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The CREB/KMT5A complex regulates PTP1B to
modulate high glucose-induced endothelial
inflammatory factor levels in diabetic nephropathy
Ting Huang1,2, Xue Li1,2, Fei Wang1,2, Lihong Lu 1,2, Wenting Hou1,2, Minmin Zhu 1,2 and Changhong Miao 3

Abstract
Diabetic nephropathy (DN) is the primary microvascular complication of diabetes mellitus and may result in end-stage
renal disease. The overproduction of various inflammatory factors is involved in the pathogenesis of DN. Protein
tyrosine phosphatase 1B (PTP1B) modulates the expression of a series of cytokines and nuclear factor kappa B (NF-κB)
activity. cAMP response element-binding protein (CREB) and lysine methyltransferase 5A (KMT5A) have been reported
to participate in the maintenance of a healthy endothelium. In the present study, we hypothesise that CREB associates
with KMT5A to modulate PTP1B expression, thus contributing to high glucose-mediated glomerular endothelial
inflammation. Our analyses revealed that plasma inflammatory factor levels, glomerular endothelial p65
phosphorylation and PTP1B expression were increased in DN patients and rats. In vitro, high glucose increased
endothelial inflammatory factor levels and p65 phosphorylation by augmenting PTP1B expression in human umbilical
vein endothelial cells (HUVECs). Moreover, high glucose decreased CREB and KMT5A expression. CREB overexpression
and KMT5A overexpression both inhibited high glucose-induced PTP1B expression, p65 phosphorylation and
endothelial inflammatory factor levels. si-CREB- and sh-KMT5A-induced p65 phosphorylation and endothelial
inflammatory factor levels were reversed by si-PTP1B. Furthermore, CREB was associated with KMT5A. Mechanistic
research indicated that CREB and histone H4 lysine 20 methylation (H4K20me1, a downstream target of KMT5A)
occupy the PTP1B promoter region. sh-KMT5A augmented PTP1B promoter activity and activated the positive effect of
si-CREB on PTP1B promoter activity. Our in vivo study demonstrated that CREB and KMT5A were downregulated in
glomerular endothelial cells of DN patients and rats. In conclusion, CREB associates with KMT5A to promote PTP1B
expression in vascular endothelial cells, thus contributing to hyperglycemia-induced inflammatory factor levels in DN
patients and rats.

Introduction
Diabetic nephropathy (DN) is the primary micro-

vascular complication of diabetes mellitus and may result
in end-stage renal disease1,2. DN is characterised by a

gradual elevation of urine albumin, increased blood
pressure, and a decreasing glomerular filtration rate3.
Limited treatment options are available for DN, and the
cost of treatment and cardiovascular-related mortality
both increase once DN develops to end-stage renal dis-
ease4,5. Therefore, identifying the underlying mechanisms
of DN is vital. Inflammation has been linked to the
pathogenesis of DN, and the overexpression of various
inflammatory factors plays a crucial role in the renal
reaction to inflammation6. Moreover, hyperglycaemia
augments glomerular endothelial cell inflammatory factor
levels, thus causing renal injury7.
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Serum and kidney levels of interleukin-1β (IL-1β) are
increased in DN patients and participate in the progres-
sion of DN8. Tumour necrosis factor-α (TNFα) is over-
expressed in the serum of diabetic patients, which
increases glomerular vasoconstriction and the filtration
rate9. NF-κB activation plays a crucial role in inflamma-
tory factor expression in DN10,11. Moreover, protein tyr-
osine phosphatase 1B (PTP1B) modulates the expression
of a series of cytokines and NF-κB activity12. As inflam-
mation develops in DN, fibroblast recruitment ultimately
results in renal fibrosis13.
cAMP response element-binding protein (CREB) is

widely expressed and plays a crucial role in many
important cellular signalling pathways, including cellular
metabolism, cell cycle progression, survival, and responses
to extracellular stimuli14. Recent studies indicate that
CREB is important for the maintenance of a healthy
endothelium15–18, but the potential participation of CREB
in hyperglycemia-induced inflammatory factor expression
has not been comprehensively examined.
Lysine methyltransferase 5A (KMT5A) is the only

known nucleosome-specific methyltransferase that mod-
ulates histone H4 lysine 20 through methylation
(H4K20me1)19. We previously demonstrated that
KMT5A suppression contributes to high glucose-induced
vascular endothelial injury in human umbilical vein
endothelial cells (HUVECs)20–24. However, the role of
KMT5A in high glucose-induced inflammatory factor
expression has not been established. In the present study,
we hypothesise that CREB cooperates with KMT5A to
modulate PTP1B expression and inflammatory factor
levels, thus playing a vital role in the occurrence and
progression of DN.

Results
Plasma inflammatory factor levels and glomerular PTP1B
expression are increased in DN patients and rats
The characteristics of DN patients are shown in Table 1.

Overexpression of various inflammatory factors has been
reported to play a crucial role in the renal reaction to
inflammation and thus the pathogenesis of DN7. There-
fore, we detected plasma inflammatory factor levels in
control participants and DN patients. Compared with
control participants, the plasma levels of inflammatory
factors, including IL-1β, TNFα and IL-6, were increased in
DN patients (Fig. 1A–C). With the development of
inflammation in DN, the recruitment of fibroblasts ulti-
mately results in renal injury and fibrosis13. HE staining of
the renal biopsy specimens of DN patients showed thicker
glomerular basement membranes and capillary occlusion
(Fig. 1D). Masson trichrome staining of renal biopsy
specimens of DN patients showed more blue staining,
which represents collagen deposition and extensive
interstitial fibrosis (Fig. 1E). Moreover, compared with

control participants, p65 phosphorylation in glomerular
endothelial cells was increased in DN patients (Fig. 1F).
PTP1B regulates the expression of a series of cytokines
and NF-κB activity12. Accordingly, we detected PTP1B
expression and found that PTP1B expression in glo-
merular endothelial cells was higher in DN patients than
in control participants (Fig. 1G). These data indicated that
plasma inflammatory factor levels, p-p65 and PTP1B may
participate in the occurrence and progression of DN.
The characteristics of the DN rats are shown in Table 1.

Consistent with the observations above, plasma inflam-
matory factor levels were augmented in DN rats (Fig.
1H–J). Moreover, HE (Fig. 1K) and Masson trichrome
staining (Fig. 1L) indicated that glomerular injury and
fibrosis were present in DN rats. Furthermore, the levels
of p65 phosphorylation and PTP1B expression in kidney
tissues were higher in DN rats than in the control group
(Fig. 1M, N). Protein and/or mRNA levels of p-p65 and/or
PTP1B in renal and aortic tissues were also higher in DN
rats than in the control group (Supplementary Fig. 1).

Table 1 Characteristics of participants and rats in the
control (con) and diabetic nephropathy (DN) groups.

Variables con DN P value

Human

Male (%) 65 60 0.744

Age (years) 53.7 ± 6.64 53.1 ± 9.05 0.812

BMI (kg/m2) 24.6 ± 3.03 24.5 ± 2.47 0.935

SBP (mmHg) 119.95 ± 10.06 144.05 ± 16.76 <0.0001

DBP (mmHg) 66.50 ± 5.66 77.50 ± 11.51 <0.0001

HbA1C (%) 5.2 ± 0.35 7.1 ± 1.2 <0.0001

FBG (mmol/l) 4.5 ± 0.65 8.2 ± 2.1 <0.0001

CREA (umol/l) 58.9 ± 7.2 175.3 ± 95.6 <0.0001

ALB (g/L) 43.5 ± 5.2 31.5 ± 6.3 <0.001

CCr (ml/min) 102.3 ± 10.3 55.6 ± 28.3 <0.0001

24hUTP (mg) 121.8 ± 23.1 3452.6 ± 2956.2 <0.0001

UA (µmol/L) 223.8 ± 42.3 389.5 ± 85.2 <0.0001

TP (g/L) 69.3 ± 9.5 52.1 ± 9.2 <0.001

Variables con DM P value

Rats

FBG (mmol/l) 4.2 ± 0.8 21.5 ± 3.6 <0.0001

CREA (µmol/l) 23.5 ± 3.7 40.3 ± 10.2 <0.0001

UREA (mmol/l) 2.4 ± 0.3 6.5 ± 1.0 <0.0001

24hUTP (mg) 32.5 ± 5.2 369.1 ± 80.2 <0.0001

Data are presented as means ± SD. BMI body mass index, SBP systolic blood
pressure, DBP diastolic blood pressure, HbA1c glycated haemoglobin, FBS fasting
blood sugar, CREA creatinine, ALB albumin, CCr creatinine clearance, 24hUTP
24-hour urinary protein quantity, UA uric acid, TP total protein.
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Fig. 1 Augmentation of plasma inflammatory factor levels and increased glomerular PTP1B expression in DN patients and rats. A–C ELISA
indicated that IL-1β, TNFα and IL-6 were increased in DN patients (n= 20/group). D Haematoxylin–eosin staining (HE) of renal biopsy specimens
from DN patients and control participants. E Masson staining of renal biopsy specimens from DN patients and control participants.
F Immunohistochemistry (IHC) of p-p65 in renal biopsy specimens of DN patients and control participants. G IHC of PTP1B in renal biopsy specimens
of DN patients and control participants. H–J ELISA indicated that IL-1β, TNFα and IL-6 were increased in DN rats (n= 10/group). K HE of renal biopsy
specimens of DN rats and control rats. L Masson staining of renal biopsy specimens of DN rats and control rats. M IHC of p-p65 in renal biopsy
specimens of DN rats and control rats. N IHC of PTP1B in renal biopsy specimens of DN rats and control rats. (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, n= 10/group).
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High glucose treatment induces inflammatory factor levels
via upregulation of PTP1B expression in endothelial cells
The potential regulatory mechanism underlying the link

between PTP1B and plasma inflammatory factor levels in
DN patients and rats was explored using HUVECs. To
determine whether high glucose increases endothelial
inflammatory factor levels and PTP1B expression in
HUVECs, cells were cultured in normal-glucose DMEM

(con, 5 mM, 6 days) or high-glucose DMEM (HG, 25mM,
6 days). High glucose treatment augmented inflammatory
factor levels (Fig. 2A–C) and p65 phosphorylation (Fig.
2D) in HUVECs. These data indicated that high glucose
treatment-induced endothelial inflammatory factor levels
in HUVECs. PTP1B regulates the expression of a series of
cytokines and NF-κB activity12; therefore, we sought to
detect PTP1B expression in HUVECs. High glucose

Fig. 2 High glucose treatment induces elevated inflammatory factor levels via upregulation of PTP1B expression in endothelial cells. A–C
qPCR analysis of mRNA expression of IL-1β, TNFα and IL-6. D western blot analysis of p-p65 levels in HUVECs. E western blot analysis of PTP1B levels in
HUVECs. F qPCR analysis of mRNA expression of PTP1B. G Western blot analysis of PTP1B and p-p65 levels in HUVECs. H–K qPCR analysis of mRNA
expression of PTP1B, IL-1β, TNFα and IL-6. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n= 5/group).
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treatment increased PTP1B protein (Fig. 2E) and mRNA
(Fig. 2F) levels in HUVECs. Mannitol had no effect on
cellular inflammatory factor levels or PTP1B expression
(Fig. 2A–F). To further illustrate whether PTP1B is
involved in high glucose-induced p65 phosphorylation
and inflammatory factor levels in HUVECs, two inde-
pendent siRNAs against PTP1B were used. The effects of
si-PTP1B were confirmed by western blotting (Fig. 2G)
and qPCR (Fig. 2H). si-PTP1B treatment inhibited high
glucose-induced p65 phosphorylation and cellular
inflammatory factor levels in HUVECs (Fig. 2G, I–K).
These data indicated that PTP1B positively regulates
endothelial inflammatory factor levels in hyperglycaemic
HUVECs.

CREB participates in high glucose-induced p65
phosphorylation and inflammatory factor levels via
negative regulation of PTP1B expression in HUVECs
Previous studies have indicated that CREB is important

in the maintenance of a healthy endothelium15–18. High
glucose treatment decreased both protein and mRNA
levels of CREB (Supplementary Fig. 2A, B). To explore the
effect of CREB on high glucose-induced PTP1B expres-
sion and cellular inflammatory factor levels, both loss-of-
function and gain-of-function approaches were employed.
The effect of CREB overexpression in hyperglycaemic
HUVECs was verified by western blot (Fig. 3A) and qPCR
(Fig. 3B). CREB overexpression reversed high glucose-
induced PTP1B expression (Fig. 3A, C), p65 phosphor-
ylation (Fig. 3A) and endothelial inflammatory factor
levels (Fig. 3D–F) in HUVECs. Moreover, the effect of si-
CREB was similar to that of high glucose treatment
(Supplementary Fig. 2C–H). To determine whether the
effects of si-CREB were due to increased PTP1B expres-
sion, we silenced PTP1B in HUVECs in which CREB was
downregulated (Fig. 3G–I). Our data indicated that
PTP1B silencing counteracts CREB silencing-induced p65
phosphorylation (Fig. 3G) and endothelial inflammatory
factors in HUVECs (Fig. 3J–L). These data indicated that
CREB downregulation increases p65 phosphorylation and
endothelial inflammatory factor levels by augmenting
PTP1B expression.

CREB interacts with KMT5A
To uncover the potential regulatory mechanism by

which CREB modulates PTP1B expression and endothe-
lial inflammation in HUVECs, bioinformatics was
employed to predict the proteins that interact with CREB.
Figure 4A shows that many proteins interact with CREB
(https://inbio-discover.intomics.com/map.html#search).
We previously demonstrated that KMT5A suppression
contributes to high glucose-induced endothelial injury20–24.
The interaction between CREB and KMT5A in HUVECs
was confirmed by CoIP experiments (Fig. 4B). Double

immunofluorescent staining revealed colocalization of
CREB and KMT5A in the nucleus in hyperglycaemic
HUVECs (Fig. 4C). Furthermore, high glucose treatment
inhibited KMT5A protein and mRNA expression in
HUVECs (Fig. 4D, E). Consistent with these observations,
levels of H4K20me1, a downstream target of KMT5A,
were reduced by high glucose treatment (Fig. 4D).

KMT5A suppression participates in high glucose-mediated
endothelial inflammation via augmentation of PTP1B
expression in HUVECs
To determine the effect of KMT5A on high glucose-

induced PTP1B expression, p65 phosphorylation and
inflammatory factor levels in HUVECs, both loss-of-
function and gain-of-function approaches were used. The
effect of KMT5A overexpression in hyperglycaemic
HUVECs was verified by western blot (Fig. 5A) and qPCR
(Fig. 5B). KMT5A overexpression reversed high glucose-
induced PTP1B expression (Fig. 5A, C), p65 phosphor-
ylation (Fig. 5A) and endothelial inflammatory factor
levels (Fig. 5D–F) in HUVECs. Moreover, the effect of
sh-KMT5A was similar to that of high glucose treatment
(Supplementary Fig. 3A–F). To determine whether the
effects of sh-KMT5A were the result of increased
PTP1B expression, we silenced PTP1B in HUVECs in
which KMT5A was downregulated (Fig. 5G–I). PTP1B
silencing counteracted KMT5A downregulation-
induced p65 phosphorylation and endothelial inflam-
matory factor levels in HUVECs (Fig. 5G, J–L). These
data indicated that KMT5A downregulation participates
in high glucose-induced p65 phosphorylation and
endothelial inflammatory factor levels by augmenting
PTP1B expression.

CREB cooperates with KMT5A to regulate PTP1B
transcriptional activity in HUVECs
To explore whether PTP1B is directly targeted by CREB

and KMT5A, we detected the genome-wide distribution of
CREB and H4K20me1 in HUVECs by a ChIP assay. The
results demonstrated that CREB and H4K20me1 were
both enriched in the PTP1B promoter region (Fig. 6A).
The putative CREB-binding site is shown in Fig. 6B. The
motif logo and position weight matrix are shown in the
upper and lower panels, respectively (Fig. 6B). KMT5A
overexpression and CREB overexpression both reduced
PTP1B promoter activity (Fig. 6C). sh-KMT5A not only
increased PTP1B promoter activity but also increased the
positive effect of si-CREB on PTP1B promoter activity
(Fig. 6C). These data demonstrated that CREB cooperates
with KMT5A to modulate PTP1B promoter activity in
hyperglycaemic HUVECs. Furthermore, sh-KMT5A
inhibited CREB expression in HUVECs (Fig. 6D–F).
Consistently, si-CREB decreased KMT5A expression in
HUVECs (Fig. 6G–I). These data indicated that KMT5A
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and CREB positively modulate each other in HUVECs.
Furthermore, KMT5A overexpression attenuated PTP1B
expression, whereas the mutant KMT5AR259G did not
affect PTP1B expression (Fig. 6J–L). These data demon-
strated that KMT5A-mediated H4K20me1 is necessary to
modulate PTP1B expression in HUVECs.

Glomerular CREB and KMT5A expression are decreased in
DN patients and rats
To explore whether the protein and/or mRNA expression

of CREB and KMT5A in DN patients and rats were con-
sistent with the results obtained in vitro, we assessed CREB
and KMT5A expression in kidney tissues and/or aortic

Fig. 3 CREB participates in high glucose-induced p65 phosphorylation and inflammatory factor levels via negative regulation of PTP1B
expression in endothelial cells. AWestern blot analysis of CREB, PTP1B and p-p65 levels in HUVECs. B–F qPCR analysis of mRNA expression of CREB,
PTP1B, IL-1β, TNFα and IL-6. G western blot analysis of CREB, PTP1B and p-p65 levels in HUVECs. H–L qPCR analysis of mRNA expression of CREB,
PTP1B, IL-1β, TNFα and IL-6. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n= 5/group).
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tissues of DN patients and rats. CREB and KMT5A
expression were reduced in glomerular endothelial cells of
DN patients (Fig. 7A). Consistent with this observation,
CREB and KMT5A expression was also decreased in glo-
merular endothelial cells of DN rats (Fig. 7B). Moreover, the
protein and/or mRNA levels of CREB and KMT5A in renal
and aortic tissues were lower in DN rats than in control rats
(Fig. 7C–F). In conclusion, our study showed that CREB
cooperates with KMT5A to regulate PTP1B transcription,
thus mediating endothelial inflammation in glomerular
endothelial cells of DN patients and rats (Fig. 7G).

Discussion
Our study indicated that high glucose, by augmenting

PTP1B expression, participates in the modulation of

endothelial inflammatory factor levels, thus mediating glo-
merular endothelial cell injury and the occurrence of DN.
Moreover, exposure to high glucose reduced CREB and
KMT5A expression, and CREB and H4K20me1 were both
enriched in the PTP1B promoter region. Mechanistic stu-
dies showed that CREB cooperates with KMT5A to regulate
PTP1B transcriptional activity, thus augmenting endothelial
inflammatory factor levels in hyperglycaemic HUVECs.
The activation of inflammatory pathways is reported to

be a major contributor to DN pathogenesis7. Inflamma-
tory cytokines, including IL-1β, TNFα and IL-6, partici-
pate in DN progression8,9. Moreover, NF-κB activation
plays a crucial role in inflammatory factor expression in
DN10,11. With the development of inflammation in DN,
the recruitment of fibroblasts ultimately results in renal

Fig. 4 CREB interacts with KMT5A. A Several proteins that interact with CREB are shown (https://inbio-discover.intomics.com/map.html#search).
B The association between CREB and KMT5A in HUVECs was confirmed by CoIP. C Colocalization of CREB and KMT5A in HUVECs was assessed by
confocal microscopy. D western blot analysis of KMT5A and H4K20me1 levels in HUVECs. E qPCR analysis of mRNA expression of KMT5A (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, n= 5/group).
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fibrosis and injury13. PTP1B modulates the expression of a
series of cytokines and NF-κB activity12. Moreover,
podocyte-specific PTP1B-overexpressing mice develop
spontaneous proteinuria and renal injury25, and PTP1B

deficiency in podocytes mitigates hyperglycemia-induced
renal injury26. In the present study, PTP1B expression was
increased in glomerular endothelial cells of DN patients
and rats (Fig. 1G, N; Supplementary Fig. 1A–C). In an

Fig. 5 KMT5A suppression participates in high glucose-mediated endothelial inflammation by augmenting PTP1B expression in
endothelial cells. A Western blot analysis of KMT5A, PTP1B and p-p65 levels in HUVECs. B–F qPCR analysis of mRNA expression of KMT5A, PTP1B,
IL-1β, TNFα, and IL-6. G Western blot analysis of KMT5A, PTP1B and p-p65 levels in HUVECs. H–L qPCR analysis of mRNA expression of KMT5A, PTP1B,
IL-1β, TNFα, and IL-6. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n= 5/group).
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Fig. 6 CREB interacts with KMT5A to regulate PTP1B transcriptional activity in endothelial cells. A CREB and H4K20me1 were enriched at the
PTP1B promoter region. B The putative CREB binding site of PTP1B. C PTP1B promoter activity was determined by luciferase reporter assays.
D western blot analysis of KMT5A and CREB levels in HUVECs. E, F qPCR analysis of mRNA expression of KMT5A and CREB. G western blot analysis of
KMT5A and CREB levels in HUVECs. H, I qPCR analysis of mRNA expression of KMT5A and CREB. J western blot analysis of KMT5A and PTP1B levels in
HUVECs. K, L qPCR analysis of mRNA expression of KMT5A and PTP1B. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n= 5/group).
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Fig. 7 Verification of high glucose-mediated decreases in KMT5A and CREB in DN patients and rats. A Immunostaining of CREB and KMT5A in
renal biopsy specimens of DN patients and control participants (n= 20/group). B Immunostaining of CREB and KMT5A in renal biopsy specimens of
DN rats and control rats (n= 10/group). C Protein expression of CREB and KMT5A in the renal tissues of control rats and DN rats was assessed by
western blot. D Protein expression of CREB and KMT5A in the aorta tissues of control rats and DN rats was assessed by western blot. E, F mRNA
expression of CREB and KMT5A in aorta tissues of DN rats and control rats was assessed by qPCR (n= 10/group). G Schematic representation of the
working model. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n= 10/group).
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in vitro study, inhibition of PTP1B expression reversed
high glucose-induced p65 phosphorylation, thus attenu-
ating endothelial inflammatory factor levels in HUVECs
(Fig. 2G, I–K). Our data may indicate that inhibition of
PTP1B expression in glomerular endothelial cells
attenuates hyperglycemia-induced renal injury.
CREB is widely expressed and is important in mod-

ulating cellular metabolism, cell cycle progression, survi-
val, and responses to extracellular stimuli14. Recent
studies have demonstrated that CREB is important in the
maintenance of a healthy endothelium15–18. Vascular
CREB levels are decreased in in vivo models of hyper-
tension, atherosclerosis and insulin resistance27, and tar-
geted cardiac expression of dominant-negative CREB
augments oxidative stress, mitochondrial dysfunction and
mortality in vivo28. These studies indicate that CREB plays
a crucial role in the modulation of diverse protective
genes. In the present study, CREB overexpression inhib-
ited high glucose-induced PTP1B expression and p65
phosphorylation, thus attenuating inflammatory factor
levels in HUVECs (Fig. 3A, C–F). Moreover, CREB was
enriched in the PTP1B promoter region (Fig. 6A), and si-
PTP1B reversed CREB knockdown-induced p65 phos-
phorylation and inflammatory factor levels (Fig. 3G, J–L).
These data indicated that CREB overexpression inhibits
high glucose-induced p65 phosphorylation and inflam-
matory factor levels via the suppression of PTP1B. In vivo,
CREB expression was inhibited in DN patients and rats
(Fig. 7A–E). These results may indicate that CREB
downregulation increases p65 phosphorylation and
inflammatory factor levels via upregulation of PTP1B to
contribute to the occurrence and progression of DN.
We previously demonstrated that KMT5A participates

in high glucose-induced endothelial adhesion molecule
expression20, proinflammatory enzyme and proin-
flammatory cytokine production21, antioxidant imbal-
ance22, NOD-like receptor pyrin domain 3 inflammasome
activation23 and endothelial adhesion molecule expres-
sion24 in HUVECs to mediate vascular endothelial
injury20–24. In the present study, KMT5A overexpression
inhibited high glucose-induced PTP1B and p65 phos-
phorylation, thus alleviating high glucose-induced
inflammatory factor levels (Fig. 5A, C–F). Moreover,
H4K20me1, a downstream target of KMT5A, was enri-
ched in the PTP1B promoter region (Fig. 6A), and si-
PTP1B reversed KMT5A knockdown-induced p65 phos-
phorylation and inflammatory factor levels (Fig. 5G, I–L).
These data indicated that KMT5A overexpression inhibits
high glucose-induced p65 phosphorylation and inflam-
matory factor levels via suppression of PTP1B. The in vivo
study showed that KMT5A expression was inhibited in
DN patients and rats (Fig. 7A–D, F). These results may
indicate that KMT5A downregulation increases p65
phosphorylation and inflammatory factor levels via

upregulation of PTP1B to participate in the occurrence
and progression of DN.
The transcriptional activity of CREB is modulated by

epigenetic modifications29. The present study revealed an
association between CREB and KMT5A (Fig. 4A–C).
Moreover, CREB and H4K20me1 both occupy the PTP1B
promoter region (Fig. 6A), and sh-KMT5A increased the
positive effect of si-CREB on PTP1B promoter activity
(Fig. 6C). These results demonstrated that CREB coop-
erates with KMT5A to regulate PTP1B transcription, thus
increasing p65 phosphorylation and inflammatory factor
levels in hyperglycaemic HUVECs. Furthermore, KMT5A
overexpression inhibited PTP1B expression, whereas the
KMT5A mutant KMT5AR259G did not affect PTP1B
expression (Fig. 6J–L). These data indicated that KMT5A-
mediated H4K20me1 participates in the regulation of
PTP1B expression.
This study has some limitations. First, whether CREB

associates with KMT5A directly or indirectly deserves
further research. Second, this study was performed using
HUVECs, and our findings need to be validated using
other primary endothelial cell models. Third, the
mechanistic studies were mainly carried out in HUVECs,
and the results should be confirmed in an in vivo study.
Fourth, the mechanism by which KMT5A and CREB
positively regulate each other warrants further research.
In conclusion, our data indicated that CREB and

KMT5A expression were decreased and PTP1B expression
and p65 phosphorylation were increased in glomerular
endothelial cells of DN patients and rats. Moreover,
plasma inflammatory factor levels were increased in DN
patients and rats. The present study also demonstrated
that high glucose increased PTP1B expression in hyper-
glycaemic HUVECs, thus inducing inflammatory factor
levels in HUVECs. Moreover, high glucose inhibited CREB
and KMT5A expression. Furthermore, CREB cooperated
with KMT5A to modulate PTP1B expression, p65 phos-
phorylation and inflammatory factor levels, thus partici-
pating in the occurrence and progression of DN.

Material and methods
Cell culture and reagents
HUVECs were obtained from American Type Culture

Collection (ATCC; Manassas, USA) and cultured in
Dulbecco’s modified Eagle medium (DMEM) with 5mM
glucose supplemented with 10% foetal bovine serum and
penicillin/streptomycin (100 g/ml) at 37 °C in a humidi-
fied 5% carbon dioxide incubator. For high glucose
treatment, cells were washed with phosphate-buffered
saline three times to remove the complete medium and
further cultured in DMEM with 25mM glucose, 10%
foetal bovine serum and penicillin/streptomycin (100 g/
ml) for 6 days. Glucose (5 mM) plus mannitol (20 mM)
was used as an osmotic control.
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Subjects
Twenty biopsy-proven DN patients (type 2 diabetes)

and twenty control participants (renal cancer patients
with normal renal function) recruited consecutively
from Huzhou Central Hospital were included. The
study complied with the Declaration of Helsinki and
was approved by the Ethics Committee of Huzhou
Central Hospital (licence No. 20191209-01). Written
informed consent was obtained from all subjects. The
exclusion criteria were an advanced liver disease, valv-
ular heart disease, severe heart failure, stroke, atrial
fibrillation, peripheral arterial disease and other vas-
cular diseases.

Rat model of DN and samples
Male Sprague–Dawley rats weighing 180–200 g were

purchased from Shanghai SLAC Laboratories. The pre-
sent study complied with the Guide for the Care and Use
of Laboratory Animals of Shanghai Medical College at
Fudan University and was performed according to the
Institutional Guidelines for Animal Research and the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US NIH (2011). The rats were randomly
allocated to the control group (con, n= 10) and DN group
(DN, n= 10). The rats in the control group were injected
intraperitoneally with citrate buffer (0.1 M, pH 4.5). Rats
in the DN group were fed a high sugar-fat diet (67% basic
feed, 10% lard, 20% sugar, 2.5% cholesterol, and 0.5%
sodium cholate) for 2 weeks before receiving a single
intraperitoneal injection of streptozotocin (STZ, 50mg/
kg); the rats were then returned to standard laboratory
chow for 6 weeks. Hyperglycaemia in rats was diagnosed
by detecting blood glucose via tail-neck blood sampling
3 days after STZ injection. One day before euthanasia,
urine was collected for 24 h, and albumin levels were
detected with an enhanced BCA protein assay kit (Beyo-
time, Shanghai, China). Intraperitoneal administration of
thiopental sodium (40 mg/kg) was used for euthanasia of
all rats. Blood samples were obtained by cardiac puncture
and collected in EDTA vacutainer tubes. Plasma samples
and urine specimens were frozen at −80 °C until analysis.
Serum creatinine levels and serum urea nitrogen (BUN)
levels were detected with a creatinine assay kit (Jiancheng
Bio, Nanjing, China) and BUN assay kit (Jiancheng Bio,
Nanjing, China), respectively.

Haematoxylin–eosin staining (HE), Masson staining and
immunohistochemistry (IHC)
Standard IHC procedures were employed with

anti-PTP1B (ProteinTech, Wuhan, China, 11334-1-AP),
anti-p-p65 (Signalway antibody, Maryland, #11014), anti-
KMT5A (ProteinTech, Wuhan, China, 14063-1-AP) and
anti-CREB (Cell Signalling Technology, Danvers, MA,
#9197) antibodies. The tissues were embedded in paraffin

and then processed for staining with haematoxylin and
eosin (HE) to detect histopathological abnormalities. Mas-
son staining was used to determine the severity of fibrosis
according to the kit’s instructions (Solarbio, Beijing, China).

Western blot analysis
Whole cells were washed with ice-cold phosphate-buf-

fered saline, harvested, and resuspended in lysis buffer
(Cell Signalling Technology, Danvers, MA). Protein
samples were boiled for 10 min at 100 °C in sample
loading buffer. Equal amounts of protein (50 μg) from
different groups of HUVECs were separated by 8–10%
sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and transferred to PVDF membranes (Millipore,
Billerica, USA). Membranes were blocked with 5% skim-
med milk solution for 1 h, and then all membranes were
incubated with primary antibodies at 4 °C for 12 h. The
primary antibodies used in the present study were as
follows: monoclonal antibodies against β-actin (Pro-
teinTech, Wuhan, China, 60004-1-Ig), KMT5A (Pro-
teinTech, Wuhan, China, 14063-1-AP), CREB (Cell
Signalling Technology, Danvers, MA, #9197), PTP1B
(ProteinTech, Wuhan, China, 11334-1-AP), p-p65 (Sig-
nalway antibody, Maryland, #11014) and H4K20me1
(Abcam, Cambridge, UK, ab9051). After washing the
membranes with PBST 5 times, an HRP-conjugated sec-
ondary antibody was added for 1 h at room temperature.
Then, the membranes were washed five times with PBST,
and the protein signal was detected by an ECL system.

RNA extraction and quantitative real-time PCR (qPCR)
Total RNA was extracted using TRIzol (Invitrogen,

Grand Island, NY, USA) and used to synthesise com-
plementary DNA (cDNA) with PrimeScript RT reagent
(TaKaRa) according to the manufacturer’s instructions.
qPCR was then performed using Hieff UNICON® qPCR
TaqMan Probe Master Mix (Yeasen, Shanghai, China) in
an ABI7500 Real-Time PCR system (Applied Biosystems).
The primers used in the present study are shown in
Supplementary Table 1.

Co-immunoprecipitation (CoIP)
Whole-cell protein lysates were extracted with cell lysis

buffer containing PMSF (Beyotime Biotechnology,
Shanghai). For endogenous IP, 30 μl of lysate was incu-
bated with the corresponding primary antibodies and
50 μl of protein A/G Dynabeads (Thermo Fisher, USA) at
4 °C for 12 h. Then, 10 μl of the input, IgG and IP fractions
were analysed by western blotting.

Immunofluorescence (IF) staining
HUVECs were plated onto glass slides with the corre-

sponding treatment. After fixing with 4% paraformaldehyde,
the cells were permeabilized with 0.3% Triton X-100 for
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5min and then blocked for 1 h at room temperature. The
cells were incubated with anti-KMT5A (Proteintech,
Wuhan, China, 14063-1-AP) and anti-CREB (Cell Signalling
Technology, Danvers, MA, #9197) antibodies at 4 °C for
12 h. 4,6-Diamidino-2-phenylindole (DAPI) was used for
nuclear staining. Images were acquired with a confocal
Leica fluorescence microscope.

siRNA, shRNA and KMT5A mutant treatments
HUVECs were transfected with sh-KMT5A, a mutant

KMT5AR259G plasmid23, si-CREB and si-PTP1B using
Lipofectamine 3000 (Invitrogen, USA). The sequences of sh-
KMT5A (Biotend, Shanghai, China) were shRNA-a, 5′-CA
ACAGAATCGCAAACTTA-3′, and shRNA-b, 5′-CAAC
AGAATCGCAAACTTA-3′. The sequences of si-CREB
(Biotend, Shanghai, China) were siRNA-a, 5′-AACCAA
GTTGTTGTTCAAGCT-3′, and siRNA-b, 5′-AGUAAAGG
UCCUUAAGUGCTT-3′. The sequences of si-PTP1B (Bio-
tend, Shanghai, China) were siRNA-a, 5′-AUAGGUACAG
AGACGUCAGUU-3′, and siRNA-b, 5′-CCAAGAAACU
CGAGAGAUC-3′.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed with a Simple ChIP Plus

Sonication Chromatin IP Kit (Cell Signalling Technology,
MA) according to the manufacturer’s instructions. Briefly,
the cells (1 × 107) were fixed with 1% formaldehyde for
10min at room temperature to cross-link the DNA and
the proteins. The cross-linking reaction was terminated by
adding glycine. A Microson XL ultrasonic cell disruptor
XL (Misonix) was used to shear the chromatin. Ten
microlitres of the sonicated solution was removed as an
input control. The remaining sonicated solution was
incubated with an anti-CREB antibody (Cell Signalling
Technology, Danvers, MA, #9197), anti-H4K20me1 anti-
body (Abcam, Cambridge, UK, ab9051) or negative control
IgG at 4 °C for 12 h. The immunoprecipitates were bound
to protein G magnetic beads, and DNA-protein cross-
linking was terminated by incubation at 65 °C for 2 h. After
purification, the enriched DNA sequences were detected
by PCR. The PTP1B oligonucleotide primer sequences
were forward, 5′-AGCCTCCCAAGTAGCTGGGA-3′, and
reverse 5′GCACTTTGGGAGACCGACGC-3′.

Dual-luciferase assay
The effects of KMT5A and CREB on the activity of the

PTP1B promoter were assessed using a Promega Dual-
luciferase Assay Kit (Madison, WI, United States). The
PTP1B promoter was amplified and ligated into the
pGL3-basic vector to create the pGL3-PTP1B construct.
HUVECs were then transfected with the pGL3-PTP1B
plasmid along with a Renilla luciferase vector. The effects
of KMT5A and CREB on PTP1B promoter activity were
evaluated using a dual-luciferase assay kit.

Statistical analysis
The sample sizes of animals and HUVECs were deter-

mined by assessing high glucose- or hyperglycemia-
induced PTP1B mRNA levels in pilot experiments. We
anticipated that statistical significance could be achieved
with a sample size of 10 in in vivo experiments and 5 in
in vitro experiments. The data were acquired from at least
5 experiments performed separately, and the results are
shown as the mean ± SD. Two-tailed unpaired t tests or
one-way ANOVAs with GraphPad Prism Version 7.0
(GraphPad Software, San Diego, CA) were used to com-
pare the groups. P < 0.05 was considered significant.
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