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Abstract

Background: Although the availability of therapeutic options including temozolomide, radiotherapy and some
target agents following neurosurgery, the prognosis of glioma patients remains poor. Thus, there is an urgent need to
explore possible targets for clinical treatment of this disease.

Methods: Tissue microarrays and immunohistochemistry were used to detect FKBP10, Hsp47, p-AKT (Ser473),
p-CREB (Ser133) and PCNA expression in glioma tissues and xenografts. CCK-8 tests, colony formation assays and
xenograft model were performed to test proliferation ability of FKBP10 in glioma cells in vitro and in vivo. Quantita-
tive reverse transcriptase-PCR, western-blotting, GST-pull down, co-immunoprecipitation and confocal-immunoflu-
orescence staining assay were used to explore the molecular mechanism underlying the functions of overexpressed
FKBP10 in glioma cells.

Results: FKBP10 was highly expressed in glioma tissues and its expression was positively correlates with grade, poor
prognosis. FKBP10-knockdown suppressed glioma cell proliferation in vitro and subcutaneous/orthotopic xenograft
tumor growth in vivo. Silencing of FKBP10 reduced p-AKT (Ser473), p-CREB (Ser133), PCNA mRNA and PCNA pro-
tein expression in glioma cells. FKBP10 interacting with Hsp47 enhanced the proliferation ability of glioma cells via
AKT-CREB-PCNA cascade. In addition, correlation between these molecules were also found in xenograft tumor and
glioma tissues.

Conclusions: We showed for the first time that FKBP10 is overexpressed in glioma and involved in proliferation of
glioma cells by interacting with Hsp47 and activating AKT-CREB-PCNA signaling pathways. Our findings suggest that
inhibition of FKBP10 related signaling might offer a potential therapeutic option for glioma patients.
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Background

Glioma accounts for about 70% of all primary malignant
brain tumors. According to the classification criteria of
World Health Organization, glioma is subtyped into low
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identify molecule alterations involved in malignant phe-
notypes of glioma cells and to explore possible targets for
clinical treatment of this disease.

FKBP is a protein family with affinity for FK506, a
compound with immunosuppressant. FKBP proteins are
involved in multiple cellular processes, including recep-
tor signaling, protein folding, chaperone activity, tran-
scription and immunosuppression [5]. Several FKBPs
have been implicated in biological behavior of cancer
cells. For example, FKBP52 binding to heat shock pro-
tein 90 enhanced androgen receptor function and pro-
moted proliferation of prostate cells [6]. FKBP3, FKBP4
and FKBP8 maintained the ability of proliferation and
migration/invasion of lung and breast cancer cells [7-9].
FKBP51 increased PHLPP-AKT interaction and facili-
tated PHLPP-mediated dephosphorylation of AKT at
Ser473, thus downregulating AKT activation in pancre-
atic cancer cells [10].

FKBP10 is a member of FKBP family and encodes a
65-KD protein (also termed FKBP65). FKBP10 protein
is located in rough endoplasmic reticulum and involved
in collagen biosynthesis through collagen pyridinoline
cross-linking and construction of bone, tendons [11, 12].
Hypofunction of FKBP10 protein induced by FKBP10
mutation reduced collagen formation, promoted bone
fragility or joint contracture, and thus caused several
severe diseases such as osteogenesis imperfect, Bruck
syndrome [13, 14]. FKBP10 overexpression was found
in lung fibroblast of idiopathic pulmonary fibrosis (IPF),
leading to an impact on extracellular matrix protein syn-
thesis and secretion [15, 16]. Nintedanib approved for
idiopathic pulmonary fibrosis therapy significantly could
down-regulate FKBP10 expression in IPF fibroblasts
[17]. Besides, FKBP10 upregulation has been observed in
KRAS mutation-induced lung adenocarcinoma, colorec-
tal cancer renal cell carcinoma, gastric cancer and knock-
down of FKBP10 expression could reverse the malignant
phenotype, especially proliferation ability [18—21]. Thus,
FKBP10 is an important molecule in cell biology activi-
ties and a potential therapeutic target with therapeu-
tic drug. However, biological role of FKBP10 in glioma
remains unclear.

In the present study, we found that FKBP10 was upreg-
ulated in glioma. High FKBP10 expression was an inde-
pendent indicator for poor prognosis of grade 4 glioma
patients. Moreover, FKBP10 promoted proliferation of
glioma cells through AKT-CREB-PCNA signaling and
might be as a possible therapeutic target for glioma.

Materials and methods

Glioma tissues

A total of 430 glioma tissues were obtained from the
Department of Neurosurgery at the Cancer Hospital,
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Chinese Academy of Medical Sciences. Thirty specimens
had matched adjacent non-neoplastic tissues collected
from the edema-affected tissues surrounding the high-
grade gliomas or resected in the process of obtaining
deep-seated gliomas. Two independent neuropatholo-
gists diagnosed all the specimens according to the WHO
classification. Grade 2, 3 and 4 gliomas were of 17.2%,
16.3% and 66.5%, respectively. All the enrolled patients
were without history of other malignant tumors and
received neither neoadjuvant chemotherapy nor radio-
therapy before surgery, and signed separate informed
consent forms for the sampling and molecular analyses.
The clinical/pathological information of the patients are
shown in Additional file 1: Table S1, in which the follow-
up information was available for 394 patients. All the
operative specimens were residual tissues after diagnos-
tic sampling. This study was approved by the Ethics Com-
mittee of Cancer Hospital, Chinese Academy of Medical
Sciences (No. NCC2014G-12).

Immunohistochemistry

The cores of operative tissues and glioma cell lines were
extracted from the primary blocks to construct tissue
microarrays (TMAs). TMAs and paraffin-embedded
subcutaneous xenograft were cut into 5-um sections.
Immunohistochemistry and evaluation of immunostain-
ing were performed as described previously [22]. The
following primary antibodies were used: anti-FKBP10
antibody (1:2000, 50353, Sigma), anti-Hsp47 antibody
(1:1200, sc5293, Santa Cruz), anti- p-CREB (1:1000,
9198S, CST) and PCNA (1:5000, 13110S, CST). PV-9000
Polymer Detection System (PV9000, ZSGB-BIO) follow-
ing the manufacturer’s instructions was used to visualize
the immune-staining.

Cell culture and inhibitors treatment

The human glioma cell lines GOS-3, T98G, U118MG,
LN229, U251MG, SF268, U343MG, U373MG, HS683
and TJ905 were purchased from the Cobioer Biotech-
nology Company (Nanjing, China) and National Infra-
structure of Cell Line Resource (Beijing, China). All cells
were cultured in high-glucose DMEM except for SF268
in 1640 and T98G in MEM with containing 10% fetal
bovine serum, 100 mg/mL streptomycin, and 100 U/mL
penicillin and 73 maintained in a humidified atmosphere
containing 5% CO2 at 37 °C. The cell lines were incubated
with the p-Akt activator SC79, p-CREB inhibitor KG-501
and MG132 (Selleck) for different lengths of time.

siRNA and shRNA construction

The used siRNAs were as follows: 5-CTACCACTACAA
CGGCACTTT-3' (FKBP10-siRNA1), 5-GAAGATTAT
CATCCCTCCATT-3' (FKBP10-siRNA2), 5-CAGCAG
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C AAGCAGCACTACAA-3’' (Hsp47-siRNA1), 5-CAA
CTACTACGACGACGAGAA- 3  (Hsp47-siRNA2).
Non-silencing siRNA as control was 5-TTCTCCGAA
CGTGTCA CGT-3'. The target sequence of the FKBP10
shRNA was 5-GCTCTCATCTTGCTC A ATTCC-3/,
and the scramble was 5- GGATCATCATGCTATGCA
GTT-3. All targeted sequences were synthesized by
GenePharma (Suzhou, China).

Transfection and lentiviral transduction

Cells were transfected with siRNA using Lipofectamine
2000 (Life Technologies, Carlsbad, CA, USA) based on
the manufacturer’s instructions. The final concentration
of siRNA used for gene silencing is 100 nM. Cells were
collected for subsequent analyses after 48 h post-trans-
fection. The lentiviruses were used to transduce glioma
cells, and stable cell strains expressing FKBP10-shRNA
(shFKBP10) or control scramble-shRNA (sh-scramble)
were selected by using puromycin (2 pg/mL, Gibco) for
at least 1 week.

Western blot analysis

Total protein was isolated using RIPA buffer (Applygen,
Beijing, China) with protease inhibitors and phosphatase
inhibitors (Roche, Basel, Switzerland) according to the
manufacturers’ instructions. Western blot was performed
by routine operation. Immunoblotting was carried out
with primary antibodies against FKBP10 (1:500, 50353,
Sigma), Hsp47 (1:500, sc-5293, Santa Cruz), p-AKT
(Ser473) (1:1000, 4060S, CST), Akt (1:1000, 2920S, CST),
p-CREB (1:1000, 9198S, CST), CREB (1:1000, 91978,
CST), PCNA (1:1000, 13110S, CST). GAPDH (1:5000,
60004-1-Ig, Proteintech) was used as a loading control.
Secondary antibodies (Goat anti-Mouse IgG and Goat
anti-Rabbit IgG, 1:5000) were purchased from Apply-
gen. The signals were visualized with a super enhanced
chemiluminescence (ECL) detection reagent (Applygen).

RNA extract and real-time PCR

Total RNA was isolated using an RNApure Tissue & Cell
Kit (Cwbiotech, Beijing, China). The isolated RNA was
used as a template for reverse transcription reactions
using a HiFiScript ¢cDNA Synthesis Kit (Cwbiotech).
Quantitative real-time RT-PCR analysis was performed
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using SYBR® Fast qPCR Mix (TaKaRa, Shiga, Japan)
and a CFX96 Real-Time System (Bio-Rad). The rela-
tive mRNA expression of the target genes was normal-
ized to an endogenous reference (GAPDH). The primer
sequences used in this study were listed as follows: PCNA
F 5-GCCCTGGTTCTGGAGGTAA C-3, R, 5-GTC
CTTGAGTGCCTCCAACA-35 GAPDH FE 5-ATTCCA
TGGCACCG TCAAGGCTGA-3, R, 5-TTCTCCATG
GTGGTGAAGACGCCA-3".

Co-immunoprecipitation assay

Total protein was isolated from cells using a non-dena-
turing lysis buffer (Applygene) with protease inhibi-
tors. Protein G agarose beads were incubated with
anti-FKBP10 antibody, anti-Hsp47 antibody, rabbit or
mouse IgG at room temperature for 1 h. Then, the pro-
tein lysate were added and incubated at 4 °C overnight.
The immunoprecipitates were collected by centrifugation
and washed with PBST. The mixture was subjected to
western blot analysis.

Immunofluorescence microscopy

The cells that grew on the slides were fixed, permeabi-
lized, blocked and incubated with FKBP10 (1:100), Hsp47
(1:100) at 4 °C overnight. The bounding primary antibod-
ies were detected using goat anti-mouse IgG-FITC or
goat anti-rabbit IgG H&L (1:100) (Abcam) at 37 °C for
1 h. The fluorescence was detected via confocal micros-
copy (General Electric Company, Fairfield, CT, USA).

Construction of FKBP10 mutant glioma cells

pEGFP-C1 plasmid with full length cDNA of FKBP10
were used to construct FKBP10 domain deletion mutants
according to KOD-Plus-Mutagenesis Kit’s instructions
(SMK-101, TOYOBO). The primer sequences used were
listed in Table 1. The five deletion mutants were trans-
fected separately into shFKBP10 LN229 cells.

Cell viability and colony formation assay

Cells were seeded in triplicate in 96-well plates at a den-
sity of 2000 cells per well. Cell viability was assessed with
a Cell Counting kit-8 (CCK-8, Dojindo, Japan) accord-
ing to the manufacturer’s protocol. The absorbance at
450 nm was measured using an ELX808 microplate

Table 1 The primer sequences for constructing FKBP10 domain deletion mutants

FKBP10 mutants Forward Reverse

A1 (aal-150) AACAAGGAAGACACCGTGCAGGTGAGCACAT CATAGAATTCGAAGCTTGAGCTCGAGATC

A2 (aa174-262) AACCCGAAGGACGCTGTCCAGCTAGAGAC GTCCTGGACCATGCGGGGGCAGTG

A3 (aa286-374) AACCCTGCGGATGTGGTGGAAATCAGGACAC CCCGGCCCCGGCTCTGCGGACA

A4 (2a399-486) GATGGGCTGCCCACAGGCTACCTGTTTG AAGCTTGGTGGTCTCATTGCAGGTCTCAGATGG
A5 (497-582) GGATCCACCGGATCTAGATAACTGATCATAAT CACAAACAGGTAGCCTGTGGGCAGCCC
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spectrophotometer (BioTek Instruments, Winooski, VT,
USA). To assess the clonogenic capacity of cells in vitro,
500 cells were plated in six-well culture plates in tripli-
cated. The cells were allowed to grow for 10-14 days to
form colonies, and then fixed with methanol and stained
with crystal violet. The number of colonies was counted.

In vivo study

All animal experiment procedures were in accordance
with acquirements of Experimental Animal Ethics Com-
mittee and approved by the Animal Center of the Insti-
tute of National Cancer Center/Cancer Hospital, CAMS
& PUMC (NCC2019A014). For subcutaneous xenograft
model, 10° cells of FKBP10-shCtrl and FKBP10-shRNA
LN229 cells were subcutaneously injected in 4-5 week-
old female BALB/c-nude mice (n>5 mice each group)
separately. The tumor size was weekly measured, and the
mice were sacrificed after 6 weeks. The tumor specimens
were embedded in paraffin, cut into 5-pm sections, and
stained with hematoxylin and eosin (H&E). For ortho-
topic model, 5 x 10° cells in 5 pL were subcutaneously
injected into the caudate nucleus of brain of 4-5 week-
old female BALB/c-nude mice (n>3 mice each group)
separately with continuous anesthetization with isoflu-
rane (RWD Life Science). Then orthotopic xenograft
were tested with T2-weight (T2W) by a 7.0 T MRI scan-
ner (Bruker BioSpin, Billerica, MA, USA) after 4 weeks.

Statistical analysis

All statistical analyses and drawing figures were per-
formed by using R software and GraphPad Prism soft-
ware (GraphPad Inc., San Diego, USA). The survival
analysis was done with “survival” and “survminer” pack-
age. The correlation analysis was done by Spearman cor-
relation test. The experimental results were statistically
evaluated using Student’s t-test, one-way ANOVA, or
the nonparametric Kruskal-Wallis test for comparisons
between different groups. P<0.05 was considered statis-
tically significant.

Results

FKBP10 overexpression was positively related to glioma
grade and negatively related to survival time
Immunochemistry analysis showed that FKBP10 was
undetectable in all the tested non-neoplastic tissues, but
strongly expressed in 5.4%, 40.0% and 64.7% of grades 2,
3, 4 gliomas, with an increasing frequency in higher grade
tumors (Fig. 1a, b). In tumor tissues, FKBP10 protein
was located in the cytoplasm of cancerous cells. Strong
FKBP10 immunostaining was positively related to poor
prognosis in both grades 3 (HR=2.06, 95% CI 1.08-3.91,
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P=0.024) and 4 gliomas (HR=1.80, 95% CI 1.27-2.52,
P=0.0007, Fig. 1c, d). Multivariate Cox regression anal-
ysis indicated that FKBP10 overexpression was an inde-
pendent indicator for poor prognosis of grade 4 glioma
patients (Fig. 1e, ).

Reduced FKBP10 expression inhibited proliferation

of glioma cells

Western-blot and immunocytochemistry analyses of 10
glioma cell lines showed that high FKBP10 expression
was in T98G, U118MG, LN229, U343MG and HS683,
and located in cellular cytoplasm (Fig. 2a, b). We there-
fore chose U118MG and LN229 cell lines for the subse-
quent exploration. Knockdown of FKBP10 expression in
glioma cells led to a significant reduce of cell proliferation
rate and colony number compared to the control cells
(Fig. 2¢, d). In vivo experiments showed that knockdown
of FKBP10 in LN229 glioma cells significantly decreased
the tumorigenic ability. Subcutaneous tumors with
FKBP10-shRNA LN229 cells were of markedly reduced
volumes and weights (Fig. 2e). Intracranial xenografts
derived from FKBP10-shRNA cells had smaller tumors
than those of the control, as revealed by T2-weighted
MRI (Fig. 2f).

FKBP10 affects AKT-CREB signal and PCNA expression

in glioma cells

We checked a total of 157 phosphoproteins and 147
unphosphoproteins playing vital role in 16 cell signal
patyways by phospho-specific protein microarray. Sig-
nificantly upregulated and downregulated proteins were
enriched in PI3K-AKT pathway, followed by MAPK and
JAK-STAT signal pathways (Fig. 3a). Western blot analysis
showed that phospho-AKT (Ser473) and phospho-CREB
(Ser133) were significantly downregulated after transfec-
tion with FKBP10-siRNA in U118MG and LN229, while
there were no change in total protein levels of AKT and
CREB (Fig. 3b). Previous study suggested that Proliferat-
ing cell nuclear antigen (PCNA) plays an essential role in
the proliferation process. We found PCNA expression
was also reduced in FKBP10-knockdown cells, which was
not reversed after treated with MG132 for 12 h (Fig. 3c,
d). Real-time PCR assay detected an obvious decrease of
PCNA mRNA exprssion following by FKBP10-knock-
down (Fig. 3e), which suggested that FKBP10 motivates
PCNA protein expression dependent on upregulation of
transcript process. When treated FKBP10-knockdown
cells with AKT activator SC79 0.25 mol/L for 24 h, the
reduced p-AKT, p-CREB, PCNA expression, and the pro-
liferation ability of FKBP10-knockdown cells were appar-
ently rescued (Fig. 3f-h).
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(See figure on previous page.)

Fig. 3 FKBP10 related molecules and signaling pathways. a Pathway analysis of the differentially phosphoproteins and unphosphoproteins in
FKBP10 siRNA LN229 compared with control cells. b The expression level of AKT, CREB and their phosphoproteins in parental, scramble, siRNAs
groups of UT18MG and LN229 cells. ¢, d PCNA protein expression level in FKBP10 knockdown and non-silencing cells with or without incubating
with proteasome inhibitor MG132. @ PCNA mRNA levels were analyzed using real-time RT-PCR. f-h The reduced p-AKT, p-CREB, PCNA expression
and proliferation ability were restored in FKBP10 knocdown glioma cells through incubating with AKT activator SC79. The data are represented as

means =+ SD. *P < 0.05, **P <0.01, ***P <0.001

FKBP10 promotes AKT phosphorylation by interacting
with Hsp47

GST-pull down and liquid chromatography—mass spec-
trometry (LC—MS)/MS analyses showed that heat shock
protein 47 (Hsp47) was preferentially bind to FKBP10 in
glioma cells. Co-immunoprecipitation assay (Co-IP) assay
indicated that FKBP10 probably interacted with Hsp47 in
U118MG and LN229 cells (Fig. 4a). Immunofluorescence
assay demonstrated that FKBP10 was co-located with
Hsp47 (Fig. 4b). We then tested the Hsp47 expression
in 10 glioma cell lines, and observed high Hsp47 protein
expression in U118MG and LN229 cells (Additional file 2:
Fig S1A, B). In consistent with that of FKBP10, knock-
down of Hsp47 also led to a significant reduce of PCNA
mRNA and protein, p-AKT (Ser473), p-CREB (Ser133)
expression (Fig. 4c, d), as well as cell proliferation rate and
colony number (Fig. 4e, f). Nevertheless, both FKBP10
and Hsp47 had no regulatory relationship with each other
(Additional file 2: Fig S1C, D). All these results suggest
that FKBP10 interacted with Hsp47, promoted the phos-
phorylation of AKT and CREB, upregulated the expres-
sion of PCNA mRNA and PCNA protein level, and thus
enhanced the proliferation ability of glioma cells.

The FKBP-type3 PPlase domain is an active domain

of FKBP10 interacting with Hsp47

FKBP10 contains several domains, including signal
peptide, FKBP-type 1-4 PPlase, EF hand 1, EF hand 2
and localization peptide. But it remains unclear which
domain interacts with Hsp47 and promotes the prolif-
eration of glioma cells. Therefore, we constructed five
FKBP10 domain-deletion mutants, FKBP10-A1l (dele-
tion of signal peptide, FKBP-type 1 PPlase), FKBP10-A2

(deletion of FKBP-type 2 PPlase), FKBP10-A3 (deletion
of FKBP-type 3 PPlase), FKBP10-A4 (deletion of FKBP-
type 4 PPlase) and FKBP10-A5 (deletion of EF hand
1-2 and localization peptide) (Fig. 5a).

The result of co-immunoprecipitation and Western-
blotting confirmed FKBP10-A3 mutant hard to inter-
act with Hsp47 (Fig. 5b). Besides, CCK-8 assay showed
that the decreased proliferation ability of shFKBP10
LN229 cells was not rescued when transfected with
FKBP10-A3 mutant, whereas shFKBP10 LN229 cells
transfected by other mutants or FKBP10-CDS with
the elevated proliferation ability (Fig. 5c). These data
revealed that the FKBP-type3 PPlase domain has an
essential role in interacting with Hsp47 and boosting
the proliferation of glioma cells.

CREB regulates PCNA transcript process

Previous studies showed that CREB is an essential tran-
scription factor whose transcriptional effect is mdiated
by its phosphorylation. The above results suggested that
changes of CREB phosphorylation level was in accord-
ance with that of PCNA mRNA after FKBP10 or Hsp47
knockdown. Thus, we further elucidated the regulating
relationship between them. We found that inhibiting
the activity of CREB with the inhibitor KG501 resulted
in a significant decrease of cell proliferation rate, and
colony number (Fig. 6a, b). And the decreased effect
was in concentration-dependent manner. We also
found that PCNA mRNA and protein expression level
obviously downregulated following the decline of phos-
phorylated CREB (Fig. 6¢c, d). All these results indicated
that phosphorylated CREB was involved in the tran-
script process of PCNA expression.

(See figure on next page.)

Fig. 4 Hsp47 interacting with FKBP10 enhanced the proliferation phenotype. a Interaction between FKBP10 and Hsp47 in glioma cells was

detected by immunoprecipitation-Western blot assay. b Cellular localization of FKBP10 and Hsp47 was detected by immunofluorescence staining.
DAPI was used to stain nuclei (blue). Scale bar=30 uM. ¢, d The expression level of PCNA mRNA, PCNA protein, AKT, p-AKT, CREB, p-CREB and cell
proliferation in Hsp47 parental, scramble, SiRNAs groups of U118MG and LN229 cells. e Cell proliferation tests in Hsp47 parental, scramble, siRNAs
groups of UT18MG and LN229 cells by CCK-8 assays. f Representative images of colony formation assays in Hsp47 parental, scramble, siRNAs groups
of UT18MG and LN229 cells. Statistical results of colony number. The data are represented as means = SD. *P < 0.05, **P < 0.01, ***P <0.001
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Fig. 5 The FKBP-type3 PPlase domain is an active domain of FKBP10 interacting with Hsp47. a A diagram of five FKBP10 deletion mutants. b Co-IP
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Expression level of FKBP10 positively correlate with that of
related molecules in subcutaneous xenografts and glioma

tissues

We detected FKBP10 and its downstream molecules
by immunochemistry in subcutaneous xenografts. The
immunostaining signal of FKBP10, p-AKT (Ser473),
p-CREB (Ser133) and PCNA expression were signifi-
cantly weakened in FKBP10 shRNA group compared
to FKBP10 negative control group (Fig. 7a). The results
of immunochemistry in glioma tissues displayed that
positive immunostaining of Hsp47, CREB (Ser133) and
PCNA were abserved in glioma tissues (Fig. 7b). Spear-
man correlation analysis between Hsp47 and FKBP10
revealed that these two molecules were strongly related
(Fig. 7c, R=0.574, P=1.05E-38). Additionally, gliomas
with high FKBP10 expression tend to own high expres-
sion level of p-CREB (Ser133) and PCNA (Fig. 7d, e,
P=1.57E-9 and 0.0009, respectively). Moreover, sur-
vival analysis showed that Hsp47, p-CREB (Ser133)

and PCNA had significant inverse relationship with
patients’ survival time (Fig. 7f-h, HR=1.43, 95% CI
1.04-1.96, P=0.026; HR=1.64, 95% CI 1.20-2.23,
P=0.002; HR=1.50, 95% CI 1.02-2.20, P=0.036).

Discussion

An increasing number of molecular biomarkers, such
as TERT promoter mutation, IDH1/2 mutation and
1p/19q co-deletion, have been used in clinic of glioma.
However, the values of these biomarkers are mainly on
the subtyping and prognostic prediction of the disease.
Herein, we first demonstrate that FKBP10 is probably
a potential target for the therapy of glioma. We found
that FKBP10 was highly expressed in cancerous tissues,
positively related to tumor grade and poor prognosis of
patients. Especially, we observed that FKBP10, via inter-
acting with Hsp47, increased the phosphorylation level of
AKT at Ser473 and CREB at Ser133, which promoted the
transcription of PCNA and the proliferation of glioma
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cells (Fig. 8). Our data suggested that targeting FKBP10-
associated signaling might be a promising strategy in the
treatment of glioma.

It has been shown that FKBP10 is abnormally
expressed in several types of tumors. Olesen et al. found
that FKBP10 was overexpressed not only in colorectal
cancer (CRC) but also in precancerous lesions consist-
ing of hyperplastic polyps, benign tubular adenomas, or
tubulo-villous adenomas from the same patients, sug-
gesting a possible involvement of FKBP10 in CRC genesis
[21]. FKBP10 was also found to be upregulated in KRAS-
mutant lung adenocarcinoma, renal cell carcinoma, and
gastric cancer, and knockdown of FKBP10 is sufficient
to hinder proliferation of tumor cells growth [18-20]. In
coincidence with these observations, our study showed
that FKBP10 highly expressed in glioma tissues, and
knockdown of FKBP10 could inhibit the proliferation
of glioma cells both in vitro and in vivo. It is worthwhile
to mention that FKBP10 has been reported to be under-
expressed in high-grade serous carcinomas (HGSC)

and absence of FKBP10 expression was strongly related
to prolonged survival time of patients, which suggest
FKBP10 may play a role of tumor suppressor in HGSC
[23]. Thus, FKBP10 may act as tumor promoter or sup-
pressor in the process of tumor genesis and development
depending on the cancer type.

Hsp47 protein encoded by SERPINHI gene localizes
in endoplasmic reticulum (ER) and forms a chaperone
complex together with FKBP10, which promotes the
synthesis of type I procollagen in fibroblasts [11, 24].
Duran et al. found that Hsp47 could regulate FKBP10
protein level, while FKBP10 did not affect Hsp47 expres-
sion in fibroblast cells [25]. In the present study, we firstly
detected FKBP10 interacting with Hsp47 in glioma cells
and concomitant expression between FKBP10 and Hsp47
in glioma tissues. However, we did not find regulatory
relationship between FKBP10 and Hsp47 expression,
suggesting that the mechanisms underlying the roles of
these two proteins are different in fibroblast and glioma
cells. FKBP10 has eight domains including four FKBP
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Fig. 7 Expression level of FKBP10 related molecules in subcutaneous xenografts and glioma tissues. a Representative immunostaining images of
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immunostaining images of Hsp47, p-CREB (Ser133) and PCNA in grade 2, 3 and 4 gliomas. Scale bar=25 pm. ¢ Correlation analysis between FKBP10
expression and Hsp47 expression. d, e Expression of p-CREB (Ser133) and PCNA in high and low FKBP10 gliomas. f-h Survival analysis of Hsp47,

p-CREB (Ser133) and PCNA overexpression in grade 4 glioma. ***P <0.001

domains, two EF-hands, one signal peptide and one ER
locating domains. Several previous studies found that
FKBP10 mutations disrupting the amino acid sequence
of FKBP-type3 PPlase domain were a cause of recessive
osteogenesis imperfecta and Bruck syndrome [26, 27],
which suggested that FKBP-type3 PPlase domain may
paly a key role in the biological function of FKBP10. In
the present study, we identified for the first time that
FKBP10 interacts Hsp47 by FKBP-type3 PPlase domain
in glioma cells. It would be interesting to further investi-
gate whether this interaction might be used as a target, or
in combination with existing drug regimens, to improve

the treatment of glioma. Temozolomide is the most com-
monly used chemotherapy drug for glioma. To date, there
was no information concerning the relationship between
the interaction of FKBP10/Hsp47 and chemotherapy.
Future studies should explore whether abolishing the
interaction of FKBP10/Hsp47 could enhance the sensitiv-
ity to TMZ in the therapy of glioma.

PCNA, by forming transcription initiation com-
plex with other molecules such as DNA polymerase
8, promotes DNA synthesis in the proliferation pro-
cess of eukaryotic cells [28, 29]. It has been reported
that in glioma cells, CREB is constitutively activated,
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and PCNA is co-regulated by both CREB-dependent
and -independent mechanisms [30, 31]. CREB is a
key signaling molecule downstream of AKT and an
essential transcription factor whose transcriptional
effect is mediated by its phosphorylation [31, 32]. In
the present study, we observed that PCNA was highly
expressed and positively related to the level of p-CREB
in glioma tissues. Also, we found a region in 200 bp
upstream of the transcription initiation point of PCNA
gene contains the binding site (CRE) of CREB, suggest-
ing that p-CREB could upregulate PCNA expresson
via promoting the transcript process. Accordingly, our
results of in vivo experiments indicated that inhibition
of p-CREB activity suppressed the proliferation of gli-
oma cells.

Furthermore, in view of the overexpression and
interaction of FKBP10 and Hsp47 as well as the effect
of FKBP10 on the proliferation of glioma cells, the
present study might provide potential targets for the
therapy of the disease. Nintedanib was a multi-kinase
inhibitor approved for idiopathic pulmonary fibro-
sis (IPF) therapy. It has been demonstrated that Nin-
tedanib significantly down-regulated the protein level
of FKBP10 in IPF fibroblasts [17]. On the other hand,
polymers containing chemotherapy agents and Hsp47-
binding peptide sequence have favorable inhibition
effect on tumor for intracellular release of agents
after specific binding with Hsp47 [33]. Thus, it will be
important to explore the targeted therapy of glioma
based on the alterations of FKBP10 and Hsp47.
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Conclusions

We showed for the first time that FKBP10 is over-
expressed in glioma and involved in proliferation of
glioma cells by interacting with Hsp47 and activating
AKT-CREB-PCNA signaling pathways. Our findings
suggest that inhibition of FKBP10 related signaling
might offer a potential therapeutic option for glioma
patients.
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