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ABSTRACT

Undifferentiated pleomorphic sarcomas (UPSs) are aggressive mesenchymal malignancies with no
definitive cell of origin or specific recurrent genetic hallmarks. These tumors are largely chemoresistant;
thus, identification of potential therapeutic targets is necessary to improve patient outcome. Previous
studies demonstrated that high expression of activated protein kinase B (AKT) in patients with UPS
corresponds to poor disease-specific survival. Here, we demonstrate that inhibiting phosphatidylinositol-
3-kinase/mammalian target of rapamycin (PI3K/mTOR) signaling using a small molecule inhibitor reduced
UPS cell proliferation and motility and xenograft growth; however, increased phosphorylation of insulin-
like growth factor 1 receptor (IGF1R) indicated the potential for adaptive resistance following treatment
through compensatory receptor activation. Co-treatment with a dual PI3K/mTOR inhibitor and an anti-IGF1R
kinase inhibitor reduced in vivo tumor growth rates despite a lack of antiproliferative effects in vitro.
Moreover, this combination treatment significantly decreased UPS cell migration and invasion, which is
linked to changes in p27 subcellular localization. Our results demonstrate that targeted inhibition of
multiple components of the IGF1R/PI3K/mTOR pathway was more efficacious than single-agent therapy
and suggest that co-targeting this pathway could be a beneficial therapeutic strategy for patients with UPS.
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Introduction

Soft tissue sarcoma (STS) comprise a heterogeneous group of
over 80 histologically distinct subtypes of rare mesenchymal
malignancies that are characterized according to their tissue of
origin." Approximately 5%-15% of soft tissue sarcomas cannot
be differentiated by current molecular technologies or immu-
nohistochemical criteria and are therefore classified as undiffer-
entiated pleomorphic sarcomas (UPSs).>® Although the
development of most UPSs is sporadic, approximately 3% of
UPSs develop in areas of the body that received radiation ther-
apy to treat an unrelated disease after a median latency of
10 y.** Local recurrence develops in 19%-31% of patients with
UPS; metastatic disease occurs in 26%-35% of patients with
UPS, and nearly 5% of patients present with metastases at the
time of initial diagnosis, reflecting the aggressive nature of the
disease.”” Furthermore, the current 5-year overall survival rate
for patients with UPS is only 65%-70%, highlighting the need
for more efficacious treatment options.®

Currently, the standard of care for patients with UPS is sur-
gical resection; for patients with unresectable or metastatic
disease, neoadjuvant or adjuvant chemotherapy and/or

radiotherapy may be considered.® Cytotoxic chemotherapies
generally elicit low to moderate response rates in patients with
UPS.*'° Furthermore, although UPSs are karyotypically com-
plex malignancies and exhibit a wide array of chromosomal
alterations, specific recurring genetic aberrations are rare."''
Therefore, it is essential to identify specific molecular dysregu-
lations in UPS that could be therapeutic targets.

Activation of phosphatidylinositol-3-kinase (PI3K) by
receptor tyrosine kinases elicits a series of phosphorylation
events leading to activation of mammalian target of rapamycin
(mTOR) complex 1 and 2 (mTORC1 and mTORC2) and the
promotion of cell growth, proliferation, motility, and sur-
vival.">"> The PI3K/mTOR pathway is frequently dysregulated
in cancer through increased expression and/or activation of
receptor tyrosine kinases, mutations in pathway components,
or loss of negative pathway regulators, such as phosphatase and
tensin homolog (PTEN)."* Consequently, PI3K/mTOR path-
way members have been intensely scrutinized as potential ther-
apeutic targets in cancer, promoting the development of
inhibitors against this pathway’s components.">'* Small
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molecule inhibitors originally designed to block mTOR activity
also inhibit PI3K catalytic activity owing to the high structural
homology between the adenosine triphosphate-binding
domains of these two kinases and thus prevent the feedback
activation of protein kinase B (AKT) observed with single-
agent inhibition of mTORC1.">">'® However, other adaptive
resistance mechanisms can occur after the pharmacologic
blockade of PI3K and mTOR.'*'""” Previous studies have
demonstrated an increase in insulin-like growth factor 1 recep-
tor (IGF1R) expression and activation in response to targeted
inhibition of the PI3K/mTOR pathway; furthermore, increased
IGF1R activity promotes resistance to inhibitor-mediated
blockade of PI3K and mTOR.>*?! Therefore, the combination
of a PI3K/mTOR dual inhibitor with a targeted agent against
IGFIR could enhance antitumor effects and limit the possibility
of resistance.

PI3K/mTOR pathway activation is associated with an
adverse prognosis in patients with soft tissue sarcoma.**>*
Our research group found that elevated phosphorylated AKT
at serine 473 (pAKT; detected in approximately 20% of
patients with UPS) was significantly correlated with poor dis-
ease-specific survival, indicating that PI3K/mTOR signaling
may contribute to the aggressive nature of the disease and
that targeted pathway inhibition may be beneficial for these
patients.”®> However, the role of the PI3K/mTOR pathway in
UPS has not been explored. In this study, we assessed the
antitumor effects of BGT226, a dual PI3K/mTOR inhibitor,
as a single agent and in combination with AEW541, a small
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molecule inhibitor against IGF1R, in patient-derived models
of UPS in vitro and in vivo.

Results
In vitro assessment of PI3K/mTOR signaling in UPS cells

Previously, we found that a subset of UPS tumor samples
expressed high levels of pAKT (S473), which corresponded to
poor overall survival for those patients.”> To expand upon this
finding, we investigated the necessity of intact PI3K/mTOR sig-
naling for UPS progression. Bone marrow-derived human mes-
enchymal stem cells (hMSCs) were used as a normal cell
control, as previous studies have demonstrated that UPS-like
tumors can develop following transformation of these cells.*®
AKT and S6K (Ribosomal Protein S6 Kinase I) phosphoryla-
tion status are commonly used as markers of PI3K and mTOR
kinase activity so these markers were examined by western-
blot.”’** The majority of radiation-associated (RA-UPS) and
sporadic UPS cell strains used in this study had elevated levels
of activated AKT and phosphorylated S6K, and 4EBP1, when
compared to the human mesenchymal stem cell control
(hMSC), demonstrating an increase of PI3K/mTOR signaling
in UPS cells (Fig. 1A).

In vitro efficacy of BGT226, a dual PI3K/mTOR inhibitor

To evaluate the role of PI3K/mTOR signaling in UPS growth,
we assessed the effects of BGT226, a dual PI3K/mTOR
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Figure 1. Blockade of the phosphatidylinositol-3-kinase/mammalian target of rapamycin (PI3K/mTOR) pathway inhibits tumor-supportive processes in vitro. A, Endoge-
nous PI3K/mTOR pathway activity was assessed by western blot analysis for total and activated (phosphorylated) protein kinase B (AKT), S6K, and 4EPB1 in whole cell
lysates obtained from a panel of radiation-associated undifferentiated pleomorphic sarcoma (RA-UPS) and sporadic UPS cell strains and cell lines, with human mesenchy-
mal stem cells (hMSCs) serving as the normal control. B, Representative western blots of whole cell lysates from a sporadic UPS cell line (UPS-186) and a RA-UPS cell line
(RIS-819.1) after incubation with increasing concentrations of BGT226 for 2 hours. C, MTS assay results show diminished UPS-186 and RIS-819.1 cell proliferation relative
to controls treated with dimethyl sulfoxide (DMSO) after 96 hours of BGT226 treatment, and the individual median effective concentrations (ECso) were determined. D
Cell-cycle distribution (left) and apoptosis levels (right) were evaluated in the two UPS cell lines by fluorescence-activated cell sorting analysis after 48 or 96 hours of
BGT226 treatment, respectively. DMSO, control. E, The effects of BGT226 on UPS-186 and RIS-819.1 cell migration and invasion were assessed by modified Boyden cham-
ber assays. Representative images of cells treated with DMSO or BGT226 (100 nM) are displayed (magnification, 200 x). The graphs depict the means of triplicate experi-
ments; error bars are the standard errors of the mean. “p < 0.05; **p < 0.01; ***p < 0.001.
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inhibitor, in UPS-186 (a sporadic cell line) and RIS-819.1 (a
RA-UPS cell line). BGT226-mediated inhibition of PI3K and
mTOR in UPS-186 and RIS-819.1 cells suppressed phosphory-
lation of AKT and downstream kinases S6K and 4EBP1 after
2 hours; dephosphorylation was maintained after 96 hours of
treatment (Fig. 1B, Supplementary Fig. S1). Substantial anti-
proliferative effects were detected after 96 hours of treatment
with low nanomolar concentrations of BGT226, with calcu-
lated median effective concentration (ECs,) values of 6.81 nM
for UPS-186 and 4.17 nM for RIS-819.1 (Fig. 1C). Diminished
cell proliferation was linked to the induction of apoptosis
measured by Annexin V staining (Fig. 1D). Interestingly, the
RA-UPS cell line RIS-819.1 was more sensitive to BGT226
than the sporadic UPS-186 cell line. A greater percentage of
RIS-819.1 cells were positive for Annexin V after treatment
when compared to UPS-186.

UPS cell migration is suppressed in vitro after treatment

PI3K/mTOR pathway activation facilitates tumor growth and
metastasis through the regulation of cell migration and inva-
sion."**! To examine the effects of BGT226 on UPS cell migra-
tion and invasion, we cultured UPS-186 and RIS-819.1 cells in
low-serum medium (1% fetal bovine serum [FBS] in Dulbecco
modified Eagle medium F-12 [DMEM/FI2]) to suppress

proliferation and to promote migration toward a chemoattrac-
tant (5% FBS in DMEM/F12). Cell migration and invasion
were reduced in a dose-dependent manner in both cell lines;
however, these processes were not fully inhibited even at the
highest dose of BGT226 (100 nM; Fig. 1E).

PI3K/mTOR inhibition, slows tumor growth
and promotes IGF1R activation in vivo

On the basis of the substantial effects of BGT226 treatment
seen in vitro, we then assessed the efficacy of BGT226 treat-
ment in the RIS-819.1 xenograft mouse model. After initially
treating all groups daily (7 d/week) for 1 week, we reduced
treatment to 5 d/week in the 15-mg/kg BGT226 group to rem-
edy the observed weight loss in these mice; treatment continued
for an additional 17 d. Oral administration of BGT226 once
daily was sufficient to reduce RIS-819.1 xenografts by 47.4%
and 63.6% in the 10-mg/kg and 15-mg/kg groups, respectively,
compared with the control group; additionally, the endpoint
tumor volumes in the 15-mg/kg BGT226 group were signifi-
cantly smaller than those in the control group (p = 0.05)
(Fig. 2A). A trend of decreased tumor weight in the BGT226-
treated groups compared with the control group was noted
(Supplementary Fig. S2A). Immunohistochemical analysis of
downstream effectors of PI3K/mTOR signaling revealed that
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Figure 2. Daily administration of BGT226 reduces tumor volume and blocks PI3K/mTOR signaling and activates insulin-like growth factor 1 receptor (IGF1R) in vivo. A,
Hairless severe combined immunodeficient mice harboring RIS-819.1 xenografts were treated with either vehicle (n = 6) or BGT226 (10 mg/kg or 15 mg/kg, n = 7 for
both groups) daily via oral gavage; tumor volumes were measured three times per week. The red arrow indicates the change in the treatment schedule for the 15-mg/kg
BGT226 group (from 7 days/week to 5 days/week). Values displayed are the mean volumes = the standard error of the mean (*p < 0.05). B, Representative photographs
(magnification, 200 x) of immunohistochemical analysis performed on RIS-819.1 xenografts from vehicle- and BGT226-treated mice for markers of proliferation (Ki67), of
apoptosis (cleaved caspase 3 [CC3]), and of PI3K/mTOR activity (pAKT, pS6RP, and p4EBP1). H&E: hematoxylin and eosin stain. C, Detection of IGF1R activation (phosphor-
ylated IGF1R [pIGF1R]) in vehicle and BGT226-treated xenografts via immunohistochemical analysis (upper panel; magnification, 200 x) and western blot analysis (lower

panel).



pAKT, pS6K, and p4EBP1 were downregulated in the treated
xenografts compared with the control xenografts, indicating
that target inhibition was achieved; however, no differences
in Ki67 or cleaved caspase 3 immunostaining were noted
(Fig. 2B).

Previous studies have demonstrated that IGF1R is upregu-
lated in response to targeted inhibition of the PI3K/mTOR
pathway in other cancer types.”**' We detected increased levels
of pIGF1R in BGT226-treated xenografts via both immunohis-
tochemical analysis and immunoblotting (Fig. 2C). The same
phenomenon was seen in vitro via western blot analysis of
whole cell lysates harvested from UPS-186 and RIS-819.1 cells
treated with BGT226 for 2 or 96 hours (Fig. 3A, Supplementary
Fig. S1). This finding is specific for pIGFIR and not for
phosphorylated insulin receptor as there was no increase in the
phosphorylated insulin receptor signal according to western
blot analysis of whole cell lysates harvested from UPS-186 and
RIS-819.1 cells treated with BGT226 for 2 or 96 hours (Supp
Fig 1).

IGF1R inhibitor AEW541 blocks UPS tumor-supportive
processes

Small molecule inhibitors against IGF1R also may target the
highly homologous insulin receptor. Therefore, we selected the
small molecule inhibitor AEW541 to block IGFIR activation
following BGT226 treatment because AEW541 displays a
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higher affinity for IGF1R than insulin receptor in cellular
assays.”” To evaluate the ability of AEW541 to block IGFIR
activation, we incubated UPS-186 and RIS-819.1 cells with
increasing micromolar concentrations of AEW541 and sub-
jected the cells to acute exposure to recombinant IGF1. West-
ern blot analysis results demonstrated that AEW541 reduced
IGFIR activation at all concentrations, with the highest level of
inhibition achieved at concentrations greater than 1 uM
(Fig. 3B). Although AEW541 downregulated pAKT in both cell
lines, it did not strongly affect the activation status of S6K or
4EBP1, suggesting that IGFIR is not solely responsible for
PI3K/mTOR pathway activation in UPS.

IGFIR can regulate cell growth and proliferation through
PI3K/mTOR and/or mitogen-activated protein kinase pathway
activation®”; accordingly, inhibition of the receptor via
AEW541 elicited strong antiproliferative effects in the UPS cell
lines (ECso values: UPS-186, 4.39 uM; RIS-819.1, 4.96 uM)
resulting from a significant increase of cells in G, phase, a con-
comitant decrease of cells in S phase, and the induction of apo-
ptosis in both cell lines (Fig. 3C and D). Recombinant IGF1
was used as an additional chemoattractant in these assays to
assess the ability of AEW541 to prevent IGFIR activation and
downstream signaling in the presence of ligand. As with
BGT226 treatment, a larger proportion of apoptotic cells was
detected in RIS-819.1 samples than in UPS-186 samples.

Because activation of IGF1R has been linked to tumor inva-
sion and metastasis, we investigated the inhibitory effects of
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Figure 3. IGF1R activation in response to BGT226-mediated PI3K/mTOR blockade is attenuated by AEW541. A, Detection of phosphorylated IGF1R (pIGF1R) and total
IGF1R in undifferentiated pleomorphic sarcoma (UPS) cell lines incubated with BGT226 for 2 hours. B, UPS-186 and RIS-819.1 cells pre-treated with increasing concentra-
tions of AEW541 and then stimulated with IGF1 (20 ng/mL) were subjected to western blot analysis. C, UPS cell proliferation decreased in the presence of AEW541 +
IGF1 (20 ng/mL) relative to controls treated with dimethyl sulfoxide (DMSO). D, AEW541 treatment caused cells to accumulate in the G, phase of the cell cycle and
induced apoptosis. DMSO, control in the presence of 20ng/mL IGF1. E, Incubation with AEW541 for 16 hours reduced UPS cell migration and invasion. Representative
images of cells treated with DMSO, DMSO + IGF1 (100 ng/mL), or AEW541 (5 M) + IGF1 (100 ng/mL; magnification: 200 x). The graphical representations of the data
are the means of triplicate experiments; error bars are the standard errors of the mean. “p < 0.05; **p < 0.01; ***p < 0.001.
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AEW541 on IGF1-mediated cell migration and invasion using
modified Boyden chamber assays with both UPS-186 and RIS-
819.1 cells.”* The sensitivity of RIS-819.1 cells to AEW541 was
further reflected by the significant dose-dependent decline in
both migration and invasion after treatment (Fig. 3E). In con-
trast, the only significant effects observed in UPS-186 cells were
decreases in invasion with AEW541 concentrations greater
than 2.5 uM. Taken together, these results demonstrate that
AEW541 successfully attenuated IGF1R activation even in the
presence of exogenous ligand and exerted antitumor effects in
vitro in both cell lines. Although RIS-819.1 cells were more sen-
sitive to drug treatment than UPS-186 cells, our data suggest
that AEW541 could be used to prevent IGFIR activation fol-
lowing BGT226 treatment in both cell lines.

Co-treatment and antitumor effects in vitro

To investigate potential synergistic drug interactions, we
treated UPS-186 and RIS-819.1 cells with fixed concentrations
of BGT226 (range, 0-10 nM) and/or AEW541 (range,
0-2.5 uM) for 96 hours and calculated the combination index
values (Fig. S4). Low doses of AEW541 and BGT226 were used
(1/2 of EC50) to determine the synergy using combination
therapy.”®>” The combinations were determined to be antago-
nistic from the Chou-Talalay method.”® They may yield the
greatest drug effects, but according to the calculations, it is cate-
gorized as an antagonistic interaction. We chose drug combina-
tions that were, according to the calculations performed,
synergistic by Chou-Talalay cutoffs. According to the combina-
tion index values, synergistic interactions occurred in 80% of
the drug combinations in UPS-186 cells and in 60% of drug

combinations in RIS-819.1 cells; however, the corresponding
drug effects for most of the synergistic drug combinations were
not substantial, with less than 50% cell death after treatment
with AEW541 and BGT226 concentrations less than their EC5,
values. Treatment with synergistic concentrations of AEW541
and BGT226 minimally affected cell-cycle distribution and
apoptosis levels in UPS-186 and RIS-819.1 samples, further
confirming the lack of antiproliferative effects (Supplementary
Fig. S3A).

Despite the lack of antiproliferative effects seen in vitro, syn-
ergistic drug combinations prevented IGF1-mediated PI3K/
mTOR signaling cascade activation downstream of IGFIR
more effectively than either drug alone (Fig. 4B). Furthermore,
combination treatment did not alter the phosphorylation status
of mitogen-activated protein kinase pathway components
MAP2K1/2 and EPHB2, suggesting that this signaling cascade
is not activated as a compensatory response to PI3K/mTOR
and IGF1R blockade (Supplementary Fig. S3B).

Combination therapy inhibits the rate of tumor
growth in vivo

Given the negative effect on PI3K/mTOR signal transduction
from combination treatment in vitro, we evaluated the effects
of combined inhibition of PI3K/mTOR and IGFIR in RIS-
819.1 xenografts. Mice treated daily with either BGT226 or
AEW541 had tumor volumes comparable to those of the con-
trol group (Fig. 5A). Strikingly, the combination group had sig-
nificantly lower endpoint xenograft volumes (nearly 85%
lower) than the control group (p = 0.0202) and 80% than the
single-agent groups (AEW541: p = 0.00689; BGT226: p =
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Figure 4. BGT226 and AEW541 act synergistically to block PI3K/mTOR signaling and IGF1R activation in vitro. A, Combination index (Cl) values (top) were calculated using
CompuSyn software, and drug effect percentages ([1 - relative cell proliferation] x 100%; bottom) were obtained for undifferentiated pleomorphic sarcoma (UPS) cell
lines UPS-186 and RIS-819.1 using MTS results in triplicate. B, Effects on IGF1R and effector molecules of PI3K/mTOR signaling in the same cells were determined by west-
ern blot analysis following co-treatment with AEW541 and BGT226 and subsequent stimulation with recombinant IGF1.
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growth factor 1 receptor [pIGF1R], p27, and CD31; magnification, 200 x ). H&E: hematoxylin and eosin stain. *p < 0.05; “*p < 0.01.

0.00541); tumor weight also was significantly lower in the com-
bination group than in the control and single-agent groups
(Supplementary Fig. S2B). One mouse in the combination
group had complete regression of its tumor within the first
2 weeks of treatment, while stable disease was achieved in the 5
remaining animals within the combination treatment group.
Immunohistochemical analysis revealed that AEW541 and
BGT226 co-treatment moderately reduced cell proliferation as
demonstrated by decreased Ki67 staining compared with vehi-
cle or single-agent therapy but had little effect on apoptosis as
determined by cleaved caspase 3 staining (Fig. 5B). To rule out
the induction of senescence with combination therapy, we per-
formed B-galactosidase staining. Xenografts from mice in the
combination group showed no induction of senescence (Sup-
plementary Fig. §4). PI3K/mTOR signaling was more strongly
inhibited by the combination treatment than by other treat-
ments, as shown by the downregulation of pAKT, pS6RP, and
p4EBP1; furthermore, AEW541 prevented BGT226-associated
IGFIR activation in the combination group.

Synergistic effects of BGT226 and AEW541 on cell motility

Combination treatment did not significantly alter cell prolifera-
tion; however, the substantial antitumor effects of co-targeting
PI3K, mTOR, and IGFIR in vivo suggested that combination
treatment may affect other tumor-supporting processes such as
cell migration and invasion. The addition of IGF1 as a chemo-
attractant enhanced the migratory and invasive capacities of
both UPS-186 and RIS-819.1 cells in modified Boyden cham-
bers (Fig. 6A). IGF1 is used as a chemoattractant to draw tumor

cells from the upper chamber to the lower chamber. The num-
ber of cells able to migrate or invade increased when IGF1 was
used as a chemoattractant and allowed us to observe the effects
of inhibitor treatment in a larger window and allowed for us to
examine the effects of IGF1-mediated cell migration. It is sur-
prising that BGT226-treated cells migrated and invaded as pre-
vious experiments demonstrated that inhibition of the PI3K/
mTOR pathway sufficiently hindered UPS cell migration and
invasion. However, IGFIR activation following BGT226 treat-
ment may positively influence cell migration and invasion
through alternate downstream pathways. AEW541 treatment
alone decreased migration and invasion by nearly 20% in both
cell lines. Surprisingly, BGT226-treated cells migrated and
invaded at levels similar to or exceeding those of the controls,
suggesting that IGF1R activation may override the inhibitory
effects of BGT226. In UPS-186 samples, co-treatment with
AEW541 and BGT226 reduced cell migration and invasion by
approximately 50% and 75%, respectively, compared with the
control samples treated with DMSO + IGF1. Similarly, we
observed a significant decrease in both migration and invasion
(approximately 60% and 80%, compared with the respective
controls) in combination-treated RIS-819.1 samples.

Combination treatment alters p27 subcellular localization

Nuclear p27*'! (p27) is a key regulator of the G,/S phase tran-
sition in the cell cycle; however, cytoplasmic localization of p27
can promote cell motility through the interaction with and
inhibition of the small GTPase RhoA.** Aberrant PI3K/mTOR
signaling can facilitate the cytoplasmic sequestration of p27
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Figure 6. Reduction of migration and invasion after co-treatment is associated with localization of p27 to the nucleus and increased Ras homolog family member A
(RhoA) activity. A, A combination of AEW541 and BGT226 reduced undifferentiated pleomorphic sarcoma (UPS) cell migration and invasion according to modified Boyden
chamber assay results. B, p27 localization was determined by nuclear (N) and cytoplasmic (C) fractionation of cell lysates (right panel) cells were subjected to immunoblot
analysis (left panel), and relative p27 protein levels were calculated using densitometry using a-tublin as the cytoplasmic loading control and lamin A/C as the nuclear
loading control. Fraction purity was assessed by a-tubulin (cytoplasmic) and lamin A/C (nuclear). C, The effect of the combination treatment on RhoA activity was assayed.
RhoA activity relative to the fetal bovine serum/insulin-like growth factor 1 receptor (FBS/IGF1)-stimulated control is displayed. “p < 0.05; **p < 0.01; **“p < 0.001.

through AKT-mediated phosphorylation at T157 and T198,
which blocks the nuclear import of p27.***> We subjected RIS-
819.1 cells to nuclear and cytoplasmic fractionation and to
western blot analysis after single-agent or combination treat-
ment to determine the effects of combination treatment on the
subcellular localization of p27. p27 was equally distributed in
the cytoplasm and the nucleus in DMSO-treated cells (Fig. 6B).
BGT226 decreased cytoplasmic p27 levels, but nuclear p27 lev-
els were not altered; AEW541 did not significantly affect cyto-
plasmic or nuclear p27 levels compared with control cells.
Combination treatment with AEW541 and BGT226, however,
effectively reduced cytoplasmic p27 levels and simultaneously
increased nuclear p27 levels. To confirm the results of the frac-
tionation experiment, immunofluorescence for p27 was per-
formed in UPS-186 and RIS819.1 cells that were subjected to
single agent or combination treatment. In RIS-819.1 cells we
also observed a reduction of the cytoplasmic levels of p27 after
combination therapy (Supplementary Fig. S5). Subsequently,
we confirmed these results by IHC in the combination animal
experiment (Fig. 5B). We determined that in the combination
therapy, there is decreased signal for p27 when compared to
either single agent or vehicle control. To rule out the possibility
that the combination effect was a consequence of the anti-
angiogenic effects of combination IGF1R/TOR inhibition, we
examined the angiogenesis marker CD31 by IHC in these
tumors (Fig. 5B). In the combination IGFIR/mTOR inhibition
we observed similar levels of CD31 in vehicle or single agent
therapy; however when the combination therapy is examined
there is an observed decrease in the size of the vascularization
with no change in the amount of CD31 signal that is observed.
To determine the potential downstream effect on RhoA, we

used a colorimetric assay to evaluate RhoA activity in
RIS-819.1 cells treated with BGT226 and AEW541 alone and in
combination. Cells cultured in low-serum conditions exhibited
low endogenous RhoA activity, which increased after stimula-
tion with FBS with or without IGF1 (Fig. 6C). Combination
treatment resulted in a significant 50% increase in RhoA activ-
ity, but treatment with either single agent had no significant
effect. These data suggest that PI3K/mTOR signaling contrib-
utes to UPS cell migration and invasion through the promotion
of p27 cytoplasmic localization, further studies will need to be
performed to determine if this increased RhoA activity is
responsible for the reduced migration. Co-targeting PI3K,
mTOR, and IGFIR reduced cytoplasmic p27 while simulta-
neously increasing nuclear p27 levels.

Discussion

In this study, we investigated the PI3K/mTOR signaling cas-
cade as a target for anti-UPS therapy through pharmacologic
pathway blockade using the dual PI3K/mTOR inhibitor
BGT226 in vitro and in vivo. In both cell lines tested, BGT226
exhibited strong antiproliferative effects at low nanomolar con-
centrations because of cell-cycle arrest in G; phase and the
induction of apoptosis; these findings echo the effects of
BGT226 in other model systems.*”*® We also found that
BGT226 resulted in smaller xenografts in vivo; however, cell
proliferation and apoptosis (measured by Ki67 and cleaved cas-
pase 3 staining, respectively) were not altered in treated tumors.
Because control and treated xenografts were subjected to
immunohistochemical analysis after the mice were euthanized,
it is possible that treatment may merely delay tumor growth



until compensatory tumor-supportive protumorigenic path-
ways are activated, which may explain why no negative effects
on cell viability were observed.

Although the combined inhibition of PI3K and mTOR cata-
Iytic activity by BGT226 suppressed pathway activity and pre-
vented the compensatory increase in pAKT observed with
single-agent mTOR inhibitors,'® IGFIR was activated in
response to BGT226 treatment in both UPS cell lines and xeno-
grafts. Indeed, upregulation of IGFIR protein and activity has
been reported as a mechanism of adaptive resistance to PI3K/
mTOR inhibition in matrix-attached ovarian cancer cells.*'
Chandarlapaty et al reported an increase in the expression and
activation of several receptor tyrosine kinases following AKT
inhibition, partially owing to the de-repression of FOXO tran-
scriptional activity.”® Although we did not quantify the level of
IGFIR transcription, we did notice a slight increase in total
IGFIR protein after 96 hours of BGT226 treatment; however,
IGFIR activation measured by pIGRI1R increased after 2 hours
of treatment, indicating that this response may be independent
of increased total protein expression in UPS.

Synergistic drug interaction was found at several sub-ECs,
concentrations of BGT226 and AEW541; however, these com-
binations did not elicit substantial antiproliferative effects in
vitro despite improved suppression of PI3K/mTOR signaling.
Similarly, Wander and colleagues found that inhibition of the
PI3K/mTOR pathway using a small molecule inhibitor did not
greatly affect the proliferation of metastatic breast cancer cells
but nonetheless strongly downregulated migration and inva-
sion through the reduction of cytoplasmic p27 levels.*” Another
report demonstrated that following phosphorylation by RSKI1,
a serine/threonine kinase downstream of PI3K/mTOR, cyto-
plasmic p27 promoted cell motility by inhibiting RhoA.> Inhi-
bition of RhoA blocks RhoA-dependent ROCK1 activation and
prevents downstream actin remodeling through the ROCK1/
LIMK/cofilin pathway, thus reducing cell motility.>*'> In our
study, combination treatment strongly decreased cell migration
and invasion, corresponding with a decrease in cytoplasmic
p27 levels and increased RhoA activity. We concluded that this
reduction was due in part to a decrease in cytoplasmic p27 and
therefore an increase in RhoA activity. Cytoplasmic p27 has
also been linked to the disruption of actin fiber stability, possi-
bly also leading to cell motility. Although cytoplasmic p27 lev-
els were significantly reduced after BGT226 treatment, cell
motility was not inhibited (Fig 6A). This was most likely due to
the fact that cells subjected to fractionation were not stimulated
with IGF1 (Fig 6B), possibly increasing the levels of cytoplasmic
p27 in single agent-treated cells. Furthermore, combination
treatment resulted in an influx of nuclear p27, which may
potentially prohibit G;/S checkpoint transition and thus be
responsible for the observed reduction in tumor cell prolifera-
tion. In Beeson et al, the reduced RhoA activity leads to reduced
cell motility; however, in our system we observe increased
RhoA activity, but decreased cell motility. UPS cells may have
increased motility potentially because of high cytoplasmic levels
of p27. It has been observed in fibroblasts that there is high
RhoA activity and decreased motility.”* The increased RhoA
activity in our system needs further investigation.

Despite the lack of antiproliferative effects in vitro, the com-
bination of BGT226 and AEW541 drastically reduced tumor
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volume and weight compared with the control or single-agent
treatment owing in part to superior target inhibition. Collection
of xenograft samples at earlier time points could determine
whether the effects of initial therapeutic interventions on cell
proliferation or apoptosis are attenuated, as resistance to ther-
apy emerges over time. Combined inhibition of IGF1R and
PI3K/mTOR may attenuate invasion and angiogenesis, slowing
tumor growth and preventing disease progression. Although
one combination-treated mouse displayed complete tumor
regression within 2 weeks of treatment, a slight increase in
growth was recorded for the remaining xenografts in this
group. Additional in vivo survival studies could determine
whether long-term co-treatment of UPS xenografts with
BGT226 and AEW541 would improve survival times owing to
disease stabilization and/or tumor regression or whether other
compensatory mechanisms would arise.

Despite the substantial preclinical data supporting IGF1R as
a potential therapeutic target in multiple malignancies and
early clinical trial results showing response in some patients,
large phase II/III trials have shown a lack of efficacy of IGFIR
single-agent therapy in unselected patient populations.”
Targeted blockade of IGFIR can induce adaptive responses to
therapy, such as increased insulin receptor activation or dysre-
gulated endocrine signaling, which could enhance oncogenic
signaling and prove detrimental to patient outcome.>® Combi-
nations of IGF1R monoclonal antibodies and small molecule
inhibitors against mTOR have demonstrated some clinical
activity in cohorts of patients with sarcoma, including those
diagnosed with UPS.””*® Targeted PI3K inhibition, both as an
additional single agent or as a dual inhibitor therapy, could
enhance pathway suppression and reduce other oncogenic sig-
naling pathways owing to extensive pathway crosstalk.

Identifying predictive biomarkers is key to selecting patient
populations that could benefit from targeted therapies. We
found that single-agent PI3K/mTOR or IGFIR inhibition
induced higher rates of apoptosis in the RA-UPS cell line RIS-
819.1 than in the sporadic cell line UPS-186. RA-UPSs are far
more aggressive and result in dramatically shorter patient sur-
vival than sporadic UPSs.” This difference in biological behav-
ior has yet to be linked to molecular variation; however, unique
expression of some markers, such as IGF1R and/or effectors of
the PI3K/mTOR pathway, could be exploited as predictive bio-
markers to identify patient populations that could benefit from
specific targeted agents. Insulin-like growth factor 2 (IGF2)
may be an excellent candidate biomarker, as Riiping et al
recently demonstrated that high IGF2 expression levels were
detected in most UPS samples and corresponded to tumor pro-
gression.”’ It is possible that, with proper patient selection,
combination therapy could enhance the antitumor activity of
targeted PI3K/mTOR and IGFIR inhibition, while minimizing
or eliminating compensatory signaling.

Overall, our data suggest that combined targeted inhibition
of the PI3K/mTOR pathway and IGFIR is a promising thera-
peutic strategy for patients with UPS. Further studies are neces-
sary to investigate the effect of combination treatment on long-
term survival and metastatic disease; members of the IGF1R/
PI3K/mTOR signaling axis also should be investigated as pre-
dictive biomarkers for selecting patients with UPS and for pre-
dicting survival outcomes.
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Materials and methods
UPS cell isolation and tissue culture

We isolated UPS cells from patient tumor samples after
obtaining approval from the Institutional Review Board at The
University of Texas MD Anderson Cancer Center and patients’
written informed consent. Surgical specimens were obtained
from five patients who were treated at MD Anderson between
July 2010 and November 2011. RIS-DL-620, UPS-186, and
UPS-DL-511 cells were isolated as previously described,®" and
RIS-819.1 and UPS-DL-271.1 cells were isolated from patient
surgical specimens that were serially passaged in hairless severe
combined immunodeficient (SCID) mice. Two of the tumors
were associated with previous radiation (RIS-DL-620 and
RIS-819.1) and the other three were sporadic. UPS cell strains
and cell lines were authenticated by short tandem repeat (STR)
DNA fingerprinting using the Promega PowerPlex 16 High
Sensitivity STR Kit (cat# DC2100). Additional information,
including cell source details, STR results, and culture condi-
tions, is described in the Supplementary Information and
Table S1. Bone-derived human mesenchymal stem cells
(hMSCs) were purchased from PromoCell (cat# C-12974) and
maintained in Mesenchymal Stem Cell Growth Medium
(PromoCell, cat# C-28010). After initial results, the RIS-819.1
and UPS-186 cells were chosen as representative of radiation-
associated UPS (RA-UPS) and sporadic UPS, respectively, for
further studies.

Drugs and vehicles

Dual PI3K/mTOR inhibitor BGT226 (NVP-BGT226, cat#
$2749)°? and small molecule IGF1R inhibitor AEW541 (NVP-
AEWS541, cat# $S1034)%* were purchased from Selleck Chemi-
cals. Both drugs were suspended in dimethyl sulfoxide
(DMSO) for in vitro applications. For in vivo use, BGT226 was
suspended in N-methyl-2-pyrrolidone (NMP). Immediately
before administration, the NMP/BGT226 stock solution was
diluted in PEG300 (10% NMP/BGT226 plus 90% PEG300).
AEW541 was suspended in L(+)-tartaric acid (25 mM) for use
in mice.

Cellular assays

Detailed descriptions of in vitro cellular assays are available in
the Supplementary Information. Briefly, cell proliferation was
assessed by MTS assays, as previously described.”* Drug syn-
ergy was determined for drug combinations by the Chou-Tala-
lay method using CompuSyn software.”® Standard protocols
for western blot analyses were followed.®* Cell-cycle distribu-
tion and apoptosis were assessed by fluorescence-activated cell
sorting (FACS) analysis. Migration and invasion were evaluated
using modified Boyden chamber assays, as previously
described.®’ Nuclear and cytoplasmic fractionation was per-
formed per the manufacturer’s instructions (Pierce NE-PER™
Nuclear and Cytoplasmic Extraction Reagents Cat# 78835). Ras
homolog family member A (RhoA) activity was assessed using
a colorimetric kit according the manufacturer’s instructions
(Cytoskeleton, Inc. G-LISA RhoA Activation Assay Cat#
BK124)

In vivo xenograft studies

All animal procedures were approved by the MD Anderson
Institutional Animal Care and Use Committee (IACUC)
at UTMDACC. Six-week old female hairless SCID mice
(Charles River Laboratory, Strain Code 488) were implanted
with pieces of RIS-819.1 tumor (approximately 5 mm in
diameter) in the flank. UPS-186 was not tested in vivo as its
growth in SCID mice is not reproducible. Therapeutic inter-
ventions began when xenografts reached an average volume
of 100 mm’ in each group. Vehicle, BGT226, and/or
AEW541 were administered daily (5 d/week or 7 d/week;
indicated in the figure legends) via oral gavage. When
tumors in the control group reached a maximum volume of
1500 mm®, all animals were euthanized following TACUC
guidelines. Immunohistochemical analysis of xenografts is
detailed in the Supplementary Information.

Statistical analysis

Data are presented as means + the standard error of the
mean. Each experiment was repeated in triplicate unless oth-
erwise indicated in the figure legends. The Student’s t-test
was used to evaluate the statistical significance of differences
between groups. P values < 0.05 were considered statistically
significant.
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