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ARTICLE INFO ABSTRACT

Livin is an important member of the human inhibitor of apoptosis proteins (IAPs) family. IAPs are proteins with
antiapoptotic abilities, and their functions are different from the Bcl-2 (B-cell lymphoma-2) family proteins.
Livin However, the precise role of Livin in colon cancer progression remains unclear. The purpose of this study is to
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H2AX*P assess the effect of overexpression Livin in colon cancer cells and to examine its molecular mechanism. We
JMJD6 PP . . . . . . .
MDMD2 demonstrated that Livin induced a colon cancer phenotype, including proliferation and migration, by regulating
Phenotype H2A.XY3%P" (histone family 2A variant (H2AX) phosphorylated on the 39th serine site). We elucidated that Livin

degraded Jumonji-C domain-containing 6 protein (JMJD6), which was mediated by the proteasome murine
double minute 2 (MDM2), thereby regulating H2A.X¥3°P", Above all, the overexpression of JMJD6 recovered
H2A.XY*°P" in colon cancer cells with a high level of Livin, thus inhibiting colon cancer malignancy progression.
These results reveal a previously unrecognized role for Livin in regulating the tumor-initiating capacity in colon
cancer and provide a novel treatment strategy in cancer via the interruption of H2A.XY3*P" function and the

interaction between H2A.XY>°P" and JMJD6.

1. Introduction

Livin, also named ML-IAP (melanoma inhibitor of apoptosis protein)
or KIAP (kidney inhibitor of apoptosis protein), is known as an im-
portant member of the human inhibitor of apoptosis proteins (IAPs)
family [1]. IAPs are proteins with antiapoptotic abilities, and their
functions are different from the Bcl-2 (B-cell lymphoma-2) family pro-
teins [2]. Numerous studies have reported that increased Livin in col-
orectal tumor correlates with a more aggressive behavior, such as
proliferation and migration, leading to a shorter overall survival or a
shorter disease-free survival. For example, siRNA-mediated decreased
gene expression of Livin dramatically suppresses colon tumor growth
[3]. Liu et al. demonstrated that silencing Livin improved the sensitivity
of colon cancer cells to 5-fluorouracil by regulating the crosstalk be-
tween apoptosis and autophagy [4]. These studies help us to further
understand the underlying mechanisms of how Livin drives tumor
progression potential and the factors that contribute to this process.

Cancer epigenetics explains a large amount of heritable alterations
in gene expression, without changing the DNA sequence. Histone
modifications, aberrant DNA methylation and the expression of long
non-coding RNAs (IncRNAs) play vital roles in epigenetic mechanisms,
which are associated with cancer initiation, cancer progression and

cancer metastasis. Histone family 2A variant (H2AX) is a vital element
in the DNA damage repair process, among which y-H2AX is a neoteric
biomarker for double-stranded DNA breaks. H2A.XY3°P! (H2A.X phos-
phorylated on the 39th serine site) is newly reported and is known for
its complexity and diversity of modifications or functions about H2A.X.
As reported, the level of H2A.XY3°P! is higher in several tumors tissues
than in the adjacent tissues, especially with the highest difference in
colon cancer, but the role of H2A.XY3°P! is unclear [2]. Jumonji-C do-
main-containing 6 protein (JMJD6) has intrinsic tyrosine kinase ac-
tivity and utilizes ATP and GTP as phosphate donors to phosphorylate
H2A.XY®Pt [5]. Thus, JMJD6 might be an important molecule reg-
ulating H2A.XY3°P" during colon cancer progression.

Nevertheless, although these early studies have reported that Livin
might be aggressive in colorectal tumors, the direct role of Livin in the
H2A.XY3%P" signal pathway via JMJD6 has not been illustrated.
Consequently, we investigated the role of Livin, H2A.XY*°"" and
JMJD6 in colon cancer cells or a colon cancer phenotype. Firstly, we
found that Livin induced a colon cancer phenotype, including pro-
liferation and migration, by regulating H2A.X¥*°P", We elucidated that
Livin degraded JMJD6, which was mediated via the proteasome,
thereby regulating H2A.XY3°P, Above all, the overexpression of JMJD6
recovered H2A.XY*°P! in colon cancer cells with high levels of Livin,
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Fig. 1. H2A. XY is regulated by Livin.
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A, Peritoneal metastasis of colon cancer cells (SNU-C1) was transfected with empty-pEGFP-N1 (vector) or pEGFP-Livin expressing plasmids. The H2A.X"*°P" and

Livin levels were then measured by a western blot after 48 h.

B, Colon adenocarcinoma cells (SW48 and HT-29) were transfected with empty-pEGFP-N1 (vector) or pEGFP-Livin expressing plasmids. The H2A.

levels were then measured by a western blot after 48 h.

thus inhibiting colon cancer malignancy progression.

2. Materials and methods
2.1. Plasmid and siRNA construction

The products for the coding genes for human H2AX, JMJD6, MDM2
(murine double minute 2), pCMV-HA and wild-type K-Livin were am-
plified from colon cancer cell cDNA using a PCR test. These PCR pro-
ducts were subsequently cloned into an HA-tag vector and were then
checked by sequencing. The pEGFP-K-LivinG12V plasmid was mutated
by site-directed mutagenesis. pEGFP-K-LivinG12V T35S was mutated
using the pEGFP-K-LivinG12V plasmid. The siRNAs targeting MDM2
were purchased from Shanghai GenePharma Co., Ltd. The pEGFP-

XY3%h and Livin

H2A.X¥*%E plasmid was constructed by the TaKaRa MutanBEST Kit
(Code No.: D401), which was purchased from TaKaRa Bio-technology
Co., Ltd.

2.2. Cell culture and treatments

The peritoneal metastasis of colon cancer cells (SNU-C1) and the
colon adenocarcinoma cells (SW48 and HT-29) were purchased from
the Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). These cells were cultured in complete
DMEM, which was supplemented with 10% fetal bovine serum (FBS),
100 units/mL penicillin and 100 ug/mL streptomycin, at 37 °C in a
humidified atmosphere with 5% CO,.
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Fig. 2. H2A.X"*°" is functionally involved in the oncogenic Livin signaling pathway.
The SW48 cells were transfected with the pEGFP-N1, pEGFP-H1.2, pEGFP-Livin, or pEGFP-H2A.X Y39E (indicated as GFP, H1.2, Livin and H2A.X Y39E, respectively)

plasmids. The presence of H2A.X¥3°"", which was mimicked by H2A.XY3%PR

expression, reduced Livin-induced cell viability (A), colony formation (B), and cell

migration (C). For (A), increasing amounts of the H2A.X Y39E (0.5, 1, and 2 mg) expression plasmid was co-transfected with 0.6 mg of the pEGFP-Livin plasmid. The
bar graphs represent the mean = S.E of the optical density (OD) values (A and C) or the number colonies (B). **p < 0.01.

2.3. Transfection

After the colon cancer cells were cultured and entered the loga-
rithmic growth phase, they were seeded into 6-well plates (5 x 10° per
well) until they reach 80% confluency. Then, the plasmids or siRNAs
were transfected into the colon cancer cells alone or together using
Lipofectamine 2000 (Invitrogen) following the recommended protocol.
Forty-eight hours later, the transfected colon cancer cells were collected
for western blot or RT-PCR analyses.

2.4. Cell viability

After the colon cancer cells were cultured and entered the loga-
rithmic growth phase, the cells were seeded into 96-well plates
(5 x 10° per well) for transfection, and untreated cultures were seeded
for the negative control. Then, the cells were cultured for 48 h. At de-
tection, 20 pL. of MTT (5 mg/mL) was added to each well and was in-
cubated at 37°C for 4h. Subsequently, 100pL dimethyl sulfoxide
(DMSO) was added to terminate the reaction. The absorbance was
measured at 450 nm using a microplate reader. The A450 value re-
flected the number of surviving cells.

2.5. RNA extraction and RT-PCR

When the SW48 cells were grown to the logarithmic growth phase,

the total RNA was isolated using the TRIzol reagent (Invitrogen, USA).
DNase-I was firstly added to the total RNA, and then, M-MuLV reverse
transcriptase (Fermentas, Canada) and oligo-dT primers (Invitrogen,
USA) were added to total RNA for obtaining first-strand cDNA. GAPDH
was used as the internal control, and the analysis of every sample was
repeated at least five times in triplicate.

2.6. Real-time PCR

The cDNA was also used for real-time PCR using the QuantiTect
SYBR Green PCR Kit (Qiagen, Germany). This assay was conducted in a
7500 PCR machine (ABL, USA). For relative quantification, GAPDH was
used as the internal control, and every sample was repeated at least five
times in triplicate.

2.7. Soft agar assay

The SW48 colon cancer cells were mixed with 0.35% low-melting
agarose and were seeded into 6-well plates (1 x 10° cells/well), and the
bottom of the 6-well plates was solidified with 0.6% agarose. Then, the
SW48 cells were cultured in DMEM for three weeks. The colonies were
then stained with a 0.005% crystal violet solution, and the number of
colonies was counted by a light microscope at X 20 magnification.
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Fig. 3. The transcription of Livin-targeted genes is partially rescued by increased H2A.

X¥39ph

A, The transcription of several genes was tested using real time PCR. The values are presented as the mean *+ S.E. percentage relative to GAPDH expression.
B, As detected using ChIP, reduced levels of H2A.XY3°P" were present on the differentially expressed genes. The values are presented as the means + S.E. from three

independent experiments.

2.8. Transwell migration assay

The transwell migration assay was performed in 24-well transwell
plates, which contained inserts with an 8-um pore size that were
polycarbonate membranes. After transfection, 100 puL of the cell sus-
pension was loaded into the upper chamber of the transwell plates
(1 x 10° cells/well), and complete media was added into the bottom of
the wells without cells. Then, the cells were incubated at 37 °C for 12 h.
The cells that migrated into the bottom surface of the membrane were
fixed and were observed by microscopy. The cells remaining on the
upper surface of the membrane were scrubbed off gently using cotton-
tipped swab and were then assessed by measuring the OD570.

2.9. Western blot analysis

After the SW48 cells were transfected for 48 h, the cells were col-
lected and washed with PBS twice. The whole-cell lysates were pre-
pared using radio immunoprecipitation assay (RIPA; Cwebio, Beijing)
lysis buffer with a protease inhibitor (Cwebio, Beijing). The protein was
quantified using the BCA kit (Cwebio, Beijing). The denatured proteins
were separated by SDS-PAGE and transferred were onto nitrocellulose
membranes (NC, Thermo, USA). After blocking with 5% BSA (pH 7.4) in
PBST at room temperature (RT, 24-26 °C) for 1 h, the membranes were

then incubated with the appropriate primary antibody at 4 °C overnight
and were subsequently incubated with an HRP-conjugated anti-mouse
or anti-rabbit secondary antibody at RT for 1 h. The blots were devel-
oped using an ECL reagent (PTG, USA) and were quantitated by
QUANTITY ONE as recommended by the manufacturer. The western
blots were performed using the following antibodies: rabbit anti-hum
Livin (1:1000, PTG, USA); rabbit anti-hum H2AX (1:1000, PTG, USA);
rabbit anti-hum H2AXY**P" (1:1000, PTG, USA); rabbit anti-hum
JMJD6 (1:1000, CST, USA); rabbit anti-hum GAPDH (1:5000, PTG,
USA); rabbit anti-hum actin (1:5000, CST, USA); and a polyclonal HRP-
conjugated goat anti- rabbit antibody (1:5000, PTG, USA).

Flow Cytometric Analysis of the Cell Cycle.

After the SW48 colon cancer cells were transfected for 24 h, the cells
were washed with ice-cold PBS twice and were fixed with 1% (v/v)
paraformaldehyde at RT for 1h. The cells were rehydrated with PBS
and were then stained with a propidium iodide (PI) staining solution at
RT for 30 min. Then, the cells were resuspended in 1 X binding buffer at
a concentration of 1-5 X 10%/ml. A total of 100 uL cell suspension was
detected by the Flow cytometer (Beckman, USA) for each sample. Then,
the percentages of cells in the GO/G1, S and G2/M phases of the cell
cycle were determined based on the FlowJo software.
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Fig. 4. JMJD6 overexpression prevents Livin overexpression-induced decreases in H2A.
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A, The efficiency of JMJD6 overexpression was determined (left panel). The overexpression of JMJD6 prevented the Livin activation-induced decrease in the
H2A.XY*PP, SW48 cells were co-transfected as indicated. Whole cell lysates were assayed by a western blot.

B-D, SW48 cells were co-transfected with the pEGFP-Livin or pEGFP-N1 plasmids and the JMJD6-expressing or pCMV-HA plasmids, as indicated (Livin, GFP, JMJD6,
or pCMV, respectively). As detected using the Transwell and cell viability assays, JMJD6 overexpression resulted in reduced cell migration and cell viability (B and
C). Cell cycle progression was measured using flow cytometry (D). The overexpressed plasmids of JMJD6 in B and C were transfected with gradient increasing

transfection, and the two groups, respectively, were 0.5mg and 1 mg.

2.10. Chromatin immunoprecipitation (ChIP)

After the SW48 cells were transfected for 24 h, about 3 x 10° SW48
cells were cross-linked in 1% formaldehyde for 10 min at RT for every
sample. Then, the cells were washed twice with cold PBS and were
lysed in SDS Lysis Buffer (Solarbio, Beijing, China). Then, the lysate
products were sonicated in an ultrasonic bath (Aipu, China) to ob-
taining DNAs of 200-800 bp in length on average. After sonication, the
products with the DNAs were centrifuged at 10,000 x g for 4 min at
4 °C. The supernatants were diluted with ChIP Dilution Buffer (Solarbio,
Beijing, China) and were immunoprecipitated overnight with rabbit
anti-H2A.XY3°PP (2 pg) adhered to beads at 4°C. The control im-
munoprecipitation was 2ug of normal anti-GFP antibody. Then, the
beads were washed sequentially in low-salt, high-salt and LiCl buffers at
4 °C each for 5min. Lastly, the beads were washed twice in 1 X TE at
RT for 2 min. The DNA was washed for 15 min at RT from the beads by
1% SDS/100 mM NaHCOs. In a final concentration of 200 mM of NacCl,
the crosslinks were incubated at 65 °C for 7 h. Then, the eluted DNA was
precipitated at —20 °C with ethanol overnight and mixed with 20 ug of
proteinase K. Subsequently, the eluted DNA was purified using
QIAquick PCR Purification Columns (Solarbio, Beijing, China) as re-
commended by the manufacturer. The immunoprecipitated DNA
(1.5 L), with serial dilutions of the 10% input DNA (1:4, 1:20, 1:100
and 1:500), were analyzed by real-time qPCR.

2.11. Statistical analysis

The statistical analyses were performed using SPSS 18.0 (SPSS,
USA). The statistical differences among the groups were tested using a
one-way analysis of variance (ANOVA). The follow-up analysis used the
least significant difference (LSD) test. The results are expressed as the
mean * SD. Results with p < 0.05 were considered statistically sig-
nificant.

3. Result
3.1. H2A.X"%" is specifically regulated by the Livin pathway

Firstly, we determine whether Livin affected the level of
H2A.XY3°P" The pEGFP-Livin plasmid was transfected into the colon
cancer cells, and thus, Livin was specifically over-expressed. Then, we
measured the level of H2A.XY3?P! in the transfected cells. In the SNU-C1
peritoneal metastasis of colon cancer cells, we found that the level of
H2A.XY3%P! in the cells transfected with the pEGFP-Livin plasmid was
reduced compared with the cells transfected with the empty-pEGFP-N1
plasmid (Fig. 1A). This decrease in H2A.XY3%h was also observed in the
colon adenocarcinoma cells (SW48 and HT-29) (Fig. 1B). These results
showed that when Livin was over-expressed, the level of H2A.XY3%Ph
was reduced accordingly in colon cancer cells. This suggested that
H2A.XY3%P" was regulated by the Livin pathway.

H2A.XY*%P! down-regulation is involved in the regulation of Livin
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A, SW48 cells were transfected with 0.6 mg of pEGFP-Livin, 0.6 mg of pEGFP-N1, or 3 mg of JMJD6-HA plasmids. Then, 24 h later, the nucleic acids were extracted

for PCR, and 48 h later, the cell lysates were analyzed by a western blot.

B, The recruitment of JMJD6 to the genes that exhibited changes in H2A.XY3°P" was analyzed using ChIP analysis.

C, Whole cell extracts from the SW48 cells that were treated with MG132 were prepared, and the JMJD6 protein levels were analyzed by a western blot with
antibodies against HA and GFP. Whole cell extracts from SW48 cells that were untreated (the samples were collected at 24, 48 and 51 h following transfection; upper
panel) or treated with MG132 (the MG132 was added at 48 h following transfection, and the samples were collected at 24, 48, 51 and 54 h following transfection;

lower panel) were analyzed by a western blot.

on the phenotype of colon cancer cells.

Next, we investigated the effect of H2A.XY3°"® on the colon cancer
phenotype when Livin is overexpressed. The Livin plasmid was con-
structed, and H2A.X">°® plasmid was constructed to simulate the
phosphorylated state of H2A.XY*°P, Firstly, we only tested the phe-
notype (viability, colony formation and cell migration) of the colon
cancer cells transfected with the Livin plasmid at a concentration of
0.6 pg. To further validate whether the colon cancer cell phenotype was
affected by H2A.XY3°P" with Livin, the H2A.X¥3°" and Livin plasmid
were co-transfected into the colon cancer cells, and the H2A.XY3%E
plasmid was transfected at three different concentrations (0.5, 1 and
2 ug). We found that when only Livin was overexpressed in the colon
cancer cells was the cell viability increased remarkably (p < 0.01)
(Fig. 2A), and the same was true for the number of colonies (p < 0.01)
(Fig. 2B) and cell migration (p < 0.01) (Fig. 2C). When the Livin
plasmid was transfected together with the H2A.XY*°® plasmid into
colon cancer cells, the proliferation was decreased remarkably com-
pared with the cells only transfected with the Livin plasmid (p < 0.01)
(Fig. 2A), and the same was true for the number of colonies (p < 0.01)
(Fig. 2B) and cell migration (p < 0.01) (Fig. 2C). Altogether, these
results demonstrated that the phenotype of the colon cancer cells was
recovered by increasing the phosphorylated state of H2A. XY,

H2A.XY3P! s involved in the regulation of the transcription of
target genes downstream of the Livin pathway.

The H2A.XY*%E plasmid was constructed to mimic the phosphor-
ylation status of this site and was co-transfected with the Livin ex-
pression plasmid to verify whether the restoration of the phosphor-
ylation at the H2A.X¥3° site, in the context of Livin overexpression,
restored the downstream target gene transcription. The real time PCR
analysis revealed the relative RNA levels of the downstream target
genes, such as IGFBP3, WNT168, CAR61, YRD16, GDF15, and NT5E in
the cells with phosphorylated H2A.XY3°P" were significantly reduced
compared with the cells with H2A.X (Fig. 3A). The genes shown in the
figure were all altered after Livin overexpression and are associated
with tumor cell proliferation and migration activity [2]. Furthermore, it

was confirmed by ChIP that H2A.X¥*°P" was directly regulated by the
promoter region of the above genes (Fig. 3B). Together, these results
suggested us that H2A.XY3°P" is involved in the regulation of the tran-
scription of target genes downstream of the Livin pathway.

Overexpression of JMJD6 recovers the colon cancer cell phenotype.

To determine whether the regulation of JMJD6 on H2A.XY3%PR
regulates the colon cancer cell phenotype, we constructed a JMJD6-
overexpression system. Firstly, we measured the mRNA and proteins
level of JMJD6 after the JMJD6 plasmid was transfected into the SW48
colon cancer cells. The result showed that the efficiency of JMJD6 was
increased (left panel of Fig. 4A). Subsequently, we tested whether the
overexpression of JMJD6 recovered the reduction of H2A.XY*P! caused
by Livin. We found that H2A.XY*°P" increased after JMJD6 over-
expression (right panel of Fig. 4A). Furthermore, we detected whether
JMJD6 played a similar role on the colon cancer cell phenotype, by
assessing proliferation, migration and cell cycle progression. The
JMJD6 plasmid was transfected into SW48 colon cancer cells at 0.5g
and 1g. These results demonstrated that cell migration was sig-
nificantly reduced after the pEGFP-Livin plasmid and the JMJD6-ex-
pressing plasmid were co-transfected into the SW48 cells compared
with the cells only transfected with the pEGFP-Livin plasmid in a
concentration-dependent manner (Fig. 4B). Similarly, cell viability was
significantly reduced (Fig. 4C). As shown in Fig. 4D, the reduced G0/G1
phase and G2/M phase was obviously increased, and the increased S
phase was obviously reduced in the SW48 cells co-transfected with the
PEGFP-Livin plasmid and the JMJD6-expressing plasmid compared
with the cells only transfected with the pEGFP-Livin plasmid, and this
also occurred in a concentration-dependent manner. Together, these
data indicated that the overexpression of JMJD6 recovered the colon
cancer cell phenotype induced by Livin.

3.2. Livin overexpression induces the degradation of JMJD6 leading to the
down-regulation of H2A.XY*%h

Firstly, the protein and mRNA levels of the protein kinase JMJD6
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Fig. 6. The Livin signaling pathway-induced de-

+ + + gradation of JMJD6 is mediated by MDM2.
A and B, MDM2 induces the degradation of JMJD6
- 05 1.0 (A exogenous and B endogenous). SW48 cells were
co-transfected with 1 mg of JMJD6-HA, 0.6 mg of
4 = 4 PEGFP-Livin, 0.1 mg of the pEGFP-N1 plasmids and

increasing amounts of the MDM2-His plasmid (0.5
and 1 mg).

C and D, A mutation in MDM2 (MDM2-MU) that
abolishes its ubiquitin ligase activity prevents JMJD6
degradation. The SW48 cells were co-transfected as
indicated.

E, Whole cell extracts from SW48 cells that were
transfected with pEGFP-N1 or pEGFP-Livin were
analyzed by a western blot.

F, The efficiency of the siRNA-mediated MDM2

+ + + knockdown.

G, The co-transfection of pEGFP-Livin and MDM2-
- + - specific siRNA restored H2A.XY°? to normal levels.
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were tested in endogenous and exogenous experiments, before and after
Livin was overexpressed in the SW48 colon cancer cells, respectively.
The result showed that the exogenous and endogenous JMJD6 protein
content was obviously down-regulated after Livin overexpression, but
the mRNA level did not change (Fig. 5A). Subsequently, we performed
ChIP to confirm whether JMJD6 was bound to the promoter region of
the downstream target genes regulated by H2A.XY*°P", We found that
JMJD6 did bind to the promoter region of the downstream target genes,
such as IGFBP3, WNT168, CYR61, GAFRD16, GDF15 and NT5E, which
are regulated by H2A.XY>°P" ad this was consistent with the down-
regulation of H2A.XY3%P! (Fig. 5B). By adding the proteasome inhibitor
MG132 to the SW48 colon cancer cell culture medium, we confirmed
that the degradation of JMJD6 was increased with the assistance of the
proteasome pathway (Fig. 5C). To further confirm this result, we per-
formed a time-dependent experiment, which indicated that it was in-
deed that the H2A.XY3°P" level gradually returned to normal with time
(Fig. 5C).

3.3. Livin overexpression-induced JMJD6 degradation is mediated by
MDM2

Previous reports show that MDM2 plays an important role in pro-
moting tumor cell cycle arrest, DNA repair and apoptosis. Firstly, we
analyzed whether Livin overexpression regulated JMJD6 degradation
by the E3 ubiquitin ligase MDM2. The Livin plasmid and the HA-tagged
JMJD6 plasmid were co-transfected into SW48 colon cancer cell, which
expressed MDM2-His. We found that the exogenous expression of HA-
JMJD6 was significantly reduced in the cells with MDM2-His compared
with the cells that only expressed -His (Fig. 6A), and the reduction of
HA-JMJD6 was concentration dependent. A similar reduction of en-
dogenous JMJD6 occurred in SW48 colon cancer cells that only ex-
pressed MDM2-His (Fig. 6B). The results showed that MDM2 sig-
nificantly reduced the expression of HA-JMJD6. Moreover, when we
transfected the MDM2¢4¢*A mutant, which is the mutation site that is
located in the RING-finger domain without ubiquitin ligase activity,
into the SW48 colon cancer cells, there was no obvious alteration in the
exogenous JMJD6 protein levels (Fig. 6C) and the endogenous levels
(Fig. 6D). The above results indicated that the degradation of JMJD6
required the participation of MDM2. Furthermore, we analyzed
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whether JMJD6 degradation, caused by Livin overexpression, was due
to the up-regulation of MDM2 levels. We examined the endogenous
MDM2 protein level by a western blot. This approach revealed that the
amount of MDM2 protein actually increased several times after the
overexpression of Livin (Fig. 6E). Subsequently, we knocked down
MDM2 levels by siRNA in the SW48 colon cancer cells transfected with
the Livin expression plasmid to test whether the up-regulation of MDM2
accelerated JMJD6 degradation. Before this test, we examined the ef-
ficiency of the siRNA-mediated MDM2 knockdown. The result showed
that there was no MDM2 expression in the SW48 colon cancer cells
transfected with the MDM2-specific siRNA (Fig. 6F). The co-transfec-
tion of the Livin expression plasmid and the MDM2-specific siRNA re-
covered the expression of H2A.XY39ph to normal levels (Fig. 6G),
which illustrated that the Livin pathway actually regulated H2A.XY3°Ph
by inducing JMJD6 degradation by MDM2.

4. Discussion

Along with Tyr142, H2A.X**°P" is a newly reported stable phos-
phorylated site on of H2A.X at Tyr39 [2]. H2A X regulates newly syn-
thesized histones, which is central to the DNA damage response as part
of the restoration of chromatin at damaged sites. The overexpression of
the phosphorylation of H2A.X at Tyr39 is reported in many types of
cancer cells, and it is correlated with tumor histological grade, tumor
node metastasis stage, tumor size and also with fraction surviving [2].
Consistent with this opinion, a high concentration of H2A.X is a main
characteristic, indicating greater genome instability, in premalignant
lesions and early stages of cancer [7-9]. At the present time, researchers
are fighting for induce double-strand breaks and prevent efficient DNA
repair in cancer cells, which would lead to apoptosis and cure cancers
[10,11]. However, the role of H2A.XY*°P" is rarely reported. In this
report, we found that H2A.XY3°P" regulated the colon cancer phenotype
when Livin was overexpressed, and H2A.XY*°P" was involved in the
regulation of the transcription of target genes downstream of the Livin
pathway in colon cancer cells. Recently, it was reported that H2A.X
Tyr142 was phosphorylated by the WICH complex. WSTF (William-
s-Beuren syndrome transcription factor), known as a sigma subunit of
the WICH complex, exercises this novel phosphorylated kinase activity,
which relies on its N-terminus targeting H2A.X Tyr142. The neoteric
histone modification on this WSTF site recruits either pro-apoptotic
factors or facilitates DNA repair to DNA damage sites [12]. Thus, the
balance of phosphorylation/dephosphorylation on H2A.X Tyr142 may
play an important role in administrating cell fate, especially related to
cells with DNA damage. JMJD6 is the first identified kinase that
phosphorylates H2A.X at Y39 [13]. Liu et al. demonstrated that JMJD6
was originally found to exercise tyrosine kinase activity, which phos-
phorylated Y39 on histone H2A.X by balancing ATP and GTP in phos-
phate activation (H2A.XY>°P") [13]. High levels of JMJD6 promote
triple negative breast cancer cell autophagy by regulating the expres-
sion of genes related to autophagy via H2A.X¥>P", Thus, the JMJD6-
H2A.XY3%Ph axis promotes negative breast cancer cell growth via the
autophagy pathway. Similarly, in this report, we illustrated, for the first
time, that JMJD6-H2A.XY39ph also restored the colon cancer cell
phenotype mediated by MDM2.

In this report, JMJD6 was mainly degraded by the MDM2 protea-
some pathway in the colon cancer cells induced by the overexpression
of Livin, and then, H2AXY3°P" was regulated, changing the cell phe-
notype. This result is consistent with reports indicating that JMJD6 is
involved in several cancer proliferations. The dysregulation of JMJD6
participates in some human cancers because of its lysyl hydroxylase and
arginine demethylase activities [14]. The effect of JMJD6 is in facil-
itating the progression of several cancers. For example, Wan et al.
elucidated that JMJD6 promoted hepatocellular carcinoma carcino-
genesis by targeting CDK4 [15]. Similarly, Liu et al. showed that JMJD6
promoted melanoma carcinogenesis through the regulation of the al-
ternative splicing of PAK1, a key MAPK signaling component [16].
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However, in this report, the overexpression of JMJD6 recovered the
colon cancer cell phenotype, in which JMJD6 induced a different reg-
ulation compared with other reports. The reason for the difference re-
quires intensive study, especially with regard to the molecules targeting
JMJD6. The methylation of histone arginine plays an important role
during cell development and cell proliferation, while research related to
the reverse process of methylation-demethylation is limited. Im-
portantly, research into the fundamental catalysis of JMJD6 has made
great progress which paves the way for the follow-up work. JmjC
containing JMJD6 demethylases are oxygenases that are dependent on
Fe(II) and a-ketoglutarate (aKG) for their activity [17]. Whether other
his specific enzymes are involved in the demethylation of histone ar-
ginine is the focus of following work, because other arginine sites on the
histone cannot be removed by JMJD6. Beyond that, reports of the
regulators that target JMJD6 are limited, such as ras-induced mir-146a
and 193a, which target JMJD6 to regulate melanoma progression [18].
Also, a study demonstrated that JMJD6 is a target of miR-125 whose
expression is negatively regulated by miR-125 [4]. In this study, the
affinity between JMJD6 and the substrate was not detected after Livin
overexpression. It is possible that the affinity between JMJD6 and the
substrate was reduced, and this process may also coexist with quanti-
tative change.

H2AX serves as a potential biomarker in the transformation of
normal tissue to premalignant and thus to malignant tissues [19]. H2AX
has already been discovered in several kinds of cancers, such as lung,
breast, ovary, cervix, and colon cancers [19,20]. The prognostic value
of H2AX is also reported in endometrial or breast cancer by Palla et al.
[21]. As feedback to DNA double strand breaks, the phosphorylation at
several sites of the histone variant H2AX at the break site is necessary
for DNA damage sensor kinases. The phosphorylation of these sites
recruits proteins for repairing double strand DNA breaks. In the repair
process, the dephosphorylation of H2AX plays a vital role in stimulating
cells to a prestress condition, and the dissolution of H2AX was asso-
ciated with cell damage foci. The phosphatases PP2A and PP4 depho-
sphorylate H2AX. Recently, Moon et al. demonstrated that the wild-
type p53 named WIP1 was also an important regulator of the depho-
sphorylation of H2AX. Moreover, they also found that the over-
expression of WIP1 reduced the formation of gamma-H2AX foci in DNA
damage foci by blocking the recruitment of MDC1 (mediator of DNA
damage checkpoint 1) and 53BP1 (p53 binding protein 1) in the con-
dition of ionizing and ultraviolet radiation [22]. Caspase-4 is also an
upstream regulator of SSa-induced DNA damage and caspase activation
in HCC cells [23]. The other causes of the decrease of H2AX, such as the
localization of kinase molecules on H2AX, or the reason for the induced
number of kinases stimulating the H2AX decrease remains to be further
studied.

In addition, it has been reported in literature that JMJD6 promotes
colon cancer carcinogenesis through the negative regulation of p53 by
hydroxylation, which is highly expressed in colon cancer patients. In
our report, the overexpression of JMJD6 recovered the colon cancer cell
phenotype [24]. Therefore, some of analyses were requisite. The asso-
ciation of Livin-JMJD6-H2A.XY*°P" was established in this report.
However, in the complex human body environment, with colon cancer
tissues and cells, when Livin is highly expressed, whether other factors
simultaneously affect the expression of JMJD6 needs to be further
studied. In Wang's paper, JMJD6 was only a hydroxylase targeting p53.
How its other enzyme activities coordinate and regulate the develop-
ment of colon cancer remains to be studied in-depth. JMJD6, p53, and
H2A.XY3°P! gre senior chromatin structure control factors, and as such,
their regulation of tumor cell biology behavior occurs by influencing
the implementation of the related gene expression, and the influence of
factors of the senior chromatin structure is very complex. Thus, in the
human body, Livin, JMJD6, and how other factors, such as the ad-
justment factor of tumor cell proliferation and migration, affect this
process, requires much more work.



Y. Ge, et al.

Acknowledgement

None.

Funding

None.

Declaration of competing interest

None.

Author contributions

Ge Y and Li SQ designed experiments; Liu BL carried out experi-

ments; Cui JP analyzed experimental results. Ge Y wrote the manu-
script; Li SQ approved the manuscript.

References

[1]

[2]

[3]

[4]

[5

[}

71

[8]

[91

T.M. Yoon, S.A. Kim, D.H. Lee, J.K. Lee, Y.L. Park, K.H. Lee, 1.J. Chung, Y.E. Joo,
S.C. Lim, Livin enhances chemoresistance in head and neck squamous cell carci-
noma, Oncol. Rep. 37 (2017) 3667-3673, https://doi.org/10.3892/0r.2017.5584.
Y. Liu, Y.H. Long, S.Q. Wang, Y.F. Li, J.H. Zhang, Phosphorylation of H2A.X(T)
(yr39) positively regulates DNA damage response and is linked to cancer progres-
sion, FEBS J. 283 (2016) 4462-4473, https://doi.org/10.1111/febs.13951.

B.Y. Oh, K.H. Kim, S.S. Chung, R.A. Lee, Silencing the livin gene enhances the cy-
totoxic effects of anticancer drugs on colon cancer cells, Ann Surg Treat Res 91
(2016) 273-277, https://doi.org/10.4174/astr.2016.91.6.273.

L. Li, Q. Wang, Z. Yuan, A. Chen, Z. Liu, Z. Wang, H. Li, LncRNA-MALAT1 promotes
CPC proliferation and migration in hypoxia by up-regulation of JMJD6 via sponging
miR-125, Biochem. Biophys. Res. Commun. 499 (2018) (2018) 711-718, https://
doi.org/10.1016/j.bbrc.2018.03.216.

S. Liu, X. Li, Q. Li, H.J. Liu, Y.L. Shi, H.Q. Zhuo, C.S. Li, H.J. Zhu, Silencing Livin
improved the sensitivity of colon cancer cells to 5-fluorouracil by regulating
crosstalk between apoptosis and autophagy, Oncol. Lett. 15 (2018) 7707-7715,
https://doi.org/10.3892/01.2018.8282.

T. Wu, Y.F. Liu, D.C. Wen, Z. Tseng, M. Tahmasian, M. Zhong, A. Xiao, Histone
variant H2A.X deposition pattern serves as a functional epigenetic mark for dis-
tinguishing the developmental potentials of iPSCs, Cell Stem Cell 15 (2014)
281-294.8.

S.W. Weng, et al., Gallic acid induces DNA damage and inhibits DNA repair-asso-
ciated protein expression in human oral cancer SCC-4 cells, Anticancer Res. 35
(2015) 2077-2084.

U. Weyemi, C.E. Redon, R. Choudhuri, T. Aziz, D. Maeda, W.M. Bonner, The histone
variant H2A.X is a regulator of the epithelial-mesenchymal transition, Nat.
Commun. 7 (5) (2016) 10711, https://doi.org/10.1038/ncomms10711 (Yang).

Life Sciences 234 (2019) 116788

[10] S. Piquet, F. Le Parc, S.K. Bai, O. Chevallier, S. Adam, S.E. Polo, The histone

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

chaperone FACT coordinates H2A.X-dependent signaling and repair of DNA da-
mage, Mol. Cell 72 (2018) 888-901 e887 https://doi.org/10.1016/j.molcel.2018.
09.010.
E. Skala, M. Toma, T. Kowalczyk, T. Sliwinski, P. Sitarek, Rhaponticum cartha-
moides transformed root extract inhibits human glioma cells viability, induces
double strand DNA damage, H2A.X phosphorylation, and PARP1 cleavage,
Cytotechnology 70 (2018) 1585-1594, https://doi.org/10.1007/s10616-018-
0251-3.
M. Stucki, Histone H2A.X Tyr142 phosphorylation: a novel sWItCH for apoptosis?
DNA Repair (Amst) 8 (2009) 873-876, https://doi.org/10.1016/j.dnarep.2009.04.
003.
Y. Liu, et al., JMJD6 regulates histone H2A.X phosphorylation and promotes au-
tophagy in triple-negative breast cancer cells via a novel tyrosine kinase activity,
Oncogene 38 (2019) 980-997.
S.S. Vangimalla, M. Ganesan, K.K. Kharbanda, N.A. Osna, Bifunctional enzyme
JMJD6 contributes to multiple disease pathogenesis: new twist on the old story,
Biomolecules 7 (2017), https://doi.org/10.3390/biom7020041.
J. Wan, H. Liu, L. Yang, L. Ma, J. Liu, L. Ming, JMJD6 promotes hepatocellular
carcinoma carcinogenesis by targeting CDK4, Int. J. Cancer 144 (2019) 2489-2500,
https://doi.org/10.1002/ijc.31816.
X.J. Liu, W.Z. Si, X.H. Liu, L. He, J. Ren, L. Sun, Y. Nagelkerke, JMJD6 promotes
melanoma carcinogenesis through regulation of the alternative splicing of PAK1, a
key MAPK signaling component, Mol. Cancer 16 (18) (2017) 175, https://doi.org/
10.1186/512943-017-0744-2.
Z.Yang, X.L. Chi, M. Funabashi, K. Nonaka, P. Pahari, J. Unrine, Characterization of
LipL as a non-heme, Fe(II)-dependent alpha-ketoglutarate:UMP dioxygenase that
generates uridine-5’-aldehyde during A-90289 biosynthesis, J. Biol. Chem. 286
(2011) 7885-7892 (14).
V. Anelli, A. Ordas, S. Kneitz, L.M. Sagredo, V. Gourain, M. Schartl, M. Mione, Ras-
induced miR-146a and 193a target Jmjd6 to regulate melanoma progression, Front.
Genet. 9 (2018) 675, https://doi.org/10.3389/fgene.2018.00675.
H. Zhang, F. Shao, W. Guo, Y. Gao, J. He, Knockdown of KLF5 promotes cisplatin-
induced cell apoptosis via regulating DNA damage checkpoint proteins in non-small
cell lung cancer, Thorac Cancer (2019), https://doi.org/10.1111/1759-7714.
13046.
A. Nagelkerke, Constitutive expression of gamma-H2AX has prognostic relevance in
triple negative breast cancer, Radiother. Oncol. 101 (2011) 39-45.
V.V. Palla, G. Karaolanis, I. Katafigiotis, I. Anastasiou, P. Patapis, D. Dimitroulis,
D. Perrea, gamma-H2AX: can it be established as a classical cancer prognostic
factor? Tumour Biol. 39 (2017) (1010428317695931).
S.H. Moon, L. Lin, X. Zhang, T.A. Nguyen, Y. Darlington, A.S. Waldman,
L.A. Donehower, Wild-type p53-induced phosphatase 1 dephosphorylates histone
variant gamma-H2AX and suppresses DNA double strand break repair, J. Biol.
Chem. 285 (2010) 12935-12947, https://doi.org/10.1074/jbc.M109.071696.
S.J. Kang, Y.J. Lee, S.G. Kang, S. Cho, W. Yoon, B.W. Kim, Caspase-4 is essential for
saikosaponin a-induced apoptosis acting upstream of caspase-2 and gamma-H2AX
in colon cancer cells, Oncotarget 8 (2017) 100433-100448, https://doi.org/10.
18632/oncotarget.22247 (Liu).
F. Wang, L. He, J. Jing Liang, W.Z. Si, R.R. Yan, X. Han, S.M. Liu, B. Gui, W.J. Li,
D. Miao, C. Jing, Z.H. Liu, F. Pei, L.Y. Sun, Y.F. Shang, JMJD6 promotes colon
carcinogenesis through negative regulation of p53 by hydroxylation, PLoS Biol. 12
(2014) €1001819.28, , https://doi.org/10.1371/journal.pbio.1001819.


https://doi.org/10.3892/or.2017.5584
https://doi.org/10.1111/febs.13951
https://doi.org/10.4174/astr.2016.91.6.273
https://doi.org/10.1016/j.bbrc.2018.03.216
https://doi.org/10.1016/j.bbrc.2018.03.216
https://doi.org/10.3892/ol.2018.8282
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0035
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0035
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0035
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0035
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0040
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0040
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0040
https://doi.org/10.1038/ncomms10711
https://doi.org/10.1016/j.molcel.2018.09.010
https://doi.org/10.1016/j.molcel.2018.09.010
https://doi.org/10.1007/s10616-018-0251-3
https://doi.org/10.1007/s10616-018-0251-3
https://doi.org/10.1016/j.dnarep.2009.04.003
https://doi.org/10.1016/j.dnarep.2009.04.003
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0065
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0065
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0065
https://doi.org/10.3390/biom7020041
https://doi.org/10.1002/ijc.31816
https://doi.org/10.1186/s12943-017-0744-2
https://doi.org/10.1186/s12943-017-0744-2
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0085
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0085
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0085
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0085
https://doi.org/10.3389/fgene.2018.00675
https://doi.org/10.1111/1759-7714.13046
https://doi.org/10.1111/1759-7714.13046
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0100
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0100
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0105
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0105
http://refhub.elsevier.com/S0024-3205(19)30715-5/rf0105
https://doi.org/10.1074/jbc.M109.071696
https://doi.org/10.18632/oncotarget.22247
https://doi.org/10.18632/oncotarget.22247
https://doi.org/10.1371/journal.pbio.1001819

	Livin promotes colon cancer progression by regulation of H2A.XY39ph via JMJD6
	Introduction
	Materials and methods
	Plasmid and siRNA construction
	Cell culture and treatments
	Transfection
	Cell viability
	RNA extraction and RT-PCR
	Real-time PCR
	Soft agar assay
	Transwell migration assay
	Western blot analysis
	Chromatin immunoprecipitation (ChIP)
	Statistical analysis

	Result
	H2A.XY39ph is specifically regulated by the Livin pathway
	Livin overexpression induces the degradation of JMJD6 leading to the down-regulation of H2A.XY39ph
	Livin overexpression-induced JMJD6 degradation is mediated by MDM2

	Discussion
	Acknowledgement
	mk:H1_21
	Funding
	mk:H1_23
	mk:H1_24
	Author contributions
	mk:H1_26
	References




