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Translational Statement

Renal senescence is induced not only by aging but also
by various stimuli, leading to renal fibrosis and inflam-
mation. Recently, the accumulation of p16INK4a-positive
cells in the kidney has been considered a molecular
feature of renal senescence. In this study, we show
that transforming growth factor-b1 induces p16INK4a

expression through histone 3 lysine 4 trimethylation
(H3K4me3), which ultimately contributes to renal fibrosis
and inflammation. Accordingly, the inhibition of
H3K4me3 methyltransferase is a potential therapeutic
target for chronic kidney disease progression.
Renal function declines with aging and is pathologically
characterized by chronic inflammation and fibrosis. Renal
senescence is induced not only by aging but also by
various stimuli, including ischemia reperfusion injury.
Recently, the accumulation of p16INK4a-positive cells in the
kidney has been considered a molecular feature of renal
senescence, with the p16INK4a gene reportedly regulated by
mixed-lineage leukemia 1 (MLL1)/WD-40 repeat protein 5
(WDR5)-mediated histone 3 lysine 4 trimethylation
(H3K4me3). Here, we determined whether inhibition of
MLL1/WDR5 activity attenuates renal senescence,
inflammation, and fibrosis in mice with ischemia
reperfusion injury and in cultured rat renal fibroblasts. MM-
102 or OICR-9429, both MLL1/WDR5 protein–protein
interaction inhibitors, and small interfering RNA (siRNA) for
MLL1 or WDR5 suppressed the expression of p16INK4a in
mice with ischemia reperfusion injury, accompanied by
downregulation of H3K4me3 expression. MM-102
attenuated renal fibrosis and inflammation in the kidney of
mice with ischemia reperfusion injury. Moreover, in vitro
study showed that transforming growth factor-b1 induced
the expression of MLL1, WDR5, H3K4me3, and p16INK4a.
Finally, chromatin immunoprecipitation identified the
p16INK4a promoter at an H3K4me3 site in renal fibroblasts.
Thus, our findings show that H3K4me3 inhibition
ameliorates ischemia reperfusion-induced renal senescence
along with fibrosis and inflammation.
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C hronic kidney disease (CKD) is a health problem
worldwide and contributes to an increased risk of not
only end-stage kidney failure but also all-cause death.

Clinically, in CKD patients, renal function decreases with
advancing age,1 and their frequency of acute kidney injury
(AKI) and renal cancer is increased compared with that in
the general population.2,3 Pathologically, interstitial fibrosis
and inflammation are commonly observed in the kidney of
patients with CKD, regardless of the primary disease.4 These
clinical and pathological features of CKD are similar to those
in the aging kidney,2,5 suggesting that the same molecular
mechanisms underlie the aging process and CKD progression.

At the cellular level, senescence is the phenomenon in which
cells cease to divide,6 with telomere shortening-induced cell cycle
arrest playing an important role in this process.7–9 Notably, in-
dependent of telomere length, cell cycle arrest is also induced by
various stressors, such as DNA damage, reactive oxygen species,
and oncogene activation, to protect tissue from the proliferation
of damaged cells.9 However, cell cycle–arrested cells exhibit a
senescence-associated secretory phenotype, which contributes to
fibrosis, chronic inflammation, increased susceptibility to AKI,
and a higher risk of kidney cancer.10,11 These reports suggest the
value of identifying a therapeutic target for renal senescence to
prevent CKD progression.

Recent studies have demonstrated that the AKI-to-CKD
transition is involved in CKD progression.12,13 The expres-
sion of cell cycle–arrested cells has also been shown to in-
crease in mouse kidney after ischemia reperfusion injury
(IRI), a mouse model of AKI.14 Among cell cycle regulators,
p16INK4a, also known as cyclin-dependent kinase inhibitor 2A,
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is reported to inhibit cyclin-dependent kinase 4 and play a
central role in decelerating cell progression from the G1 to S
phase.15–17 We previously found that p16INK4a expression is
upregulated with the progression of renal fibrosis in patients
with IgA nephropathy.18 Recent studies have also revealed that
renal fibrosis and tubular atrophy are improved in p16INK4a

knockout mice after IRI.19,20 Therefore, pharmacological in-
hibition of AKI-induced p16INK4a expression may prevent
CKD development.

Epigenetics describes the regulatory system of gene expres-
sion that occurs without changes of the primary nucleotide
sequence.21 Among a number of epigenetic modifications, the
methylation of histone tails is regulated by specific enzymes,22,23

suggesting its status as an attractive pharmacological target.
Previous studies demonstrated that the mixed-lineage leukemia
1 (MLL1)/WD-40 repeat protein 5 (WDR5) complex is
responsible for the trimethylation of lysine 4 of histone H3
(H3K4me3).24,25 Moreover, MLL1/WDR5-mediated H3K4me3
regulates p16INK4a expression.26–28 Another study found that
H3K4me3 serves as a histone modification that promotes gene
transcription.29,30 Indeed, according to previous studies, defi-
ciency of H3K4 methyltransferase extends the life span in Cae-
norhabditis elegans,31 whereas inactivation of H3K4 demethylase
shortens the life span in flies.32 Altogether, these findings led us
to the hypothesis that inhibiting MLL1/WDR5 activity sup-
presses renal senescence by reducing p16INK4a expression. To test
this, we determined whether administering MLL1/WDR5 in-
hibitors or small, interfering RNA (siRNA) for MLL1 or WDR5
suppresses renal senescence by reducing H3K4me3 in IRI mice
and renal fibroblast cells.

Accordingly, in this study, we show that the inhibition of
MLL1/WDR5 complex suppresses H3K4me3 levels, along with
p16INK4a expression, inmice at 7 days after IRI.We also show that
pharmacological inhibition of the MLL1/WDR5 complex sup-
presses renal fibrosis and inflammation in IRI mice. In a cell line
of renal fibroblasts, we found that transforming growth factor
(TGF)-b1 induces the expression of MLL1, WDR5, and
H3K4me3, as well as p16INK4a expression, and that inhibition of
the MLL1/WDR5 complex suppresses TGF-b1–induced expres-
sion of these proteins. Finally, we demonstrate that promoter
expression of the p16INK4a gene is regulated by H3K4me3.
Overall, our data suggest that TGF-b1–induced H3K4me3 is a
candidate target for preventing renal senescence after IRI.

RESULTS
Pharmacological inhibition of MLL1/WDR5 activity
suppresses expression of MLL1, WDR5, and H3K4me3
in IRI mice
The H3K4me3 methyltransferase MLL1 is activated on
forming a complex with WDR5.24,25 Furthermore, both MM-
102 and OICR-9429 are known to inhibit activity of the
MLL1/WDR5 complex.33–35 To identify their effects on
MLL1, WDR5, and H3K4me3, we examined their expression
in IRI mice. Male C57BL/6 mice were subjected to IRI, with
the left renal pedicle clamped for 30 minutes. Immediately
after surgery, mice were i.p. administered MM-102 (15 mg/kg
Kidney International (2019) 96, 1162–1175
per day), OICR-9429 (1.5 mg/kg per day), or vehicle (distilled
water for MM-102, dimethylsulfoxide/distilled water at 1:24
for OICR-9429). The same treatments were repeated every 24
hours for 7 days after IRI (Figure 1a). Western blotting
revealed increased expression of MLL1, WDR5, and
H3K4me3 in IRI mice. Moreover, MM-102 and OICR-9429
inhibited the expression compared with that in the vehicle
group (Figure 1b and c). Immunohistochemical staining also
revealed an H3K4me3-positive area in nuclei. The number of
H3K4me3-positive cells increased in IRI mice, but decreased
in mice with MM-102 treatment (Figure 1d).

MLL1/WDR5 complex inhibitors ameliorate IRI-induced
expression of p16INK4a in mice
Cell cycle arrest is a major feature of cellular senescence.9,36,37

Therefore, we examined the effect of H3K4 methyltransferase
inhibitor on p16INK4a expression in IRI mice. Protein levels of
p16INK4a increased in IRI mice following vehicle treatment
compared with those in sham-operated mice, whereas they
decreased in IRI mice with MM-102 or OICR-9429 injection
(Figure 2a). Similarly, gene expression of p16INK4a also
increased in IRI mice and was suppressed by MM-102 or
OICR-9429 administration (Figure 2b). Meanwhile, expan-
sion of the p16INK4a-positive area was observed mainly in the
interstitial region of the kidney in IRI mice following vehicle
treatment, but this area shrank with MM-102 treatment. To
identify the localization of p16INK4a, S100A4—also called
fibroblast-specific protein-1—was used as a mesenchymal
marker that is located in the kidneys’ interstitial area. Double
staining for p16INK4a and S100A4 revealed that S100A4 was
coexpressed with p16INK4a (Figure 2c).

Inhibition of MLL1/WDR5 complex attenuates renal fibrosis in
IRI mice
Renal fibrosis is a common pathological feature of CKD,
regardless of the primary disease, which is also exhibited in
aging kidney. During renal fibrosis, TGF-b1–induced upre-
gulation of a-smooth muscle actin (a-SMA)-positive myofi-
broblasts is responsible for the production of extracellular
matrix proteins such as collagen types I and III. Thus, we
investigated the effect of MLL1/WDR5 inhibitors on TGF-b1,
a-SMA, and collagen in IRI mice. Western blotting revealed
increased a-SMA protein expression in IRI mice with vehicle
treatment, which was suppressed in IRI mice with MM-102
or OICR-9429 treatment (Figure 3a). In addition, areas
immunopositive for a-SMA were rarely observed in sham-
operated mice. Although a-SMA expression increased in IRI
mice with vehicle treatment, MM-102 ameliorated this
(Figure 3b). The expression levels of actin alpha 2 (Acta2),
TGF-b1, collagen type 1 alpha 1 (Col1a1), and collagen type 3
alpha 1 (Col3a1) genes were increased in IRI mice, but
decreased by MM-102 treatment (Figure 3c).

MM-102 and OICR-9429 ameliorate renal inflammation
in IRI mice
Senescent cells exhibit senescence-associated secretory
phenotype, which is characterized by the secretion of
1163



Figure 1 | Pharmacological inhibition of mixed-lineage leukemia 1 (MLL1)/WD-40 repeat protein 5 (WDR5) activity suppresses
expression of MLL1, WDR5, and histone 3 lysine 4 trimethylation (H3K4me3) in ischemia reperfusion injury (IRI) mice. (a) C57BL/6 mice
underwent sham or IRI operation. IRI mice were treated with peritoneal injection of vehicle or MM-102 (15 mg/kg per day) (continued)
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Figure 2 | Mixed-lineage leukemia 1/WD-40 repeat protein 5 complex inhibitors downregulate expression of p16INK4a in ischemia
reperfusion injury (IRI) mice. C57BL/6 mice underwent sham or IRI operation. IRI mice were treated with peritoneal injection of vehicle or
MM-102 (15 mg/kg per day) or OICR-9429 (1.5 mg/kg per day) for 7 consecutive days. (a) The bands presented in the upper panel show
typical Western blotting results for the expression of p16INK4a and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in mouse kidney at
7 days from the sham-operated, IRI surgery with vehicle treatment, and IRI surgery with MM-102 or OICR-9429 injection groups. GAPDH
was used as a loading control. Graphs in the lower panel show relative levels of p16INK4a. Band intensity was normalized to GAPDH (n ¼ 5
for each group). (b) Graphs show relative mRNA levels of p16INK4a, as determined by quantitative reverse transcriptase polymerase chain
reaction. The gene expression value was normalized to the mRNA level of GAPDH (n ¼ 5 for each group). (c) Immunohistochemical staining
for p16INK4a is shown in the upper left panel. Quantification of p16INK4a-positive area is shown in the upper right panel (n ¼ 5 for each
group). Double immunostaining for p16INK4a (brown) and S100A4 (gray) is shown in the lower panel. Values are mean � SD. Data were
analyzed by one-way analysis of variance followed by post hoc analysis using Student’s t-test with Bonferroni correction. *P < 0.05, **P < 0.01,
***P < 0.001. Bars ¼ 100 mm. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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proinflammatory molecules such as cytokines, chemokines,
and growth factors through nuclear factor-kB (NF-kB) acti-
vation.36 To identify the effect of MLL1/WDR5 complex
=

Figure 1 | (continued) or OICR-9429 (1.5 mg/kg per day) for 7 consecut
results for the expression of MLL1, WDR5, H3K4me3, and glyceraldehyd
days from the sham-operated, IRI surgery with vehicle treatment, and IR
was used as a loading control. (c) Graphs show relative levels of MLL1, WD
5 for each group). (d) Immunohistochemical staining for H3K4me3 is sho
shown in the right panel (n ¼ 5 for each group). Values are mean � SD
by post hoc analysis using Student’s t-test with Bonferroni correction. *P
viewing of this image, please see the online version of this article at ww
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inhibitors on inflammation, we investigated the expression of
phosphorylated NF-kB (p-NF-kB) (p65), interleukin-1b (IL-
1b), tumor necrosis factor-a (TNF-a), IL-6, and CD11b.
ive days. (b) The bands presented reflect typical Western blotting
e 3-phosphate dehydrogenase (GAPDH) in mouse kidney at 7
I surgery with MM-102 or OICR-9429 injection groups. GAPDH
R5, and H3K4me3. Band intensities were normalized to GAPDH (n ¼
wn in the left panel. Quantification of the H3K4me3-positive area is
. Data were analyzed by one-way analysis of variance followed
< 0.05, **P < 0.01, ***P < 0.001. Bars ¼ 100 mm. To optimize
w.kidney-international.org.
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Figure 3 | The inhibition of mixed-lineage leukemia 1/WD-40 repeat protein 5 complex attenuates renal fibrosis in ischemia
reperfusion injury (IRI) mice. C57BL/6 mice underwent sham or IRI operation. IRI mice were treated with the peritoneal injection of vehicle or
MM-102 (15 mg/kg per day) or OICR-9429 (1.5 mg/kg per day) for 7 consecutive days. (a) The bands in the upper panel show typical Western
blotting results for the expression of a-smooth muscle actin (a-SMA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in mouse
kidney at 7 days from the sham-operated, IRI surgery with vehicle treatment, and IRI surgery treated with the MM-102 or OICR-9429 injection
groups. GAPDH was used as a loading control. The graphs in the lower panel show relative levels of a-SMA. Band intensity was normalized
to GAPDH (n ¼ 5 for each group). (b) Immunohistochemical staining for a-SMA is shown in the left panel. Quantification of a-SMA–positive
area is shown in the right panel (n ¼ 5 for each group). (c) The graphs show relative mRNA levels of actin alpha 2 (Acta2), transforming
growth factor-b1 (TGF-b1), collagen type 1 alpha 1 (Col1a1), and collagen type 3 alpha 1 (Col3a1), as determined by quantitative reverse
transcriptase polymerase chain reaction. The gene expression value was normalized to the mRNA level of GAPDH (n ¼ 5 for each group).
Values are mean � SD. Data were analyzed by one-way analysis of variance followed by post hoc analysis using Student’s t-test with
Bonferroni correction. **P < 0.01, ***P < 0.001. Bars ¼ 100 mm. To optimize viewing of this image, please see the online version of
this article at www.kidney-international.org.
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Western blotting showed that p-NF-kB (p65) was increased in
IRI mice, while MM-102 or OICR-9429 suppressed its
expression (Figure 4a). Similarly, IL-1b, TNF-a, and IL-6
mRNA expression was increased in IRI mice, but this upre-
gulation decreased in IRI mice with MM-102 treatment
1166
(Figure 4b). In addition, Western blotting showed increased
CD11b expression in IRI mice, which was suppressed with
MM-102 or OICR-9429 treatment (Figure 4c). Immunohis-
tochemistry revealed a CD11b-positive area in the interstitial
region in IRI kidneys (Figure 4d).
Kidney International (2019) 96, 1162–1175
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Figure 4 | MM-102 and OCIR-9429 ameliorate ischemia reperfusion injury (IRI)–induced inflammation in mice. C57BL/6 mice
underwent sham or IRI operation. IRI mice were treated with a peritoneal injection of vehicle or MM-102 (15 mg/kg per day) or OICR-9429
(1.5 mg/kg per day) for 7 consecutive days. (a) The bands presented in the left panel show typical Western blotting results for the expression
of phosphorylated nuclear factor-kB (p-NF-kB) (p65) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in mouse kidney at 7
days from the sham-operated, IRI surgery with vehicle treatment, and IRI surgery with MM-102 or OICR-9429 injection groups. GAPDH
was used as a loading control. The graphs in the right panel show relative levels of p-NF-kB (p65). Band intensity was normalized to GAPDH
(n ¼ 5 for each group). (b) The graphs show relative mRNA levels of interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), and IL-6, as
determined by quantitative reverse transcriptase polymerase chain reaction. Gene expression values were normalized to mRNA levels of
GAPDH (n ¼ 5 for each group). (c) The bands presented in the left panel show typical Western blotting results for the expression of
CD11b and GAPDH in mouse kidney at 7 days from the sham-operated, IRI surgery with vehicle treatment, or IRI surgery (continued)
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Knockdown of MLL1 or WDR5 suppresses H3K4me3 and
p16INK4a expression in IRI mice
To determine more accurately the role of MLL1 and WDR5 in
the regulation of p16INK4a, 50 mg of siRNA of MLL1 or WDR5
was injected i.v. into mice after IRI surgery (Figure 5a).
Western blotting showed that knockdown of MLL1 signifi-
cantly decreased protein levels of WDR5, H3K4me3, and
p16INK4a at day 7 after IRI (Figure 5b and d). Similarly,
knockdown of WDR5 by siRNA injection decreased protein
levels of MLL1, H3K4me3, and p16INK4a (Figure 5c and e).

MM-102 suppresses not only MLL1, WDR5, and H3K4me3 but
also p16INK4a in TGF-b1-stimulated renal fibroblasts
To confirm the effect of MM-102 on MLL1, WDR5,
H3K4me3, and p16INK4a expression in renal fibroblasts, we
examined their expression in TGF-b1–stimulated normal rat
kidney–49F (NRK-49F) cells. Western blotting showed
markedly increased protein levels of MLL1, WDR5,
H3K4me3, and p16INK4a in TGF-b1–stimulated NRK-49F
cells (Figure 6a). However, preincubation of MM-102 at a
dose of 50 mmol/l resulted in significant reductions of MLL1,
WDR5, H3K4me3, and p16INK4a expression (Figure 6b–e).

Knockdown of MLL1 or WDR5 suppresses H3K4me3 and
p16INK4a expression in TGF-b1-stimulated renal fibroblasts
To confirm the role of MLL1 and WDR5 in H3K4me3 and
p16INK4a expression in TGF-b1–stimulated renal fibroblasts,
NRK-49F cells were transfected with siRNA of MLL1 or
WDR5 before TGF-b1 stimulation. Western blotting analyses
revealed that MLL1 or WDR5 siRNA transfection silenced the
expression in NRK-49F cells (Figure 7a). As shown in
Figure 7b, knockdown of MLL1 significantly inhibited the
H3K4me3 and p16INK4a expression compared with the
negative control siRNA treatment (Figure 7b). Similarly,
knockdown of WDR5 also blocked H3K4me3 and p16INK4a

expression compared with the negative control siRNA treat-
ment (Figure 7c).

H3K4me3 directly controls p16INK4a transcription in renal
fibroblasts
A previous study found that MLL1-mediated H3K4me3 reg-
ulates p16INK4a in lung fibroblast cells26 and pancreatic b
cells.27 To determine whether H3K4me3 directly regulates
p16INK4a gene transcription, we performed ChIP assays using
anti-H3K4me3 antibody and rat p16INK4a primers. Expression
of the p16INK4a gene immunoprecipitated with H3K4me3
increased in TGF-b1–stimulated NRK-49F cells, but this
upregulation was suppressed on MM-102 preincubation
(Figure 8). We also performed ChIP assay using rat albumin
primers as a negative control (Supplementary Figure S1).
=

Figure 4 | (continued) with MM-102 or OICR-9429 injection groups. GAP
show relative levels of CD11b. Band intensity was normalized to GAPDH (
shown. Values are mean � SD (n ¼ 5 for each group). Data were analy
using Student’s t-test with Bonferroni correction. **P < 0.01, ***P < 0.0
see the online version of this article at www.kidney-international.org.
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DISCUSSION
We have shown that the H3K4me3 methyltransferases, MLL1
and WDR5, are upregulated in IRI mice, resulting in
increased expression of H3K4me3. Moreover, administration
of the MLL/WDR5 complex inhibitors, MM-102 or OICR-
9429, resulted in decreased H3K4me3 levels and reduced
p16INK4a expression. These inhibitors also suppressed renal
fibrosis and inflammation in IRI mice. In vitro experiments
using a rat cell line of renal fibroblasts identified TGF-b1 as a
cytokine responsible for the upregulation of MLL1, WDR5,
H3K4me3, and p16INK4a. Finally, we showed that the p16INK4a

gene promoter is immunoprecipitated with H3K4me3. These
findings suggest that inhibition of H3K4me3 can act as a
therapeutic target for preventing AKI-induced renal
senescence.

Expression of p16INK4a is positively regulated by MLL1/
WDR5 complex–mediated H3K4me3, and negatively regu-
lated by the polycomb-group protein, BMI1 (also called
polycomb-group RING finger protein 4 [PCGF4]).38,39 BMI1
functions to maintain H3K27me3, resulting in the repression
of transcriptional activity through heterochromatin forma-
tion.40–42 Previous studies showed that BMI1-mediated
transcriptional repression acts dominantly on MLL1-
mediated transcriptional activation.43,44 However, we show
that H3K4me3 methyltransferase MLL1/WDR5 inhibitors
suppress p16INK4a expression in IRI mice, even though BMI1
and H3K27me3 are upregulated (Supplementary Figure S2).
These findings suggest that MLL1-mediated transactivation
plays an important role in p16INK4a expression after AKI.

Here, we also show that inhibition of H3K4 methyl-
transferase ameliorates p16INK4a expression and suppresses
renal fibrosis. A previous study reported that depletion of the
p16INK4a gene results in increased acute renal fibrosis in mice
with unilateral ureteral obstruction.45 In contrast, p16INK4a

knockout mice show the amelioration of chronic renal
fibrosis after IRI.19,20 These findings indicate that, although
p16INK4a expression itself has the ability to protect against the
renal fibrogenesis, the accumulation of p16INK4a-positive cells
promotes renal fibrosis at the chronic phase after kidney
injury. In fact, the abolition of p16INK4a not only improves
mouse models of chronic renal disease46 but also prolongs life
span.47 Thus, the deletion of accumulated p16INK4a-positive
cells can be considered a therapeutic target for AKI-induced
chronic renal fibrosis.

Many studies have demonstrated that chronic inflamma-
tion plays a pivotal role in the progression of CKD.4,48,49 Cell
cycle arrest serves as protection from acute injury as well as
tumorigenesis, but also results in a secretory phenotype that
causes inflammation, known as senescence-associated secre-
tory phenotype.10 Therefore, the accumulation of cell
DH was used as a loading control. The graphs in the right panel
n ¼ 5 for each group). (d) Immunohistochemical staining for CD11b is
zed by one-way analysis of variance followed by post hoc analysis
01. Bars ¼ 100 mm. To optimize viewing of this image, please
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Figure 5 | Knockdown of histone 3 lysine 4 (H3K4) methyltransferases suppresses H3K4 trimethylation (H3K4me3) and p16INK4a

expression in ischemia reperfusion injury (IRI) mice. (a) C57BL/6 mice underwent sham or IRI operation. IRI mice were treated with i.v.
injection of negative control small, interfering RNA (siRNA) (Neg Ctrl), MLL1 siRNA (siMLL1), or WDR5 siRNA (siWDR5) (50 mg/300 ml) after
closing the surgical incision. (b) The bands show typical Western blotting results for the expression (continued)
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Figure 6 | The inhibition of histone 3 lysine 4 (H3K4) methyltransferase suppresses p16INK4a expression and the reduction of mixed-
lineage leukemia 1 (MLL1), WD-40 repeat protein 5 (WDR5), and H3K4 trimethylation (H3K4me3) in transforming growth factor-b1
(TGF-b1)–induced renal fibroblasts. Normal rat kidney–49F cells were pretreated with MM-102 (50 mmol/l) for 1 hour and exposed to TGF-b1
(3 ng/ml) for an additional 4 or 24 hours. (a) The bands presented show typical Western blotting results for MLL1, WDR5, H3K4me3, and
p16INK4a in TGF-b1–stimulated normal rat kidney–49F cells with or without MM-102. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control. The graphs show relative levels of (b) MLL1, (c) WDR5, (d) H3K4me3, and (e) p16INK4a in TGF-b1–stimulated
normal rat kidney–49F cells with or without MM-102. Band intensities were normalized to GAPDH. Values are mean � SD (n ¼ 5 for each
group). Data were analyzed by one-way analysis of variance followed by post hoc analysis using Student’s t-test with Bonferroni
correction. **P < 0.01, ***P < 0.001.
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cycle–arrested cells in tissue leads to chronic inflammation,
contributing to increased susceptibility to AKI and cancer.10,11

Chronic inflammation also contributes to renal fibrosis
through TGF-b1 production, as well as inflammation-
induced tissue damage.6,48 Thus, the accumulation of cell
cycle–arrested cells causes inflammation, which then partici-
pates in further accumulation of cell cycle–arrested cells.50,51

This detrimental cycle must be broken to avoid CKD pro-
gression. In this study, we show that inhibition of the MLL1/
=

Figure 5 | (continued) of MLL1, WDR5, H3K4me3, p16INK4a, and glycerald
days from the sham-operated, IRI surgery with Neg Ctrl treatment, and
Western blotting results for the expression of MLL1, WDR5, H3K4me3, p
operated, IRI surgery with Neg Ctrl treatment, and IRI surgery with siWD
WDR5, H3K4me3, and p16INK4a. Band intensities were normalized to GA
of MLL1, H3K4me3, and p16INK4a. Band intensities were normalized to G
each group). Data were analyzed by one-way analysis of variance follow
correction. *P < 0.05, **P < 0.01, ***P < 0.001.
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WDR5 complex suppresses p16INK4a expression, which is
accompanied by the inhibition of inflammation. Our data
suggest that intervening to limit p16INK4a expression would
suppress chronic inflammation.

Furthermore, we show that TGF-b1 is responsible for the
induction of p16INK4a expression through MLL1/WDR5 in-
duction. In contrast, hypoxia, hydrogen peroxide, IL-6, and
TNF-a do not upregulate p16INK4a expression in renal fi-
broblasts (Supplementary Figure S3A–E). TGF-b1 is
ehyde 3-phosphate dehydrogenase (GAPDH) in mouse kidney at 7
IRI surgery with siMLL1 injection groups. (c) The bands show typical
16INK4a, and GAPDH in mouse kidney at 7 days from the sham-
R5 injection groups. (d) The graphs show the relative levels of
PDH (n ¼ 5 for each group). (e) The graphs show the relative levels
APDH (n ¼ 5 for each group). Values are mean � SD (n ¼ 5 for
ed by post hoc analysis using Student’s t-test with Bonferroni
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Figure 7 | Knockdown of mixed-lineage leukemia 1 (MLL1) or WD-40 repeat protein 5 (WDR5) suppresses histone 3 lysine 4
trimethylation (H3K4me3) and p16INK4a expression in transforming growth factor-b1 (TGF-b1)-induced renal fibroblasts. Normal rat
kidney–49F (NRK-49F) cells were transfected with MLL1 small, interfering RNA (siRNA) (siMLL1) or WDR5 siRNA (siWDR5) or negative control
siRNA (Neg Ctrl) (20 nmol/l) for 4 hours and exposed to TGF-b1 (3 ng/ml) for an additional 4 or 24 hours. (a) The bands presented show typical
Western blotting results for MLL1, WDR5, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in Neg Ctrl or siMLL1- or siWDR5-
transfected NRK-49F cells. (b) The bands presented in the left panel show typical Western blotting results for H3K4me3 and p16INK4a in
TGF-b1–stimulated NRK-49F cells transfected with Neg Ctrl or siMLL1. GAPDH was used as a loading control. The graphs in the right
panel show relative protein levels of H3K4me3 and p16INK4a. (c) The bands presented in the left panel show typical Western blotting
results for H3K4me3 and p16INK4a in TGF-b1–stimulated NRK-49F cells transfected with Neg Ctrl or siWDR5. GAPDH was used as a loading
control. The graphs in the right panel show relative protein levels of H3K4me3 and p16INK4a. Band intensities were normalized to GAPDH.
Values are mean � SD (n ¼ 5 for each group). Data were analyzed by one-way analysis of variance followed by post hoc analysis
using Student’s t-test with Bonferroni correction. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8 | Inhibition of mixed-lineage leukemia 1/WD-40 repeat
protein 5 complex downregulates the expression of
immunoprecipitated p16INK4a and histone 3 lysine 4
trimethylation (H3K4me3) in transforming growth factor-b1
(TGF-b1)–induced renal fibroblasts. Normal rat kidney–49F cells
were pretreated with MM-102 (50 mmol/l) for 1 hour and exposed
to TGF-b1 (3 ng/ml) for an additional 24 hours. Chromatin
immunoprecipitation assay was performed with anti-H3K4me3
antibody or IgG normalized to the input DNA. Quantitative reverse
transcriptase polymerase chain reaction was performed for each
amplicon. The graph shows the promoter expression of p16INK4a, as
determined by quantitative reverse transcriptase polymerase chain
reaction. Values are mean � SD (n ¼ 5 for each group). Data were
analyzed by one-way analysis of variance followed by post hoc
analysis using Student’s t-test with Bonferroni correction. ***P <
0.001.
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implicated in the entire process of renal fibrosis, including
transformation of resident cells to myofibroblasts and sub-
sequent production of extracellular matrix proteins.52,53

Thus, our findings may reveal why fibrosis is a pathological
feature of aging kidney. In addition to a fibrotic effect, TGF-
b1 is known as an anti-inflammatory cytokine, which inhibits
TGF-b1 signaling, inducing systematic inflammation.48,54

Another pathological feature of aging kidney is inflamma-
tory cell infiltration, and our results showed that TGF-b1
induces p16INK4a expression. Therefore, long-term stimula-
tion with TGF-b1 may cause tissue inflammation through the
accumulation of cell cycle–arrested cells.

In this study, we have demonstrated that TGF-b1–induced
H3K4me3 regulates p16INK4a expression, causing fibrosis and
inflammation. However, the histone-modifying enzyme
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probably affects histones that regulate not only p16INK4a

expression but also other genes. Indeed, previous studies re-
ported that H3K4me3 is involved in the expression of mul-
tiple genes, such as housekeeping genes, tumor suppressor
genes,55 and inflammation suppressor genes.56 In this study, we
could not identify the effect of other H3K4me3-regulated genes
on the progression of fibrosis and inflammation. In addition to
H3K4me3, TGF-b1 reportedly contributes to other epigenetic
changes, such as DNA methylation,57 microRNA produc-
tion,58,59 other histone modification,60,61 and the insertion of
histone variants.62 Despite these findings, the precise mecha-
nisms of gene expression remain unknown, and therefore
further studies are needed to elucidate the mechanism under-
lying TGF-b1–induced renal senescence.

p21WAF1/CIP1 and p53 are also representative molecules
that arrest the cell cycle and induce cellular senescence.11 In
this study, we showed that p21WAF1/CIP1 and p53 are upre-
gulated in IRI kidneys and TGF-b1–stimulated renal fibro-
blasts as with p16INK4a. Previous studies have shown that
p21WAF1/CIP1 is a downstream effector of p53,11 which is
regulated by the ubiquitin-proteasome system,63,64 while
p16INK4a expression levels are controlled by epigenetics. Our
results showed that MM-102 downregulates the expression of
p21WAF1/CIP1 and tends to decrease p53 expression in IRI mice
(Supplementary Figure S4A), but not in TGF-b1–stimulated
renal fibroblasts (Supplementary Figure S5A), whereas it
significantly downregulates p16INK4a expression. Notably,
previous studies showed that IRI-induced expression of p53
peaks on day 2 or 3, with renal transplantation-induced
expression of p21WAF1/CIP1 reaching a peak on day 7 before
decreasing thereafter.65–67 In contrast, increased expression of
p16INK4a protein is sustained after p21WAF1/CIP1 protein levels
decrease.65 Therefore, rather than p21WAF1/CIP1 and p53,
p16INK4a is considered to play an important role in the pro-
gression of renal fibrosis and chronic inflammation.

In summary, we show that, in IRI mice, MM-102 and
OICR-9429, inhibitors of H3K4me3 methyltransferases,
suppress renal senescence characterized by p16INK4a expres-
sion. We also show that H3K4me3 methyltransferase in-
hibitors ameliorate renal fibrosis and inflammation. In
addition, our in vitro study shows that MLL1/WDR5-complex
inhibition suppresses the TGF-b1–induced expression of
MLL1, WDR5, H3K4m3, and p16INK4a. Finally, we show that
the p16INK4a gene promoter is marked by H3K4me3 modifi-
cation in a rat cell line of renal fibroblasts. These findings
suggest that TGF-b1 induces renal senescence through
H3K4me3, which ultimately contributes to renal fibrosis and
inflammation. Accordingly, inhibition of H3K4me3 methyl-
transferase is a potential therapeutic target for CKD
progression.
METHODS
Animal studies
Male C57BL/6 mice (aged 8 weeks and weighing 23–26 g) were
purchased from Charles River Laboratories Japan (Yokohama,
Japan). The mice were housed in a light- and temperature-controlled
Kidney International (2019) 96, 1162–1175
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room in the Laboratory Animal Center of Hiroshima University. Free
access to food and water was provided. Mice were anesthetized, and
the left renal vascular pedicle was clamped for 30 minutes using
Micro Serrefines (Fine Science Tools, Foster City, CA). While under
anesthesia, body temperature was maintained at 37 �C with an
external heating source. After surgery, mice received an i.p. injection
of MM-102 (5307; Tocris Bioscience, Minneapolis, MN) at a dose of
15 mg/kg per day or OICR-9429 (S7833; Selleck, Houston, TX) at a
dose of 1.5 mg/kg per day for 7 consecutive days. In the in vivo
siRNA transfection experiments, Avalanche In Vivo Transfection
Reagent (EZ Biosystems, Baltimore, MD) conjugated with MLL1-
siRNA (s103027; Ambion, Austin, TX) or WDR5-siRNA (s100546;
Ambion) or In Vivo Negative Control siRNA #1 (Ambion) (50 mg/
300 ml) was injected through the tail vein. Mice were sacrificed by
cardiac puncture under deep sedation. The experimental protocol
was approved by the Animal Care and Use Committee at Hiroshima
University (permit number: A14-72). All animal experiments were
performed in accordance with the National Institutes of Health
Guidelines on the Use of Laboratory Animals.

Cell culture
NRK-49F cells were purchased from the American Type Culture
Collection (Manassas, VA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (Nacalai Tesque, Kyoto, Japan) containing
5% fetal bovine serum (Nichirei Bioscience, Tokyo, Japan) and
penicillin/streptomycin (Nacalai Tesque). Preincubation with MM-
102 (S7265; Selleck) (50 mmol/l) was performed for 60 minutes
before 3 ng/ml TGF-b1 (240-B; R&D Systems, Minneapolis, MN)
stimulation for 4 or 24 hours in NRK-49F cells. In the in vitro ex-
periments, Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA)
conjugated with MLL1 siRNA (s164124; Ambion) or WDR5 siRNA
(s168508; Ambion) or Negative Control siRNA #1 (Ambion) (20
nmol/l) was transfected for 4 hours. After the medium had been
changed, cells were treated with or without 3 ng/ml TGF-b1 for 4 or
24 hours. NRK-49F cells were incubated for 24 hours with 200
mmol/l H2O2 (Nacalai Tesque), 10 ng/ml TNF-a (210-TA; R&D
Systems), and 100 ng/ml IL-6 and IL-6 R alpha (206-IL and 227-SR,
respectively; R&D Systems). NRK-52E cells were pretreated with
MM-102 (15 or 25 mmol/l) and stimulated with 10 ng/ml TGF-b1
for 24 hours.

Histology and immunohistochemistry
Histological and immunohistochemical staining of 4-mm–thick
paraffin sections of tissue was performed. The following primary
antibodies were used: anti-a-SMA antibody (A2547; Sigma-Aldrich,
St. Louis, MO), anti-p16INK4a antibody (ab51243; Abcam, Cam-
bridge, UK), anti-S100A4 antibody (ab197896; Abcam), anti-
H3K4me3 antibody (9751; Cell Signaling Technology, Danvers,
MA), anti-CD11b antibody (ab133357; Abcam), and anti-p21 anti-
body (ab18824; Abcam). Areas that contained a-SMA and p16INK4a

were captured at original magnification �200 in the cortico-
medullary differentiation. The positive area was measured using
ImageJ software (version 1.50i; National Institutes of Health,
Bethesda, MD). The number of H3K4me3-positive cells was counted
at original magnification �200 in the corticomedullary differentia-
tion area and analyzed using ImageJ software.

Western blotting
Western blotting analyses were performed on kidney lysates and
cultured cell extracts with the following primary antibodies: anti-
MLL1 antibody (14197; Cell Signaling Technology), anti-WDR5
Kidney International (2019) 96, 1162–1175
antibody (13105; Cell Signaling Technology), anti-H3K4me3 anti-
body (9751; Cell Signaling Technology), anti-p16INK4a antibody
(ab51243; Abcam), anti-p21WAF1/CIP1 antibody (ab109199; Abcam),
anti-p53 antibody (ab26; Abcam), anti-a-SMA antibody (A2547;
Sigma-Aldrich), anti-phospho-NF-kB p65 (Ser536) antibody (3033;
Cell Signaling Technology), anti-CD11b antibody (ab133357;
Abcam), anti-BMI1 antibody (5856; Cell Signaling Technology),
anti-H3K27me3 antibody (9733; Cell Signaling Technology), and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(G8795; Sigma-Aldrich). The intensity of each band was analyzed
using ImageJ software as stated above.

Quantitative real-time reverse transcriptase polymerase chain
reaction
RNA isolation from mouse kidney was performed using TRIzol
Reagent (Thermo Fisher Scientific, Waltham, MA). cDNA was
reverse-transcribed from 1 mg of total RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). Real-time reverse transcriptase polymerase chain reaction was
performed using the following primers and probes: Acta2 (assay ID:
Mm00725412_s1), Col1a1 (assay ID: Mm00801666_g1), Col3a1
(Mm01254476_m1), TGF-b1 (assay ID: Mm01178820_m1), TNF-a
(assay ID: Mm00443258_m1), IL-1b (assay ID: Mm00434228_m1),
IL-6 (assay ID: Mm00446190_m1), p16INK4a (assay ID:
Mm00494449_m1), and GAPDH (assay ID: Mm99999915_g1), with
TaqMan Gene Expression Assays (Applied Biosystems).

ChIP assay
Immunoprecipitation was performed with anti-H3K4me3 antibody
(9751; Cell Signaling Technology) and normal IgG incubated over-
night at 4 �C. Magna ChIP A/G Chromatin Immunoprecipitation kit
was used (17-10085; Merck Millipore, Billerica, MA). DNA frag-
ments were purified using the QIAquick PCR Purification Kit
(Qiagen, Valencia, CA). Analysis of the p16INK4a promoter region
was performed using the 7500 Fast Real-Time PCR System (Applied
Biosystems), with SYBR green Premix Ex Taq (Takara Bio, Kusatsu,
Japan) and the following pairs of rat p16INK4a primers: forward, 50-
ACCATAACATAATGAAGCTGACAGA-30 (�1811 from transcrip-
tion start site), and reverse, 50-TTCCCTCCAGATCAAGCTAT-30

(�1706). Rat albumin primers were used as a negative control:
forward, 50-GGAACTTCAGGGAATAGTTTAAGTG-30 (þ679), and
reverse, 50-GGGCGATCTCACTCTTGTC-30 (þ815).

Statistical analyses
Results are presented as mean � SD. For multiple comparisons, we
used one-way analysis of variance followed by Student’s t-test with
Bonferroni correction. Differences between 2 groups were analyzed
by Student’s t-test. Correlations were calculated using Spearman’s
rank correlation coefficient. P < 0.05 was considered statistically
significant.
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SUPPLEMENTARY MATERIAL
Figure S1. Negative control for chromatin immunoprecipitation
assay. Normal rat kidney–49F cells were pretreated with MM-102 (50
mmol/l) for 1 hour and exposed to transforming growth factor-b1
(TGF-b1) (3 ng/ml) for an additional 24 hours. Chromatin immuno-
precipitation assay was performed with anti-histone 3 lysine 4 tri-
methylation (anti-H3K4me3) antibody or IgG normalized to input
DNA. Quantitative reverse transcriptase polymerase chain reaction
was performed for each amplicon. The graph shows promoter
expression of albumin as a negative control. Values are mean � SD
(n ¼ 5 for each group). Data were analyzed by one-way analysis of
variance followed by post hoc analysis using Student’s t-test with
Bonferroni correction.
Figure S2. BMI1 and histone 3 lysine 27 trimethylation (H3K27me3)
expression is upregulated in ischemia reperfusion injury (IRI) mice.
C57BL/6 mice underwent sham or IRI operation. The bands presented
in the upper panel show typical Western blotting results for the
expression of BMI1, H3K27me3, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) in mouse kidney at 7 days from sham-
operated and IRI surgery groups. GAPDH was used as a loading
control. Graphs in the lower panel show relative levels of BMI1 and
H3K27me3. Band intensity was normalized to GAPDH (n ¼ 5 for each
group). Values are mean � SD. Data were analyzed by one-way
analysis of variance followed by post hoc analysis using Student’s t-
test. *P < 0.05, ***P < 0.001.
Figure S3. Expression of p16INK4a is not induced by hypoxia,
hydrogen peroxide, tumor necrosis factor-a (TNF-a), or interleukin-6
(IL-6) in normal rat kidney–49F (NRK-49F) cells. NRK-49F cells were
incubated for 24 hours with 1% O2, 200 mmol/l hydrogen peroxide
(H2O2), 10 ng/ml TNF-a, or 100 ng/ml IL-6. (A) The bands presented
show typical Western blotting results for p16INK4a expression in NRK-
49F cells stimulated with 1% O2, H2O2, transforming growth factor-b1
(TGF-b1), TNF-a, and IL-6. GAPDH was used as a loading control. The
graphs show relative levels of p16INK4a expression after stimulation
with (B) 1% O2, (C) H2O2, (D) TNF-a, and (E) IL-6 in NRK-49F cells. Band
intensities were normalized to GAPDH. Values are mean � SD (n ¼ 5
for each group). Data were analyzed by one-way analysis of variance
followed by post hoc analysis using Student’s t-test.
Figure S4. Effect of MM-102 on p21WAF1/CIP1 and p53 expression in
ischemia reperfusion injury (IRI) mice. C57BL/6 mice underwent sham
or IRI operation. IRI mice were treated with peritoneal injection of
vehicle (distilled water) or MM-102 (15 mg/kg per day) for 7
consecutive days. (A) The bands presented in the upper panel show
typical Western blotting results for the expression of p21WAF1/CIP1,
p53, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
mouse kidney at 7 days from sham-operated, IRI surgery with vehicle
treatment, or IRI surgery with MM-102 injection groups. GAPDH was
used as a loading control. Graphs in the lower panel show relative
levels of p21WAF1/CIP1 and p53. Band intensities were normalized to
GAPDH (n ¼ 5 for each group). (B) Immunohistochemical staining for
p21WAF1/CIP1 is shown. Values are mean � SD. Data were analyzed by
one-way analysis of variance followed by post hoc analysis using
Student’s t-test with Bonferroni correction. *P < 0.05, **P < 0.01.
Figure S5. Effect of MM-102 on p21WAF1/CIP1 and p53 expression in
normal rat kidney–49F (NRK-49F) and NRK-52E cells. NRK-49F or NRK-
52E cells were pretreated with MM-102 for 1 hour and incubated with
transforming growth factor-b1 (TGF-b1) (3 or 10 ng/ml) for an addi-
tional 24 hours. (A) The bands presented in the upper panel show
typical Western blotting results for p21WAF1/CIP1, p53, and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) in TGF-b1-stimulated
NRK-49F cells with or without MM-102. GAPDH was used as a loading
control. Graphs of the lower panel show relative levels of p21WAF1/CIP1

and p53. Band intensities were normalized to GAPDH. (B) The bands
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presented in the upper panel show typical Western blotting results
for p21WAF1/CIP1 and GAPDH in TGF-b1–stimulated NRK-52E cells with
or without MM-102. GAPDH was used as a loading control. The graph
of the lower panel shows relative levels of p21WAF1/CIP1. Band in-
tensities were normalized to GAPDH. Values are mean � SD (n ¼ 5 for
each group). Data were analyzed by one-way analysis of variance
followed by post hoc analysis using Student’s t-test with Bonferroni
correction. ***P < 0.001.
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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