European Review for Medical and Pharmacological Sciences 2020; 24: 8918-8930

FKBP51 acts as a biomarker of early
metastasis and is related to carmustine
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Abstract. - OBJECTIVE: Given that FK506 bind-
ing protein 51 (FKBP51) is upregulated in multiple
cancers, we designed the present study to char-
acterize its role as well as underlying regulato-
ry mechanisms in glioma in the presence and ab-
sence of the chemotherapeutic carmustine (BCNU).

MATERIALS AND METHODS: Through lenti-
viral overexpression and shRNA knockdown of
FKBP51, we examined the effects on BT325 glio-
ma cell proliferation, migration and invasion using
quantitative reverse transcription PCR (qRT-PCR),
CCK-8 assay, flow cytometry, and transwell assay.

RESULTS: The upregulation of FKBP51 result-
ed in significantly decreased BT325 cell prolifer-
ation and cell viability, cell cycle arrest, reduced
BCNU chemosensitivity and AKT pathway inac-
tivation. However, FKBP51-overexpressed BT325
cells showed enhanced migration and invasion,
which was supported by corresponding increase
in phosphorylated IKKa (p-IKKo), MMP-2, and
MMP-9 levels, as well as increased NF-xB p65
nuclear translocation. By contrast, FKBP51-sup-
pressed BT325 cells showed excessive prolifera-
tion and BCNU resistance due to increased p-AKT
activation and attenuated migration and invasion.

CONCLUSIONS: We demonstrated that the ef-
fects of FKBP51 on BT325 glioma cell proliferation,
migration, invasion and BCNU chemosensitization
are modulated via the AKT and NF-xB pathways.
Furthermore, our findings suggest the potential
of FKBP51 as a prognostic glioma biomarker and
an indicator of patient response to chemotherapy.
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green fluorescent protein (GFP); polyvinylidene fluoride
(PVDF); propidium iodide (PI); cyclin-dependent kinase
inhibitors (CDKIs); matrix metalloproteinases (MMPs);
serine/threonine protein kinase (AKT), inhibitor of nu-
clear factor kappa (IkB); IxB kinase (IKK); glycogen
synthase kinase-3 beta (GSK-3f).

Introduction

Despite being the most common primary brain
tumor in adults', the etiology and pathogenesis of
malignant (high-grade) glioma remain unclear. An
epidemiological study showed that the incidence of
glioma in men is approximately 1.5-fold to 2-fold
higher than that in women regardless of etiology,
suggesting a gender dependency**. The andro-
gen receptor (AR) has been found to play a role
in glioma tumorigenesis>®. The standard treatment
for glioma includes surgery, radiation and che-
motherapy’. In general, the median survival time
of glioma patients is less than 1.5 years from the
point of diagnosis. The poor disease prognosis is
due to the anatomical position, which poses diffi-
culty in surgical resection, and invasiveness of the
tumor, which promotes chemoresistance™. Thus,
elucidation of the mechanisms underlying glioma
proliferation, invasion and chemoresistance as well
as prognostic biomarkers would provide useful in-
sights and plug the gaps in the field.

FK506 binding protein 51 (FKBP51) is a 51-
kDa protein that belongs to a family of immuno-
philins. It consists of a C-terminal TPR three-tan-
dem repeat domain that mediates protein-protein
interactions, and two N-terminal FK506 bind-
ing domains (FK1 and FK?2). Functions in FK-
506binding and peptidylprolyl isomerase (PPlase)
activity are controlled by the FK1 domain, while
the FK2 domain determines protein structure®!2,
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FKBP5I is ubiquitous in many human tissues and
is stimulated by steroid hormones, such as pro-
gesterone, glucocorticoid and androgen, via their
nuclear receptors”. In turn, FKBP51 regulates
steroid hormone receptor activity'*">. FKBP51 is
differentially expressed in different cancer tis-
sues of various malignancy grades and has been
implicated in tumor progression and chemothera-
py response'®?’. Both AR and FKBP51 are high-
ly expressed in glioma tissue>?'. Examination
of FKBP51 expression in 223 brain glioma pa-
tients and 23 normal brain tissues from patients
with brain injury in our previous study revealed
FKBP5I1 upregulation in glioma tissue and found
that elevated FKBP51 expression was positively
correlated with glioma pathology grade (Chi-
na Modern medicine 23:12-14, 2016). FKBP51
negatively regulates all 3 isoforms of the serine/
threonine protein kinase AKT (AKT 1, AKT 2,
and AKT3) via protein-protein interactions®.
Aberrant AKT activation is well known to play a
pivotal role in the development, progression, and
chemoresistance of a variety of tumors, including
gliomas®-®. Furthermore, FKBP51 can report-
edly regulate both canonical and noncanonical
nuclear factor-kB (NF-«B) activation?”*, which
controls tumor migration and invasion®*-°.

In the present study, we characterized the role
of FKBP51 in glioma cell proliferation, migra-
tion, and invasion, and elucidated the underlying
molecular mechanism that regulates carmustine
[1,3-bis (2-chloroethyl)-1-nitrosourea (BCNU))]
chemosensitivity.

Materials and Methods

Reagents

BCNU, TNF-a, AKT inhibitor (A6730) and
NF-kB inhibitor (BAY11-7082) were purchased
from Sigma-Aldrich Trading Co., Ltd., Shang-
hai, China. The primary antibodies for FKBP51
(sc-271547) and GAPDH (sc-47724) were pur-
chased from Santa Cruz Biotechnology, Shang-
hai, China. Antibodies to S176S180-p-IKKa
(ab17943), IKKa (abl109749), IkB-a (ab32518),
NF-xB p65 (ab32536), S9-p-GSK3p (ab75814),
GSK3p (ab32391), P21 (ab109520), P27 (ab32034),
p-FOXOLIA (S256; ab 31339), FOXO1A (ab52857),
BAX (ab32503), BCL-2(ab32124), o-tubu-
lin (ab52866), MMP-2 (ab92536) and MMP-9
(ab76003) were purchased from Abcam, Cam-
bridge, MA, USA. The primary antibodies for
Serd473-p-AKT (4060S), AKT (4685S) and his-

tone H3 (9715) were purchased from Cell Sig-
naling Technology, Inc., Danvers, MA, USA.
NE-PER nuclear and cytoplasmic extraction kit
(78833) was purchased from Thermo Fisher Sci-
entific, Rockford, 1L, USA.

Cell Line and Culture

Human glioma cell line BT325 (Chinese Acad-
emy of Science, Shanghai, China) was cultured
in Roswell Park Memorial Istitute-1640 (RPMI-
1640) basic complete medium (Gibco® Thermo
Fisher Scientific, Suzhou, China) supplemented
with 15% fetal bovine serum (Gibco, Suzhou,
China) and 1% penicillin/streptomycin at 37°C in
a 5% CO, humidified incubator.

Lentivirus Infection

BT325 cells (1x10°) were seeded in 24-well
plates and cultured overnight in antibiotic-free
RPMI 1640 medium supplemented with 15%
FBS till approximately 60% confluency. The cells
were then infected with GFP-labeled FKBPS5I1
lentivirus (Shanghai Genetimes Technology, Inc.,
Shanghai, China) for 8 h at a multiplicity of in-
fection (MOI) of 20 in the presence of 5 ug/ml
polybrene to improve infection efficiency. Trans-
fection with an empty lentiviral vector was used
as the negative control. The GFP-positive lenti-
viral-infected cells were visualized using a fluo-
rescence microscope (Molecular Devices Imag-
eXpress® Micro Confocal System, San Jose, CA,
USA) 72 h after infection and 3 visual fields at
%200 magnification were used for counting.

FKBP51 shRNA Plasmid Transfection
BT325 cells (1x10°) were seeded in 24-well
plates with antibiotic-free RPMI-1640 medium
supplemented with 15% FBS. The cells were cul-
tured overnight until 60-80% confluency. BT325
cells were then transfected with 0.2 pg of shRNA
plasmid (Santa Cruz Biotechnology Inc., Shang-
hai, China) and negative control plasmid and 3 pl
of transfection reagent (Santa Cruz Biotechnolo-
gy Inc., Shanghai, China) for 8 h according to the
manufacturer’s instructions. The shRNA plas-
mid used consists of a pool of 3 different shR-
NA plasmids (sc-35380-SHA, sc-35380-SHB and
sc-35380-SHC). Sequences for the 3 shRNA plas-
mids are as follows: sc-35380-SHA, 5°-GATC-
CGATGGAATATGGTTTATCATTCAA-
GAGATGATAAACCATATTCCATCTTTTT-3’;
sc-35380-SHB, 5-GATCCCAAGGGTGACTTT-
GAGAAATTCAAGAGATTTCTCAAAGT-
CACCCTTGTTTTT-3%sc-35380-SHC, 5’-GATC-
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CGAAGGGGTCACTAATGAAATTCAA-
GAGATTTCATTAGTGACCCCTTCTTTTT-3").
The culture medium was refreshed after 8 h of
infection and cultured for 2 days before 2 pg/
ml puromycin (Sigma-Aldrich Trading Co., Ltd.,
Shanghai, China) selection for 3-5 days.

Cell Proliferation Assay

Transfected BT325 cells (5.0x10%/well) were
plated in 96-well plates and CCK-8 assays were
performed daily for 3 consecutive days. The op-
tical density (OD) of each well was measured at
450 nm using a Bio-Tek microplate reader (Bio-
Tek Instruments, Thermo Fisher Scientific, Win-
ooski, VT, USA). Triplicate wells were used for
each time point.

RNA Isolation and Quantitative Reverse
Transcription-Polymerase Chain Reaction
(QRT-PCR)

Total RNA was extracted using a Mini BEST
Universal RNA Extraction Kit (TaKaRa, Otsu,
Shiga, Japan). The extracted RNA (1 pg) was re-
verse transcribed into cDNA using the Transcrip-
tor First-Strand cDNA Synthesis Kit (Roche Ap-
plied Science, Mannheim, Germany) and random
hexamer primers in a final volume of 20 pl. Next,
gRT-PCR was performed using a Roche LightCy-
cler 480 and SYBR green (TaKaRa Bio Inc, Da-
lian, China) to quantify the FKBP51 mRNA levels
under the following conditions: 10 min at 95°C;
45 cycles of 95°C for 10 sec, 60°C for 10 sec; and
72°C for 10 sec. GAPDH was used as a control to
compare gene expression. The specific qRT-PCR
primer pairs used were as follows: FKBP51: 5°-
AAA AGG CCA AGG AGC ACA AC-3’ (sense),
5-TTG AGG AGG GGC CGA GTT C-3’ (anti-
sense); GAPDH: 5-GGT ATC GTG GAA GGA
CTC-3’ (sense), 5’-GTA GAG GCA GGG ATG
ATG-3’ (antisense). The 2*4“ method was used to
calculate relative gene expression’'.

Western Blotting

Cellular protein was extracted using a cell
protein extraction kit (Thermo Fisher Scientific,
Waltham, MA, USA), and protein concentrations
were determined using the Pierce BCA protein as-
say kit (Thermo Fisher Scientific, Waltham, MA,
USA). The extracted proteins (20 pg per lane)
were separated using 10% SDS-PAGE, and then,
transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were incubated with
primary antibodies at 4°C overnight. The prima-
ry antibodies include p-GSK3p and GSK3[ at
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1:5000 dilution; IxB-a at (1:2000 dilution, and
the other primary antibodies atl:1000 dilution).
Next, the PVDF membranes were washed 3 times
with TBST before incubation with goat anti-rabbit
horseradish peroxidase-labeled secondary anti-
body (1:5000 dilution; Z2301, Beijing Zhongshan
Jingiao Biotechnology Co., Ltd., Beijing, China)
for 1 h at room temperature. After washing 3 times
with TBST, the immunoreactive bands were visu-
alized using Immobilon™ Western HRP Substrate
Peroxide Solution (WBKLS00100, Millipore,
Billerica, MA, USA). GAPDH, a-tubulin and H3
proteins were used as internal controls for total
protein, plasma protein and nucleoprotein, respec-
tively. Each experiment was performed in tripli-
cate. Image-Pro Plus (version 6.0.0.260, Media Cy-
bernetics, Inc. Rockwille, MD, USA) was used to
quantify the protein bands.

Cell Cycle Analysis

A total of 1x10° transfected BT325 cells were
collected and washed with PBS before fixing in
70% ice-cold ethanol. After incubation for at
least 3 h at -20°C, the cells were washed again
and incubated with 200 pl of propidium iodide
(PI)-containing Muse™ Cell Cycle Reagent (Mil-
lipore, Billerica, MA, USA. Cat # MCH100106)
for 30 min at room temperature in the dark. Flow
cytometry analysis was performed to determine
the percentages of cells in the G0/G1, S and G2/M
phases using a Muse Cell Analyzer (Millipore,
Billerica, MA, USA). Each experiment was per-
formed in triplicate and data were expressed as
mean =+ standard deviation (SD).

Transwell Invasion Assay

Matrigel-coated or uncoated 24-well transwell
inserts with membranes (8 um pore size; BD Biosci-
ences, San Jose, CA, USA) were used for migration
and invasion assays. Next, 1x10° and 2x10° cells in
serum-free medium were added to the upper tran-
swell migration and invasion chambers, respective-
ly. Medium containing 15% FBS was added to the
lower chambers as a chemoattractant. Matrigel and
the cells remaining in the upper chamber were re-
moved by cotton swabs after 24 h incubation in a
humidified incubator with 5% CO, at 37°C. The mi-
grated/invaded cells observed in the lower chamber
were fixed in 95% ethanol for 15 min, then, stained
with hematoxylin for 10 min, and differentiated with
1% hydrochloride alcohol for 5 s. Ten high-power
fields were randomly chosen for counting of migrat-
ed/invaded cells under a light microscope. The aver-
age number of each field was calculated.
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Statistical Analysis

Statistical analyses were conducted using
SPSS version 16.0 software (SPSS Inc., Chicago,
IL, USA). Data with normalized distribution were
expressed as mean + SD. Comparisons among
different treatment groups were performed us-
ing One-way analysis of variance (ANOVA) af-
ter checking the homogeneity of variance, and
comparisons between any two groups following
one-way ANOVA were performed using Stu-
dent-Newman-Keuls (SNK) test. Values of p <
0.05 were considered statistically significant.

Results

FKBP5 1-Overexpressed and FKBP51-
Suppressed BT325 Cell Lines Were
Successfully Established

FKBP51 expression levels vary in glioma cell
lines and tumors harvested from patients®. Since
FKBP51 is moderately expressed in BT325 cell
line, we selected it for our experiments in the pres-
ent study. Using EGFP-labeled BT325 cells, we
found that FKBP51 lentiviral infection efficiency
was approximately 80% (Figure 1A). Further-
more, JPCR (Figure 1B) and Western blot analy-
ses (Figure 1C) revealed successful FKBP51 shR-
NA knockdown and lentiviral-induced FKBP51
overexpression.

FKBP51 Inhibits Cell Cycle Progression
and Proliferation of BT325 Cells

CCK-8 assays showed decreased BT325 cell
proliferation when FKBP51 was overexpressed
but increased BT325 cell proliferation when
FKBP51 was downregulated (Figure 2A). Given
that cell proliferation is regulated by the distri-
bution of cell cycle phases®, we examined the
relative proportion of cells in their respective
cell cycle phases for both FKBP1-overexpressed
and suppressed BT325 cells. Flow cytometry
analysis revealed increased proportion of cells in
the GO/G1 phase and decreased S-G2/M phase
cells in FKBPIl-overexpressed cells. By con-
trast, a higher percentage of cells in the G2/M
phase but decreased percentage of the GO/GI
phase cells was observed upon FKBP51 shRNA
knockdown (Figure 2B). These findings showed
that FKBP51 overexpression can induce cell
cycle arrest at the GO/G1 phase while FKBP51
knockdown promotes S-G2/M phase cell cycle
progression.

FKBP51 Reduces AKT Pathway
Activation

Given that AKT is well known in regulating
cell proliferation and G1/S cell cycle transition in
many cell types®, we next determined its role in
regulating FKBP51-mediated inhibition of BT325
cell proliferation, Western blot analyses showed
that Ser473-phospho-AKT expression was de-
creased in FKBPS51-overexpressed BT325 cells
but increased in FKBP51-suppressed BT325 cells
(Figures 3D-F).

Next, we verified the involvement of the AKT
pathway using an AKT inhibitor. We treated neg-
ative control and shRNA FKBP5l1-transfected
BT325 cells with different concentrations of the
AKT inhibitor (0, 5, 10 and 20 uM) and exam-
ined the effects on cell proliferation and cell cy-
cle distribution using CCK-8 assay and cell cycle
analysis. In the presence of 10 uM AKT inhibitor,
cell proliferation was decreased in a dose-depen-
dent manner (Figures 3A and B), and cells were
arrested at the S and G2/M phases in both groups
(Figure 3C). These results indicated that AKT
inhibition induced G1/S cell cycle arrest, thereby
decreasing BT325 cell proliferation.

We next examined the expression levels of
downstream substrates of the AKT pathway,
GSK3p, FOXO-1, BCL-2, P21 and P27, which reg-
ulate cell cycle progression, cell proliferation and
apoptosis. In FKBP51-overexpressed BT325 cells,
reduced AKT, Ser9-phospho-GSK3p (p-GSK3p),
Ser256-phospho-FOXO-1 (p-FOXO-1) and BCL-
2 levels but increased P21 and P27 levels, were
observed. The reverse was observed in FKBP51-
shRNA knockdown BT325 cells (Figures 3D-F).
These results indicate that FKBP51 inhibits AKT
Ser473 phosphorylation, leading to GSK3p and
FOXO-1 accumulation in the nucleus, and acti-
vating gene transcription of the cyclin-dependent
kinase inhibitors (CDKIs) P21 and P27, thereby
inducing cell cycle arrest and decreasing cell pro-
liferation. This is consistent with reduced antia-
poptotic BCL-2 expression (Figures 3D-F).

FKBP51 Sensitizes BT325 Cells
to BCNU Treatment by Inhibiting AKT
Next, we examined the role of FKBP51 in mod-
ulating BT325 cell response to BCNU treatment.
CCK-8 assays revealed decreased cell viability of
FKBP51-overexpressed cells but increased cell
viability of FKBP5I-repressed cells upon BCNU
treatment. These findings suggested that FK BP51
sensitized BT325 cells to BCNU treatment (Fig-
ure 4A). Given the established role of the AKT
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Figure 1. FKBP51 expression levels in FKBP51 lentiviral-overexpressed and shRNA knockdown BT325 cells. A, Overlap-
ping bright field and EGFP fluorescence images at X100 magnification. B-C, FKBP51 mRNA and protein levels in FKBPS
lentiviral-overexpressed and shRNA knockdown BT325 cells. BLANK: BT325 cells, NC-sh: negative control for sh-FKBP51,
sh-FKBP51: shRNA-FKBPS51, NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBPS51 overexpression. GAPDH was
used as a reference control. Data of 3 independent experiments are shown as the mean + SD; **p<0.01.

pathway in regulating chemoresistance, we inves-
tigated its involvement in mediating the response
of BT325 cells to BCNU treatment. We treated
negative control and FKBP51 shRNA knockdown
BT325 cells with different concentrations of an
AKT inhibitor (A6730) for 48 h and assessed the
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cell viability using CCK-8 assays. Cell viability
gradually decreased in a dose-dependent man-
ner in both groups (Figure 4B). Next, we treated
FKBP51 shRNA knockdown BT325 cells with
three concentrations of BCNU (2, 5 and 10 uM) for
72 h and monitored the effect on the AKT pathway.



Biological effects of FKBP51 in glioma cells

A 2.5+ 08~ —® sh-FKBPSI
"~ ——  NC-ov —— NC-sh
" 2.0 —&— ov-FKBP31 i 0.64 - I*
E 1.5 o s
=z S 044
g 1.0 2
a L
= o S 024
|
0.0 T T 1 0.0 T T 1
0 24 48 72 0 24 8 7
Time(h) Time(h)
wes ov-FKBPS1 @l NC.ov
60— 2
B NC-ov ov-FKBP51 e ‘ pas————
= —
=
DNACONTENT PROFILE DNACONTENT PROFILE 2
g £ GOG1 422 £ GoG1e| ©
H 5123 H sa7 )
- § camas| ' camas| g
c § = i =
=3 Y =} 1] -
=] 2 s
Y i Ty :
] 1004
H —
0123458678810 0123456788910 - o : =
DNACONTENT INDEX DNACONTENT INDEX
o~ m— NC-sh
NC-sh ) sh-FKBP51 s 0 sh-FKBP51
DNACONTENT PROFILE DNACONTENTPROFILE & .
3 G0G150.0 g g;. cociera] 5 404 —
5126 i s127 = oo
- camass| . 300 cam3s3| &
3 3 ¢ g 2
3 8 % : g » =
1 1004 = .
g 3 0= LT T )
T 1234 5078910 0 ‘l‘ 5% 8 é é } é é10 GO/G1 S G2/M
DNACONTENT INDEX DNACONTENT INDEX DNA content index

Figure 2. FKBP5I inhibits BT325 cell cycle progression and cell proliferation. A, CCK-8 analysis of FKBP51-overexpressed
and shRNA knockdown BT325 cells. The absorbance (OD) at 450 nm in each group was measured to assess cell proliferation.
B, Flow cytometry profiles showing cell cycle phase distribution in FKBP51-overexpressed and shRNA knockdown BT325
cells. Each experiment was performed in triplicate. NC-sh: negative control for sh-FKBP51, sh-FKBP51: shRNA-FKBP51,
NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBP51 overexpression. Data of 3 independent experiments are shown

as the mean £ SD; *p<0.05, **p<0.01.

Decreased Ser473-phospho-AKT (p-AKT) and
p-GSK3p levels but increased P21 and P27 levels
were observed. Antiapoptotic BCL-2 protein level
started to decrease at 10 uM BCNU (Figure 4C).
These results suggest that AKT signaling modu-
lates the response of BT325 cells to BCNU.

FKBP51 Promotes BT325
Cell Migration and Invasion

Following the confirmation of the association
between FKBPS51 and BT325 cell proliferation, we
next proceeded to determine the role of FKBPS5I
in BT325 cell migration and invasion. Transwell
assays with and without Matrigel demonstrated

positive correlation between FKBP51 expression
and BT325 cell migration and invasion (Figure 5).

FKBP51 Facilitates MMP-2
and MMP-9 Expression

Given the role of matrix metalloproteinases
(MMPs) as key mediators of basement membrane
degradation, angiogenesis and tumor invasion in
glioma*, we examined the expression of the key
MMPs, MMP-2 and MMP-9 in BT325 cells. In-
creased and decreased MMP-2 and MMP-9 expres-
sion levels were observed in FK BP51-overexpressed
and FKBP51-suppressed BT325 cells respective-
ly (Figures 6A-B). This suggests that MMP-2 and
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Figure 3. FKBP51 decreases BT325 cell proliferation by inhibiting AKT signaling. A-B, CCK-8 cell viability profiles of the
negative control and FKBP51 shRNA-transfected BT325 cells after 24 h treatment with (A) A6730 (AKT inhibitor) at four
0, 5, 10 and 20 uM, or (B) a vehicle control (DMSO). C, Flow cytometry profile showing the distribution of cell cycle phases
in A6730-treated (10 uM) control- and FKBP51 shRNA-transfected BT325 cells. D, Western blot showing the expression of
AKT and its downstream targets P21, P27, BCL-2, FOXO1 and GSK3p in FKBP51-overexpressed and shRNA knockdown
BT325 cells. E-F, Profiles showing the relative protein expression levels of AKT and its downstream targets. Data of three
independent experiments are shown as the mean = SD. NC-sh: negative control for sh-FKBP51, sh-FKBP51: siRNA-FKBP51,
NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBPS51 overexpression. Al: AKT inhibitor, DMSO: dimethyl sulfox-
ide; *p<0.05, **p<0.01.

MMP-9 may be involved in FKBP5I-induced
BT325 cell migration and invasion (Figures 6A-B).

FKBP51 Promotes MMP-2 and MMP-9
Expression by Activating the NFxB
Pathway

Since the NF-kB signaling pathway has been
shown to regulate MMP-2 and MMP-9 expression
in various cancers®, we examined the relation-
ship between FKBP51 and the NF-kB pathway.
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In FKBP51-overexpressed BT325 cells, expres-
sion of inhibitor of nuclear factor kappa (IxB) was
decreased while NF-xB p65 and phosphorylated
IxB kinase (IKK) a were increased in both the
cytoplasm and the nucleus. In contrast, increased
IxBa expression but significantly reduced p-IKKa
and NF-xB p65 expression, as well as p65 nucle-
ar translocations were observed in FKBP51 shR-
NA-transfected BT325 cells compared with that
in negative control cells (Figures 6A, C and D).
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Figure 4. FKBP5I sensitizes BT325 to BCNU via AKT inhibition. A, CCK-8 cell viability and IC, profiles of FKBP51-over-
expressed and sShRNA knockdown BT325 cells after 48 h treatment with BCNU at 20-140 uM doses. B, CCK-8 cell viability
profiles of negative control and FKBP51 shRNA knockdown BT325 cells after 48 h treatment with AKT inhibitor (1.8, 3.6 and
5.4 uM) and BCNU (20-140 uM). C, Western blot analysis of AKT and its downstream targets GSK3f, P21, P27 and BCL-2
in FKBP51 shRNA knockdown BT325 cells after 48 h treatment of BCNU at 2, 5 and 10 uM. All cells were treated with LPS
(1 pg/ml) for 15 min before protein extraction. NC-sh: negative control for sh-FKBP51, sh-FKBP51: shiRNA-FKBP51, NC-ov:
negative control for ov-FKBP51, ov-FKBP51: FKBP51 overexpression; *p<0.05.
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Figure 5. FKBP51 promotes BT325 cell migration and invasion. A, Images at X400 magnification of FKBP51-overexpressed
and shRNA knockdown BT325 cells from Transwell assay in the presence and absence of Matrigel. The number of migrated
cells in each group was used to assess migration and invasion ability (upper: migration, lower: invasion; white dots in 5A are
artifacts and have no practical relevance). B, Profiles showing the relative migration and invasion abilities of FKBP51-overex-
pressed and FKBP51 shRNA-knockdown BT325 cells. NC-sh: negative control for sh-FKBP51, sh-FKBP51: shRNA-FKBP51,
NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBP51 overexpression. The data of three independent experiments are

expressed as the mean + SD; * p<0.05, ** p<0.01.

Western blot analysis revealed significantly de-
creased MMP-2 and MMP-9 expression in negative
control and FKBP51-overexpressed BT325 cells
that have been treated with an NF-kB inhibitor
(Figure 7). These results suggest that FKBP51-me-
diated activation of classical NF-kB signaling pro-
motes MMP-2 and MMP-9 production.

Discussion

In the current study, we investigated the effects
of FKBP51 on BT325 glioma cell proliferation,
migration and invasion, as well as the response to
BCNU treatment. We found that FKBP51 over-
expression inhibited BT325 cell proliferation by
inducing GO/GI cell cycle arrest, and its knock-
down accelerated cell cycle progression and pro-
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moted cell proliferation. Our findings are how-
ever inconsistent with those of Jiang et al*®, as
they found that cell proliferation was suppressed
in FKBP51 siRNA knockdown A172 cells and
enhanced in FKBP51-overexpressing U87 cells,
indicating possible glioma cell line-specific dif-
ferences in growth-regulating pathways or inter-
ference of FKBP51 expression at the basal level
in glioma cells in vitro. Thus, further research is
necessary to clarify these inconsistencies.

We next examined the mechanism underlying
the association between FKBPS51 expression and
BT325 cell proliferation. Specifically, we ana-
lyzed the expression of the CDKIs P21 and P27,
which inhibits cyclin D1 CDK4/6 complex forma-
tion, thereby promoting cell cycle arrest at GO/G1
and S phases®’. FKBP51 overexpression signifi-
cantly increased P21 and P27 expression levels,
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Figure 6. FKBP51-induced NF-«B activation increases MMP-2 and MMP-9 expression. A, Western blot showing the expres-
sion levels of MMP-2 and MMP-9 (total protein); IkBa, p-IKKo and IKKa (cytoplasmic protein); and NF-kB p65 (cytoplasmic
and nuclear protein). All cells were treated with TNF-a (20 ng/ml) for 15 min before protein extraction. The experiment was
repeated 3 times. B, The relative expression levels of MMP-2 and MMP-9 proteins (total protein). Profiles showing the relative
expression levels of (C) NF-«xB p65, IkBa and phosphorylated IKKa in the cytoplasm and of (D) NF-kB p65 in the nucleus in
FKBP51-overexpressed and shRNA knockdown BT325 cells. Data are shown as the mean + SD. NC-sh: negative control for
sh-FKBP51, sh-FKBP51: shRNA-FKBP51, NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBP51 overexpression;

#£p<0.05, **p<0.01.

while FKBP51 knockdown strongly abrogated
their expression. Thus, our results suggest the
involvement of P21 and P27 in FKBP51-induced
cell cycle arrest and growth inhibition. AKT
pathway activation has been reported to pro-
mote cell proliferation and inhibit apoptosis®®4..,
AKT activation inhibits P21 and P27 and inacti-
vates GSK-3p, leading to cyclin D1 degradation,
Gl progression and cell proliferation***. There-
fore, we determined the involvement of AKT in
FKBP51-mediated cell cycle arrest. Indeed, we
confirmed the association between FKBP51 and
the AKT pathway and their interplay in cell cycle
progression and cell proliferation. Furthermore,
we showed that FK BP51 overexpression enhanced
the susceptibility of BT325 cells to BCNU, the
standard adjuvant chemotherapeutic for glioma

that can easily pass through the blood-brain bar-
rier*. In addition, we confirmed the involvement
of AKT signaling in regulating FKBP51-induced
chemosensitivity in BT325 cells. Thus, FKBP51
suppression can lead to excessive AKT signaling
thereby promoting cycle progression, inhibiting
apoptosis, and giving rise to resistance to BCNU.

Tumor cell invasion is a primary cause of poor
prognosis in patients with glioma. In this study,
we demonstrated the positive correlation between
FKBP51 expression and BT325 cell migration and
invasion. The invasiveness of glioma cells is par-
tially regulated by cell interactions with the extra-
cellular matrix (ECM). MMPs are known to play
a pivotal role in ECM degradation”. In particular,
MMP-2 and MMP-9 have been implicated in tu-
mor metastasis®. Since the molecular regulation
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Figure 7. NF-kB inhibition suppresses MMP-2 and MMP-9 expression in BT325 cells. Western blot showing the protein ex-
pression of MMP-2 and MMP-9 in negative control and FKBP51-overexpressed BT325 cells after 24 h treatment with an NF-xB
inhibitor (BAY 11-7082) at 0, 10 and 20 pM. NC-ov: negative control for ov-FKBP51, ov-FKBP51: FKBP51 overexpression.

of MMP-2 and MMP-9 in glioma cells has not
been fully elucidated, we first investigated their
association with FKBP51 expression, and then,
determined the underlying molecular mechanism
regulating glioma migration and invasiveness.
We found that MMP-2 and MMP-9 expression
levels were not only positively correlated with
FKBP51 expression in BT325 cells, but also asso-
ciated with glioma metastasis. Since NF-xB could
reportedly regulate MMP proteolytic enzymes
and promote tumor invasion*****’we examined its
crosstalk with FKBP51 in mediating BT325 cell
migration and invasion. Consistent with Jiang et
al’%, our findings support FKBP51-mediated NF-
kB activation in regulating MMP-2 and MMP-9
expression in BT325 cells. Furthermore, our ob-
servations support the reported role of FKBP51
as an important cofactor in the isomerization of
the IKK catalytic subunit®®. The dose-dependent
reduction in MMP-2 and MMP-9 expression
levels using the NF-kB inhibitor, BAY 11-7082,
which inhibits TNF-a-induced IkB-a phosphor-
ylation, further confirm the roles of FKBP51 and
the classical NF-xB pathway in BT325 cell mi-
gration and invasion via transcriptional regula-
tion of the MMP-2 and MMP-9 genes. Interest-
ingly, FKBP51-induced NF-kB activation acts via
the upstream IKKs instead of the AKT pathway.
Nonetheless, given that cross-regulation between
AKT pathway and other major signaling path-
ways such as NF-kB is a common phenomenon®*,
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we believe that these signaling pathways work in
synergy to modulate glioma phenotypes.

Conclusions

We characterized the effect of FKBP51 in
BT325 glioma cell proliferation, cell cycle pro-
gression, migration, invasion and response to
BCNU treatment. In addition, we elucidated the
involvement of the AKT and NF-kB pathways in
regulating glioma phenotypes. Our findings pro-
pose a potential role for FKBP51 as a prognostic
biomarker for glioma malignancy and an indica-
tor of chemotherapy response.

Conflict of Interests

The authors declare that they have no financial or commer-
cial conflict of interest.

References

1) Stupp R, MasoNn WP, van DeN Bent MJ, WELLER
M, FisHER B, TAPHOORN MJ, BELANGER K, BRANDES
AA, Marosi C, BoGbAHN U, CURSCHMANN J, JANZER
RC, LupwiNn SK, GoruAa T, ALLGEIER A, LACOMBE
D, CarNcross JG, EisENHAUER E, MirRiMANOFF RO.
Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl J Med
2005; 352: 987-996.



Biological effects of FKBP51 in glioma cells

2) Kasar GC, Etcen AM, RoHan TE. Do steroid hor-
mones play a role in the etiology of glioma?
Cancer Epidemiol Biomarkers Prev 2010; 19:
2421-2427.

3) Hess KR, BrocLio KR, Bonoy ML. Adult glioma in-
cidence trends in the United States, 1977-2000.
Cancer 2004; 101: 2293-2299.

4) Dusrow R, Darersky AS. Demographic variation
in incidence of adult glioma by subtype, United
States, 1992-2007. BMC Cancer 2011; 11: 325.

5) Yu X, JianGg Y, WEI W, ConG P, DING Y, XianG L, Wu
K. Androgen receptor signaling regulates growth
of glioblastoma multiforme in men. Tumour Biol
2015; 36: 967-972.

6) Liu C, ZHANG Y, ZHANG K, BIAN C, ZHAO Y, ZHANG J.
Expression of estrogen receptors, androgen re-
ceptor and steroid receptor coactivator-3 is nega-
tively correlated to the differentiation of astrocytic
tumors. Cancer Epidemiol 2014; 38: 291-297.

7) Han B, Cal J, Gao W, MenG X, Gao F, Wu P, Duan
C, WANG R, DinisLam M, LiN L, Kang C, Jiang C. Loss
of ATRX suppresses ATM dependent DNA dam-
age repair by modulating H3K9me3 to enhance
temozolomide sensitivity in glioma. Cancer Lett
2018; 419: 280-290.

8) Mrowczynski OD, Bourcier AJ, Liao J, LANGAN ST,
SpecHT CS, Rizk EB. The predictive potential of
hyponatremia for glioblastoma patient survival. J
Neurooncol 2018; 138: 99-104.

9) GALLO LI, LAGADARI M, PIwiEN-PiLiruk G, GALIGNIANA
MD. The 90-kDa heat-shock protein (Hsp90)-bind-
ing immunophilin FKBP51 is a mitochondrial pro-
tein that translocates to the nucleus to protect
cells against oxidative stress. J Biol Chem 2011;
286: 30152-30160.

10) Romano S, SorrenTiNO A, Di Pace AL, Narro G,
Mercoauano C, Romano MF. The emerging role of
large immunophilin FK506 binding protein 51 in
cancer. Curr Med Chem 2011; 18: 5424-5429.

11) SomareLul JA, Lee SY, Skounick J, HErRrRera RJ. Struc-
ture-based classification of 45 FK506-binding
proteins. Proteins 2008; 72: 197-208.

12) BracHer A, Kozany C, TrHost AK, HauscH F. Struc-
tural characterization of the PPlase domain of
FKBP51, a cochaperone of human Hsp90. Acta
Crystallogr D Biol Crystallogr 2011; 67: 549-559.

13) JaaskeLAINEN T, MakkoNeN H, Pawvivo JJ. Steroid
up-regulation of FKBP51 and its role in hormone
signaling. Curr Opin Pharmacol 2011; 11: 326-331.

14) Ni L, Yang CS, Gioeu D, Frierson H, Torr DO,
PascHAL BM. FKBP51 promotes assembly of the
Hsp90 chaperone complex and regulates andro-
gen receptor signaling in prostate cancer cells.
Mol Cell Biol 2010; 30: 1243-1253.

15) Perivasamy S, HiNDs T, JR., SHEMSHEDINI L, SHou W/, SAN-
cHez ER. FKBP51 and Cyp40 are positive regula-
tors of androgen-dependent prostate cancer cell
growth and the targets of FK506 and cyclosporin
A. Oncogene 2010; 29: 1691-1701.

16) SotassoL J, ManGge A, Maupetonoe T. FKBP family
proteins as promising new biomarkers for cancer.
Curr Opin Pharmacol 2011; 11: 320-325.

17) Storer CL, Dickey CA, GaLGNIANA MD, Ren T, Cox
MB. FKBP51 and FKBP52 in signaling and dis-
ease. Trends Endocrinol Metab 2011; 22: 481-490.

18) Yao YL, Liang YC, Huang HH, Yang WM. FKBPs
in chromatin modification and cancer. Curr Opin
Pharmacol 2011; 11: 301-307.

19) EuswortH KA, Eckiorr BW, Li L, Moon |, FribLey
BL, Jenkins GD, CarLsoN E, Brissin A, Ao R, BAMLET
W, PeterseNn G, Wiesen ED, Wang L. Contribution
of FKBP5 genetic variation to gemcitabine treat-
ment and survival in pancreatic adenocarcinoma.
PLoS One 2013; 8: €70216.

20) Fries GR, Gassen NC, Rein T. The FKBP51 Gluco-
corticoid receptor co-chaperone: regulation, func-
tion, and implications in health and disease. Int J
Mol Sci 2017; 18:

21) D'ArriGo P, Russo M, Rea A, TuraNno M, GUADAGNO
E, DeL Basso De CArRo ML, PaceLul R, HAuscH F, Stal-
BANO S, ILARDI G, PArisi S, Romano MF, Romano S. A
regulatory role for the co-chaperone FKBP51s in
PD-L1 expression in glioma. Oncotarget 2017; 8:
68291-68304.

22) Pei H, Li L, FrioLey BL, Jenkins GD, Katarl KR, LINGLE
W, PeterseN G, Lou Z, Wane L. FKBP51 affects can-
cer cell response to chemotherapy by negatively
regulating Akt. Cancer Cell 2009; 16: 259-266.

23) LI B, L J, Xu WW, Guan XY, QIN YR, ZHANG
LY, Law S, Tsao SW, CHeung AL. Suppression of
esophageal tumor growth and chemoresistance
by directly targeting the PISBK/AKT pathway. On-
cotarget 2014; 5: 11576-11587.

24) FaLasca M. PI3K/Akt signalling pathway specific
inhibitors: a novel strategy to sensitize cancer
cells to anti-cancer drugs. Curr Pharm Des 2010;
16: 1410-1416.

25) DAl S, YAN Y, Xu Z, Zeng S, Qian L, Huo L, Li X,
Sun L, Gong Z. SCD1 confers temozolomide resis-
tance to human glioma cells via the akt/gsk3be-
ta/beta-catenin signaling axis. Front Pharmacol
2017; 8: 960.

26) BoLLAERT E, JoHANNS M, HERINCkX G, DE ROCCA SERRA
A, VANDEWALLE VA, HAVELANGE V, RiDER MH, VEr-
ToMmeN D, Demouuin JB. HBP1 phosphorylation
by AKT regulates its transcriptional activity and
glioblastoma cell proliferation. Cell Signal 2018;
44: 158-170.

27) ANTHONY NG, BAIGET J, BERRETTA G, Boyp M, BReen D,
Epwarps J, GamsLE C, Grar Al, HARVEY AL, HATzIIER-
emiA S, Ho KH, HuggaN JK, LANG S, LLONA-MINGUEZ
S, Luo JL, McInTosH K, PauL A, PLEvIN RJ, ROBERTSON
MN, Scott R, SuckuinGg CJ, Sutcuirre OB, Young LC,
Mackay SP. Inhibitory kappa b kinase a (ikka) in-
hibitors that recapitulate their selectivity in cells
against isoform-related biomarkers. J Med Chem
2017; 60: 7043-7066.

28) RomaNo S, Xia0 Y, NAKAYA M, D'ANGELILLO A, CHANG
M, JiNn J, HauscH F, Masullo M, FenGg X, Romano
MF, Sun SC. FKBP51 employs both scaffold and
isomerase functions to promote NF-kappaB acti-
vation in melanoma. Nucleic Acids Res 2015; 43:
6983-6993.

29) Wu Y, ZHou BP. TNF-alpha/NF-kappaB/Snail path-
way in cancer cell migration and invasion. Br J
Cancer 2010; 102: 639-644.

30) TcHOGHANDJIAN A, JENNEWEIN C, EckHARDT I, RAJAL-
INGAM K, FuLpba S. ldentification of non-canonical
NF-kappaB signaling as a critical mediator of
Smac mimetic-stimulated migration and invasion

8929



H. Li, Y.-L. Jiao, R.-F. Zhou, S. Liu, B.

Cui, L.-C. Wang, X.-W. Liu, Y.-R. Zhao

of glioblastoma cells. Cell Death Dis 2013; 4:
e564.

31) Livak KJ, Schmitteen TD. Analysis of relative gene
expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods
2001; 25: 402-408.

32) LonGg XE, Gong ZH, Pan L, ZHonGg ZW/, Le YP, Liu
Q, Guo JM, Znong JC. Suppression of CDK2 ex-
pression by siRNA induces cell cycle arrest and
cell proliferation inhibition in human cancer cells.
BMB Rep 2010; 43: 291-296.

33) WANG W, FriDMAN A, BrLAckLEDGE W, CONNELLY S,
WiLson 1A, Piiz RB, Boss GR. The phosphatidy-
linositol 3-kinase/akt cassette regulates purine
nucleotide synthesis. J Biol Chem 2009; 284:
3521-3528.

34) CHANDRIKA G, NATEsH K, RANADE D, CHUGH A, SHASTRY
P. Suppression of the invasive potential of Glio-
blastoma cells by mTOR inhibitors involves mod-
ulation of NFkappaB and PKC-alpha signaling.
Sci Rep 2016; 6: 22455.

35) Karin M, Cao Y, Greten FR, Li ZW. NF-kappaB in
cancer: from innocent bystander to major culprit.
Nat Rev Cancer 2002; 2: 301-310.

36) Jiang W, Cazacu S, Xiang C, ZenkiuseN JC, FINE
HA, Berens M, ARrRMmSTRONG B, Brobpie C, MIKKELSEN
T. FK506 binding protein mediates glioma cell
growth and sensitivity to rapamycin treatment by
regulating NF-kappaB signaling pathway. Neopla-
sia 2008; 10: 235-243.

37) CHanG F, Lee JT, NavoLanic PM, STEELMAN LS, SHEL-
ToN JG, Braock WL, FrankuN RA, McCusrey JA.
Involvement of PI3K/Akt pathway in cell cycle
progression, apoptosis, and neoplastic transfor-
mation: a target for cancer chemotherapy. Leuke-
mia 2003; 17: 590-603.

38) CHanGg HC, Hsu C, Hsu HK, Yang RC. Functional
role of caspases in sphingosine-induced apopto-
sis in human hepatoma cells. [IUBMB Life 2003;
55: 403-407.

8930

39) Lee EJ, Kim DI, Kim WJ, Moon SK. Naringin inhib-
its matrix metalloproteinase-9 expression and
AKT phosphorylation in tumor necrosis factor-al-
pha-induced vascular smooth muscle cells. Mol
Nutr Food Res 2009; 53: 1582-1591.

40) Lu C, ZHu X, WiLunGgHAM MC, CHeng SY. Activation
of tumor cell proliferation by thyroid hormone in
a mouse model of follicular thyroid carcinoma.
Oncogene 2012; 31: 2007-2016.

41) Zuang W, Lv S, Liv J, ZanGg Z, YiN J, AN N, YanG
H, Sonc Y. PCI-24781 down-regulates EZH2 ex-
pression and then promotes glioma apoptosis
by suppressing the PIK3K/Akt/mTOR pathway.
Genet Mol Biol 2014; 37: 716-724.

42) Liro K, LiJ, Wane Z. Dihydroartemisinin inhibits cell
proliferation via AKT/GSK3beta/cyclinD1 pathway
and induces apoptosis in A549 lung cancer cells.
Int J Clin Exp Pathol 2014; 7: 8684-8691.

43) SHimura T. Acquired radioresistance of cancer
and the AKT/GSK3beta/cyclin D1 overexpression
cycle. J Radiat Res 2011; 52: 539-544.

44) WanG GB, Liu JH, Hu J, Xue K. MiR-21 enhanced
glioma cells resistance to carmustine via de-
creasing Spry2 expression. Eur Rev Med Phar-
macol Sci 2017; 21: 5065-5071.

45) pe Vicente JC, Fresno MF, ViLLALAIN L, VEGA JA,
HernanDEZ VALLEJO G. Expression and clinical sig-
nificance of matrix metalloproteinase-2 and ma-
trix metalloproteinase-9 in oral squamous cell
carcinoma. Oral Oncol 2005; 41: 283-293.

46) PHiup S, Butsute A, Kunou GC. Matrix metallopro-
teinase-2: mechanism and regulation of NF-kap-
paB-mediated activation and its role in cell motility
and ECM-invasion. Glycoconj J 2004; 21: 429-441.

47) Tai KY, SHieH YS, Lee CS, SHiaH SG, Wu CW. Axl
promotes cell invasion by inducing MMP-9 ac-
tivity through activation of NF-kappaB and Brg-1.
Oncogene 2008; 27: 4044-4055.

48) ManninG BD, Toker A. AKT/PKB Signaling: navi-
gating the network. Cell 2017; 169: 381-405.





