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BLM interaction with EZH2 regulates MDM2 expression
and is a poor prognostic biomarker for prostate cancer
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Abstract: Prostate cancer (PCa) is one of the major causes of cancer death among males worldwide. Our previous
studies indicated that the proliferation of prostate cancer cells was reduced after BLM knockdown, however, the
mechanism is still not clear. In this study, we identified a direct interaction between BLM and EZH2, which had ex-
tremely significantly positive correlations (P<0.001). In vitro, our research revealed that tumor growth was inhibited
after EZH2 knockdown and that inhibition could be reversed by BLM overexpression; conversely, tumor growth was
promoted after EZH2 overexpression, and promotion could be reversed by BLM knockdown. This suggests that BLM
and EZH2 play important roles in the progression of prostate cancer cells. In vivo, the impact of BLM and EZH2 was
investigated in mouse xenograft models, and the results showed that EZH2 could be regulated by BLM, which was
consistent with our in vitro observations. Our results demonstrated that the expression of P53 is affected by the
binding of BLM and EZH2 to the MDM2 promoter region. This finding indicated that EZH2 regulates the expression
of MDM2 at the transcriptional level by interacting with BLM.
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Introduction

In 2020, the American Cancer Society (ACS)
estimates the numbers of new PCa cases and
deaths in the USA will reach 191,930 and
33,330, ranking 1st and 2nd out of all cancers,
respectively [1]. PCa development is the result
of multiple factors, including age [2], diet [3, 4],
and genetics [5-7]. Currently, one of the meth-
ods for the clinical diagnosis of PCa is the mea-
surement of PSA levels in serum, but PSA is
not organ-specific; rather than acting as a bio-
marker for PCa, the PSA level can be elevated
when BPH or prostatitis occurs [8], leading to
overdiagnosis [9]. Because the early clinical
stage of prostate cancer is not obvious, a con-
siderable number of patients have developed
locally advanced or distant metastasis at the
time of diagnosis [10, 11]. Even if some patients
can be relieved by castration treatment, many
patients still progress to castration-resistant
prostate cancer (CRPC), resulting in difficult

treatment and poor effects [12, 13]. Recently,
many potential prognostic biomarkers for PCa
have been identified, including uPA [14, 15],
PSCA [16, 17], and ANXA3 [18], however, the
prognosis of advanced PCa remains poor.
Therefore, looking for PCa biomarkers and
studying the underlying mechanisms for thera-
peutic purposes in PCa is imperative.

BLM is critical for DNA replication, repair,
recombination, transcription, telomere mainte-
nance and other cellular metabolic processes
[19]. Recent studies have shown that the BLM
gene is ranked first among seven high-risk PCa
genes [20], and the high expression of BLM in
PCa tissues is closely related to the malignant
degree of the tumor [21]. Our previous studies
indicated that PC3 cell proliferation was pro-
moted after BLM overexpression, and the pro-
motion effect was rescued by BLM knockdown
[22]. We also determined that BLM enters the
nucleus, requiring importin 1, RanGDP and
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NTF2 [23], and Larissa T et al. reported that
BLM was present during nucleolar localization
[24]. Protein nucleolar localization plays an
important role in maintaining genomic stability
and repair via the EGR1, P53, ARF, DMP1 and
PTEN signaling pathways [25], which are
involved in the process of tumorigenesis or
apoptosis [26, 27]. Therefore, BLM may play
key roles in PCa development. However, the
molecular mechanisms by which BLM is regu-
lated in PCa are not entirely clear.

Our present research indicated that BLM over-
expression was a poor prognostic marker for
PCa patients and that overexpression of BLM
can promote the proliferation and migration of
prostate cancer cells. Moreover, EZH2, a mem-
ber of the Polycomb-group (PcG) family [28], is
involved in maintaining the transcriptional
repressive state of genes over successive cell
generations [29]. As a key mediator of tran-
scriptional repression [30], EZH2 exhibits high
expression in a variety of tumors [31-33], and
we have identified a direct interaction between
EZH2 and BLM. However, the role of the BLM
and EZH2 interaction in the process of prostate
cancer has not been reported. In our study, we
found that both BLM and EZH2 were highly
expressed and that BLM and EZH2 had
extremely significantly positive correlations
(P<0.001). The function of BLM is to regulate
the expression of MDM2 protein through EZH2-
mediated regulation to target the P53 protein.

Materials and methods
Cell culture

Human PCa cell lines (PC3, LNCap, and 22RV1)
and human normal prostate cells (RWPE-1)
were purchased from Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. (Shanghai, China). All
cell lines were authenticated by Zhong Qiao Xin
Zhou Biotechnology Co., Ltd. (Shanghai, China)
or Viva Cell Biosciences Ltd. (Shanghai, China)
via STR profiling and tested free of mycoplasma
as described [34]. HEK293T cells were pur-
chased directly from Kunming Cell Bank
(Kunming, China). PC3 cells were cultured in
DMEM/F12 medium (Gibco BRL, Grand Island,
NY, USA), LNCap cells were cultured in RPMI
1640 (Gibco BRL, Grand Island, NY, USA) with
1% Glutamax (Life Technologies, Grand Island,
NY, USA) and 1% sodium pyruvate (Life
Technologies, Grand Island, NY, USA), 22RV1
cells were cultured in RPMI 1640, RWPE-1 cells
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were cultured in special medium (ZQ-1303,
ZQXZ Bio, Shanghai, China), and HEK293T cells
were cultured in DMEM/HIGH GLUCOSE
(HyClone, South Logan, Utah, USA). All media
were supplemented with 10% FBS (04-001-
1ACS; BI, Beit HaEmek, Israel) and 1% penicillin
(100 U/mL)-streptomycin (100 pg/mL) solution
(8V30010; HyClone, Logan, UT, USA).

Cell viability experiments and flow cytometric
analysis

Cell viability experiments were performed as
previously described [35]; 2.5 x 10* PC3 cells
were treated with the BLM inhibitor ML216
(Chemietek, Shanghai, MCE) at 6.25, 12.5,
25.0, 50.0, and 100.0 yM for 5 days, and try-
pan blue was used for counting live cells. For
cell cycle experiments, cells were fixed in
PBS/70% ethanol at 4°C overnight. Propidium
staining (PI) was used to stain DNA. Cell cycle
profile data were obtained with a Gallios flow
cytometer (Beckman Coulter) and QC function-
ality with Levey-Jennings reports with Gallios
CXP software.

For knockdown and overexpression experi-
ments

For knockdown experiments, the siRNA pools
were transiently transfected into PC3 cells with
Lipofectamine™ 3000 Transfection Reagent
(Invitrogen, Carlsbad, CA). BLM-siRNA, two dif-
ferent EZH2-siRNAs, and negative control-
siRNA were obtained from GenePharma Te-
chnology (Shanghai, China). The sequence of
BLM-siRNA was 5-GCUAGGAGUCUGCGUGCG-
AdTdT-3’ [36], the sequence of two different
EZH2-siRNAs was 5-GAGGGAAAGUGUAUGAU-
AAdTdT-3" and 5-GCUGGAAUCAAAGGAUACA-
dTdT-3’ [37], and the negative control-siRNA
was 5-UUCUCCGAACGUGUCACGUdTAT-3". For
stable knockdown or overexpression cell lines,
PC3 cells were infected with BLM, EZH2-
specific shRNA or BLM, and EZH2 overexpres-
sion lentiviral particles (5 ug/ml) (GenePharma,
Shanghai). Infected cells were selected with 1
pug/ml puromycin for 4 weeks. The nucleic acid
sequences of shRNA were the same as those of
siRNA.

GST-pull down assay

For the GST pulldown assay, the GST and GST
fusion protein pGEX-6p-1-EZH2%+%7° were con-
structed and transformed into E. coli BL21, and

Am J Cancer Res 2021;11(4):1347-1368



BLM interaction with EZH2 promotes PRAD proliferation and metastasis

both cell lines were induced with 0.2 mM IPTG
at 37°C for 8 h. The His-BLM fusion protein
pET-32a-BLM®421417 was induced with 0.1 mM
IPTG at 17°C for 12 h. All bacterial pellets
were extensively washed with 1 x PBS and high
pressure, then centrifuged at 15,000 g for 10
min, and the supernatants were collected
and mixed with glutathione-sepharose (Ther-
mo Scientific) and Ni-NTA agarose (Thermo
Scientific) for purification of GST, GST-EZH2137°
and His-BLM®421417 His-BLM®421417 protein was
rotated with GST and GST-EZH2%37° at 4°C for 6
h and then added to glutathione-sepharose
beads for overnight at 4°C. After centrifugation
and three washes, bound proteins were eluted
with 20 pl of 1 x SDS-PAGE loading buffer and
processed for Western blotting.

Coimmunoprecipitation (Co-IP) assay and west-
ern blot analysis

PC3 cells were treated with lysis buffer con-
taining 0.5% Triton X-100, 20 mM Tris-HCI (pH
8), 2 mM EDTA, 137 mM NaCl and 1 mM PMSF.
The lysates were centrifuged at 15,000 x g
for 10 min, and then the supernatant was col-
lected and incubated with antibodies against
endogenous proteins and purified with protein
A/G beads for 24 h. The beads were washed
with lysis buffer, centrifuged, and collected at
400 x g for 5 min. After the beads were boiled
for 10 min, the precipitated proteins were
separated and eluted in SDS-PAGE loading buf-
fer. Western blotting was used to analyze the
cell lysates and precipitated proteins. For
Western blot (WB) analysis, equal amounts of
cell proteins from the cells were separated and
transferred. The PVDF membranes (Millipore,
MMAS, USA) were blocked with 5% nonfat milk
for 2 h at 37°C and then incubated with spe-
cific antibodies at 4°C overnight. Next, horse-
radish peroxidase (HRP)-labeled secondary
antibodies were incubated for 2 h at 37°C, and
the proteins were detected with a BeyoECL Plus
kit (Beyotime, Shanghai). The relative amount
of protein was normalized to GAPDH levels. The
density of proteins was measured by Image)
1.8.0 software (National Institutes of Health,
Bethesda, MD). The antibodies used in this
experiment were as follows: BLM, EZH2, P53,
MDM2, c-Caspase3, Caspase9, Bcl-2 (Abcam,
Cambridge, USA), His and GST (Cwbio, Beijing,
China), GAPDH (Santa Cruz, Dallas, TX, USA),
Bax and Cyto.C (Proteintech, Wuhan, China).
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Sliver staining and mass spectrometry

After the co-IP experiment and electrophoresis
of the samples containing precipitated pro-
teins, the protein gel was placed in stationary
liquid with 50% ethanol, 40% water and 10%
acetic acid on a shaker overnight at room tem-
perature. The protein bands were observed
with a silver stain kit and analyzed using MS by
Genecreat (Wuhan, China).

Immunohistochemistry and hematoxylin-eosin
staining

The tissue chip was purchased from Biomax.
Inc. (Lot. PR807¢c) and contained 10 normal
prostate tissues, 50 prostate adenocarcino-
mas, and 20 benign prostate hyperplasias. The
IHC staining procedure was performed as
previously described [38]. The tissue chips
were incubated with anti-BLM (1:200, Abcam,
Cambridge, USA) and anti-EZH2 primary anti-
bodies (1:100; Abcam, Cambridge, USA). After
washing three times, the tissue chips were
incubated with HRP-conjugated anti-goat anti-
bodies and then stained with 3,5-diaminoben-
zidine (DAB). The score of each tissue was
calculated by multiplying the percentage of
stained cells (1, weak; 2, moderate; 3, intense)
by the staining value (0-5%, 0; 6-25%, 1;
26-50%, 2; 51-75%, 3; 76-100%, 4). The scores
were independently generated by two patholo-
gists (Drs. Zhu-Xue Zhang and Nan-Zhi Wen).
The median IHC score was selected as the cut-
off value to define high and low expression. For
hematoxylin-eosin staining (HE), mouse tumor-
forming subcutaneous metastatic nodules
were acquired and immersed in PBS (4% para-
formaldehyde), followed by routine processing
[39].

Immunofluorescence

In a physiological state, PC3, LNCap and 22RV1
cells were seeded onto laser confocal micro-
scope dishes. When cell confluence reached
70%, the cells were fixed with 4% parafor-
maldehyde for 20 min, permeabilized with 0.3%
Triton X-100 for 20 min and then incubated in
5% goat serum albumin for 20 min to block
nonspecific protein-protein interactions. After
washing, the confocal dishes were then incu-
bated with rabbit anti-BLM (1:200, Abcam,
Cambridge, USA) and mouse anti-EZH2 anti-
bodies (1:100, Abcam, Cambridge, USA) for 1.5

Am J Cancer Res 2021;11(4):1347-1368



BLM interaction with EZH2 promotes PRAD proliferation and metastasis

h at 37°C. After washing again, the dish was
incubated with goat anti-rabbit 1gG (Alexa
Fluor® 594) (1:200, Abcam, Cambridge, USA)
and goat anti-mouse 1gG (Alexa Fluor® 488)
antibodies (1:200, Abcam, Cambridge, USA) for
1 h at 37°C and stained with DAPI for 5 min at
RT. Images were acquired by an Olympus IX71
Nikon imaging system (x 200).

Chromatin immunoprecipitation and deep
SEQuencing (ChlP-seq)

Chromatin immunoprecipitation (ChIP) was car-
ried out as described [40], and the PC3
cells were fixed with 1% formaldehyde and soni-
cated in lysis buffer (1% Triton X-100, 140 mM
NaCl and 50 mM HEPES-KOH, pH 8.0).
Immunoprecipitation of chromatin was per-
formed with normal rabbit IgG in 1 x dilution
buffer or rabbit anti-EZH2 antibody (Abcam,
Cambridge, USA) (20 mM Tris-HCI, pH 8.0, 2
mM EDTA, 1.0% Triton-X-100, and 150 mM
NaCl). Immunocomplexes were incubated with
A/G agarose beads at 4°C overnight, and RNA
was removed by RNase A at 65°C overnight.
Next, the DNA-protein mixtures were eluted,
and cross-linking was reversed by adding gly-
cine. DNA fragments were purified and used to
construct a DNA library, and the concentration
and purity of the DNA library were detected by a
Qubit 1 x dsDNA Assay Kit (Thermo Fisher).
Finally, the DNA library was sent to a company
for deep sequencing when the concentration
and purity reached high-throughput sequenc-
ing standards.

Dual-luciferase reporter assay

A dual-luciferase reporter assay was performed
as described previously [41]. For this experi-
ment, the primer pairs of the MDM2 promoter
region were designed for a series of trunca-
tions based on the ChIP-seq results. The DNA
fragments were inserted into the pGL3-basic
luciferase vector. 293T cells were plated in
96-well plates, and when cell confluence
reached 90%, the plasmids were transfected
into 293T cells with Lipofectamine™ 3000
Transfection Reagent. The Renilla luciferase
reporter pRL-TK vectors were also transiently
co-transfected into 293T cells as a positive
control. After 48 h, the luciferase activity was
detected in a Multiskan Spectrum instrument
(Synergy H4, BioTek, USA).
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MTS assay and clone formation assay

Cell proliferation was detected by MTS assays
(Saint-Bio, Shanghai, China). PC3 cells trans-
fected with siRNAs or shRNAs (GenePharma,
Shanghai, China) were seeded in 96-well plates
at a density of 5 x 103/well. At 24 h, 48 h and
72 h, the optical density (OD) was detected
using a Multiskan Spectrum instrument
(Synergy H4, BioTek, USA) at 490 nm. For the
clone formation assay, after PC3 cells were
transfected, 500 cells per well were seeded in
6-well plates for 14 days. Next, the formative
colonies were fixed with 4% formalin for 20 min
and stained with crystal violet. The numbers of
colonies were counted by Image) 1.8.0 soft-
ware (National Institutes of Health, Bethesda,
MD, USA).

Wound scratch assay and transwell assays

For the wound-healing assay, PC3 cells were
seeded in 6-well plates until reaching conflu-
ence. Next, the PC3 cells were transfected
with siRNAs or shRNAs (GenePharma, Shang-
hai, China), and wounds were created by using
a 10 pl pipette tip. Gap images were measured
at O h (wl) and at 24 h or 48 h (w2), and the
percentage of wound closure was calculated as
(wl-w2)/wl x 100%. The Transwell migration
assay was performed with BD BioCoat 9
Matrigel Invasion Chambers (BD Biosciences,
Franklin Lakes, NJ, USA). A total of 3 x 10%
homogeneous single-cell suspensions in 200
pl of serum-free MDED/F12 medium were
added to the upper compartment of a cham-
ber, and the lower compartment was filled with
500 pl of DMED/F12 medium containing 10%
FBS. After 10 hours of incubation at 37°C,
cells on the lower surface were fixed with 4%
formalin for 20 min and stained with crystal
violet. Cell counts were calculated by Image)
1.8.0 software. For the Transwell invasion
assay, BD BioCoat 9 Matrigel Invasion
Chambers were also used, and Matrigel was
added to the upper chambers and incubated
for 4 h at 37°C before filling with DMED/F12
medium. After this, other processes were the
same as those in the Transwell migration assay.
Each experiment was performed three times
independently.

Animal model

The animal study procedures were approved by
the Laboratory Animal Ethics Committee of
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Guizhou University. Six-week-old SPF male
immune-deficient BALB/c mice from Tiangin
Biotechnology Co., Ltd. (Changsha, China) were
subcutaneously injected with approximately 3
x 1068 cells. The tumor volumes were measured
every 4 days and calculated using the equation
volume = (W2 x L)/2 [42], where W and L repre-
sent width and length, respectively. After 4
weeks, the mice were sacrificed under anes-
thesia, and the tumor xenografts were removed
and weighed and then immersed in 4% formalin
for immunohistochemistry (IHC) and hematoxy-
lin-eosin (HE) staining.

Statistical analysis

Data are presented as the mean = SD from 3
independent experiments. Gray value of pro-
tein expression, MTS assay, clone formation
assay, wound scratch assay, transwell assays
and tumor weight were calculated by one-way
ANOVA, tumor volume was calculated by two-
way ANOVA. Correlations between BLM and
EZH2 expression were analyzed by Spearman
rank correlation analysis. All analysis was per-
formed by GraphPad Prism 5.0. P values less
than 0.05 were considered statistically
significant.

Results

BLM was more highly expressed in PRAD than
in normal cells. Co-IP and GST pulldown assays
were carried out, and IF results showed that
the BLM and EZH2 proteins were colocalized
in cells

Human PCa cell lines (PC3, LNCap, and 22RV1)
and human normal prostate epithelial (RWPE-1)
cells were cultured, and BLM protein levels
were detected by WB under physiological con-
ditions. The results showed that PC3 cells had
the highest level of BLM (Figure 1A). Therefore,
PC3 cells were chosen to identify new proteins
interacting with BLM in coimmunoprecipitation
assays. SDS-PAGE was visualized with colloidal
sliver staining (Figure 1B). Protein bands that
were different from the IgG control group were
sent for MS/MS analysis using MALDI-TOF/TOF,
and MS/MS data were analyzed with
ProteinPilot™ software using Mascot search. To
select putative interacting proteins and to fur-
ther explore their biological roles, we performed
a literature search and selected EZH2 as a
potential candidate because BLM and EZH2
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are more highly expressed in cancer tissues
than in normal tissues (Figure 1C). In the sur-
vival analysis of PRAD patients, the expression
levels of BLM and EZH2 were significantly posi-
tively correlated with the Gleason score (Figure
1D), and EZH2 was highly correlated with the
BLM protein according to the Pearson correla-
tion statistics (Figure 1E). In addition, there
may be a direct interaction of EZH2 and BLM in
the STRING database (Figure 1F).

Next, to further validate the interaction between
BLM and EZH2, co-IP and GST pull-down assays
were performed. Co-IP assay results showed
that there was a mutual connection between
BLM and EZH2 (Figure 1G). Then, the recombi-
nant plasmids pGEX-6p-1-EZH2%37°, pGEX-6p-
1-EZH237%746 gand pET-32a-BLM®421417 were con-
structed, but only pGEX-6p-1-EZH2'37° and
PET-32a-BLM®421417  were successfully ex-
pressed in vitro for the GST pulldown assay.
The results showed that there was a direct
interaction between EZH2%37° and BLM®421417
(Figure 1H). In addition, the subcellular localiza-
tion of BLM and EZH2 was examined by confo-
cal microscopy analysis. PC3, LNCap and
22RV1 cells were fixed and probed with rabbit
anti-BLM and mouse anti-EZH2 antibodies fol-
lowed by incubation with goat anti-rabbit 1gG
H&L (Alexa Fluor 488) and goat anti-mouse IgG
H&L (Alexa Fluor 594)-tagged secondary anti-
bodies. The cells were incubated with DAPI to
stain the nuclei, and the obtained images indi-
cated that BLM (green) and EZH2 (red) were
colocalized in the nucleus (Figure 1l). These
results together endorse the physical interac-
tion of BLM and EZH2 in PCa cells.

The expression levels of BLM and EZH2 were
investigated by IHC, and BLM is associated
with EZH2 as a potential tumor marker for
prostate cancer

We studied the clinicopathologic significance of
BLM and EZH2 in prostate tissue chips (80
cases), which included 50 prostate adenocarci-
nomas, 20 benign prostate hyperplasias and 9
normal prostate tissues (1 normal tissue lost
during IHC experiment). IHC analysis showed
that BLM and EZH2 were both localized in the
nucleus, and we discovered that patients with
strong BLM staining tended to have strong
EZH2 staining (Figure 2A). In addition, the
expression of both BLM and EZH2 was higher
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Figure 1. BLM was highly expression in PRAD than normal cells, Co-IP and GST pull down were carried out, IF results shows that the BLM and EZH2 proteins are
co-located in PC3. A. Western blot analysis of BLM expression in human normal prostate (RWPE-1) and PRAD cell lines (PC3, LNCap, 22RV1). B. BLM interaction
proteins were obtained by Co-IP test under physiological conditions, IP and IgG control group were send company for MS identification. C. BLM and EZH2 mRNA
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levels in the PRAD TCGA dataset (normal vs. primary tumor). D. The relationship between Gleason score and mRNA
expression level of BLM and EZH2 in the PRAD TCGA dataset. E. EZH2 is significantly positively correlated with BLM
mRNA level in the PRAD TCGA dataset. F. Protein-protein interaction network of BLM and EZH2, the protein network
was predicted using STRING database. G, H. The interaction between BLM and EZH2 was confirmed by Co-IP and
GST-pull down. I. The localization of BLM and EZH2 proteins in PC3, LNCap and 22RV1 cells were detected by indi-

rect immunofluorescence assay.
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Figure 2. The expression levels of BLM and EZH2 were researched by IHC, BLM is associated with EZH2 as a poten-
tial tumor marker for prostate cancer. A. Representative images of BLM and EZH2 expression in Prostate adenocar-
cinoma, hyperplasia and ANT. B. The expression of BLM and EZH2 in 50 PCa tissues was higher than ANT, *P<0.05.
C. The expression of BLM and EZH2 was positively correlated in PCa tissues.

in PCa tissues than in normal tissues (Figure EZH2 was positively correlated (r=0.291,
2B; Tables 1 and 2). The expression of BLM and P<0.001) by Spearman rank correlation analy-
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Table 1. The expression of BLM protein in different types of prostate tissue

Histopathological type N — - BLM - P value (Compare with cancer tissue)
Positive Negative Positive expression rate (%)

Normal tissue 9 4 5 44.4 0.038

Hyperplasia tissue 20 9 11 45.0 0.008

Cancer tissue 50 40 10 80.0 /

Note: P value is from x>-test.

Table 2. The expression of EZH2 protein in different types of prostate tissue

Histopathological type N — - EZ_H_2 - P value (Compare with cancer tissue)
Positive Negative Positive expression rate (%)

Normal tissue 9 0 9 0.0 0.000

Hyperplasia tissue 20 9 11 45.0 0.061

Cancer tissue 50 35 15 70.0 /

Note: P value is from x>-test.

Table 3. Correlations between BLM, EZH2 expression and clinicopathological characteristics of PCa
patients

o . o BLM KMT6

Clinicopathological characteristics N — - X2 Pvalue — - X2 Pvalue

Positive (%) Negative (%) Positive (%) Negative (%)

Age (years) 0.183  0.669 2226 0.136
<69 22 17 (77.3) 5(22.7) 13(59.1) 9 (40.9)
>69 28 23(82.1) 5 (17.9) 22 (78.6) 6(21.4)

T status 4.688 0.030 6.222 0.012
T1-T2 30 21(70.0) 9 (30.0) 17 (56.7) 13 (43.3)
T3T4 20 19 (95.0) 1(5.0) 18 (90.0) 2 (10.0)

Clinical stage 4.688 0.030 6.222 0.012
-l 30 21(70.0) 9 (30.0) 17 (56.7) 13 (43.3)
-v 20 19 (95.0) 1(5.0) 18 (90.0) 2(10.0)

Gleason Score 7510 0.006 4,757  0.029
<7 13 7 (53.8) 6 (46.2) 6 (46.2) 7 (53.8)
>7 37 33(89.2) 4(10.8) 29 (78.4) 8(21.6)

Gleason Grade 1.663 0.197 2.850 0.091
1-3 21 15(71.4) 6 (28.6) 12 (57.4) 9 (42.9)
45 29 25(86.2) 4(13.8) 23(79.3) 6(20.7)

N-regional lymph nodes 1.670 0.327 0.577 0.447
NO 44 34(77.3) 10 (22.7) 30 (68.2) 14 (31.8)
N1 6  6(100.0) 0(0.0) 5(83.3) 1(16.7)

M-Distant metastasis 0.250 1.000 0.429 1.000
MO 49  39(79.6) 10 (20.4) 34 (69.4) 15 (30.6)
M1 1 1(100.0) 0(0.0) 1 (100.0) 0(0.0)

Note: P value is from x>test.

sis (Figure 2C). Importantly, higher expression
of BLM and EZH2 was correlated with T status
(P=0.030, P=0.012), clinical stage (P=0.030,
P=0.012) and Gleason score (P=0.006,
P=0.029) in tumor tissues but not with age,
Gilson grade or NM status (P>0.05) (Table 3).
The results showed that BLM was associated
with EZH2 as a potential tumor marker for pros-
tate cancer, and both were significantly differ-
ent from normal tissues.
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The migration, invasion and proliferation of
the PRAD cell line were investigated, and BLM
inhibitors reduced PC3 cell growth. We found
that treatment with ML216 affected the PC3
cell cycle

To explore the malignancy of PRAD cell lines
(RWPE-1, 22RV1, LNCap, PC3), we investigated
their proliferation, migration, and invasion abili-
ties. The results showed that PC3 cells had the
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highest degree of malignancy (Figure 3A-C), so
PC3 cells were chosen for the following experi-
ments. We further examined whether pharma-
cological inhibition of BLM had antitumor
effects on PC3 cells in culture, and the results
showed that treatment with ML216 greatly
inhibited PRAD cell growth in vitro (Figure 3E).
To further research whether reduced cell
growth was associated with cell proliferation,
cell cycle analysis was performed, and a GO/G1
block was observed (Figure 3F). As P53 is a
major regulator of cell cycle progression, we
detected the expression of P53 in the following
experiments and found that the expression of
P53 in the PC3 cell line was lower than that in
normal prostate cells (RWPE-1) and other pros-
tate cancer cell lines (22RV1 and LNCap)
(Figure 3D).

The expression of P53 was upregulated after
BLM and EZH2 knockdown, and BLM may af-
fect the P53 signaling pathway by interacting
with the EZH2 protein

To further confirm whether the expression of
P53 was upregulated after BLM and EZH2
knockdown in PC3 cell lines, a series of siRNAs
was synthesized, and the results showed that
P53 was upregulated (Figure 4A). Moreover, we
investigated the effects of BLM and EZH2
knockdown on cell proliferation, migration,
invasion, colony formation and wound healing
(Figure 4B-E). The results showed that the de-
gree of malignancy of PC3 cells was reduced.
With both BLM and EZH2 knockdown, the
degree of malignancy of PC3 cells was more
obviously reduced than that of cells with BLM
or EZH2 knockdown alone. Therefore, double
targeting BLM and EZH2 may provide therapeu-
tic potential for PCa treatment. Because EZH2
is a vital transcription factor, we hypothesized
that BLM may affect the P53 signaling pathway
by interacting with the EZH2 protein.

EZH2 was identified as an MDM2 promoter-
binding protein, and the results were validated
by dual-luciferase reporter assay

To explore the underlying molecular mecha-
nism by which BLM and EZH2 affect P53 in
PRAD cells, chromatin immunoprecipitation
(ChIP) experiments were conducted on the
EZH2 protein. First, PC3 cells were lysed, and
ChIP grade EZH2 antibody was used for WB to
verify the availability of the antibody (Figure
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5A). Then, PC3 cells were crosslinked and
lysed, chromatin was sheared, antibodies
against EZH2 and IgG were used for immuno-
precipitation, and DNA fragments of immuno-
complexes were detected by DNA gel electro-
phoresis. After purification, a DNA library was
constructed (Figure 5B), and products were
sent to a sequencing company for high-through-
put sequencing. Using the data produced by
ChlP-seq, KEGG pathway analysis predicted
several pathway networks. The top 19 scored
pathway networks are presented, and the pros-
tate cancer pathway is ranked sixth (Figure 5C).
This pathway is related to cell apoptosis, prolif-
eration, genomic stability, and survival.
Interestingly, the results showed that MDM2
was included in this pathway, and EZH2 was
identified as an MDM2 promoter-binding pro-
tein (Figure 5D); the binding site was found at
68,807,941 to 68,808,656 in chromosome
12. Meanwhile, many studies have shown that
MDM2 can directly bind to P53 to form the
MDM2-P53 complex [43-45]; therefore, the
BLM/EZH2/MDM2/P53 axis may exist in PCa
cells.

To further validate the transcriptional regula-
tion mechanism between EZH2 and MDM2, a
series of truncated promoter fragments of the
MDM2 gene were amplified by PCR and cloned
into the pGL3-basic vector to construct dual-
fluorescence reporter plasmids (Figure 5E).
The plasmid double enzyme digestion results
of agarose gel electrophoresis showed that
each truncated promoter fragment had the cor-
rect size in accordance with our designed
sequence (Figure 5F). Dual-luciferase reporter
assays showed that all reporter plasmids ex-
hibited promoter activity in PC3 cells, while the
pGL3-basic-MDM2-208 plasmid showed higher
promoter activity (Figure 5G), indicating that
the EZH2 protein could bind to the promoter
region of the MDM2 gene, and the BLM/EZH2/
MDM2/P53 axis may exist in PC3 cells.

The expression of MDM2 was regulated at the
transcription level via BLM interaction with
EZH2 in vitro, and the BLM/EZH2/MDMZ2/P53
axis was identified in PC3 cells

We further evaluated whether the expression of
MDM2 was regulated via BLM interaction with
EZH2 and the BLM/EZH2/MDM2/P53 axis in
PC3 cells. We detected the expression of BLM,
EZH2, MDM2 and P53 in prostate cell lines,
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Figure 3. The migration, invasion and proliferation of PRAD cells line were investigated, BLM inhibitors reduce PC3 cells growth and found that treatment with ML216
had affected on PC3 cell cycle. A-C. The migration, invasion and proliferation ability of RWPE-1, PC3, 22RV-1 and LNcap cells was detected. Columns, mean of three
independent experiments; bars, SD (n=3). *, P<0.05. D. The expressions of BLM, EZH2 and P53 in PRAD cells line were detected by Western blot, GAPDH is used
as a loading control. E. ML216 treatment (5 days) inhibits PC3 cell proliferation, ***P<0.001, one-way ANOVA, n=3. F. ML216 treatment (5 days) induced PC3 cells
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Figure 4. The expression of P53 was upregulated after BLM and EZH2 knockdown, and BLM may affect the P53 signaling pathway by interacting with EZH2 pro-
tein. (A) PC3 cells were transfected by siNC, siBLM, siEZH2-1 and siEZH2-2 for 48 h, and then the expressions of BLM, EZH2 and P53 in PC3 cells were detected
by Western blot, GAPDH is used as a loading control. (B) PC3 cells were treated as described in (A), and then the proliferation ability was detected after 24 h, 48 h
and 72 h. Data represented one of six independent experiments. (C-E) PC3 cells were treated as described in (A), and the migration, invasion, clone formation and
scratch-wound were identified. Columns, means of three independent experiments; bars, SD (n=3). *, P<0.05.

1360

1004 Z

N A O ©
‘?‘?‘?‘??

S|EZH2 1
H siBLM+siEZH2-1 axs
SiEZH2- r

SIBLM+SIEZH2 2
sk ' sk

Am J Cancer Res 2021;11(4):1347-1368



BLM interaction with EZH2 promotes PRAD proliferation and metastasis

36 W8 GAPDH

D

lh adlia lu JA WY1 T VR E
mhuhm..“.m“d

65510000 68820000 630000 65340000 4850000
position

overage

©

CHIP-Inpot

Geen Name:

MDM2

bp
MDM2
-1462- lue

e W

L — T
208l
=5

500
200

& 2
\}9\\4‘ xq’%g fLQ% bqb: ‘quQ ,\bg)

KEGG PATHWAY
Ribosome- ®
Renal cell carcinoma- «
Ras signaling pathway-e
Rap| signaling pathway- @

Proteoglycans in cancer- @
[Prosate cancer i
Pathways in cancer- @ ()
Neurotrophin signaling pathway- e ::;
mTOR signaling pathway- @ o=
Longevity regulating pathway - multiple species- «
Longevity regulating pathway- » P e

Hippo signaling pathway- e 28

Epithelial cell signaling in Helicobacter pylori infection- « 20

Endocrine resistance- s
Colorectal cancer- «
Chronic myeloid leukemia- «
c¢GMP-PKG signaling pathway-e
Apoptosis-e

AGE-RAGE signaling pathway in diabetic complications «

- logyo (P value)

@
o
=]

®

MDM2 promoter activity
N
2
4

Figure 5. EZH2 was identified as a MDM2 promoter-binding protein, and the results was validated by luciferase
reporter assay. A. PC3 cells had been lysed, ChIP grade EZH2 antibody was used for WB to verify the availability of
the antibody, GAPDH is used as a positive control. B. DNA library had been constructed after immunoprecipitation.
C. KEGG pathway predicted the top 19 scored pathway networks, and prostate cancer pathway is ranked the sixth.
D. The map of READS on Peak associated genes, horizontal axis shows the gene location, and the vertical axis
shows the depth of reads coverage. E, F. Truncated fragments of MDM2 gene promoter were designed to construct
dual-fluorescence reporter plasmids, the reporter plasmids were identified by double enzyme digestion. G. Dual-
luciferase reporter assay was performed to measure promoter activity of various reporter plasmids (n=3).

and we found that PC3 cells had the highest
expression of BLM, EZH2 and MDM2 (Figure
6A). PC3 cells were chosen for overexpression
and knockdown experiments. The first group
was divided into EZH2 overexpression and
EZH2 overexpression with BLM knockout. The
second group was divided into EZH2 knockout
and EZH2 knockout with overexpression of
BLM.

In the BLM and EZH2 overexpression or knock-
down experiments, the results revealed that
the expression of MDM2 was increased after
EZH2 overexpression, and the increased
effects could be reversed by BLM knockdown
(Figure 6B, Left). Then, we found that EZH2
overexpression promoted cell migration, inva-
sion, proliferation, wound healing ability and

1361

clonogenicity, and these enhanced effects
were reversed by BLM knockdown (Figure
6C-F). In the second group, WB revealed that
the expression of MDM2 was inhibited after
EZH2 knockdown, and the inhibitory effect was
rescued by BLM overexpression (Figure 6B,
Right). Similarly, we investigated the effects of
EZH2 knockdown on cell proliferation, migra-
tion, invasion, clone formation and wound heal-
ing ability. The results showed that the degree
of malignancy of PC3 cells was attenuated
after EZH2 knockdown, and the attenuation
effect was rescued by BLM overexpression
(Figure 6C-F). The findings indicated that the
interaction of BLM and EZH2 through MDM2
targeting of the P53 protein affects the molecu-
lar mechanism of proliferation and apoptosis of
prostate cancer cells in vitro.
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The interaction of BLM and EZH2 via MDM2 weeks, the tumor xenografts were harvested,
targeting P53 activates the TP53 signaling weighed, and processed for IHC staining. Our
pathway observations revealed that tumor growth was

inhibited after EZH2 knockdown and that inhi-
The BLM/EZH2/MDM2/P53 axis, which is bition could be reversed by BLM overexpres-
associated with cell proliferation and metasta- sion (Figure 7A-C). In addition, the expression
sis, was found to be associated with the P53 of BLM and EZH2 in tumor tissues presented
signaling pathway. Western blotting was carri- the same variation trend as tumor growth
ed out, and the results showed that Bax and (Figure 7D). These in vivo results were consis-
cyto.C levels were downregulated and Bcl-2 tent with our in vitro observations and con-
was increased after EZH2 overexpression, firmed that EZH2 could be regulated by BLM in
whereas EZH2 overexpression with BLM knock- vivo. The results also indicate that BLM and
down restored the protein levels of Bax and EZH2 play significant roles in suppressing PC3
Bcl-2 (Figure 6G, Left). The levels of c-cas- tumorigenicity in vivo.

pase3, c-caspase9, Bax and cyto.C were

upregulated and Bcl-2 was decreased after Discussion
EZH2 knockdown, but levels were partly PCa is a common malignant tumor and one of
restored by BLM overexpression (Figure 6G, the greatest causes of cancer-related death in
Right), suggesting that BLM and EZH2, through men worldwide [1]. To date, the prognosis
MDM2 targeting of P53, activate the TP53 sig- of advanced PCa patients remains poor.
naling pathway. Consistently, the available targeted therapies
for PCa patients mainly include antiandrogen
The expression and function of P53 were regu- and castration [46]. At present, the main clini-
lated by BLM and EZH2 in vivo cal indicator for the diagnosis of prostate can-
cer is the level of SPA in serum, but SPA is only
The impact of BLM and EZH2 was investigated tissue-specific, not a biomarker of prostate
in mouse xenograft models. PC3 cells were cancer [47, 48]. Therefore, it is necessary to
subcutaneously injected into the left flank of seek potential biomarkers for PCa that can be
nude mice. Tumor volume was measured and applied in the clinic and then research the
recorded every 4 days. After approximately 4 mechanism between PCa and biomarkers.
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BLM is mainly involved in physiological func-
tions such as DNA unwinding, repair and main-
tenance of telomerase. In addition to the above
functions, BLM may also be a potential bio-
marker of prostate cancer according to the lit-
erature reported recently [7, 20, 21]. However,
the molecular mechanisms of BLM as a PCa
biomarker are still not entirely clear. In this
study, our results showed that BLM and EZH2
exhibited nuclear colocalization, indicating
that BLM and EZH2 formed a regulatory com-
plex in the cell nucleus and that BLM and EZH2
directly interacted. Moreover, to further de-
monstrate whether the expression of BLM and
EZH2 in prostate cancer tissues was correlated
with the malignancy of cancer cells, we exam-
ined the expression of BLM and EZH2 in PCa
patients by IHC assay, Similar to most other
types of malignant tumors, the expression of
BLM and EZH2 in PCa was significantly
increased relative to normal tissue; both BLM
and EZH2 presented the same variation trends,
including T status, clinical stage and Gleason
score; importantly, BLM and EZH2 were signifi-
cantly positively correlated in cancer tissues
(P<0.001), indicating that BLM and EZH2 may
have synergistic interactions in cancer tissues;
and double detection of BLM and EZH2 could
provide precise data for predicting the progno-
sis of PCa patients. ML216 is a specific inhibi-
tor of BLM and is used on PCa cells in culture.
We found that the treatment inhibited PCa cell
growth in vitro. To further determine whether
reduced PCa cell growth was related to
cell proliferation, cell cycle analysis was per-
formed. We observed a GO/G1 block, and then
we applied DZNep, which is a specific inhibitor
of EZH2 that has been reported to cause cell
cycle arrest [35]. The results indicated that
BLM- and EZH2-specific inhibitors could affect
the cell cycle. As p53 is a major protein regula-
tor of cell cycle progression [49], we hypothe-
sized that BLM and EZH2, mainly via the P53
signaling pathway, affected the proliferation
and migration of PCa cells.

To validate our hypothesis, siBLM or siEZH2
was transfected into PC3 cells, and we found
that the expression of P53 was upregulated
and that PC3 cell proliferation, clonogenicity,
migration, invasion and wound healing ability
were significantly attenuated. However, when
BLM and EZH2 were knocked down simultane-
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ously, the degree of cell malighancy was atten-
uated more obviously, so double targeting of
BLM and EZH2 may provide more powerful
therapeutic potential for PCa treatment.
However, the above results only indicate that
interference with BLM and EZH2 can affect
the expression of the P53 protein. The precise
molecular mechanism of the interaction
between BLM and EZH2 affecting P53 expres-
sion is still unclear. Since EZH2 is an important
transcription factor that can directly regulate a
variety of cancer-related genes [50], we specu-
lated that BLM may act on downstream genes
through the EZH2 protein.

To further explore the downstream gene of the
EZH2 target, ChIP grade EZH2 antibody was
used for the ChIP assay, and the IP product
was sent to the sequencing company for deep
sequencing. Interestingly, according to the
sequencing results, P53 was not the mole-
cular target of EZH2 but bound to the MDM2
promoter. Meanwhile, many studies have
shown that MDM2 is an oncogene, and its ini-
tiation of the synthesis of the MDM2 protein
allows it to directly bind to the P53 acidic acti-
vation domain and partial transcriptional acti-
vation domain to form the P53-MDM2 com-
plex, which can inhibit the transcriptional acti-
vation function mediated by P53 [51-54]; there-
fore, by regulating the expression of the MDM2
protein, EZH2 indirectly controls the expression
of the P53 protein, which may regulate the
proliferation of PC3 cells through the P53 sig-
naling pathway. To further verify the mecha-
nisms between MDM2 and EZH2, a luciferase
assay was performed in PC3 cells. This sug-
gests that EZH2 can bind to the promoter
region of the MDM2 gene and then regulate the
downstream P53 protein.

Then, we explored the interaction effect of BLM
and EZH2 on MDM2 and P53 expression and
cell malignancy degree, and we found that the
promotion effect of EZH2 overexpression on
MDM2 expression and cell malignancy degree
was partly reversed by BLM knockdown.
Conversely, the suppressive effect of EZH2
knockdown on MDM2 expression and the
degree of cell malignancy could be reversed by
BLM overexpression, which suggested that
BLM might play a positive regulatory role in
MDM2 in PCa cells. These findings illustrate
that knockdown of EZH2 suppresses the bind-
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ing of EZH2 to the MDM2 promoter and subse-
quent promoter activity; therefore, it regulates
MDM2 expression at the transcriptional level
by interacting with BLM. Currently, many EZH2
inhibitors are ongoing clinical trials aimed at
chromosomal transcriptional regulation [55,
56], but resistance to EZH2 inhibitors in solid
tumors has also emerged [57]. Recently, to
identify the mechanism of EZH2 drug resis-
tance, the mechanism of action of the com-
bined use of EZH2 and BRD4 in tumor cells has
been reported [58], which provides new pros-
pects for the application of EZH2 and BLM
inhibitors in future studies. We also examined
the effect of knockdown or overexpression of
BLM and EZH2 on the P53 signaling pathway.
We found that when EZH2 was overexpressed,
proapoptotic-related proteins were downregu-
lated, while this phenomenon was partly
reversed by BLM knockdown. Conversely, when
EZH2 was knocked down, proapoptotic-related
proteins were upregulated, and this phenome-
non was partly reversed by BLM overexpres-
sion indicating that the P53 signaling pathway
is an important pathway by which BLM regu-
lates prostate cancer. The results of the mouse
xenograft models were consistent with the in
vitro data.

In summary, our research demonstrated that
BLM interacting with EZH2 binds the MDM2
promoter region and regulates MDM2 and P53
expression at the transcriptional level. Double
targeting of BLM and EZH2 may provide promis-
ing prospects for the treatment of prostate
cancer.
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