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Introduction
Patients with certain cancer types such as melanoma and 
non–small cell lung cancer have significantly benefited from 
immunotherapies such as immune checkpoint inhibitors (ICIs) 
(1). However, ICIs including the anti–cytotoxic T lymphocyte 
antigen 4 (anti-CTLA4) antibody ipilimumab and anti–PD-1 
antibody pembrolizumab exhibit limited anticancer activity 
in prostate cancer (PCa), most of which are androgen receptor 
positive (AR+) (2). Similarly, breast cancer (BCa), especially the 
estrogen receptor–positive (ER+) subtype, also exhibits very lim-
ited response to immunotherapy (3). Thus, AR+ PCa and ER+ 
BCa are generally considered immunologically “cold” cancer 
types and it is of paramount importance to decipher the under-
lying mechanisms that drive resistance to immunotherapy. One 
factor underlying immunologically cold PCa and BCa relates to 
low levels of tumor mutation burden (TMB). Surprisingly, some 
studies suggest that the ICI therapy response is not significantly 
associated with TMB in BCa and melanoma (4, 5), while others 
show that upregulation of interferon γ (IFN-γ) response pathway 

genes are associated with improved clinical responses to ICI in 
PCa with low TMB (6).

Activation of signaling pathways in tumors in response to 
IFNs including type I (such as IFN-α and IFN-β), type II (IFN-γ), 
and type III IFN (such as IFN-λs) is essential for cytotoxic T lym-
phocyte–mediated (CTL-mediated) killing of cancer cells (7–12). 
High expression of IFN signaling genes is associated with greater 
response to ICIs in melanoma and neck squamous cell carcinoma 
(13). In cancer cells, IFN induces expression of IFN-stimulated 
genes (ISGs) including antigen presentation machinery (APM) 
genes such as major histocompatibility complex class I (MHC I) 
(14). Presentation of cancer-specific neoantigens, which is regu-
lated by IFN signaling, is a key factor affecting CTL activity and 
ICI therapy efficacy (15–17). This critical step is governed by MHC 
or human leukocyte antigen (HLA) that presents intracellular pep-
tides on the cell surface that are recognized by the T cell receptor 
(TCR). As a result, this immune-stimulating signaling cascade 
triggers infiltration of cytotoxic lymphocytes, mainly CTLs and 
natural killer (NK) cells, ultimately leading to granule exocytosis 
as a common mechanism to destroy cancer cells by expressing 
and releasing pore-forming proteins including perforin 1 (PRF1), 
granule-associated enzymes (or granzymes, GZMs), and NK cell 
granule protein 7 (NKG7).

Improved clinical outcomes have been achieved for certain 
cancer types such as melanoma after treatment with immunother-
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ure 2). Aberrant activation of IFN signaling genes in FOXA1-low 
tumors in both TCGA PCa and BCa cohorts was unlikely caused 
by either genomic alterations in IFN response genes or overall 
TMB because there was no obvious correlation between FOXA1 
expression and genomic alterations in IFN response genes or 
overall TMB (Supplemental Figure 3). FOXA1 mRNA expression 
was highly upregulated but intriguingly, CD274 (PD-L1) mRNA 
expression was downregulated in PCa and BCa tissues compared 
with normal tissues in various cohorts examined (Supplemen-
tal Figure 4). Together, our data indicate that overexpression of 
FOXA1 may play a pivotal role in regulating immune coldness by 
modulating IFN response gene expression in PCa and BCa.

FOXA1 binds the DNA-binding domain and inhibits DNA-bind-
ing ability of STAT2. To explore possible molecular mechanisms 
underlying FOXA1 inhibition of IFN signaling, we first examined 
the colocalization of FOXA1 with STAT1 and STAT2, two major 
effectors of IFN signaling. FOXA1 protein was primarily detected 
in the nucleus in LNCaP cells regardless of IFN-α treatment (Figure 
2A). STAT1 protein was localized in both the cytoplasm and nucle-
us, while STAT2 was mainly localized in the cytoplasm of LNCaP 
cells grown in regular medium without additional IFN-α stimula-
tion (Figure 2A). IFN-α treatment increased localization of both 
STAT1 and STAT2 proteins in the nucleus where they were colocal-
ized with FOXA1 (Figure 2A). Because phosphorylation of STAT1 
and STAT2 is important for their nuclear localization, we sought 
to determine whether FOXA1 affects STAT1 and STAT2 phosphor-
ylation. We found that neither ectopic expression of FOXA1 in 
FOXA1-negative cell lines such as DU145 and MDA-MB-231 nor 
knockdown (KD) of endogenous FOXA1 in LNCaP and MCF7 cell 
lines had any effect on STAT1 and STAT2 protein phosphorylation 
(Supplemental Figure 5, A–D). Consistent with the nuclear localiza-
tion status of FOXA1 (Figure 2A), coimmunoprecipitation (co-IP) 
assay showed that FOXA1 interacted with STAT1 and STAT2 at 
endogenous levels in the nuclei of LNCaP and MCF7 cells treated 
with IFN-α (Figure 2B). Similarly, we observed that FOXA1 binds 
to STAT1 in the nucleus in both cell lines stimulated with IFN-γ, 
although STAT1 homodimer association with FOXA1 was much 
weaker than that of the STAT1-STAT2 heterodimer (Figure 2B), 
and this result was confirmed by reciprocal co-IP experiments 
(Figure 2C). FOXA1 overexpression also had no effect on STAT2-
STAT1-IRF9 and STAT1-STAT1 complex formation following the 
stimulation with IFN-α and IFN-γ, respectively (Supplemental Fig-
ure 5E). These data suggest that FOXA1 expression does not affect 
the formation of STAT1 and/or STAT2 protein-containing com-
plexes in cells stimulated with type I or II IFNs.

Because binding of FOXA1 with STAT2-STAT1 in IFN-α–stim-
ulated cells was much stronger than that with STAT1-STAT1 in 
IFN-γ–treated cells (Figure 2, B and C), we chose to further char-
acterize how FOXA1 binds to STAT2. Co-IP assays using 2 STAT2 
N-terminal truncation mutants indicated that FOXA1 binds the 
STAT2 DNA-binding domain (DBD) (Supplemental Figure 5F). 
Glutathione S-transferase (GST) pulldown assay confirmed that 
FOXA1 directly bound the STAT2 DBD in vitro (Supplemental 
Figure 5G). We further performed in vitro protein binding assays 
using different GST-STAT2 DBD truncation mutants and demon-
strated that FOXA1 bound more than two-thirds (aa 366–486) of 
the STAT2 DBD (aa 312–486; Supplemental Figure 5H).

apies including adoptive transfer of tumor-infiltrating lympho-
cytes (TILs) and application of ICIs (e.g., CTLA4, PD-1, and PD-L1 
blockade antibodies; refs. 18–21). However, disease relapse often 
occurs after initial tumor regression and immunotherapy resis-
tance can develop. Notably, as demonstrated in melanoma, such 
resistance has been linked to genetic alterations such as mutations 
and somatic copy number alterations in IFN/receptor signaling 
and APM genes (7, 18, 22, 23).

The transcription factor FOXA1 is a well-studied pioneer 
factor required for AR and ER activities in PCa and BCa cells 
(24–26). The FOXA1 gene is also implicated in these two cancer 
types, owing to its frequent mutations (27–30). The frequency of 
somatic point mutations of FOXA1 is approximately 4% to 8% and 
FOXA1 mutations promote cancer progression by reprogramming 
the functions of AR and other factors in these cancer types (27–31). 
In the present study, we identified a role of FOXA1 in suppress-
ing IFN signaling and the cancer immune response, which drives 
cancer immune evasion and therapy resistance. Importantly, this 
function is independent of the well-known pioneer-factor func-
tion of FOXA1 and its mutations detected in PCa and BCa.

Results
FOXA1 inversely correlates with IFN signaling activity in PCa and 
BCa. The so-called immune coldness commonly observed in a 
few cancer types such as AR+ PCa and ER+ luminal BCa prompt-
ed us to hypothesize that there might be a common immune eva-
sion mechanism shared by different cancers. As demonstrated 
in melanoma, low IFN activation predicts unfavorable prognosis 
of ICI immunotherapy (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI147025DS1) and deletion of IFN pathway genes links to ICI 
resistance (5, 7, 13), suggesting that inactivation of the IFN path-
way may confer immune evasiveness on cancers. We demonstrat-
ed that the expression signature of IFN response genes (termed 
IFN activity or score) in The Cancer Genome Atlas (TCGA) cohort 
of PCa and luminal BCa was significantly lower than that in mel-
anoma, lung, and kidney cancers, which are generally responsive 
to ICIs (refs. 32–34 and Supplemental Figure 1B). Therefore, we 
performed meta-analysis of TCGA PCa and BCa RNA sequencing 
(RNA-seq) data sets to search for genes that are negatively cor-
related with IFN activity. We demonstrated that FOXA1 is the only 
common gene among the top 5 hits, the expression of which neg-
atively correlated with IFN activity in both PCa and BCa cohorts 
(Supplemental Figure 1C). Gene set enrichment analysis (GSEA) 
also revealed a negative correlation between expression of FOXA1 
and IFN response genes in TCGA cohorts of PCa and BCa patients 
(Figure 1A). To corroborate the meta-analysis data, we performed 
single-cell RNA-seq (scRNA-seq) in PCa patient samples and 
demonstrated that FOXA1 level was inversely associated with 
expression of IFN response signature genes and APM genes in the 
luminal cell population (Figure 1B, Supplemental Figure 1D, and 
Supplemental Tables 1 and 2). Similar results were obtained from 
BCa cells through meta-analysis of scRNA-seq data from 2 cohorts 
of BCa patient specimens (refs. 35, 36, and Figure 1C). These find-
ings are consistent with the results obtained from the analysis of 
RNA-seq data from bulk tissues in different cohorts with prima-
ry and metastatic PCa and BCa, respectively (Supplemental Fig-
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from IFN-sensitive response element–based (ISRE-based) lucif-
erase reporter gene assay (Supplemental Figure 5K). These find-
ings suggest that the SBR is required for FOXA1 binding of STAT2 
and suppression of IFN activity.

Since the SBR contains the Wing2 motif (aa 247–269), a key 
region involved in regulating the DNA-binding activity of the 
FOXA1 DBD (refs. 29, 30, 37, and Figure 2D), we sought to deter-
mine whether the DNA-binding ability of FOXA1 is required for 
inhibition of IFN signaling. The third α-helix (αH3, aa 212–225), 
especially residues N216, H220, and N225, in the FKHD domain 
of FOXA1 have direct contact with DNA (37). We generated 2 
DNA binding–deficient mutants, FOXA1-N216A/H220A/N225A 

We also determined which region in FOXA1 interacts with 
STAT2. Mutagenesis and GST pulldown assays showed that the 
middle portion of FOXA1 (FOXA1-M, aa 141–294), which con-
tains the forkhead domain (FKHD, aa 168–269), bound the STAT2 
DBD (Supplemental Figure 5I). We further generated 3 additional 
C-terminal truncation mutants from FOXA1-M (Figure 2D) and 
utilized them for GST pulldown and co-IP assays. We found that 
deletion of the C-terminal portion of FOXA1-M (aa 247–294) 
abolished FOXA1’s interaction with the STAT2 DBD and this 
fragment is referred to as the STAT2-binding region (SBR) of 
FOXA1 (Figure 2, D and E, and Supplemental Figure 5J). The 
protein binding results were fully supported by the data obtained 

Figure 1. FOXA1 levels inversely correlate with IFN signaling gene expression in prostate (PCa) and breast cancer (BCa). (A) GSEA enrichment plots show 
the inverse correlation between FOXA1 expression and IFN response hallmark genes in PCa and BCa from TCGA database. The FOXA1-high and -low groups 
were defined using the median as the cutoff. (B and C) Heatmaps show the inverse correlation of FOXA1 expression with IFN response signature genes and 
APM genes in single-cell RNA-seq data of PCa (B) and BCa (C) samples. Statistical significance was determined by Pearson’s correlation test.
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to bind to the cognate FOXA1-response DNA element (FRE) in 
the KLK3 (prostate-specific antigen) gene enhancer and to initi-
ate FOXA1 gene transactivation activity (refs. 29, 30, and Supple-
mental Figure 5, L and M). However, apart from the FOXA1ΔSBR 

(FOXA1-αH3m) and FOXA1Δ212–225 (FOXA1ΔαH3), by mutat-
ing these 3 residues to alanine and deleting the entire αH3. Results 
from electrophoretic mobility shift assay (EMSA) and the lucifer-
ase reporter assay confirmed that these mutants lost their ability 

Figure 2. FOXA1 binds the STAT2 DBD and impedes STAT2 DNA-binding ability. (A) Immunofluorescent cytochemical analysis of STAT1, STAT2, and 
FOXA1 in LNCaP cells treated with vehicle (PBS) or IFN-α. (B) Co-IP shows the interaction of FOXA1 with STAT1 and STAT2 at endogenous levels in LNCaP 
and MCF7 cells treated with IFN-α or IFN-γ. See complete unedited blots in the supplemental material. (C) Co-IP analysis of interaction among ectopically 
expressed FOXA1, STAT1, and STAT2 proteins in 293T cells. (D) Diagram shows the domain structure of the FOXA1 forkhead (FKHD) DNA-binding domain 
(DBD) and FOXA1 truncation and missense mutation expression constructs. NLS, nuclear localization signal; SBR, STAT2-binding region. (E and F) GST 
pulldown assay shows the interaction of GST-tagged STAT2 DBD with the indicated FOXA1 mutants expressed in 293T cells. ΔαH3, deletion of α-helix 
3; ΔSBR, deletion of STAT2-binding region. (G) Luciferase reporter assay shows the inhibitory effect of the indicated WT FOXA1 or mutants on ISRE-luc 
reporter gene activity in DU145 cells. Data shown as mean ± SD (n = 3). Statistical significance was determined by 1-way ANOVA with Bonferroni’s correc-
tion for multiple tests.
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Figure 3. The effect of FOXA1 on STAT2 cistrome in PCa cells. (A) MA plot of STAT2 ChIP-seq data in LNCaP cells transfected with control (siCon) 
or FOXA1-specific siRNAs in the presence or absence of IFN-α treatment. Red dots (Up-peaks) and blue dots (Down-peaks) represent increased and 
decreased peaks (FDR < 0.05), respectively, and gray dots indicate peaks with no significant alterations (NSAs) (FDR > 0.05) after FOXA1 KD. (B) Heatmaps 
show the signaling intensity of 192 STAT2 ChIP-seq Up-peaks in LNCaP cells under the indicated cellular conditions. (C) MEME-ChIP DNA motif analysis 
in 192 STAT2 ChIP-seq Up-peaks, 557 NSA-peaks, and 45 Down-peaks caused by FOXA1 KD in LNCaP cells. (D) ChIP-qPCR analysis of STAT2 occupancy at 
genomic loci of STAT2 target genes ISG15, IFI44, HLA-E, and PSMB9 under the indicated cellular conditions. Data shown as mean ± SD (n = 3). Statistical 
significance was determined by 1-way ANOVA with Bonferroni’s correction for multiple tests.
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mutant, these 2 DNA binding–deficient mutants of FOXA1 were 
still able to bind the STAT2 DBD and inhibit IFN activity (Figure 
2, F and G), suggesting that FOXA1 suppresses IFN signaling inde-
pendently of its DNA-binding function. We further performed a 
biotin pulldown assay using a biotin-labeled ISRE DNA oligonu-
cleotide (biotin-ISRE; Supplemental Figure 5N, top). We demon-
strated that addition of in vitro–generated WT FOXA1 and FOX-
A1ΔαH3 mutant (deletion of DNA-contacting region) proteins 
prohibited STAT2 binding of its targeting DNA sequence ISRE in 
the nuclear extract of IFN-α–stimulated FOXA1-negative DU145 
cells (Supplemental Figure 5N, bottom). However, this role of 
FOXA1 was abolished by deletion of the SBR (FOXA1ΔSBR; Sup-
plemental Figure 5N, bottom). Moreover, no FOXA1 protein was 
pulled down by the biotin-labeled ISRE DNA oligonucleotide, but 
rather FOXA1 bound STAT2 in a dose-dependent manner in the 
chromatin-free fraction of the nuclear extract (Supplemental Fig-
ure 5N, bottom). These data suggest that high-level FOXA1 inhib-
its the ability of STAT2 to bind to its target DNA sequence (ISRE). 
This notion is further supported by the results from EMSA show-
ing that STAT2 binding of the ISRE probe was inhibited in lysates 
of DU145 cells transfected with WT FOXA1 and the FOXA1ΔαH3 
mutant, but no such effect was observed for the FOXA1ΔSBR 
mutant or AR (Supplemental Figure 5O). Together, these data 
indicate that FOXA1 inhibits STAT2 DNA-binding ability and this 
function of FOXA1 does not rely on its DNA-binding ability.

FOXA1 impedes IFN-α–induced STAT2 chromatin occupancy 
and the effect is independent of its mutations in cancer. Next, we 
sought to determine whether FOXA1 affects STAT2 genome-wide 
binding on chromatin. We first knocked down the endogenous 
FOXA1 in FOXA1-high LNCaP cells with small interfering RNA 
(siRNA) specifically targeting the 3′ untranslated region (3′UTR) 
and then rescued with non–siRNA-targeted WT FOXA1, DNA 
binding–deficient mutant FOXA1ΔαH3, or STAT2 binding–defi-
cient mutant FOXA1ΔSBR (Supplemental Figure 6A). These 
FOXA1 expression–manipulated cell lines were utilized for STAT2 
chromatin immunoprecipitation and sequencing (ChIP-seq) anal-
ysis. The ChIP-seq replicates in each cellular condition were well 
correlated (Supplemental Figure 6B). We identified 794 STAT2 
binding peaks, including 192 significantly upregulated peaks 
(termed Up-peaks), 45 downregulated peaks (termed Down-
peaks), and 557 peaks with no significant alterations (termed NSA-
peaks) following FOXA1 KD (Figure 3, A and B and Supplemental 
Figure 6, C and D). The Up-peaks tended to distribute toward gene 
promoters, whereas the NSA-peaks and Down-peaks appeared 
to go in opposite directions (Supplemental Figure 6E). MEME-
ChIP motif analysis revealed that the STAT2 motif was the top hit 
among the Up-peaks, but no such enrichment was observed in the 
NSA-peaks and Down-peaks (Figure 3C). Gene ontology biolog-
ical process (GO-BP) analysis revealed that the genes associated 
with FOXA1 KD–induced Up-peaks were highly related to STAT2- 
relevant pathways (such as IFN and immune responses), but no 
such enrichment was observed in the NSA-peaks and Down-peaks 
(Supplemental Figure 6F).

IFN-α–stimulated and FOXA1 KD–enhanced STAT2 binding 
on chromatin was confirmed at the canonical IFN signaling gene 
loci such as ISG15, IFI44, HLA-E, and PSMB9 (Supplemental Fig-
ure 7A). These results were further validated by ChIP-qPCR data 

in both LNCaP and MCF7 cell lines (Figure 3D and Supplemen-
tal Figure 7B). Restored expression of both WT FOXA1 and FOX-
A1ΔαH3 but not FOXA1ΔSBR reversed FOXA1 KD–enhanced 
STAT2 binding at target loci (Figure 3D and Supplemental Fig-
ure 7A). These results support the notion that FOXA1 suppresses 
STAT2 chromatin binding and IFN signaling in a manner depen-
dent on FOXA1 binding of STAT2, but this effect does not require 
the DNA-binding activity of FOXA1.

In contrast with the FOXA1 impact on STAT2 occupancy on 
chromatin, IFN-α treatment had little or no effect on genome-wide 
chromatin engagement of FOXA1 in LNCaP cells (Supplemental 
Figure 8A). Less than 0.5% of total FOXA1 peaks overlapped with 
STAT2 binding peaks identified in LNCaP cells (Supplemental 
Figure 7A and Supplemental Figure 8B). FOXA1 impact on STAT2 
chromatin occupancy but not vice versa could be explained, at 
least in part, by the observation that the abundance of STAT2 
mRNA was significantly lower compared with FOXA1 mRNA in 
LNCaP and PCa patient samples (Supplemental Figure 8C).

These results support a model wherein FOXA1 forms a pro-
tein complex with STAT2 and inhibits STAT2 occupancy at its 
target gene loci containing a STAT2 DNA-binding motif, but 
has no obvious effect on loci without such motif. This model is 
consistent with the finding from the biotin-labeled-ISRE pull-
down assay showing that FOXA1 inhibits STAT2 DNA-binding 
ability and has no association with the STAT2 DNA-binding 
motif (Supplemental Figure 5N). This model is also supported by 
the observation that STAT2 binding peaks containing a STAT2 
DNA-binding motif (Up-peaks) had very minimal (≤5%) overlap 
with FOXA1 binding peaks identified in LNCaP and PCa patient 
samples (ref. 38 and Supplemental Figure 8D). These results 
support the working model in which FOXA1 binds to the DBD of 
STAT2, thereby blocking STAT2 binding of the canonical STAT2 
DNA-binding motif, but not other motifs indirectly associated 
with STAT2 (Supplemental Figure 8E).

FOXA1 suppression of STAT2 occupancy on chromatin is inde-
pendent of its mutations in cancer. The FOXA1 gene is frequently 
mutated in hormone-receptor-driven cancers such as PCa and 
BCa (27–30). FOXA1 mutations reprogram its pioneer-factor 
activity and enhance PCa aggressiveness (29, 30). We first inves-
tigated whether cancer-associated FOXA1 missense mutations 
affect STAT2 function and IFN activity. We found that PCa- 
derived hotspot missense mutants of FOXA1, including FOXA1-
H247Q, FOXA1-R261G, and FOXA1-F266L, were able to bind 
STAT2 to an extent similar to that of WT FOXA1 (Supplemental 
Figure 9A). Using the hotspot mutant FOXA1-R261G as a working 
model, STAT2 ChIP-seq data revealed that restored expression of 
FOXA1-R261G completely reversed FOXA1 depletion–enhanced 
STAT2 occupancy on chromatin in IFN-α–treated LNCaP cells, an 
effect similar to that of WT FOXA1 (Figure 3B and Supplemen-
tal Figure 7A). We also confirmed that, similar to WT FOXA1, 
restored expression of PCa-derived mutants FOXA1-H247Q 
and FOXA1-R261G reversed FOXA1 KD–enhanced expression 
of IFN signaling pathway proteins such as ISG15 and MHC I in 
both LNCaP and VCaP PCa cell lines (Supplemental Figure 9, B 
and C). We further verified the STAT2-inhibitory effect of these 
cancer-associated FOXA1 mutants using ISRE-based lucifer-
ase reporter assays (Supplemental Figure 9D). Moreover, there 

https://www.jci.org
https://doi.org/10.1172/JCI147025
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd
https://www.jci.org/articles/view/147025#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

7J Clin Invest. 2021;131(14):e147025  https://doi.org/10.1172/JCI147025

Figure 4. Identification of IFN-α response genes suppressed by FOXA1. (A) Venn diagram showing the overlap of IFN-α–stimulated genes upregulated by 
FOXA1 KD with the STAT2 target genes identified by STAT2 ChIP-seq. (B) GO-BP pathway analysis of the 62 STAT2 target genes suppressed by FOXA1.  
(C) Heatmap shows the differential expression of the 62 STAT2 target genes suppressed by FOXA1 in LNCaP cells under the indicated cellular conditions.  
(D and E) RT-qPCR analysis of expression of STAT2 target genes ISG15, IFI44, HLA-E, PSMB9, IFI27, IFI16, and IFI44L in FOXA1-negative DU145 cells infect-
ed with lentivirus expressing vector or FOXA1 (D) and in FOXA1-high LNCaP cells transfected control or FOXA1-specific siRNAs (E). Data shown as mean ± 
SD (n = 3). Statistical significance was determined by 1-way ANOVA.
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mutants, at least those hotspot mutants we examined, retain the 
ability to inhibit STAT2 chromatin occupancy, IFN activity, and 
cancer immune response gene expression. Although a significant 
fraction of FOXA1 mutations in cancer are C-terminal trunca-

was no significant difference in expression of IFN response and 
APM genes between FOXA1 WT and mutated prostate and breast 
tumors in TCGA cohorts (Supplemental Figure 9E). Collective-
ly, these data suggest that the PCa-derived FOXA1 missense 

Figure 5. FOXA1 overexpression suppresses PCa immune response in mice. (A) Growth of TRAMP-C2 prostate tumors stably expressing vector, WT 
FOXA1, FOXA1ΔαH3, or FOXA1ΔSBR treated with vehicle or poly(I:C) at the indicated time points (arrowheads) in C57BL/6 mice. (B) Tumor-free survival of 
syngeneic mice bearing TRAMP-C2 tumors stably expressing vector, WT FOXA1, FOXA1ΔαH3, or FOXA1ΔSBR treated with vehicle or poly(I:C). Statistical 
significance was determined by log-rank (Mantel-Cox) test. (C) Analysis of RNA-seq data from a cohort of murine BCa (GSE124821) showing the association 
of high expression of Foxa1 and low expression of IFN response genes (IFN activity) and CD3e, CD8a, and Gzmb T cell marker genes with the responsive-
ness to anti–PD-1 and anti-CTLA4 combination therapy (resistant versus sensitive). Statistical comparison was done using Mann-Whitney U test.
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9, F–H), suggesting that the STAT2-inhibiting effect of FOXA1 is 
also not affected by FOXA1 C-terminal truncation mutations.

Identification of FOXA1-affected STAT2 target genes via tran-
scriptome analysis. We globally assessed the impact of FOXA1 
on STAT2 target gene expression at the transcriptional level. We 

tion mutations (29, 30), we demonstrated that different from the 
SBR-deficient mutant FOXA1 (aa 1–247), the 2 PCa-associated 
C-terminal truncation mutants FOXA1 (aa 1–290) and FOXA1 (aa 
1–268) (29, 30) retained the ability to bind to STAT2 and suppress 
IFN-induced STAT2 transcriptional activity (Supplemental Figure 

Figure 6. Foxa1 knockdown sensitizes murine PCa to anti–PD-1 and anti-CTLA4 combination therapy. (A) Western blot analysis of indicated proteins in 
MyC-CaP murine PCa cells stably expressing doxycycline-inducible lentiviral shFoxa1#1 (MyC-CaPIN-shFoxa1#1) and treated with or without doxycycline (Dox) 
or/and IFN-α. Erk2 served as a loading control. (B) Schematic diagram of generation and anti–PD-1/anti-CTLA4 treatment of MyC-CaPIN-shFoxa1#1 prostate 
tumors in syngeneic mice. Dox–, without doxycycline treatment; Dox+, with doxycycline treatment; FCA, flow cytometric analysis; IFC, immunofluorescent 
cytochemistry. (C and D) Growth of MyC-CaPIN-shFoxa1#1 prostate tumors treated with IgG or combination of anti–PD-1/anti-CTLA4 at the indicated time 
points (arrowheads) in FVB mice (n = 10 mice/group). Statistical significance was determined by 2-way ANOVA. (E) Tumor-free survival of syngeneic mice 
bearing MyC-CaPIN-shFoxa1#1 prostate tumors treated with IgG or anti–PD-1/anti-CTLA4 (n = 10 mice/group). Statistical significance was determined by log-
rank (Mantel-Cox) test. (F) Flow cytometric analysis of Foxa1-, CD8-, and Gzmb-positive cells in MyC-CaPIN-shFoxa1#1 tumors from mice 2 days after the last 
administration of IgG or anti–PD-1/anti-CTLA4. Data are shown in the bar graphs as mean ± SD (n = 5 mice/group). Statistical significance was determined 
by 1-way ANOVA with Bonferroni’s correction for multiple tests. (G) RT-qPCR analysis of Foxa1 and murine Stat2 target genes Isg15, Ifi44, H2-k1, and 
Psmb9 in MyC-CaPIN-shFoxa1#1 tumors from mice 2 days after the last administration of IgG or anti–PD-1/anti-CTLA4. The data are presented as the mean ± 
SD (n = 5 mice/group). Statistical significance was determined by 1-way ANOVA with Bonferroni’s correction for multiple tests.
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Figure 7. FOXA1 overexpression associates with resistance of neoadjuvant chemotherapy (NAC) in cancer. (A–C) Analysis of RNA-seq data from a 
cohort of 126 BCa patients at the Mayo Clinic (A) and microarray data from 2 independent cohorts of BCa (GSE41998 and GSE34138) (B and C) showing the 
association of high expression of FOXA1 and low expression of IFN response genes (IFN activity) and CD3E, CD8A, and GZMB T cell marker genes with the 
responsiveness to NAC (No-pCR versus pCR). pCR, pathological complete response; No-pCR, no pathological complete response. Statistical comparison 
was done using Mann-Whitney U test. (D) Analysis of microarray data from a cohort of BCa (GSE21974) showing the association of high expression of 
FOXA1 and low expression of IFN response genes (IFN activity) and CD3E, CD8A, and GZMB T cell marker genes with the responsiveness to NAC (No-R 
versus R). R, response; No-R, no response. Statistical comparison was done using Mann-Whitney U test.
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14, B and C). It has been reported that FOXA2 is expressed in neu-
roendocrine PCa (NEPC) (40). Compared with the typical NEPC 
cell line NCI-H660 and NE-like cell line PC-3, TRAMP-C2 cells 
express relatively low levels of Foxa2 (Supplemental Figure 14D). 
The limited Foxa2 expression along with the observation that little 
or no Foxa1 is expressed in TRAMP-C2 cells is consistent with the 
finding that TRAMP-C2 tumors elicited measurable anticancer 
immune responses in mice. Consistent with these observations in 
the murine PCa model, meta-analysis of data reported previously 
(41) showed that Foxa1 mRNA levels were much higher in resistant 
tumors compared with sensitive tumors, while the IFN activity and 
expression of effector T (Teff) cell markers such as CD3e, CD8a, 
and Gzmb positively correlated with the response of murine breast 
tumors to anti–PD-1 and anti-CTLA4 combined therapy (Figure 
5C). These data support a role of Foxa1 in negatively regulating 
IFN signaling and immune response in PCa and BCa in mice.

Next, we examined whether FOXA1 overexpression confers 
resistance to ICI immunotherapy. We effectively knocked down 
endogenous Foxa1 in the murine MyC-CaP PCa cell line using 
doxycycline-inducible shRNAs and demonstrated that Foxa1 KD 
enhanced IFN signaling in MyC-CaP cells following IFN-α treat-
ment (Figure 6A and Supplemental Figure 15A). We generated 
a syngeneic PCa mouse model using these stable MyC-CaP cell 
lines and treated mice with anti–PD-1 and anti-CTLA4 antibod-
ies in combination with or without doxycycline. We demonstrated 
that KD of Foxa1 by doxycycline treatment enhanced the thera-
peutic efficacy of anti–PD-1 and anti-CTLA4 in MyC-CaP tumors 
(Figure 6, B–E, and Supplemental Figure 15, B and C). KD of Foxa1 
also increased IFN response gene expression and the accumula-
tion of cytotoxic CD8+ cells in MyC-CaP tumors (Figure 6, F and 
G, and Supplemental Figure 15, B and C). These data not only indi-
cate that FOXA1 mediates resistance to ICI immunotherapy, but 
also imply that FOXA1 is a viable target to sensitize PCa to ICIs.

To validate our findings from animal studies in clinical settings, 
we performed meta-analysis of the clinical data from castration- 
resistant prostate cancer (CRPC) patients treated with personal-
ized peptide vaccines (PPVs) (42). PPVs constitute an immunother-
apy that uses multiple cancer peptides knowingly associated with 
preexisting host immunity. A previous phase III study suggests 
that the median overall survival in PPV-treated patients with high 
lymphocyte counts was significantly longer than placebo-treated 
patients (43). By analyzing the gene expression and clinical data in 
the patients pretreated with PPV, we demonstrated that patients 
with high expression of FOXA1 mRNA had lower overall surviv-
al (Supplemental Figure 15D). We further showed that expression 
of IFN response and CTL marker genes such as CD3E, PRF1, and 
GZMB were significantly lower in FOXA1-high tumors compared 
with FOXA1-low counterparts (Supplemental Figure 15D), sup-
porting a possible IFN signal–inhibiting and immune-suppressing 
function of FOXA1 in PCa patients.

Activation of IFNs is required for anticancer immune respons-
es elicited by chemotherapy and the IFN-related genetic signa-
ture correlates with clinical responses to this chemotherapeutic 
regimen in BCa (44). Immune responses are also implicated in 
chemotherapy of BCa because higher levels of TILs prior to neo-
adjuvant chemotherapy (NAC) are associated with higher rates of 
pathological complete response (pCR) (45, 46). To explore wheth-

knocked down FOXA1 in LNCaP cells in the presence or absence 
of IFN-α treatment and harvested these cells for RNA-seq analysis. 
The replicates of RNA-seq data correlated very well (Supplemen-
tal Figure 10A). Through unsupervised cluster analysis of differen-
tially expressed genes, we identified a subset of IFN-α–stimulated 
genes (n = 172), the expression of which was significantly increased 
after FOXA1 KD (Supplemental Figure 10B). We further per-
formed integrated analysis of STAT2 ChIP-seq and RNA-seq data 
and identified 62 FOXA1-suppressed STAT2 target genes (Figure 
4A). GO-BP analysis revealed that this set of genes was strongly 
relevant to IFN or immune responses (Figure 4B). Importantly, we 
found that FOXA1 KD induced upregulation of this set of genes in 
LNCaP cells treated with IFN-α; however, this effect was reversed 
by STAT2 co-KD (Figure 4C and Supplemental Figure 10C). By 
performing RT-qPCR analysis, we confirmed that FOXA1 over-
expression decreased the expression of a subset of STAT2 target 
genes in FOXA1-negative DU145 cells and that FOXA1 KD in 
FOXA1-high LNCaP cells increased expression of this subset of 
genes under IFN-α stimulation (Figure 4, D and E). Similar to the 
impact on the FOXA1 cistrome due to lower abundance of STAT2 
compared with FOXA1 (Supplemental Figure 8), IFN-α treatment 
or STAT2 KD had little or no effect on expression of FOXA1 target 
genes (both up- and downregulated) in LNCaP cells (Supplemen-
tal Figure 11). These results indicate that FOXA1 inhibits expres-
sion of a set of IFN-α–stimulated STAT2 target genes that are high-
ly related to IFN signaling and immune response.

FOXA1 overexpression suppresses anticancer immune responses in 
mice and patients. To determine whether FOXA1 inhibits anticancer 
immune responses in vivo, we generated murine PCa TRAMP-C2 
(lacking endogenous Foxa1 expression) stable cell lines expressing 
control vector, WT FOXA1, DNA binding–deficient mutant FOX-
A1ΔαH3, or STAT2 binding–deficient mutant FOXA1ΔSBR for ani-
mal studies. Stable FOXA1 expression in these cell lines and their 
response to IFN-α were confirmed by Western blot analysis (Sup-
plemental Figure 12A) before they were injected s.c. into synge-
neic C57BL/6 male mice. Poly(I:C) was intratumorally injected to 
trigger a type I IFN immune response (39). Poly(I:C) administra-
tion decreased the growth of control (TRAMP-C2-Vector) tumors 
in the majority of mice and prolonged the overall mouse surviv-
al (Figure 5, A and B, and Supplemental Figure 12B). In contrast, 
the growth-inhibiting effect of poly(I:C) was largely diminished in 
tumors with overexpression of WT FOXA1 and FOXA1ΔαH3 but 
not FOXA1ΔSBR (Figure 5, A and B, and Supplemental Figure 12B). 
Furthermore, TILs, especially CD8+ T cells (including cytotoxic 
[GZMB+] CD8+ T cells), were discernibly increased in TRAMP-
C2-Vector tumors treated with poly(I:C); however, such an effect 
was diminished in tumors with overexpression of WT FOXA1 
and FOXA1ΔαH3 but not FOXA1ΔSBR (Supplemental Figure 12, 
C and D, and Supplemental Figure 13A). The tumor response to 
poly(I:C) treatment and FOXA1 expression was further reflected 
in expression of murine IFN signaling genes including Isg15, Ifi44, 
H2-k1, and Psmb9 (Supplemental Figure 13B). It is worth noting 
that FOXA1 and FOXA subfamily members FOXA2 and FOXA3 
share similar FKHDs (DNA binding) and the same SBR motifs in 
both human and mouse (Supplemental Figure 14A). Like FOXA1, 
both FOXA2 and FOXA3 also interacted with and suppressed IFN- 
induced transcriptional activity of STAT2 (Supplemental Figure 
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ciation of high FOXA1 expression with low IFN activity and NAC 
resistance was also observed in 3 independent BCa cohorts (Fig-
ure 7, B–D). Almost all luminal tumors in the Mayo Clinic cohort 
expressed FOXA1 at high levels, but had a very low rate of pCR 
(no single pCR case in luminal-A tumors and only 10.8% pCR rate 
in luminal-B tumors; Supplemental Figure 16, A and B). FOXA1 is 
generally considered a luminal gene. However, we did find that it 
was expressed in triple-negative breast cancer (TNBC), although 
the expression level was lower compared with that in luminal sub-
types (Supplemental Figure 16B). Although the overall pCR rate 
was very high (64%) in TNBC (Supplemental Figure 16A), there 

er FOXA1 associates with the NAC-associated immune response, 
we analyzed RNA-seq data from the prospective BEAUTY study 
of BCa patients treated with NAC at the Mayo Clinic (ref. 47 and 
Supplemental Figure 16A). We observed that FOXA1 mRNA levels 
were significantly higher in tumors without pCR (No-pCR) com-
pared with tumors with pCR, whereas the IFN activity was oppo-
site (Figure 7A). In comparison with pCR tumors, No-pCR tumors 
expressed much lower levels of Teff cell markers such as CD3E, 
CD8A, and GZMB while having much higher expression of FOXA1 
(Figure 7A), supporting a role of FOXA1 in negatively regulating 
IFN signaling and immune response in BCa patients. The asso-

Figure 8. FOXA1 confers immunotherapy 
resistance in bladder cancer. (A) Compari-
son of FOXA1 mRNA level among 31 cancer 
types in TCGA database, including PRAD 
(prostate adenocarcinoma), BRCA (breast 
invasive carcinoma), BLCA (bladder urothelial 
carcinoma), LUAD (lung adenocarcinoma), 
LIHC (liver hepatocellular carcinoma), 
CESC (cervical squamous cell carcinoma 
and endocervical adenocarcinoma), CHOL 
(cholangiocarcinoma), LUSC (lung squamous 
cell carcinoma), COAD (colon adenocarcino-
ma), READ (rectum adenocarcinoma), PAAD 
(pancreatic adenocarcinoma), UCEC (uterine 
corpus endometrial carcinoma), UCS (uterine 
carcinosarcoma), HNSC (head and neck 
squamous cell carcinoma), MESO (mesotheli-
oma), TGCT (testicular germ cell tumors), OV 
(ovarian serous cystadenocarcinoma), THCA 
(thyroid carcinoma), SARC (sarcoma), SKCM 
(skin cutaneous melanoma), ACC (adrenocor-
tical carcinoma), KIRC (kidney renal clear cell 
carcinoma), PCPG (pheochromocytoma and 
paraganglioma), KIRP (kidney renal papillary 
cell carcinoma), DLBC (lymphoid neoplasm 
diffuse large B-cell lymphoma), THYM (thy-
moma), LGG (brain lower grade glioma), KICH 
(kidney chromophobe), GBM (glioblastoma 
multiforme), LAML (acute myeloid leukemia), 
and UVM (uveal melanoma). (B) Heatmaps 
show the negative correlation of FOXA1 
expression with the expression levels of IFN 
response signature genes and APM genes 
in TCGA cohort of bladder cancers. Samples 
are ranked based on FOXA1 transcript levels. 
Statistical significance was determined by 
Pearson’s correlation test. (C) The correlation 
between FOXA1 level and TMB in TCGA cohort 
of bladder cancers. Statistical significance 
was determined by Pearson’s correlation test. 
(D) Progression-free survival of patients with 
FOXA1-low or -high urothelial carcinomas 
treated with anti–PD-1 immunotherapy. 
Statistical significance was determined by 
log-rank (Mantel-Cox) test. See also Supple-
mental Figure 18 and Supplemental Table 3 
for FOXA1 IHC staining and patient clinical 
information, respectively.
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19A) or chemotherapy consisting of methotrexate, vinblastine, 
doxorubicin, and cisplatin (MVAC; ref. 49 and Supplemental Fig-
ure 19B). Together, the data from PCa, BCa, and bladder cancer 
patients suggest that FOXA1 overexpression contributes to immune 
evasion and immuno- and chemotherapy resistance in the clinic.

Discussion
Genetic inactivation (deletions or inactivation mutations) of 
genes encoding IFN response/receptor and antigen presentation 
pathway proteins has been linked to immune evasion of human 
cancers such as melanoma (7, 18, 22, 23). In the present study, 
we demonstrate that FOXA1 directly binds a large portion (more 
than two-thirds) of the STAT2 DBD and inhibits STAT2 binding of 
its DNA-binding sequence (ISRE). Through genome-wide ChIP-
seq and RNA-seq analyses, we further show that overexpressed 
FOXA1 prohibits STAT2 occupancy on gene loci harboring a typi-
cal STAT2 DNA-binding motif and impedes expression of STAT2 
targets including IFN signaling and APM genes. We also provide 
evidence that FOXA1 overexpression not only inhibits anticancer 
immune responses in mice, but also associates with decreased 
expression of IFN response and CTL marker genes in patient sam-
ples. Our findings therefore reveal FOXA1 overexpression–medi-
ated inhibition of STAT2 DNA-binding activity and transcription-
al suppression of IFN signaling and antigen presentation gene 
expression as a mechanism of cancer cell escape from immune 
surveillance (Figure 9).

TMB has been linked to neoantigen availability and immune 
response to ICIs in various human cancers, especially those cancer 
types with high TMB such as melanoma and non–small cell lung 
cancer (50–52). It has been confirmed by multiple studies that 

was no statistically significant difference in FOXA1 expression 
between pCR and No-pCR in the TNBC cohort (Supplemental 
Figure 16B). One possible reason could be the small sample size of 
TNBC cases (n = 42) in the Mayo Clinic cohort. This notion is sup-
ported by the finding from a larger cohort (n = 119) of NAC-treat-
ed TNBC where FOXA1 mRNA level was significantly higher in 
No-pCR TNBC than those with pCR (Supplemental Figure 16C). 
Intriguingly, neither NAC responsiveness nor FOXA1 expression 
was associated with TMB in the Mayo Clinic cohort (Supplemental 
Figure 16, D and E). These results suggest that FOXA1 overexpres-
sion confers resistance to NAC.

In addition to PCa and luminal BCa, 2 steroid hormone–
driven cancers, bladder cancer is the third cancer type in TCGA 
database that has the highest expression of FOXA1 (Figure 8A). 
Therefore, we were also interested in evaluating the association of 
FOXA1 with IFN activation and ICI immunotherapy response in 
bladder cancer, a malignancy not necessarily driven by AR or ER. 
Similar to the results in PCa and BCa, FOXA1 expression inverse-
ly correlated with the levels of IFN response signature and APM 
genes, but not TMB (Figure 8, B and C). FOXA1 can also bind to 
STAT proteins and suppress IFN signaling in bladder cancer cells 
(Supplemental Figure 17). Furthermore, we examined FOXA1 
protein expression using immunohistochemistry (IHC) in a set of 
22 urothelial carcinomas of the bladder, ureter, and renal pelvis 
collected prior to anti–PD-1 therapy. We found that patients with 
tumors expressing higher FOXA1 protein levels had much lower 
rates of progression-free survival (Figure 8D, Supplemental Figure 
18, and Supplemental Table 3). Similar results were also obtained 
from bladder cancer patients treated with Bacillus Calmette- 
Guerin (BCG) immunotherapy (ref. 48 and Supplemental Figure 

Figure 9. A hypothetical model deciphering FOXA1 overexpression–mediated suppression of IFN signaling and cancer immune response. Upon stimu-
lation of cells with type I/III IFNs, STAT1 and STAT2 proteins are phosphorylated, dimerize (STAT2-STAT1 heterodimer), and translocate into the nucleus 
to initiate the transcription of IFN-stimulated genes (ISGs) by binding to the ISRE and ultimately promote cancer immune response (left). However, in 
FOXA1-overexpressing tumor cells, the overexpressed FOXA1 protein, in a manner independent of its binding to chromatin DNA, reduces the accessibility 
of the STAT protein complex and impairs ISG expression, thereby suppressing cancer immune response (right). FRE, forkhead response element; ISRE, IFN 
stimulation response element; CTL, cytotoxic T lymphocyte; DBD, DNA-binding domain; SBR, STAT2-binding region; P, phosphorylation.
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cell lines, mouse tumors, and patient samples indicate that FOXA1 
inhibition of IFN and APM signaling is independent of the missense 
and C-terminal truncation mutations of FOXA1 detected in human 
cancers. Moreover, we provide evidence that FOXA1 suppresses 
IFN signaling gene expression and cancer immune response and 
that this effect does not depend on its DNA-binding function. Our 
results indicate that besides via its gene mutation–mediated cell 
proliferation and invasion, FOXA1 can also drive cancer progression 
through overexpression-mediated suppression of IFN signaling and 
inhibition of cancer immune response in a manner independent of 
its pioneer-factor function (Figure 9).

In summary, we identify FOXA1 overexpression–mediat-
ed suppression of STAT2 DNA binding and IFN-signaling gene 
expression as a mechanism of immune evasion in different can-
cer types including PCa, BCa, and bladder cancer. This role of 
FOXA1 is neither dependent on its pioneer-factor function nor 
its mutations detected in human cancers. Our findings stress that 
prospective studies are warranted to investigate whether FOXA1 
overexpression could be a potential prognostic factor to predict 
immunotherapy response in a manner independent of luminal 
cell origins or TMB of tumors. Our results also imply that further 
exploration is needed to determine whether eliminating FOXA1 
protein could be a viable strategy to turn FOXA1-overexpressed 
“immune-cold” tumors into “immune-hot” tumors. Pioneer fac-
tors such as FOXA1 are notoriously difficult to target and currently 
there are no clinical-grade agents that target FOXA1. The emerg-
ing technology proteolysis targeting chimeras (PROTACs), espe-
cially the olionucleotide-based PROTACs (56), could be a prom-
ising option to develop novel anticancer agents to target FOXA1.

Methods
scRNA-seq data analysis. Detailed clinical information of PCa sam-
ples used for scRNA-seq is provided in Supplemental Table 1. For data 
generated with the 10× Genomics platform, raw data were processed 
using Cell Ranger v2.1.0 (10× Genomics) into the unique molecular 
identifier (UMI) matrix. The maximum number of cells in one sample 
was estimated by Cell Ranger across 13 samples and was used as the 
estimation of cell number. For each cell, we calculated 3 quality mea-
sures: the percentage of total genes that were mitochondrial genes, 
number of total genes expressed, and number of housekeeping genes 
expressed (57). We removed cells that had higher than 20% expres-
sion of mitochondrial genes, fewer than 200 or greater than 5218 total 
genes expressed, or fewer than 56 housekeeping genes expressed (57). 
The resultant gene expression matrix was imported into the R v3.5.1 
(https://www.r-project.org/) statistical environment for further analy-
sis. Data normalization and annotation were performed using R pack-
age scran (v1.10.2). To calculate the pool-based normalization factor, 
cells for each sample were first split into sensible clusters using the 
quickCluster function (maximum size = 3000). The fastMNN func-
tion (k = 5, d = 50, approximate = TRUE, auto.order = TRUE) was used 
to apply a mutual nearest-neighbor method to correct for batch effect 
among samples. Similarly, the scRNA-seq data from BCa (GSE140819 
including GSM4186971, GSM4186973, GSM4186975, GSM4186977, 
GSM4186972, and GSM4186980; ref. 35) were analyzed according-
ly. To investigate the expression correlation between FOXA1 level 
and the expression of IFN response signature genes as well as APM 
genes, these genes were ranked according to the increased levels of 

PCa possesses a lower TMB rate than many other epithelial tumor 
types (27, 50, 53). Low TMB appears to be a possible reason for the 
coldness of PCa to immunotherapy. However, response to ICIs is 
not significantly associated with TMB in some cancers such as BCa 
(4). Increasing evidence indicates that high IFN-γ–response gene 
expression is necessarily required for responses to ICIs in PCa with 
low TMB (6). Of note, a recent clinical study showed that respond-
ers do not have significantly higher TMB than nonresponders 
when stratified by melanoma subtypes (5). In our study, we found 
that there was little or no association of TMB with FOXA1 expres-
sion, infiltration of CD8+ Teff cells, or NAC efficacy in different 
BCa cohorts. These observations suggest that TMB is not the only 
major player affecting the therapeutic efficiency of ICIs, but oth-
er factors such as IFN activation in cancer are also critical for ICI 
responses. This notion is further supported by our finding that 
FOXA1 overexpression causes IFN suppression, immune evasion, 
and immunotherapy resistance in cancer. However, a limitation in 
our study in bladder cancer is that we do not have high-throughput 
sequencing data of TMB in tumor samples treated with anti–PD-1 
immunotherapy and therefore future investigation is warranted to 
determine whether or not FOXA1 overexpression correlates with 
anti–PD-1 resistance in bladder cancer patients with high TMB.

FOXA1 is a well-known pioneer factor, owing to its function in 
activation of steroid hormone receptors such as AR and ER, and 
its expression is essential for maintenance of the luminal pheno-
type of PCa and BCa (24–26). AR+ PCa and ER+ BCa are general-
ly less responsive to immunotherapies (2, 3, 54). It is highly rele-
vant to explore whether the immune nonresponsiveness in these 
2 cancer types is related to luminal epithelial origins, hormone 
dependence, or other factors commonly present in PCa and BCa 
such as the pioneer factor FOXA1. We demonstrated that FOXA1 
expression inversely correlates with expression of IFN response 
and APM genes in both PCa and BCa; however, the association 
is unrelated to tumor stages such as primary PCa versus CRPC, 
suggesting that the correlation appears to be not entirely hormone 
related. A high level of TILs has been shown to be associated with 
favorable response to NAC in BCa (45, 55). Similar to the response 
to immunotherapy in PCa, we found that a high level of FOXA1 
also associates with reduced IFN activity and T cell infiltration in 
BCa treated with NAC. Although BCa can be divided into multi-
ple molecular subtypes with distinct traits such as luminal versus 
TNBC, similar to the outcome in luminal BCa, a significant associ-
ation of high-level FOXA1 expression with NAC response was also 
detected in TNBC even when the luminal AR+ TNBC was exclud-
ed. Thus, our data show that FOXA1 overexpression rather than 
luminal epithelial origins or hormone dependence is one of the 
key factors contributing to the immunotherapy nonresponsive-
ness in both PCa and BCa.

The importance of the pioneer-factor function of FOXA1 in PCa 
and BCa is further accentuated by the finding that the FOXA1 gene is 
frequently mutated in human cancers such as PCa and BCa (27–30). 
FOXA1 mutants are reported to drive proliferation of cancer cells or 
organoids cultured in vitro and tumor growth in immune-deficient 
mice in a manner dependent on its pioneer-factor activities such 
as DNA binding and chromatin regulation (29, 30). However, the 
role of FOXA1 mutations in regulation of cancer immune response 
has not been explored to our knowledge. Our findings from cancer 
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MACS2 (version 2.0.10) with a P-value cutoff of 1 × 10–5 (macs2 call 
peak -bdg -SPTMR -f BAM -p 1e-5; ref. 64). Peaks located in black-
lists such as centromere regions were removed (https://sites.google.
com/site/anshulkundaje/projects/blacklists). ChIP-seq tag intensi-
ty tracks (bedGraph files) were generated by MACS2, and converted 
into bigWig files using the UCSC wigToBigWig tool (https://genome.
ucsc.edu/goldenPath/help/bigWig.html). Heatmaps were drawn by 
deepTools 2.0 (https://deeptools.readthedocs.io/en/develop/). A set 
of peaks identified by ChIP-seq were validated by qPCR using Power 
SYBR Green (Thermo Fisher Scientific, 4368708). Primer sequences 
used for ChIP-qPCR are listed in Supplemental Table 4.

Statistics. GraphPad Prism version 8.0 or SPSS version 17.0 (IBM) 
was used for statistical analyses of results from RT-qPCR, luciferase 
reporter, and cell proliferation assays. Other statistical analyses were 
conducted in the statistical computing environment R (v. 3.3.1). Sta-
tistical comparison was done using the Mann-Whitney U test or 1-way 
analysis of variance (ANOVA) with Bonferroni’s correction for multi-
ple tests. Because treatment and time course were investigated, 2-way 
ANOVA was also applied. Spearman’s ρ correlation test and Pearson’s 
correlation test were used for evaluating the statistical significance of 
correlations. Statistical analysis is specifically described in the figure 
legends. A P value of less than 0.05 was considered significant.

Study approval. The protocol for the animal experiments including 
the TRAMP-C2 murine PCa model and MyC-CaP murine PCa model 
was approved by the Mayo Clinic Institutional Animal Cure and Use 
Committee (IACUC). The protocol for study of urothelial carcinoma 
treated with anti–PD-1 immunotherapy was approved by the Ethical 
and Scientific Committee (equivalent to Institutional Review Board 
[IRB]) at Fudan University Shanghai Cancer Center. All patients pro-
vided written informed consent before enrolling in the study.
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FOXA1 transcript revealed by the scRNA-seq data from PCa or BCa as 
described above, and heatmaps were generated accordingly.

IFN activity score and gene expression correlation analysis. To calcu-
late the IFN activity score and other gene expression activity scores, 
gene expression values (log2[FPKM + 1]) of each sample were convert-
ed to z scores using z = (x – μ)/σ, where μ is the average gene expression 
value across all samples of a gene and σ is the standard deviation of 
the gene expression value across all samples of a gene. The z scores 
were then summed across all genes for each sample to represent the 
gene expression activity score. The summed z scores were converted 
to a percentile and normalized between 0 and 1, with 0 being the low-
est and 1 being the highest (Supplemental Figure 1, D and E). The IFN 
response signature for activity genes (ACACB, BIRC3, BST2, CXCL1, 
CXCL2, DDX60, DHX58, GBP1, HERC5, IFI16, IFI27, IFI44, IFI44L, 
IFIH1, IFIT3, IFITM1, IRF7, ISG15, ISG20, LGALS9, MX1, OAS1, OAS2, 
PARP12, RASGRP3, SAMD9, SERPING1, SLC15A3, SP110, STAT1, and 
XAF1), which has been shown to be associated with favorable progno-
sis in melanoma (39), and APM genes (B2M, HLA-A, HLA-B, HLA-C, 
HLA-E, HLA-F, HLA-G, HLA-H, HLA-J, PSMB8, PSMB9, TAP1, TAP2, 
and TAPBP) were included in the analyses unless the expression data 
of specific gene(s) were not available in the data set.

To identify which factors contribute to the suppression of IFN activity 
in immunologically cold tumors, we analyzed RNA-seq expression data 
from TCGA cohorts of PCa (n = 490; ref. 53) and BCa (n = 960; ref. 58) 
and generated a list of genes whose expression negatively correlated with 
IFN activity by performing Spearman’s ρ rank analysis. Genes commonly 
present in the list of the top hits in both PCa and BCa cohorts were consid-
ered further as the potential candidate(s) that may be able to suppress IFN 
activity in immunologically cold cancers (such as PCa and BCa). All data 
were derived from cBioPortal (http://www.cbioportal.org/) (59).

To investigate the expression correlation between FOXA1 level and 
IFN response signature genes or APM genes, these genes were ranked 
according to the increased levels of FOXA1 transcript revealed by bulk 
tissue RNA-seq data from PCa (TCGA, n = 490; ref. 53), metastatic 
PCa (SU2C/PCF Dream Team, source of file: data_mRNA_seq_fpkm_
polya.txt, n = 270; ref. 60), bone metastatic PCa from the Mayo Clinic 
(dbGaP: phs001141.v1.p1, n = 54; ref. 61), BCa from TCGA (n = 960; ref. 
58), BCa from the METABRIC database (n = 1904; ref. 62), and bladder 
cancer from TCGA (n = 404; ref. 63), and heatmaps were generated 
accordingly. The expression levels of IFN response signature genes 
and APM genes were scored. Their correlations with FOXA1 expression 
were determined based on the Pearson’s r values and P values.

ChIP-seq and bioinformatics analyses. For ChIP experiments, cells 
were cross-linked for 15 minutes at room temperature with 1% formal-
dehyde/PBS solution. Cross-linked chromatin was sonicated, diluted, 
and immunoprecipitated with Protein A/G–agarose prebound with 
antibodies at 4°C overnight. Antibodies used for ChIP were anti-
STAT2 (2 μg/sample; 72604S, Cell Signaling Technology) and anti-
FOXA1 (2 μg/sample; ab23738, Abcam). Precipitated protein-DNA 
complexes were eluted and cross-linking was reversed at 65°C for 
12 hours. High-throughput sequencing (51 nt, paired-end) was per-
formed using the Illumina HiSeq 4000 platform at the Mayo Clinic 
Genome Core Facility. All short reads were mapped to the human 
reference genome (GRCh38/hg38) using bowtie2 v2.1.0 (http:// 
bowtie-bio.sourceforge.net/bowtie2/index.shtml) with default con-
figurations. Reads mapped to multiple positions (greater than 2) were 
discarded, and the remained reads were used for peak calling using 
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