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1  |  DOMAIN STRUC TURE AND ROLE

The FKBP family is a group of genes with an FK506 binding domain 
(FK domain, also known as the PPIase domain); 18 different genes 
have been identified in this family.1 The domains of 16 genes are 
shown in Figure 1A, excluding FKBPL and FKBP1C.2 Recent studies 
have reported that FKBP1C is a long noncoding RNA.3 The FKBP 
family is characterized by the presence of pairs of genes with similar 

structures (e.g., FKBP12 and FKBP12.6). FKBP12 was the first gene 
discovered in the FKBP family,4 and the other FKBPs were discov-
ered based on their similarities with FKBP12. FKBP12 is the pri-
mary target of two well-known drugs, FK506 and rapamycin; when 
FKBP12 binds to FK506 or rapamycin, it inhibits calcineurin and 
rapamycin complex 1 (TORC1), respectively. High-molecular-weight 
FKBPs (large FKBPs) have a more complex structure than FKBP12, 
and some have multiple PPIase domains; FKBP51 and FKBP52 have 

Received: 5 January 2023  | Revised: 24 March 2023  | Accepted: 3 April 2023

DOI: 10.1111/cas.15811  

R E V I E W  A R T I C L E

Impact of FKBP52 on cell proliferation and hormone-dependent 
cancers

Shunsuke Hanaki  |   Midori Shimada

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Abbreviations: AR, androgen receptor; AR-V7, androgen receptor splice variant 7; BRCA1, breast cancer susceptibility gene 1; CaM, calmodulin; CRPC, castration-resistant prostate 
cancer; DHT, dihydrotestosterone; ERα, estrogen receptor α; FKBP, FK506 binding protein; GR, glucocorticoid receptor; HSP90, heat shock protein 90; hTERT, human telomerase 
reverse transcriptase; IKK, IκB kinase; IκBα, inhibitor of NF-κBα; KD, knockdown; LBD, ligand binding domain; MR, mineralocorticoid receptor; NF-κB, nuclear factor-κB; NSCLC, 
non-small-cell lung cancer; PPIase, peptidylprolyl isomerase; PR, progesterone receptor; SHR, steroid hormone receptor; Tau, tubulin-associated unit; TPR, tetratricopeptide repeat; 
TRPC1/3, transient receptor potential cation channel, subfamily C, member 1/3; TRPV5, transient receptor potential cation channel, subfamily V, member 5.

Department of Veterinary Biochemistry, 
Yamaguchi University, Yamaguchi, Japan

Correspondence
Midori Shimada, Department of 
Biochemistry, Joint Faculty of Veterinary 
Science, Yamaguchi University, 1677-1 
Yoshida, Yamaguchi 753-8515, Japan.
Email: shimada@yamaguchi-u.ac.jp

Funding information
Ministry of Education, Culture, Sports, 
Science and Technology, Grant/Award 
Number: 21H02403

Abstract
FK506 binding protein 52 (FKBP52) (gene name FKBP4) is a 52 kDa protein that be-
longs to the FKBP family; it binds to the immunosuppressant FK506 and has proline 
isomerase activity. In addition to its FK domain-containing peptidylprolyl isomerase 
activity, FKBP52 also acts as a cochaperone through the tetratricopeptide repeat do-
main that mediates binding to heat shock protein 90. Previous studies have reported 
that FKBP52 is associated with hormone-dependent, stress-related, and neurodegen-
erative diseases, revealing its diverse functions. In particular, the effects of FKBP52 
on cancer have attracted considerable attention. FKBP52 promotes the growth of 
hormone-dependent cancers by activating steroid hormone receptors. Recent studies 
have shown that the expression of FKBP52 is increased not only in steroid hormone-
dependent cancer cells but also in colorectal, lung, and liver cancers, revealing its 
diverse functions that contribute to cancer growth. This review summarizes reports 
related to hormone-dependent cancer and cell proliferation in terms of the structure 
of FKBP52 and its function on interacting molecules.
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two, whereas FKBP60 and FKBP65 have four PPIase domains. 
However, not all PPIase domains are enzymatically active and bind 
FK506.5 In addition to the PPIase domain, there is a TPR domain 
in the FKBP family that mediates HSP90 binding.6 The function of 
each FKBP is described in the following review5: FKBP52 is one of 
the best-known large FKBPs. FKBP52 pairs with FKBP51 and has an 
FK1 domain, an FK linker connecting FK1 and FK2, an FK2 domain, 
a TPR domain, and a putative CaM-binding domain. As FKBP51 and 
FKBP52 have opposing roles in the SHRs, except for the AR, the roles 
of the FK1 and FK2 domains will be discussed by comparing FKBP51 
and FKBP52. Figure 1B shows the FKBP52 domain and interacting 
molecules that bind through the domains. Interacting molecules in-
clude those that act in the plasma membrane, cytoplasm, and nu-
cleus. As FKBP52 is abundant in the cytoplasm,7 the cytoplasm could 

be the primary site of action of FKBP52. Although the FK1 domain 
has PPIase activity, its enzymatic activity does not affect the regu-
lation of AR and GR activities.8 This suggests that the structure of 
the FK1 domain is important for its function through interactions 
with several proteins. This hypothesis is supported by studies that 
have focused on the differences in the FK1 domain of FKBP52 and 
FKBP51. It has been reported that FKBP51 suppresses the transcrip-
tional activity of the GR, whereas FKBP52 activates it.9 To explore 
the reason for this difference, Riggs et al.8 focused on differences in 
the amino acid residues in the proline-rich loop of the FK1 domain. 
The 119th amino acid in FKBP52 is proline, whereas the correspond-
ing amino acid residue in FKBP51 is leucine. The FKBP51-L119P 
mutant, in which the leucine of FKBP51 was mutated to proline to 
mimic FKBP52, increased the transcriptional activity of the GR and 

F I G U R E  1  Domain structure of the human FK506 binding protein (FKBP) family. (A) The domain structure of the FKBP family is shown 
with protein and gene names on the left. The numbers in the upper part of the figure indicate the amino acids bordering the domain 
structure, and the numbers on the far right indicate the number of amino acids of each protein. (B) The domain structure of FKBP52 along 
with the binding molecules and drugs are shown. The binding molecules and drugs are listed in the domain column to which they bind. 
Tetratricopeptide repeat (TPR) domain is divided into 1–3. Binding domains not determined are: androgen receptor, progesterone receptor, 
mineralocorticoid receptor, RelA, TRPC1, TRPV5, and tau. CaM, calmodulin; ER, endoplasmic reticulum; PPIase, peptidylprolyl isomerase.

(A)

(B)
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its affinity for glucocorticoids. These results indicate that the struc-
ture of the FK1 domain, particularly FKBP52-P119, is important for 
the activation of SHRs. The FK1 domain of FKBP52 is required for 
binding to dynein, which is involved in intracellular trafficking,10,11 
whereas FKBP51 does not bind to dynein.12 This difference could 
also be due to the differences in the structure of the FK1 domain. 
Ligand binding domain replacement experiments have shown that 
the LBD is important for transcriptional activation by FKBP529 and 
binding to FKBP52.13 It has been shown that the LBD of ERα binds to 
the FK1 domain of FKBP52.12 These results suggest that FKBP52 as-
sociates with the LBD through its FK1 domain and may contribute to 
the transcriptional activity of SHRs. The FK linker connects the FK1 
and FK2 domains. FKBP52-T143 is a consensus sequence for CK2, 
suggesting that it is phosphorylated by CK2. The phosphorylation of 
T143 by CK2 inhibits the binding of HSP90 to FKBP52.14 However, 
subsequent studies have reported that binding to HSP90 was re-
tained in the phosphor-mimic FKBP52-T143E mutant.15 The fact that 
the T143E mutant did not affect binding to HSP90, but failed to en-
hance the transcriptional activity of the SHRs, suggests that T143 is 
an important residue in the regulation of SHRs. The FK2 domain is 
similar to the FK1 domain but lacks PPIase activity.16 The FKBP51-Δ3 
mutant, which lacks D195, H196, and D197 of the FK2 domain, binds 
HSP90, but does not bind to the PR.17 However, the loss of the cor-
responding residue in FKBP52 did not affect its binding to the PR 
or HSP90. This suggests that there is diversity in the functionally 
important residues of the FK2 domain. The TPR domain of FKBP52 
is required for binding to HSP90.18 FKBP52 lacking the TPR domain 
and below (i.e., only the FK1 and FK2 domains) did not enhance the 
transcriptional activity of the GR.9 The FKBP52-TPR mutant, which 
cannot bind HSP90, does not enhance the transcriptional activity 
of the GRs.9 These findings suggest that the binding of FKBP52 to 
HSP90 is important for FKBP52 function. FKBP52 contains a CaM-
binding domain at its C-terminus. Given that the deletion of this do-
main has been shown to reduce the interaction between FKBP52 
and HSP90, this domain is important for binding these proteins.18

2  |  PHYSIOLOGIC AL FUNC TIONS

Because FKBP52 binds to and enhances the activity of SHRs such as 
AR, ERα, and PR, FKBP52-deficient mice experience pronounced ef-
fects on their reproductive system. Male FKBP52-KO mice displayed 
phenotypes consistent with partial androgen insensitivity, including 
dysgenic prostate and seminal vesicles, ambiguous external geni-
talia, infertility including hypospadias, and retention of the nipples, 
in vivo.19,20 The testes developed normally, but showed decreased 
sperm counts in the epididymis, abnormal sperm morphology, and 
decreased motility.21 As the testes were approximately 80% smaller 
in AR-KO mice,22 it can be concluded that the function of the AR 
is not completely deficient in FKBP52-KO mouse testes. This could 
be because the phenotype induced by FKBP52-KO is compensated 
by FKBP51.23 It is known that the function of dynein is important 
for sperm motility, and given that FKBP52 binds to dynein, it is also 

considered that the loss of FKBP52 might have some effect on sperm 
motility through dynein.24 FKBP52-KO female mice have partially 
impaired ovulation and mammary gland development.25 In addi-
tion, FKBP52 loss results in reduced PR activity, making pregnancy 
impossible; however, administration of progesterone allows normal 
pregnancy.26–28 The abnormalities in the reproductive organs in 
FKBP52-KO mice are considered to be primarily due to effects on 
SHRs such as ERα, PR, and AR. FKBP52-KO mice have also been 
shown to be sensitive to paraquat-induced oxidative stress. This is be-
cause of the decreased expression of the antioxidant PRDX6; the ex-
ogenous addition of antioxidants restores implantation.25 Moreover, 
FKBP52 was downregulated in patients with endometriosis.29 This 
was attributed to the increased expression of microRNA-29c, which 
targets FKBP4, and the decreased transcript levels of FKBP4.30 As 
progesterone resistance increases cell proliferation, inflammation, 
and angiogenesis, leading to endometriosis, FKBP52 plays a role in 
suppressing endometriosis through PR activation. However, FKBP52 
has other targets besides SHRs, such as the TRP family, NF-κB, and 
tau. It is not clear whether these molecules are involved in the devel-
opment of the reproductive organs, and further scrutiny is needed to 
determine whether the FKBP52-KO phenotype to the reproductive 
organs is caused solely by SHRs. In addition, FKBP52 is involved in 
axon guidance during development,31 inhibition of myocardial hyper-
trophy,32 and Ca2+ reabsorption in the kidney33 through the regula-
tion of the TRP family involved in Ca2+ influx, but it is not clear how 
these functions relate to observed phenotype in FKBP52-KO mice.

3  |  AC TIVATION MECHANISM OF 
INTER AC TING MOLECULES

Steroid hormone receptors need to bind to ligands in the cytoplasm 
before they can regulate transcription on DNA.34 FKBP52 enhances 
the affinity between SHRs and their ligands by binding to SHRs in 
the cytoplasm. Furthermore, it promotes the nuclear translocation 
and stability of SHRs. In the nucleus, the SHR is thought to dimerize 
after the dissociation of FKBP52 and the SHR.24 Thus, FKBP52 con-
trols the SHR in multiple steps. The specific regulation by FKBP52 
depends on the type of nuclear receptor. Table  1 summarizes the 
targets of FKBP52, the points of action on the targets, and their 
binding domains.

3.1  |  Steroid hormone receptors

3.1.1  |  Androgen receptor

FKBP52 has been reported to activate the AR.20 In particular, it af-
fects the DHT affinity of the AR, with a fivefold increase in DHT 
affinity in the presence of FKBP52.8 It was reported that PPIase ac-
tivity is required for the regulation of the AR activity in experiments 
using FKBP52-F67D/D68V mutants.19 However, this mutation may 
not be appropriate because it may alter the conformation of the 
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PPIase domain and its surface interactions with nonsubstrate part-
ners. Experiments using the FKBP52-F67Y mutation, which affects 
only PPIase activity, showed that PPIase activity did not affect the 
AR activity.8 This suggested that the structure of the FK1 domain 
is important for AR regulation. As the LBD has been predicted to 
interact with FKBP52 in studies using other SHRs,9,13 it is likely that 
the AR also binds through the LBD. The AR-V7 lacks the hinge re-
gion and the LBD, and thus cannot bind to dynein. Therefore, CRPC 
cells expressing AR-V7 are insensitive to the therapeutic microtu-
bule inhibitor taxane.35 In addition, MJC13, which inhibits the dis-
sociation of FKBP52 and the AR, decreases the transcription of AR 
targets; however, MJC13 treatment did not affect the transcription 
of AR-V7 overexpressing cells.36 This suggests that the LBD of the 
AR plays an important role in regulation by FKBP52. FK506 and the 
HSP90 inhibitor geldanamycin decreased the association between 
FKBP52 and the AR.19 In addition, the FKBP52-TPR mutant, which 
cannot bind to HSP90, cannot enhance the transcriptional activity 
of the AR compared to FKBP52-WT.19 Treatment of prostate cancer 
cells with FK506, which can inhibit FKBP52, inhibited the growth of 
the AR-positive prostate cancer cells.37 Similarly, FKBP52-KD also 
inhibited the growth of prostate cancer cells.38 Recently, our group 

reported that FKBP52 promotes AR dimerization without affecting 
its nuclear translocation or protein stability38 (Figure 2A). As cyto-
plasmic localization of FKBP52 increases the binding of AR to DHT 
in the cytoplasm and AR dimerization occurs in the nucleus,39 it is 
possible that binding of AR to FKBP52 in the cytoplasm regulates 
AR function, which may trigger AR dimerization later in the nucleus. 
Another possibility is that the small amount of FKBP52 present in 
the nucleus binds to AR and promotes its dimerization. Knockdown 
of FKBP52 or treatment with MJC13 suppresses dimer formation in 
the ARs. Consistent with the result that the FKBP52-PPIase mutant 
did not affect the transcriptional activity of the ARs,8 the enzymatic 
activity mutant of FKBP52 did not affect AR dimerization.38 These 
results indicate that the regulation of the ARs is distinct from the 
model in which FKBP52 promotes the nuclear translocation of the 
SHRs through dynein.

3.1.2  |  Glucocorticoid receptor

FKBP52 enhances the transcriptional activity of the GR.9 It has been 
reported that glucocorticoid treatment replaces FKBP51 bound to 

TA B L E  1  Targets of FK506 binding protein 52 (FKBP52) and the role of FKBP52 on those targets

Target Function Binding site PPIase activity
HSP90 
binding

AR Increasing the affinity of AR for androgen,8 
dimer formation of AR38

No data Unnecessary38 Necessary19

GR Increasing the affinity of GR for 
glucocorticoids,9 promoting GR nuclear 
translocation,43 inhibiting GR nuclear 
translocation44

FK1 domain to LBD13 Unnecessary8 Necessary9

PR Increasing the affinity of PR for progesterone9 No data No data No data

ERα Increasing protein stability of ERα46 FK1 domain to LBD,12 TPR 
domain46

Necessary46 Necessary46

MR Increasing the affinity of MR for 
aldosterone,50,51 promoting MR nuclear 
translocation11

No data No data Necessary11

RelA Promoting RelA nuclear translocation55 No data Necessary55 Unnecessary55

IKKβ Promoting IKK complex formation56 TPR domain56 No data Necessary56

IKKγ FK1, FK2, TPR domain56

hTERT Promoting hTERT nuclear translocation,61 
increasing protein stability of hTERT61

TPR domain61 No data Necessary61

TRPC1 Upregulation of TRPC1 activity31 To N- and C-terminus31 Necessary31 No data

TRPC3 Downregulation of TRPC3 activity32 FK1, FK2, TPR1,2 to 
C-terminus32

Necessary32 No data

TRPV5 Downregulation of TRPV5 activity33 Not to N- or C-terminus33 Necessary33 No data

Tubulin Preventing tubulin polymerization66 Below the TPR domain66 No data No data

Tau Inhibition of tubulin polymerization induced 
by tau7

No data No data No data

Note: This table displays the targets whose functions are regulated by FKBP52 and shows the role of FKBP52 in these targets, the binding domain to 
FKBP52, and whether peptidylprolyl isomerase (PPIase) activity or heat shock protein 90 (HSP90) binding is required.
Abbreviations: AR, androgen receptor; ERα, estrogen receptor α; GR, glucocorticoid receptor; hTERT, human telomerase reverse transcriptase; IKK, 
IκB kinase; LBD, ligand binding domain; MR, mineralocorticoid receptor; PR, progesterone receptor; TPR, tetratricopeptide repeat; TRPC, transient 
receptor potential cation channel, subfamily C; TRPV, transient receptor potential cation channel, subfamily V.
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GR with FKBP52.40 Glucocorticoid receptor can bind FKBP52 even 
in the absence of HSP90,41 and the FK1 domain of FKBP52 binds to 
GR-LBD.13 Thus, a model in which FKBP52 increases the glucocor-
ticoid affinity of the GRs has been proposed.24 Experiments using 
FKBP52-PPIase mutants showed that PPIase activity did not affect 
the transcriptional activity of the GRs.8 As the GR is known to bind 
dynein,10,40,42 the GR-HSP90-FKBP52 complex is considered to be 
nuclear-translocated through dynein.40 Following nuclear transloca-
tion, the GR dissociates from FKBP52, resulting in GR dimer forma-
tion.40 In experiments with neuroblast cells, nuclear translocation of 
the GR during cortisol treatment was inhibited by the knockdown 
of FKBP52.43 However, in breast cancer cell lines, the relationship 
between FKBP52 and GR is reversed, FKBP52 binds to the GR and 
inhibits its nuclear translocation.44 These results suggest that GR 
regulation by FKBP52 could differ among cell types.

3.1.3  |  Progesterone receptor

FKBP52 has been reported to upregulate PRs. The transcriptional 
activity of PRs and the expression of PR target genes decreased in 
FKBP52-KO mice.27,28 The affinity of the PR for progesterone was 
reduced in the ovaries of FKBP52-KO mice.28 However, other re-
ports indicate that the affinity of the PR for progesterone was not 
affected in FKBP52-KO mice.27 The question remains as to whether 
FKBP52 affects the affinity between the PR and progesterone. 
Previous reports have shown that PR expression is not decreased 
in FKBP52-KO mice.27,28 However, PR protein expression was de-
creased in an FKBP52-KD endometrial stromal cell model.45 Based 

on these results, it is questionable whether FKBP52 affects the pro-
tein levels in the PR.

3.1.4  |  Estrogen receptor α

Estradiol-induced transcriptional activation of the ERα is decreased in 
FKBP52-KO mice.27 The crystal structure of the ERα and MRI revealed 
that the ERα binds to the FK1 domain of FKBP52.12 In addition, FKBP52 
binds to the ERα and contributes to ERα stabilization46 (Figure  2B). 
Breast cancer susceptibility gene 1 mediates monoubiquitylation of 
the ERα, which inhibits polyubiquitination and protects it from protea-
somal degradation.47 Consistent with this report, the knockdown of 
BRCA1 promotes ERα degradation, suggesting that BRCA1 is essential 
for ERα stabilization.46 FKBP52 mediates the binding of BRCA1 to the 
ERα, suggesting the possibility that FKBP52 promotes the BRCA1-
mediated monoubiquitylation of ERα. The FKBP52-TPR mutant 
showed decreased binding to the ERα, suggesting that HSP90 plays 
an important role in the binding of FKBP52 to the ERα. Both HSP90 
and FKBP52 are mainly present in the cytoplasm and HSP90 may be 
required for the binding of ERα and FKBP52. Considering these fac-
tors, it is possible that the association between FKBP52 and ERα may 
occur in the cytoplasm and this association may induce stabilization 
of ERα. Overexpression of FKBP52-WT increased ERα protein levels, 
but overexpression of PPIase or TPR domain mutants did not alter ERα 
protein levels, suggesting that PPIase activity and binding to HSP90 
are essential for ERα stabilization. As FKBP52 expression increases 
in response to estrogen,48 and it activates the transcriptional activity 
of the ERα,46,49 it is assumed that the ERα and FKBP52 form positive 

F I G U R E  2  Model of androgen 
receptor (AR) and estrogen receptor 
α (ERα) regulation by FK506 binding 
protein 52 (FKBP52). (A) After AR binds 
to dihydrotestosterone (DHT) in the 
cytoplasm, AR dimer formation occurs 
in the nucleus. Dimerized AR transcribes 
the AR target genes. FKBP52 upregulates 
the affinity of DHT for AR in the 
cytoplasm. The binding of FKBP52 to AR 
in the cytoplasm could induce functional 
changes of AR, which can trigger AR 
dimerization later in the nucleus. Another 
possibility is that the binding of FKBP52 
to AR in the nucleus promotes its 
dimerization. (B) FKBP52 contributes to 
ERα stabilization by mediating the binding 
of ERα to breast cancer susceptibility gene 
1 (BRCA1).

(A)

(B)
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feedback. In a study using SK-N-MC cells, a human neuroblastoma cell 
line, overexpression of FKBP52 did not increase the transcriptional 
activity of the ERα.46,49 These results suggested that the relationship 
between the ERα and FKBP52 could differ among cell types.

3.1.5  |  Mineralocorticoid receptor

Heat shock protein 90 binds to the MR and is required for its af-
finity to aldosterone.50,51 It has also been shown that aldosterone 
increases the MR and HSP90 binding.52 Geldanamycin inhibits the 
nuclear translocation of MRs.52 Because geldanamycin inhibits the 
nuclear translocation of MRs, HSP90 is also important for the nu-
clear translocation of MRs.11,52 The MR also binds to FKBP52 and 
dynein.11 Aldosterone treatment promoted MR binding to FKBP52 
and dynein.11 Geldanamycin inhibited the binding of MRs to FKBP52 
and dynein.11 FKBP52-KO inhibits the nuclear translocation of MRs 
but does not affect their aldosterone affinity.11 Given these results, 
HSP90 and FKBP52 are considered to play important roles in the 
nuclear translocation of MRs by dynein. However, FKBP52 overex-
pression did not alter the transcriptional activity of the MRs.49,53

3.2  |  Other targets

3.2.1  |  Nuclear factor-κB

Although NF-κB, a transcription factor that regulates inflammation, 
is not classified as an SHR, it is known to be regulated by FKBP52. 
The transcription factors RelA and p50 and their inhibitor IκBα form 
a complex. Cytokines and other signals induce the phosphorylation 
of IκBα by the IKK complex, which in turn promotes the activation 
of RelA and p50.54 FKBP52 promotes the nuclear translocation of 
RelA.55 FKBP52 also promotes IKK complex formation and contrib-
utes to NF-κB activation.56 RelA does not bind to HSP90;55 PPIase 
activity is required for the enhancement of NF-κB transcriptional 
activity, based on experiments using FKBP52-PPIase mutants. In 
contrast, the FKBP52-TPR mutant does not bind to IKK.56 Thus, it 
is feasible that the association between FKBP52 and IKK is depend-
ent on HSP90. Similar to GR and MR, the nuclear translocation of 
NF-κB is dependent on dynein57; therefore, it is thought to bind dy-
nein in the cytoplasm through FKBP52 and then translocate into the 
nucleus.

3.2.2  |  Human telomerase reverse transcriptase

Human telomerase reverse transcriptase is also regulated by 
FKBP52. Human telomerase reverse transcriptase binds to 
HSP9058,59 and HSP90 contributes to the folding of the hTERT 
protein.60 FKBP52 promotes the nuclear translocation of hTERT by 
linking hTERT to dynamitin, a member of the dynactin complex.61 
Therefore, FKBP52 is thought to act on hTERT in the cytoplasm. The 

FKBP52-TPR mutant did not bind to hTERT. This suggests that the 
interaction between FKBP52 and hTERT requires HSP90. In addi-
tion, geldanamycin inhibits the nuclear translocation of hTERT in the 
presence of proteasome inhibitors. Furthermore, the knockdown 
of FKBP52 or treatment with geldanamycin increased the ubiqui-
tination of hTERT, suggesting that FKBP52 and HSP90 might also 
contribute to hTERT stability. As hTERT expression is upregulated in 
cancer cells,62 FKBP52 could contribute to cancer cell malignancy by 
activating the hTERT function.

3.2.3  |  Ca2+ channel

In neuronal cells, FKBP52 has been reported to activate TRPC1, and 
NMR analysis revealed that FKBP52 catalyzes the isomerization of 
N- and C-terminal proline in TRPC1.31 TRPC1 is a channel involved 
in Ca2+ influx that belongs to the TRP family. Its Xenopus homolog 
(xTRPC1) is involved in axon guidance.31,63 The FKBP52-F67D/D68V 
mutant did not activate TRPC1, suggesting that PPIase activity of 
FKBP52 might be required for TRPC1 activation. Overexpression of 
FKBP52-F67D/D68V mutant, or FK506 treatment, causes defects 
in the guidance of the developing Xenopus spinal cord. This indi-
cates that FKBP52 has an important role in TRPC1-mediated axon 
guidance. TRPC3 has been reported to be repressively regulated 
by FKBP52 in cardiomyocytes.32 TRPC3 is known to promote myo-
cardial hypertrophy and cardiomyocyte apoptosis in the heart.64,65 
FKBP52 interacts with the C-terminus of TRPC3 through several re-
gions, including the FK1, FK2, and TPR (TPR1 and TPR2). Decreased 
expression of FKBP52 causes TRPC3-dependent hypertrophy of 
cardiomyocytes. This suggests that FKBP52 inhibits myocardial 
hypertrophy by suppressing TRPC3. TRPV5 is responsible for Ca2+ 
reabsorption in renal epithelial cells, and its Ca2+ uptake activity 
is inhibited by FKBP52.33 Thus, FKBP52 plays an important role in 
Ca2+ reabsorption in the kidney through TRPV5. Compared to the 
WT, overexpression of the FKBP52-F67D/D68V mutant did not in-
hibit Ca2+ uptake, indicating that FKBP52-PPIase activity might be 
required for TRPV5 inhibition. It should be noted that the FKBP52-
F67D/D68V mutants may have lost their interaction with TRPV5.33 
The domain in which FKBP52 interacts with TRPC1 and TRPV5 re-
mains unclear. However, FK506 treatment did not alter the binding 
of FKBP52 to TRPV5, suggesting that binding could occur in regions 
other than the FK1 domain.33

3.2.4  |  Tubulin

FKBP52 has been shown to bind to tubulin and negatively regulate 
tubulin polymerization.66 Binding to tubulin requires a domain below 
the TPR, whereas inhibition of polymerization requires a CaM-
binding domain. Subsequent studies have revealed that FKBP52 
binds to tau,7 a polymerization-promoting factor of tubulin, and it 
is speculated that FKBP52 inhibits tubulin polymerization by bind-
ing to tau and blocking its activity. Tau plays an important role in 
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neurite outgrowth.67 Overexpression of FKBP52 inhibits neurite 
outgrowth,7 suggesting that FKBP52 suppresses neurite outgrowth 
by inhibiting tau.

4  |  E XPRESSION LE VEL OF FKBP52 IN 
C ANCER TISSUES AND ITS REL ATIONSHIP 
WITH THEIR PROLIFER ATION

FKBP52 activates SHRs and is involved in the proliferation of pros-
tate and breast cancer cells.23 Notably, FKBP52 expression is up-
regulated in several cancers in addition to SHR-related cancers, 
suggesting that the cancer-associated function of FKBP52 is not 
specific to SHRs (Table 2).

4.1  |  Prostate cancer

Prostate cancer is most commonly studied for FKBP52. Increased 
FKBP52 expressions have been found in human prostate cancer and 
prostate cancer cell lines,37,68 suggesting that FKBP52 is a potential 
biomarker for prostate cancer. Amplification of the copy number of 
FKBP52 has been found in CRPC.69 A comprehensive clinical sample 
analysis has shown FKBP52 to be a biomarker for prostate-specific 
antigen recurrence in patients with prostate cancer.38 Although the 
mechanism by which FKBP4 expression increases in cancer cells is 
largely unknown, prostate cancer studies have revealed that FKBP4 
is transcribed by the oncogene c-Myc.70 Androgen receptor binds to 
the promoter region of FKBP4 in prostate cancer71 and increased ex-
pression of FKBP4 in response to DHT.72 These results suggest that 
AR might regulate the transcription of FKBP4. As mentioned above, 
FKBP52 increases the affinity of AR for DHT and AR dimerization, 
and increases the transcriptional activity of AR. Thus, MJC13 inhib-
its the proliferation of prostate cancer cell lines.73,74 The effect of 
MJC13 is enhanced in DHT-treated conditions; therefore, a higher ef-
ficacy can be expected in conditions where hormone therapy is ef-
fective. However, cells expressing AR-V7 are resistant to MJC13 and 
geldanamycin,75 suggesting that targeting FKBP52 is not a universal 
approach for prostate cancer. Androgen receptor has an important 

role in prostate cancer development76 and its activity is activated by 
FKBP52. It also activates proliferation in prostate cancer through its 
interaction with FKBP52. FKBP52 is upregulated in prostate cancer 
and its high expression is associated with poor prognosis. Given this 
information, the interaction of FKBP52 with AR and the activation of 
AR could contribute to the development of prostate cancer. However, 
tumorigenesis experiments using mutants that are deficient in binding 
ability have not yet been reported. Therefore, the extent to which the 
interaction between FKBP52 and AR affects tumorigenesis is not clear.

4.2  |  Breast cancer

FKBP52 is highly expressed in breast cancer cell lines.77 Estrogen 
increases FKBP4 expression at the transcriptional level.48 In addi-
tion, the FKBP4 gene region was found to be unmethylated in ERα-
positive cells but methylated in ERα-negative cells.78 This suggests 
that FKBP4 is a target of the ERα and could form a positive feed-
back loop by promoting FKBP4 expression. Indeed, high FKBP52 
expression is a poor prognostic factor in patients with ERα-positive 
breast cancer cells.46,79 Furthermore, high expression of FKBP52 
is a poor prognostic factor in ERα- and PR-negative breast can-
cers, and the knockdown of FKBP52 inhibits proliferation in ERα-
negative breast cancer cell lines.80 The fact that FKBP52 affects 
the proliferation of ERα-negative breast cancer cell lines suggests 
that FKBP52 might regulate signaling other than the ERα. Indeed, in-
teractome analysis of FKBP52 revealed that FKBP52 interacts with 
PI3K.80 Phosphorylation of AKT, a target of PI3K, was decreased 
in FKBP52-KD cells, indicating that FKBP52 activates AKT through 
PI3K. Both ERα and PR are involved in breast cancer develop-
ment.81,82 FKBP52 interacts with ERα through BRCA1 and plays a 
role in ERα stability. FKBP52 also interacts with PR and is involved in 
the activation of PR. FKBP52 is upregulated in breast cancer and its 
high expression is associated with poor prognosis. Given this infor-
mation, the interaction of FKBP52 with ERα and PR may contribute 
to the development of breast cancer. However, experiments on tu-
morigenesis using mutants lacking the binding ability have not been 
reported. Therefore, the importance of the interaction of FKBP52 
with ERα and PR in tumorigenesis is unclear.

TA B L E  2  Expression of FK506 binding protein 52 (FKBP52) in cancer cells

Cancer type FKBP52 expression KD Role of FKBP52

Prostate cancer Upregulated37,68 Inhibition of proliferation38 Upregulates AR dimerization38

Breast cancer (ERα+) Upregulated46,77 Inhibition of proliferation46 Upregulates ERα stability46

Breast cancer (ERα−) Upregulated77,80 Inhibition of proliferation80 Upregulates PI3K/AKT pathway80

Colon cancer Upregulated83,84 No effect83 Resistance to 5-FU83

Lung cancer Upregulated56,85 Inhibition of proliferation56,85 Upregulates PI3K/AKT pathway85 Upregulates IKK/NF-κB 
pathway56

Liver cancer Upregulated86 No data No data

Note: Expression levels of FKBP52 in each cancer cell line are shown. The table also indicates the phenotype of the FKBP52 knockdown (KD) and the 
function of FKBP52 in cancer cells.
Abbreviations: AR, androgen receptor; ERα, estrogen receptor α; 5-FU, 5-fluorouracil; IKK, IκB kinase; NF-κB, nuclear factor-κB.
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4.3  |  Other cancers

Database analysis revealed that FKBP52 expression is increased in 
colorectal cancer.83,84 Although the knockdown of FKBP52 did not 
affect the growth of colon adenocarcinoma cell lines, increased 
sensitivity to 5-fluorouracil was observed in FKBP52-KD cells.83 
Additionally, FKBP4 was transcriptionally activated by E2F1.84 
The expression of FKBP52 is also increased in lung adenocarci-
noma and is a poor prognostic factor for the disease.56 Similarly, 
FKBP52 is overexpressed in NSCLC and is a poor prognostic fac-
tor.85 FKBP52-KD in NSCLC decreases phosphorylation of AKT 
and mTOR, similar to that reported in breast cancer.80 This indi-
cates that FKBP52 contributes to proliferation through the PI3K/
AKT/mTOR signaling pathway. Increased FKBP52 expression has 
also been observed in c-Myc-induced liver cancer (hepatocellular 
carcinoma), making FKBP52 a potential biomarker for liver can-
cer.86 These results reinforce the activation of FKBP4 transcription 
by c-Myc, as observed in prostate cancer.70 Tumors of the hemat-
opoietic system are induced to form tumors through NF-κB.87 As 
described above, RelA is activated by FKBP52 through its interac-
tion with FKBP52. FKBP52 also interacts with IKKβ and IKKγ, and 
promotes IKK complex formation. Based on this information, the 
interaction of FKBP52 with RelA and IKK could contribute to the 
development of tumors of the hematopoietic system. However, 
tumorigenesis experiments using mutants that are deficient in 
binding ability have not yet been reported. Therefore, the extent 
to which the interaction of FKBP52 with RelA and IKK affects tu-
morigenesis is not clear.

5  |  CONCLUSION

The effects of FKBP52 on SHR-mediated cell proliferation are be-
coming clearer. FKBP52 enhances the transcriptional activity of 
SHR by promoting its nuclear translocation, stabilization, and dimer 
formation. Moreover, FKBP52 is also involved in signaling pathways 
unrelated to SHRs. As the expression of FKBP52 is increased in sev-
eral cancers and overexpression of FKBP52 is associated with poor 
prognosis, FKBP52 is considered an effective therapeutic target for 
cancer. As FKBP52 has many functions as a PPIase and cochaperone, 
it is important to clearly distinguish its functions. In addition, it is 
also unclear how the activity of FKBP52 is regulated. It is necessary 
to identify molecules that function upstream of FKBP52 as well as 
the posttranslational modifications of FKBP52. Further studies will 
greatly advance our understanding of the regulation and functions 
of FKBP52.

ACKNOWLEDG MENTS
We thank Dr M. Habara for the critical discussions.

FUNDING INFORMATION
This study was supported by MEXT Japan Society for the Promotion 
of Science (grant number 21H02403).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

E THIC S S TATEMENTS
Approval of the research protocol by an institutional review board: 
N/A.

Informed consent: N/A.
Registry and registration no. of the study/trial: N/A.
Animal studies: N/A.

ORCID
Shunsuke Hanaki   https://orcid.org/0000-0002-7803-0547 
Midori Shimada   https://orcid.org/0000-0002-2718-8600 

R E FE R E N C E S
	 1.	 Ghartey-Kwansah G, Li Z, Feng R, et al. Comparative analysis of 

FKBP family protein: evaluation, structure, and function in mam-
mals and Drosophila melanogaster. BMC Dev Biol. 2018;18:7.

	 2.	 Tong M, Jiang Y. FK506-binding proteins and their diverse func-
tions. Curr Mol Pharmacol. 2015;9:48-65.

	 3.	 Yu JA, Wang Z, Yang X, Ma M, Li Z, Nie Q. LncRNA-FKBP1C reg-
ulates muscle fiber type switching by affecting the stability of 
MYH1B. Cell Death Discov. 2021;7:73.

	 4.	 Harding MW, Galat A, Uehling DE, Schreiber SL. A receptor for the 
immunosuppressant FK506 is a cis-trans peptidyl-prolyl isomerase. 
Nature. 1989;341:758-760.

	 5.	 Chambraud B, Byrne C, Meduri G, Baulieu EE, Giustiniani J. FKBP52 
in neuronal signaling and neurodegenerative diseases: a microtu-
bule story. Int J Mol Sci. 2022;23.

	 6.	 Smith DF. Tetratricopeptide repeat cochaperones in steroid recep-
tor complexes. Cell Stress Chaperones. 2004;9:109-121.

	 7.	 Chambraud B, Sardin E, Giustiniani J, et al. A role for FKBP52 in tau 
protein function. Proc Natl Acad Sci USA. 2010;107:2658-2663.

	 8.	 Riggs DL, Cox MB, Tardif HL, Hessling M, Buchner J, Smith DF. 
Noncatalytic role of the FKBP52 peptidyl-prolyl isomerase do-
main in the regulation of steroid hormone signaling. Mol Cell Biol. 
2007;27:8658-8669.

	 9.	 Riggs DL, Roberts PJ, Chirillo SC, et al. The Hsp90-binding pepti-
dylprolyl isomerase FKBP52 potentiates glucocorticoid signaling in 
vivo. EMBO J. 2003;22:1158-1167.

	10.	 Galigniana MD, Radanyi C, Renoir JM, Housley PR, Pratt WB. 
Evidence that the peptidylprolyl isomerase domain of the hsp90-
binding immunophilin FKBP52 is involved in both dynein interac-
tion and glucocorticoid receptor movement to the nucleus. J Biol 
Chem. 2001;276:14884-14889.

	11.	 Galigniana MD, Erlejman AG, Monte M, Gomez-Sanchez C, Piwien-
Pilipuk G. The hsp90-FKBP52 complex links the mineralocorticoid 
receptor to motor proteins and persists bound to the receptor in 
early nuclear events. Mol Cell Biol. 2010;30:1285-1298.

	12.	 Byrne C, Henen MA, Belnou M, et al. A beta-turn motif in the ste-
roid hormone receptor's ligand-binding domains interacts with the 
peptidyl-prolyl isomerase (PPIase) catalytic site of the immunophi-
lin FKBP52. Biochemistry. 2016;55:5366-5376.

	13.	 Banerjee A, Periyasamy S, Wolf IM, et al. Control of glucocorticoid 
and progesterone receptor subcellular localization by the ligand-
binding domain is mediated by distinct interactions with tetratrico-
peptide repeat proteins. Biochemistry. 2008;47:10471-10480.

	14.	 Miyata Y, Chambraud B, Radanyi C, et al. Phosphorylation of the 
immunosuppressant FK506-binding protein FKBP52 by casein ki-
nase II: regulation of HSP90-binding activity of FKBP52. Proc Natl 
Acad Sci USA. 1997;94:14500-14505.

https://orcid.org/0000-0002-7803-0547
https://orcid.org/0000-0002-7803-0547
https://orcid.org/0000-0002-2718-8600
https://orcid.org/0000-0002-2718-8600


    |  2737HANAKI and SHIMADA

	15.	 Cox MB, Riggs DL, Hessling M, Schumacher F, Buchner J, Smith DF. 
FK506-binding protein 52 phosphorylation: a potential mechanism 
for regulating steroid hormone receptor activity. Mol Endocrinol. 
2007;21:2956-2967.

	16.	 Chambraud B, Rouviere-Fourmy N, Radanyi C, et al. 
Overexpression of p59-HBI (FKBP59), full length and domains, 
and characterization of PPlase activity. Biochem Biophys Res 
Commun. 1993;196:160-166.

	17.	 Sinars CR, Cheung-Flynn J, Rimerman RA, Scammell JG, Smith DF, 
Clardy J. Structure of the large FK506-binding protein FKBP51, an 
Hsp90-binding protein and a component of steroid receptor com-
plexes. Proc Natl Acad Sci USA. 2003;100:868-873.

	18.	 Cheung-Flynn J, Roberts PJ, Riggs DL, Smith DF. C-terminal se-
quences outside the tetratricopeptide repeat domain of FKBP51 
and FKBP52 cause differential binding to Hsp90. J Biol Chem. 
2003;278:17388-17394.

	19.	 Cheung-Flynn J, Prapapanich V, Cox MB, Riggs DL, Suarez-Quian C, 
Smith DF. Physiological role for the cochaperone FKBP52 in andro-
gen receptor signaling. Mol Endocrinol. 2005;19:1654-1666.

	20.	 Yong W, Yang Z, Periyasamy S, et al. Essential role for Co-chaperone 
Fkbp52 but not Fkbp51 in androgen receptor-mediated signaling 
and physiology. J Biol Chem. 2007;282:5026-5036.

	21.	 Hong J, Kim ST, Tranguch S, Smith DF, Dey SK. Deficiency of co-
chaperone immunophilin FKBP52 compromises sperm fertilizing 
capacity. Reproduction. 2007;133:395-403.

	22.	 Yeh S, Tsai MY, Xu Q, et al. Generation and characterization of an-
drogen receptor knockout (ARKO) mice: an in vivo model for the 
study of androgen functions in selective tissues. Proc Natl Acad Sci 
USA. 2002;99:13498-13503.

	23.	 Zgajnar NR, De Leo SA, Lotufo CM, Erlejman AG, Piwien-Pilipuk G, 
Galigniana MD. Biological actions of the Hsp90-binding immuno-
philins FKBP51 and FKBP52. Biomolecules. 2019;9:52.

	24.	 Storer CL, Dickey CA, Galigniana MD, Rein T, Cox MB. FKBP51 
and FKBP52 in signaling and disease. Trends Endocrinol Metab. 
2011;22:481-490.

	25.	 Hirota Y, Acar N, Tranguch S, et al. Uterine FK506-binding pro-
tein 52 (FKBP52)-peroxiredoxin-6 (PRDX6) signaling protects 
pregnancy from overt oxidative stress. Proc Natl Acad Sci USA. 
2010;107:15577-15582.

	26.	 Tranguch S, Wang H, Daikoku T, Xie H, Smith DF, Dey SK. 
FKBP52 deficiency-conferred uterine progesterone resistance 
is genetic background and pregnancy stage specific. J Clin Invest. 
2007;117:1824-1834.

	27.	 Yang Z, Wolf IM, Chen H, et al. FK506-binding protein 52 is essen-
tial to uterine reproductive physiology controlled by the progester-
one receptor a isoform. Mol Endocrinol. 2006;20:2682-2694.

	28.	 Tranguch S, Cheung-Flynn J, Daikoku T, et al. Cochaperone immu-
nophilin FKBP52 is critical to uterine receptivity for embryo im-
plantation. Proc Natl Acad Sci USA. 2005;102:14326-14331.

	29.	 Hirota Y, Tranguch S, Daikoku T, et al. Deficiency of immunophilin 
FKBP52 promotes endometriosis. Am J Pathol. 2008;173:1747-1757.

	30.	 Joshi NR, Miyadahira EH, Afshar Y, et al. Progesterone resistance in 
endometriosis is modulated by the altered expression of MicroRNA-
29c and FKBP4. J Clin Endocrinol Metab. 2017;102:141-149.

	31.	 Shim S, Yuan JP, Kim JY, et al. Peptidyl-prolyl isomerase FKBP52 
controls chemotropic guidance of neuronal growth cones via regu-
lation of TRPC1 channel opening. Neuron. 2009;64:471-483.

	32.	 Bandleon S, Strunz PP, Pickel S, et al. FKBP52 regulates TRPC3-
dependent Ca(2+) signals and the hypertrophic growth of cardio-
myocyte cultures. J Cell Sci. 2019;132.

	33.	 Gkika D, Topala CN, Hoenderop JG, Bindels RJ. The immunophilin 
FKBP52 inhibits the activity of the epithelial Ca2+ channel TRPV5. 
Am J Physiol Renal Physiol. 2006;290:F1253-F1259.

	34.	 Griekspoor A, Zwart W, Neefjes J, Michalides R. Visualizing the ac-
tion of steroid hormone receptors in living cells. Nucl Recept Signal. 
2007;5:nrs-05003.

	35.	 Thadani-Mulero M, Portella L, Sun S, et al. Androgen receptor 
splice variants determine taxane sensitivity in prostate cancer. 
Cancer Res. 2014;74:2270-2282.

	36.	 Shafi AA, Cox MB, Weigel NL. Androgen receptor splice variants 
are resistant to inhibitors of Hsp90 and FKBP52, which alter andro-
gen receptor activity and expression. Steroids. 2013;78:548-554.

	37.	 Periyasamy S, Warrier M, Tillekeratne MP, Shou W, Sanchez ER. 
The immunophilin ligands cyclosporin a and FK506 suppress 
prostate cancer cell growth by androgen receptor-dependent and 
-independent mechanisms. Endocrinology. 2007;148:4716-4726.

	38.	 Maeda K, Habara M, Kawaguchi M, et al. FKBP51 and FKBP52 reg-
ulate androgen receptor dimerization and proliferation in prostate 
cancer cells. Mol Oncol. 2022;16:940-956.

	39.	 Schaufele F, Carbonell X, Guerbadot M, et al. The structural 
basis of androgen receptor activation: intramolecular and inter-
molecular amino-carboxy interactions. Proc Natl Acad Sci USA. 
2005;102:9802-9807.

	40.	 Davies TH, Ning YM, Sanchez ER. A new first step in activation 
of steroid receptors: hormone-induced switching of FKBP51 and 
FKBP52 immunophilins. J Biol Chem. 2002;277:4597-4600.

	41.	 Silverstein AM, Galigniana MD, Kanelakis KC, Radanyi C, Renoir 
JM, Pratt WB. Different regions of the immunophilin FKBP52 de-
termine its association with the glucocorticoid receptor, hsp90, and 
cytoplasmic dynein. J Biol Chem. 1999;274:36980-36986.

	42.	 Wochnik GM, Ruegg J, Abel GA, Schmidt U, Holsboer F, Rein T. 
FK506-binding proteins 51 and 52 differentially regulate dynein in-
teraction and nuclear translocation of the glucocorticoid receptor 
in mammalian cells. J Biol Chem. 2005;280:4609-4616.

	43.	 Tatro ET, Everall IP, Kaul M, Achim CL. Modulation of glucocorti-
coid receptor nuclear translocation in neurons by immunophilins 
FKBP51 and FKBP52: implications for major depressive disorder. 
Brain Res. 2009;1286:1-12.

	44.	 Xiong H, Chen Z, Lin B, et al. Naringenin regulates FKBP4/NR3C1/
NRF2 Axis in autophagy and proliferation of breast cancer and 
differentiation and maturation of dendritic cell. Front Immunol. 
2021;12:745111.

	45.	 Liu L, Cheng J, Wei F, et al. The influence mechanism of abnormal 
immunophilin FKBP52 on the expression levels of PR-A and PR-B 
in endometriosis based on endometrial stromal cell model in vitro. 
Organogenesis. 2021;17:1-13.

	46.	 Habara M, Sato Y, Goshima T, et al. FKBP52 and FKBP51 differen-
tially regulate the stability of estrogen receptor in breast cancer. 
Proc Natl Acad Sci USA. 2022;119:e2110256119.

	47.	 Eakin CM, Maccoss MJ, Finney GL, Klevit RE. Estrogen receptor 
alpha is a putative substrate for the BRCA1 ubiquitin ligase. Proc 
Natl Acad Sci USA. 2007;104:5794-5799.

	48.	 Kumar P, Mark PJ, Ward BK, Minchin RF, Ratajczak T. Estradiol-
regulated expression of the immunophilins cyclophilin 40 and 
FKBP52 in MCF-7 breast cancer cells. Biochem Biophys Res Commun. 
2001;284:219-225.

	49.	 Schulke JP, Wochnik GM, Lang-Rollin I, et al. Differential impact 
of tetratricopeptide repeat proteins on the steroid hormone recep-
tors. PLoS One. 2010;5:e11717.

	50.	 Pongratz I, Mason GG, Poellinger L. Dual roles of the 90-kDa heat 
shock protein hsp90 in modulating functional activities of the di-
oxin receptor. Evidence that the dioxin receptor functionally be-
longs to a subclass of nuclear receptors which require hsp90 both 
for ligand binding activity and repression of intrinsic DNA binding 
activity. J Biol Chem. 1992;267:13728-13734.

	51.	 Bamberger CM, Wald M, Bamberger AM, Schulte HM. Inhibition of 
mineralocorticoid and glucocorticoid receptor function by the heat 
shock protein 90-binding agent geldanamycin. Mol Cell Endocrinol. 
1997;131:233-240.

	52.	 Grossmann C, Ruhs S, Langenbruch L, et al. Nuclear shuttling pre-
cedes dimerization in mineralocorticoid receptor signaling. Chem 
Biol. 2012;19:742-751.



2738  |    HANAKI and SHIMADA

	53.	 Gallo LI, Ghini AA, Piwien Pilipuk G, Galigniana MD. Differential 
recruitment of tetratricorpeptide repeat domain immunophilins to 
the mineralocorticoid receptor influences both heat-shock protein 
90-dependent retrotransport and hormone-dependent transcrip-
tional activity. Biochemistry. 2007;46:14044-14057.

	54.	 Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. 
Signal Transduct Target Ther. 2017;2:17023.

	55.	 Erlejman AG, De Leo SA, Mazaira GI, et al. NF-kappaB transcrip-
tional activity is modulated by FK506-binding proteins FKBP51 and 
FKBP52: a role for peptidyl-prolyl isomerase activity. J Biol Chem. 
2014;289:26263-26276.

	56.	 Zong S, Jiao Y, Liu X, et al. FKBP4 integrates FKBP4/Hsp90/IKK 
with FKBP4/Hsp70/RelA complex to promote lung adenocarci-
noma progression via IKK/NF-kappaB signaling. Cell Death Dis. 
2021;12:602.

	57.	 Mackenzie GG, Keen CL, Oteiza PI. Microtubules are required for 
NF-kappaB nuclear translocation in neuroblastoma IMR-32 cells: 
modulation by zinc. J Neurochem. 2006;99:402-415.

	58.	 Masutomi K, Kaneko S, Hayashi N, et al. Telomerase activity re-
constituted in vitro with purified human telomerase reverse tran-
scriptase and human telomerase RNA component. J Biol Chem. 
2000;275:22568-22573.

	59.	 Forsythe HL, Jarvis JL, Turner JW, Elmore LW, Holt SE. Stable as-
sociation of hsp90 and p23, but not hsp70, with active human telo-
merase. J Biol Chem. 2001;276:15571-15574.

	60.	 Holt SE, Aisner DL, Baur J, et al. Functional requirement of p23 and 
Hsp90 in telomerase complexes. Genes Dev. 1999;13:817-826.

	61.	 Jeong YY, Her J, Oh SY, Chung IK. Hsp90-binding immunophilin 
FKBP52 modulates telomerase activity by promoting the cytoplas-
mic retrotransport of hTERT. Biochem J. 2016;473:3517-3532.

	62.	 Harley CB. Telomerase and cancer therapeutics. Nat Rev Cancer. 
2008;8:167-179.

	63.	 Wang GX, Poo MM. Requirement of TRPC channels in netrin-
1-induced chemotropic turning of nerve growth cones. Nature. 
2005;434:898-904.

	64.	 Zhang Y, Knight W, Chen S, Mohan A, Yan C. Multiprotein com-
plex with TRPC (transient receptor potential-canonical) channel, 
PDE1C (phosphodiesterase 1C), and A2R (adenosine A2 receptor) 
plays a critical role in regulating cardiomyocyte cAMP and survival. 
Circulation. 2018;138:1988-2002.

	65.	 Wu X, Eder P, Chang B, Molkentin JD. TRPC channels are neces-
sary mediators of pathologic cardiac hypertrophy. Proc Natl Acad 
Sci USA. 2010;107:7000-7005.

	66.	 Chambraud B, Belabes H, Fontaine-Lenoir V, Fellous A, Baulieu EE. 
The immunophilin FKBP52 specifically binds to tubulin and pre-
vents microtubule formation. FASEB J. 2007;21:2787-2797.

	67.	 Garcia ML, Cleveland DW. Going new places using an old MAP: tau, 
microtubules and human neurodegenerative disease. Curr Opin Cell 
Biol. 2001;13:41-48.

	68.	 Lin JF, Xu J, Tian HY, et al. Identification of candidate prostate 
cancer biomarkers in prostate needle biopsy specimens using pro-
teomic analysis. Int J Cancer. 2007;121:2596-2605.

	69.	 Federer-Gsponer JR, Quintavalle C, Muller DC, et al. Delineation 
of human prostate cancer evolution identifies chromothripsis as a 
polyclonal event and FKBP4 as a potential driver of castration resis-
tance. J Pathol. 2018;245:74-84.

	70.	 Bhowal A, Majumder S, Ghosh S, et al. Pathway-based expression 
profiling of benign prostatic hyperplasia and prostate cancer delin-
eates an immunophilin molecule associated with cancer progres-
sion. Sci Rep. 2017;7:9763.

	71.	 Oki S, Ohta T, Shioi G, et al. ChIP-atlas: a data-mining suite powered 
by full integration of public ChIP-seq data. EMBO Rep. 2018;19.

	72.	 Labaf M, Li M, Ting L, et al. Increased AR expression in castration-
resistant prostate cancer rapidly induces AR signaling repro-
gramming with the collaboration of EZH2. Front Oncol. 2022;​
12:1021845.

	73.	 De Leon JT, Iwai A, Feau C, et al. Targeting the regulation of an-
drogen receptor signaling by the heat shock protein 90 cochap-
erone FKBP52 in prostate cancer cells. Proc Natl Acad Sci USA. 
2011;108:11878-11883.

	74.	 Liang S, Bian X, Liang D, et al. Solution formulation development 
and efficacy of MJC13 in a preclinical model of castration-resistant 
prostate cancer. Pharm Dev Technol. 2016;21:121-126.

	75.	 Krause WC, Shafi AA, Nakka M, Weigel NL. Androgen receptor 
and its splice variant, AR-V7, differentially regulate FOXA1 sensi-
tive genes in LNCaP prostate cancer cells. Int J Biochem Cell Biol. 
2014;54:49-59.

	76.	 Balk SP, Knudsen KE. AR, the cell cycle, and prostate cancer. Nucl 
Recept Signal. 2008;6:e001.

	77.	 Ward BK, Mark PJ, Ingram DM, Minchin RF, Ratajczak T. Expression 
of the estrogen receptor-associated immunophilins, cyclophi-
lin 40 and FKBP52, in breast cancer. Breast Cancer Res Treat. 
1999;58:267-280.

	78.	 Ostrow KL, Park HL, Hoque MO, et al. Pharmacologic unmasking 
of epigenetically silenced genes in breast cancer. Clin Cancer Res. 
2009;15:1184-1191.

	79.	 Xiong H, Chen Z, Zheng W, et al. FKBP4 is a malignant indicator in 
luminal a subtype of breast cancer. J Cancer. 2020;11:1727-1736.

	80.	 Mange A, Coyaud E, Desmetz C, et al. FKBP4 connects mTORC2 
and PI3K to activate the PDK1/Akt-dependent cell proliferation 
signaling in breast cancer. Theranostics. 2019;9:7003-7015.

	81.	 Liu Y, Ma H, Yao J. ERalpha, a key target for cancer therapy: a re-
view. Onco Targets Ther. 2020;13:2183-2191.

	82.	 Piasecka D, Skladanowski AC, Kordek R, Romanska HM, Sadej 
R. Aspects of progesterone receptor (PR) activity regula-
tion – impact on breast cancer progression. Postepy Biochem. 
2015;61:198-206.

	83.	 Zhu Z, Hou Q, Wang B, et al. FKBP4 regulates 5-fluorouracil sensi-
tivity in colon cancer by controlling mitochondrial respiration. Life 
Sci Alliance. 2022;5.

	84.	 Liu M, Gao N. KDM5D inhibits the transcriptional activation of 
FKBP4 by suppressing the expression of E2F1 in colorectal cancer 
in males. Biochem Pharmacol. 2021;194:114814.

	85.	 Meng W, Meng J, Jiang H, Feng X, Wei D, Ding Q. FKBP4 accel-
erates malignant progression of non-small-cell lung cancer by ac-
tivating the Akt/mTOR signaling pathway. Anal Cell Pathol (Amst). 
2020;2020:6021602.

	86.	 Liu Y, Li C, Xing Z, et al. Proteomic mining in the dysplastic liver of 
WHV/c-myc mice – insights and indicators for early hepatocarcino-
genesis. FEBS J. 2010;277:4039-4053.

	87.	 Xia Y, Shen S, Verma IM. NF-kappaB, an active player in human can-
cers. Cancer Immunol Res. 2014;2:823-830.

How to cite this article: Hanaki S, Shimada M. Impact of 
FKBP52 on cell proliferation and hormone-dependent cancers. 
Cancer Sci. 2023;114:2729-2738. doi:10.1111/cas.15811

https://doi.org/10.1111/cas.15811

	Impact of FKBP52 on cell proliferation and hormone-­dependent cancers
	Abstract
	1|DOMAIN STRUCTURE AND ROLE
	2|PHYSIOLOGICAL FUNCTIONS
	3|ACTIVATION MECHANISM OF INTERACTING MOLECULES
	3.1|Steroid hormone receptors
	3.1.1|Androgen receptor
	3.1.2|Glucocorticoid receptor
	3.1.3|Progesterone receptor
	3.1.4|Estrogen receptor α
	3.1.5|Mineralocorticoid receptor

	3.2|Other targets
	3.2.1|Nuclear factor-­κB
	3.2.2|Human telomerase reverse transcriptase
	3.2.3|Ca2+ channel
	3.2.4|Tubulin


	4|EXPRESSION LEVEL OF FKBP52 IN CANCER TISSUES AND ITS RELATIONSHIP WITH THEIR PROLIFERATION
	4.1|Prostate cancer
	4.2|Breast cancer
	4.3|Other cancers

	5|CONCLUSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENTS
	REFERENCES


