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Abstract

Cellular identity and physiologic function in mammary epithelial cells and in many breast cancers 

flow from the action of a network of master transcriptional regulators including Estrogen Receptor 

alpha, GATA3 and FOXA1. The last decade has seen the completion of multiple large sequencing 

projects focusing on breast cancer. These massive compendia of sequence data have provided 

a wealth of new information linking mutation in these transcription factors to alterations in 

tumor biology and transcriptional program. The emerging details on mutation in cancer, and 

direct experimental exploration of hypotheses based upon it, are now providing a wealth of new 

information on the roles played by Estrogen Receptor alpha, GATA3 and FOXA1 in regulating 

gene transcription and how their combined action contributes to a network shaping cell function in 

both physiologic and disease states.

The mammary gland undergoes a complex set of developmental transitions associated with 

puberty, pregnancy, lactation, and menopause. This tissue must respond to acute physiologic 

signals to activate the developmental programs dictating elaboration of a complex structure 

destined for milk production and reverse this program upon cessation of lactation leading 

to gland involution. This program is orchestrated by the reproductive hormones estrogen 

and progesterone which act through a network of transcription factors including Estrogen 

Receptor alpha (ESR1), GATA3, and FOXA1 [1–3]. Current models implicate FOXA1 and 

GATA3 respectively in preparation of genomic loci for ligand-activated ESR1 through local 

remodeling of chromatin architecture [2,4,5]. Indeed, Gata3, Foxa1 and Esr1 are all required 

for normal development of the mammary gland and elaboration of ductal structures in mice 

[3,6,7]. Pathologic co-option of this network occurs with high frequency in breast cancer 
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where approximately 2/3 of breast cancers express ESR1 and are reliant on estrogens for 

growth [8].

With broad declines in the costs associated with next-generation sequencing projects, 

considerable attention has turned to cancer sequencing. In the context of breast cancer, 

researchers have reported the mutational and transcriptional signatures of invasive breast 

cancer in multiple cohorts [9–12], the landscape of lobular breast cancer [13,14], and 

mutational and transcriptional signatures associated with endocrine resistant breast cancer 

[15]. These studies provide a wealth of information on the mutational status of the Estrogen 

Receptor/GATA3/FOXA1 transcriptional network and they associate mutation status with 

transcriptome and outcome data. Recent biochemical and molecular analysis of GATA3 and 

FOXA1 have added substantially to our understanding of how these factors function and are 

regulated in the context of breast cancer.

Estrogen Receptor alpha (ESR1) mutations in breast cancer

Estrogen receptor alpha (ESR1) has the domain architecture typical of steroid hormone 

receptors with a central DNA binding domain flanked by an amino terminal activation 

domain and a C-terminal ligand binding/activation domain. Multiple structures of ESR1 

domains have been solved providing atomic level understanding of protein function [16]. 

ESR1 is a relatively infrequent target of mutation in breast cancer with missense mutations 

occurring in around 3% of cases and amplification occurring at a similar level [10,12,13,15]. 

ESR1 missense mutations are found in both lobular and ductal carcinomas; truncating 

mutations are rarely observed. Two locations in ESR1 are hotspots for missense mutation 

– tyrosine 537/aspartic acid 538 and glutamic acid 380. Mutation of Y537 has been known 

for decades; mutation of this residue in the ligand binding domain alters interaction with 

the p160 family of coactivators, leading to loss of ligand dependence [17,18]. Likewise, 

mutation of E380 is proposed to render the receptor independent of ligand for activation, 

making it constitutively active [16]. Overall, these missense mutations in ESR1 are 

frequently found in metastatic ESR1 positive tumors refractory to endocrine therapy where 

they are largely considered to favor a conformation of the receptor that resembles the agonist 

bound state (Table 1) [19,20]. The structural basis and implications of mutations of ESR1 
in cancer have been recently reviewed extensively elsewhere [16] and will not be further 

considered here.

GATA3 mutations in breast cancer

GATA3 was initially discovered in the immune system as a regulator of the T-cell receptor 

[21]. Subsequent studies have identified roles for GATA3 in cell-type specification in 

multiple systems. GATA3 plays an integral role in establishment and development of the 

mammary gland where it is expressed solely in the luminal epithelial compartment. Deletion 

of Gata3 in the mammary gland leads to severe developmental perturbations with failure 

to specify the luminal epithelial cell fate [3]. In breast cancer cells, GATA3 participates in 

a reciprocal regulatory loop with ESR1; each binds to cis-acting regulatory DNA of the 

other and regulates its expression [1]. In addition, GATA3 can function as an initiating, or 
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pioneering, transcription factor in breast cancer cells, enabling downstream function of both 

ESR1 and FOXA1 [4].

GATA3 is a prototypical zinc finger transcription factor with 2 GATA family zinc fingers 

providing sequence specific DNA recognition (Figure 1). GATA3 is characterized by 2 

transcriptional activation domains at the amino terminus and a short C-terminal region of 

unknown function [22]. Mutation of GATA3 in breast cancer was discovered prior to the 

advent of large-scale sequencing studies [23]. Genomic sequencing projects have indicated 

that GATA3 is mutated with high frequency in breast cancer, with 10 to 15% of breast 

tumors harboring GATA3 mutation [9,10]. The majority of GATA3 mutations are found 

in luminal cancers. In most cases, mutation occurs on a single allele with the remaining 

wildtype allele also being expressed. Interestingly, mutations, which are largely frameshift, 

truncation, or splice site mutations, are found throughout the zinc fingers and carboxyl 

terminus (See Figure 1). The wide distribution of mutations, as opposed to concentration at 

one or a few residues, leads to the prediction that most GATA3 mutations in breast cancer 

are loss of function [24].

The most frequently observed mutation in GATA3 in breast cancer is loss of a splice 

acceptor at the 5’ end of exon 5. Exon 5 encodes the second zinc finger and this class of 

mutations typically results in a frameshift and truncation with complete loss of amino acids 

308–444. The shift to an alternative reading frame results in addition of 44 novel amino 

acids onto the first 307 amino acids of GATA3 – a feature referred to as neoGATA3 [25]. 

NeoGATA3 is observed exclusively in ESR1 positive tumors where it is associated with 

favorable outcome and younger age of onset. Exogenous expression of neoGATA3 in ESR1 

positive breast cancer cell lines perturbs the cell cycle stimulatory impact of estrogens and 

perturbs the ability of progesterone to cause cell cycle arrest. These impacts on the ESR1 

transcriptional program are consistent with losses of function, although gain of function 

imparted by the addition of 44 novel amino acids is also possible.

A large number of GATA3 mutations, more than 200 in the TCGA [13], Metabric [12] 

or MSK [15] cohorts, involve frameshift mutations starting at S390 and extending to the C-

terminus, with a hotspot located at Proline 408. Interestingly, these mutations predominantly 

shift to the same reading frame which results in loss of the C-terminal portion of GATA3 and 

extension of the protein by approximately 60 amino acids encoded by the alternative reading 

frame. These mutations have been referred to as extension mutations [26,27] and they are 

associated with significantly shorter disease free survival in one cohort [9,26] but not in 

another [10,26]. When modeled in an ESR1 negative cell line, extension mutations result in 

alteration of expression of many transcripts and increased sensitivity to drugs inhibiting the 

histone methyltransferases G9a and GLP [26]. It is currently unclear whether the extension 

mutations impact the ESR1/GATA3/FOXA1 transcriptional network as the cellular model 

utilized was ESR1 negative.

The third major class of GATA3 mutations in breast cancer are frameshift and truncation 

mutations located from A313 to S369. Most of these mutations impact zinc finger 2 or 

amino acids adjacent to zinc finger 2, causing loss of key residues involved in DNA 

recognition [27,28]. Two highly utilized models of ESR1 positive cancer, MCF7 and KPL1, 
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harbor such mutations [23,29]. Truncation in zinc finger 2 has been associated with poor 

prognosis, as compared to all other GATA3 mutations [27]. A cellular model of ZF2 

mutant GATA3 in which one allele is mutated while the other retains wild-type sequence 

displays altered growth characteristics, dramatic remodeling of the genomic landscape 

of GATA3, FOXA1 and ESR1 localization, alterations in the transcriptome, dramatic 

declines in expression of progesterone receptor and changes in growth properties [27,30]. 

Transgenic mice expressing a ZF2 truncation mutation (R335fs) in the mammary gland 

exhibit increased ductal branching while a cellular model of the same mutation results in 

increased growth in 3D culture in the absence of estrogens [31].

In summary, breast cancer specific mutations in GATA3 impact several regions of the 

protein, mostly through frameshift and truncation (Figure 1, Table 2). The truncation 

mutations that have been studied extensively suggest that the presence of one mutant allele 

and one wild type allele in the same cell results in some loss of binding at loci bound 

by GATA3, FOXA1 and ESR1 in wild type cells [30], consistent with loss of function. In 

contrast, other loci exhibit novel binding by these three transcription factors consistent with 

gain of function. Biologically, the impact of GATA3 mutation on expression of progesterone 

receptor noted in both splice site [25] and truncation mutations [27] may explain some 

clinical characteristics of tumors bearing these mutations such as early age of onset.

FOXA1 mutations in breast cancer

FOXA1 belongs to a family of proteins with a common DNA interaction surface termed 

the forkhead domain. This domain consists of three alpha helices, three beta strands and 

a pair of loops or wings. Structural data indicates that the forkhead domain occupies 

the major groove of DNA with the wings making specific DNA contacts in a manner 

that resembles linker histone [18]. FOXA1 co-localizes with ESR1 at a large number of 

genomic sites and its depletion results in crippled genomic binding of ESR1 [2,32]. FOXA1 
mutation is not observed with the same frequency as GATA3 mutation and appears to be 

lower in primary sites than in metastatic ones [13]. Mutations are observed in both ductal 

and lobular carcinoma and they frequently co-occur in lobular carcinoma with mutations 

in CDH1 [13,14]. At the molecular level, both missense and truncation mutations are 

observed in breast cancer, hotspots for missense mutation occur in the forkhead domain 

while truncations are largely C-terminal to the forkhead domain. Missense hotspots include 

sites in helix 1 (I176), between helix 3 and beta strand 2 (D226), beta strand 3 (S242/Y243 

insertion/deletion mutations) and in wing 2 (H247, S250).

Functional analysis of breast cancer specific mutations in FOXA1 is in a developing 

stage. Arruabarrena-Aristorena and colleagues recently analyzed a set of mutations via 

exogenous expression in MCF7 [33]. Mutations in Wing 2 of the forkhead domain (H247Y, 

S250F, F266L) conferred a growth advantage when estrogens were limiting and exhibited 

increased genomic binding upon estrogen stimulation, leading to an enhanced estrogen 

response at the transcriptome level. The beta strand 3 hotspot mutation (S242/Y243 ins/del) 

conferred genomic localization to a substantial number of novel binding sites, suggesting 

altered genomic site selection. These ‘gained’ binding sites were associated with a novel 

transcriptome, including genes involved in proliferation such as Myc target genes. These 
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analyses suggest that the FOXA1 mutations in Wing 2 consolidate the ESR1/GATA3/

FOXA1 transcriptional program while mutations in beta strand 3 have novel gains of 

function (Table 3).

Closing thoughts

Detailed analysis of mutations identified in breast cancer genomic sequencing projects 

has begun to reveal new information on the ESR1 transcriptional network (Table 1, 

Table 2, Table 3). Mutations in the receptor itself largely confer ligand independence for 

transcriptional activation, consolidating the transcriptional program. Mutations in GATA3, 

while still under investigation, lead to specific losses of function (including decreased 

expression of progesterone receptor) at some loci while exhibiting gains of function at 

others. Mutations in FOXA1, also still an active research area, lead to consolidation of the 

ESR1 transcriptional program in some cases and to gains of function in others. In most 

cases, there are compelling hypotheses or strong structural data to facilitate interpretation of 

the findings.

Current models describing the ESR1 transcriptional network suggest that multiple 

transcription factors, minimally ESR1, FOXA1 and GATA3 cooperate to produce active 

enhancers that modulate gene expression [5]. However, the identity of the transcription 

factor(s) that act as initiator of new enhancer formation and principal shaper of productive 

chromatin interaction by the network is currently a matter of some debate in the field 

[4,6,27,34–36]. It seems useful, then, to consider whether cancer-specific mutations in 

the ESR1 network can address this question. ESR1 mutations largely render the receptor 

independent of ligand for transcriptional activation [16], thereby altering the dynamics of 

receptor interaction with DNA rather than altering specificity. FOXA1 mutations, while also 

infrequent in primary tumors, include mutations in the Forkhead domain which mediates 

interaction with chromatin. Mutations in Wing 2 of the Forkhead domain reinforce the 

estrogen-induced transcriptional program and are suggested to stabilize the interaction of 

FOXA1 with DNA [33]. Like the case with ESR1, these mutations suggest that altering the 

kinetics of interaction of one component with DNA can stabilize the transcriptional output 

of the network, consistent with a central role for transcription factor dynamics. Finally, 

multiple mutations in GATA3 directly impact the second zinc finger which contributes to 

specificity. Zinc Finger 2 mutations clearly exhibit losses of function, they also exhibit 

gains of function, redirecting all three network factors to new loci in the genome [4,27,30]. 

In this respect, the cancer-specific mutations of GATA3 and in beta strand 3 of FOXA1 

are reminiscent of activated IL6 signaling in breast cancer that also alters localization of 

ESR1 and FOXA1 [37]. Taken together, the behavior of cancer-specific mutations in this 

network seems to indicate that multiple factors, including GATA3 and FOXA1, can function 

at specific loci to direct action of the remaining network members, with other network 

inputs (including aberrant signaling) also shaping the enhancer repertoire utilized by ER-α. 

Further, the data suggest that the dynamic nature of the interaction of these transcription 

factors with the chromatin fiber is a critical determinant in regulating downstream gene 

expression.
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Many challenges remain in the quest to understand the consequences of cancer-specific 

mutations. Data integration at multiple levels, including patient metadata as well as 

molecular data, is limiting for many analyses. Current model systems for ESR1 positive 

tumors have limitations with known mutations in GATA3 [23] or ARID1a [29] confounding 

experiments in MCF7 and T47D, respectively. Further, experimental analyses that rely 

on exogenous expression may not accurately model the impact of loss of one wild-type 

allele on gene regulation. Finally, lack of structural data on GATA3 outside the zinc 

fingers impairs the ability to interpret some mutational data. Solutions to these, and 

other, experimental issues will lead to new principles on how the ESR1/GATA3/FOXA1 

transcriptional network regulates cell growth, differentiation, and function.
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Highlights:

• Mutations in estrogen receptor found in endocrine therapy refractive breast 

cancer stabilize the ligand-bound conformation

• Mutations in the forkhead domain of FOXA1 reinforce the estrogen mediated 

transcriptional program

• Mutations in GATA3 lead to loss and gains of function
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Figure 1. Mutations in GATA3 in breast cancer
The figure illustrates the location of the major classes of GATA3 mutation found in breast 

cancers. Locations are given by amino acid numbers above each illustration. Features of the 

mutations are discussed in the text. TA = transactivation domain; ZF = zinc finger
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Table 1

Summary of mutations in ESR1

GENE MUTATION TYPE FUNCTIONAL DOMAIN PREDICTED IMPACT

ESR1 Missense Ligand Binding Reinforce transcriptional program
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Table 2

Summary of mutations in GATA3

GENE MUTATION TYPE FUNCTIONAL DOMAIN PREDICTED IMPACT

GATA3 Splice Zinc Finger 2 Decreased dosage of wt GATA3 (decreased Progesterone Receptor)

Gain of function?

Frame shift and truncation Zinc Finger 2 Decrease dosage of wt GATA3 (decreased Progesterone Receptor)

Novel DNA binding pattern

Extension C-terminus Unknown
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Table 3

Summary of mutations in FOXA1

GENE MUTATION TYPE FUNCTIONAL DOMAIN PREDICTED IMPACT

FOXA1 Missense Wing 2 (Forkhead) Reinforce transcriptional program

Missense β strand 3 (Forkhead) Novel DNA binding pattern
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