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ABSTRACT

We report on a woman with aggressive estrogen
receptor-positive, KRAS-mutated ovarian cancer who
achieved a remarkable response to combination therapy
with the MEK inhibitor (trametinib) and the aromatase
inhibitor (letrozole), even though the disease had failed
to respond to a combination of a PI3K inhibitor and dif-
ferent MEK inhibitor, as well as to trametinib and the
estrogen modulator, tamoxifen, and to letrozole by itself.
The mechanism of action for exceptional response was
elucidated by in vitro experiments that demonstrated

that the fact that tamoxifen can have an agonistic effect
in addition to antagonist activity, whereas letrozole
results only in estrogen depletion was crucial to the
response achieved when letrozole was combined with an
MEK inhibitor. Our current observations indicate that
subtle variations in mechanisms of action of outwardly
similar regimens may have a major impact on outcome
and that such translational knowledge is critical for opti-
mizing a precision medicine strategy. The Oncologist
2021;26:e530–e536

KEY POINTS

• This report describes the remarkable response of a patient with KRAS-mutated, estrogen receptor-positive low-
grade serous ovarian cancer treated with trametinib (MEK inhibitor) and letrozole (aromatase inhibitor), despite
prior progression on similar agents including tamoxifen (estrogen modulator).

• In vitro investigation revealed that tamoxifen can have agonistic in addition to antagonistic effects, which could
be the reason for the patient not responding to the combination of trametinib and tamoxifen.

• The current observations suggest that drugs with different mechanisms of action targeting the same receptor
may have markedly different anticancer activity when used in combinations.

INTRODUCTION

Ovarian cancer is the second most common gynecologic
malignancy and the most frequent cause of gynecologic
cancer death in the U.S. [1, 2]. Serous ovarian cancer is gen-
erally classified into low- or high-grade serous carcinoma
[3]. Classification of low- versus high-grade serous ovarian

cancer is clinically important because patients with low-
grade serous ovarian cancer (LGSOC) are known to have
better progression-free survival compared with patients
with high-grade disease [4]. However, LGSOC is often resis-
tant to cytotoxic agents (response rate [RR] of ~4%) [5].
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Understanding the tumor grade is also important
because there are molecular differences between low- and
high-grade serous carcinoma. Notably, LGSOC is less com-
monly associated with TP53 alterations compared with
high-grade carcinoma. Meanwhile, KRAS is altered in 20%
to 40% of LGSOC, whereas this mutation is rare among
high-grade histology [5]. Moreover, overexpression of estro-
gen receptor (ER) and progesterone receptor (PR) are fre-
quent in LGSOC (ER/PR overexpression: 43%–58% vs. 17%–
27% for low and high grade, respectively) [6]. Attempts
have been made to use antihormone therapy for ER/PR-
positive cancers and MEK inhibitor for KRAS mutant can-
cers; however, low response rates were observed with
these treatment approaches (RR of 9% and 15%, respec-
tively, when given as a single agent) [7, 8]. In some cases,
one patient may have multiple molecular alterations that
individually suggest different drug options [9, 10]. Previous
work reveals that patient outcomes are better when bio-
markers are concurrently targeted with different agents
[9, 11].

Herein, we describe a patient with heavily pretreated,
widely metastatic LGSOC with overexpression of ER by
immunohistochemistry (PR negative) and with a KRAS G12V
mutation as the sole genomic alteration detected by tissue
and circulating cell-free DNA (cfDNA) next-generation
sequencing. This patient experienced a dramatic and dura-
ble response (19+ months) to the combination of the aro-
matase inhibitor letrozole with the MEK inhibitor
trametinib after a series of related regimens had failed. We
performed translational experiments to demonstrate that
differences in the mechanisms of action of the antiestrogen
tamoxifen versus letrozole might explain the remarkable
response to letrozole together with trametinib after pri-
mary failure of tamoxifen combined with trametinib or
letrozole alone.

PATIENT STORY

Case Report
A 28-year-old woman initially presented with right-sided
pelvic pain and underwent right-sided salpingo-oophorec-
tomy. Pathology detected a serous low-malignant-potential
tumor. One year later, the patient experienced left-sided
pelvic pain, and imaging studies revealed an adnexal mass,
which prompted a hysterectomy with left salpingo-oopho-
rectomy. Pathology confirmed serous low-malignant-
potential tumor. Three years after initial diagnosis, imaging
revealed a hepatic lesion. The lesion was resected, and
pathology showed metastatic LGSOC. Subsequently, the
patient received carboplatin and paclitaxel (six cycles),
followed by carboplatin, gemcitabine, and bevacizumab
(seven cycles). A computed tomography scan performed
9 months after completion of chemotherapy revealed new,
widely metastatic disease, and the patient subsequently
underwent surgery for tumor debulking. Approximately
1 year later, the patient underwent five cycles of doxorubi-
cin for recurrence. At progression, she sought treatment on
a clinical trial with PI3K and MEK inhibitors (PF-04691502,
130 mg i.v. weekly, and PD-0325901 [mirdametinib], initially

with 4 mg p.o. b.i.d. 3 weeks on, 1 week off; dose reduction
was required to 2 mg p.o. b.i.d. 3 weeks on, 1 week off
because of intolerable grade 2 rash), which she continued
for approximately 1 year until progression. She was then
referred to the Precision Medicine Clinic.

Molecular profiling of tissue next-generation sequencing
as well as cfDNA revealed a single alteration—KRAS G12V.
Immunohistochemistry was positive for ER (2+, 75% posi-
tive) but negative for PR. The patient was started on the
MEK inhibitor trametinib for the KRAS G12V mutation and
tamoxifen for ER positivity. Unfortunately, serial imaging
and cancer antigen 125 (CA125) assessments showed pro-
gression at 5 months, and treatment was stopped (Fig. 1A).
She was lost to follow-up for approximately 9 months, at
which time she presented again with bulky pelvic masses
and a rapidly rising CA125 level (Fig. 1A). Based on ER posi-
tivity, she was started on letrozole as monotherapy; how-
ever, after 3 months of therapy, she was found to have
rising CA125 levels (>15,000 U/mL) with radiographic pro-
gression (Fig. 1A and B, left panel).

At that time, she was rechallenged with trametinib (for
KRAS G12V) while continuing on letrozole. Surprisingly,
after 2 months of therapy, the patient noted a reduction in
abdominal pain and girth. Three months after the therapy
began, CA125 level declined to 1,265 U/mL from >15,000
U/mL. KRAS G12V in cfDNA became undetectable. Res-
taging computed tomography scan performed 4 months
after the initiation of letrozole and trametinib showed
>50% tumor reduction (per RECIST version 1.1; Fig. 1A and
B, right panel). She continues to do well with an ongoing
progression-free survival of 19+ months.

In Vitro Experiments: Combination of Estrogen
Depletion with an MEK Inhibitor Sensitized ER-
Positive, RAS Pathway-Activated Serous Ovarian
Cancer Cell Lines Resistant to Tamoxifen and MEK
Inhibitor Combination
Because both tamoxifen and letrozole target estrogen sig-
naling, it was of interest to understand why our patient did
not respond to tamoxifen combined with trametinib yet
had an exceptional response to trametinib combined with
letrozole. We considered that tamoxifen and letrozole have
different mechanisms of action despite both targeting
estrogen signaling. Tamoxifen is known to compete with
17β-estradiol at the receptor site and to block the promo-
tional role of 17β-estradiol in breast cancer [12]. However,
tamoxifen, can also act as a selective estrogen receptor
modulator, and in some contexts, it can have partial agonist
effects (i.e., mimicking the effects of estrogen) [13–16]. In
contrast, letrozole inhibits the enzyme aromatase and
thereby reduces the production of estrogens; letrozole
thereby acts purely as an estrogen antagonist [17].

We set out to experimentally determine whether we
could reproduce the pattern of responsiveness seen in our
patient. KRAS mutant/ER-positive serous ovarian carcinoma
models are not readily available. We therefore used two
ER-positive serous carcinoma cell lines (OVCAR 3 and SKOV
3) that are readily available. We hypothesized that the
effects of the KRAS mutation reflected overactivation of the
RAS signaling pathway, and for our experimental efforts we
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Figure 1. (A): Dynamic change in tumor marker (CA125) (blue line) and KRAS G12V cell-free DNA (red dotted line) along with treat-
ment course. (Note that the patient was lost to follow-up for several months between treatments). (B): Computed tomography
images before and after the combination of letrozole and trametinib. Reduction of solid tumor masses (arrows) and improvement
in ascites (circles) were seen after the initiation of letrozole and trametinib. Therapy is ongoing at 19+ months. *, Over upper limit
of detection (>15,000 U/mL).
Abbreviations: CA125, cancer antigen 125; ND, not detected.
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activated epidermal growth factor receptor (EGFR) to
induce elevated levels of RAS signaling [18]. This would be
consistent with our hypothesized mechanism (Fig. 2). We
also used an ER-negative cell line (OVCAR 5) as a control
(supplemental online Methods).

We first tested if these cells were sensitive to estrogen
depletion and found that all three cell lines grew just as
well with estrogen depletion compared with when they
were grown with estrogen (supplemental online Fig. 1A).

Furthermore, we treated these cells with tamoxifen and
found that they proliferated at approximately the same rate
(supplemental online Fig. 1B). These observations suggest
that targeting estrogen signaling alone with either estrogen
depletion strategies (mimicking letrozole) or with a selec-
tive estrogen modulator (like tamoxifen) would be
ineffective.

We then tested scenarios that replicated the patient’s
treatment schema. Cells were treated with trametinib,

Figure 2. Noncanonical and canonical ER signaling axis. We hypothesized that the partial agonist activity of tamoxifen versus the
estrogen depletion effect of letrozole might explain the observed and widely different clinical responses [13–16]. We also hypothe-
sized that noncanonical ER signaling might be involved, in which MER can drive noncanonical ER signaling [13, 15, 23]. We con-
structed a map of the signaling pathway that comprises the described interactions, and we considered each of the treatment
scenarios and responses. We found that our hypothesized mechanisms could potentially explain the diverging responses to tamoxi-
fen and letrozole when combined with trametinib in a patient with hyperactivated RAS pathway signaling. (Scenario 1): MER-driven
noncanonical ER signaling and RAS signaling (replicating baseline condition of current case report). MER/E2 activates AKT and ER,
which leads to cell growth. Activation of EGFR subsequently activates RAS/MAPK pathway, which also leads to growth signaling
(similar to KRAS mutation). (Scenario 2): TMX functions as a partial agonist for MER-driven noncanonical ER signaling. Thus, no
inhibitory effect is seen on ER signaling. (Scenario 3): Combination treatment with tamoxifen and trametinib is not sufficient to halt
the cell growth despite the successful inhibition of RAS/MEK pathway with trametinib because ER signaling is not adequately
reduced with tamoxifen. (Scenario 4): Combination of estrogen depletion (mimicking treatment with letrozole) and trametinib suc-
cessfully inhibits both ER and RAS signaling, thus leading to the inhibition of cell growth. (Scenario 5): Combination of estrogen
depletion (mimicking treatment with letrozole) and erlotinib (EGFR inhibitor to reduce RAS activation) successfully reduces both ER
and RAS signaling, thus leading to the inhibition of cell growth.
Abbreviations: E2, estradiol; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ER, estrogen receptor; MAPK,
mitogen-activated protein kinase; MEKi, MEK inhibitor; MER, membrane estrogen receptor; pAKT, phospho-AKT; pER, phospho-ER;
TMX, tamoxifen.
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trametinib combined with tamoxifen, estrogen depletion, or
estrogen depletion combined with trametinib. We found that
ER-positive cells maximally responded to estrogen depletion
in combination with the MEK inhibitor trametinib. Interest-
ingly, the ER-negative cell line OVCAR 5 was sensitive to all
treatments with MEK inhibition. No added benefit was

observed when combining MEK inhibitor with tamoxifen or
estradiol depletion (Fig. 3A). We hypothesized that the pres-
ence of ER may prove an alternate signaling pathway to sur-
vival when cells are treated with an MEK inhibitor.

We then used trametinib, tamoxifen, estrogen, and
erlotinib to deconstruct the signaling axis in OVCAR 3 cells.

Figure 3. Mechanism for tamoxifen and trametinib resistance in OVCAR 3 cells. (A): OVCAR 3 (estrogen receptor [ER]–positive),
SKOV 3 (ER-positive), and OVCAR 5 (ER-negative) cells were stripped of hormone for 48 hours prior to seeding. Cell culture media
contained hormone-stripped FBS (which contains epidermal growth factor [EGF]) to maintain RAS/mitogen-activated protein kinase
(MAPK) signaling. Cells were treated with 10 nM 17β-estradiol, 10 nM tamoxifen, and 20 nM trametinib in various combinations,
as indicated, for 48 hours. Cell proliferation was measured by MTT assay. Data are representative of eight biological replicates. His-
tograms represent means, and error bars represent SD. Statistical significance is indicated and determined by one-way ANOVA with
post hoc Tukey’s test. The results show that MEK inhibition in the presence of estrogen depletion was associated with significantly
decreased growth in all three cell lines. However, MEK inhibition in the presence of estrogen had no effect among ER-positive cell
lines (OVCAR 3 and SKOV 3). On the contrary, MEK inhibition alone was sufficient to reduce the cell proliferation in the ER-negative
cell line (OVCAR 5). *p < .05. (B): OVCAR 3 cells (ER-positive) were grown in hormone-stripped cell culture media containing FBS
(which contains EGF) for 48 hours prior to seeding. Cells were treated with 10 nM 17β-estradiol, 10 nM tamoxifen, 20 nM tram-
etinib, and 20 nM erlotinib in various combination, as indicated, for 48 hours. Cell proliferation was measured by MTT assay. Data
are representative of eight biological replicates. Histograms represent means, and error bars represent SD. Statistical significance is
indicated and determined by one-way ANOVA with post hoc Tukey’s test. The results show that MEK inhibition by trametinib in the
presence of estrogen depletion was associated with decreased proliferation; however, if tamoxifen and MEK inhibition were given
simultaneously, there was no decrease in proliferation (presumably because tamoxifen may have a partial agonist effect on ER).
Similarly, erlotinib (to reduce RAS-induced MAPK signaling) in combination with estrogen depletion led to decreased cell prolifera-
tion (Fig. 2). *p < .0001. (C): OVCAR 3 cells (ER-positive) were grown in hormone-stripped cell culture media containing FBS (which
contains EGF) for 48 hours and then treated with 10 nM 17β-estradiol, 10 nM tamoxifen, 20 nM trametinib, and 20 nM erlotinib in
various combinations, as indicated, for 48 hours. Whole cell lysates were collected and analyzed by Western blot. Combination of
trametinib or erlotinib along with estrogen depletion successfully reduced the phosphorylation of ERK, AKT, and ER. The same
effects were not observed with tamoxifen alone or for tamoxifen in combination with trametinib (Fig. 2).
Abbreviations: E2, estradiol; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MEKi, MEK inhibitor; pAKT, phospho-AKT; pER,
phospho-ER, pERK, phosphor-ERK; TMX, tamoxifen.
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Cells grown in estrogen grew at comparable levels to cells
grown with estrogen and tamoxifen (Fig. 3B). Furthermore,
the estrogen and tamoxifen combination and single-agent
tamoxifen treatment did not show any reduction in ERK
phosphorylation, ER phosphorylation, or AKT phosphoryla-
tion by Western blot (Fig. 3C). We propose that this occurs
because tamoxifen can activate the membrane estrogen
receptor (MER) to signal through AKT and phosphorylate ER
(Fig. 2, Scenario 2). When cells were treated with tram-
etinib, tamoxifen, and estrogen in combination, we
observed no reduction in cell growth (Fig. 3B). However, sig-
nificant reduction in phospho-ERK signal was observed by
Western blot, yet phospho-ER and phospho-AKT levels were
unchanged (Fig. 3C). We propose that proliferation is
maintained because MER can still promote growth signaling
through AKT, and in turn, AKT phosphorylates ER to pro-
mote growth (Fig. 2, Scenario 3). Lastly, when cells were
treated with trametinib or erlotinib in the absence of estro-
gen and tamoxifen, cellular growth was inhibited (Fig. 3B).
Moreover, we observed a drastic reduction in phospho-AKT,
phospho-ERK, and phospho-ER by Western blot (Fig. 3C).
We hypothesize that the growth inhibition occurs when ER
activity is reduced because of upstream AKT and ERK being
inhibited (Fig. 2, Scenarios 4 and 5).

DISCUSSION

Herein, we unravel the biologic basis for an exceptional
response to trametinib and letrozole that was unexpected
in the context of prior rapid disease progression on tram-
etinib and tamoxifen and on letrozole alone. Hence, two
different therapeutic regimens that each targeted both the
ER and MEK pathways produced remarkably different clini-
cal effects. There are important lessons that emerge from
consideration of this case: (a) the oncology dogma against
revisiting prior failed drugs (in this case, trametinib and
letrozole had each been given before) may not always hold
true [19], even to the extent that two drugs that each failed
were successful when given together; (b) drugs targeting
the same receptor through different mechanisms may have
disparate biologic impact that can be elucidated by bedside
to bench interrogation; and (c) combination therapy affect-
ing the estrogen receptor and MEK pathways may be bene-
ficial in advanced cancer.

Antiestrogen is standard of care for ER-positive breast
cancer and may also be important in other malignancies
[20]. In the context of excess mitogen-activated protein
kinase (MAPK) signaling (KRAS mutation in this case), the
precise choice of antiestrogen therapy could be critical, as
observed in both our patient and in our in vitro assays. The
classic pathway of estrogen action is dependent on ERα and
ERβ. Tamoxifen can act as an agonist in some tissues and as
an antagonist in other tissues [16], providing one possible
source for diverging behaviors between treatment with
tamoxifen and letrozole. In addition, nonclassical mecha-
nisms of steroid action may be dependent on MERs. The
MER is a cell surface receptor that can activate the RAS and
PI3K pathways [21]. We present evidence that proliferation
in an in vitro context analogous to our patient’s tumor
relies upon MER-mediated ERK and AKT signaling, which

promotes phosphorylated nuclear ER. Inhibiting both MER
(by estrogen depletion) and ERK pathways is necessary to
halt proliferation and may justify the use of aromatase
inhibitors rather than tamoxifen when MAPK activity is ele-
vated. Of note, our study uses EGFR activation to activate
RAS and its downstream signaling partners in order to phe-
nocopy the effects of a KRAS mutation. However, EGFR can
also have downstream consequences beyond those medi-
ated by active RAS. Thus, although our experimental obser-
vations are consistent with our hypotheses and follow from
consideration of described mechanisms of these drugs and
biomarkers, alternative hypotheses could also be presented
and could not be ruled out with the present study. Future
studies could investigate patient-derived xenografts from
individuals with similar molecular characteristics to deter-
mine if they or their xenografts respond similarly. Further-
more, there are limited data describing the association
between estrogen receptor positivity and KRAS mutation
among LGSOC; this also requires further investigation.

In summary, we report a woman with aggressive ER-
positive, KRAS-mutated LGSOC who achieved a remarkable
response to combination therapy with the MEK inhibitor
trametinib and aromatase inhibitor letrozole, even though
the tumor had progressed on a combination of a PI3K inhib-
itor and different MEK inhibitor, as well as on trametinib
itself and the selective estrogen receptor modulator tamox-
ifen, and on letrozole alone. The molecular mechanisms
underlying this exceptional response were elucidated by
in vitro modeling that demonstrated that the known partial
agonist/antagonist mechanism of tamoxifen compared with
the estrogen depletion of letrozole was likely the critical
feature that explained the different responses to the combi-
nation of each agent with an MEK inhibitor. It has previ-
ously been suggested that customized combination therapy
may be a key to achieving tumor control when there are
important genomic co-alterations [9, 10], especially when
certain gene product pathways, such as KRAS or PI3K, are
activated [22]. Our current observations indicate that drugs
with subtly different mechanisms of action targeting the
same receptor may have markedly different anticancer
activity when used in combinations.
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