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Exploiting the therapeutic

potential of the PI3K-AKT-

mTOR pathway in enriched
populations of gynecologic
malignancies

Expert Rev. Clin. Pharmacol. 7(6), 847-858 (2014)

Given the prevalence of phosphatase & tensin homolog mutations in histologic specimens
harvested from patients with endometrial cancer, significant interest in systemic treatment
with PI3K/Akt/mTOR inhibitors has emerged. Several Phase Il trials have been completed
studying mTOR inhibitors in advanced/recurrent endometrial cancer. The mTOR pathway also
appears to be important in some cervical cancers. Finally, because clear cell carcinoma of the
ovary and renal cell carcinoma have a shared histology, the potential for activity of mTOR
inhibitors in clear cell cancer of the ovary is implicit. This article reviews the results of Phase |l
clinical trials of PI3K/Akt/mTOR pathway inhibitors in patients with endometrial cancer, and
discusses the potential therapeutic landscape of mTOR inhibition in enriched populations in

gynecologic cancers.

Keyworps: cervical cancer e clear cell ovarian cancer ® endometrial cancer ® mTOR inhibitors e PI3K/AKT/mTOR

pathway e PTEN

Phosphatase & tensin homolog
mutations in endometrial cancer
Endometrial carcinoma is the most common
gynecologic malignancy in the USA, with an
estimated 52,630 new cases and 8590 deaths
projected in 2014 [1). Most women (80-85%)
present with early stage disease, and surgery in
the form of hysterectomy is curative. Unfortu-
nately, a proportion of patients will present with
advanced disease or develop disease recurrence,
with associated poor survival [2]. Currently,
available cytotoxic therapies for the treatment of
advanced stage, progressive or recurrent disease,
have shown limited success. In the setting of
metastatic disease recurrence, 5-year survival
rates are less than 15%, with median survival
ranging from 7 to 12 months [2]. The lack of
effective treatment options once the disease has
metastasized represents an unmet need in endo-
metrial cancer care, and highlights the impor-
tance of investigating novel targeted therapies in
an effort to improve oncologic outcomes [34].

Significant advancements in our understand-
ing of the molecular mechanisms underlying
endometrial carcinoma have been made in
recent years (Tasie 1). Traditionally, endometrial
carcinomas are categorized as either Type 1 or,
less commonly, Type 2. Type 1 endometrial
cancers are estrogen driven, associated with
obesity, anovulation and metabolic syndrome,
with an associated favorable survival when
diagnosed in early stages. Conversely, Type 2
endometrial cancers are not estrogen driven,
more commonly high grade and portent a
poor prognosis due to metastatic potential.
Phosphatase and tensin homolog (PTEN), a
tumor suppressor, is altered or mutated in 46—
83% of Type 1 endometrial cancer specimens,
resulting in the activation of PI3K/protein
kinase B (Akt)/mTOR signaling (56]. Further-
more, mutations of Kirsten rat sarcoma viral
oncogene homolog (K-Ras) (10-20%), and
PIK3CA (25-36%), encoding for the catalytic
subunit pl100c of PI3K, are frequently
observed in endometrial cancer [57.8]. These
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Table 1. Molecular characteristics of endometrial

cancer.

ER/PR >90% 0-31%
HER-2/neu (overexpression) 3% >20%
EGFR expression 46% 34%
p53 mutation 5-10% 80-90%
PTEN (loss of function) 40-80% 10-11%
PIK3CA mutation 20-30% Rare
p16 inactivation 10% 40%
K-ras mutation (activation) 13-26% 0-10%
E-cadherin (loss of expression) 10-20% 62-87%
B-catenin (gain of function) 25-38% Rare

EGFR: Epidermal growth factor receptor; ER: Estrogen receptor; PR: Progesterone
receptor.

findings have collectively resulted in the exploration of the
PI3K/Akt/mTOR pathway as a potential therapeutic target in
patients with advanced stage or recurrent endometrial cancer in
an effort to improve survival and quality of life.

The PI3K/Akt/mTOR pathway

Activation of the PI3K/Akt/mTOR pathway begins with
growth factor receptor tyrosine kinase ligand binding, resulting
in activation of PI3K (Ficure 1). The primary role of activated
PI3K is to convert phosphatidylinositol-4,5-bis-phosphate to

RN
| s

phosphatidylinositol-3,4,5-triphosphate  [9]. Accumulation of
phosphatidylinositol-3,4,5-triphosphate at the cell surface then
results in phosphorylation and activation of Akt, a protein ser-
ine—threonine kinase. The tumor suppressor PTEN, when
functionally active, can dephosphorylate phosphatidylinositol-
3,4,5-triphosphate, reversing Akt activation and inhibiting fur-
ther downstream signaling [10). Furthermore, PTEN mediates
agonist-induced apoptosis via up-regulation of apoptotic
machinery and the down-regulation of anti-apoptotic pro-
teins [11]. However, in the absence of PTEN inhibition, Akt
phosphorylates and inhibits the tuberous sclerosis complex
(TSC), leading to mTOR activation. Activated mTOR subse-
quently forms 2 different multiprotein complexes, mTOR com-
plex 1 and mTOR complex 2, associated with the regulatory
Ultimately, phos-
phorylation and activation of two separate downstream signal-

associated protein of mTOR (raptor) [10].

ing molecules, eukaryotic translation initiation factor 4E
binding protein 1 (4E-BP1) and ribosomal protein S6 kinase
1, promotes the translation of proteins involved in cell growth,
angiogenesis, proliferation and survival [9.12-14].

Rapamycin and alternate rapalogs interfere with PI3K/Akt/
mTOR signaling primarily via inhibition of the mTOR com-
plex 1, preventing phosphorylation of 4E-BP1, S6 kinase 1,
and other proteins leading to cell cycle arrest and decreased
angiogenesis [10.15]. The propensity of P7EN mutations in
endometrial cancer specimens and their subsequent aberrant
activation of the PI3K/Akt/mTOR pathway provided the thera-
peutic rationale behind exploration of mTOR inhibitors
(mTORI) as nonhormonal targeted therapies. Alternatively,
PI3K and Akt specific inhibitors as well as dual PI3K/mTORi

are currently being tested.

mTOR specific inhibitors in
endometrial cancer

As detailed earlier, loss of PTEN protein
function occurs in 46-83% of endome-
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cific inhibitors in an effort to improve
------------------ survival among patients with currently
incurable endometrial cancer has been a
priority over the last several years.

Four Phase II trials have investigated
the use of single agent mTORi in the
treatment

of patents with recurrent

endometrial cancer after failing prior

therapy (Tuee 2). The earliest report was
presented at the 2007 Annual Meeting of
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Figure 1. The PI3K/Akt/mTOR pathway inhibitors currently under study in

patients with advanced stage or recurrent endometrial cancer.
PTEN: Phosphate and tensin homolog.

the American Society of Clinical Oncol-
ogy [17]. A total of 45 patients with pro-
gressive endometrial cancer were studied
in an open-label single arm design. Sub-
jects were allowed up to two prior regi-
mens of cytotoxic chemotherapy. Patients
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received single agent AP23573 at a dose of 12.5 mg iv. every
5 days weekly, every other week for 28-day cycles (Fioure 2D).
The primary efficacy endpoint was clinical benefit response,
defined as a complete or partial response or prolonged stable
disease (defined as stable disease for at least 16 weeks) by mod-
ified RECIST guidelines [17]. Notably, 9 of 27 (33%) patients
evaluable for response had clinical benefit response, including
two partial responses. The most common adverse events
reported included fatigue, anemia, mouth sores and nausea/
vomiting [17].

The three remaining Phase II clinical trials enrolled a total
of 224 evaluable subjects. The largest study that included
130 patients evaluated the activity of ridaforolimus in compari-
son to progestin or chemotherapy in 130 women with
advanced endometrial cancer in an open-label, randomized
Phase II trial [18]. An interim analysis of the first 114 patients
treated demonstrated a median progression free survival (PES)
of 3.6 months for ridaforolimus compared to 1.9 months for
progestin (hazard ratio [HR] = 0.53; one-sided p = 0.008) as
assessed by independent radiology review. A stable disease rate
of 35% was noted in the ridaforolimus arm [18].

As a result of the promising results achieved by ridaforoli-
mus in preclinical and Phase I clinical trials involving different
tumors, a prospective Phase III clinical trial, SUCCEED (Sar-
coma Multi-Center Clinical Evaluation of the Efficacy of Rida-
forolimus), was conducted to assess the effect of ridaforolimus
on PES and overall survival (OS) in patients with metastatic
soft tissue or bone sarcomas [19]. Despite achieving its primary
end point, a statistical improvement in PFS (17.7 weeks with
study drug vs. 14.6 weeks with placebo; p = 0.0001), an OS
advantage was not reached. Significant toxicities, including sto-
matitis (61%), infection (52%), fatigue (36%) and diarrhea
(32%), were noted, with 6 (1.8%) treatment related deaths.
Ultimately, after review of the risk-benefit profile, the drug
was rebuked by both the US FDA and the EMA. Given the
aforementioned developments, it is unlikely ridaforolimus will
have a role in the treatment of advanced stage, metastatic or
recurrent uterine cancer as a single agent. Additionally, identi-
fying molecular markers predictive to response is doubtful,
given the failure to do so in alternate disease sites.

Ridaforolimus and another mTORi, temsirolimus, were sub-
sequently studied as single agents in chemotherapy-naive and
chemotherapy-treated patients with recurrent endometrial
cancer (Tasie 2) [2021]. Response rates ranged from 7-24% with
a stable disease rate of 46-69%. A 7.3-month PES was seen in
the chemotherapy-naive population treated with single agent
temsirolimus in comparison to 3.2 months in subjects who
received prior cytotoxic therapy [21]. Interestingly, the analysis
of PTEN loss via immunohistochemistry and mutational analy-
sis as well as molecular markers of the PI3K/Akt/mTOR path-
way did not correlate with the clinical outcome or response.
The most commonly reported toxicities included fatigue, pruri-
tus, rash, mucositis, hematologic and metabolic abnormalities.

Temsirolimus is currently US FDA approved for the treat-
ment of renal cell carcinoma. It is a derivative of sirolimus.
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Table 2. Cl

[21]

Fatigue; pruritus; rash;

Group A: 7.33
Group B: 3.25

Group A: 69%
Group B: 46%

Group A: 24%
(PR and CR)

Group A: CT naive;
<1 hormonal
treatment

Temsirolimus 25 mg iv.

60

Oza et al.
(2011)

mucositis; hematologic;

metabolic

weekly (4 week cycles)

Group A: 33

Group B: 4%

Group B: 27

Group B: <1 prior
cycle of CT

(18]

Hyperglycemia; anemia;
asthesia; anemia;

35% (R arm) 3.6 (R)vs 1.9 (P)

0% (R arm)

<2 prior lines of CT

Ridaforolimus 40 mg

130

Oza et al.
(2011)

daily for 5 days/week
versus Progestational
treatment versus CT

diarrhea; stomatitis

(20]

Mucositis; fatigue;

7.7% (PR) 58% NR

Prior HT, RT and CT

allowed

Ridaforolimus 40 mg
orally 5 days/week

34

Mackay et al.

(2011)

anorexia; diarrhea; rash;

hematologic

Fatigue; anemia; [17]

NR

NR

33% (CBR)

>2 prior lines of CT

AP23573 12.5 mg iv.

45

Colombo et al.

(2007)

mucositis; nausea;

for 5 days every other

week

vomiting; hyperglycemia

Intravenous; NR: Not reported; P: progestational; PR: Partial response;

CBR: Clinical benefit response defined as CR + PR + SD; CR: Complete response; CT: Chemotherapy; G: Grade; HT: Hormonal therapy; iv.:

R: Ridaforolimus; RR: Response rate; RT: Radiation therapy; SD: Stable disease.

informahealthcare.com

849


http://informahealthcare.com

Downloaded by [The UC Irvine Libraries] at 13:12 06 September 2017

Eskander & Tewari

Figure 2. Molecular structures. (A) BAY 80-6946; (B) BKM 120; (C) temsirolimus;
(D) AP23573; (E) XL 147; (F) ridaforolimus.

Importantly, temsirolimus was the first US FDA approved
mTOR-targeted agent. The registration trial leading to
approval of the drug in patients with advanced renal cell car-
cinoma was a Phase III study comparing temsirolimus mono-
therapy to IFN-0¢ monotherapy and a combination of
temsirolimus and IFN-o. [22]. Patients who received temsiroli-
mus alone had longer OS (HR for death, 0.73; 95% CI:
0.58-0.92; p = 0.008) and PES (p <0.001) than did patients
who received interferon alone. OS in the combination-
therapy group did not differ significantly from that in the
IFN-o alone group (HR, 0.96; 95% CI: 0.76-1.20;
p = 0.70). Median OS times in the interferon group, the
temsirolimus group and the combination-therapy group were
7.3, 10.9, and 8.4 months, respectively. Rash, peripheral
edema, hyperglycemia and hyperlipidemia were more com-
mon in the temsirolimus group, whereas asthenia was more
common in the interferon group. There were fewer patients

with serious adverse events in the tem-
sirolimus group than in the interferon
group (p = 0.02) [22].

Currently, there are no Phase III clini-
cal trials examining temsirolimus in endo-
metrial cancer patients. If US FDA
approval is requested for patients with
advanced stage, metastatic or recurrent
endometrial cancer, it is likely that investi-
gators will have to demonstrate an analo-
Additionally, if
biologic markers predictive of response are
identified, potential applications in the
endometrial cancer arena may emerge. In

gous OS

advantage.

patients with renal cell carcinoma, baseline
expression of phosphorylated S6 or phos-
phorylated p70 S6 kinase was associated
with objective response to temsirolimus in
a small population of patients [23]. Cer-
tainly, sample expansion and validation in
a larger prospective study is warranted.

Combining mTOR specific inhibitors
with hormonal agents in
endometrial cancer

The use of hormonal therapy in the treat-
ment of patients with endometrial cancer
dates back nearly 40 years, following
immunohistochemical ~data indicating
that greater than 90% of well differenti-
ated endometrioid type (Type 1) endo-
metrial cancers express estrogen and
progestin receptors [24].

More recently, in wvitro evidence has
emerged indicating synergistic effects
when mTORI are given concurrently with
hormonal therapy [2526). It has been
shown that PTEN loss and PI3K activat-
ing mutations may confer 7z vitro resistance to hormonal ther-
apy (27). In many models, this resistance has been overcome by
the use of an mTORI. Additionally, there is reported crosstalk
between hormone receptor signaling pathways and the PI3K/Akt
pathway along several levels, with PI3K/Akt/mTOR activation
resulting in tamoxifen resistance in breast cancer studies [2s].

Given the theoretical benefits of combinaton therapy, two
Phase II clinical trials were completed exploring the use of
mTORi and hormonal therapy in patients with recurrent endo-
metrial cancer (Tasce 3) (2829]. Flemming e¢f al. in Gynecologic
Oncology Group (GOG) protocol 248 randomized patients
with advanced, persistent or recurrent endometrial cancer to
receive temsirolimus 25 mg iv. weekly or the combination of
temsirolimus 25 mg iv. weekly plus megestrol acetate 80 mg
bid for 3 weeks alternating with tamoxifen 20 mg bid for
3 weeks [271. Unfortunately, the combination arm, which
included both temsirolimus and hormonal therapy, was closed

850
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Table 3. Clinical studies with mTOR specific inhibitors in combination with hormonal agents or cytotoxic

drugs in the treatment of endometrial cancer.

Fleming et al. 22 Temsirolimus No prior NR
(2014) 25 mg iv. hormonal

weekly + megace  therapy. One

80 mg BID for prior CT

3 weeks acceptable

alternating with

tamoxifen 20 mg

BID for 3 weeks
Slomovitz et al. 28  Everolimus 10 mg  Up to 2 prior 21%
(2010) PO daily + CT allowed

letrozole 2.5 mg

PO daily for

28-day cycles

NR Median Fatigue, pneumonitis, [28]
4.2 months edema,
thrombocytopenia,
thromboembolic events
14% NR Fatigue, nausea, [29]

stomatitis, hyperglycemia,

Agent: Hormonal therapy; BID: Twice daily; CT: Chemotherapy; G: Grade; iv.: Intravenous; NR: Not reported; PFS: Progression free survival; PO: Orally; RR: Response rate;

SD: Stable disease.

prematurely due to an unacceptable rate of venous thromboem-
bolism (35% rate of DVT [n = 5] and nonfatal pulmonary
embolus [n = 2]). Interim analysis indicated no difference in
response rate between the two arms.

Analogously, the combination of another mTORI, everoli-
mus and letrozole was investigated in an open-label, single-arm
Phase II study enrolling patients with recurrent endometrial
cancer who failed <2 prior chemotherapy regimens [29]. Everoli-
mus was administered at a dose of 10 mg p.o. daily in combi-
nation with letrozole at a dose of 2.5 mg daily for 28-day
cycles. A total of 28 patients were enrolled, with a confirmed
objective response rate of 21%. The most common drug
related toxicities were fatigue (50%), nausea (45%), stomatitis
(45%), hypertriglyceridemia (27%) and hyperglycemia (27%).

Currently, everolimus (in combination with exemestane) is
indicated for the treatment of postmenopausal women with
advanced hormone receptor-positive, HER2-negative breast
cancer after failure of treatment with letrozole or anastrozole. It
is additionally approved for the treatment of adult patients
with progressive neuroendocrine tumors of pancreatic origin
with unresectable, locally advanced or metastatic disease, as
well as for the treatment of adult patients with advanced renal
cell carcinoma (RCC) after failure of treatment with sunitinib
or sorafenib. It is also approved for the treatment of adult
patients with renal angiomyolipoma and TSC, not requiring
immediate surgery as well as pediatric and adult patients with
subependymal giant cell astrocytoma that requires therapeutic
intervention but cannot be curatively resected [2530-32).

Three prospective, double-blind, randomized registration trials
in breast, pancreatic and RCC ultimately led to US FDA
approval of everolimus for the aforementioned indications. All tri-
als permitted cross-over and unblinding in the event that the ther-
apeutic arm showed a survival advantage. Importantly, all three
trials showed a significant improvement in PFS, with impressive
HRs ranging from 0.33-0.45, without an OS advantage.

To date, no Phase III trial has been conducted investigating
everolimus use in recurrent endometrial cancer patients,
although with limited therapeutic options in this setting, thought
should be given toward additional exploration of this agent.

Combining mTOR specific inhibitors with cytotoxic
chemotherapy and/or anti-angiogenesis therapy
Recurrent, metastatic endometrial cancer is traditionally man-
aged with systemic cytotoxic chemotherapy regimens or hor-
monal agents as detailed above. Unfortunately, response rates
are poor as both toxicity and drug resistance limit the benefits
derived from chemotherapy [33). Importantly, however, preclini-
cal evidence has suggested that the use of both mTORi, which
are primarily cytostatic, and cytotoxic agents may exhibit syner-
gistic anticancer effects [33]. [n vitro studies, using endometrial
cancer cell lines, demonstrated that the mTORi rapamycin
potentiated the effects of paclitaxel and cisplatin through
inhibiion of cellular proliferation and induction of
apoptosis [34-36].

In a Phase I clinical trial, Temkin et 4/ evaluated weekly
temsirolimus and topotecan in the treatment of advanced and/
or recurrent gynecologic cancer [33]. Six of the 15 (67%)
enrolled subjects had recurrent uterine cancer. The regimen
was not tolerable in women with a history of radiation due to
hematologic toxicity. However, in those patients who were
radiation naive, a Phase II dose of 25 mg of temsirolimus with
1 mg/m® of topotecan given weekly, was recommended.
A total of 9 of 11 patients (81.8%) enrolled in the trial were
found to have stable disease at time of first evaluation.

Furthermore, the combination of carboplatin, paclitaxel and
temsirolimus was studied in patients with advanced solid
tumors in a dose escalation Phase I clinical trial [37]. Carbopla-
tin, paclitaxel on day 1 with temsirolimus on day 1 and 8 was
well tolerated, with 82% of the endometrial cancer patients
exhibiting an objective partial response. More recently, the
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Table 4. Clinical studies with PI3K-specific inhibitors as monotherapy for the treatment of endometrial

cancer.

Patnaik et al. 17 BAY NR NR
(2011) (2 with EC)  80-6946
Lotze et al. 23 BAY NR NR
(2012) (3 with EC)  80-6946

1 of the NR Hyperglycemia; [41]
2 subjects fatigue; nausea;

with EC vomiting; alopecia;
exhibited SD diarrhea; mucositis;

for 8 months anemia

NR NR Hyperglycemia; [42]

HTN; pneumonitis

EC: Endometrial cancer; G: Grade; HTN: Hypertension; NR: Not reported; PFS: Progression free survival; PI3Ki: Phosphatidylinositol-3 kinase inhibitor; RR: Response rate;

SD: Stable disease.

targeted anti-angiogenic agent bevacizumab has been studied as
a single agent in patients with recurrent or metastatic endome-
trial cancer [38]. Fifty-six patients were enrolled in the trial, of
whom 52 were evaluable. Seven patients (13.5%) experienced
clinical responses, with 40.4% surviving progression free for at
least 6 months. Importantly, mTOR inhibition has also been
shown to have anti-angiogenic effects 77 vitro, with temsiroli-
mus exhibiting hypoxia inducible factor-1ot inhibitory proper-
ties and decreasing VEGF expression, resulting in decreased
angiogenesis [1539].

A Phase I trial of liposomal doxorubicin, bevacizumab and
temsirolimus in patients with advanced gynecologic and breast
malignancies showed the regimen to be well tolerated with
manageable toxicities. A 19% partial response rate was seen for
all enrolled subjects (39]. Furthermore, GOG protocol 229G
explored the combination temsirolimus and bevacizumab in a
Phase II clinical trial of patients with recurrent or persistent
endometrial cancer. Preliminary results were recently presented
at the 2012 Annual Meeting of the Society of Gynecologic
Oncology, with clinical response in 24.5% of patients
and 47% surviving progression free for at least 6 months.
The median OS was nearly 17 months in this pretreated
population.

More recently, GOG protocol 86P was developed as a
randomized Phase II study exploring the efficacy of cytotoxic
chemotherapy in combination with either anti-angiogenic
therapy or the mTORi temsirolimus. The study arms
included: carboplatin + paclitaxel + bevacizumab with bevacizu-
mab maintenance therapy; carboplatin + paclitaxel + temsiroli-
mus with temsirolimus maintenance and ixabepilone +
carboplatin + bevacizumab with bevacizumab maintenance.
The primary objective of the study is to evaluate the hazard of
progression or death in each of the 3 arms relative to historical
controls. Patients with stage 3 or 4A (measurable disease
required) as well as those with stage 4B or recurrent endome-
trial cancer (measurable or not) were allowed to enroll in the
study. Importantly, patients were excluded if they received
prior chemotherapy or targeted therapy and were required to
have a GOG performance status of 0-2. The study recently
closed to accrual and we await maturation of the results.

PI3K specific inhibitors in endometrial cancer

In an analogous manner to other protein kinase inhibitors, the
existing PI3K inhibitors bind competitively in the ATP-binding
pocket of the catalytic domain [40]. This molecular strategy has
enabled the development of both nonspecific and isoform-
specific PI3K inhibitors [40).

Several PI3K specific inhibitors are in various stages of clini-
cal development and therapeutic testing (Tase 4). At the
2011 ASCO Annual Meeting, antitumor activity in a panel of
preclinical models and in patients with advanced solid tumors
in a Phase I dose escalation study was reported for BAY
80-6946 (copanlisib), a potent and highly selective reversible
pan-class I PI3K inhibitor (Ficure 24) [41]. A total of 17 nondia-
betic patients received BAY 80-6946 over 1 h iv. infusions at
doses of 0.1 mg/kg (1), 0.2 mg/kg (3), 0.4 mg/kg (3), 0.8 mg/
kg (8) and 1.2 mg/kg (2). Of the 17 subjects, 2 (11.8%) had
endometrial cancer. One of the two subjects with endometrial
cancer exhibited stable disease for 8 months while on
treatment [41].

A subsequent presentation at the 2012 ASCO Annual Meet-
ing evaluated BAY 80-6946 (BAY) in an expansion cohort of
23 nondiabetic patients with solid tumors [42]. Of the 23 sub-
jects, 3 (13%) had endometrial cancer. Outcome results were
not reported. Common grade 2-3 adverse events included
hyperglycemia requiring insulin therapy, hypertension, and
interstitial pneumonitis.

In addition to the above agents, other PI3K specific inhibi-
tors are currently being investigated including BKM120 and
XL147 (Ficures 2B & 2E).

Dual PI3K & mTORi in endometrial cancer

In an effort to improve therapeutic efficacy and avoid acquired
resistance, dual PI3K/mTORi have been investigated in both
the preclinical and clinical setting. In both iz vitro and in vive
ovarian and prostate cancer models, the combination exhibited
more activity than either single agent alone [43). Furthermore,
at the molecular level, combined mTOR inhibition prevented
the rebound activation of Akt that is seen after treatment with
rapamycin and its analogs and caused more sustained inhibition
of Akt phosphorylation [43).
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Table 5. Clinical trials with dual PI3K/mTOR inhibitors in the treatment of endometrial cancer.

Genentech GDC-0980 Single arm open label Recurrent or persistent EC [71]
Phase II

Pfizer PF-04691502 PF-05212384 Randomized Phase I Recurrent or persistent EC (failed [72]
non-comparative study >1 prior platinum containing CT)

Daiichi Sankyo Inc. DS-7423 Phase | open label Advanced solid tumor refractory [73]
study to other treatment

Novartis BEZ235 Phase | study Advanced solid tumor refractory [74]

CT: Chemotherapy; EC: Endometrial cancer.

Currently, several Phase I and II clinical trials are exploring
dual PI3K/mTORI for use in patients with advanced or recur-
rent endometrial carcinoma (Tasie 5).

Akt-specific inhibitors in endometrial cancer

As a downstream effector of the PI3K signaling cascade, Akt
plays an essential role in tumor cell survival, proliferation and
inhibition of apoptosis. Both 7% vitro and in vive assays have
illustrated a synergistic cytotoxic effect when the Akt inhibitor
MK2206 was used in combination with epidermal growth fac-
tor receptor inhibitors as well as the cytotoxic agents doxorubi-
cin, carboplatin, 5-FU, gemcitabine and docetaxel [44].
Exploration of Akt specific inhibitors in endometrial cancer is
limited to an ongoing Phase II, two-arm PIK3CA mutation
stratified clinical trial of MK-2206 in recurrent or advanced
endometrial cancer [45].

Toxicities associated with PI3K, mTOR & AKT inhibitors
in endometrial cancer

As with all novel therapies, the potential benefits of these
agents must be weighed against their side effects. Recently com-
pleted Phase III clinical trials of mTORI in patients with RCC
and hormone receptor positive advanced breast cancer con-
firmed that the side-effect profile associated with this class of
agents is overall tolerable and manageable [102546). Primarily,
metabolic abnormalities, including hyperglycemia and hyperlip-
idemia can be expected in patients treated with mTORIL
Importantly, patients with endometrial cancers commonly har-
bor additional cardiovascular risk factors such as hypercholester-
olemia, diabetes and hypertension, enhancing the clinical
implications of the previously listed toxicities [47-49]. More
commonly, however, patients treated with these class of agents
experience thrombocytopenia, anemia, asthenia, diarrhea, rash
and fever [50].

One of the more serious drug-class-specific toxicities encoun-
tered in Phase IT and III clinical trials is interstitial pneumoni-
tis [5152]. However, recent data indicate that only a small
fraction of patients (10%) will present with symptoms or
require intervention due to pneumonitis while on therapy [5354].
The majority of patients will experience symptom resolution
with dose delays, dose reductions or administration of systemic

to other treatment

steroids. For unclear reasons, everolimus and ridaforolimus
carry a lower risk of pneumonitis when compared to
temsirolimus.

The evolving role of metformin in endometrial cancer
therapeutics

Metformin belongs to the biguanide class of drugs and has
been long used for the treatment of Type 2 diabetes. Recently,
interest in the anticancer properties of metformin has emerged
as epidemiologic studies in patients with breast and prostate
cancer have shown a survival advantage in patients taking this
medication (55-58]. Additionally, patients with endometrial can-
cer who are obese or have diabetes have been shown to have
compromised survival and increased recurrence rates [59]. This
adverse oncologic outcome associated with metabolic syndrome
in patients with endometrial cancer may be a direct result of
the metabolic and endocrine effects of obesity.

Preclinical studies conducted on breast, prostate, lung and
endometrial cancer cell lines have shown metformin to be a
potent inhibitor of cell proliferation and to potentiate the
effects of cytotoxic chemotherapeutic agents. On a molecular
level, metformin functions as both an insulin sensitizer and
also inhibits hepatic gluconeogenesis. Specifically, metformin
inhibits complex 1 activity in the mitochondria, leading to
activation of the downstream target AMP-activated protein
kinase (AMPK), which regulates cellular pathways controlling
proliferation, including the mTOR pathway. In the presence
of metformin, AMPK is phosphorylated and activated by
liver kinase B1. This subsequently results in inhibition of
mTOR related signaling. In elegant cell line studies, metfor-
min mediated AMPK activation has been shown to inhibit
cellular proliferation via mTOR inhibition and decrease in
phosphorylation of the downstream target S6 [60]. AMPK
independent mechanism, including inhibition of the regulator
complex and regulated in development and DNA damage
responses 1 upregulation, may also explain mTOR pathway
inhibition.

Given the above, incorporation of metformin in endometrial
cancer therapeutics is under active investigation. GOG protocol
286B is a prospective randomized Phase II/III study examining
the impact of adding metformin to cytotoxic chemotherapy on
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PES and OS in patients with measurable, advanced stage, per-
sistent or recurrent endometrial cancer [61). The study arms
include: carboplatin + paclitaxel + metformin with maintenance
metformin and carboplatin + paclitaxel + placebo with mainte-
nance placebo. Notable translational objectives include assess-
ment of the correlation between various metabolic factors
(body mass index, diabetes status, fasting insulin and glucose
levels) and response, as well as the contribution of metformin
transporter expression on treatment outcomes. Given the tre-
mendous cost savings of metformin (~$1 per day) and favor-
able toxicity profile, the results of this study may be practice
changing.

Metformin has also been studied in combination with tradi-
tional mTORI as described earlier. In a Phase I clinical trial,
patients with advanced stage solid tumors who had exhausted
standard treatment options were treated with weekly intravenous
temsirolimus and daily oral metformin [62]. Eleven patients were
enrolled. Dose-limiting toxicities were observed in all patients at
the inidal dose level of 25 mg weekly of temsirolimus and
500 mg metformin orally twice daily. Toxicities included grade
4 pneumonitis, persistent grade 3 fatigue and thrombocytopenia
requiring dose delays. The maximum tolerated dose was 20 mg
temsirolimus weekly and 500 mg orally daily of metformin.
One patient with head and neck cancer experienced a partial
response. Five patients had stable disease including a patient
with melanoma who had stable disease for 22 months.

Cervical cancer & mTOR signaling

Cervical cancer is caused by specific subtypes of the HPV that
express viral oncogenes, E6 and E7. Oncogenic HPV EG6 also
causes rapid degradation of TSC, resulting in TORC1 activation
and downstream mTOR signaling [571. Hela cells have been
shown to be defective in the tumor suppressor liver kinase B1,
which inhibits mTOR via TSC2 stimulation. mTOR pathway
activation has been observed in cervical cancer cell lines and in an
immunodeficient mouse xenograft model. Preclinical efficacy of
mTOR inhibition by rapamycin and RAD001 was evident by
virtue of decreased mTOR activity iz vivo and a significant
decrease in xenograft tumor burden [63).

In addition to the impact of oncogenic HPV infection on
mTOR signaling, a relatively high prevalence of PIK3CA muta-
tions have been found in cervical cancer, further suggesting a role
for mTORI in this disease. In a Phase I study of 15 patients
found to have PIK3CA mutations in their cervical cancers,
5 were treated with agents targeting the PI3K/AKT/mTOR path-
way, of whom 2 had a partial response [64]. In another Phase I
study, which included two women with advanced/recurrent squa-
mous cell carcinoma of the cervix, patients were treated with
weekly temsirolimus (25 mg on days 1, 8, 15, 22) and topotecan
(1 mg/m2 on days 1, 8, 15), and one of the women with cervical
cancer experienced stable disease for 3 months. This combined
regimen was not tolerated in patients who had previously
received pelvic radiation therapy [65).

Finally, single agent temsirolimus (25 mg iv. weekly every
28 days) was studied in a Phase II trial of 33 women with

advanced stage cervical cancer. One patient experienced a par-
tial response (3.0%) and 19 patients had stable disease (57.6%)
with a median duration of response of 6.5 months (range,
2.4-12.0 months) [6¢]. Six-month PES was 28% (95% CI:
14-43%) and the median PFS was 3.52 months (95% CI:
1.81-4.7) (66). No grade 4-5 adverse events were observed.

Clear cell carcinoma of the ovary & mTOR inhibition
Clear cell carcinoma accounts for 1-12% of epithelial ovarian
carcinomas in the USA. Unfortunately, advanced-stage clear cell
carcinomas do not respond as well to platinum-based chemo-
therapy as do the more common high-grade serous tumors. In a
2010 meta-analysis of 8000 patients on seven international
front-line trials using platinum-based regimens, the median OS
of the 221 women with stage III/IV clear cell carcinoma was
21.3 months versus 40.8 months for women with serous carcino-
mas [67]. The results are worse in the setting of recurrent disease
where it does not seem to matter whether the disease is platinum
sensitive or platinum resistant using conventional definitions.

Compared to serous tumors, clear cell tumors have low levels
of chromosomal instability and a high frequency (up to 40%) of
PIK3CA mutations [¢8]. Histologically, clear cell carcinoma of the
ovary and RCC are similar. In addition, both neoplasms share
many gene expression profiles as detailed by prior investiga-
tors [69.68]. This suggests that therapies active in one histologic sub-
type may be active in another tumor of similar histology
independent of organ or origin. Examples of this paradigm can be
seen in the activity of etoposide plus cisplatin for neuroendocrine
tumors of the lung and the cervix and in the activity of various
chemotherapy triplets (vincristine, actinomycin-d, cyclophospha-
mide, cisplatin, vinblastine, bleomycin, and bleomycin, etoposide,
cisplatin) in malignant germ cell tumors of the testis and ovary.

As mTORIi have activity in advanced RCC and due to the
relatively high prevalence of PIK3CA mutations in clear cell
ovarian carcinoma, the GOG has launched a frontline single-
arm Phase II trial (GOG protocol 268) to evaluate the combi-
nation of carboplatin, paclitaxel, and the mTORI, temsiroli-
mus, followed by consolidation temsirolimus for stage III/IV
clear cell ovarian cancer [70].

Summary

The PI3K/Akt/mTOR pathway is being targeted as a novel
treatment strategy in patients with advanced or recurrent endo-
metrial cancer. However, despite evidence of meaningful clini-
cal response, appropriate dose, duration and timing of therapy
remain unclear and represent areas of active clinic investigation.
In addition, a role for mTORI in both cervical cancer and clear
cell cancer of the ovary is gradually emerging.

Analogous to alternate targeted therapeutic strategies, prelimi-
nary results related to oncologic outcomes using mTORI in
endometrial cancer patients were not as promising as anticipated.
This is likely multifactorial, and may be related to crosstalk
and negative feedback loops across parallel signaling pathways.
This hypothesis has catalyzed investigation of combination
regimens, as reviewed previously, with progressive interest in
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PI3K/Akt/mTOR inhibition in conjunction with traditional che-
motherapeutics, hormonal drugs and anti-angiogenic agents.
This principle of combination therapy may help circumvent the
primary challenge posed by parallel signaling.

In addition to the aforementioned, our understanding of
predictors of response continues to evolve as we develop drugs
targeting the cellular PI3K/Akt/mTOR mechanism. It is
unclear if activating mutations in PIK3CA and/or loss of
PTEN activity is more predictive of response. Conversely, the
contribution of KRAS activating mutations to resistance
remains an area of active investigation. Furthermore, the role
of PI3K as a critical regulator of glucose uptake and metabo-
lism is becoming progressively more evident, with potential
implications in a patient population that is commonly obese,
with significant metabolic derangements.

Finally, identifying an appropriate drug dose is likely more
complex with pathway specific targeting agents. Unlike tradi-
tional cytotoxic dugs, the pharmacologic dose (maximum toler-
able dose on clinical studies) may not equate to the biologically
effective/optimal dose. Moving forward, the incorporation of
pharmacodynamic studies as translational end points in
mTORI clinical trials is critical and may help confirm or refute
pathway inhibition, informing treatment response.

Expert commentary

With advancements in pharmacologic drug discovery, addi-
tional PI3K/Akt/mTOR pathway inhibitors will be identified
and incorporated into clinical research for women struggling
with gynecologic malignancies. Furthermore, novel therapeutic
drug combinations, joining targeted pathway inhibitors, cyto-
toxic chemotherapeutic agents and hormonal agents may
emerge. Many of these agents have been described earlier.

Moreover, the active investigation of metformin as a cost—effec-
tive mTOR inhibitor is ongoing and may lead to promising
advances in this patient population.

Five-year view

As our understanding of cancer genomics improves, the uld-
mate goal will be to develop a more personalized approach to
cancer treatment, identifying targeted agents (PI3K/Akt/mTOR
pathway inhibitors) that are more likely to provide a meaning-
ful response or cure based on patient/cancer gene signatures
and cancer-induced protein expression. The traditional para-
digm in the clinical trials arena has been to study large popula-
tions with a single tumor type that may or may not express a
relevant target for the drug under investigation. We predict
that within 5 years’ time, a new platform for studying novel
therapies will emerge through which enriched populations rep-
resenting multiple tumor types, all expressing the same predic-
tive biomarker (e.g., aberrant mTOR signaling in endometrial,
cervical and clear cell ovarian cancer), can be enrolled onto a
single Phase III randomized clinical trial with clinical and
translational endpoints.
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Key issues

e Endometrial cancer is the most common gynecologic malignancy for which there are no US FDA approved nonhormonal biologic

targeted agents.

e The tumor suppressor gene, phosphatase and tensin homolog (PTEN), is altered or mutated in 46-83% of endometrial cancer.

PTEN mutations lead to aberrant signaling of the phospahtidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (Akt)/mTOR
pathway.

mTOR inhibitors (MTORi) have demonstrated promising clinical activity in patients with advanced or recurrent endometrial cancer in
Phase Il trials.

Combining mTORi with hormonal therapy or with cytotoxic and anti-angiogenic drugs may represent a therapeutic strategy in advanced
and recurrent endometrial cancer.

PI3K-specific inhibitors and Akt-specific inhibitors have also been developed and studies are underway combining these agents with
mTORi in patients with advanced or recurrent endometrial cancer.

Patients treated with mTORi may develop hyperglycemia and hyperlipidemia, and may also experience thrombocytopenia, anemia,
asthenia, diarrhea, rash and fever.

The diabetes drug metformin also inhibits mTOR signaling and is being studied by the Gynecologic Oncology Group in protocol 286B, a
randomized Phase I/l clinical trial combining metformin with chemotherapy in women with advanced or recurrent endometrial cancer.
The PI3K/Akt/mTOR pathway is an important pathway in some cases of cervical carcinoma.

Shared histology may govern response to specific therapeutics, suggesting that clear cell ovarian cancer may respond to mTORi just as
renal cell carcinomas do.
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