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Estrogen receptor a (ER) is a transcription factor that induces cell proliferation and
exhibits increased expression in a large subset of breast cancers. The molecular mecha-
nisms underlying the up-regulation of ERa activity, however, remain poorly under-
stood. We identified FK506-binding protein 52 (FKBP52) as a factor associated with
poor prognosis of individuals with ERot-positive breast cancer. We found that FKBP52
interacts with breast cancer susceptibility gene 1 and stabilizes ERat, and is essential for
breast cancer cell proliferation. FKBP52 depletion resulted in decreased ERa expression
and proliferation in breast cancer cell lines, including MCF7-derived fulvestrant resis-
tance (MFR) cells, suggesting that inhibiting FKBP52 may provide a therapeutic effect
for endocrine therapy—resistant breast cancer. In contrast, FKBP51, a closely related
molecule to FKBP52, reduced the stability of ERat. Consistent with these findings,
FKBP51 was more abundantly expressed in normal tissues than in cancer cells, suggest-
ing that these FKBPs may function in the opposite direction. Collectively, our study
shows that FKBP52 and FKBP51 regulate ERa stability in a reciprocal manner and
reveals a regulatory mechanism by which the expression of ER« is controlled.
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Estrogen receptor o (ERa), which is encoded by ESRI, is a transcriptional regulator
that mediates developmental and physiological responses to the steroid hormone estro-
gen. ERa controls the expression of genes that regulate cell proliferation and differenti-
ation in normal mammary tissue (1). The expression and activity of this receptor are
increased in 70% of breast cancers (2). Proliferation of ERa-positive breast cancer cells
is dependent on estrogen, and these cells respond to endocrine therapies which inhibit
ERa signaling (3). However, a substantial number of ERa-positive breast cancers
become resistant to endocrine therapy, which gives rise to recurrence, possibly as a
result of increased protein stability of ERa (4, 5).

Up-regulation of ERa is mediated by several molecular mechanisms, including
increased protein stability. Multiple proteins interact with ERa and protect it from
polyubiquitylation-dependent proteolysis, leading to an accumulation of ERa at the
protein level, thereby enhancing estrogen signaling and its physiological effects in breast
cancer cells (6).

The ligand-unbound form of ERa exists as a monomer complexed with heat shock
proteins (HSPs), mainly HSP70 and HSP90, and is distributed in both the nucleus
and cytoplasm (7). Binding of ERa to estrogen triggers a major conformational change,
which, in turn, triggers dissociation from HSPs, dimerization, and translocation into
the nucleus (8). There, ERa recruits coactivators or corepressors to estrogen response
elements (EREs) on the promoters of target genes, resulting in activation or repression
of transcription, respectively (9). ERat undergoes polyubiquitylation mediated by multi-
ple ubiquitin ligases (E3s) such as E6-associated protein (10), carboxyl terminus of
HSC70-interacting protein (11), S-phase kinase—associated protein 2 (12), and murine
double minute 2 (13), all of which induce proteasomal degradation (6). In contrast,
other E3s, such as ring finger protein 8 (RNF8) (14), RNF31 (15), and Shank-
associated RH domain interactor (SHARPIN) (16), interact with ERa and mediate
monoubiquitylation of ERa, which prevents polyubiquitylation, thereby increasing its
stability (6). Breast cancer susceptibility gene 1 (BRCA1) also mediates monoubiquity-
lation of ERa on lysines 302 and 303, which are also targeted by SHARPIN (17).
Thus, multiple E3s contribute to intricate and elaborate regulation of ERa protein
levels, as well as its transcriptional activity in breast cancer cells.

FK506-binding proteins (FKBPs) are a family of highly conserved proteins in eukar-
yotes. The prototype of this protein family is FKBP12 (18, 19), a binding partner for the
immunosuppressive drugs FK506 and rapamycin (20). FKBP12 serves as a cis-trans
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peptidyl prolyl isomerase (PPlase), which catalyzes the intercon-
version between prolyl cis and trans conformations (21, 22).
FKBPs contribute to diverse cellular functions, including protein
folding, cellular signaling, apoptosis, and transcription (23). They
function by directly binding to and altering the conformation of
their target proteins, thereby acting as molecular switches. Of the
16 types of FKBPs in humans, FKBP51 and FKBP52, which are
encoded by FKBP5 and FKBP4, respectively, act as regulators of
nuclear receptors, including the glucocorticoid receptor (GR),
progesterone receptor (PR), androgen receptor (AR), and ERa.
FKBP52 positively regulates the function of these nuclear recep-
tors (24-28), whereas FKBP51 negatively regulates the activity of
GR (29) and PR (30), and positively regulates AR (28, 31). Both
FKBPs have been implicated in the pathogenesis of prostate can-
cer (32, 33). Furthermore, FKBP5 expression is correlated with
aggressiveness of cancers such as glioma and melanoma (34).
However, elevated expression of FKBP4 is associated with tumor
progression and poor prognosis in individuals with breast cancer
(35). Although lines of evidence suggest that FKBP51 and
FKBP52 affect cancer development and progression, the detailed
mechanisms remain unknown.

In this study, we comprehensively searched for indicators of
poor prognosis in ERoa-positive breast cancer and identified
FKBP52, which was found to be essential for breast cancer cell
proliferation. Expression of FKBP52 was increased in ERa-
positive breast cancer and stabilized ERa protein, whereas
FKBP51 had the opposite effect. Collectively, our results uncover
a regulatory mechanism underlying the expression of ERa.

Results

FKBP52 Expression Is Associated With Breast Cancer Prognosis.
To explore factors that affect the prognosis of individuals with
ERa-positive breast cancer, we screened genes whose hazard
ratio (HR) is calculable using the largest dataset of gene expres-
sion on Kaplan-Meier plotter (7 = 12,180). We used the fol-
lowing four criteria: 1) genes with products that interact with
ERa (7 = 1,680); 2) genes whose messenger RNA (mRNA)
expression correlates with expression of ERa mRNA, Pearson
correlation coefficient > 0.2 (z = 962); 3) genes whose
mRNA expression level is at least two times higher in the
tumor than in the surrounding normal tissue (z = 749);
and 4) genes whose mRNA expression level has an HR > 1
and log-rank P < 0.01 for the prognosis of ERa-positive breast
cancer (n = 1,791) (Fig. 1A). Only three genes (FKBP4,
CCNDI, and GRHL2) met all of these criteria, with FKBP4
showing the highest score for HR. Given that CCNDI and
GRHL2 have been extensively studied in association with breast
cancer, we focused on FKBP4 and studied its biological effect on
ERa as well as on the prognosis of individuals with ERa-positive
breast cancer. Indeed, the expression of FKBP4 at the mRNA
level was significantly higher in ERa-positive breast tumor tissue
than in the surrounding normal tissue in The Cancer Genome
Atlas (TCGA) database (Fig. 1B). Individuals with ERa-positive
breast cancer displaying high FKBP4 expression had a poorer
prognosis than those with low FKBP4 expression (Fig. 1C).
These results suggest that the expression of FKBP4 is associated
with the prognosis of patients with ERa-positive breast cancer.

FKBP52 Stabilizes ERa Protein. We examined the expression of
the protein encoded by FKBP4 (FKBP52) by immunoblot analy-
sis in various cell lines (Fig. 24). The expression of FKBP52 was
significantly higher in ERa-positive breast cancer cell lines

(MCF7, T47D, and BTB474) than in ER"PR " HER2™ breast
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cancer cell lines (MDA-MB468 and MDA-MB231), a normal
mammary epithelial cell line (MCF10A), and other cell lines
(RPE and M]90). Depletion of FKBP52 mediated by two dis-
tinct short hairpin RNAs (shRNAs) in MCEF7 cells resulted in a
reduction in the abundance of total ERa at the protein level
(Fig. 2B). We confirmed that total ERa was also reduced by
FKBP52 depletion in T47D cells (Fig. 2C). Different molecular
mechanisms have been suggested for the degradation (i.e., turn-
over) of ERa in the basal state (normal culture) and during E2
stimulation (36). Our results indicated that FKBP52 stabilizes
ERa in the basal state and during E2 stimulation (Fig. 2D). In
contrast, the expression of ESRI encoding ERa at the mRNA
level was not reduced by FKBP52 depletion (Fig. 2E), suggesting
that the reduction in the protein level of ERa was likely attribut-
able to posttranscriptional events. Thus, we examined whether
the stability of the ERa protein was affected by FKBP52.

Cycloheximide chase experiments revealed that the stability of
ERa protein was, indeed, diminished in MCF7 cells depleted of
FKBP52 compared with that in control cells (Fig. 2F). The com-
promised stability of ERat was antagonized by treatment with the
proteasome inhibitor MG-132 (Fig. 2G), suggesting that FKBP52
inhibits the ubiquitin-proteasome—mediated degradation of ERa.
Consistent with this notion, overexpression of FKBP52 increased
the abundance of ERa in MCF7 cells (Fig. 2H) without affecting
its mRNA level (Fig. 27).

FKBP52 Interacts with ERa. We attempted to elucidate the
mechanism of action underlying FKBP52-mediated stabiliza-
tion of ERa. Lysates were prepared from MCEF7 cells and
subsequently immunoprecipitated with antibodies against
FKBP52. The resultant immunoprecipitates were then sub-
jected to immunoblot analysis using antibodies against ERa.
This coimmunoprecipitation assay revealed that FKBP52 inter-
acted with ERa in MCF7 cells (Fig. 3A4). As observed in
MCEF7 cells, the interaction between endogenous FKBP52 and
endogenous ERa was also detected in T47D cells (SI Appendix,
Fig. S1A4). ERa was localized in the nucleus in MCF7 cells that
had been cultured in regular medium containing a physiologi-
cal level of estrogens, and its distribution partially overlapped
that of FKBP52 (Fig. 3B). FKBP52 depletion did not affect
ERa localization (S Appendix, Fig. S1B). Estrogen stimulation
induces nuclear translocation and subsequent turnover of ERa.
Subcellular fractionation of FKBP52-depleted MCE7 cells
revealed that FKBP52 depletion did not affect the E2-induced
dynamics of ERa (87 Appendix, Fig. S1C).

FKBP52 and closely related FKBP51 contain two FKBP12-
like domains (FK1 and FK2) and three tetratricopeptide repeats
(TPRs) (Fig. 3(C). PPlase activity and FK506 binding are
restricted to FK1 (37). The interaction between FKBP52 and
ERa was examined using a split luciferase assay (NanoBiT),
and the interaction between FKBP52 (wild type [WT]) and
ERa was confirmed (Fig. 3D). This interaction was abrogated
by a mutation in the TPR domain (K354A), which is unable to
interact with Hsp90, or by treatment with FK506, but not by
PPlase-deficient mutations, in the FK1 domain (F67D/D68V)
(Fig. 3 D and E). Consistent with the NanoBiT results, immu-
noprecipitation assays revealed that the FKBP52 WT and
F67D/D68V mutant were associated with ERa, whereas the
K354A mutant had a reduced ability to bind to ERa (Fig. 3F).
Stabilization of ERa by overexpression of FKBP52 was impaired
by either the F67D/D68V or K354A mutation (Fig. 3G). Col-
lectively, we concluded that both the interaction of FKBP52
with ERa and its PPlase activity are necessary for the stabiliza-
tion of ERa.
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Fig. 1. High expression levels of FKBP52 cor-
relate with poor prognosis in ER-positive
breast cancer. (A) Isolation of factors closely
related to ERa function were associated with
poor prognosis in ERa-positive breast cancer.
From a comprehensive database analysis, we
isolated four groups of indicators of poor
prognosis for breast cancer: factors that inter-
act with ERa, factors with an HR of high
expression significantly greater than 1, factors
whose expression is significantly correlated
(r > 0.2) with the expression of ESR7, and fac-
tors whose expression in ERa-positive breast
cancer tissue is at least two times higher than
that in the surrounding normal tissue. (B) The
violin plot compares expression of FKBP4,
which encodes FKBP52, in the surrounding
normal tissue (green) and ERa-positive breast
cancer tissue (in red) obtained from the TCGA
BRCA database. P value was determined by
Mann-Whitney U test. (C) FKBP4 mRNA level
correlates with poor outcome in patients with
ERa-positive (n = 3,082; Left), but not ERa-
negative (n = 869; Right) breast cancer. The
relapse-free survival plot based on expression
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FKBP52 Up-Regulates Transcriptional Activity of ERa. Next,
we examined whether FKBP52 affected the transactivation
function of ERa. Depletion of FKBP52 by shRNA-mediated
RNA interference in MCF7 cells markedly inhibited cell prolif-
eration (Fig. 44). In FKBP52-depleted T47D (ERa-positive
breast cancer cell line) and Hs578T (triple-negative breast can-
cer cell line) cells, proliferation was substantially attenuated by
FKBP52 depletion, as observed in MCF7 cells (S/ Appendix,
Fig. S2 A and B). These results suggest that FKBP52 may also
regulate cell proliferation in an ERa-independent manner.
RNA-sequencing (RNA-seq) analysis was performed to com-
prehensively analyze the effects of FKBP depletion. The effect
of shRNAs was clearly observed by hierarchical clustering
and principal component analysis using RNA-seq data (87
Appendix, Fig. S3 A and B). Gene set enrichment analysis
(GSEA) revealed that the sets of genes down-regulated and

up-regulated in response to E2 exposure were positively and
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negatively enriched, respectively, in FKBP52-depleted cells
(Fig. 4B). Ingenuity Pathway Analysis upstream regulator anal-
ysis was performed to predict upstream molecules that were
down-regulated in FKBP52-depleted cells. ESRI encoding ERa
was found to be down-regulated, with the lowest P value (P =
429 x 107°%) in FKBP52-depleted cells (SI Appendix, Fig,.
S20). These results suggest that the depletion of FKBP52 sup-
presses the transactivation of ERa. Depletion of FKBP52 in
T47D cells attenuated the activity of luciferase fused with
ERE:s in the presence of E2, compared with that in control cells
(Fig. 4C). Treatment of cells with FK506 also showed
concentration-dependent inhibition of luciferase activity in
both T47D (Fig. 4D) and MCF7 cells (S/ Appendix, Fig. S2D).
Overexpression of WT FKBP52, but not the K354A mutant,
in MCF7 cells enhanced luciferase activity in the presence of
E2 compared with control cells (Fig. 4E), suggesting that the
interaction is required for ERa regulation. On the other hand,
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decreased luciferase activity in the F67D/D68V overexpression
mutants might reflect the dominant-negative effect of
these mutations.

Contrary to our results obtained using MCF7 cells, FKBP52
overexpression has been reported to show a tendency to
decrease ERa signaling in SK-N-MC cells (a neuroblastoma
cell line) (38). To verify whether these differences were caused
by cell lines, a luciferase reporter assay using SK-N-MC cells
was performed. Similar to a previous report (38), FKBP52
overexpression in SK-N-MC cells decreased ERa signaling (57
Appendix, Fig. S2E). These results suggest that the enhance-
ment of ERa transcriptional activity by FKBP52 is specific to
ERa-positive breast cancer cells.

Next, we used a mouse xenograft model to examine the
tumor-suppressive effect of FKBP52 depletion in vivo. shRNA-
mediated FKBP52-depleted or control MCF7 cells were subcu-
taneously transplanted into the flank of immunodeficient
NOD/Shi-scid IL-2RYKO mice with E2 pellet supplementa-

tion, and the mice then were ovariectomized. The inoculated
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Control FKBP52

op pared and expression of ESRT mRNA was

determined using RT-gPCR (/).

tumors arising from FKBP52-depleted MCE7 cells were either
undetectable or considerably smaller than those arising from
the controls at 70 and 77 d posttransplantation (Fig. 4F).
Immunohistochemical analysis revealed the percentage of Ki-
67—positive cells, a marker of cell proliferation, was lower in
tumors arising from FKBP52-depleted cells than that from con-
trol cells (Fig. 4 G and H). Consistent with the in vitro results,
these results suggest that FKBP52 is essential for tumor growth
in vivo. These results also suggest that FKBP52 enhances ERa
transcriptional activity and cell proliferation in ERa-positive
breast cancer cells.

FKBP52 Inhibition Decreases Cell Proliferation in Fulvestrant-
Resistant Breast Cancer Cells. Resistance to endocrine therapy
is a major limitation in ERa-positive breast cancer treatment.
Therefore, the role of FKBP52 in endocrine therapy—resistant
breast cancer cells was examined. Fulvestrant or FK506 alone
reduced ERa expression and cell proliferation, and their combi-
nation further reduced ERa expression (Fig. 54) and cell
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Fig. 3. FKBP52 interacts with ERa. (A) The
MCF7 cell lysates were prepared and FKBP52
was immunoprecipitated. The association of
ERa and Hsp90 with FKBP52 were analyzed by
immunoblotting. (B) Representative immuno-
fluorescence image of MCF7 cells grown on
coverslips, stained with the ERa antibody
(green), FKBP52 (red), and DAPI (blue). (Scale
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interactions between FKBP52 and ERa were
detected using NanoBiT analysis in HEK293T
cells.  SmallBiT-FKBP52 (WT, F67D/D68V,
K354A) and ERo-LargeBiT expression vectors
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proliferation (Fig. 5B), suggesting that the combination of ful-
vestrant and FKBP52 inhibition is effective in ERa-positive
breast cancer treatment. Next, we examined the effect of
FKBP52 inhibition on ERa expression and cell proliferation in
MCF7-derived fulvestrant resistance (MFR) cells (39). FK506
treatment decreased total ERa expression and reduced prolifer-
ation in MFR cells (Fig. 5 C and D). As seen in MCF7 and
T47D cells, we confirmed decreased ERa expression and
reduced cell proliferation in FKBP52-depleted MFR cells by
shRNA (Fig. 5 E and F). These results suggest that FKBP52
inhibition had an additive effect on the decrease in ER« stabil-
ity by fulvestrant, and FKBP52 inhibition also exerted tumor
suppressive effects in fulvestrant-resistant cells.

FKBP51 and FKBP52 Have Opposing Effects on ERa. FKBP51
is a member of the FKBP family and is most closely related
to FKBP52. We examined the role of FKBP51 in the regula-
tion of ERa. Depletion of FKBP51 resulted in an increase in
the abundance of ERa to a modest extent in MCF7 breast
cancer cells (Fig. 64), whereas the effect was much more
prominent in MCF10A normal mammary epithelial cells
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3.0

of ERa to p-actin are reported below the image.

1.1 Ig, immunoglobulin; IP, immunoprecipitation.

1.2

(Fig. 6B). Additionally, we found that the expression of
ESRI, encoding ERa, was not greatly affected by FKBP51
depletion in both MCF7 (Fig. 6C) and MCF10A cells (57
Appendix, Fig. S4A), suggesting that the increased amount of
ERa is likely attributable to posttranscriptional events in
FKBP51-depleted cells. In MCF7 cells, cycloheximide chase
experiments revealed that the half-life of ERa was modestly
extended by FKBP51 depletion (Fig. 6D). FKBP51 deple-
tion also enhanced the expression of ERa in response to E2
treatment (Fig. 6E).

The interaction between FKBP51 and ERa was examined
using immunoprecipitation, and it was determined that
FKBP51 (WT) and FKBP51 (F67D/D68V) directly interacted
with ERa (Fig. 6F). Additionally, this interaction was abro-
gated by FKBP51 (K352A/R356A). This abrogation was also
observed in the NanoBiT assay (SI Appendix, Fig. S4B), sug-
gesting that the TPR domain of FKBP51 is important for its
interaction with ERa, as seen in FKBP52.

Consistent with increased ERa expression, FKBP51 deple-
tion in T47D cells enhanced the activity of luciferase fused
with EREs in the presence of E2 compared with that in control
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cells (Fig. 6G). GSEA revealed that the ERa target gene sets
that were down-regulated and up-regulated in response to E2
exposure were negatively and positively enriched, respectively,
in FKBP51-depleted MCF7 cells (S Appendix, Fig. S40), sug-
gesting that FKBP51 depletion enhanced the transcriptional
activity of ERa.. Together, these results suggest that the action
of FKBP51 on ERa stability and function is opposite to that of
FKBP52.

In contrast to FKBP4, the expression of FKBP5, encoding
FKBP51, at the mRNA level was significantly lower in ERa-
positive breast tumor tissue than in the surrounding normal
tissue in the TCGA database (Fig. 74). This opposing
expression pattern of FKBP4 and FKBP5 in normal and
tumor tissues was not restricted to hormone-sensitive breast
cancer; it was also observed globally in several cancers
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(namely, acute myeloid leukemia, ovarian cancer, acute lym-
phocytic leukemia L2 and L3 subtypes) with significantly
higher expression levels of ESRI than in the surrounding
normal tissues in the TNMplot database (40) (Fig. 7B). Fur-
thermore, individuals with ERa-positive breast cancer with
high FKBP5 expression had a better prognosis than those
with low FKBP5 expression (Fig. 7C). Collectively, FKBP52
interacts with and thereby stabilizes ERa, resulting in the
transcriptional activation of ERa target genes, whereas
FKBP51 antagonizes the action of FKBP52 on ERa.

BRCA1 Interacts with FKBP52 and Contributes to Increased
ERa Stability. We investigated the molecular mechanism that
accounts for the opposing effects of FKBP52 and FKBP51 on
the stability of ERa. We hypothesized that these FKBPs might
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affect the association of E3s with ERa. To explore this, we
screened genes using the following three criteria: 1) genes with
products that interact with ERa (» = 2,210), 2) genes with
products that interact with FKBP52 (7 = 125), and 3) genes
encoding E3s (n = 377) (41) (Fig. 84). Only one gene
(BRCA1I) met all these criteria.

We found that depletion of BRCA1 in MCF7 and T47D
cells resulted in a reduction in the abundance of ERa at the
protein level (Fig. 8 Band Cand S/ Appendix, Fig. S54) but
not at the mRNA level (Fig. 8D). Cycloheximide chase
experiments revealed that the stability of ERa protein was
decreased in MCF7 cells depleted of BRCA1 compared with
that in control cells (Fig. 8 and SI Appendix, Fig. S5B).
Depletion of both FKBP52 and BRCAI had little additive
effect on the decrease in ERa stability induced by a single
depletion of FKBP52 (SI Appendix, Fig. S5C), suggesting
that FKBP52 and BRCA1 operate through the same pathway
to regulate ERa stability. Coimmunoprecipitation analysis
showed that BRCA1 interacted with FKBP52 but not with
FKBP51 (Fig. 8 Fand G).

To examine the role of each component in the formation
of the FKBP52-BRCA1-ERa trimeric complex, a series of

PNAS 2022 Vol.119 No.15 2110256119

immunoprecipitation experiments were performed using
MCE7 cells depleted of FKBP52 (SI Appendix, Fig. S5D),
BRCA1 (8] Appendix, Fig. S5E), or ERa (SI Appendix, Fig.
S5F). In FKBP52-depleted cells, the interaction between
ERa and BRCALI was significantly attenuated (SI Appendix,
Fig. S5D), which is consistent with our model that FKBP52
promotes the binding of BRCA1 to ERa. Similarly, BRCA1
depletion reduced the interaction between FKBP52 and ERa
(81 Appendix, Fig. S5E). In contrast, ERa knockdown did
not affect the interaction between FKBP52 and BRCA1 (S/
Appendix, Fig. S5F), suggesting that ERa did not contribute
to the FKBP52-BRCALI association. The mRNA expression
of BRCAI was positively correlated with that of ESRI in the
TCGA dataset (Fig. 8H). Furthermore, the abundance of
BRCAI mRNA was greater in the tumor than in the normal
surrounding tissue (Fig. 87). Given that BRCAl mediates
monoubiquitylation of ERa (17), which might prevent its
polyubiquitylation and subsequent proteasomal degradation,
these results suggest that FKBP52 recruits BRCA1 to ERa,
thereby stabilizing it (Fig. 8/). FKBP51, which is unable to
interact with BRCA1, might competitively antagonize this
effect of FKBP52, resulting in increased stability of ERa.
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Discussion

Although many nuclear receptors have been shown to be regu-
lated by FKBPs, it is unclear how ERa is affected by FKBPs. In
the present study, we identified FKBP4 as a candidate that
affects the prognosis of individuals with ERa-positive breast
cancer. The other candidates that met our criteria listed in
Results were CCNDI and GRHL2, both of which have been
well studied in the context of breast cancer. CCNDI encodes
cyclin D1, which associates with and activates CDK4 and
CDKaG6, promoting cell cycle progression from Gy to G; phase
(42). Overexpression of this gene is broadly observed in various
types of cancer (43). Furthermore, CCNDI overexpression is
associated with poor prognosis in patients with breast cancer
(44). Inhibitors of CDK4 and CDKG6 have been used in the
treatment of breast cancer (45). GRHL2 encodes a transcription
factor that has been shown to inhibit apoptosis, promote prolif-
eration, and correlate with ESRI expression in breast cancer

(46-48). GRHL2 is recruited to target DNA by ERa to
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containing charcoal-stripped serum and Dox

for 1 d. The cells were transiently transfected

° with ERE-luciferase reporter plasmids. After

O 24 h of transfection, the cells were treated

DMSO with 10 nM E2 for another 24 h and luciferase

O 10nME2  activity was measured. Data are expressed as

the mean + SEM of three independent experi-

ments. **P < 0.01 by two-tailed Student’s t

test. CHX, cycloheximide; DMSO, dimethyl
sulfoxide; IP, immunoprecipitation.

regulate the expression of estrogen-responsive genes (49, 50).
The fact that these genes were identified as candidates through
our screening confirms that our screening strategy was appro-
priate. Therefore, we assumed that FKBP4, like CCNDI and
GRHL2, may contribute to the regulation of ERa and correlate
with the prognosis of breast cancer. Thus, we investigated how
FKBP52, encoded by FKBP4, affects the expression and func-
tion of ER« in relation to breast cancer.

FKBP52 has been shown to act as a positive regulator of sev-
eral nuclear receptors, including GR, PR, and AR, by promot-
ing their activity, stability, and nuclear translocation (24-28).
However, little has been reported on the regulation of ERa by
FKBP52. In the present study, we showed that FKBP52 binds
to and stabilizes ERa, resulting in an increase in the abundance
and activity of ERa. Furthermore, increased expression of
FKBP52 is observed in ERa-positive breast cancer and is associ-
ated with poor patient prognosis. Depletion of FKBP52 leads
to a reduction in ERa expression and compromised prolifera-
tion of breast cancer cells, which is consistent with the previous
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observation that ERa is essential for ERa-positive breast cancer
cell proliferation (51). The tumor-suppressive effects of
FKBP52 depletion were also observed in fulvestrant-resistant
breast cancer cells, suggesting that the pharmacological inhibi-
tion of FKBP52 may be a promising approach to address
endocrine-therapy resistance. Given that a reduction in the
transcriptional activity of ERa was observed in FKBP52-
deficient mouse embryonic fibroblast, FKBP52 may regulate
ERa in vivo (27). In contrast, FKBP51, a member of the
FKBP family that is most closely related to FKBP52, also binds
to ERa; however, it reduces the stability of ERa, resulting in
the suppression of its function. Of note, FKBP51 depletion
increased ERa expression in MCF10A cells, which is thought
to be an ERa-negative cell line. Re-expression of ERa in ERa:-
negative breast cancer cells restores sensitivity to endocrine
therapy (52). FKBP51 inhibition may contribute to this
notion.

We explored E3s that might interact with both FKBP52 and
ERa, using the comprehensive interactome database, and iden-
tified only BRCAI. Thus, we speculate that FKBP52 might
promote the binding of BRCA1 to ERa and contribute to its
stabilization. However, the effect of BRCA1 on ERa transcrip-
tional activity remains controversial. A previous study showed
that BRCA1 promoted the degradation of ERa protein (53),
whereas it was required for ERa expression at the transcrip-
tional level (54). In contrast, our results showed that the stabil-
ity of ERat was, indeed, reduced in cells depleted of BRCA1,
suggesting that BRCA1 contributes to increased ERa stability.
Although the basis for the inconsistency between these two
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studies is currently unclear, the effect of BRCA1 on ERat might
be dependent on the cellular context. Of note, the mRNA
expression of BRCAI and ESRI was correlated (r = 0.2583)
and BRCA1 was highly expressed in ERa-positive breast cancer
tissues compared with normal breast tissue. These findings sup-
port the notion that FKBP52 interacts with ERa and recruits
BRCALI, which mediates monoubiquitylation of ERa, thereby
protecting ERoa from proteasomal degradation (Fig. 8)).
FKBP52 has PPlase activity that mediates structural alterations,
which act as molecular switches. It elicits diverse cellular func-
tions, including protein folding, cellular signaling, apoptosis,
and transcription. Our results show that the PPlase activity of
FKBP52 is also required for the increased stability of ERa, sug-
gesting that alterations in higher-order structures of ERa as a
result of FKBP52-mediated prolyl isomerization might control
association with BRCAL, affecting protein stability of ERa.

In the present study, we also showed that FKBP51 and
FKBP52 have opposing effects on ERa stability and function.
This is consistent with findings of previous studies showing
that FKBP51 functions in the opposite way to FKBP52 for GR
and PR (55, 56). In addition, results of association studies
suggest that high expression of FKBPS5 is related to better prog-
nosis of breast cancer, which is also opposite to poor prognosis
of breast cancer with high expression of FKBP4. We speculate
that FKBP51 might compete with FKBP52 to bind to ERa
and destabilize its expression. We also investigated the expres-
sion levels of FKBP4 and FKBPS5 in various cancers other than
breast cancer and found that FKBP4 is overexpressed in most
types of cancer, whereas FKBP5 is more abundantly expressed
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in normal tissues than in cancer. These results suggest that
FKBP51 and FKBP52 may have many common targets other
than ERa but function in the opposite way to strictly control
their functions and regulate proliferation. In contrast, both
FKBP51 and FKBP52 were shown to positively regulate the
activity of AR (28, 55), suggesting that these two FKBPs have
some overlapping functions. Consistent with the latter notion,
mice deficient in FKBP51 or FKBP52 alone are viable (57),
whereas those deficient in both proteins manifest embryonic
mortality (56). The regulation of target factors by FKBP51 and
FKBP52 is complex. Given that ERa is a major therapeutic tar-
get for breast cancer, a more detailed analysis is required to
understand how FKBP51 and FKBP52 contribute to ERa
stabilization.

Materials and Methods

Candidate Isolation. Protein interaction data were obtained using the IntAct
(58) and BioGRID (59). We considered the protein listed in at least one database
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Fig. 8. BRCA1 is more highly expressed in
ERa-positive tumor and mediates ERa stability
together with FKBP52. (A) Identification of fac-
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the stability of ERa. Using a comprehensive
database, we analyzed E3 ligases that interact
with both ERa and FKBP52 and obtained only
one candidate, BRCA1. (B and C) MCF7 (B)
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noblotting was performed using the indicated
antibodies. The bar plot shows relative band
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dent experiments. ***P < 0.001, ****p <
0.0001 by two-tailed paired t test (B) and Dun-
nett test (C). (D) MCF7 cells expressing shCon-
trol or shBRCA1 were cultured in the pres-
ence of Dox for 2 d. Cells were collected to
extract total RNA and expression of ESR7
mRNA was determined using RT-qPCR. Data
are expressed as the mean + SEM of three
independent experiments. (F) MCF7 cells
expressing indicated shRNAs were cultured
and analyzed as shown in Fig. 2F. (F and G)
MCF7 cell lysates were prepared, and FKBP51,
FKBP52 (F), or BRCA1 (G) was immunoprecipi-
tated. The immunoprecipitants were analyzed
by immunoblotting. (H) Scatterplot of ESR7
and BRCAT expression in breast tumor tis-
sues. BRCAT expression levels were plotted in
breast cancers with ESRT expression levels of
10 or higher. (/) The violin plot compares
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tissue (green) and ERa-positive breast cancer
tissue (red) generated from the TCGA BRCA
database. The P value was determined by
Mann-Whitney U test. (/) Model of estrogen-
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as an interactor. The Pearson correlation coefficient was calculated using mRNA
expression data from TCGA BRCA. Fold-changes in mRNA expression between
normal tissue and ERa-positive breast cancer were calculated by means of these
groups. HRs were obtained from the Kaplan-Meier Plotter. In the case of genes
corresponding to several probes, we considered as candidates those with at least
one probe meeting our criteria.

Kaplan-Meier Survival Analysis. Kaplan-Meier relapse-free survival plots
were generated using the 2020 version of the Kaplan-Meier Plotter for breast
cancer (60). Patients were split by median mRNA expression. Affymetrix probes
200895_s_at and 224856_at were used as probes for FKBP52 and FKBP51,
respectively. ER status included "derive ER status from gene expression data”
(60). All datasets available in 2020 were used for the analysis. For a comprehen-
sive analysis, we analyzed 19,462 probes (12,180 genes) from the largest data-
sets (i.e., E-MTAB-365, GSE11121, GSE12093, GSE12276, GSE1456, GSE16391,
GSE16446, GSE16716, GSE17705, GSE17907, GSE19615, GSE20271,
GSE2034, GSE20685, GSE20711, GSE21653, GSE2603, GSE26971, GSE2990,
GSE31519, GSE3494, GSE37946, GSE42568, GSEA5255, GSE4611, GSEA922,
GSE5327, GSE6532, GSE7390, and GSE9195). Significance was calculated using
a two-tailed log-rank test with P < 0.05 considered significant.
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Immunoblotting. To prepare the total cell lysates, the collected cells were
washed with ice-cold phosphate-buffered saline (PBS), suspended in sample
buffer (2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 pM dithiothreitol,
0.1% bromophenol blue, and 50 mM Tris-HC at pH 6.8), and boiled for 5 min.
Raw digital images were captured using a ChemiDoc Imaging Systems (Bio-
Rad). The bands of the target protein were quantified using Image Lab (Bio-Rad)
and normalized to that of P-actin, unless stated otherwise. Representative
images are presented in the figures. The decay curve of ERx was plotted using
GraphPad Prism version 9 (GraphPad Software) based on the band intensity of
B-actin. The exponential one-phase decay equation from the nonlinear regres-
sion was used to generate the decay curve.

Immunoprecipitation. Immunoprecipitation was performed as previously
described (61). Cells were lysed in immunoprecipitation kinase buffer (50 mM
Hepes-NaOH at pH 8.0, 150 mM NaCl, 2.5 mM ethylene glycol-bis(B-amino-
ethyl ether)}-N,N,N',N'-tetraacetic acid, T mM dithiothreitol, 0.1% Tween-20, and
10% glycerol) or radioimmunoprecipitation assay buffer (50 mM Tris-HCl at pH
7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100,
10% sodium deoxycholate, and 10% SDS) supplemented with protease inhibi-
tors (phenylmethylsulfonyl fluoride, leupeptin, pepstatin A, and aprotinin), and
phosphatase inhibitors (50 mM NaF, 0.1 mM Na3V0O,, 15 mM p-nitrophenyl-
phosphate, and 80 mM B-glycerophosphate). The lysates were incubated with
FLAG-M2 agarose (A2220, Sigma-Aldrich), or immunoprecipitation was per-
formed with various antibodies for 1 h at 4 °C with rotation.

Antibodies. The antibodies used in this study were BRCA1 (sc6954, Santacruz),
ERax (cs8644, Cell Signaling Technology), FKBP51 (ab126715, Abcam), FKBP52
(10655-1-AP, Abcam), FLAG (M185-3L, MBL), B-actin (ab6276, Abcam), Hsp90
(s¢13119, Santa Cruz Biotechnology), and H2B (ab1790, Abcam).

RT-qPCR. Total RNA was extracted as previously described (62). Briefly, total
RNA was extracted using ISOGEN 11 (311-07361, Nippon Gene) according to the
manufacturer's protocol, and reverse transcription was performed. RNA was
reverse transcribed with random primers using the High-Capacity cDNA Reverse
Transcription Kit (4368814, ABI). qPCR was performed using FastStart Universal
SYBR Green Master Mix (11226200, Roche) and a StepOnePlus real-time PCR
system (Applied Biosystems). Expression levels were normalized to that of glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). The following primers were
used for amplification: ESR1-F, TGATGAAAGGTGGGATACGA; ESR1-R, AAGGTTGG-
CAGCTCTCATGT; GAPDH-F, GAGTCAACGGATTTGGTCGT; and GAPDH-R, TIGATTTTG-
GAGGGATCTCG. All sequences are shown in the 5" to 3’ direction.

Lentivirus Generation and Infection. Lentivirus generation and infection
were performed as described previously (63). Briefly, lentiviruses expressing
FKBP52, FKBP51, shControl, shFKBP52, shFKBP51, shBRCA1, and shERa were
generated by cotransfection of HEK293T cells with psPAX2 and pMD2.G, and the
respective CSII-CMV-MCS-IRES2-Bsd or CS-RfA-ETBsd, using Polyethylenimine
(PEI) MAX (24765-1, Polysciences). Cells infected with viruses were treated with
10 pg/mL blasticidin (A1113903, Gibco) for 2 d. To drive expression of shRNA,
doxycycline (Dox; D9891, Sigma-Aldrich) was added to the medium at a concen-
tration of 1 pg/mL

RNA-Sequencing Analysis. MCF7 cells expressing shControl, shFKBP52, or
shFKBP51 were cultured in the presence of Dox for 2 d and then subjected to
total RNA extraction. RNA-seq analysis was performed as previously
described (61).

Quantification and Statistical Analysis. Quantitative data are presented as
mean + SEM. Two-group comparisons were performed with ¢ test. To compare
three or more groups, one-way ANOVA followed by Dunnett multiple comparison
test was performed for multiple comparisons. Results were considered statisti-
cally significant at P < 0.05, P < 0.01, P < 0.001, and P < 0.0001. Statistical
analyses were performed using GraphPad Prism, version 9.
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Mouse Xenograft. Protocols were prepared in accordance with the regulations
on animal use at Yamaguchi University and were approved by the Committee
for Animal Use of Yamaguchi University. Female NOD/Shi-scid IL-2RyKO mice
(In-Vivo Science Inc.) were maintained under specific pathogen-free conditions
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Inc.). Subcutaneous implantation of 17p-estradiol pellets (1.7 mg, 90-d release;
NE-121, Innovative Research of America) and ovariectomy were performed at
7 wk of age. One week postoperation, MCF7 cells expressing shControl or
shFKBP52 (5 x 10° cells/100 pL PBS per site) were subcutaneously transplanted
into the left or right side of the flank, respectively. The tumor sizes were mea-
sured twice weekly using a digital caliper. If a tumor was undetected, the tumor
size was considered to be 0. The tumor volumes were estimated using the fol-
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Immunohistochemistry. Engrafted tumor tissues were fixed in 10%
phosphate-buffered formalin and embedded in paraffin. Sections 2 pm thick
were obtained for immunohistochemistry. Sections were deparaffinized and sub-
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Data Availability. RNA-sequencing raw reads have been submitted to the
DNA Data Bank of Japan Sequence Read Archive, the National Center for
Biotechnology Information Sequence Read Archive, and the European Bio-
informatics Institute Sequence Read Archive databases under accession number
DRA011728 (65).
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