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ERK/RSK-mediated phosphorylation of Y-box binding
protein-1 aggravates diabetic cardiomyopathy by
suppressing its interaction with deubiquitinase OTUB1
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Diabetic cardiomyopathy (DCM) is a major complication of
diabetes, but its underlying mechanisms still remain unclear.
The multifunctional protein Y-box binding protein-1 (YB-1)
plays an important role in cardiac pathogenesis by regulating
cardiac apoptosis, cardiac fibrosis, and pathological remodel-
ing, whereas its role in chronic DCM requires further investi-
gation. Here, we report that the phosphorylation of YB-1 at
serinel02 (S102) was markedly elevated in streptozotocin-
induced diabetic mouse hearts and in high glucose-treated
cardiomyocytes, whereas total YB-1 protein levels were signif-
icantly reduced. Coimmunoprecipitation experiments showed
that YB-1 interacts with the deubiquitinase otubain-1, but
hyperglycemia-induced phosphorylation of YB-1 at S102
diminished this homeostatic interaction, resulting in ubiquiti-
nation and degradation of YB-1. Mechanistically, the high
glucose-induced phosphorylation of YB-1 at S102 is dependent
on the upstream extracellular signal-regulated kinase (ERK)/
Ras/mitogen-activated protein kinase (p90 ribosomal S6 kinase
[RSK]) signaling pathway. Accordingly, pharmacological inhi-
bition of the ERK pathway using the upstream kinase inhibitor
U0126 ameliorated features of DCM compared with vehicle-
treated diabetic mice. We demonstrate that ERK inhibition
with U0126 also suppressed the phosphorylation of the
downstream RSK and YB-1 (S102), which stabilized the
interaction between YB-1 and otubain-1 and thereby preserved
YB-1 protein expression in diabetic hearts. Taken together, we
propose that targeting the ERK/RSK/YB-1 pathway could be a
potential therapeutic approach for treating DCM.

Diabetic cardiomyopathy (DCM) is defined as diabetes-
associated cardiac dysfunction independent of coronary
artery diseases or other confounding cardiovascular diseases
(1, 2). DCM is characterized by structural and functional dis-
orders, including cardiomyocyte hypertrophy, interstitial
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fibrosis, microvascular rarefaction, and metabolic deregulation
(3). Although intensive glucose control in diabetic patients
reduced the incidence of coronary events, it generally had a
neutral effect on cardiovascular mortality and sometimes
resulted in exacerbation of heart failure (4, 5). Despite massive
research in the past decade, there is no available therapy for
DCM. This prompt us to further explore the novel potential
molecular mechanism for deciphering this
conundrum.

Y-box binding protein-1 (YB-1) is a member of the highly
conserved cold shock domain protein family with various
biological functions, including regulation of transcription,
translation, and mRNA splicing (6, 7). Post-translational
modification (PTM) plays an important role in regulating the
function of YB-1. Previous studies found that the phosphory-
lation of YB-1 at serine102 (S102) by AKT and p90 ribosomal
S6 kinase (RSK) plays an important role in regulation of DNA
transcription and RNA translation (8, 9). Our recent data
showed that the coagulation protease activated protein C can
modulate the ubiquitination of YB-1 by regulating the
expression of deubiquitinase otubain-1 (OTUBL), which exerts
cytoprotective effect in mouse models of renal ischemia
reperfusion injury (10). Besides, it has been shown to play an
important role in cardiac pathogenesis by regulating the car-
diac apoptosis (11), cardiac fibrosis (12, 13), cardiac fetal gene
expression, and pathological remodeling of the heart (14).
Furthermore, YB-1 has been reported to regulate angiogenesis
in various tumors (15, 16). Considering the involvement of YB-
1 in DCM-related pathogenesis, we speculate that it could be a
potential intracellular target in the occurrence and progression
of DCM.

The ovarian tumor domain (OTU) deubiquitylating proteases
OTUBI and OTUB2 (OTU deubiquitinase, ubiquitin aldehyde
binding 1 and 2) are representative members of the OTU sub-
family of deubiquitinases. Deubiquitination critically regulates a
multitude of important cellular processes, such as cell meta-
bolism, differentiation, proliferation, signaling, and apoptosis (17,
18). Interestingly, OTUB1 preferentially induces cleavage of
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YB-1 phosphorylation aggravates DCM

lysine 48 (K48)-linked polyubiquitin chains over Ké63-linked
polyubiquitin chains (19). The function of polyubiquitin chain
is determined by the type of ubiquitin side-chain linkage. For
example, K48 chain-attached proteins will be most probably
directed for proteasomal degradation, whereas K63 chains often
regulate lysosomal targeting and protein interactions (20). We
recently demonstrated that the ischemia-reperfusion injury can
impair the homeostatic interaction of YB-1 and OTUBI, which
results in YB-1 K48 polyubiquitination and subsequent protea-
some degradation in renal tubular cells (10). The critical role of
YB-1 in cardiac pathogenesis and experimental models of
ischemia-reperfusion injury prompted us to investigate its role in
regulation of DCM.

In a mouse model of chronic insulinopenic diabetes induced
by streptozotocin (STZ), persistent hyperglycemia promoted
the proteasome-mediated degradation of YB-1 in diabetic
heart tissue. Mechanistically, hyperglycemia impairs the
homeostatic interaction between YB-1 and OTUBI, which
results in enhanced YB-1 ubiquitination and subsequent pro-
teasome degradation. Hyperglycemia induced the phosphory-
lation of YB-1 at S102, which diminishes the interaction
between YB-1 and OTUBI. Pharmacological targeting of the
upstream kinases extracellular signal-regulated kinase (ERK)1/
2 and RSK inhibited the hyperglycemia-induced S102 phos-
phorylation of the YB-1 and restored YB-1 protein levels in
cultured cardiomyocytes. In accordance with the aforemen-
tioned in vitro findings, inhibition of ERK pathway in mice
with U0126 ameliorated DCM.

Results
YB-1 phosphorylation was elevated in DCM

To determine YB-1 regulation in DCM, we established
diabetic mice model with STZ intraperitoneal injection
(Fig. 1A). We observed that the ratio of heart weight to body
weight was significantly higher in diabetic mice (Fig. 1B). Also,
random blood glucose detected via tail vein was much higher
in diabetic mice during the whole process (Fig. 1C). As shown
in wheat germ agglutinin (WGA) and HE staining, we found
that diabetic mice exhibited structural alterations in car-
diomyocytes, characterized by swelling, hypertrophy, and
disarrangement (Fig. 1, D-F). Next, we detected cardiac
function with echocardiography and hemodynamic measures.
Diabetic mice presented both diastolic and systolic dysfunc-
tion, with significantly lower ejection fraction, fraction short-
ing, maximal rates of decline of ventricular pressure, and
maximal rates of rise of ventricular pressure (Fig. 1, G-K and
Table 1). In addition, we found that the protein expression of
hypertrophy markers, including atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), and f-myosin heavy
chain (B-MHC), was increased in diabetic mice heart
compared with controls (Fig. 1, L and M). These data indicate
a well-established mouse model of DCM. Interestingly, while
YB-1 was downregulated in the hearts of diabetic mice, its
phosphorylation (S102) was significantly elevated (Figs. 1, N-P
and S1). These data suggest that the phosphorylation of YB-1
might play a crucial role in preserving YB-1 expression.
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YB-1 phosphorylation promoted YB-1 degradation through
ubiquitination

To investigate the effect of high glucose on YB-1 phos-
phorylation in YB-1 expression regulation, phosphorylated
YB-1 level was detected in H9¢2 cells stimulated with 25 mM
glucose at different time points. Consistent with the ex vivo
data, as YB-1 protein expression decreased over time, its
phosphorylation was upregulated (Fig. 2, A and B). Next, we
detected the effect of high glucose on YB-1 ubiquitination and
degradation. As shown, YB-1 ubiquitination was gradually
increased with the incubated time of high glucose, suggesting
that high glucose had the ability to promote YB-1 degradation
via ubiquitination (Figs. 2, A—C and S2A). Also, the interaction
between YB-1 and OTUBI was diminished by high glucose
treatment (Fig. 2D). The kinetics of phosphorylation and
ubiquitination in high glucose—treated H9c2 cells prompted us
to investigate the role of YB-1 phosphorylation in regulation of
its degradation. Different mutants of YB-1 S102 site were
employed to modulate activation (102D) or inactivation
(102A) of YB-1 phosphorylation. The YB-1 mutant (102D)
exacerbated the high glucose—induced ubiquitination of YB-1,
whereas YB-1 mutant (102A) effectively inhibited YB-1 ubiq-
uitination (Figs. 2E and S2B). Moreover, pretreatment with
102A mutant lentivirus, which abolished the ability of YB-1 to
be phosphorylated, fostered the interaction between YB-1 and
deubiquitinating enzyme OTUB1 (Fig. 2F). These results
indicate that the phosphorylation regulates the stability of YB-
1 by enhancing its degradation through OTUBI-dependent
ubiquitination.

Blockade of RSK functionally inhibited YB-1 phosphorylation

To address the mechanisms of YB-1 phosphorylation, we
investigated signaling pathways upstream of YB-1, which may
control its phosphorylation, including upstream kinase AKT
and RSK. The phosphorylation level of RSK was significantly
elevated in diabetic mice heart (Fig. 3, A and B), whereas the
phosphorylation of AKT was reduced (Fig. S4, A and B). In
addition, high glucose stimulation induced a gradual elevation
of RSK phosphorylation over time (Fig. S3, A and B), but AKT
phosphorylation level showed an increase in the first 3 h fol-
lowed by a reduction at later time points (Fig. S4, C and D). To
understand the role of RSK and AKT in YB-1 phosphorylation,
HO9c2 cells incubated with high glucose were cotreated with
corresponding pharmacological inhibitors. Protein expression
and phosphorylation level were determined by Western blots.
Surprisingly, pharmacological blockade of AKT, MK2206,
failed to regulate high glucose—induced YB-1 phosphorylation
level (Fig. S4, E and F), which indicated that YB-1 phosphor-
ylation in DCM was not mediated by AKT pathway. As shown,
pretreatment with the pharmacological inhibitor SL-0101
represented an obviously dose-dependent reduction of RSK
phosphorylation (Fig. S3, C and D), and pretreatment with
100 uM SL-0101 for 30 min significantly reduced phosphor-
ylation level of YB-1 in H9¢c2 cells stimulated by high glucose
(Fig. 3, C-E), indicating that RSK was the regulator of YB-1
phosphorylation in DCM. Moreover, SL-0101 restored the

SASBMB



YB-1 phosphorylation aggravates DCM

A BS » C 5407 e« coN = DM
) *% ©
= Egp ] *%  xk xk ok wx
. e >~ ™ £
sodium sacrifice g - = —i— 8 o3&
citrate = il @
e Sad SENELLES S &
STZ '%-8 > 10
— N — N e 8 — s &+ o o
1 1 N © =~ o
8 34 ks £ 0—F—7— (e T T T T
weeks T Con DM 5w 10w 15w 20w 25w
E 3 *k F 31 *%
D ©
9 e [ | © —~
T S g, 2, .
° 1 = 21
5 8 § 3 € e
[ 8% £
= 251, Z2o1{ ¢33
g 58’ ™ 23
= o
0 = O _—
Con DM Con DM
H 100 - | 60q =X
T so{ @ 9
= [ ] a
< 60 £ . £ 401 %
t o
G 40 1 20 -
20 A
0 04
J Con DM K Con DM
20000 1 *% O qreererrreereeeens
*%
2 d 2
% 15000 1 >
= L -50001
£ 10000 1 £
% c
L £ * £ -10000 s
Con DM (kDa) S 50001 e}
25 = 5
on on
o= = BB N Con DM
_ - (kDa)
BMHCM—M PYB-1[ 5 & e ]
GAPDH | 4l 4 4 s S0 S )
‘ Lss YB1\—-_.__._\_40
M ANP BNP  B-MHC GAPDH WSS S e am -
3_
** - *% (0] 1.5 5 * %k P 6 - **
o 5 - Co_kx S= —~ -
> s, ] : ‘% O - Te
287 . &= EE fz1o s 41
£ o : e 58 . )
= : 5% < .
ié“‘i‘. SandiEL o = T 0.5 P
~ : m o o O
: > = = agnt
0 T T - T T - T T 0.0 I . — 0 +—F—
Con DM Con DM Con DM Con DM Con DM

Figure 1. YB-1 phosphorylation was increased in diabetic mice heart. A, schematic diagram of animal experiment procedure. C57BL/6J male mice
received 60 mg/kg STZ or sodium citrate for 5 days at the age of 8 weeks and sacrificed at 34 weeks. B, the ratios of heart weight to body weight in mice
with diabetes mellitus compared with controls. C, blood glucose detected in different time points during the diabetic cardiomyopathy progression.
D, representative images of transverse area of cardiomyocyte detected by WGA and HE staining. In WGA staining, green: WGA, red: cTNT, and blue: DAPI. The
scale bar for WGA represents 20 um, and the scale bar for HE represents 50 pm. E and F, histological analysis of WGA and HE staining. The areas of myocyte
surface were calculated by Image-Pro Plus and standardized by control group. G, representative echocardiography images (M mode). H and /, echocar-
diography analysis of EF and FS. J and K, hemodynamic parameters measured by the Millar cardiac catheter system showing a reduction of cardiac function.
L and M, representative immunoblotting images and analyzed scatter diagram showing the protein level of cardiac hypertrophy and dysfunction markers in
heart tissue of mice with or without diabetes mellitus. N-P, immunoblotting images of phosphor-YB-1 (5102) and YB-1 protein expression. Analyzed data
showed that the protein expression level of YB-1 was decreased, whereas its phosphorylation increased significantly. For all groups, n > 6. Data are
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Table 1
Echocardiography result of mice in experiment 1

Item Con DM
Heart rate, bpm 498 + 28.66 495 + 30.72
Cardiac output, ml/min 25.74 + 1.84 16.63 + 3.56°
LVAW; d, mm 0.65 = 0.07 0.63 + 0.06
LVAW; s, mm 1.04 + 0.13 0.95 + 0.10
LVID; d, mm 4.72 £ 0.22 4.24 + 0.15°
LVID; s, mm 3.58 + 0.35 3.12 + 0.24°
LVPW; d, mm 0.64 + 0.05 0.59 + 0.05
LVPW; s, mm 0.98 + 0.09 0.90 + 0.12

Data are presented as mean * SD, n = 8.

“p < 0.01 versus Con.

Abbreviations: DM, diabetes mellitus; LVAW, left ventricular anterior wall; LVID, left
ventricular internal dimension; LVPW, left ventricular posterior wall.

interaction between YB-1 and OTUBLI (Fig. 3F) and conse-
quently ameliorated the ubiquitination modification of YB-1
(Fig. 3G).

ERK facilitated YB-1 phosphorylation through RSK

To further investigate the signaling pathway upstream of
RSK, we next addressed the role of ERK, which was reported to
regulate activation of RSK, in DCM. Our data showed a
significantly elevated activation of ERK in heart tissue of dia-
betic mice represented by Western blot and immunohisto-
chemical staining (Figs. 4, A and B and S5, A and B).
Correspondingly, we observed a time-dependently increasing
phosphorylation level of ERK in high glucose—stimulated H9¢2
cells (Fig. S5, C and D). Because ERK activation was reported
to be highly regulated by mitogen-activated protein kinase
(MEK), MEK inhibitor U0126 was employed to treat high
glucose—coincubated H9c2 cells. Our data showed that the
treatment with U0126 significantly decreased the activation of
ERK in a dose-dependent manner (Fig. S5, E and F). In addi-
tion, pretreatment with 10 uM U0126 significantly down-
regulated phosphorylation of RSK and YB-1 (Fig. 4, C-F),
demonstrating that ERK promoted YB-1 phosphorylation
through RSK activation. To further explore the role of U0126
in regulating YB-1 protein stability, we performed coimmu-
noprecipitation (co-IP) and found that the treatment with
U0126 restored the interaction between YB-1 and OTUBI1
(Fig. 4G), thereby reducing YB-1 ubiquitination modification
(Fig. 4H) and proteasome degradation.

U0126 alleviated DCM in vivo

Subsequently, diabetic mice were administrated with 1 mg/
kg U0126 to verify its therapeutic effect on DCM in vivo (Fig
5A). There were no significant differences in random blood
glucose between diabetic mice with or without U0126 treat-
ment (Fig. 5B). However, diabetic mice injected with U0126
showed a significant reduction in the ratio of heart weight to
body weight, suggesting that U0126 potently reversed cardiac
hypertrophy (Fig. 5C), which was confirmed by WGA and HE

staining (Fig. 5, D—F). In addition, cardiac function of diabetic
mice was also significantly improved by U0126 administration
as analyzed by echocardiography and hemodynamic measures
(Figs. 5,H and I, S6 and A and B and Table 2). We also
observed that U0126 treatment downregulated the protein
expression level of ANP, BNP, and f-MHC in diabetic mice
heart (Figs. 5/ and S6, C and E). The phosphorylation levels of
ERK, RSK, and YB-1 were highly reduced, and YB-1 protein
expression was restored in U0126-treated diabetic mice heart,
confirming the regulation effect of ERK/RSK/YB-1 pathway on
YB-1 expression in DCM (Figs. 5K and S6, F and H).
Compared with diabetic mice, U0126 treatment showed a
visible reduction in YB-1 K48-linked ubiquitination and a
stable interaction with OTUB1 (Fig. 5, L and M). Taken
together, our data identified that the ERK/RSK/YB-1 pathway
plays a critical role in regulation of DCM (Fig. 6). Pharmaco-
logical targeting of ERK/RSK pathway with U0126 restores YB-
1 function, which confers protective effect in mouse model of
DCM.

Discussion

In the current study, we identify a novel mechanism by
which phosphorylation of YB-1 on S102 could reduce its
interaction with deubiquitinase OTUBI1, which results in
enhanced YB-1 ubiquitination and its subsequent degradation
via proteasome in diabetic heart. While an MEK inhibitor
U0126 could inhibit the phosphorylation of EKR1/2 and
P90RSK and then YB-1, which could preserve the YB-1 protein
level and ameliorate DCM.

YB-1 is an RNA-/DNA-binding multifunctional protein
with biological activities ranging from transcription regulation,
splicing, and translation, to the homeostasis of exosomal RNA
(6, 7). Several PTMs have been reported to play an important
role in modulating YB-1 function, among them phosphoryla-
tion at S102 is the most widely occurring PTM, which can
regulate its intracellular distribution and subsequent signal
transduction (21, 22). In congruent with our previous obser-
vations in mouse model of renal ischemia—reperfusion injury,
the current study demonstrated that the YB-1 protein level
decreased significantly in the diabetic heart (10). Surprisingly,
we found that the protein levels of phosphorylated YB-1 at
S102 increased almost fourfolds in the diabetic heart when
compared with the nondiabetic control. Thus, we hypothesize
that the phosphorylation of YB-1 could affect its protein
stability. Indeed, high glucose treatment promoted YB-1
phosphorylation and its ubiquitination and subsequent pro-
teasome degradation in cultured cardiomyocytes in vitro.
Further experiments with constitutive active and inactive YB-1
mutants, S102D and S102A, proved our aforementioned
hypothesis. However, besides S102, additional phosphorylation
sites on YB-1 have been identified recently, including S165,
S167, S174, S176, and S314, and the precise biological func-
tions of these phosphorylation sites remain elusive (23, 24).

expressed as mean + SD. **p < 0.01, Student’s t test. cTNT, cardiac troponin T; DAPI, 4',6-diamidino-2-phenylindole; DM, diabetes mellitus; EF, ejection
fraction; FS, fraction shortening; S102, serine102; STZ, streptozotocin; WGA, wheat germ agglutinin; YB-1, Y-box binding protein-1.
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Figure 2. YB-1 phosphorylation induced YB-1 ubiquitination. A and B, Western blot images and analyzed data showed YB-1 protein expression and YB-1
phosphorylation (5102) level in H9c2 cells stimulated with high glucose (HG; 25 mM) at indicated time points. C, immunoprecipitation (IP) of YB-1 revealed a
time-dependently elevated ubiquitination level of YB-1 protein in HG-challenged H9c2 cells. D, HG stimulation reduced the interaction between YB-1 and
OTUB1. E, YB-1 phosphorylation aggravated YB-1 ubiquitination. H9c2 cells were infected with overexpressing YB-1 or mutant (102A/102D) lentivirus and
stimulated by HG for 24 h. Mutant of 102A was used to imitate the dephosphorylation state, and mutant of 102D was used to imitate the continuous
phosphorylation state. F, interaction between YB-1 and OTUB1 was suppressed by YB-1 phosphorylation. For all groups, n = 3. Analyzed data are expressed

as mean * SD. *p < 0.05 and **p < 0.01, Student’s t test. OTUB1, otubain-1;

We and others have shown that the different types of PTM can
mutually interact with each other and coordinate the intricate
pathophysiological functions (25-28). Intriguingly, hyper-O-
GlcNAcylation of YB-1 has been reported to affect its S102
phosphorylation, and this close O-GlcNAcylation—phosphor-
ylation interaction played indispensable roles in regulating cell
proliferation and progression of hepatocellular carcinoma (28).
However, a role for the phosphorylation of YB-1, which reg-
ulates its protein stability, remains unknown.

Given the role of deubiquitinase OTUBL in regulating the
ubiquitination and stability of YB-1 in renal tubular cells (10),

SASBMB

$102, serine102; YB-1, Y-box binding protein-1.

we aimed to investigate these roles of OTUB1-YB-1 axis in
regulation of DCM. Co-IP results showed the homeostatic
interaction of YB-1 and OTUBI in cardiomyocytes, which are
sensitive to diabetic microenvironment. Subsequent experi-
ments with YB-1 mutants proved that the phosphorylation of
YB-1 at S102 diminishes this homeostatic interaction with
OTUBI, resulting in ubiquitination and degradation of the
YB-1 via proteasome. Interestingly, beyond its canonical
deubiquitinase activity, OTUB1 possesses a noncanonical
catalytic-independent activity, in which it inhibits the transfer
of ubiquitin onto protein substrates by binding to the
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YB-1 phosphorylation aggravates DCM

A
Con DM (kDa)
100
RSK |m s -
PRSK | - t1780

RSK [ e o o o o |10
GAPDH | M - .

* %

pRSK/RSK
(fold of control)

Con DM
D 2. *% *
S=
.g g
©5 I
Q O
(>]<) “6 14 *. .= al®
~— O
53 O
>_ ~
ol— : . :
Con SL-0101 Con SL-0101
NG HG
E
4_ ** **
< B 3 _I_
£
Z § )
GAPDH | s a——— hs
28 1] eke —#* weea
ol — . . .
Con SL-0101 Con SL-0101
F G NG HG
o IgG Con HG HG+SL-0101 Con HG HG+SL-0101 )
~ a
ga Flag/OTUBT | s e [— 40 (kDa) 170
it — 130
S| GFPIYE-1] el o Ubiquitin
ts a — 100
o IgG Con HG HG+SL-0101 & 70
-~ >_ -
5 GFPIYB-1| s 5 e
O [Flag/OTUB1| e | — 40 o 40
o |
®©
- GFP/YB-1 70

Figure 3. YB-1 phosphorylation was regulated by p90RSK. A and B, representative immunoblotting images and analyzed scatter diagram showed an
increased phosphorylation of p90RSK in diabetic mice heart tissue compared with controls. C-E, inhibiting the activation of RSK could suppress YB-1
phosphorylation (5102) and maintain YB-1 protein level. H9c2 cells were pretreated with 100 uM SL-0101 for 30 min and stimulated by high glucose
(HG) for 24 h. F, SL-0101 restored the interaction between YB-1 and OTUB1, which destroyed by HG stimulation. G, SL-0101 ameliorated HG-induced YB-1
ubiquitination. In B, for each group, n = 6; in other panels, for each group, n = 3. Analyzed data are expressed as mean + SD. *p < 0.05, **p < 0.01, compared
with control group, Student'’s t test or One-way ANOVA, Bonferroni comparison test. DM, diabetes mellitus; NG, normal glucose; OTUB1, otubain-1; RSK, p90

ribosomal S6 kinase; S102, serine102; YB-1, Y-box binding protein-1.

ubiquitin-charged E2. Thus, OTUBI1 can decrease a protein’s
ubiquitination state by removing ubiquitin (canonical activity)
or preventing ubiquitin conjugation (noncanonical activity)
(29), for example, OTUBI1 can inhibit the ubiquitination of
phospho-SMAD2/3 (Smad, drosophila mothers against
decapentaplegic protein) by binding to and inhibiting the E2
ubiquitin—conjugating enzymes independent of its catalytic
activity (30). Whether OTUBLI can regulate the ubiquitination

6 . Biol. Chem. (2022) 298(6) 101989

of YB-1 in a similar noncanonical way remains elusive.
Moreover, structure biologists have recently shown that the
phosphorylation of S102 disrupts the hydrogen bonding of YB-
1 with the residue in the C-terminal extension, resulting in
conformational changes in the regions close to S102, and in
turn destabilizing its binding to its substrate single-stranded
DNAs (9). Thus, it is possible that the phosphorylation of
YB-1 at S102 could regulate the binding affinity of YB-1 to
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Figure 4. ERK promoted YB-1 phosphorylation. A and B, representative immunoblotting images and analyzed scatter diagram of protein expression and
phosphorylation level of ERK in diabetes mellitus mice heart tissue. C—F, protein expression and phosphorylation level of ERK, RSK, and YB-1 in H9c2 cells
interfered with high glucose (HG) and/or 10 uM U0126. G, U0126 maintained the interaction between YB-1 and OTUB1. H9c2 cells were coinfected with
GFP-tagged YB-1 and FLAG-tagged OTUB1-overexpressing lentivirus, pretreated with 10 uM U0126 for 30 min, and challenged by HG for 24 h. H, U0126
reduced YB-1 ubiquitination modification in the context of HG stimulation. In B, for each group, n = 6; in other panels, for each group, n = 3. Analyzed data
are expressed as mean + SD. *p < 0.05, **p < 0.01, compared with control group, Student’s t test, Bonferroni comparison test. DM, diabetes mellitus; ERK,
extracellular signal-regulated kinase; NG, normal glucose; OTUB1, otubain-1; RSK, p90 ribosomal S6 kinase; YB-1, Y-box binding protein-1.
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Figure 5. U0126 inhibited YB-1 phosphorylation and alleviated diabetic cardiomyopathy. A, animal experiment procedure. Eight-week-old male
C57BL/6J mice were injected with 60 mg/kg STZ to induce diabetes mellitus, and controls received the same volume of sodium citrate. Diabetic mice were
treated with 1 mg/kg U0126 or the same volume 6% DMSO in 26 weeks. All mice were sacrificed at the age of 34 weeks. B, blood glucose detected at
34 weeks in mice with different treatments. C, ratios of heart weight to body weight in mice with diverse treatments. D, representative histological images
of transverse area of myocyte in mice with different treatments. For WGA staining, green: WGA, red: cTNT, and blue: DAPI. The scale bar represents 20 pm; for
HE staining, the scale bar represents 50 um. E and f, analyzed histological data showing the myocyte cell surface area in diabetic mice with or without
U0126 treatment, relative to controls. G, representative echocardiography images of mice with various interventions in M mode. H and /, echocardiography
analysis of EF and FS in mice with different interventions. J, representative immunoblotting images showing protein expression level of ANP, BNP, and
B-MHC in mice heart tissue lysates. K, representative immunoblotting images showing protein expression and phosphorylation levels of ERK, p90RSK, and
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Table 2
Echocardiography result of mice in experiment 2
Item Con DM DM + U0126

Heart rate, bpm 491 + 33.36 500 + 33.23 494 + 29.63
Cardiac output, ml/min 24.69 + 4.39 15.85 + 3.48° 2293 + 2.62"
LVAW; d, mm 0.62 + 0.05 0.64 + 0.07 0.60 + 0.11
LVAW; s, mm 1.02 £ 0.06 1.03 £ 0.11 1.00 £ 0.12
LVID; d, mm 4.68 + 043 4.13 + 0.26" 455 + 0.21°
LVID; s, mm 3.56 + 0.55 3.07 + 0.44 347 + 046
LVPW; d, mm 0.63 + 0.05 0.61 + 0.09 0.61 + 0.10
LVPW; s, mm 0.98 + 0.08 091 + 0.13 0.99 + 0.12

Data are presented as mean * SD, n = 8.
“p < 0.01 versus Con.
bp < 0.01 versus Con.

Abbreviations: DM, diabetes mellitus; LVAW, left ventricular anterior wall; LVID, left ventricular internal dimension; LVPW, left ventricular posterior wall.

OTUBI through conformational changes as well (9). The last
but not the least, whether hyperglycemia can alter the
expression or stability of OTUBI itself and then that of YB-1
requires further elucidation.

Protein kinase B (AKT) (31, 32), p90 S6 ribosomal kinase
(RSK) (33), and ERK (34, 35) have all been implicated in YB-1
S102 phosphorylation. The current study showed that the
phosphorylation of AKT at T308 and S473 was downregulated
in diabetic heart and high glucose—treated cardiomyocytes.
However, blocking the phosphorylation with specific inhibitors
resulted in no significant impact on S102 phosphorylation of
YB-1 in cardiomyocyte. This discrepancy indicates that the
effect of AKT on S102 phosphorylation of YB-1 could be cell
type and context dependent. Whereas ERK inhibitor U0126
and RSK inhibitor SL-0101 worked as we presumed, and ERK
seems to be upstream signaling intermediate of RSK (36-39).
RSK inhibitor SL-0101 and its analog have been so far only
tested in two studies in mouse models in vivo, one in triple-
negative breast cancer metastasis (40) and the other one in
Herpes simplex virus-1 infection (41). Moreover, SL-0101 has
been shown to induce distinct off-target effects in mammalian
target of rapamycin complex 1-p70S6K signaling pathway.
While ERK inhibitor U0126 has been widely used for ERK1/2
inhibition iz vivo and has little side effects in vivo as reported
by Miyoshi et al. (42). Besides, another study has reported that
inhibition of ERK but not RSK efficiently suppresses the
epidermal growth factor receptor reporter activity via YB-1
S102 phosphorylation. Hence, we employed the ERK inhibi-
tor U0126 for the in vivo experiment. Indeed, U0126 could
ameliorate DCM indices when compared with the vehicle-
treated diabetic mice. In accordance with our in vitro find-
ings, U0126 could suppress the ERK phosphorylation, RSK
phosphorylation, and subsequent YB-1 S102 phosphorylation,
resulting in enhanced interaction between YB-1 and OTUBI1
and preserved YB-1 protein expression in diabetic hearts.
Recently, we showed that the YB-1 acts as a transcriptional
suppressor, which binds directly to the promoter region of

another important cardiomyopathy-related transcriptional
factor myocyte enhancer factor 2B and suppresses its expres-
sion. Hyperglycemia caused proteasome-dependent YB-1
protein degradation results in myocyte enhancer factor 2B
overexpression, which contributes to the development and
formation of DCM (43).

In conclusion, phosphorylation of YB-1 on S102 via ERK/
RSK pathway under hyperglycemia condition could impair its
interaction with deubiquitinase OTUBI, leading to enhanced
YB-1 K48 ubiquitination and its subsequent degradation via
proteasome in diabetic heart. Targeting ERK/RSK/YB-1
pathway could be a potential therapeutic approach for DCM.

Experimental procedures

Experimental animals and study design

The research was approved by the Institutional Animal
Research Committee of Tongji Medical College. Six-week-old
C57BL/6] male mice were purchased from HFK Bioscience
and housed in the specific pathogen-free animal care facility of
Tongji Medical College Experimental Animal Center. All an-
imal procedures were carried out in compliance with the
Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes, the re-
quirements of the local Institutional Animal Research Com-
mittee, and the ARRIVE (Animal Research: Reporting of
In Vivo Experiements) guidelines.

For the purpose of investigating YB-1 phosphorylation
regulation in DCM, type 1 diabetes mellitus animal model was
induced by intraperitoneal injection of STZ (Sigma—Aldrich).
Briefly, 8-week-old male C57BL/6] mice received 60 mg/kg
STZ for 5 consecutive days to establish diabetes mellitus or the
equal volume of sterilized pH 4.5, 0.05 M sodium citrate so-
lution to serve as control (n = 8 for each group).

For the purpose of evaluating the effect of MEK inhibitor
U0126 on DCM, diabetic mice (at 18 weeks post STZ inter-
vention) were treated daily with 1 mg/kg U0126 (LC

YB-1 in mice treated with or without U0126, compared with controls. L, YB-1 immunoprecipitation in mice heart tissue lysates showing the impact of U0126
treatment on K48-linked ubiquitination of YB-1. M, interaction between YB-1 and OTUB1 detected by immunoprecipitation of YB-1 and OTUB1, respectively,
in different group of mice heart tissue lysates. For all groups, n = 8. Data are expressed as mean * SD. **p < 0.01; ns, One-way ANOVA, Bonferroni
comparison test. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; cTNT, cardiac troponin T; DAPI, 4’,6-diamidino-2-phenylindole; DM, diabetes
mellitus; DMSO, dimethyl sulfoxide; EF, ejection fraction; ERK, extracellular signal-regulated kinase; FS, fraction shortening; K48, lysine 48; 3-MHC, B-myosin
heavy chain; ns, not significant; OTUB1, otubain-1; RSK, p90 ribosomal S6 kinase; STZ, streptozotocin; WGA, wheat germ agglutinin; YB-1, Y-box binding

protein-1.
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Figure 6. Graphical abstract. Hyperglycemia increased the MEK1/2 phos-
phorylation, leading to the significant elevation of the ERK1/2 phosphory-
lation, which in turn induces the p90RSK phosphorylation. Thereafter, the
YB-1 phosphorylation (5102) was promoted by the p90RSK, and the inter-
action between OTUB1 and YB-1 was subsequently suppressed, resulting in
the YB-1 protein ubiquitination and degradation via the proteasome. The
diminished YB-1 protein level altered the transcription of related target
genes and contributing to the occurrence and progression of diabetic
cardiomyopathy. Pharmacological inhibition of the ERK pathway using the
MEK inhibitor U0126 could relieve the process described previously, thus
alleviating diabetic cardiomyopathy. ERK, extracellular signal-regulated ki-
nase; MEK, mitogen-activated protein kinase; OTUB1, otubain-1; RSK, p90
ribosomal S6 kinase; S102, serine102; YB-1, Y-box binding protein-1.

Laboratories) or the same volume of 6% dimethyl sulfoxide—
PBS for 8 weeks (n = 8 for all groups).

Body weight and blood glucose were monitored continu-
ously after the STZ administration. There was no mortality
related to diabetes during the progression of DCM. Insulin
Lantus (Sanofi) was administrated subcutaneously when blood
glucose went higher than 27.7 mmol/L. All animals were
sacrificed at the age of 34 weeks with excessive xylazine and
ketamine mixture. Blood and heart were subsequently
harvested.

Echocardiography and hemodynamic analysis

Echocardiography analysis was performed by ultrasound
professionals with a 30-MHz high-frequency scan head (Vis-
ualSonics Vevo770; VisualSonics) in M mode. Images were
analyzed by the VevoLab software (VisualSonics). Hemody-
namic parameters were recorded by inserting a Millar Catheter
(Millar 1.4F, SPR835; Millar Instruments, Inc) into the left
ventricle via right carotid artery. Data analysis was performed
with the PVAN software (Millar Instruments, Inc).

Histological and immunohistochemical staining

Mice heart tissues were flushed with ice-cold PBS thor-
oughly after sacrifice and divided into several parts. Left ven-
tricules were fixed with 4% paraformaldehyde (ServiceBio) for
48 h, embedded in paraffin, and cut into serial 4 pm sections.
HE staining (Jiancheng) and WGA staining (Sigma—Aldrich),
which combined with immunofluorescence staining of cardiac
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troponin T (15513-1-AP; Proteintech Group) and 4/,6-
diamidino-2-phenylindole (Beyotime), were used to analyze
the morphology of cardiomyocytes and quantify transverse
cardiomyocyte size. For immunohistochemical staining of
mice heart tissues, we used primary antibodies against phos-
phorylated YB-1 (CSB-PA204680; CUSABIO), YB-1 (ab76149;
Abcam), and phosphorylated ERK (No. 4376; Cell Signaling
Technology). The isotype antibody was used as negative con-
trol. Corresponding horseradish peroxidase—conjugated sec-
ondary antibodies (ServiceBio) and DAB (Vector Laboratories)
were used for detection. Images were captured by microscopes
(Olympus) and analyzed by Image-Pro Plus software (X-ray
Scan).

Plasmid construction

The ORF of YB-1 was amplified by PCR (primer sequence,
forward: ATGAGCAGCGAGGCCGA, reverse: TTACTCA
GCCCCGCCCTQG) and inserted into the pEGFP-C1 vector.
The EGFP-YB-1 DNA fragment was cut down by Nhel and
Xbal endonuclease (New England Biolabs) and inserted into
the lentiviral vector FuGW (No. 14883; Addgene) by T4 ligase
(New England Biolabs). To regulate the phosphorylation state
of YB-1, two point mutations were introduced to convert the
S102-encoding AGT to CGT or GAT encoding for alanine
(102A) or aspartic acid (102D) with QuickMutation Plus Site-
Directed Mutagenesis Kit (D0208; Beyotime), according to the
manufacturer’s protocol.

Cell culture

H9c2 cells (American Type Culture Collection) were
cultured in Dulbecco’s modified Eagle’s medium containing
1.5 g/L glucose with 10% fetal bovine serum (Gibco, Thermo
Fisher Scientific). To imitate hyperglycemia, 25 mmol/L
glucose (Sigma—Aldrich) was used to stimulate H9c2 cells, and
25 mmol/L mannitol was used as control. To explore which
signaling pathway(s) participated in the regulation of YB-1
phosphorylation in DCM, H9c2 cells were pretreated with
different pharmacological blockades for 30 min, including
U0126, SL-0101 (MedChemExpress), or MK2206 (Selleck),
and then coincubated with high glucose for 24 h.

IP and immunoblotting

Protein extraction was performed with radioimmuno-
precipitation assay buffer (50 mM Tris at pH 7.4, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, and 1 mM
NazVOy,) in heart tissues and with cell lysis buffer for Western and
IP (P0013; Beyotime) in H9c2 cells, both supplemented with
protease and phosphatase inhibitor cocktails (HY-K0010, HY-
K0021; MedChemExpress). Lysates were centrifuged at 12,000g
for 25 min at 4 °C, and supernatants were collected and quantified
with bicinchoninic acid regents (Boster).

To perform IP in heart tissue, lysates were first incubated
with 20 ul protein A/G agarose beads (Santa Cruz) for 30 min
to eliminate nonspecific binding. Then, supernatants were
collected and incubated with 1 pg antibody to YB-1 (ab76149;
Abcam) or OTUBL (No. 3783; Cell Signaling Technology) for
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1 h. Protein A/G agarose beads were employed to precipitate
the antigen—antibody complex at 4 °C overnight and collected
for Western blot detection.

To investigate the effect of different interventions on
ubiquitination modification of YB-1, H9c2 cells were infected
with GFP-tagged YB-1-overexpressing lentivirus for 48 h.
During the expression period, H9c2 cells received in-
terventions described in cell culture. In experiments of veri-
fying the effect of YB-1 phosphorylation on YB-1
ubiquitination, H9¢2 cells were infected with GFP-tagged YB-1
WT lentivirus or YB-1 102A and 102D mutant lentivirus to
imitate inactivation or activation state of YB-1 phosphoryla-
tion. To explore the interaction between YB-1 and OTUB]I,
H9c2 cells were coinfected with GFP-tagged YB-1 and FLAG-
tagged OTUBI1 overexpressing lentivirus for 48 h and also
received different interventions described previously. Then, we
standardized the total amount of GFP-YB-1 protein or FLAG-
OTUBL protein used for IP or co-IP separately with their
corresponding input control and precipitated them with 1 pg
anti-GFP or anti-FLAG primary antibody (Nos. 2955 and
14793; Cell Signaling Technology). Isotype antibody was used
as negative control. Finally, we used Western blot to evaluate
the YB-1 ubiquitination and the integrated OTUBI level while
YB-1 was served as loading control, and vice versa.

Protein lysates and IP complex were used for electrophoresis,
transferred to 0.45 pm polyvinylidene difluoride membranes,
blocked with 5% bovine serum albumin, and incubated with pri-
mary antibodies overnight. The following antibodies were used:
ANP, BNP, f-MHC, p90RSK, phospho-p90RSK (Nos. A14755,
A2172, A7564, A15718, AP0539; Abclonal), phosphorylated YB-1
and YB-1 (CSB-PA204680, CSB-PA020158; CUSABIO), ERK,
phosphorylated ERK, OTUBI, ubiquitin, K48-linkage specific
polyubiquitin, GFP, FLAG (Nos. 4695, 4376, 3783, 3936, 4289,
2955, and 14793; Cell Signaling Technology), GAPDH (GB11002;
ServiceBio), and horseradish peroxidase—conjugated secondary
antibodies (ServiceBio).

Statistics and reproducibility

Statistical analysis was performed with SPSS 24.0 software
(IBM Corp). Data were expressed as mean + SD. Statistical
significance was defined as p value <0.05, and normality was
assessed using the Shapiro—Wilk test. Differences between the
two groups were evaluated by unpaired Student’s ¢ test. In case
of significant interaction between groups, comparisons be-
tween three or more groups were further conducted within
each group using ANOVA, with Bonferroni post hoc test.

Data availability

The data underlying this article are available in the article
and in its online supporting material.
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