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Kidney diseases, including chronic kidney disease (CKD) and acute kidney injury (AKI), are associated with
inflammation. The mechanism that regulates inflammation in these renal injuries remains unclear. Here, we
demonstrated that p300/CBP-associated factor (PCAF), a histone acetyltransferase, was overexpressed in the kidneys of
db/db mice and lipopolysaccharide (LPS)-injected mice. Moreover, elevated histone acetylation, such as H3K18ac, and
up-regulation of some inflammatory genes, such as ICAM-1, VCAM-1, and MCP-1, were found upon these renal injuries.
Furthermore, increased H3K18ac was recruited to the promoters of ICAM-1, VCAM-1, and MCP-1 in the kidneys of LPS-
injected mice. In vitro studies demonstrated that PCAF knockdown in human renal proximal tubule epithelial cells (HK-
2) led to downregulation of inflammatory molecules, including VCAM-1, ICAM-1, p50 subunit of NF-kB (p50), and MCP-1
mRNA and protein levels, together with significantly decreased H3K18ac level. Consistent with these, overexpression of
PCAF enhanced the expression of inflammatory molecules. Furthermore, PCAF deficiency reduced palmitate-induced
recruitment of H3K18ac on the promoters of ICAM-1 and MCP-1, as well as inhibited palmitate-induced upregulation of
these inflammatory molecules. In summary, the present work demonstrates that PCAF plays an essential role in the
regulation of inflammatory molecules through H3K18ac, which provides a potential therapeutic target for
inflammation-related renal diseases.

Introduction

Renal disease is an enormous threat to human health. Chronic
kidney disease (CKD) and acute kidney injury (AKI) are 2 major
classes of renal disease. CKD is characterized by progressive loss
of renal function over the years. Diabetic nephropathy is pres-
ently the leading cause of CKD and end stage renal disease in
western countries.1 On the other hand, AKI can lead to a rapid
loss of renal function. The etiologies of AKI include ischemia,
acute tubular necrosis, and exposure to endotoxin, such as lipo-
polysaccharide (LPS).2-4

Inflammation is a biological response of tissues to harmful
stimuli. Inflammation induces overexpression of various
inflammatory molecules including adhesion molecules, che-
mokines, pro-inflammatory cytokines, as well as activation of

some inflammatory transcription factors.5 Adhesion mole-
cules, such as intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), enable leu-
cocytes to adhere to endothelium, and these leucocytes then
migrate into injured sites and initiate inflammatory
responses.6,7 In addition, chemokines such as monocyte che-
motactic protein 1 (MCP-1) can further recruit monocytes
and memory T cells to the sites of inflammation.8 Moreover,
NF-kB, a transcription factor activated by many inflamma-
tory stimuli, regulates transcription of many inflammatory
genes, including ICAM-1, VCAM-1, and MCP-1, which lead
to a vicious cycle of inflammation.9 Accumulating evidences
has suggested that chronic inflammation and unresolved
inflammation play critical roles in diverse diseases, including
renal diseases.10
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Long-term activation of low-grade inflammation has been
suggested to associate with hyperglycemia and oxidative stress,
which eventually lead to diabetic nephropathy.11 Pharmacologi-
cal or genetic inhibition of some inflammatory molecules has
been shown to ameliorate diabetes-induced renal morphological
changes.12,13 Similar to CKD, levels of proinflammatory cyto-
kines and chemokines are also significantly elevated in the kid-
neys of LPS-induced AKI in mice.14 Inhibition of inflammation
by nicotinic acetylcholine receptor agonists could effectively ame-
liorate LPS-induced renal failure.14 However, the exact mecha-
nism that regulates elevation of these inflammatory molecules
upon renal diseases remains unknown.

Histone modifications, including acetylation, methylation and
phosphorylation, usually regulate gene transcription.15 Different
histone modifications have distinct biological roles.16 Histone
acetylation weakens the binding between histones and DNA,
which makes transcription machinery more accessible for DNA;
thus, histone hyperacetylation is often associated with transcrip-
tion activation.17 Changes in histone acetylation have been
reported also to associate with inflammation.18 For example,
enriched acetylated histones on the promoters of pro-inflamma-
tory cytokines, such as interleukin-1 (IL-1), IL-2, IL-8, and IL-
12, can lead to transcriptional activation of these genes, and sub-
sequent inflammation.18

In cells, the levels of histone acetylations are tightly controlled
by histone acetyltransferases (HATs) and histone deacetylases
(HDACs). There are 3 major families of HATs, including the
GNAT family (GCN5 and PCAF), the p300/CBP family (p300
and CBP), and the MYST family (MOZ, MROF, HBO1 and
MOF).19,20 Alteration in histone acetylation and their regulatory
enzymes in rodent models of renal diseases have been reported.
In the kidneys of Akita mice and db/db mice, classic models of
type 1 and type 2 diabetes respectively, the levels of H3K9ac and
H3K23ac were increased.21,22 Furthermore, increased recruit-
ment of acetylated histones including H4K5/8/12/16ac,
H2AK5ac, and H2BK4/7ac on the promoter of Tnf-a, a key
inflammatory gene, are found in the kidneys of LPS-induced
AKI.23 Additionally, curcumin, a potent antioxidant, prevents
the development of early lesions of diabetic nephropathy in rats
by inhibiting the interaction between p300 and NF-kB.24 Para-
doxically, long-term administration of vorinostat, an inhibitor of
HDACs, attenuates renal injury in diabetic rodents.25 Thus, the
exact roles of histone acetylations and their regulatory enzymes in
the development of renal diseases still await further investigation.

We hypothesized that histone hyperacetylation caused by
overexpression of HATs in renal cells leads to elevation of inflam-
mation that finally induces renal injury. In the present study, the
levels of PCAF, histone acetylation, and inflammatory molecules
were investigated in the kidneys of db/db mice and LPS-injected
mice, respectively. Furthermore, renal proximal tubule epithelial
cells that overexpress or knockdown PCAF were generated to
investigate the critical role of PCAF in regulating inflammatory
molecules. Our results demonstrate PCAF regulates the expres-
sion of inflammatory molecules and may contribute to the devel-
opment of CKD and AKI, suggesting PCAF may be considered
as a novel therapeutic target for renal diseases.

Results

Upregulation of histone acetylation, PCAF,
and inflammatory genes in the kidneys of db/db mice

Multiple sites of increased histone acetylation in the kidneys
of Akita mice, a classic type 1 diabetic mouse model, has been
previously reported by us.21 We then asked whether altered his-
tone acetylations also happened in the kidneys of db/db mice, a
type 2 diabetic mouse model. Using enriched core histones
extracted from different experimental groups, we found that total
ac-K, H3K9ac, H3K9ac/S10p, H3K18ac, H3K23ac and
H3K56ac were all significantly increased in the kidneys of db/db
mice compared with wild type mice (1.5-fold, 3.3-fold, 2.5-fold,
4.9-fold, 1.8-fold, and 2.2-fold increase, respectively; Fig. 1A
and B). However, the total renal histone methylation level was
similar between these 2 groups (Fig. 1A and B).

The levels of some HATs were further investigated in these 2
groups. There was a significant increased level of PCAF (1.5-fold;
Fig. 1C and D) and an unexpected decreased level of GCN5
(Fig. 1C and D) in the kidneys of db/db mice, when compared
with wild type mice. However, similar PCAF and p300 mRNA
levels, together with a slight downregulated GCN5 level, were
found in the kidneys of db/db mice when compared with wild
type mice (Supplemental data, Fig. S1). Immunohistochemistry
confirmed that compared to the light cytoplasmic staining of
PCAF on some renal tubular cells of wild type mice, a dramatically
increased nuclear PCAF staining was found on the renal tubular
cells of db/db mice (Fig. 1E). There was also a significant increase
in nuclear PCAF staining on glomeruli of db/db mice, with almost
no PCAF staining on glomeruli of wild type mice (Fig. 1E).

Since diabetic nephropathy is associated with chronic inflam-
mation, we also investigated the mRNA levels of several inflam-
matory molecules in the kidneys of these 2 groups. qPCR
analysis displayed significant increases of VCAM-1, ICAM-1, and
MCP-1 in the kidneys of db/db mice compared with wild type
mice (5.1-fold, 2.9-fold, and 4.1-fold increase, respectively;
Fig. 1F).

Upregulation of histone acetylation, PCAF,
and inflammatory genes in the kidneys of LPS-injected mice

We next examined whether changes of PCAF and histone acety-
lations can also be found in acute renal inflammatory diseases such
as LPS-induced AKI. One hour after LPS injection, the protein
level of PCAF was significantly increased in the kidneys of LPS-
injected mice compared with PBS-injected mice (Fig. 2A), while
GCN5 protein level was similar between these 2 groups (Supple-
mental data, Fig. S2). Consistent with the increased PCAF level,
significantly increased levels of total ac-K, H3K9ac, and a dramatic
raise of H3K18ac were found in the kidneys of LPS-injected mice
(1.6-fold, 1.3-fold, and 3.5-fold, respectively) when compared with
PBS-injected mice (Fig. 2B and C). Furthermore, compared with
PBS injection, LPS injection led to significantly increased levels of
VCAM-1, ICAM-1, and MCP-1 in the kidneys (6.9-fold, 13.5-
fold, and 148.8-fold, respectively; Fig. 2D).

To investigate whether H3K18ac is involved in transcriptional
regulation of these inflammatory genes in this AKI model, CHIP
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assays were performed to examine the
binding affinity of H3K18ac on the pro-
moters of VCAM-1, ICAM-1, and MCP-
1. The results demonstrated in the
kidney, LPS injection enhanced the
recruitment of H3K18ac on the pro-
moters of VCAM-1, ICAM-1, and MCP-
1 of all designed primer sets (Fig. 2E),
suggesting an important role of
H3K18ac on the regulation of inflam-
matory genes in AKI.

PCAF knockdown induces alteration
of histone acetylation in cultured renal
tubular cells

To investigate the role of PCAF in
renal diseases, stable PCAF knock-
down human proximal tubule epithe-
lial cells were generated, which was
named as shPCAF HK-2. Compared
with wild type cells, both protein
(Fig. 3A) and mRNA (Fig. 3B) levels
of PCAF were significantly decreased
in shPCAF HK-2 cells (43% and 47%
of wild type cells, respectively).
Whereas the mRNA levels of p300
and GCN5 were similar between
PCAF knockdown and wild type cells,
indicating PCAF knockdown has no
significant impact on other HATs
(Fig. 3C).

Consistent with the decreased
PCAF level, total histone acetylation
level was impaired in shPCAF HK-2 cells (45% of wild type
cells, Fig. 3D). Using antibodies that detect different specific
histone acetylation sites, we demonstrated that the levels of
H3K18ac and H4K8ac were significantly downregulated in

shPCAF HK-2 cells (29% and 48% of wild type cells, respec-
tively; Fig. 3D), whereas the levels of H3K9ac and H3K23ac
were similar between the PCAF knockdown and wild type
HK-2 cells (Fig. 3D).

Figure 1. Increased histone acetylation,
PCAF, and inflammatory genes in the kid-
neys of db/db mice. Representative western
blots for Ac-K, H3K9ac, H3K9ac/S10p,
H3K18ac, H3K23ac, H3K56ac, methy-K and
H3 in the kidneys of db/db and wild type
(C/C) mice shown in (A), with quantitative
densitometric results summarized in (B).
Representative western blots for PCAF,
GCN5, and b-actin in the kidneys of db/db
and wild type (C/C) mice (C), with quantita-
tive densitometric results (D). (E) Represen-
tative PCAF immunostaining on kidney
sections. Grey or black color indicates posi-
tive staining. Bar D 50 mm. (F) qPCR analysis
of VCAM-1, ICAM-1, andMCP-1 in the kidneys
of db/db and wild type (C/C) mice. (nD 5 in
each group; *P < 0.05 compared with wild
type mice).
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PCAF knockdown reduces the levels of inflammatory
molecules in cultured renal tubular cells

To further explore the effects of PCAF knockdown in renal
tubular cells, the mRNA levels of several inflammatory, fibrotic
and oxidative stress related genes were investigated. VCAM-1,
ICAM-1, ICAM-2, NF-kB p50 (encoding the p50 subunit of
NF-kB), and MCP-1 were significantly downregulated in
shPCAF HK-2 cells (Fig. 4A). However, the mRNA levels of
fibrotic and oxidative stress related genes, such as TGFb¡1,
COL4 (Type IV collagen), and MnSOD, were similar between
the PCAF knockdown and wild type cells (Fig. 4B). Consistent
with their transcription levels, the protein levels of VCAM-1,
ICAM-1, NF-kB p50, and MCP-1 were significantly decreased
in shPCAF HK-2 cells (Fig. 4C).

PCAF induces upregulation of inflammatory molecules
in cultured renal tubular cells

To test whether PCAF directly regulates the transcription of
these inflammation-related genes, HK-2 cells were transfected
with either a full-length PCAF plasmid (pCI-Flag-PCAF) or a
control plasmid (pCI). Successful transfection was verified by a
dramatic increase of PCAF mRNA level in the transfected cells

(Supplemental data, Figure S3). Two days after transfection, sig-
nificant increases in VCAM-1, ICAM-1, ICAM-2, and MCP-1
levels were found in the pCI-Flag-PCAF transfected HK-2 cells
when compared with the pCI transfected HK-2 cells .Fig. 5A),
whereas the level of NF-kB p50 was found unchanged. Further-
more, overexpression of PCAF significantly promoted the tran-
scription of MCP-1, as demonstrated by luciferase assay in 293T
cells (Supplemental data, Figure S4). To test the effects of other
HATs, such as GCN5, on the transcription of these inflamma-
tion-related genes, HK-2 cells were also transfected with either a
full-length GCN5 plasmid or a control plasmid. Although the
mRNA level and protein level of GCN5 were significantly
increased after transfection, the mRNA levels of VCAM-1,
ICAM-1, ICAM-2, p50, and MCP-1 were similar between the
HK-2 cells transfected with the GCN5 plasmid and the control
plasmid (Supplemental data, Fig. S5A and B).

To further test whether the HAT activity of PCAF is involved
in the regulation of these inflammatory molecules, HK-2 cells
were transfected with either the pCI-Flag-PCAF plasmid or the
pCI-Flag-PCAF-DHAT plasmid, the latter plasmid codes a
mutant PCAF with partial HAT domain deletion. Similar over-
expressed PCAF level was found in cells transfected with either

Figure 2. Increased histone acetylation, PCAF, and inflammatory genes in the kidneys of LPS-injected mice. (A) Representative western blots for PCAF
and b-actin in the kidneys of LPS-injected and PBS-treated mice. (B–C) Representative western blots and quantitative densitometric results for Ac-K,
H3K9ac, H3K18ac, and H3 in the kidneys of LPS-injected and PBS-treated mice. (D) qPCR analysis for VCAM-1, ICAM-,1 and MCP-1 in the kidneys of LPS-
injected and PBS-treated mice. (E) Quantitative results of H3K18ac ChIP assay in the kidneys of LPS-injected and PBS-treated mice. (n D 4–5 in each
group; *P < 0.05 compared with PBS-treated mice).
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plasmid (Fig. 5B); however,
total histone acetylation level
was increased only in the
pCI-Flag-PCAF transfected
cells (Fig. 5C). Furthermore,
compared with control cells,
it was the overexpression of
full-length PCAF, but not
the mutant PCAF in HK-2
cells that induced upregula-
tions of VCAM-1, ICAM-1,
NF-kB p50 and MCP-1
(Fig. 5C). It has been
reported that due to different
regulatory mechanisms and
synthesis/degradation rates,
the correlation between the
levels of mRNA and protein
of certain genes are not lin-
ear.26 The absence of correla-
tion between mRNA level
and protein level of NF-kB
p50 after transfection of the
full length PCAF plasmid
implicates PCAF may regu-
late the degradation of NF-
kB p50, although further
studies are necessary to verify
this possibility. However,
overexpression of GCN5 did
not induce and increase in
the protein levels of VCAM-
1, ICAM-1 and NF-kB p50
inHK-2 cells (Supplemental
data, Fig. S5C).

PCAF knockdown
inhibits palmitate-induced
upregulation of
inflammatory molecules
by decreasing recruitment
of H3K18ac on their
promoters

To investigate whether
PCAF regulates the tran-
scription of inflammatory
genes by manipulating his-
tone acetylation level, ChIP
assays were performed. Two
sets of primers were
designed to target the distinct regions on the promoters of
ICAM-1 and MCP-1. In normal cultured condition, PCAF
knockdown induced significant decreases of H3K18ac recruit-
ment on the promoters of ICAM-1-a/b and MCP-1-a/b in HK-2
cells (Fig. 6A). To further investigate whether PCAF knockdown
can inhibit the hyperlipidemia-induced inflammation in the

kidneys, HK-2 cells were treated with 300 mM palmitate to
mimic the hyperlipidemic condition in vivo. The presence of pal-
mitate led to significant upregulation of ICAM-1 and MCP-1
mRNA levels in HK-2 cells; however, PCAF knockdown signifi-
cantly inhibited the palmitate-induced upregulation of these
inflammatory genes (Fig. 6B). Furthermore, ChIP assays also

Figure 3. PCAF deficiency induces alteration of histone acetylation in cultured renal tubular cells. (A) Representative
western blots for PCAF and b-actin in shScram and shPCAF cells (left panel), and their quantitative densitometric
results (right panel). qPCR analysis for PCAF (B), p300, and GCN5 (C) in shScram and shPCAF cells.
(D) Representative western blots for H3K9ac, H3K18ac, H3K23ac, H4K8ac, Ac-K, and H3 (left panel) with their quanti-
tative densitometric results (right panel) in shScram and shPCAF cells. (shScram, cells stably transfected with
pSUPER-shScram; shPCAF, cells stably transfected with pSUPER-shPCAF. Each experiment was performed in dupli-
cates for 3 times with a representative result shown. *P < 0.05 compared with cells transfected with shScram).

66 Volume 10 Issue 1Epigenetics



showed that after palmitate treatment, increased recruitment of
H3K18ac on the promoters of ICAM-1 and MCP-1 were
observed, and PCAF knockdown attenuated such palmitate-
induced increased recruitment of H3K18ac on these promoters
(Fig. 6C and D), which was consistent with what observed on
the transcription level.

Meanwhile, palmitate induced a 1.9-fold increase of PCAF
in HK-2 cells, as well as upregulations of ICAM-1, NF-kB
p50, MCP-1 and phosphorylated p38 levels (2.2-fold, 2.0-
fold, 2.4-fold, and 5.6-fold, respectively; Fig. 6E). PCAF
knockdown in HK-2 cells not only normalized palmitate-
induced increase in PCAF level, but also inhibited all these
palmitate-induced increases in the inflammatory molecules
(Fig. 6E). Also, PCAF knockdown significantly downregu-
lated VCAM-1 level in palmitate-treated HK-2 cells,
although no changes of VCAM-1 were found between palmi-
tate-treated and un-treated cells (Fig. 6E).

Discussion

Renal diseases severely
threat human health. Both
CKD and AKI contribute
to the development of high
mortality end stage renal
diseases. Therefore, it is
urgent to identify the com-
mon mechanisms underly-
ing pathogenesis of these
renal diseases, and seek for
potential therapeutic tar-
gets. In this study, we have
demonstrated that PCAF, a
histone acetyltransferase,
regulates the expression of
inflammatory molecules in
renal tubular epithelial
cells, which contribute to
the development of CKD
and AKI.

It has been reported that
alterations in histone modi-
fications are associated with
renal diseases. For example,
increased levels of H3K9ac,
H3K23ac, and H3S10p
have been observed in the
kidneys of db/db mice after
uninephrectomy surgery.22

Furthermore, in the kid-
neys of Akita mice and
high glucose treated mesan-
gial cells, acetylation on
multiple histone H3 lysine
residues, including H3K9,
H3K18, and H3K23, are
increased.21 Consistent

with these observations, in the present study, we demonstrated
that increased histone acetylation also happened in the kidneys of
db/db mice and LPS-injected mice (Fig. 1 and 2), suggesting
such accumulation of histone acetylation exists in multiple
rodent models of renal diseases.

In addition to histone acetylation, alterations in histone
methylation have also been reported to contribute to the
development of some renal diseases. For example, increased
level of H3K4me2 has been observed in the kidneys of db/db
mice after uninephrectomy surgery.22 In renal ischemia and
reperfusion injury, accumulated H3K4me3 has been found
on the promoters of TGFb¡1, MCP-1, and Collagen III.27

In the present study, although total methylation level was not
changed in the kidneys of db/db mice compared with wild
type mice (Fig. 1), we still cannot rule out the possibility
that some specific histone methylation sites are altered in the
kidneys of db/db mice.

Figure 4. PCAF deficiency reduces the levels of inflammatory molecules in cultured renal tubular cells. (A) qPCR anal-
ysis for VCAM-1, ICAM-1, ICAM-2, NF-kB p50, and MCP-1 in shScram and shPCAF cells. (B) qPCR analysis for TGFb-1,
type IV collagen, and MnSOD in shScram and shPCAF cells. (C) Representative protein gel blots for VCAM-1, ICAM-1,
NF-kB p50, MCP-1 and b-actin (left panel) with their quantitative densitometric results (right panel) in shScram and
shPCAF cells. (shScram, cells stably transfected with pSUPER-shScram; shPCAF, cells stably transfected with pSUPER-
shPCAF. Each experiment was performed in duplicates for 3 times with a representative result shown.
*P < 0.05 compared with cells transfected with shScram).
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Among all HATs, p300
and CBP have been
reported to be involved in
the development of renal
diseases. The interaction
between p300 and NF-kB
has been reported to be
inhibited by curcumin, a
potent antioxidant, to pre-
vent the development of
diabetic nephropathy.24 In
cultured rat mesan-
gial cells, overexpression of
p300 or CBP has been
demonstrated to signifi-
cantly enhance TGFb¡1-
induced PAL-1 and p21
levels, with increased
recruitment of H3K9ac
and H3K14ac on the pro-
moters of PAL-1 and
p21.28 However, these
changes are not observed
when PCAF is overex-
pressed.28 Consistent with
this, our study also demon-
strated that PCAF overex-
pression did not induce
increased transcription of
TGFb-1 in cultured renal
tubular epithelial cells
(Fig. 4). In this study, we
have demonstrated that
PCAF regulates the tran-
scription of inflammatory
genes (Fig. 4 and 5). We
found that PCAF, but not
GCN5, is overexpressed in
the kidneys of db/db mice
and LPS-injected mice.
Moreover, we have previ-
ously demonstrated that
PCAF, but not GCN5, is
overexpressed in the kid-
neys of Akita mice.21

Although GCN5 and
PCAF both act as a HAT,
increasing evidence has
suggested that they have
different biological functions. For example, mice lacking Pcaf
develop normally without a distinct phenotype; however, mice
lacking Gcn5 die in the gestation stage, suggesting the distinct
roles of GCN5 and PCAF in embryogenesis.29 In vitro study has
demonstrated that GCN5 deficiency, but not PCAF deficiency,
inhibits the growth rate of chicken B cells.30 In addition, specifi-
cally inhibition of PCAF, but not p300 or GCN5, suppresses the

b-amyloid induced inflammatory cytokine production and neu-
ronal cell death.31 All these observations may be due to the fact
that GCN5 and PCAF bind to distinct transcriptional factors
and regulators; moreover, they also acetylate different sites of his-
tones.32 Thus, it is possible that p300, PCAF, and GCN5,
although all are HATs, regulate different sets of genes upon same
stimulation. The different roles of HATs, such as p300, PCAF,

Figure 5. PCAF overexpression induces the expression of inflammatory molecules in cultured renal tubular cells.
(A) qPCR analysis for VCAM-1, ICAM-1, ICAM-2, NF-kB p50, and MCP-1 in HK-2 cells transfected with either a pCI plas-
mid (Mock) or a pCI-Flag-PCAF plasmid (PCAF). (B) Representative western blots for PCAF and b-actin in the HK-2 cells
transfected with a pCI plasmid (Mock) or a pCI-Flag-PCAF plasmid (PCAF) or a pCI-Flag-PCAF-DHAT plasmid (PCAF-
DHAT) shown on the up panel, with their quantitative densitometric results shown on the bottom panel.
(C) Representative western blots for Ac-K, VCAM-1, ICAM-1, NF-kB p50, MCP-1, and b-actin in HK-2 cells transfected
with Mock, PCAF, or PCAF-DHAT shown on the left panel, with their quantitative densitometric results shown on the
right panel. (Each experiment was performed in duplicates for 3 times with a representative result shown. *P < 0.05
compared with the Mock group).

68 Volume 10 Issue 1Epigenetics



and GCN5, in the development of renal diseases await further
investigation.

Previous studies have found that PCAF is involved in the
development of pancreatitis, arteriogenesis, and liver injury, sug-
gesting PCAF plays an important role in inflammation.33-35

PCAF is recruited to the promoter of TNFa and causes increased
histone H3K9 acetylation in acute necrotic pancreatitis, where
inflammation is taken place.33 A microarray study further dem-
onstrates that in a hindlimb ischemia model, proinflammatory
genes are profoundly reduced in the surrounding skeletal muscle
of PCAF knockout mice compared to wild type mice.34 Impaired
blood flow recovery has also been found in PCAF deficient mice,
either genetic or therapeutic, after hindlimb ischemia injury,34 as
arteriogenesis is a classic inflammation-driven process after this
injury. In cultured leukocytes and endothelial cells, PCAF defi-
cient inhibits ischemia and reperfusion-induced inflammatory
response.34 Moreover, downregulation of PCAF by miR-181a/b
provides a negative feedback regulation to TNFa-induced
inflammatory reaction in liver epithelial cells.35 In the present
study, we also demonstrated that PCAF specifically regulated
some inflammatory molecules in renal tubule epithelial cells
(Fig. 4 and 5). Furthermore, knockdown PCAF inhibited palmi-
tate-induced increases of inflammatory molecules by decreasing
recruitment of H3K18ac on the promoters of these genes
(Fig. 6), which prevents the palmitate-induced damage in renal
tubular epithelial cells.

In addition to its role in the regulation of inflammation,
PCAF also has multiple other functions, including regulation of
endoplasmic reticulum (ER) stress, mitosis, and cell growth. It
has been shown that PCAF binds to XBP-1S (X-box binding pro-
tein 1S), an isoform of XBP-1 and important regulator of cellular
unfolded protein response, to mediate XBP-1S-related gene tran-
scription and regulates ER stress.36 During mitosis, the acetyl-
transferase activity of PCAF can temporally regulate the
interaction of plus-end tracking protein 150 (TIP150) and end-
binding protein 1 (EB1), 2 mitosis related proteins, to ensure
chromosome stability.37 In several types of cancer, PCAF has
also been shown to acetylate ATP-citrate lyase (ACLY) under
high glucose to stabilize the protein level of ACLY, thus promot-
ing lipid synthesis, cell proliferation, and tumor growth.38 In
summary, in the present study, upregulation of PCAF was found
in the kidney of db/db mice and LPS-injected mice. PCAF
knockdown and overexpression specifically regulates the inflam-
matory molecules in cultured renal tubular epithelial cells. Fur-
thermore, PCAF knockdown reduced the palmitate-induced
upregulation of these inflammatory molecules by reducing
H3K18ac level on their gene promoters. These evidences suggest
a critical role for PCAF in the regulation of inflammation in renal
diseases (Fig. 7).

Material and Methods

Animals
Seven-eight weeks old male db/db (LepR¡/¡) mice and their

sex- and age-matched wild type controls were obtained from the

Model Animal Research Center of Nanjing University. Male
C57BL/6 mice were obtained from the ABSL-III laboratory of
Wuhan University. The mice were housed in ventilated microiso-
lator cages with free access to water and food. For the study on
diabetic nephropathy, body weight (BW) of each mouse was
measured weekly. Non-fasted blood glucose level of each mouse
was measured by an OneTouch Ultra Glucometer (Lifescan,
Inc., Milpitas, California) at time of sacrifice. The physiological
characteristics of db/db mice and their controls are shown in
Supplemental Table S1, indicating syndromes of diabetes, obe-
sity, and renal hypertrophy for db/db mice at 3 months of age.
For the LPS injection experiment, male C57BL/6 mice were
intraperitoneally injected with LPS (3 mg/kg BW) or same vol-
ume of PBS. The mice were sacrificed one hour after LPS or PBS
injection, and whole kidneys were collected. Mice were handled
according to the Guidelines of China Animal Welfare Legisla-
tion, as approved by the Committee on Ethics in the Care and
Use of Laboratory Animals of College of Life Sciences, Wuhan
University. Kidney samples were either frozen at ¡80�C until
use (for histone enrichment and western blotting) or fixed with
formaldehyde solution (for immunohistochemistry study).

Plasmids
Plasmids pCI-Flag-PCAF and pCI-Flag-PCAF-DHAT (a

deletion of amino acids 497–526) were gifts from Dr. Costas
Demonacos (School of Pharmacy and Pharmaceutical Sciences,
Manchester, UK). Plasmids pCI and myc-GCN5 were obtained
from Dr. Xiaodong Zhang (Wuhan University) and Dr. Haining
Du (Wuhan University), respectively. Transfections were carried
out using FuGENE HD Transfection Reagent (Promega, Madi-
son, WI) following the manufacturer’s instruction.

Cell culture and stable PCAF knockdown cell line
Human renal proximal tubule epithelial cell line, HK-2, was

cultured in RPMI-1640 media (Hyclone, South Logan, UT) sup-
plemented with 10% FBS (Gibco, Grand Island, NY), 1 mM
sodium pyruvate (Hyclone) and 5 ng/ml hEGF (Peprotech, Inc.,
Rocky Hill, CT). pSUPER vector system (Oligoengine, Seattle,
WA) was used to establish stable PCAF knockdown cells. PCAF
shRNA (shPCAF) was designed using Thermo Scientific siDE-
SIGN Center (http://rnaidesigner.lifetechnologies.com/rnaiex
press). HK-2 cells were transfected with shPCAF, and stable clones
were selected with puromycin (1 mg/ml). Palmitate stock solution
was prepared as previously reported.39 Cells were treated with pal-
mitate solution at a final concentration of 300 mM for 3 d.

Histone extraction
Acid extraction was performed as we described previously.40

Briefly, tissue was homogenized in fresh made hypotonic lysis
buffer (10 mM Tris-HCl, 1 mM KCl, 1.5 mM MgCl2, 1 mM
PMSF, 1.3 mM DTT, pH 8.0) by a Dounce homogenizer. The
sample was lysed in hypotonic lysis buffer with 10% NP-40.
Nuclei was precipitated and then incubated with 0.2 MH2SO4 at
4�C for 2 hours. After centrifuging at 16,000 g, 100% TCA was
added to precipitate histones, followed by washing twice with ice-
cold acetone. Concentration of enriched histones was quantitated
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with the Bio-Rad Protein
Assay (Bio-Rad, Hercules,
CA), aliquoted and stored at
¡80�C until use.

Western blotting analysis
Western blots were per-

formed as described previ-
ously.41 Equal amount of
proteins were separated by
SDS-PAGE (15% for
extracted histones and 8–
10% for whole cell lysate)
and electroblotted onto
polyvinylidene difluoride
(PVDF) membranes (Milli-
pore, Billerica, MA). A list
of primary antibodies used
is provided in Supplemental Table S2. Corresponding sec-
ondary antibodies (Bio-Rad) were used at a 1:5000 dilution.
The blots were visualized by ECL reagent (Thermo Scientific,
Rockland, MA) after exposure of X-OMAT autoradiograph

films. The developed films were subsequently scanned, and
band intensities were quantified with the Quantity One Soft-
ware (Bio-Rad). Targeted protein expression levels were quan-
titated relative to histone H3 or b-actin in the same sample,

Figure 6. PCAF deficiency
inhibits the palmitate-induced
recruitment of H3K18ac on
the promoters of ICAM-1 and
MCP-1 and upregulations of
these inflammatory mole-
cules. (A) Quantitative results
for the H3K18ac ChIP assay in
shScram and shPCAF cells. (B)
qPCR analysis for ICAM-1 and
MCP-1 in HK-2 cells treated
with 300 mM PA. Quantitative
results of the H3K18ac ChIP
assay on the promoters of
ICAM-1 (C) and MCP-1 (D) in
shScram and shPCAF cells
treated with 300 mM palmi-
tate. (E) Representative west-
ern blots for PCAF, VCAM-1,
ICAM-1, NF-kB p50, MCP-1,
p-p38, and b-actin in the
shScram and shPCAF cells
treated with 300 mM palmi-
tate (left panel), with their
densitometric quantitative
results (right panel). (shScram,
cells stably transfected with
pSUPER-shScram; shPCAF,
cells stably transfected with
pSUPER-shPCAF; Mock, cells
treated with vehicle; PA, pal-
mitate treatment. Each experi-
ment was performed in
duplicates for 3 times with a
representative result shown. *
P < 0.05 compared with Mock
group. # P < 0.05 compared
with PA-treated cells)
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and normalized to the respective control group, which was
arbitrarily set as one-fold.

Immunohistochemistry staining
Kidney samples were routinely embedded in paraffin and sec-

tioned. After being deparaffinized in xylene and rehydrated in
decreasing concentrations of ethanol, sections were incubated
with 3% H2O2 for 5 min to quench endogenous superoxidase
activity followed by blocking with 2% goat serum in PBS and
immunostained with an anti-PCAF antibody (1: 200 dilution,
Santa Cruz Biotechnology, Dallas, TX) at 4�C overnight. After
extensive washing, sections were incubated with a biotinylated
anti-rabbit antibody (Vector Laboratories, Burlingame, CA) for
1 h at room temperature. Positive staining was visualized by
DAB substrate reaction (Vector laboratories) following the ABC
kit (Vector laboratories). High resolution pictures (£ 400 power)
were taken under an Olympus BX60 microscope equipped with a
digital CCD.

Quantitative real-time PCR (qPCR)
Total RNA was extracted using RNAiso (TaKaRa Biotechnol-

ogy, Japan), and converted to cDNA by M-MLV cDNA

synthetic system (Invitrogen, Carlsbad, CA). qPCR was per-
formed with SsoFastTM EvaGreenR Supermix (Invitrogen) using
Bio-Rad iQ5 Real Time PCR System. b¡actin was used as an
internal control. The relative difference was expressed as the fold
change calculated by the 2-DDCT method. Primer list for qPCR is
provided in Supplemental Table S3.

Chromatin Immunoprecipitation (CHIP) assay
For cultured cells, cells were fixed with 1% formaldehyde for

10 min at room temperature. For tissue, kidneys were minced
first and fixed with 1% formaldehyde for 10 min at room tem-
perature. The cross-linking was then quenched with 125 mM
glycine. Lysis buffer (400 ml) containing protease inhibitor cock-
tail (Roche, Basel, CH) was added. The samples were sonicated,
and an aliquot of each sample was saved as the input. Chromatin
was immunoprecipitated with an anti-H3K18ac antibody
(Abcam, Cambridge, MA) or an anti-rabbit IgG. The immune
complexes were captured with Dynabeads Protein G (Thermo
Scientific). Input DNA and CHIP-enriched DNA were analyzed
by qPCR. The input samples were used as the internal control
for comparison between samples. Primer list for CHIP assays is
provided in Supplemental Table S4.

Statistical analysis
All results were expressed as the mean § SD. Statistical signifi-

cance was evaluated with the Kruskal-Wallis test followed by the
Mann-Whitney test for 3 groups comparison, and the Mann-
Whitney test only for 2 groups comparison. Differences were
considered statistically significant at P < 0.05.
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