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A B S T R A C T

Estrogen receptor α (ERα), encoded by ESR1, is a central determinant of luminal breast cancer growth, yet the mechanisms sustaining basal ESR1 transcription remain 
incompletely defined. Here we identify tonicity-responsive enhancer-binding protein (TonEBP) as a promoter-associated regulator of ESR1 transcription and ER- 
dependent proliferation in ER-positive breast cancer. Elevated TonEBP expression correlated with adverse clinical outcomes across independent patient cohorts. 
In ER-positive cells, TonEBP depletion impaired proliferation, induced G1-phase accumulation, and attenuated ER signaling. A functional TonEBP-binding motif 
(TonE) was identified within the proximal ESR1 promoter; its mutation reduced promoter activity, and chromatin immunoprecipitation confirmed TonEBP 
enrichment at the endogenous locus. Consistently, TonEBP knockdown decreased ESR1 expression, ERα abundance, and estrogen response element–dependent 
transcription, while enhancing sensitivity to tamoxifen and doxorubicin.

These findings support a model in which TonEBP sustains ERα expression through promoter-level regulation of ESR1, linking stress-responsive transcriptional 
control to hormone-dependent growth in luminal breast cancer.

1. Introduction

Breast cancer is the most frequently diagnosed malignancy and a 
leading cause of cancer-related death among women worldwide [1,2]. 
Approximately 70% of cases are classified as estrogen receptor–positive 
(ER+), in which tumor growth is driven by estrogen receptor α 
(ERα)-dependent transcriptional programs that regulate proliferation 
and survival [3,4]. Endocrine therapies targeting ERα signaling, 
including selective estrogen receptor modulators and aromatase in
hibitors, constitute the standard treatment for ER+ breast cancer and 
have substantially improved patient outcomes [5]. However, a signifi
cant proportion of patients eventually develop recurrence or progres
sion, indicating that key regulatory mechanisms governing estrogen 
responsiveness remain incompletely defined [6,7].

ERα expression is a critical determinant of estrogen sensitivity and 
therapeutic response in ER+ tumors. Altered ERα abundance or activity 

is frequently associated with aggressive disease and endocrine resistance 
[4,5]. Although transcriptional and epigenetic regulation of ESR1, the 
gene encoding ERα, has been extensively studied, the upstream tran
scription factors required to sustain basal ESR1 expression in breast 
cancer cells are not fully characterized [8].

Tonicity-responsive enhancer-binding protein (TonEBP), also known 
as nuclear factor of activated T cells 5 (NFAT5), is a Rel family tran
scription factor originally identified as a mediator of cellular adaptation 
to hyperosmotic stress [9]. Subsequent studies have demonstrated 
broader roles for TonEBP in inflammatory signaling, immune regula
tion, and metabolic adaptation through the control of gene expression 
programs governing survival and tissue remodeling [10–12]. In cancer, 
TonEBP has been implicated in tumor progression and poor prognosis 
across multiple malignancies, although its functions appear context 
dependent [13,14]. In breast cancer, accumulating evidence supports its 
role in aggressive tumor behavior. Network-based analyses have 
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identified TonEBP as a master regulator in inflammatory breast cancer, 
where increased expression and nuclear localization correlate with 
highly proliferative and invasive phenotypes [15]. Elevated TonEBP 
expression has also been associated with reduced responsiveness to 
neoadjuvant chemotherapy, suggesting a contribution to therapeutic 
resistance and adaptation to microenvironmental stress [16]. Collec
tively, these observations establish TonEBP as a multifunctional tran
scriptional regulator that supports invasion, metastasis, and tumor 
survival. However, its potential role in modulating hormone receptor 
signaling in ER+ breast cancer remains largely unexplored.

Here, we investigated the clinical significance and functional role of 
TonEBP in ER+ breast cancer. We demonstrate that elevated TonEBP 
expression is associated with adverse clinical outcomes and that TonEBP 
promotes proliferation of ER+ breast cancer cells. Mechanistically, 
TonEBP enhances ESR1 transcription and ERα protein expression, at 
least in part through a TonEBP-responsive element within the proximal 
ESR1 promoter. These findings identify TonEBP as an upstream regu
lator of ERα and provide a mechanistic link between stress-responsive 
transcriptional control and estrogen-dependent tumor growth.

2. Materials and methods

2.1. Bioinformatic analysis

Breast cancer transcriptomic datasets were obtained from GEO and 
TCGA-associated cohorts. Survival analyses were performed using 
GSE9195 (chemotherapy-treated, n = 77) and GSE42568 (untreated, 
n = 104). Patients were stratified by median TonEBP (NFAT5) expres
sion within each dataset. Kaplan–Meier curves were generated for 
distant metastasis-free survival or overall survival. Statistical signifi
cance was assessed using the log-rank test, and hazard ratios (HRs) with 
95% confidence intervals (CIs) were calculated where applicable.

2.2. Cell culture and siRNA transfection

MCF-7 and MDA-MB-231 cells (ATCC) were maintained in DMEM 
containing 10% FBS and antibiotics at 37 ◦C with 5% CO2. For estrogen- 
response experiments, cells were cultured in phenol red–free DMEM 
supplemented with 5% charcoal/dextran-stripped FBS for ≥48 h prior to 
stimulation. TonEBP-targeting siRNAs and non-targeting control siRNA 
were transfected using Lipofectamine RNAiMAX (Invitrogen). Two in
dependent siRNAs were used. Cells were analyzed 24–96 h post- 
transfection. Knockdown efficiency was confirmed by immunoblotting 
and qRT-PCR.

2.3. Proliferation and cytotoxicity assays

Cell viability was measured using a colorimetric assay, and cell 
numbers were determined by direct counting. For hormone stimulation, 
cells were treated with estrone (E1) or 17β-estradiol (E2). For drug- 
response assays, doxorubicin or tamoxifen was applied after siRNA 
transfection. Cytotoxicity was assessed by lactate dehydrogenase (LDH) 
release, with total LDH determined following Triton X-100 lysis. DNA 
synthesis was quantified by EdU incorporation. Cell cycle distribution 
was analyzed by flow cytometry after ethanol fixation, RNase A treat
ment, and propidium iodide staining. Experiments were performed with 
at least three biological replicates.

2.4. Immunoblotting and qRT-PCR

Whole-cell lysates were prepared in RIPA buffer with protease in
hibitors. Proteins were separated by SDS-PAGE, transferred to PVDF 
membranes, and probed with antibodies against TonEBP, ERα, and 
Hsc70. Signals were detected by chemiluminescence. Total RNA was 
extracted using TRIzol (Invitrogen), reverse transcribed, and analyzed 
by quantitative RT-PCR using SYBR Green. Gene expression was 

normalized to ACTB using the 2̂− ΔΔCt method. Primer sequences are 
provided in Supplementary Table 1.

2.5. Luciferase reporter assay

Human ESR1 promoter fragments (− 72/+297 and − 44/+297) were 
cloned upstream of a firefly luciferase reporter. TonE mutations were 
introduced by site-directed mutagenesis. Cells were co-transfected with 
firefly constructs and a Renilla control plasmid. Luciferase activity was 
measured 24–48 h post-transfection using a dual-luciferase assay 
(Promega) and normalized to Renilla activity.

2.6. Chromatin immunoprecipitation (ChIP)-qPCR

ChIP assays were performed using a commercial kit (Millipore). Cells 
were crosslinked with 1% formaldehyde, lysed, and sonicated (Bio
ruptor KRB-01) to generate 400–1000 bp DNA fragments. Immunopre
cipitation was conducted overnight at 4 ◦C using anti-TonEBP antibody 
or normal rabbit IgG control. DNA was purified (QIAquick PCR Purifi
cation Kit, QIAGEN) and analyzed by qPCR. Primer sequences are listed 
in Supplementary Table 1.

2.7. Statistical analysis

Data are presented as mean ± SD. Two-group comparisons were 
performed using unpaired two-tailed Student's t-test. Multiple-group 
comparisons were analyzed by two-way ANOVA followed by Tukey's 
post hoc test. Kaplan–Meier differences were assessed using the log-rank 
test. A p value < 0.05 was considered statistically significant.

3. Results

3.1. TonEBP expression is associated with poor clinical outcomes in breast 
cancer

To assess the clinical relevance of TonEBP expression in breast can
cer, we analyzed publicly available transcriptomic datasets derived from 
TCGA-associated microarray cohorts and performed Kaplan–Meier sur
vival analyses. Patients were stratified into high and low TonEBP 
expression groups based on median expression levels. Across indepen
dent cohorts, high TonEBP expression was consistently associated with 
significantly worse clinical outcomes compared with low TonEBP 
expression (Fig. 1A and B). In a cohort of breast cancer patients who 
received systemic chemotherapy (GSE9195, n = 77), elevated TonEBP 
expression was associated with a marked reduction in distant metastasis- 
free survival (log-rank P = 0.0059) (Fig. 1A). This association persisted 
despite chemotherapy, suggesting that high TonEBP expression may 
contribute to metastatic progression and therapy resistance rather than 
merely reflecting treatment response. In an independent cohort of pa
tients who did not receive chemotherapy (GSE42568, n = 104), high 
TonEBP expression correlated with significantly reduced overall sur
vival (log-rank P = 0.0113) (Fig. 1B). The presence of this association in 
the absence of therapeutic intervention supports the notion that TonEBP 
expression is intrinsically linked to aggressive tumor biology.

These data identify TonEBP as a negative prognostic factor in breast 
cancer and raise the possibility that TonEBP-driven transcriptional 
programs promote tumor progression.

3.2. TonEBP depletion preferentially suppresses growth of ER-positive 
breast cancer cells

To determine whether the adverse clinical association of TonEBP 
reflects a functional role in tumor cell growth, we examined the effects 
of TonEBP depletion in breast cancer cell lines with distinct hormone 
receptor status. ER-positive MCF-7 and ER-negative MDA-MB-231 cells 
were transfected with TonEBP siRNA or scrambled control siRNA. 
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Immunoblot analysis confirmed efficient TonEBP knockdown in both 
cell lines (Fig. 1C). TonEBP depletion markedly reduced cell viability in 
MCF-7 cells (Fig. 1D), whereas only a modest effect was observed in 
MDA-MB-231 cells (Fig. 1E). Consistent with these findings, cell number 
analysis demonstrated a pronounced reduction in MCF-7 cell prolifera
tion (Fig. 1F), while MDA-MB-231 cells exhibited delayed and less 
robust growth inhibition (Fig. 1G). These results indicate that TonEBP is 
preferentially required for proliferation of ER-positive breast cancer 
cells.

We next examined whether TonEBP is involved in estrogen-mediated 
proliferative signaling. In control MCF-7 cells, 17β-estradiol (E2) 
significantly increased cell viability. This estrogen-induced growth 
stimulation was abolished in TonEBP-depleted cells (Fig. 1H), indicating 
that TonEBP is necessary for efficient ER-dependent proliferative 
signaling. To assess therapeutic implications, MCF-7 cells were treated 
with E2, doxorubicin, or tamoxifen following TonEBP knockdown. As 
expected, doxorubicin and tamoxifen reduced cell viability. TonEBP 
depletion further enhanced the inhibitory effects of both agents (Fig. 1I), 
suggesting that suppression of TonEBP sensitizes ER-positive breast 

cancer cells to both cytotoxic chemotherapy and endocrine therapy.
These findings demonstrate that TonEBP promotes ER-dependent 

breast cancer cell growth, providing mechanistic support for its associ
ation with poor clinical outcomes.

3.3. TonEBP depletion suppresses proliferation without inducing cell 
death

TonEBP depletion markedly reduced MCF-7 cell numbers. To deter
mine whether this reduction resulted from increased cell death or 
impaired proliferative capacity, MCF-7 cells were transfected with two 
independent siRNAs targeting distinct regions of the TonEBP transcript. 
Immunoblot analyses confirmed efficient and sustained suppression of 
TonEBP protein beginning at 24 h and persisting up to 48 h (Fig. 2A). 
MCF-7 cell numbers were significantly reduced from 48 h onward, with 
growth inhibition maintained through 96 h (Fig. 2B). LDH release assays 
were performed to distinguish between cytotoxicity and proliferation 
defects. Basal LDH release into the culture medium was comparable 
between scrambled control and TonEBP-depleted cells at both 24 h and 

Fig. 1. TonEBP expression correlates with prognosis and regulates breast cancer cell growth 
(A, B) Kaplan–Meier analyses of breast cancer cohorts stratified by median TonEBP expression. (A) Distant metastasis-free survival (DMFS) in chemotherapy-treated 
patients (GSE9195, n = 77). (B) Overall survival (OS) in untreated patients (GSE42568, n = 104). (C) Immunoblot of TonEBP in MCF-7 and MDA-MB-231 cells 
transfected with scrambled siRNA (siScr) or TonEBP siRNA (siTon). Hsc70, loading control. (D, E) Cell viability in MCF-7 (D) and MDA-MB-231 (E) cells after siScr or 
siTon transfection. (F, G) Cell number analysis in MCF-7 (F) and MDA-MB-231 (G). (H) Estrogen (E2)-stimulated proliferation in siScr- or siTon-transfected MCF- 
7 cells. (I) Viability of siScr- or siTon-transfected MCF-7 cells treated with E2 (0.1 μM), doxorubicin (0.5 μM), or tamoxifen (1 μM). Data are mean ± SD. Two-way 
ANOVA with Tukey's test; different letters indicate p < 0.05.
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48 h (Fig. 2C), indicating no significant increase in cell death. Total LDH 
release following Triton X-100–mediated lysis was progressively 
reduced in TonEBP-depleted cells (Fig. 2D), reflecting a decrease in total 
viable cell mass rather than enhanced cytotoxicity.

Among the two siRNAs tested, TonEBP siRNA #1 was used for sub
sequent mechanistic studies. EdU incorporation demonstrated that 
TonEBP knockdown markedly reduced the proportion of EdU-positive 
cells (Fig. 2E and F), indicating impaired DNA replication and prolifer
ative activity. Flow cytometric analysis at 48 h post-transfection showed 
accumulation of cells in the G1 phase, with no significant change in S 
phase and a corresponding decrease in the G2/M population (Fig. 2G 
and H). These findings indicate that TonEBP is required for efficient G1- 
to-S phase progression in ER-positive breast cancer cells. TonEBP 
depletion suppresses ER-positive breast cancer cell growth primarily by 
inducing G1 cell cycle arrest rather than triggering acute cytotoxicity.

3.4. TonEBP depletion suppresses ESR1 transcription and disrupts ER- 
dependent proliferative signaling in MCF-7 cells

ERα signaling is a central driver of G1–S phase progression in ER- 
positive breast cancer cells. We therefore examined whether TonEBP 

regulates ERα expression and ER-dependent transcriptional programs in 
MCF-7 cells. Immunoblot analysis revealed that siRNA-mediated 
depletion of TonEBP led to a marked reduction in ERα protein levels 
as early as 24 h post-transfection, which was sustained up to 48 h 
(Fig. 3A). To determine whether this reduction occurred at the tran
scriptional level, ESR1 mRNA expression was measured by quantitative 
RT-PCR. TonEBP depletion significantly decreased ESR1 mRNA levels at 
both 24 and 48 h (Fig. 3B), indicating that TonEBP contributes to ESR1 
transcriptional regulation rather than merely affecting ERα protein 
stability.

Consistent with reduced ERα expression, canonical ER target genes 
were significantly suppressed upon TonEBP knockdown. Expression of 
luminal ER-responsive markers, including GREB1 and PGR, was 
decreased (Fig. 3C), demonstrating attenuation of ER transcriptional 
activity. TonEBP knockdown also significantly reduced expression of 
CCND1 and PCNA (Fig. 3D), key mediators of G1 progression and DNA 
replication. In parallel, TonEBP depletion induced upregulation of the 
CDK inhibitor CDKN1A (p21) and the pro-apoptotic gene PMAIP1 
(NOXA) (Fig. 3E), suggesting activation of cell-cycle inhibitory and 
stress-responsive pathways. Together with the reduction of cyclin D1 
expression, these data support a cytostatic mechanism involving 

Fig. 2. TonEBP depletion affects proliferation and cell-cycle progression in MCF-7 cells 
(A) Immunoblot analysis of TonEBP protein levels in MCF-7 cells transfected with scrambled siRNA (siScr) or two independent TonEBP-targeting siRNAs (siTon#1 
and siTon#2). Hsc70 served as a loading control. (B) Cell number up to 96 h post-transfection. (C, D) Basal (C) and total (D) LDH release. (E, F) Representative 
fluorescence microscopy images of EdU incorporation (green) (E) and quantification of EdU-positive cells (F). (G, H) Cell-cycle profiles (PI staining) (G) and phase 
distribution (H). Data are mean ± SD. Student's t-test or two-way ANOVA as appropriate; An asterisk (*) or different letters indicate statistically significant dif
ferences (p < 0.05). ns, not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reinforcement of G1 arrest rather than acute cytotoxicity, consistent 
with the cell cycle data shown in Fig. 2. To determine whether TonEBP is 
required for ligand-dependent ER activation, cells were treated with 
estrogen (E1 or E2). Estrogen stimulation robustly induced expression of 
ER target genes (GREB1, PGR) and CCND1 in control cells (Fig. 3F). This 
ligand-dependent transcriptional induction was significantly attenuated 
in TonEBP-depleted cells, indicating impaired ER signaling capacity. 
Estrogen response element (ERE) luciferase reporter assays further 
demonstrated that TonEBP knockdown significantly reduced ER trans
activation activity following E1 or E2 treatment (Fig. 3G). The decrease 
in ERE-driven luciferase activity provides direct functional evidence that 
TonEBP is required for efficient ERα-mediated transcriptional activation 
at canonical ERE sites.

These findings indicate that TonEBP supports both basal and ligand- 
induced ER-dependent transcription, thereby sustaining luminal gene 
expression programs and proliferative signaling in ER-positive breast 
cancer cells.

3.5. TonEBP directly activates the human ESR1 promoter through a TonE 
element

TonEBP depletion significantly reduced ESR1 mRNA expression 
(Fig. 3B). We therefore investigated whether TonEBP directly regulates 
ESR1 transcription at the promoter level. In silico analysis of the human 
ESR1 promoter identified a putative TonEBP-binding consensus 
sequence (TonE motif) at +47/+57 within the proximal promoter 

region (Fig. 4A). Luciferase reporter constructs containing the − 72/ 
+297 or − 44/+297 regions of the human ESR1 promoter were gener
ated (Fig. 4A). Site-directed mutagenesis was used to disrupt the TonE 
sequence (TonE-mt). In MCF-7 cells, wild-type ESR1 promoter con
structs exhibited robust transcriptional activity compared with the basic 
vector control (Fig. 4B). Mutation of the TonE site significantly reduced 
promoter activity in both − 72/+297 and − 44/+297 constructs, indi
cating that the TonE element is required for full promoter activation.

To determine whether TonEBP occupies the endogenous ESR1 pro
moter, ChIP-qPCR assays were performed. TonEBP was enriched at the 
ESR1 promoter region containing the TonE site in control cells, whereas 
this enrichment was markedly reduced upon TonEBP knockdown 
(Fig. 4C). Together with the reporter assays, these findings indicate that 
TonEBP associates with the proximal ESR1 promoter and functionally 
contributes to transcriptional activation through a TonE-dependent 
mechanism.

These results support a model in which TonEBP acts as a transcrip
tional regulator of ESR1, linking TonEBP activity to ERα expression and 
ER-dependent proliferative signaling in ER-positive breast cancer cells.

4. Discussion

In this study, we identify TonEBP as a potential upstream regulator of 
ESR1 transcription and ER-dependent proliferative signaling in ER- 
positive breast cancer. Our findings suggest that TonEBP contributes 
to the maintenance of ERα expression by enhancing activity of the 

Fig. 3. TonEBP regulates ESR1 expression and ER-dependent transcription 
(A) Immunoblot analysis of TonEBP and ERα protein levels at 24 h and 48 h in MCF-7 cells transfected with scrambled siRNA (siScr) or TonEBP-targeting siRNA 
(siTon). Densitometric quantification of TonEBP/Hsc70 and ERα/Hsc70 ratios is shown. (B–E) qRT-PCR analysis of ESR1 (B), GREB1 and PGR (C), CCND1 and PCNA 
(D), and CDKN1A and PMAIP1 (E). (F) Estrogen-responsive gene expression in siScr- or siTon-transfected cells following treatment with estrone (E1, 10 nM) or 
estradiol (E2, 10 nM). (G) ERE-luciferase assay following E1 or E2 stimulation. Student's t-test or two-way ANOVA as appropriate; An asterisk (*) or different letters 
indicate statistically significant differences (p < 0.05). AU, arbitrary units.
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proximal ESR1 promoter through a TonE element (Fig. 4D). These ob
servations expand the spectrum of candidate ESR1 regulators and 
implicate TonEBP in the transcriptional control of luminal breast cancer 
biology. Although ERα expression defines luminal tumors, the tran
scriptional mechanisms sustaining basal ESR1 expression remain 
incompletely understood [8]. Established regulators such as FOXA1, 
GATA3, and AP-2 (TFAP2C) influence ER chromatin accessibility and 
transcriptional competence at promoters and enhancers [8,17–21]. Our 
data position TonEBP as an additional promoter-level regulator that 
associates with the proximal ESR1 locus and enhances its transcriptional 
activity. The identification of a functional TonE element within the 
proximal promoter region further expands the repertoire of cis-regula
tory mechanisms contributing to ERα expression.

Functionally, TonEBP depletion preferentially impaired proliferation 
of ER-positive cells and induced G1-phase accumulation, consistent with 
attenuation of ERα-driven cell-cycle progression. Suppression of ER 
target genes and reduced ERE transactivation activity indicate that 
TonEBP supports both basal and ligand-induced ER signaling. These 
findings support a model in which TonEBP sustains luminal growth 
programs through maintenance of the ERα–Cyclin D1 axis. At the same 
time, given the broader roles of TonEBP in stress adaptation and survival 
pathways in other tumor contexts [10,13,14], ER-independent mecha
nisms may also contribute to its growth-promoting effects.

Clinically, elevated TonEBP expression was associated with adverse 
outcomes across independent cohorts, including reduced distant 
metastasis-free survival and overall survival. The consistency of this 
association in both treated and untreated patients suggests that TonEBP 
reflects intrinsic tumor aggressiveness. In other malignancies, increased 
TonEBP expression has been linked to metastasis and therapy resistance, 
further supporting its relevance to aggressive disease biology [13]. The 
enhanced inhibitory effects observed when TonEBP suppression was 
combined with tamoxifen or doxorubicin suggest potential therapeutic 
implications. By sustaining ESR1 transcription and ER signaling, 
TonEBP may contribute to maintenance of hormone-dependent growth 
under therapeutic pressure. Although selective pharmacologic inhibitors 
of TonEBP are not currently available, disruption of the TonEBP–ERα 
axis represents a conceptual strategy to modulate ER signaling in 
luminal breast cancer. Future work should explore feasible strategies to 

disrupt the TonEBP–ERα axis, including small-molecule inhibitors, 
peptide mimetics, or oligonucleotide-based approaches, and evaluate 
their efficacy in preclinical models of endocrine-resistant breast cancer.

TonEBP is widely recognized as a stress-responsive transcription 
factor integrating osmotic, inflammatory, and metabolic signals [9,12,
22]. Tumor microenvironments are characterized by hypoxia, oxidative 
stress, and cytokine exposure, conditions that may engage 
TonEBP-dependent transcriptional programs. Our findings raise the 
possibility that TonEBP links stress-responsive signaling to 
hormone-dependent oncogenesis by directly maintaining ESR1 tran
scription under dynamic microenvironmental conditions. This study 
primarily utilized a well-characterized ER-positive model system, and 
further validation in additional cellular and in vivo contexts will 
strengthen the generalizability of these findings. Nonetheless, combined 
evidence from promoter mutagenesis, endogenous ChIP enrichment, 
and functional assays provides a coherent mechanistic framework for 
TonEBP-mediated regulation of ESR1.

In summary, TonEBP emerges as a promoter-associated regulator of 
ESR1 transcription that sustains ERα expression and ER-dependent 
proliferation in luminal breast cancer. By directly linking a stress- 
responsive transcription factor to control of hormone receptor expres
sion, this study defines a mechanistic axis with potential relevance to 
tumor progression and therapeutic response in ER-positive breast 
cancer.
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