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Lung cancer is the top cause of cancer-related deaths 
for both men and women in the United States and  
worldwide (1). Survival rates remain poor for lung cancer 
patients as it is typically diagnosed at an advanced stage 
and there are few effective therapies for metastatic disease. 
However, there have been advances in the treatment 
of patients with advanced non-small cell lung cancer 
(NSCLC), which accounts for approximately 80–85% 
of all lung cancers, stemming from the introduction 
of targeted therapy and immunotherapy (2). Patients 
diagnosed with NSCLC are classified into subgroups based 
on the presence of molecular drivers. Approximately 50% 
of patients have an identifiable molecular driver, some 
of which have FDA-approved targeted therapies (3,4). 
The success of targeted therapies is highlighted by the 
15% of NSCLC patients with EGFR mutations that are 
sensitive to EGFR tyrosine kinase inhibitors (TKIs) (3-5). 
In EGFR-mutant NSCLC patients, EGFR TKIs provide 
superior objective response rates (ORR) and progression-
free survival (PFS) when compared to chemotherapy (5).  
Osimertinib,  a third-generation EGFR TKI with 
activity against multiple EGFR mutations, including 
the “gatekeeper” T790M mutation which renders first-
generation TKIs ineffective, is now the first-line treatment 

for EGFR-mutant NSCLC patients as it improves 
PFS and overall survival (OS) when compared to first-
generation EGFR TKIs (6). In patients without targetable 
molecular drivers, immunotherapy, specifically the PD-
L1 antibody, pembrolizumab, has become the standard-
of-care. Multiple phase III trials have demonstrated that 
pembrolizumab whether as a single-agent (for tumors 
with PD-L1 positivity ≥50%) or in combination with 
chemotherapy provides superior PFS and OS when 
compared to chemotherapy in metastatic NSCLC patients 
(7,8). Despite the promise of these treatment modalities, 
the frequency of acquired and  de novo therapeutic 
resistance has limited their long-term efficacy.

The estrogen pathway has emerged as a potential target 
in lung cancer. Estrogen receptors (ERs) and aromatase are 
expressed in NSCLCs (9). Of the two types of ERs (ERα 
and ERβ), ERα is the major driver of breast tumorigenesis, 
while ERβ appears to play a more important role in 
NSCLC tumorigenesis as it more frequently expressed and 
expressed at higher levels than ERα (10). Initial evidence 
supporting the role of estrogen signaling in lung cancer 
tumorigenesis stems from population studies showing that 
women using hormone replacement therapy had increased 
rates of lung cancer incidence and mortality (11,12). 
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Conversely, longitudinal data on women with ER+ breast 
cancers treated with anti-estrogen therapies demonstrated 
that these patients had a decreased risk of developing lung 
cancer (13). Preclinically, exogenous β-estradiol promotes 
NSCLC cell proliferation via increased transcription of 
estrogen-responsive genes and non-genomic activation of 
mitogenic pathways (9,14). Targeting the estrogen signaling 
pathway with aromatase inhibitors and/or fulvestrant, a 
selective estrogen receptor degrader, has anti-proliferative 
effects in vitro and impairs carcinogen-induced lung 
tumorigenesis in murine models (9,15).

Clinical trials investigating estrogen targeted therapy 
in lung cancer have largely stemmed from preclinical 
evidence demonstrating crosstalk between the ER and 
EGFR signaling pathways. Previous studies have revealed 
that estrogen signaling regulates the expression of EGFR 
and EGFR signaling reciprocally regulates the expression 
of ER in NSCLC cells. Additionally, β-estradiol causes 
rapid activation of EGFR and downstream pathways (9).  
The combination of first-generation EGFR TKI, gefitinib, 
and fulvestrant inhibits NSCLC tumor growth and 
induces apoptosis both in vitro and in vivo (9). Based on 
this preclinical evidence, there have been multiple clinical 
trials investigating the efficacy of combining fulvestrant and 
EGFR TKIs in NSCLC. An initial phase II trial compared 
the combination of fulvestrant and erlotinib versus single-
agent erlotinib in NSCLC patients (16). While there was 
no significant difference in ORR, PFS, or OS between 
the combination and erlotinib alone, a subset analysis 
revealed EGFR wild-type (WT) patients that received 
the combination had a significantly increased PFS and 
OS compared to erlotinib alone (16). A recent follow-up 
phase II trial evaluated this combination in female patients 
with metastatic NSCLC. Patients were separated into 
EGFR-mutant and WT subgroups and randomized to 
receive single-agent first-generation EGFR TKI or a first-
generation EGFR TKI in combination with fulvestrant. 
While the combination was well-tolerated, the addition 
of fulvestrant did not extend PFS or OS in either the 
EGFR-mutant or WT cohorts (17). Regardless of EGFR 
status or treatment group, ERα expression was associated 
with a trend toward increased PFS and OS suggesting 
ERα expression may be a prognostic marker rather than 
predictor of response to fulvestrant in NSCLC (17).

In addition to being a potential therapeutic target, 
estrogen signaling also has prognostic significance in 
NSCLC. Previous studies have shown an association 
between ER subtypes and aromatase expression with 

NSCLC survival (10). Additionally, the prediction 
analysis of microarray 50 (PAM50) gene signature, 
which is frequently used to subtype breast cancers and 
predict survival in ER+ breast cancer (18), has prognostic 
significance in NSCLC as demonstrated in three cohorts: a 
stage I NSCLC cohort, The Cancer Genome Atlas (TCGA) 
data for NSCLC, and an ERβ+ all stage NSCLC cohort (19). 
Interestingly, cross-validation of the PAM50 gene signature 
in the Stage I cohort revealed that a group of seven genes 
was most significantly associated with survival and this 
group was prognostic both in the Stage I cohort and in 
a TCGA squamous cohort (19). This seven gene cross-
validation group included a known ER target gene, PGR, 
and pathway analysis implicated this group in estrogen and 
HER2/HER3 signaling (19). Furthermore, ERβ protein 
expression positively correlated with HER2 expression in 
tumor tissue (19).

Given the aforementioned study demonstrated that 
the ER and HER2/3 signaling network has prognostic 
significance lung cancer, a recent study reported in the 
Journal of Thoracic Oncology by Almotlak et al. explored 
the efficacy of targeting this pathway in NSCLC. The 
authors demonstrated that the combination of fulvestrant 
and dacomitinib, a pan-HER TKI, has synergistic activity 
in multiple ERβ+ NSCLC cell lines, including cells with 
KRAS and EGFR mutations (20). Combination treatment 
decreased EGFR, HER2, and HER3 activation as well as 
activation of canonical HER signaling pathways such as 
MAPK and AKT (20). Interestingly, single-agent fulvestrant 
increased expression of HER ligands, NRG1-β1 and 
AREG, while single-agent dacomitinib led to a significant 
increase in aromatase and ERβ expression (Figure 1). These 
compensatory increases in estrogen and HER signaling 
were abrogated with combination therapy (20).

The authors demonstrated that this combination 
resulted in downregulation of phospho-cyclic adenosine 
monophosphate response element binding protein 
(p-CREB) and activator protein-1 (AP-1), transcription 
f a c t o r s  i m p l i c a t e d  i n  H E R 2  a n d  E R  s i g n a l i n g  
(Figure 1)  (20).  Additionally,  uti l izing the seven-
gene PAM50 panel established in the aforementioned  
study (19), the authors demonstrated that dacomitinib and 
fulvestrant treatment reversed the gene signature associated 
with poor survival (Figure 1) (20). This gene signature 
reversal was recapitulated with an AP-1 inhibitor and 
partially recapitulated with a p-CREB inhibitor implicating 
downregulation of these two transcription factors as 
potential targets of the fulvestrant and dacomitinib 
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Figure 1 Estrogen receptor (ER) and pan-HER signaling inhibition has synergistic activity and leads to gene expression changes associated with good 
prognosis in non-small cell lung cancer (NSCLC). In the discussed report, the authors demonstrate that fulvestrant and dacomitinib, a pan-HER 
family inhibitor, has synergistic activity in NSCLC including tumors without effective therapies such as those with KRAS mutations. Interestingly, 
the authors demonstrate that single-agent fulvestrant or dacomitinib led to upregulation of the other pathway. ER upregulates HER signaling 
through increasing expression of HER ligands, while it remains largely unclear how ER expression is upregulated by HER signaling. This reciprocal 
upregulation was prevented with combination therapy. The activity of this combination was associated with downregulation of the activator protein-1 
(AP-1) and cAMP response element binding protein (CREB) transcription factors and reversal of a seven-gene signature previously implicated in 
poor prognosis in NSCLC. Future studies are needed to determine whether there are additional molecular targets of this combination, which genes/
pathways are required for activity of the combination, and the mechanisms by which this combination leads to synergistic activity in NSCLC. A 
portion of this figure was created using modified Servier Medical Art templates, which are under a Creative Commons Attribution 3.0 Unported 
License: https://smart.servier.com. E, estrogen; ERE, estrogen response element; TRE, TPA response element; CRE, cAMP response element; 
EMT, epithelial-mesenchymal transition.
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combination (20).
Combination ER and pan-HER inhibition also had 

activity in vivo. In xenograft mouse models of EGFR/KRAS 
WT and KRAS-mutant NSCLC, combination therapy 
significantly inhibited tumor growth and led to regression 
of most tumors (20). Paralleling their in vitro studies, 
the authors demonstrated that this combination in vivo 
led to decreased phospho-EGFR levels, decreased total 
HER2 and HER3 expression, decreased phospho-HER2/
phospho-HER3 dimer formation, and reversed the gene 
signature associated with poor survival in the seven-gene 
PAM50 panel (20) Additionally, using an EGFR-mutant 
(E746-A750∆) NSCLC xenograft model, both single-agent 
dacomitinib and the combination treatment led to complete 
tumor regression (20). Given the complete response in 
both groups, treatments were stopped and recurrence 
was monitored. While the combination treatment did not 
significantly extend survival, the tumors that recurred in 
the combination group were histologically less aggressive 
when compared to the dacomitinib group (20). The authors 
demonstrated the tumors that recurred in the combination 
group had decreased stem cell markers, MET signaling, and 
AKT signaling which may account for their less aggressive 
phenotype (20).

While subsets of NSCLC patients benefit from targeted 
therapies, there remains a significant patient population 
without an identifiable molecular driver (~40–50%) 
and the most common molecular driver, mutant KRAS 
currently does not have effective targeted therapy (3). A 
strength of Almotlak and colleagues recent study is that the 
authors demonstrate that the combination of fulvestrant 
and dacomitinib has synergistic activity both in vitro and  
in vivo in WT and KRAS-mutant NSCLC (20). Their work 
suggests that this combination may be a treatment strategy 
in the NSCLC population without an efficacious targeted 
therapy. Previous studies have demonstrated that ERβ 
can lead to EGFR TKI resistance (21). This is the first 
study demonstrating that targeting estrogen signaling can 
improve the efficacy of an EGFR TKI in EGFR-mutant  
NSCLC (20). An additional strength of this study is that 
the authors demonstrate that fulvestrant not only has 
synergistic activity with EGFR TKIs in vitro but also can 
delay resistance to EGFR TKIs in vivo (20). This work 
suggests that fulvestrant and dacomitinib may be effective 
in NSCLC without targetable alterations and improve 
responses in patients whose tumors have targetable 
alterations with approved therapies. Furthermore, this 
combination may lend itself to an accelerated translation 

into the clinic given that both fulvestrant and dacomitinib 
are FDA-approved therapies with well-established safety 
profiles.

Despite demonstrating broad efficacy of the combination 
of fulvestrant and dacomitinib, the mechanism(s) by which 
this combination leads to anti-tumor activity is still unclear. 
The combination of dacomitinib and fulvestrant down-
regulated AP-1, p-CREB, ERK, and AKT signaling as 
well as modulated the seven genes identified in the PAM50 
panel (20) (Figure 1). Future studies are needed to identify 
whether additional pathways and/or genes are modulated 
by this combination and which of these pathways/molecules 
is required for response to this combination (Figure 1). 
Induction of apoptosis and suppression of proliferation 
was observed with dacomitinib and fulvestrant treatment. 
Additional studies are needed to determine if the activity 
of this combination requires apoptosis and/or suppression 
of proliferation or if other mechanisms drive response, 
such as cell cycle arrest. Estrogen and HER signaling 
have also been implicated in epithelial-mesenchymal 
transition (EMT) in breast and lung cancer (22,23). Future 
studies should determine if reversing EMT is required for 
response to dacomitinib and fulvestrant. Determining the 
mechanism(s) of action may result in the identification of 
potential biomarkers of response and additional therapeutic 
targets. Additionally, while the authors demonstrated that 
the combination of dacomitinib and fulvestrant is efficacious 
in WT and KRAS-mutant NSCLC, given the molecular and 
genetic heterogeneity within these subtypes, dacomitinib 
and fulvestrant are unlikely to be broadly efficacious in 
these groups. Future studies are needed both to test this 
combination in additional WT and KRAS-mutant NSCLC 
models and to determine how genetic and molecular 
backgrounds, such as p53 status and ERβ expression levels, 
influence response.

A weakness of this study is that it does not establish 
whether the activity of the fulvestrant and dacomitinib 
combination requires pan-HER inhibition. Given that 
dacomitinib irreversibly inhibits EGFR, HER2, and 
HER4, future studies are needed to determine if the 
efficacy of this combination requires inhibition of specific 
HER family members or pan-HER inhibition. The 
genetic background of NSCLC will likely determine 
if inhibition of individual HER family members versus 
pan-HER inhibition is required. For example, KRAS-
mutant NSCLC tumors are only susceptible to pan-HER 
inhibition, as EGFR inhibition alone causes rapid resistance 
through the upregulation of alternative HER family  
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members (24). While there is some evidence to suggest that 
WT NSCLC patients may be susceptible to EGFR TKIs in 
combination with fulvestrant (9,16), the recent LADIE trial 
demonstrated first-generation EGFR TKIs in combination 
with fulvestrant are not efficacious in this population (17). 
There have been multiple studies, including Almotlak 
and colleagues recent study, that suggest that targeting 
HER2/ER crosstalk may be a more relevant therapeutic 
target in WT NSCLC patients (19,20). It is important to 
determine in WT NSCLC if the efficacy of dacomitinib 
plus fulvestrant requires dual inhibition of EGFR and 
HER2 or HER2 alone. If EGFR and HER2 co-inhibition 
is important, first-generation and third-generation EGFR 
TKIs are unlikely to have efficacy as they have limited 
activity against HER2 or WT EGFR, respectively. While 
second-generation EGFR TKIs, such as dacomitinib, 
which inhibit both WT EGFR and HER2, will be viable 
therapies. If HER2 inhibition alone proves to be the driver 
of response to dacomitinib and fulvestrant, future studies 
should investigate the efficacy of combining HER2-specific 
therapies, like trastuzumab, in combination with fulvestrant.

While dacomitinib is an approved first-line therapy for 
EGFR-mutant NSCLC, there have not been head-to-head 
comparisons of dacomitinib and the currently recommended 
first-line agent, osimertinib (25). Dacomitinib is unlikely to 
replace osimertinib as a first-line agent as it has an inferior 
toxicity profile and has limited activity against T790M 
EGFR mutations (25). Future studies are needed to not only 
determine the efficacy of fulvestrant in combination with 
osimertinib in EGFR-mutant NSCLC but also if fulvestrant 
can delay or overcome osimertinib resistance. While the 
mechanism(s) by which fulvestrant delays dacomitinib 
resistance in vivo is unclear, the authors demonstrate that 
the combination decreases expression of stem-cell markers 
and the receptor tyrosine kinase, MET (20). Investigation 
into the mechanism(s) by which estrogen signaling may 
lead to EGFR TKI resistance is important as it may lead to 
additional therapeutic targets/strategies.

Future studies should also be aimed at investigating 
targeting the HER family and ER in other subsets of 
oncogene-driven NSCLC. Specifically, given the crosstalk 
between the ER and HER2 signaling pathways, fulvestrant 
and dacomitinib may be a potential therapeutic regimen in 
HER2-driven NSCLC. Approximately 5–6% of NSCLC 
patients have HER2 mutations/amplification, however, this 
subset of patients lacks an FDA approved first-line HER2 
targeted therapy (26). Additionally, HER2 amplification is 
a known mechanism of resistance to osimertinib in EGFR-

mutant NSCLC (27). The combination of fulvestrant and 
dacomitinib may provide a novel therapeutic strategy for 
not only HER2-driven NSCLC but also HER2-mediated 
therapeutic resistance.

While the authors demonstrate that dacomitinib and 
fulvestrant have activity in xenograft models, emerging 
evidence suggests that response to TKIs is associated with 
modulation of the tumor microenvironment (TME) and 
recruitment of immune cells (28). Moreover, estrogen 
is known to promote an immunosuppressive role in the 
TME and recent clinical evidence suggests that estrogen 
signaling impairs response to immunotherapy in lung 
cancer patients. Analysis of clinical trials comparing single-
agent immunotherapy with chemotherapy has revealed 
that female NSCLC patients are less likely to benefit 
from immunotherapy compared to male patients (29,30). 
These sex differences suggest that hormone signaling may 
dampen response to immunotherapy. ERs are expressed 
in most immune cell types and estrogen signaling in TME 
has been associated with increased infiltration of tumor-
associated macrophages, blunted CD8+ T cell function, 
increased regulatory T cell function, and upregulation 
of PD-1 and PD-L1 expression [reviewed in (31)]. 
Interestingly, fulvestrant was identified in a drug screening 
assay to enhance NSCLC cell susceptibility to immune 
cell cytotoxicity (32). Additionally, there is evidence in 
HER2+ breast cancers that the combination of HER2 
targeted therapies and immunotherapy are synergistic 
in preclinical models (33). Future studies are needed to 
investigate whether targeting estrogen signaling and the 
HER family can improve responses to immunotherapy in 
immunocompetent murine models of NSCLC, including 
transgenic murine models of oncogene-driven NSCLC and 
tobacco carcinogen-induced NSCLC models.

In summary, Almotlak et al. demonstrated that the 
combination of fulvestrant and dacomitinib has activity in 
ERβ+ NSCLC (20). This combination showed efficacy in 
NSCLC tumors with targetable oncogenic drivers such as 
mutant EGFR and without targetable drivers such as mutant 
KRAS (20). Additionally, response to this combination led 
to a gene expression profile associated with a favorable 
prognosis in NSCLC (20). This study provides renewed 
interest in fulvestrant for NSCLC therapy and suggests 
that targeting ER-HER2 crosstalk may be more clinically 
relevant than co-targeting ER and EGFR, which could be 
the reason for the negative results reported in the recent 
LADIE trial. Further investigation into combining ER and 
HER targeted therapy is warranted, not only as a novel 
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therapeutic strategy for subsets of NSCLC patients without 
effective first-line therapies but also as a strategy to improve 
responses to targeted therapy and immunotherapy in 
NSCLC. This combination may be particularly effective in 
female NSCLC patients, a population with known reduced 
efficacy to immunotherapy.
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