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MLL5a activates AR/NDRG1 signaling
to suppress prostate cancer progression
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Abstract: Prostate cancer (PCa) is one of the most prevalent malignancies in men. However, the molecular
mechanism controlling the transformation of androgen-dependent PCa (ADPC) to castration-resistant PCa (CRPC) is
largely unknown. Androgen receptor (AR) signaling has been reported to play a key role in this process; thus, search-
ing for the novel AR co-activator is important for identifying the mechanism underlying PCa progression. In this study,
we focused on the function of mixed lineage leukemia-5a (MLL5a), an epigenetic regulator that exhibits aberrant ex-
pression in PCa. MLL5x was the primary expressed form of MLL5 protein in PCa cells and it significantly suppressed
proliferation, invasion, and migration in PCa cell lines. Upon stimulation with dihydrotestosterone (DHT), knockdown
of MLL5« significantly suppressed N-myc downstream regulated gene 1 (NDRG1) and Kallikrein-related peptidase
3 (KLK3) expression. MLL5a directly bound with AR on the androgen response elements (AREs) and recruited
H3K4me3 to the promoters of NDRG1 and KLK3. Downregulation of NDRG1 partially restored the cell invasion and
migration suppressed by MLL5a. As evaluated by the proliferation of PCa cells, overexpression of MLL5a synergisti-
cally promoted sensitivity to enzalutamide (ENZ) treatment. In PCa patients, MLL5a expression was lower in the
high Gleason score (GS) (GS > 7) group than in the low GS (GS < 7) group. In conclusion, suppression of AR/NDRG1
signaling via androgen deprivation therapy (ADT) may be a potential mechanism of CRPC progression. MLL5« signifi-
cantly suppressed PCa progression by promoting AR/NDRG1 signaling, indicating that regulating MLL5a expression
may be a potential treatment approach for patients with advanced PCa.
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Introduction activation or repression of AR transcriptional
activity occurs during the transformation of
ADPC to CRPC. One review summarized the
molecular mechanisms and proposed that AR
functional amplification is the main reason for
CRPC progression [2]. However, other recent
studies advocated that androgen insensitivity
in CRPC is caused by repression of AR tran-
scription [3] and that metastasis of PCa also
associated with androgen deprivation therapy
(ADT) [4]. Neoadjuvant hormone therapy in

Prostate cancer (PCa) is one of the most preva-
lent malignancies and is a major cause of can-
cer-specific death in men [1]. PCa is primarily
treated with castration therapy when it is in the
androgen-sensitive stage. However, after a
period of progression, the cancer transforms
to a castration-resistant stage and ultimately
metastasizes to bones, lungs, and other
organs, which is the main cause of cancer-spe-

cific death in PCa patients.

The molecular mechanism controlling the tr-
ansformation of androgen-dependent PCa (AD-
PC) to castration-resistant PCa (CRPC) is un-
clear. The most well-accepted theory is that
androgen receptor (AR) signaling plays a crucial
role in PCa progression. However, a far smaller
body of convincing evidence indicates whether

CRPC significantly decreased the AR signature
compared with that in untreated PCa [5], imply-
ing that decreasing AR function by castration
may induce tumor progression. Studies have
revealed that PCa tissues have lower AR expres-
sion than normal prostate tissues and benign
hyperplastic tissues and that malignant PCa tis-
sues also exhibit lower AR expression than high-
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ly differentiated cancers [6-11]. Additionally,
decreased AR expression led to poor prognosis
and induced neuroendocrine differentiation in
CRPC patients [9, 12-15].

Histones are components of nucleosome par-
ticles that form octamers, with approximately
147 base pairs (bp) of DNA wrapped around
each octamer [16]. Chromatin structure is post-
translationally regulated through histone modi-
fication at unique sites [17]. One of the com-
mon modifications is histone methylation.
Methylation modifications of histone lysine (K)
residues are divided into three types (KMel,
KMe2, and KMe3), and the epigenetic markers
include histone 3 lysine 4 (H3K4), H3K9,
H3K27, H3K36, and H3K79 [18, 19]. H3K4,
H3K36 and H3K79 methylation induce target
gene activation, and H3K9, H3K27, and H4K20
repress gene transcription [20].

Human mixed lineage leukemia-5 (MLL5), also
called lysine methyltransferase 2E (KMT2E),
belongs to the MLL family. As it is a methyl-
transferase, most studies have suggested that
MLL5 participates in H3K4 methylation. How-
ever, there is strong controversy surrounding
whether it intrinsically or indirectly regulates
histone lysine methyltransferase (HKMT) ac-
tivity [21-27]. The full-length MLL5 sequence
contains 1858 amino acid residues (aa), and
the smaller isoform MLL5a contains 609 aa
[21, 23, 24]. MLL5x also contains a single
plant homeodomain (PHD) zinc finger and a
Su (var) 3-9, Enhancer of zeste, and Trithorax
(SET) domain and thus may have the same
function as H3K4 methyltransferases [22, 24].
The MLL5 chromatin profile suggests that full-
length MLL5 targets only 60% of H3K4me3-
containing promoters; the remaining promoters
may be targeted by MLL5« [23]. The expressi-
on of MLLb«x is also reported to be much
higher than that of full-length MLL5 in undiffer-
entiated HLB0 cells and in human tissues [24].
We performed immunoblot analysis with an
antibody specific for the amino terminal of
MLL5 in PCa cell lines and found strong expr-
ession of MLL5a but negligible expression of
full-length MLL5. Therefore, we assumed that
MLL5a may be dominant over MLL5 in mediat-
ing epigenetic regulation via histone modifica-
tion.

N-myc downstream regulated gene 1 (NDRG1),
a well-known iron-regulated metastasis sup-
pressor, has anti-metastatic functions in sev-
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eral cancers, including PCa [28-32]. AR binds
to the promoter of NDRG1 and controls its tr-
anscriptional activity [33, 34]. However, the
mechanism of AR-induced NDRG1 transcrip-
tional activity is unclear.

In this study, we found that repression of AR/
NDRG1 signaling through ADT may be a poten-
tial mechanism through which PCa progresses
to CRPC. MLL5« significantly promoted AR/
NDRG1 signaling by binding with AR and recruit-
ing H3K4me3 to androgen response elements
(AREs). Overexpression of MLL5« in PCa cells
significantly suppressed PCa progression and
promoted sensitivity to enzalutamide (ENZ)
treatment.

Materials and methods
Cell culture

LNCaP, C4-2, 22RV1, PC3 and 293T cell lines
were purchased from the American Type Cul-
ture Collection (Rockville, MD, USA). LNCaP,
C4-2b, C4-2, 22RV1, and PC3 cells were cul-
tured in RPMI-1640 medium supplemented wi-
th 10% fetal bovine serum (FBS) (HyClone, Sou-
th Logan, UT, USA) and 1% antibiotic-antimy-
cotic (AA) (Gibco, Grand Island, NY, USA). 293T
cells were cultured in DMEM supplemented
with 10% FBS and 1% AA. All cells were cul-
tured at 37°C and 5% CO, in a humidified
atmosphere.

Gene regulation in PCa cell lines

Lentiviruses harboring 3 x Flag-tagged MLL5«
vectors were generated by GENECHEM (Shang-
hai, China). The pSGLV vector containing MLL5«
short hairpin RNA (shRNA) or control shRNA
(sh-NC) was constructed by Sangon Biotech
(Shanghai, China). Lentiviruses were packaged
via co-transfection of pSGLV (sh-MLL5a or
sh-NC), pMD2.G, and psPAX2 into 293T cells
with Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s
instructions. After 10 hours (h) of co-transfec-
tion, the medium was changed, and culture was
continued for 48 h before the lentivirus was
harvested. Related cell lines were subjected to
lentiviral transduction with 5 pug/ml polybrene
for 24 h, and the medium was then changed.
After 72 h, cells were selected using 1 pg/ml
puromycin.
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To transiently knock down NDRG1 expression
in C4-2 and PC3 cells, NDRG1-specific small
interfering RNA (siRNA) (GenePharma, Shang-
hai, China) was transfected into these cells with
Lipofectamine 3000. The related sequences

are shown in Supplementary Table 1.

Cell viability assay

A total of 2 x 10° cells were seeded in 96-well
culture dishes and cultured for 48-96 h. Medi-
um containing 10% Cell Counting Kit-8 (CCK-8)
(MedChem Express (MCE), Monmouth Junc-
tion, NJ, USA) solution was then added and
incubated for 1 h at 37°C. The absorbance of
each well at 450 nm was measured in a mi-
croplate reader (Thermo Fisher Scientific Vari-
oskan Flash, Waltham, MA, USA).

Colony formation assay

LNCaP cell lines (3 x 102 cells) and C4-2, 22RV,
and PC3 cell lines (2 x 102 cells) were seed-
ed in 6-well plates and cultured for 15 days
to allow colony formation. Cells were fixed with
10% neutral buffered formalin solution and st-
ained with 0.01% crystal violet solution (Beyo-
time, Shanghai, China). The number of colonies
was counted after full decolorization.

Transwell assay

A Transwell assay was performed with Transwell
chambers (Corning, NY, USA) to evaluate cell
invasion. Matrigel (Cat# 356234, BD Biosci-
ences, San Jose, CA, USA) was mixed 1:8 with
pre-cooled RPMI medium (serum-free), and 50
ul was added to each upper chamber and incu-
bated at 37°C for 2 h. Then, the supernatant in
the upper chamber was removed, and 5 x 10*
cells were added to serum-free medium. Five
hundred microliters of RPMI medium supple-
mented with 20% FBS was placed into the
lower chambers as a chemoattractant. Cells
were incubated for 48 h, and cells on the up-
per surface of the Transwell membranes were
removed. The membranes were fixed with 10%
neutral buffered formalin solution and stained
with 0.01% crystal violet solution (Beyotime).
After full decolorization, the number of migrat-
ed cells was counted.

Wound healing assay
PCa cell lines (> 5 x 10%) were seeded in 6-well

plates at 90% confluence. Cells were scratched
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manually with a 200 pl pipette tip and cultured
for 48 h. At O h, 24 h, and 48 h, cell movement
was imaged via light microscopy. The mean
migration distances were analyzed in Image)
software (National Institutes of Health (NIH),
Bethesda, USA).

Reverse transcription (RT) and quantitative
real-time PCR (qPCR) analysis

Total RNA was isolated with TRIzoI™ reagent
(Invitrogen). To generate complementary DNA
(cDNA), One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen Biotech, Beijing,
China) with Anchored Oligo (dT) primers was
used according to the protocol. gPCR was per-
formed with Top Green qPCR SuperMix (Trans-
Gen Biotech) in an SDS 7500FAST Real-Time
PCR system (Applied Biosystems, Foster City,
CA, USA). GAPDH or 18S ribosomal RNA was
used as the endogenous reference gene. The
sequences of the relevant primers are shown in

Supplementary Tables 2 and 3.

Western blot (WB) analysis

Cells or tissues were lysed in radio-immunopre-
cipitation assay (RIPA) buffer (Solarbio, Beijing,
China) supplemented with 1:100 protease in-
hibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA), 1:100 Phosphatase Inhibitor Cocktail 3
(Sigma-Aldrich), and 1:100 phenylmethylsulfo-
nyl fluoride (PMSF) (Solarbio). The total protein
concentration was quantified using a BCA Pro-
tein Assay Kit (KeyGen Biotech, Nanjing, China).
A 1:4 volume of 5 x sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer (containing dithiothreitol (DTT))
(Solarbio) was added to the protein lysates
and boiled at 100°C for 5 min. Then, proteins
were separated on SDS-polyacrylamide gels
and transferred to polyvinylidene difluoride
(PVDF) membranes (Merck Millipore, Billerica,
MA, USA). Membranes were blocked in 5%
skim milk containing 1 x TBST (Solarbio). After
3 washes in TBST for 5 min each, membranes
were incubated with primary antibodies over-
night at 4°C in a swing bed. The next day, af-
ter 3 washes in TBST, membranes were in-
cubated with secondary antibodies (diluted
1:5000) for 60 min. Immunoreactive bands
were detected in a ChemiDoc™ XRS+ with
Image Lab™ software (Bio-Rad, Hercules, CA,
USA) using Chemiluminescent HRP Substrate
(Merck Millipore). Information on the relevant
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antibodies is shown in Supplementary Tables 4
and 5.

Co-immunoprecipitation (Co-IP) assay

LNCaP and C4-2 cells (1 x 107) were trans-
duced with lentiviruses expressing 3 x Flag-
tagged MLL5a. Cells were lysed with RIPA
buffer and incubated with 5 pg of anti-AR
(@b74272, Abcam, Cambridge, MA, USA) or an-
ti-1gG (#2729, Cell Signaling Technology (CST),
Danvers, MA, USA) antibodies for 6 h at 4°C
with slow rotation. Then, protein A/G agarose
beads (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK) were added to the cell lysates
and incubated for 2 h at 4°C with slow rotation.
The immune complexes precipitated by the pro-
tein A/G agarose beads were eluted in denatur-
ing SDS sample buffer, and WB analysis was
performed with the anti-MLL5«, anti-Flag, and
anti-AR antibody. Information on the relevant
antibodies is shown in Supplementary Table 6.

Chromatin immunoprecipitation (ChlIP) assay

ChIP assays were performed with an EZ-ChIP
kit (Cat# 17-371, Merck Millipore) according to
the instructions. The abundances of the immu-
noprecipitated genes were analyzed by PCR
and qPCR. The primers for the NDRG1 promot-
er contained the ARE in the NDRG1 promoter
at position -984, and the primers for the
Kallikrein-related peptidase 3 (KLK3) promoter
contained the AREs in the KLK3 promoter at
positions -170 (ARE-l) and -394 (ARE-Il).
Detailed information on the ChlP assay-related
oligonucleotide primers is shown in Supp-

lementary Table 7.

Xenograft model establishment and treatment

An in vivo assay was carried out in accordance
with the institutional ethical guidelines of Ca-
pital Medical University. Four-week-old male
BALB/c athymic nude mice were provided by
Beijing Vital River Laboratory Animal Technolo-
gy Co., Ltd. (Beijing, China). C42-oeMLL5x or
negative control (NC) cells (1 x 107) were mixed
with 200 ul of phosphate-buffered saline (PBS)
containing 30% Matrigel (BD Biosciences) and
subcutaneously inoculated into the right axilla
of mice. Twenty mice were intraperitoneally in-
jected with 25 mg/kg/day ENZ (MCE) or
dimethyl sulfoxide (DMSO) and randomly divid-
ed into four groups: 0eNC-DMSO, oeMLL5x-
DMSO, 0eNC-ENZ, and oeMLL5&-ENZ. Tumor
sizes were measured with calipers, and tumor
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volumes were calculated using the following
formula: volume (mm3) = (length x width?) x
0.5. On the fiftieth day after cell inoculation,
mice were euthanized and tumor tissues were
taken out, and pathological analyses were per-
formed.

Histological and immunohistochemical (IHC)
analyses

Histological and IHC analyses were performed
by Wuhan Servicebio Technology (Wuhan, Chi-
na). Paraffin-embedded tissues were section-
ed at 5 ym and subjected to antigen retrieval
(or hematoxylin and eosin (HE) staining). Then,
the sections were incubated with primary and
secondary antibodies. To assess tumor prolif-
eration, Ki-67 (#9449, CST) was assessed as
described in a previous study [35]. Apoptosis
was evaluated by staining with an anti-cleaved
caspase-3 (C-Casp-3) antibody (#9661, CST)
and terminal deoxynucleotidyl transferase
(TdT) dUTP nick end labeling (TUNEL) (Roche,
Basel, Switzerland). For statistical analysis, 6
fields at 400 x magnification were randomly
selected, and the staining intensity score (1,
weak; 2, moderate; 3, strong), the staining per-
centage score (0, < 5% positive cells; 1, 6-25%
positive cells; 2, 26-50% positive cells; 3,
51-75% positive cells; 4, > 76% positive cells),
and staining index (SI, staining intensity score x
staining percentage score) were determined as
described in previous studies [36, 37]. Data
analyses were performed by another research-
er who was blinded to each group.

Samples of PCa patients

All patients were recruited with approval from
the Ethics Committee of Beijing Chaoyang
Hospital Affiliated with Capital Medical Uni-
versity. Forty-five patients who were pathologi-
cally diagnosed with PCa (15 of Gleason score
(GS)< 7,15 0of GS =7, 15 of GS > 7) and under-
went prostatectomy were enrolled between
2015 and 2018 in Beijing Chaoyang Hospital.
Tissues were paraffin-embedded and stored
in liquid nitrogen for use. All patients’ patholo-
gical data were recorded, and patients were
followed up through 2018.

Statistical analysis
In vitro experiments were conducted in tripli-

cate or more for statistical significance. Con-
tinuous variables in two groups were analyzed
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with a two-tailed Student’s t-test or Mann-
Whitney U test. For comparisons among 3 or
more groups, one-way ANOVA followed by
Tukey’s or Dunnett’s multiple comparisons post
hoc tests were used. Categorical variables were
analyzed with a Chi-square test. The results are
shown as the means + standard errors of the
mean (SEMs), and P < 0.05 was considered
statistically significant. Pearson correlation and
linear regression analyses were performed to
assess associations between genes, and a
Pearson correlation coefficient (R) of > 0.3 and
a P value of < 0.05 were considered to indicate
a significant association between two genes.
The Kaplan-Meier method was used for surviv-
al analysis, and a Cox regression model was
used to evaluate the hazard ratio (HR). Statis-
tical analyses were performed using SPSS
software version 22 (IBM, Armonk, New York,
USA), GraphPad Prism 7 software (GraphPad
Software Inc., San Diego, CA, USA) or Microsoft
Excel 2010 software.

Results

MLL5« affects the total level of H3K4 methyla-
tion in LNCaP cells and activates AR/NDRG1
signaling

The full-length and short isoforms of MLL5
were evaluated with an antibody specific for
the amino terminus of MLL5 in different PCa
(LNCaP, 22RV1, C4-2, and PC3) and prostate
hyperplasia (BPH-1) cell lines. In WB analysis,
MLL5a was expressed in all cell lines, but
expression of full-length MLL5 was barely de-
tected, even when the membrane was overex-
posed (Figure 1Aa). The mRNA levels of MLL5x
in these cell lines were also detected. LNCaP,
22RV1, and C4-2 cells had relatively high ex-
pression of MLL5a, but BPH-1 and PC3 cells
had low expression of MLL5ac mRNA (Figure
1Ab).

To evaluate whether MLL5a regulated the to-
tal H3K4 methylation level, MLL5x expressi-
on was stably knocked down in LNCaP cells
(sh-MLL5q; sh-NC cells were used as the nega-
tive control). Both cell lines were starved in
serum-free medium for 24 h and were then
treated with 20 nM dihydrotestosterone (DHT)
or the same volume of ethyl alcohol (EtOH) for
24 h. As seen in the WB analysis, knockdown of
MLL5« significantly reduced the global levels
of H3K4me2 and H3K4me3 but did not sig-
nificantly reduce the levels of H3K4mel and
H3K9me2/3 (Figure 1B).
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Knockdown of MLL5a promoted the expressi-
on of neuroendocrine tumor markers (chromo-
granin A (CgA), synaptophysin (Syn), and neu-
ron-specific enolase (NSE)), showing the po-
tential transformation of ADPC to neuroendo-
crine PCa (NEPC) (Figure 1C). In parallel with
the generation of LNCaP-sh-MLL5a/NC cells,
MLL5a was stably overexpressed in C4-2 and
PC3 cells (C42-oe-MLL5a/NC and PC3-oe-
MLL5a/NC cells, respectively). The WB analy-
sis results showed that knockdown of MLL5«x
in LNCaP cells suppressed the expression of
NDRG1, AR, and E-cadherin but promoted the
expression of N-cadherin. Overexpression of
MLL5a in C4-2 and PC3 cells also promoted
the expression of NDRG1 and AR (Figure 1D).
We assessed other epithelial-mesenchymal
transition (EMT) markers, which showed that
knockdown of MLL5a in LNCaP cells tended
to promote the expression of Slug, Snail, Vi-
mentin, and ZEB1. Overexpression of MLL5«
in C4-2 and PC3 cells also inhibited the ex-
pression of these markers (Supplementary

Figure 1C).

MLL5«a suppresses PCa cell proliferation, inva-
sion, and migration

Cells with stable knockdown of MLL5a (LNCaP
cells) or overexpression of MLL5«x (22RV1 and
C4-2 cells) were generated via lentiviral trans-
duction. In the CCK-8 and colony formation
assays, knockdown of MLL5a increased the
proliferation of LNCaP cells, and overexpres-
sion of MLL5a reduced the proliferation of
22RV1 and C4-2 cells (Figure 2A-D). In the
Transwell assay and wound healing assay,
knockdown of MLL5a promoted the invasion
of LNCaP cells (Figure 2E). In addition, overex-
pression of MLL5a significantly suppressed
the invasion and migration of 22RV1 and C4-2
cells (Figure 2F, 2G).

MLL5a directly binds with AR at ARES in
NDRG1 and KLK3 to promote the expression
of these genes

LNCaP and C4-2 cells were transduced with
lentiviruses expressing 3 x Flag-tagged MLL5«
(LNCaP-oe-MLL5a and C42-oe-MLL5x), and a
Co-IP assay was performed. Immunoprecipi-
tation was conducted with anti-AR and anti-
IgG antibodies, and immunoblotting was per-
formed with anti-MLL5«, anti-Flag, and anti-
AR antibodies. Flag-tagged MLL5x precipitat-
ed with AR, showing the formation of an MLL5x-
AR complex (Figure 3A).
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Figure 1. MLL5x affects the total level of H3K4 methylation in LNCaP cells and activates AR/NDRG1 signaling. A. The protein levels (a) of MLL5 and MLL5«x were
determined through WB analysis with an antibody specific for the amino terminus of MLL5. Relative mRNA levels (b) were assessed through qPCR analysis in BPH-1,
LNCaP, 22RV1, C4-2, and PC3 cell lines (vs LNCaP). The results are presented as the means + SEMs. ***P < 0.001. B. MLL5a expression was stably downregulated
in LNCaP cells via lentiviral transduction (sh-MLL5c, with sh-NC as the negative control). Both cell lines were starved in serum-free medium for 24 h and were then
treated with 20 nM DHT or the same volume of EtOH for 24 h. Protein levels were then assessed via WB analysis with histone methylation-related antibodies. C. WB
was performed in LNCaP-shMLL5a/NC cells (Ctrl, parental LNCaP cells) with antibodies against neuroendocrine markers. D. The expression of MLL5a was down-

regulated in LNCaP cells (sh-NC and sh-MLL5«) and was upregulated in C4-2 and PC3 cells (oe-NC and oe-MLL5a). WB analysis was performed with AR/NDRG1
signaling-related antibodies.
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To estimate MLL5a-regulated AR transcripti-
onal activity, LNCaP-sh-MLL5a/NC cells were
treated with 20 nM DHT or EtOH, and the
expression levels of representative AR-respon-
sive genes (ARGs) were evaluated via qPCR.
After DHT treatment, knockdown of MLL5« in
LNCaP cells significantly reduced the mRNA
expression levels of prostate transmembrane
protein androgen induced 1 (PMEPA1), NDRGZ,
and KLK3 (P < 0.05) (Figure 3B). To further elu-
cidate the MLL5a-specific AREs in NDRG1 and
KLK3, LNCaP-oe-MLL5a cells were treated
with EtOH or DHT for 24 h and were then sub-
jected to a ChIP assay. Cross-linked lysates
were immunoprecipitated with anti-IgG or anti-
Flag antibodies, and AREs in the NDRG1 and
KLK3 promoters were detected via PCR and
gPCR. 3 x Flag-tagged MLL5a significantly pre-
cipitated with the AREs of NDRG1 and KLKS3;
DHT treatment also stimulated these reactions
(Figure 3C).

MLL5x induces AR and H3K4me3 recruitment
to the AREs in NDRG1 and KLK3

Although MLL5a was shown to form a complex
with AR and to directly bind with the AREs in
NDRG1 and KLK3, the effect of MLL5« on the
AR binding efficiency and whether MLL5« plays
a role in histone methylation at binding sites
were unclear. Therefore, LNCaP-sh-MLL5a/NC
cells were treated with 20 nM DHT or EtOH,
and ChIP assays were performed via immuno-
precipitation with anti-H3K4me3, anti-AR, and
anti-IgG antibodies. AREs in the NDRG1 and
KLK3 promoters were detected via PCR and
gPCR. As shown in the results, knockdown of
MLL5a significantly reduced AR binding with
the AREs in NDRG1 and KLK3 and decreased
H3K4me3 recruitment to these AREs (Figure
4A). For further confirmation, MLL5x was sta-
bly overexpressed in C4-2 cells, and ChIP as-
says were performed with the same antibodi-
es used for immunoprecipitation. Overexpres-
sion of MLL5« significantly induced both AR
binding and H3K4me3 modification in the
AREs of NDRG1 and KLK3 (Figure 4B). We con-
cluded that MLL5a is necessary for AR bind-
ing with AREs and that it functions in histone
methylation to influence AR transcriptional
activity.

MLL5a suppresses PCa cell invasion and mi-
gration by activating AR/NDRG1 signaling

To assess the relationship of AR/NDRG1 sig-
naling with MLL5a-induced cell proliferation,
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invasion, and migration, MLL5a was overex-
pressed in C4-2 and PC3 cells (C4-2/PC3-oe-
MLL5a/NC) via lentiviral transduction, and
NDRG1 expression was transiently inhibited
through siRNA transfection (si-NDRG1/NC). Re-
gulation of MLL5a and NDRG1 was verified via
WB analysis and qPCR (Supplementary Figure
1D). In the CCK-8 assay, Transwell assay, and
wound healing assay, inhibition of NDRG1 sig-
nificantly restored the cell invasion and migra-
tion suppressed by MLL5a but did not restore
proliferation (Figure 5A-C).

Overexpression of MLL5a promotes PCa cell
sensitivity to ENZ treatment

C4-2/PC3-0e-MLL5a/NC cells were treated
with 20 yuM ENZ or the same volume of DMSO.
Cell proliferation was assessed via CCK-8 and
colony formation assays. MLL5a overexpressi-
on and ENZ treatment synergistically suppr-
essed the proliferation of C4-2 and PC3 cells
(Figure 6A, 6B).

In the in vivo assay, xenograft mouse models
were established using C42-oe-MLL5a/NC ce-
lls. Twenty mice were intraperitoneally injected
with 25 mg/kg/day ENZ or the same volume of
DMSO and were randomly divided into four
groups: 0eNC-DMSO, oeMLL5a-DMSO, oeNC-
ENZ, and oeMLL5a-ENZ. On the fiftieth day
after cell inoculation, mice were euthanized,
and the tumors were completely removed (Fi-
gure 6C). Compared with other groups, the oe-
MLL5a-ENZ group exhibited the lowest tumor
volumes and weights (normalized to the oe-
NC-DMSO group: 62.3% in the oeMLL5a-DM-
SO group, 50.9% in the 0eNC-ENZ group, and
15.0% in the 0eMLL5a-ENZ group) (Figure 6D).

Tumors were harvested and subjected to IHC
analysis and HE staining (Figure 6E). The IHC
staining percentage and staining index of the
TUNEL positivity was significantly higher, and
the levels of Ki-67 were significantly lower in
the oeMLL5a-ENZ group than in the oeNC-
DMSO group (P < 0.05). Although the levels of
cleaved caspase-3 (C-Casp-3) were not signifi-
cantly different, the oeMLL5a-ENZ group exhib-
ited a trend towards an increase compared
with the 0eNC-DMSO group (P = 0.1101 for the
staining percentage and P = 0.6747 for the
staining index) (Figure 6F). These results sh-
owed that MLL5a overexpression and ENZ
treatment synergistically promoted tumor apo-
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and wound healing assays (G). The results are presented as the means + SEMs. *P < 0.05 and **P < 0.01.

ptosis and inhibited tumor growth in the xeno-
graft mouse model. In the HE staining images,
the cells from the oeMLL5a-ENZ group exhibit-
ed empty nuclei and indistinct boundaries com-
pared with those from the other groups.
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Low expression of MLL5« is observed in ad-
vanced stages of PCa

Atotal of 45 PCa patients who underwent pros-
tatectomy were enrolled at Beijing Chaoyang

Am J Cancer Res 2020;10(5):1608-1629
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**P <0.01 and ***P < 0.001.

Hospital. As shown in the clinical characteris-
tics, the patients were divided into two groups
according to the median MLL5a mRNA expr-
ession level (Table 1). Low expression of
MLL5a was trended to higher GS (P = 0.083),
higher clinical T stage (P = 0.031), and inci-
dence rates of lymph node metastasis (P =
0.035). Although the incidence rates of distant
metastasis (P = 0.619) and the TNM stage IlI-IV
disease (P = 0.175) did not significantly differ
between the groups, the percentages of stage
M1 (low:high = 18.2%:8.7%) and TNM stage Ill-
IV disease (low:high = 45.5%:26.1%) were high-
er in the group with low MLL5a expression.

Fifteen adjacent normal prostate tissues were

randomly included as controls. Based on the
different GSs, the PCa tissues were divided

1616

into 4 groups: normal tissue, GS < 6, GS = 7,
and GS > 8. The IHC analysis results showed
that both the percentage of MLL5a-positive
cells and the MLL5a« staining index were signifi-
cantly reduced in the GS > 8 group compared
with the normal tissue and GS < 6 groups
(Figure 7A). Regarding the mRNA level of
MLL5a, 80% of randomly selected PCa tissues
exhibited downregulation compared with adja-
cent normal tissues, and the GS > 8 group
exhibited reduced MLL5x expression com-
pared with the normal tissue and GS < 6 groups
(P < 0.05) (Figure 7B). The protein levels of
MLL5a were assessed by WB analysis in 8 PCa
tissues and associated adjacent normal tis-
sues (P1-P8). These results showed that 75% of
the patients (P3-P8) had lower expression of
MLL5« in the PCa tissues than in the normal

Am J Cancer Res 2020;10(5):1608-1629
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tissues (Figure 7Ca). According to the patients’
pathological data, we also assessed 12 PCa
patients with a low GS (GS < 7) and a high GS
(GS > 7). MLL5x protein expression was lower
in patients with a high GS (Figure 7Cb).

Low expression of MLL5 was associated with
poor recurrence-free survival of PCa patients
in the Taylor Prostate 3 database

Further evaluation of the effect of MLL5x on
the prognosis of PCa patients was limited
by the number of patients in this study. We
obtained the Taylor Prostate 3 database and
evaluated the relationships of MLL5, NDRG1,
KLK3, and AR with survival. To reduce inaccu-
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rate reporter bias in Pearson correlation analy-
sis and linear regression analysis, we selective-
ly removed a few individual data points (< 15;
the total number was 185) that were out of
range (we mainly selected reported expression
values of AR < 7, NDRG1 < 26, and KLK3 > 10
for analysis). The correlation analysis results
indicated that the mRNA expression levels of
MLL5, NDRG1, KLK3, and AR were positively
correlated with each other (R > 0.3 and P <
0.001) (Figure 8Aa-f).

With the data on recurrence follow-up time and

overall survival follow-up time provided in the
Taylor Prostate 3 database, we performed

Am J Cancer Res 2020;10(5):1608-1629
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Figure 6. Overexpression of MLL5a promotes PCa cell sensitivity to ENZ treatment. (A and B) C4-2 (Aa and Ba) and PC3 (Ab and Bb) oe-MLL5a/NC cells were treated
with 20 uM ENZ or the same volume of DMSO. A CCK-8 assay (A) and colony formation assay (B) were performed. The results are presented as the means + SEMs.
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four groups: 0eNC-DMSO, 0eMLL5a-DMSO0, 0eNC-ENZ, and oeMLL5a-ENZ. (C) Photographs of tumors on the fiftieth day after the inoculation of cells into the axilla
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0.01 and ***P < 0.001. (E) Representative images of IHC staining for cleaved caspase-3 (C-Casp-3); Ki-67; TUNEL; and HE staining in each group. (F) Quantitative
results of the staining percentage (a) and staining index (b) in each group. The results are presented as the means + SEMs. ns P > 0.05, *P < 0.05, and **P < 0.01.
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Table 1. Correlations of MLL5a expression and PCa patients’ clinical characteristics

Clinicopathological Total (n = 45) (%) MLL5x expressiona' P value
parameters Low (%) High (%) STo/M-W¢/x test
Age 0.876°
Median (IQR) 63 (61-68.5) 63 (60.75-68.25) 64 (61-69)
Range (Min, Max) 55-74 57-74 55-73
<65 25 (55.6%) 12 (54.5%) 13 (56.5%) 0.894¢
> 65 20 (44.4%) 10 (45.5%) 10 (43.5%)
Total PSA (t-PSA) 0.496¢
Median (IQR) 10.42 (7.56-21.6) 11.425(7.275-35.5725) 9.94 (7.53-16.51)
Range (Min, Max) 0.03-99.53 2.31-99.53 0.03-51.45
<4 ng/ml 3(6.7%) 2 (9.1%) 1 (4.3%) 0.505¢
4-10 ng/ml 18 (40.0%) 7 (31.8%) 11 (47.8%)
> 10 ng/ml 24 (53.3%) 13 (59.1%) 11 (47.8%)
Gleason score (GS)
<7 15 (33.3%) 4 (18.2%) 11 (47.8%) 0.083¢
7 15 (33.3%) 8 (36.4%) 7 (30.4%)
>7 15 (33.3%) 10 (45.5%) 5 (21.7%)
Clinical T-stage
T2a 11 (24.4%) 3(13.6%) 8 (34.8%) 0.031%"
T2b 15 (33.3%) 5(22.7%) 10 (43.5%)
T2¢ 11 (24.4%) 9 (40.9%) 2 (8.7%)
T3aorT3b 8 (17.8%) 5(22.7%) 3(13.0%)
Lymph node metastasis
NO 33 (73.3%) 13 (59.1%) 20 (87.0%) 0.035%"
N1 12 (26.7%) 9 (40.9%) 3(13.0%)
Distant metastasis
Mx 39 (86.7%) 18 (81.8%) 21 (91.3%) 0.619¢
M1 6 (13.3%) 4 (18.2%) 2 (8.7%)
TNM stage
-l 29 (64.4%) 12 (54.5%) 17 (73.9%) 0.175¢
-1V 16 (35.6%) 10 (45.5%) 6 (26.1%)

“P < 0.05. 2Median mRNA expression of MLL5« as cutoff. °P value (2-sided) of Student’s T Test. °P value (2-sided) of Mann-Whitney U Test. ¢P
value (2-sided) of Pearson Chi-Square Test or continuity correction of Chi-Square Test.

Kaplan-Meier survival and Cox regression an-
alyses to determine the effects of MLL5,
NDRG1, KLK3, and AR expression on patient
prognosis (with the median reported expres-
sion value as the cutoff). The recurrence-free
survival analysis results showed that patients
with low expression levels of MLL5, NDRG1,
and KLK3 tended to have poor prognoses for
disease recurrence and higher HRs (P (MC), .
= 0.0571, HR (MH), . (owmnign = 1-897 (0.981-
3.667); P (MC), pqe, = 0.0425, HR (MH), pr61 gow/
g = 1.967 (1.023-3.783); P (MC), ., = 0.0497,
HR (MH), s Gow/high) = 1.929 (1.001-3.719)), but
no differences were found for the effect of AR
expression on PCa patients’ prognosis (P (MC)
= 0.8276,HR (M H) ag owshign) = 0.9298 (0.4827-
1.791)) (Figure 8Ba-d). We also analyzed over-
all recurrence-free survival with overall survival
follow-up time and found that the expression

1621

levels of MLL5, NDRG1, KLK3, and AR did not
affect patients’ survival prognoses (Supple-
mentary Figure 2). However, only 11 of the
140 patients died during follow-up, and only 1
patient died of PCa.

Discussion

In this study, we found a novel protein, MLL5q,
that epigenetically regulates AR/NDRG1 signal-
ing through H3K4 methylation to suppress PCa
progression. Our results provide the first evi-
dence of the formation of an MLL5a-AR com-
plex and its association with AREs in NDRG1
and KLK3 in PCa.

As an epigenetic regulator, MLL5 acts not only

as a transcriptional activator by facilitating
H3K4me [22, 23] but also as an epigenetic

Am J Cancer Res 2020;10(5):1608-1629
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Figure 7. Low expression of MLL5« in advanced stages of PCa. PCa tissues were divided into 4 groups: normal tis-
sue, GS <6, GS =7, and GS > 8. A. Representative images (a) of IHC for MLL5a in the four groups of PCa patients.
Quantitative results of the staining percentage (b) and staining index (c) in each group. The results are presented as
the means + SEMs. *P < 0.05. B. Relative mRNA levels (normalized to those in adjacent normal tissues) of MLL5a
in 15 PCa patients (a) and relative mRNA levels (normalized to those of 18S ribosomal RNA) in the four groups of
PCa patients (b). The results are presented as the means + SEMs. *P < 0.05 and **P < 0.01. C. MLL5« protein
levels as determined via WB analysis in PCa patients compared to those in adjacent normal tissues (a) and MLL5«
protein levels in the GS > 8 group compared to those in the GS < 6 group (b).

repressor (in glioblastoma cells) by repressing
the histone 3 variant H3.3 [38]. These dual
functions were based on specific cells, target
genes, and the microenvironment. Stable ex-
pression of MLL5«a is cooperatively regulated
by OGlIcNac Transferase (OGT) and Ubiquitin
Specific Protease 7 (USP7) to enable its func-
tion as an epigenetic regulator through his-
tone methylation [39]. In different PCa/hyper-
plasia cell lines (BPH-1, LNCaP, 22RV1, C4-2,
and PC3), high expression of MLL5a and ne-
gligible expression of full-length MLL5 were

1622

found, and MLL5a was relatively highly expre-
ssed in AR-positive cell lines (LNCaP, 22RV1,
and C4-2). Therefore, we considered MLL5x
as an epigenetic regulator and further explor-
ed the relationship between MLL5a expression
and AR transcriptional activity.

The function of MLL5« as a histone methylase
is controversial [21-27, 38]; MLL5a was even
suggested to repress H3K4me3 in glioblas-
toma multiforme (GBM) primary cultures [38].
Considering these opposite functions of ML-

Am J Cancer Res 2020;10(5):1608-1629



MLL5ax suppresses prostate cancer progression

A B
a R =0.446; P < 0.001 b R =0.395; P < 0.001 a — Low(n=70) b —— Low (n=70)
Analysis: AR < 7 Analysis: NDRG1 < 26 T 1.01 — High (n=70) & 107 —— High (n = 70)
2 >
8 N =172 (92.97Y N =17 149 S
. (92.97%) g 6 (95.14%) g 0s- £ 0.8-
2 3 s 4 7]
2 g . % 06 8 0.6-
s ? 20 . & =
@ 4 g § 0.4 MLL5: 9 0.4 NDRG1:
g 3 10 [ P(MC) = 0.0571; P(GBW) = 0.0234 § P(MC) = 0.0425; P(GBW) = 0.0149
2 2 0 § 0.24 HR(MH) = 1.897; 95% Cl = 0.981-3.667 5 0.2+ HRH) = 1.967; 95% CI = 1.023-3.783
< L. g 9] HR(logrank) = 1.89; 95% CI = 0.9807-3.643 9 HR(logrank) = 2.018; 95% CI = 1.05-3.879
0 - T T T 1 0- T T T T 1 X 0.0 T T T T 1 0.0 T T T T 1
0 L e 3 & 5 0 1 2 3 4 5 0 30 60 90 120 150 0 30 60 90 120 150
MLLS expression value MLLS expression value Months Months
C R =0.439; P <0.001 d R =0.457; P < 0.001 C —— Low (n=70) d — Low (n=70)
Analysis: KLK3 > 10 Analysis: AR < 7 s 1.0 —— High (n=70) S 1.0 —— High (n=70)
N =173 (93.51% 81 N =172 (92.97% e B
> 80 ( o) ( o) E 0.8 E 0.84
3 ] H H
2 3
>604 0 At Stes e T 6 [ @
g : e 0.6 e 0.6
® .% .:’ L=
g g4 8 0.4 KLKs: § 044 AR:
3 %‘ [ P(MC) = 0.0497; P(GBW) = 0.0634 [ P(MC) = 0.8276; P(GBW) = 0.8380
g e 2 § 0.2 HRr(vH) = 1.929; 95% CI = 1.001-3.719 5 0.2+ pr(VH) = 0.9298; 95% Cl = 0.4827-1.791
4 : . . . ] HR(logrank) = 1.947; 95% Cl = 1.012-3.744 o HR(logrank) = 0.9301; 95% Cl = 0.4839-1.788
0- T T T T | 0 T T T 1 © 0.0 T T T T 1 X 0.0 T T T T 1
° ) 20 @ 4 N 0 10 20 30 40 0 30 60 90 120 150 0 30 60 90 120 150
MLLS expression value NDRGH1 expression value Months Months
e R =0.440; P < 0.001 f R =0.581; P <0.001 C
Analysis: KLK3 > 10 Analysis: AR <7
80 N =173 (93.51%) 80 N =172 (92.97%)
E E;
[ [
> 60 > 60
[ c
2 S
0 n
3 40 3 40
s s
© 20 0 20"
X ¥
=i )
3 3
"o 10 20 30 40 "o 2 4 6 8
NDRG1 expression value AR expression value
)OOOD T
—— Translocation —3» Stimulatory —— Innibitory ) Androgen DDA DNA

Figure 8. Low expression of MLL5 was associated with poor recurrence-free survival of PCa patients in the Taylor Prostate 3 database. A. The relationships between
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L5« in a single cell line, we downregulated the
expression of MLL5«a in LNCaP cells and as-
sessed the quantitative changes in global
H3K4 methylation. Knockdown of MLL5a sig-
nificantly reduced the levels of global H3K4me2
and H3K4me3, implying that MLL5a induces
H3K4 methylation activity in PCa.

Knockdown of MLL5a induced the expressi-
on of neuroendocrine markers (CgA, Syn, and
NSE), indicating potential transformation of
ADPC to NEPC. In various PCa cells (LNCaP,
C4-2, and PC3), MLL5a promoted AR, NDRG1,
and E-cadherin expression and suppressed
the expression of EMT markers (N-cadherin,
Slug, Snail, Vimentin, and ZEB1), implying that
the tendency of PCa to progress to CRPC is
mediated through the potential relationship
among MLL5a, NDRG1, and AR.

MLL5 was reported to be not only a cell cycle
repressor by repressing cyclin A2 expression
[25] but also a cell cycle promoter by activat-
ing E2F1 transcriptional activity and promoting
G1/S and G2/M phase transitions [22, 40-42].
Because the role of MLL5x in PCa is not clearly
defined, we regulated the expression of MLL5«x
in LNCaP, 22RV1, and C4-2 cells and assessed
the effects of MLL5« on cell proliferation, inva-
sion, and migration. Knockdown of MLL5« sig-
nificantly promoted LNCaP cell proliferation
and invasion, and overexpression of MLL5x
suppressed the proliferation, invasion, and mi-
gration of 22RV1 and C4-2 cells. This result
suggests the anticancer effect of MLL5x in
PCa cells.

As a transcription factor, AR plays dual func-
tions in the progression of PCa [43-47]. ADT dri-
ves PCa metastasis [48-50], EMT [51, 52], and
neuroendocrine differentiation [53]. Though
studies have documented AR as a PCa sup-
pressor [3, 46, 51, 54, 55], the specific mecha-
nism of ADT-induced PCa progression is largely
unknown.

After ADT, repression of AR transcriptional
activity may crucially affect the progression of
PCa. Several AR target genes (such as NDRG1
[33, 34, 56] and PMEPAL [34, 57, 58]) are
tumor suppressors, and dysregulated expres-
sion of these genes induced by ADT is of con-
siderable importance to PCa progression. His-
tone methylases and demethylases such as
EZH2 [59-65] and LSD1 [65-68] were report-
ed to function as both AR transcriptional co-
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activators and co-repressors on various target
genes. Therefore, determining the function of
novel AR co-activators in specific recognized
target genes is important for investigating the
mechanism of PCa progression.

In this study, we found a novel complex formed
by MLL5a and AR. When we assessed the
effect of MLL5a on AR transcriptional activity
by evaluating representative AR target genes
(PMEPA1, FGF8, NDRG1, KLK2, KLK3, TMPR-
SS, and IGF1R), we found that knockdown of
MLL5« significantly reduced the expression of
PMEPA1 (shNC-DHT:shMLL5a-DHT = 1:0.78),
NDRG1 (shNC-DHT:shMLL5a-DHT = 1:0.26),
and KLK3 (shNC-DHT:shMLL5a-DHT = 1:0.39).
Considering their relative expression levels,
NDRG1 and KLK3 were selected for further
study as representatives of MLL5x-affected
AR target genes. The ChIP assay results showed
that 3 x Flag-tagged MLL5a directly recogniz-
ed the AREs in NDRG1 and KLK3 and that
DHT stimulation enhanced the binding efficien-
cy. MLL5a also activated the transcriptional
activity of the NDRG1 and KLK3 promoter
regions via H3K4me3 recruitment and AR ac-
cumulation in the AREs in NDRG1 and KLK3.
Based on these findings, we concluded that
MLL5a promotes AR/NDRG1 signaling through
H3K4me3 in AREs.

According to the results of clinical data analy-
sis, KLK3, also called prostate-specific antigen
(PSA), was found to be expressed at low levels
in many patients diagnosed with aggressive
PCa; thus, there may be another mechanism
that promotes PCa progression without induc-
ing PSA upregulation. To evaluate the function
of MLL5«a in suppressing PCa progression
through AR/NDRG1 signaling, we downregulat-
ed the expression of NDRG1 in C4-2/PC3-oe-
MLL5a/NC cells via siRNA and assessed cell
proliferation, invasion, and migration. Down-
regulation of NDRG1 partially restored PCa cell
invasion and migration suppressed by MLL5x
but did not restore proliferation. Considering
that the suppressive effects of MLL5a on PCa
cell invasion and migration were related to AR/
NDRG1 signaling, there may be other mecha-
nisms by which MLL5«x suppresses PCa cell
proliferation. As mentioned above, MLL5a was
suggested to act as a cell cycle suppressor by
repressing cyclin A2 expression [25]. This
mechanism may explain why MLL5a sup-
pressed the proliferation of PCa cells.
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Epigenetic reprogramming was reported to be
a key regulator of the transition between CRPC
and ADT sensitivity [62]. Regarding the histone
lysine N-methyltransferase EZH2, studies have
suggested that inhibition of EZH2 activates AR
signaling and restores the sensitivity of CRPC
cells to ENZ therapy [62, 69-71]. However, acti-
vating AR signaling to restore sensitivity to
AR-targeted therapy is obviously contradictory.
Thus, we aimed to evaluate the dual function of
AR signaling. Because EZH2 has been reported
to both activate [59, 60, 63] and repress [61,
62, 64, 65] AR transcriptional activity, we
assumed that epigenetic regulators such as
EZH2 and MLL5a may regulate AR transcrip-
tional activity on specific target genes, allow-
ing the selective activation or repression of dis-
tinct AR target genes in specific microenviron-
ments. Knockdown of MLL5a in LNCaP cells
resulted in a preference for the regulation of
NDRG1 and KLK3 among representative AR
target genes and promoted LNCaP cell prolifer-
ation and invasion. Synergistic antiproliferative
effects of MLLSa and ENZ treatment were
found in C4-2 and PC3 cells. An in vivo assay
in a xenograft model also showed that ov-
erexpression of MLL5a enhanced ENZ sensitiv-
ity, as shown by the decreased tumor growth
and increased tumor apoptosis. These results
show the potential for CRPC to transition to ENZ
sensitivity after overexpression of MLL5a in
PCa cells.

A GS of > 7 has been defined as a strong pre-
dictor of PCa aggressiveness [72, 73]. With this
surrogate marker, we divided PCa tissues into
three groups: GS < 7 (low GS group), GS = 7
(moderate GS group), and GS > 7 (high GS
group). The MLL5a protein level was significant-
ly lower in the high GS group than in the low GS
and normal tissue groups. Low expression of
MLL5 also indicated a poor recurrence-free
survival prognosis (HR (MH) = 1.897, 95% CI =
0.981-3.667) of PCa patients in the Taylor
Prostate 3 database, and the expression of
MLL5 was positively correlated with the expres-
sion of AR, NDRG1, and KLK3. These conclu-
sions were consistent with our previous results
indicating that MLL5a has contradictory effects
on PCa progression by triggering AR/NDRG1
signaling.

This study raised several points that warrant
further research. First, MLL5a bound to AR and
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selectively activated AR target genes; however,
the precise mechanism underlying this specific
recognition was unclear. Second, MLL5& sup-
pressed PCa cell proliferation independent of
AR/NDRG1 signaling, but the molecular mecha-
nism was undetermined.

Conclusions

In this study, we found that MLL5« suppressed
PCa progression by activating AR/NDRG1 sig-
naling. MLL5« directly binds with AR and recog-
nizes the AREs in NDRG1 and KLK3 to activate
their transcription via H3K4me3. MLL5a over-
expression acts as a suppressor of tumor prolif-
eration in PCa and promotes PCa sensitivity
to ENZ treatment. Through this mechanism,
MLL5a upregulation may be a treatment ap-
proach for PCa patients. In addition, MLL5« is
expressed at lower levels in PCa tissues than
in adjacent normal tissues, and MLL5x expr-
ession is inversely related to the GS and prog-
nosis of PCa. Thus, MLL5a may be a biomarker
for PCa progression.
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Supplementary Table 1. Information of MLL5« related sequences and vectors

Name Sequences Vector
sh-MLL5a ATGCTGAGAGAACAGTTTGAA  TTCAAACTGTTCTCTCAGCAT pSGLV-H1-GFP-puromycin
sence (5’-3') antisence (5’-3’)
si-NDRG1 AACCUGCUACAACCCCCUCTT GAGGGGGUUGUAGCAGGUUTT -
sence (5'-3) antisence (5’-3’)
oe-MLL5ax NM_018682(1-609aa)-3flag Ubi-MCS-SV40-EGFP-IRES-puromycin

Supplementary Table 2. Oligonucleotide primers of AR/NDRG1

relative genes

Gene Forward

Reverse

MLL5a
AR

NDRG1
GAPDH

TCCTCGGTTCCTGGTGAAGA
CTACATCAAGGAACTCGATCGT
GAAAAGCATTATTGGCATGGGA
TGACTTCAACAGCGACACCCA

AACCCCGTTATGTGCTCGAC
CATGTGTGACTTGATTAGCAGG
CACAAGGGTTCACGTTGATAAG
CACCCTGTTGCTGTAGCCAAA

Supplementary Table 3. Oligonucleotide primers of androgen
receptor-responsive genes

Gene Forward Reverse

PMEPA1  CATGATCCCCGAGCTGCT TGATCTGAACAAACTCCAGCTCC
FGF8 CAACTCTACAGCCGCACCAGC TGCTCTTGGCGATCAGCTTC
GREB1 AAGGAGGGCTGGAAACAAAT  CATTGTGGCCATTGTCATCT
NDRG1 GAAAAGCATTATTGGCATGGGA CACAAGGGTTCACGTTGATAAG
KLK2 GCTGCCCATTGCCTAAAGAAG TGGGAAGCTGTGGCTGACA
KLK3 CACCTGCTCGGGTGATTCTG CCACTTCCGGTAATGCACCA
TMPRSS2 GGACAGTGTGCACCTCAAAGA TTGCTGCCCATGAACTTCC
IGF1R GGGCCATCAGGATTGAGAAA  CACAGGCCGTGTCGTTGTCA
18S AAACGGCTACCACATCCA CACCAGACTTGCCCCTCCA

Supplementary Table 4. Histone methylation
relative antibodies information

Protein Brand NO.

H3K4mel CST #5326
H3K4me2 CST #9725
H3K4me3 Abcam ab8580
H3K9me2/3 CST #5327
Histone H3 CST #4499
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Supplementary Table 5. Relative antibodies

information

Protein Brand NO.
MLL5 Abcam ab75339
MLL5« Abgent AP14173a
AR Abcam ab74272
NDRG1 CST #9485
N-Cadherin Abcam ab18203
E-cadherin CST #3195
ZEB1 CSsT #3396
Slug CSsT #9585
Snail CST #3879
Vimentin CST #5741
CgA Abcam ab15160
NSE Abcam ab79757
Syn Abcam ab32127
Ki-67 CsT #9449
Cleaved Caspase-3 CST #9661
B-actin CST #3700

Supplementary Table 6. Co-IP assay related infor-

mation of antibodies

Protein Brand NO. Source
AR Abcam ab74272 rabbit
IgG CsT #2729 rabbit
Flag Sigma-Aldrich F1804 mouse
MLL5«a Abgent AP14173a rabbit

Supplementary Table 7. ChIP assay related Oligonucleotide primers

Gene

Forward Reverse

Region

NDRG1 GCCACCTGGGTAGCTTTGTA AGAGGAGCCGCCAAATTAAA

KLK3

GGGATCAGGGAGTCTCACAA  GCTAGCACTTGCTGTTCTGC

-1066~-928
-393~-153
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Supplementary Figure 1. Verification of the MLL5« regulating efficiency and MLL5a-affected markers. A. Expression of MLL5a was stably downregulated in LNCaP
cells via lentiviral transduction (containing MLL5a-specific shRNA), and MLL5« protein levels (a) and mRNA levels (b) were assessed via WB and gPCR analyses. The
results are presented as the means + SEMs. ***P < 0.001. B. MLL5a was stably overexpressed in 22RV1 and C4-2 cells, and protein levels were assessed via WB
analysis (a). MLL5a was overexpressed in LNCaP, 22RV1, and C4-2 cells, and mRNA levels were assessed via gPCR analysis (b). The results are presented as the
means + SEMs. ***P < 0.001. C. The expression of MLL5a was downregulated in LNCaP cells (sh-NC and sh-MLL5a) and was upregulated in C4-2 and PC3 cells
(0oe-NC and oe-MLL5a). WB was performed with EMT markers. D. MLL5a was stably overexpressed in C4-2 and PC3 cells, and the expression of NDRG1 was then
knocked down via siRNA transfection. Protein levels in C4-2 and PC3 (a) cells were assessed via WB analysis, and mRNA levels in C4-2 (b) and PC3 (c) cells were
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Supplementary Figure 2. No significant association was found between MLL5 expression and PCa patients’ overall
survival in the Taylor Prostate 3 database. A. Kaplan-Meier survival curves and Cox regression model for the as-
sociation between the expression of MLL5 (a), NDRG1 (b), KLK3 (c), and AR (d) on patients’ overall survival (with
the median reported expression value as the cutoff; P (MC): P value from the log-rank (Mantel-Cox) test; P (GBW): P
value from the Gehan-Breslow-Wilcoxon test; HR (MH): hazard ratio (Mantel-Haenszel); HR (log-rank): hazard ratio
(log-rank); 95% Cl: 95% confidence interval of the HR in the Low/High groups).



