
RESEARCH PAPER

Loss of KMT2D induces prostate cancer ROS-mediated DNA damage by
suppressing the enhancer activity and DNA binding of antioxidant transcription
factor FOXO3
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ABSTRACT
Histone methyltransferase KMT2D has diverse functions and distinct mechanisms in different
cancers. Although we have previously found KMT2D serves as an oncogene that promotes
tumor growth and metastasis in prostate cancer (PCa), the functions and mechanisms of KMT2D
are complicated and most remain undefined. Here, the function of KMT2D regarding DNA damage
in PCa and the underlying mechanisms of KMT2D in epigenetic regulation were explored in
a series of studies. Knockdown of KMT2D sensitized cells to DNA damage through the disturbance
of antioxidative gene expression and increased levels of intracellular reactive oxygen species,
which led to cell apoptosis and senescence. The loss of KMT2D reduced the abundance of
enhancer activity markers H3K4me1 and H3K27ac, which blocked the DNA binding of FOXO3,
a critical mediator of the cellular response to oxidative stress, and suppressed antioxidative gene
transcription. Moreover, KMT2D deletion in PCa cells also increased their sensitivity to genotoxic
anticancer drugs and a PARP inhibitor, which suggested that lower levels of KMT2D may mediate
the response of PCa to particular treatments. These findings further highlighted the important role
of KMT2D in PCa progression and suggested that targeting KMT2D might be therapeutically
beneficial for advanced PCa treatment.
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Introduction

Prostate cancer (PCa) is one of most common
malignancies and the predominant cause of can-
cer-related death in men worldwide [1]. Though
radical prostatectomy and androgen deprivation
therapy provide palliative benefits, recalcitrant dis-
ease recurs and progresses to a lethal stage [2].
None of the current treatments are curative and
the median survival time is 2–3 y [3]. Recently,
with the technology of next-generation sequen-
cing, multiple genetic alterations such as gene
mutations, copy number variants, and gene rear-
rangements have been revealed in localized and
metastatic PCa [4–6]. However, the biological con-
sequences of these genetic alterations have not

been fully elucidated in either cell culture or ani-
mal model systems [7].

Emerging evidence suggests that the function
and expression of certain epigenetic modifiers,
such as TET2 [8], BAZ2A [9], and EZH2 [10],
are closely related to PCa tumorigenesis,
metastasis, and prognosis. Histone lysine
methyltransferase 2D (KMT2D/MLL2) is an
epigenetic modifier that directs the mono-
methylation of H3K4 residues (histone H3
lysine 4-monomethylation, H3K4me1). We pre-
viously found that KMT2D is both highly
mutated and overexpressed in Chinese patients
with PCa and correlates with poor disease
prognosis [11,12]. KMT2D epigenetically upre-
gulates the expression of leukemia inhibitory
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factor receptor (LIFR) and Kruppel-like factor-
4 (KLF4), which activates PI3K/Akt and EMT
oncogenic pathways, thereby promoting PCa
outgrowth and metastasis [11]. Moreover, accu-
mulating evidence reveals that KMT2D corre-
lates with tumorigenesis and anti-tumor drug
resistance. The genetic ablation of KMT2D in
B cells perturbs tumor-expression of the
tumor-suppressor genes that control B cell-
activating pathways and contributes to lym-
phoma development [13]. In breast cancer,
PI3Kα inhibition enhances KMT2D activity
and triggers endoplasmic reticulum (ER)-
dependent transcription that limits therapeutic
efficacy [14]. Given the divergent functions of
KMT2D in other cancers, the pathophysiologi-
cal function of KMT2D in PCa is likely to be
complicated and needs to be comprehensively
investigated.

DNA damage and subsequent genomic instability
give rise to gene mutations and chromosomal
damage, which are facilitating characteristics that
help generate the hallmarks of cancer [15,16]. On
the other hand, extensive or unpaired DNA damage
is toxic to cancer cells. DNA damage may cause cell
cycle arrest and cell elimination, inducing apoptosis
or necrotic cell death [17]. Thus, DNA damage also
can function as a tumor suppressor [18].
Endogenous agents can induce DNA damage.
Among them, reactive oxygen species (ROS) is
responsible for a major portion of the damage.
Altered metabolism, deficiency in antioxidative abil-
ity, hypoxia, and mitochondria dysfunction all
increase intracellular ROS levels and further pro-
mote DNA damage, leading to premature cellular
senescence and programmed cell death [19]. Santos
et al. reported that KMT2D knockout increases
ROS-mediated DNA damage in hematopoietic
stem cells (HSCs) via transcriptional regulation of
antioxidative response genes, which enhances mye-
lopoiesis and myeloid differentiation of leukemic
blasts [20]. Therefore, KMT2D might serve as
a protector against the ROS-mediated DNA damage
for cancer cells. However, whether KMT2D corre-
lates with DNA damage and antioxidative response
in PCa remains unknown.

In the current study, we showed that the loss
of KMT2D promoted ROS-mediated DNA
damage in PCa and led to both cell apoptosis

and senescence, which blocks cancer develop-
ment and progression. We found that the expres-
sion of enhanced activity markers H3K4me1 and
H3K27ac were decreased after KMT2D was
silenced. The low expression of enhancer activity
markers disturbed the transcription regulation of
forkhead box O3 (FOXO3) and reduced cell
antioxidative gene expression. Moreover, the
increased DNA damage and greater deficiency
of antioxidants resulted in the KMT2D-deficient
cells being more sensitive to genotoxic anticancer
drugs. Therefore, KMT2D status might be useful
to stratify human PCa for effective treatment.

Results

KMT2D depletion led to DNA damage in PCa

To explore whether KMT2D depletion was asso-
ciated with DNA damage in PCa, we established
a PC-3 cell line with KMT2D stably silenced by
transfection with lentiviruses that expressed two
KMT2D-specific short hairpin RNAs (shRNAs;
#1 and #2). In addition, another PCa cell line,
DU145, was also chosen due to the relatively
high abundance of KMT2D mRNA abundance
[11] and was transfected with KMT2D small inter-
fering RNA (siRNA) ‘smartpool,’ which is
a mixture of four siRNAs. After transfection,
both the transcriptional and translational levels of
KMT2D in PC-3 and DU145 cells were signifi-
cantly reduced compared with that of the control
group (Supplementary Figure S1(a,b)). Also, the
H3K4me1 protein level was consistently decreased
(Supplementary Figure S1(c)).

KMT2D-silenced cells and control cells were used
in a variety of assays to explore the correlation
between KMT2D and DNA damage. First, single cell
gel electrophoresis was performed. The results
revealed that the DNA damage ratio, reflected by the
tail moment, was significantly increased in KMT2D-
knockdown PC-3 and DU145 cells (range, 2.43–4.55-
fold, P < 0.001; Figure 1(a)). Second, the fluorescence
of the DNA damage sensor γH2AX was detected
significantly increased by confocal microscopy after
KMT2D knockdown (Figure 1(b)). Third, through
flow cytometry, the DNA damaged cells were quanti-
fied (Figure 1(c)). As a result of KMT2Ddepletion, the
percentage of γH2A.X cells was significantly elevated
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in PC-3 and DU145 cells (range, 1.44–2.03-fold,
P < 0.001; Figure 1(c)).

To further validate the correlation between
KMT2D and DNA damage, we analyzed speci-
mens from 29 patients with PCa. Quantitative
reverse transcription-polymerase chain reaction

(qRT-PCR) was used to evaluate the expression
of KMT2D and immunohistochemical staining of
γH2A.X was performed to mark DNA damage.
Representative IHC images of the different stain-
ing of γH2A.X are shown in Figure 1(d). As
expected, our analysis showed that KMT2D

Figure 1. Knockdown of KMT2D led to DNA damage. (a) Single cell alkaline gel electrophoretic analysis of PC-3 and DU145 cells. The
tail moment was quantified using CometScore software. (b) Immunofluorescence staining analysis of γH2AX (red) in PC-3 and DU145
cells. (c) γH2A.X-positive cells were evaluated by flow cytometry using Alexa Fluor 647 anti-γH2A.X in PC-3 and DU145 cells. *
P < 0.05, ** P < 0.01, *** P < 0.001, compared with that of control cells. (d) Representative images of immunohistochemistry staining
of PCa specimens (n = 29). (e) KMT2D mRNA levels negatively correlated with γH2A.X IHC scores in PCa tissues. All values are means
± SD. Data are representative of three independent experiments.
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expression was inversely correlated with γH2A.X
(Person r = −0.383, P = 0.040; Figure 1(e),
Supplementary Table S1). Thus, the findings pro-
vided compelling evidence that KMT2D loss
results in DNA damage in PCa.

Increased intracellular ROS level was associated
with DNA damage

Elevated intracellular ROS level is a major cause of
DNA damage. Therefore, we measured the level of
ROS in PCa cells. CellROX was used as a probe
and the ROS levels in PC-3 and DU145 cells were
analyzed by flow cytometry. We observed that the
intracellular ROS levels were significantly
increased after KMT2D knockdown compared
with that in the control cells (range 1.45–2.61-
fold, P < 0.001; Figure 2(a)). The level of
8-hydroxy-2ʹ-deoxyguanosine (8-OHdG), an indi-
cator of common oxidized base damage, was sig-
nificantly higher in KMT2D-silenced PC-3 and
DU145 cells based on analysis by enzyme-linked
immunosorbent assay (ELISA; range 1.29–3.87-
fold, P < 0.05; Figure 2(b)).

To confirm whether the increased ROS levels
contributed to DNA damage in KMT2D-deficient
cells, the antioxidant N-acetylcysteine (NAC) was
used. Immunofluorescence staining showed the
percentage of γH2A.X-positive cells decreased
due to NAC treatment in KMT2D deficiency
cells (Figure 2(c)). Fluorescence-activated cell sort-
ing (FACS) analysis showed similar results in that
NAC treatment significantly reversed the DNA
damage induced by the loss of KMT2D expression
in PC-3 and DU145 cells (P < 0.001; Figure 2(d)).
These findings suggested that the increase in ROS
is responsible for the elevation of DNA damage in
PCa with low KMT2D expression.

ROS-mediated DNA damage prompted PCa cell
apoptosis and senescence

ROS-mediated DNA damage can trigger cell-cycle
arrest, premature cellular senescence, or apoptosis
and thereby suppress tumor progression. We rea-
soned that the ROS-mediated DNA damage caused
by KMT2D loss might also result in cytotoxicity for
PCa cells. Fluorescence antibodies specific for
γH2A.X and cleaved poly ADP ribose polymerase

(PARP) were used to immunostain DNA damaged
and apoptotic cells, respectively, and were then
detected by flow cytometry. The results showed
that the percentage of apoptotic cells significantly
increased in KMT2D-silenced cells (range
9.74–14.66-fold, P < 0.001; Figure 3(a)).
Meanwhile, almost all the apoptotic cells were also
γH2A.X positive (P < 0.001; Figure 3(b)), which
suggested that the ROS-mediated DNA damage
was responsible for the increased apoptosis after
KMT2D knockdown. The flow cytometry results
were further confirmed by western blot
(Supplementary Figure S2).

In addition, we analyzed cell cycle effects using
flow cytometry and BrdU incorporation. We
observed that KMT2D-depletion increased the
number of PC-3 and DU145 cells in the G2/M
phase and decreased the number of cells in the
S phase (P < 0.001; Figure 3(c)). Furthermore, an
SA-β-Gal assay showed that KMT2D knockdown
increased the percentage of senescent cells (β-Gal-
positive cells) in PC-3 and DU145 cells (range
1.53–1.91, P < 0.001; Figure 3(d)). Hence, ROS-
mediated DNA damage also triggered DNA
damage response signaling to block the cell cycle
and prompted cell senescence in PCa.

KMT2D knockdown attenuated antioxidative
gene expression and FOXO3 DNA binding

To understand how KMT2D loss induced ROS-
mediated DNA damage, we performed gene
expression profiling on stable KMT2D knockdown
and control PC-3 cells using an RT-PCR array. The
results showed that the expression of mostly oxi-
dative stress-specific genes was decreased after
KMT2D depletion, including the genes encoding
glutathione peroxidases, peroxiredoxins, and
superoxide dismutases (Figure 4(a)). These gene-
expression alterations were confirmed by qRT-
PCR analysis of PC-3 and DU145 cells. Four repre-
sentative antioxidative genes, GPX1, PRDX2,
SOD2, and CAT, were significantly suppressed
after KMT2D expression was silenced (P < 0.01;
Figure 4(b)). These findings suggested that
KMT2D played an important role in sustaining
transcriptional programs programs associated
with the antioxidative response in PCa.
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We next aimed to identify how KMT2D
orchestrated the expression of the antioxidative
genes. It has been previously shown that

KMT2D plays a critical role in the function of
FOXO3 in breast cancer and glioblastoma multi-
forme [21,22]. Additionally, FOXO3 was recently

Figure 2. Increased intracellular ROS level contributed to DNA damage in the absence of KMT2D. (a) ROS levels in PC-3 and DU145
cells were detected by flow cytometry using CellROX. *** P < 0.001, compared with that of control cells. (b) The 8-OHdG
concentrations of DNA were evaluated by ELISA in PC-3 and DU145 cells. * P < 0.05, *** P < 0.001, compared with that of control
cells. (c) Representative images of γH2AX foci (red) of KMT2D silenced PC-3 and DU145 cells treated with NAC. (d) The percentage of
γH2AX positive cells were quantified by flow cytometry. All values are means ± SD. Data are representative of three independent
experiments.
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found to be activated in the presence of oxida-
tive stress, which induces the expression of anti-
oxidant defense enzymes to reduce ROS levels
and oxidative stress [23]. Thus, we hypothesized
that FOXO3 participated in the defective oxida-
tive stress response after KMT2D knockdown.
To test this hypothesis, we first evaluated the
nuclear levels of FOXO3 using immunofluores-
cence staining. Our results indicated that the
abundance of FOXO3 was suppressed in
KMT2D-silenced PC-3 and DU145 cells com-
pared to that in control cells (Figure 4(c)). This

result was confirmed by western blot (Figure 4
(d)). More importantly, through ChIP-PCR,
KMT2D suppression also led to a considerable
decrease in the amount of FOXO3 occupying the
forkhead motif near the representative antioxi-
dative genes (Figure 4(e), Supplementary Figure
S3). In addition, we overexpressed FOXO3 in
stable KMT2D silenced PC-3 cells (Figure S1
(d)). Flow cytometric analysis revealed that
FOXO3 overexpression only partially rescued
the upregulated intracellular levels of ROS
caused by KMT2D loss (P < 0.001; Figure 4(f)).

Figure 3. ROS-mediated DNA damage induced PCa cell apoptosis and senescence. (a) Cell apoptosis was evaluated with flow
cytometry using PE anti-cleaved PARP in PC-3 and DU145 cells. *** P < 0.001, compared with that of control cells. (b) Representative
FACS analysis of cleaved PARP and γH2A.X double positive cells in PC-3 and DU145 cells. *** P < 0.001, compared with that of
control cells. (c) Cell cycle analysis of the PC-3 and DU145 cells using BrdU incorporation. Quadrangular gates represent cell cycle
stages of G1/G0, S, and G2/M. *** P < 0.001, compared with that of control cells. (d) Representative images of SA-β-Galactosidase
staining (blue-green) of PC-3 and DU145 cells. All values are means ± SD. Data are representative of three independent experiments.
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Figure 4. KMT2D was required for antioxidative gene expression and FOXO3 DNA binding. (a) A heatmap showing the fold changes
of 84 oxidative stress genes compared with that of the control group. (b) Analysis of PC-3 and DU145 cells by qRT-PCR showed the
decreased expression of four representative antioxidative genes, GPX1, PRDX2, SOD2, and CAT. ** P < 0.01, *** P < 0.001, compared
with that of the control cells. (c) Immunofluorescence staining analysis of PC-3 and DU145 cells using anti-FOXO3 (red); nuclear
staining with DAPI. (d) western blot analysis of FOXO3 in PC-3 and DU145 cells. (e) ChIP-PCR for FOXO3 to representative
antioxidative genes in PC-3 cells transfected with shKMT2D. ** P < 0.01, *** P < 0.001, compared with that in the control cells.
(f) ROS levels in PC-3 cells transfected with shKMT2D and FOXO3 vectors were detected by flow cytometry using CellROX. ***
P < 0.001, compared with that in the control cells. All values are means ± SD. Data are representative of three independent
experiments.
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These results suggested that KMT2D is indispen-
sable for the DNA binding and function of
FOXO3 in PCa.

KMT2D deficiency decreased the pre-existing
levels of enhancer activity markers

Eijkelenboom et al. have found that unlike other
transcription factors, FOXO3 transcription regulation
primarily proceeds through enhancer regions [24].
FOXO3 DNA binding prior to FOXO3 activation is
largely determined by the pre-existing levels of enhan-
cer activity markers [25]. Thus, genetic alterations
that affect the levels of enhancer activity without
affecting FOXO3 itself could influence FOXO3
DNA binding and affect the FOXO3-mediated regu-
lation of target genes [25]. Moreover, as a crucial
epigenetic modifier, recent studies have proven that
upon impairment of KMT2D function, changes in the
levels of H3K4me1 and H3K27ac are observed in
enhancer regions, indicating a direct role for
KMT2D in enhancer regulated processes [26]. Based
on these findings, we proposed that KMT2D defi-
ciency suppressed FOXO3 DNA binding through
blocking the formation of the enhancer activity mar-
ker. To test this hypothesis, we evaluated the changes
in enhancer activity markers after KMT2D knock-
down. Since we previously confirmed that the
H3K4me1 abundance is suppressed in KMT2D
silenced cells [11], in the current study we only eval-
uated the enhancer activity marker H3K27ac.
Consistent with the findings for H3K4me1, both
immunofluorescent staining (Figure 5(a)) and wes-
tern blot analysis (Figure 5(b)) showed that H3K27ac
was significantly decreased in the nucleus after
KMT2D knockdown (P < 0.001). Subsequently, we
investigated patterns of enhancer activity markers on
antioxidative genes using Cistrome DB,
a comprehensive annotated resource of publicly avail-
able ChIP-seq and chromatin accessibility data [27].
As shown in Figure 5(c), the overlapping ChIP-seq
peaks for bothH3K4me1 andH3K27ac were found in
the upstream region of the representative antioxida-
tive genes GPX1, PRDX2, SOD2, and CAT. This
raised the possibility that KMT2D might sustain the
enhancer activity of these genes. Using ChIP-PCR, we
found the KMT2D knockdown significantly dam-
pened the abundance of H3K4me1 and H3K27ac in
these peaks (P < 0.05; Figure 5(d)). In addition, from

the Cistrome DB, we also obtained the human
KMT2D ChIP-seq data from two different studies
(GSE67314 and GSE71854). The KMT2D peaks
were found in the upstream region of the four repre-
sentative antioxidative genes GPX1, PRDX2, SOD2,
and CAT (Supplementary Figures S4–S7) and closed
to the H3K4me1 and H3K27ac peaks in PC-3 cells.
The consistent binding sites of H3K4me1, H3K27ac
and KMT2D further supported that KMT2D might
have a direct role in antioxidative gene regulation.
Together, our findings suggested that KMT2D is
a critical epigenetic mediator of enhancer activity
that directs FOXO3 binding and the antioxidative
transcriptional response.

KMT2D depletion increased sensitivity to
genotoxic anticancer drugs and PARP inhibitors

The dependence of PCa cells on KMT2D for survival
and ROS-mediated DNA damage makes it a prime
therapeutic target.We expected that low expression of
KMT2D could increase the sensitivity of PCa cells to
genotoxic anticancer drugs and provide potentially
favorable prognosis in patients with low KMT2D
expression. To test this hypothesis, we treated control
and KMT2D-silenced cells with the common geno-
toxic anticancer drugs doxorubicin and carboplatin.
We observed an increased sensitivity to the two drugs
in KMT2D knockdown cells compared with that in
control cells (Figure 6(a,b)). In addition, we deter-
mined whether KMT2D loss would result in a higher
sensitivity to PARP inhibitors. PARP inhibitors are
usually used in patients with defective homologous
recombination (HR) such as BRCA mutations [28]
and have been approved by the US Food and Drug
Administration (FDA) as a form of monotherapy
treatment for metastatic castration-resistant prostate
cancer (mCRPC). Interestingly, KMT2D-deficient
cells were also more sensitive to the PARP inhibitor
olaparib compared with that of control cells (Figure 6
(c)). Taken together, our study indicated that KMT2D
loss sensitizes PCa cells to both genotoxic anticancer
drugs and PARP inhibitors.

Discussion

Large-scale human PCa gene sequencing analysis
revealed that PCa is characterized by the presence
of multiple genetic alterations. However, most of
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these abnormal lesions and the role they play in
prostate cancer have not been functionally defined.
We previously found KMT2D was recurrent muta-
tion and high transcription, and first reported this
histone methyltransferase serves as an oncogene in
PCa [11,12]. In the current study, we investigated

this gene and identified a new function of KMT2D
in PCa. By generating KMT2D-depleted PCa cells,
we demonstrated that the loss of KMT2D expres-
sion could lead to ROS-mediated DNA damage,
which is known to prompt cell apoptosis and
senescence through decreasing the pre-existing

Figure 5. Loss of KMT2D attenuated the enhancer activity markers in PCa. (a) Immunofluorescence staining analysis of H3K27ac (red)
in PC-3 and DU145 cells. (b) Western blot analysis of H3K27ac in PC-3 and DU145 cells. (c) Tracks of H3K4me1 and H3K27ac ChIP-seq
occupancy in PC-3 cells based on data from the Cistrome DB database. (d) ChIP-PCR for H3K4me1 and H3K27ac to representative
antioxidative genes in PC-3 cells transfected with shKMT2D. * P < 0.05, ** P < 0.01, *** P < 0.001, compared with that in the control
cells.
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levels of enhancer activity markers and suppres-
sing FOXO3 DNA binding, and thereby impaired
the antioxidative response in PCa cells.
Furthermore, we also reported that KMT2D-
deficient PCa cells were sensitive to genotoxic
anticancer drugs and a PARP inhibitor, which
suggested that KMT2D status might be
a potential predictor of treatment response to
DNA-damaging agents.

As an epigenetic modifier, the function and
underlying mechanisms of KMT2D in cancer are
multifaceted and not fully understood. Data from
the current study demonstrated that deletion or
suppression of KMT2D induced a robust increase
in DNA damage through the accumulation of ROS
in PCa. In agreement with our findings, DNA
damage and increased ROS levels are also observed
in bone marrow HSCs expressing the MLL-AF9
oncogene and lacking KMT2D. In this situation,
KMT2D is required for stem-cell activity and
represents an aggressive form of acute myeloid
leukaemia [20]. Kantidakis et al reported that
KMT2D is critical for maintaining genomic stabi-
lity. KMT2D-mutated cells display transcription
stress that results in DNA damage and genomic
instability, which are considered to be strong dri-
vers in tumorigenesis [29]. In addition, KMT2D is
a part of the KMT2 family and acts as catalytic
subunits for mammalian complex proteins asso-
ciated with Set1 (COMPASS)-like complexes by
modifying the methylation of histone H3 lysine
[30]. There are multiple reports showing that the
depletion of the components of COMPASS-like
complexes, such as WDR5, induce DNA damage.
These findings suggest a connection between DNA

damage resulting from a deficiency in KMT2D
and its role in the COMPASS complex [31,32].

In the current study, we found that ROS-
mediated DNA damage led to both cell apoptosis
and senescence in PCa. The elevated levels of ROS
increased the amount of DNA damage and gen-
ome instability, resulting in gene mutations and
chromosomal damage, which are causal events in
oncogenic transformation and tumor progression
[18]. However, extensive oxidative DNA damage
may abrogate the cellular capacity for repair and
become lethal to the cell and thus block cancer
progression [19]. Moreover, Lei K, et al. use the
CRISPR-based KMT2D knockout cell models and
find KMT2D is important for the propagation of
PCa cells [33]. This result is consistent with our
findings and further confirm the essential role of
KMT2D in PCa progression.

There are multiple factors involved in the cell fate
process between survival and death following DNA
damage. Among them is the Akt kinase, which is an
important pro-survival protein that suppresses
apoptosis after DNA damage in a PI3K-dependent
manner [34]. Numerous studies have confirmed that
Akt suppression of apoptosis leads to increased cell
survival following DNA damage [35]. We previously
showed that KMT2D loss results in the inactivation
of the PI3K/Akt signaling pathway and decreased
anti-apoptotic protein expression [11], which might
contribute to PCa cell apoptosis following ROS-
mediated DNA damage. Moreover, our findings
also suggested that ROS-mediated DNA damage in
KMT2D-knockdown PCa cells may have triggered
cell senescence in PCa, whereas cell proliferation was
markedly suppressed by cell cycle arrest at the G2/M

Figure 6. Depletion of KMT2D increased the sensitivity of PCa cells to genotoxic anticancer drugs and a PARP inhibitor. Cell viability
was examined using MTT assays after 72 h of drug treatment. Data shown are mean OD values from triplicate wells normalized to
that of the untreated wells.
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phase. Therefore, ROS-mediated DNA damage in
PCa may be able to inhibit cancer development,
which indicates that inhibition of KMT2D may be
a viable strategy for cancer therapeutics.

The most interesting discovery from our current
study is the development of a new model for the
regulation of antioxidative gene expression by
KMT2D and FOXO3. Various previous studies have
revealed that KMT2D is a prominent H3K3 mono-
methyltransferase of enhancer regions [36]. In addi-
tion, KMT2D is required for H3K27 acetyltransferase
of CREB-binding protein (CBP) and/or p300 on
enhancers, and for determining the formation of
H3K27ac [37]. ChIP-seq analysis has shown that dele-
tion of KMT2D prevents the accumulation of
H3K4me1 and H3K27ac on enhancers, which results
in severe defects in gene expression and cell differen-
tiation [38]. Because H3K4me1 and H3K27ac are
markers of enhancer activity, KMT2D is considered
an important regulator of enhancer activity [30,39].
FOXO3 transcription factors aremembers of the fork-
head box family of transcription factors consisting of
FOXO1, FOXO3, FOXO4, and FOXO6. Previous
findings in human cancers suggest that FOXO3 tran-
scription factors are both sensors of oxidative stress
signals and effectors of the antioxidative response [23].
Emerging evidence indicates that in breast cancer and
glioblastoma multiforme, KMT2D is indispensable to
the function of FOXO3. However, the connection
between KMT2D and FOXO3 is unclear. In our cur-
rent study, we found that KMT2D deficiency
decreased the pre-existing levels of enhancer activity
markers and suppressed FOXO3 DNA binding in
PCa, suggesting epigenetic regulation contributes to
the FOXO3 transcriptional response. Our results are
consistentwith the findings byEijkelenboomet al. that
the preexisting chromatin state can direct FOXO3
gene regulation and regulate cell-specific homeostasis
[25], further supporting the conclusion that KMT2D
may be a relevant determinant to modulate FOXO
function and transcriptional output.

In addition, previous studies have reported that
the FOXO family genes could be stimulated by
FOXO3 in a positive feedback loop [40]. FOXO3
can bind to its own and activate transcription [41].
In PCa, KMT2D knockdown might also block this
positive feedback and lead to FOXO3 reduction.
This might explain why the level of FOXO3 was
reduced upon the knockdown of KMT2D in our

study. The similar regulation pattern of KMT2D
was also identified in murine hepatic steatosis [42].
KMT2D directs overnutrition-induced murine
steatosis trough ABL-PPARg2-KMT2D axis. In
this pathway, the Pparg2 (encoding PPARg2) itself
is a direct target gene of the ABL-PPARg2-KMT
2D axis.

Further work is required to determine the extent
of KMT2D loss in the enhancement of sensitivity to
genotoxic drugs. Here, we noted that KMT2D silen-
cing increased PCa sensitivity to the genotoxic drugs
doxorubicin and carboplatin. Combination of carbo-
platin with docetaxel or cabazitaxel is one of the key
chemotherapy strategies formCRPC [43].Moreover,
KMT2D loss was found in our current study to be
associated with increased sensitivity to the PARP
inhibitor olaparib, implying that KMT2D might be
involved in the DNA-damage-response process and
the loss of KMT2D might attenuate HR [44]. How
KMT2D associates with HR in PCa requires further
study. Here, our study indicated that the low expres-
sion of KMT2D might attribute to an improved
response to genotoxic anticancer drugs and PARP
inhibitor treatments in patients with advanced PCa.

In summary, we reported that the loss of
KMT2D led to ROS-mediated DNA damage and
the suppression of tumor progression in PCa. We
showed that KMT2D loss decreased the enhancer
activity through the damping of histone modifica-
tion of H3K4me1 and H3K27ac, which inhibited
the binding of the antioxidative transcript factor
FOXO3 and the transcription response of oxida-
tive stress. Our data provide a possible approach to
treat patients with PCa that harboring KMT2D
deletion through using genotoxic anticancer
drugs or PARP inhibitor to enhance their potential
clinical benefit in this subclass of PCa.

Material and methods

Patients and tissue specimens

This study was approved by Medical Ethics
Committee of Nanfang Hospital. Written consent
was obtained from the patients in accordance with
the Declaration of Helsinki. Twenty-nine patients
with histologically confirmed prostate cancer at
Nanfang Hospital between 2011 to 2015 were
enrolled in the study. All samples have been

1204 S. LV ET AL.



confirmed as a diagnosis of PCa by two indepen-
dent pathologists. Patients that received pre-
operative hormone therapy, chemotherapy, or
radiotherapy were excluded from the study.

Immunohistochemistry

Consecutive 4-μm sections were obtained from par-
affin blocks of prostate tissue specimens from all 29
patients with PCa. The sections were deparaffinized
and rehydrated using routine methods. The antibo-
dies against γH2A.X (#ab26530, 1:1000; Abcam)
were used as primary antibodies. Antigen retrieval
and immunostaining were performed as described
previously [11]. The staining intensity and staining
percentage for each tissue were used for quantifica-
tion as previous study [45]. Intensity was graded 1 to
3, with 1 being no or low staining, 2 medium stain-
ing, and 3 strong staining. The final IHC score was
calculated by multiplying values of staining intensity
and staining percentage and used for correlation
analysis. All sections stained for the target proteins
were evaluated by two independent pathologists.

Cell culture

Human PCa cell lines PC-3 and DU145 were pur-
chased from Cellcook Biological Technology Co., Ltd.
(Guangzhou, China). All cell lines were cultured in
RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific,
Waltham, MA) and maintained at 37°C in
a humidified atmosphere of 5% carbon dioxide. All
cell lines were authenticated by short tandem repeat
(STR) profiling.

Quantitative real-time PCR

Total RNA from the 29 PCa specimens was iso-
lated using an RNeasy FFPE Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s proto-
col. RNA from the cell lines was isolated using
TRIzol Reagent (Invitrogen, CA, USA). The
extracted RNA was quantified using a Qubit
fluorimeter (Thermo Fisher Scientific). Then,
1 μg RNA from each specimen was used to gen-
erate complementary DNA (cDNA) by reverse
transcription (RT) using a QuantiTect Reverse
Transcription Kit (Qiagen). The RT products

were mixed with nuclease-free water, gene-
specific primers (Supplementary Table S2), and
reagents from a SYBR Premix Ex Taq II Kit
(Takara, Shiga, Japan) according to the manufac-
turer’s instructions. Quantitative PCR was per-
formed using a CFX384 Touch Real-Time PCR
system (Bio-Rad, Hercules, CA, USA). Data was
analyzed using a 2−ΔΔCt method [46].

Western blot analysis

Whole protein lysates of PC-3 and DU145 cells were
prepared by RIPA buffer containing 1% phenyl-
methylsulfonyl fluoride (PMSF) and phosphatase
inhibitor cocktail (Roche). As described previously
[13], the blots were probed with primary antibodies
specific for KMT2D (# sc-68671, 1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), FOXO3
(#ab53287, 1:1000; Abcam), H3K27ac (ab4729,
1:1000; Abcam), and GAPDH (#2118, 1:1000; Cell
Signaling Technology). The protein bands were visua-
lized using an ECL chemiluminescence detection
reagent (Santa Clara, CA, United States) and quanti-
fied using Quantity One software (Bio-Rad, Hercules,
CA, USA).

RNA interference and FOXO3 overexpression

Lentiviral shRNAs were used to knockdown
KMT2D expression in PC-3 cells. Cells were incu-
bated with lentivirus particles and 5 μg/ml poly-
brene for 24 h and then washed with medium. The
transfected cells were selected with 0.5 μg/ml pur-
omycin for 2 wk. The positive vector sequences
and negative control vector sequences are shown
in Supplementary Table S3. For siRNA transfec-
tion, a KMT2D siRNA ‘smartpool’ mixture of four
siRNAs and a negative control siRNA were pur-
chased from GE Dharmacon (Lafayette, USA).
A final concentration of 25 pmol of each siRNA
combined with 1 μl DharmaFECT 2 Transfection
Reagent (GE Dharmacon, Lafayette, USA) was
used to transfect the DU145 cells (1 × 105). For
overexpression of FOXO3, human FOXO3 cDNA
was PCR amplified and cloned into the pGCMV
vector. Then PC-3 cells were transfected with the
FOXO3 vector or negative control vector using
Lipofectamine 2000 DNA Transfection Reagent
(Thermo Fisher Scientific) according to the
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manufacturer’s protocol. Western blotting and
qRT-PCR were used to verify the protein and
mRNA expression, respectively, of KMT2D and
FOXO3.

Single-cell gel electrophoresis

PC-3 and DU145 cells (1 × 103) were resuspended
in 0.7% low-temperature agarose and applied onto
glass slides pre-coated with 0.8% agarose.
Additional low-temperature agarose was used to
cover the layer of agarose containing the cells. The
glass slides were then incubated with alkaline cell
lysis buffer for 1 h at 4

̊
C and subjected to electro-

phoresis. The DNA was stained with ethidium
bromide (1 μg/ml) and the fluorescent signals
were detected using a fluorescence microscope
(Leica, Jena, Germany).

Immunofluorescence staining

PC-3 and DU145 cells were fixed, permeabilized,
and blocked. Cells were stained overnight with
primary antibodies to γH2A.X (#ab26530, 1:500;
Abcam), FOXO3a (#ab53287, 1:100; Abcam), or
H3K27ac (#ab177178, 1:1000; Abcam), The cells
were subsequently incubated with a secondary
fluorescent antibody conjugated with phycoery-
thrin (PE; 1:200; Santa Cruz Biotechnology) and
4ʹ,6-diamidino-2-phenylindole (DAPI; 5 μg/ml).
Fluorescent signals were detected using
a confocal fluorescence microscope (Leica).

Flow cytometry analysis

To detect ROS, PC-3, and DU145, cells were incu-
bated with CellROX Deep Red Reagent (Invitrogen)
according to the to the manufacturer’s instructions
for 30 min at 37℃ and analyzed by flow cytometry
(BD Biosciences, San Diego, CA, USA).

To detect DNA damage and cell apoptosis, the
PC-3 and DU145 cells were fixed and permeabilized
using a BD Cytofix/Cytoperm Kit (BD Biosciences,
Auckland, New Zealand) as described by the manu-
facturer. Alexa Fluor 647 anti-γH2A.X (#560447; BD
Biosciences, Auckland, New Zealand) and PE anti-
cleaved PARP (# 564130; BD Biosciences, Auckland,
New Zealand) were added to the cells for 20 min at
room temperature followed by flow cytometry.

To detect cell cycle distribution, PC-3 and
DU145 cells were incubated with BrdU solution
(BD Biosciences, Auckland, New Zealand) for
30 min at 37°C. The cells were then fixed and
permeabilized using a BD Cytofix/Cytoperm Kit
and treated with DNase to expose the incorporated
BrdU. PerCP-Cy5.5 Anti-BrdU (# 560809; BD
Biosciences, Auckland, New Zealand) was added
to the cells for 20 min at room temperature. The
cells were resuspended and stained with propi-
dium iodide (PI; BD Biosciences, Auckland, New
Zealand) and analyzed by flow cytometry.

8-OHdG ELISA test

DNA was isolated from PC-3 and DU145 cells
using a DNeasy Blood & Tissue Kit (Qiagen).
The 8-OHdG concentrations were measured
using a DNA Damage Competitive ELISA Kit
(Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. The absorbance of each
well was measured at 450 nm using a microplate
reader (PerkinElmer, MA, USA). For each experi-
ment, an 8-OHdG standard curve was constructed
(62.5–8,000 pg/mL) and a curve-fitting software
program (Curve Expert 1.4) was used to quantify
the 8-OHdG concentrations.

Senescence-associated (SA)-β-galactosidase
cytochemical staining

PC-3 and DU145 cells were plated into 12-well plates.
After transfection with siRNAs for 72 h, the cells were
fixed in 4% paraformaldehyde and analyzed using
a SA-β-Gal kit (Cell Signaling Technology).

ChIP assays

ChIP assays using PC-3 cells were performed as
described [11] using a Pierce Agarose ChIP Kit
(Thermo Fisher Scientific). The antibodies used for
the ChIP assays were specific for H3K4me1
(#ab8895; Abcam), H3K27ac (#ab177178; Abcam),
and FOXO3a (#ab12162; Abcam). The ChIP-DNA
analysis was then performed using qRT-PCR to
evaluate the levels of H3K4me1, H3K27ac, and
FOXO3a in the target loci. The primers used in this
study are listed in Supplementary Table S2.
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Cell chemotherapy response assay

PC-3 and DU145 cells (8 × 103) were seeded into
96-well plates. After incubation with common the
genotoxic anticancer drugs doxorubicin and car-
boplatin or with PARP inhibitor olaparib for 48 h,
cell viability was determined by quantifying the
reduction of the tetrazolium dye MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide to its insoluble formazan using stan-
dard MTT assays. The formazan was solubilized
with 150 μl of dimethyl sulfoxide (DMSO) and
quantified spectrophotometrically using
a microplate reader (PerkinElmer). To generate
log–dose-response curves, the percentage of cell
viability was calculated using the maximal optical
density (OD) as being 100% viability.

Statistical analysis

The experiment results were statistically analyzed
using Student’s t-test (two groups) or one-way
ANOVA followed by the LSD post-hoc test (for
more than two groups) or Mann-Whitney U test
(nonparametric analysis). *P < 0.05, **P < 0.01, and
***P < 0.001 considered significant. All the experi-
ments had a miniumum of three trials performed.
The values are presented as the means ± standard
deviation (SD) and were calculated using GraphPad
Prism software (GraphPad Software, CA, USA).
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