.
IFGR1 Patients with adipocytic sarcoma may benefit from treatment with single agent cixutumumab.
EGFR Appears promising particularly in AS however there are no FGFR only directed treatments so extrapolation of clinical benefit
due to this pathway specifically must be made carefully.
HDAC No data to support single agent usage. Potential use in combination with other agents as an anti-autophagy modality.
mTOR Single-agent mTOR inhibition shows a very modest PFS benefit but no survival advantage.
MDM2 Too soon to tell; may have utility in liposarcoma.
CDK /CHK1 | Too soon to tell; potential therapeutic role in patients with CDK- amplified liposarcoma.
MEK Too soon to tell; may have utility in LMS and in sarcomas with NF1 deletion.
AURKA Too soon to tell; may have utility in angiosarcoma.
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