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Dual-specificity phosphatase
3 deletion promotes obesity,
non-alcoholic steatohepatitis
and hepatocellular carcinoma
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Non-alcoholic fatty liver disease (NAFLD) is the most common chronic hepatic pathology in Western
countries. It encompasses a spectrum of conditions ranging from simple steatosis to more severe
and progressive non-alcoholic steatohepatitis (NASH) that can lead to hepatocellular carcinoma
(HCC). Obesity and related metabolic syndrome are important risk factors for the development of
NAFLD, NASH and HCC. DUSP3 is a small dual-specificity protein phosphatase with a poorly known
physiological function. We investigated its role in metabolic syndrome manifestations and in HCC
using a mouse knockout (KO) model. While aging, DUSP3-KO mice became obese, exhibited insulin
resistance, NAFLD and associated liver damage. These phenotypes were exacerbated under high
fat diet (HFD). In addition, DEN administration combined to HFD led to rapid HCC development

in DUSP3-KO compared to wild type (WT) mice. DUSP3-KO mice had more serum triglycerides,
cholesterol, AST and ALT compared to control WT mice under both regular chow diet (CD) and HFD.
The level of fasting insulin was higher compared to WT mice, though, fasting glucose as well as
glucose tolerance were normal. At the molecular level, HFD led to decreased expression of DUSP3 in
WT mice. DUSP3 deletion was associated with increased and consistent phosphorylation of the insulin
receptor (IR) and with higher activation of the downstream signaling pathway. In conclusion, our
results support a new role for DUSP3 in obesity, insulin resistance, NAFLD and liver damage.

Non-alcoholic fatty liver disease (NAFLD) is strongly associated with obesity, insulin resistance, type 2 diabetes
mellitus (T2DM), and cardiovascular complications and thus, is considered as the hepatic manifestation of meta-
bolic syndrome. With the rapidly rising incidence of obesity and associated metabolic syndrome, NAFLD has
become the most frequent chronic liver disease in Western countries, representing an important public health
problem™. NAFLD includes a wide spectrum of liver clinicopathologic conditions, ranging from pure fatty liver
or steatosis (fat infiltration in>5% of hepatocytes) which is apparently a benign condition, to non-alcoholic
steatohepatitis (NASH), which may progress to cirrhosis, liver failure, and hepatocellular carcinoma (HCC)'.
The mechanisms involved in NAFLD progression include the development of steatosis, followed by increased
inflammation, necrosis and activation of the fibrogenic cascade. This leads to NASH which is characterized by
a robust inflammation in the hepatic tissue, as well as by hepatocyte ballooning. NASH can progress to more
severe and irreversible stages of the disease including fibrosis and cirrhosis!. Unfortunately, at present, the only
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effective interventions for NASH consist of caloric restriction, exercise and weight loss, though these lifestyle
approaches have proven difficult to adhere to in common clinical practice!, underscoring the urgent need for
better understanding the molecular mechanisms involved in disease progression to implement efficient new
targeted therapies. In this regard, several signaling molecules, including dual-specificity phosphatases (DUSPs),
have been reported to regulate NAFLD development. Indeed, several studies have shown that various DUSPs
are downregulated in the fatty liver’~’.

DUSP3 is a member of the DUSPs proteins family, which dephosphorylate the threonine/serine and tyrosine
residues of their substrates®. Known substrates of DUSP3 include the MAPKs ERK and JNK, STAT5 and ErbB2°.
It has also been reported to play a role in PKC signaling. DUSP3 activity is positively regulated by phosphoryla-
tion of Tyr138 by the tyrosine kinases ZAP-70 and Tyk2. Its activity can also be increased after association with
the serine/threonine kinase VRK3'%. DUSP3 plays an important role in the regulation of the cell cycle. This find-
ing prompted investigation of its potential role in cancer. Indeed, DUSP3 expression is upregulated in cervix'!
and prostate'? cancers as well as in several cancer-derived cell lines'"!? and is downregulated in breast'* and
non-small cell lung cancers'. Using full DUSP3-KO mice, we uncovered unexpected roles of this phosphatase
in endothelial cells and neo-angiogenesis'®, in monocytes and macrophages'®!” and in platelets'®. DUSP3-KO
females, but not males, were shown to be resistant to multi-microbial and to lipopolysaccharides-induced septic
shock. This protection was estrogen and M2-like macrophage dependent'®'”. The role of DUSP3 in monocytes/
macrophages function was further confirmed by the fact that DUSP3 KO favors Lewis lung carcinoma-induced
macrophage recruitment at the tumor site, enhancing pulmonary metastases'®. DUSP3 also plays a key role in
arterial thrombosis through a mechanism involving GPVI and CLEC-2 signaling pathways, but seems to be
dispensable for primary hemostasis'®. It is noteworthy that these phenotypes were only observed following the
application of specific challenges. Otherwise, DUSP3-KO mice are healthy at birth and do not spontaneously
develop any pathology until 6 months of age. However, we observed that past this age, DUSP3-KO mice progres-
sively become obese and develop NAFLD. This prompted us to further investigate the role of DUSP3 phosphatase
in obesity, NAFLD and HCC.

Results

The genetic deletion of DUSP3 promotes obesity. We previously generated full, constitutive DUSP3
knockout mice (KO)'®. While young (< 6 months old), these mice did not spontaneously develop any phenotype.
However, when aging, the body weight of KO mice progressively exceeded that of WT mice of the same age fed
regular chow diet (CD). This phenotype was enhanced under high fat diet (HFD) (Fig. 1a—c). Indeed, between
2 and 18 months of age, mutant mice gained 63% and 86% of their basal weight, while WT littermates gained
45% and 58% under CD and HFD respectively (Fig. 1c). The excess body weight of DUSP3-KO mice was not
due to hyperphagia. Indeed, there was no significant difference in food intake between WT and KO groups as
measured during a period of 27 weeks (from 4 to 10 months old) for both CD and HED (Fig. 1d). The increased
body weight of DUSP3 KO was at least partially due to a significant increase in adipose tissue. At 18 months of
age, under CD, mutant mice had 153% more fat tissue than controls, whereas under HFD, mutant mice had 23%
more (P_0.01, Fig. le,f). The weight of all white adipose tissues (WAT) was increased in DUSP3-KO compared
to WT under both CD and HFD, but not that of brown adipose tissue (BAT) (Fig. 2a—c). The size of adipocytes
was significantly increased in DUSP3-KO mice under both CD and HFD compared to WT mice (Fig. 2d,e).

DUSP3 deletion promotes NAFLD, NASH, fibrosis and HCC under HFD.  Obesity is often accom-
panied by the development of NAFLD. Indeed, in addition to the significant increase of adipose mass tissue in
DUSP3-KO mice, the ratio of liver to body weight was also significantly increased compared to WT mice under
both CD and HFD (Fig. 3a,b). In KO mice, the liver also became lighter in color (Fig. 3a). Staining liver sections
with H&E revealed the accumulation of lipid droplets in hepatocytes of HFD-fed mice (Fig. 3¢). In addition,
DUSP3 KO combined with HFD increased liver damage, with the appearance of fibrosis, dysplasia and even
HCC. Indeed, 66% of mutant mice developed fibrosis (2 mice with lowest score (1) and the rest (1 mouse each)
with score 2, 3 and 4) while only 16% of WT mice did (1 mouse out of 6 with the lowest score (1) (Fig. 3d,e). Stea-
tosis score was similarly higher in KO compared to WT mice (Fig. 3f). Dysplastic nodules and HCC developed
in 40% of the mutant mice but in none of WT mice (Fig. 3g). Consistently, expression level of pro-fibrotic genes
such as Collal (coding for collagen II) Timpl (coding for Timpl) were increased in DUSP3-KO mice under
HFD compared to WT mice (data not shown).

Consistently, DUSP3-KO exhibited higher levels of circulating triglycerides (TG) at the age of 18 months
under HFD as well as serum total cholesterol (T-CHO). Levels of HDL decreased while no difference was
observed for the LDL level at the same age. Consequently, the ratio of LDL on HDL was increased in KO mice
compared to WT mice under both diets (Fig. 4a—c and Supplementary Fig. S1a,b). Alanine transaminase (ALT)
and aspartate transaminase (AST), considered as important markers of NAFLD, were also increased in mutant
mice compared to WT mice under CD and HFD (Fig. 4d,e). Interestingly, young mice (5 months under CD) did
not exhibit such phenotypes. Indeed, we did not observe any liver associated damage. On the contrary, young
mutant mice were even leaner than their WT littermates, they had no steatosis and TG levels as well as LDL/HDL
ratio were significantly decreased in these mice (Fig. 4a—c). These results demonstrate that deletion of DUSP3
triggered lipid accumulation in aging mice.

DUSP3 deletion associated with HFD strongly promote DEN-Induced hepatocarcinogen-
esis. Obesity and NAFLD are well-established risk factors for HCC!, although the corresponding tumor-
promoting mechanisms are not well known. Given the observed spontaneous liver damage and hepatosteatosis
in aged DUSP3-KO mice, we hypothesized that administration of the hepatic carcinogen, diethylnitrosamine
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Figure 1. DUSP3 genetic deletion promotes obesity. (a) Representative images of 18-month-old WT and
DUSP3-KO mice fed CD (left photo) and 5-month-old WT and DUSP3-KO mice fed HED (right photo). (b)
WT and KO mice were fed chow diet (left panel) or HFD (right panel) and body weight was monitored weekly
during 60 weeks. The data are expressed as means+SD (n= 10 mice in each group). (c) Weight gain of WT and
KO mice after 60 weeks of CD or HFED. (d) Food intake during 27 weeks for WT and KO mice under CD and
HED. (e) Representative CT-scan images of 5- and 18-month-old WT and KO mice under CD and HFD. The
white color represents fat and dark represent lean mass. (f) Quantification of fat body mass [n=3 mice in each
group shown in (e)] Data represent the mean + SD of at least three mice of each group (*P <0.5; **P <0.01).
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Figure 2. DUSP3 deletion promotes white adipose tissue accumulation. (a) White and brown adipose tissue
(WAT and BAT, respectively) was assessed in 18-month-old WT and DUSP3-KO mice. SB subcutaneous,

Ep epididymal and Pr perirenal. (b,c) Subcutaneous and epididymal fat assessment in 5-month-old WT and
KO mice under CD and in 18-month-old WT and KO mice under CD and HFD. (d) Representative paraffin
sections of epididymal WAT from 5-month-old WT and DUSP3-KO mice under CD and at 18-month-old
under CD and HFD. Sections were stained with H&E. Magnification: x20. (e) Average adipocytes cell area of
epididymal WAT of the mice shown in (d). Data represent the mean + SD of at least three mice of each group
(*P<0.5; **P<0.01).
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Figure 3. DUSP3 deletion promotes NAFLD and associated liver damages. (a) Representative image of liver
from mutant and WT mice fed CD or HFD. (b) Quantification of liver to body weight ratio. Data represent the
mean = SD of at least ten mice of each of the indicated group (**P <0.01). (c) Representative images of H&E
staining of liver sections from DUSP3-KO and WT fed CD or HFD. Asterisks indicate representative lipid
droplets. (d) Representative images of Sirius Red staining of liver sections from DUSP3-KO and WT fed HFD.
(e-g) Fibrosis (e), steatosis (f) and dysplasia (g) scores. Mean + SD values for all mice are shown. *P <0.05;
**P<0.01.
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Figure 4. DUSP3 deletion promotes NAFLD and associated liver damages. Concentrations of TG (a), T-CHO
(b), LDL/HDL ratio (c), AST (d) and ALT (e) in the sera of mice. Each dot represents one mouse. Mean + SD
values for all mice are shown. *P <0.05; **P <0.01; **P <0.001.

(DEN)* may induce HCC in DUSP3-KO mice. We placed DEN-injected WT and KO mice under either CD or
HED. Mice weight was monitored every week. We sacrificed the mice at 24 weeks and 32 weeks post-DEN injec-
tion. As expected, DUSP3-KO mice had significantly increased body weight compared to WT mice of the same
age under CD and HFD (Fig. 5a). However, contrary to mice that did not receive DEN (Fig. 1a,b), the weight
of mutant mice under DEN and HFD started to decline at 26 weeks post-DEN injection (Fig. 5a). Importantly,
when analyzed at 26 and 32 weeks of age, DUSP3-KO mice kept on HFD exhibited many more and larger tumors
per liver than WT mice (Fig. 5b-e and Supplementary Fig. S2a,b). We next used SAF score, the unweighted
summation of semi-quantitative evaluation of steatosis, lobular inflammation and ballooning to which we added
the evaluation of fibrosis, the appearance of dysplastic nodules and loss of liver architecture was also elevated in
DUSP3-KO mice compared to WT littermates (Supplementary Fig. S1c). Mutant mice under DEN and CD or
HFD showed higher SAF score compared to WT mice (Supplementary Fig. S2c). HFD and deletion of DUSP3
also increased serum TG, T-CHO and LDL/HDL ratio (Supplementary Fig. S2c—f), AST and ALT (Supplemen-
tary Fig. S3a,b).

DUSP3 deficiency exacerbates HFD-induced insulin resistance. Insulin resistance is one of the
pathognomonic features of obesity and NAFLD. We therefore investigated whether DUSP3 KO could exacerbate
HFD-induced insulin resistance. We found that, even under CD, DUSP3 deletion was associated with a signifi-
cant increase of plasma insulin levels at all time points analyzed, namely at 14, 18, 26, 34 weeks old without DEN
(Fig. 6a) or at 24 and 32 weeks post-DEN injection (Fig. 6d). However, the effect of the DUSP3 deletion was more
pronounced under HED (Fig. 6a). Surprisingly, despite the high insulin levels, we did not observe any difference
in fasting glucose levels between the different groups of mice under both CD and HFD (Fig. 6b). Though, the
HOMA-IR, which assesses insulin resistance from fasting glucose and insulin levels, was significantly higher in
DUSP3-KO compared to WT mice under both CD and HFD and all time points analyzed (Fig. 6¢). Despite the
observed insulin resistance in the KO mice, under CD, glucose homeostasis was not altered by DUSP3 deletion
as assessed by the OGTT assay (Fig. 6e, top panels). Under HFD (Fig. 6e, lower panels), although not statistically
significant, glucose level was higher and its clearance was slower over time in mutant compared to WT mice.

DUSP3 expression is reduced under HFD and its genetic deletion enhances IR phosphoryla-
tion and signaling. To investigate DUSP3 function in NAFLD, we first evaluated its expression in liver
samples from 18-month-old WT mice under CD or HFD. Expression of DUSP3 was significantly decreased
in the livers of HFD fed mice (Fig. 7a,b). DUSP3 mRNA level was also significantly reduced under HFD as
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Figure 5. DUSP3 deletion associated with HFD strongly promote DEN-induced hepatocarcinogenesis. DEN
(25 mg/kg) was i.p injected to 14-day-old DUSP3-KO and WT mice. Four weeks later, diet of the mice was
switched to CD or HED and weight was monitored every two weeks for 31 weeks (a). (b) Livers of WT and
mutant mice kept on CD or HFD 24 and 32 weeks after the administration of DEN. (c-e) Tumor multiplicity
(c), size (d), and SAF score evaluation (e) in livers of DEN-injected WT and DUSP3-KO mice kept on CD or
HED as above. Each dot represents the average number of tumors or size of the tumors for one mouse. Results
are means * SD. Each dot represents one mouse. Mean + SD values for all mice are shown. *P <0.05; **P <0.01.
n=10 mice in each group.

demonstrate by the qRT-PCR (Fig. 7c) and RNA-seq data (Figs. 7d, 8c and Supplementary Fig. S4). The insulin
resistance observed in DUSP3-KO mice suggests that this phosphatase could play a role in insulin receptor (IR)
signaling. We therefore investigated this pathway and observed that the IR was significantly hyper-phosphoryl-
ated in the absence of DUSP3 regardless of the type of diet, though, this hyper-phosphorylation was exacerbated
under HFD (Fig. 7e,f). This hyper-phosphorylation of IR was accompanied by phosphorylation of downstream
signaling molecules. Indeed, AKT, ERK and p38 were also highly phosphorylated in DUSP3-KO mice under
CD. Interestingly, under HFD, AKT, ERK, p38 and GSK3 were equally activated regardless of the mice genotype
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Figure 6. DUSP3 deletion exacerbate insulin resistance under HFD. Fasting blood insulin (a), blood glucose
(b) and HOMA-IR (c) in DUSP3-KO and WT mice under CD or HED. At all-time points, mice were starved
for 6 h and blood was collected from tail vein to measure insulin and glucose. T0, basal level, corresponds to
the measurement at the starting day of HFD. T1, T2 and T3 correspond respectively to 4 weeks, 12 weeks and
20 weeks under HFD or CD. N =5 mice in each group of T1 to T3. N =10 mice in each group at T0. (d) Fasting
blood insulin in 24 weeks (left panel) and 32 weeks (right panel) after DEN challenge of DUSP3-KO and WT
mice under CD or HED. N=5 mice in each group. Data represent means + SD. Significance was determined by

one-way ANOVA.
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while IR was hyper-phosphorylated in DUSP3-KO livers (Fig. 7e,f). These data suggest IR could be a potential
substrate of DUSP3.

RNA-seq transcriptome analysis and validation. To better investigate the underlying mechanisms
behind DUSP3-deletion associated NAFLD progression, we used an unsupervised RNA-seq gene expression
profiling of liver extracts from 18 months old DUSP3-KO and WT mice under HFD and CD. PCA identified
subgroups of individuals based on diet (Fig. 8a). However, hierarchical clustering of differentially expressed
genes (DEGs) identified four clusters of distinct expression patterns that correspond to the different diets and
genotypes (Supplementary Fig. S5). To investigate the effect of HFD in the two different genotypes, we generated
Fold Change (FC) plots (Fig. 8b,c) that compare DEGs in WT or in DUSP3-KO mice when fed HFD compared
to when fed CD. Genes with adjusted p-value <0.05 and fold change > 1.5 in at least one genotype were plotted.
In WT mice, HFD induced an upregulation of 501 genes (right axis) and downregulation of 340 genes (left axis)
that were all exclusive to WT mice. In mutant mice only, HFD induced un upregulation of 847 genes (upper axis)
and downregulation of 488 genes (lower axis). 416 genes were upregulated and 149 were downregulated in both
groups of mice under HFD (Fig. 8b). We next compared the effect of diet on DEGs between WT and mutant
mice. As shown in Fig. 8¢, 126 genes were upregulated and 197 genes were downregulated in DUSP3-KO mice
compared to WT mice under CD. Under HFD, only 52 genes were upregulated and 33 were downregulated in
DUSP3 compared to WT mice. Full lists of DEGs for all comparisons are provided in Supplementary Fig. S5 and
Supplementary Tables S3 and S4.

Several DUSPs were recently shown to be associated with NAFLD, namely DUSP9(4), DUSP12(6), DUSP14(3)
and DUSP26(5). All these DUSPs were described as downregulated in mice livers under HFD. Having RNA-seq
data in hands, we checked the expression of all reported DUSPs in WT and DUSP3-KO mice under both CD
and HFD (Fig. 8d). Among the 23 DUSPs analyzed, 15 were expressed at different levels in WT mice livers with
the highest expression observed for DUSP6, DUSP3, DUSP11, DUSP1, DUSP16, DUSP12, DUSP22 and DUSP23.
We did not observe, however, any significant effect of HFD on any of these DUSPs but DUSP3 (Fig. 8d). DUSP3
deletion did not affect the expression of any of these DUSPs (Fig. 8e). To validate the RNA-seq generated data
set, we selected 14 genes and evaluated their expression levels using QRT-PCR. Genes selected were part of the
IR signaling pathways (IRSI and IRS2), of lipogenesis and glycogenesis pathways (FASN, PNPLA3, PPARGCIC,
SREBFI1, GCK and LEPR) and DUSPS family members (DUSP3, DUSP4, DUSP9, DUSP12 and DUSP26) (Sup-
plementary Fig. S4). Expression levels of all these genes were compatible with RNA-seq generated data.

Discussion

In this study, using DUSP3-full body knockout mice, we uncovered a critical role of DUSP3 in the development
of obesity, NAFLD and associated disorders, and in insulin resistance. A prominent phenotype of DUSP3-KO
mice was the development of late-onset obesity and insulin resistance under regular chow diet (CD), a phenotype
exacerbated under HFD. Unlike many other animal models available, development of obesity is not accompa-
nied by hyperphagia in DUSP3-KO mice. However, DUSP3-KO mice developed fatty liver, a prevalent complex
disease that may lead to severe liver disorders. Indeed, under HFD and DEN, all DUSP3-KO mice developed
HCC faster that WT mice. HFD alone was even sufficient for some mutant mice (40%), but not WT, to progress
from steatosis to HCC.

NAFLD and associated liver damage in DUSP3-KO mice are evidenced by the increased levels of AST and
ALT, of cholesterol and TG, by the increased expression level of fatty acid synthase (FASN), PPARy and by
increased inflammation as suggested by the increased levels of IL6, TNFa and CXCL1 (Supplementary Fig. S4,
Supplementary Tables S3 and S4 and data not shown) as well as the infiltration of CD45+ cells in the damaged
livers (data not shown). Consistent with this, liver sections of DUSP3-KO mice under both CD or HFD exhib-
ited remarkable increase of lipid accumulation as evidenced by H&E staining. SAF score was also elevated in
DUSP3-KO mice compared to WT littermates. Interestingly, DUSP3 expression at protein and mRNA levels
was significantly decreased in WT mice under HFD. Such decrease was only observed for DUSP3 but not for
any of the other DUSPs family members. This is slightly in contradiction with the published data reporting that
DUSP14(3), DUSP9(4), DUSP26(5) and DUSP12(6) were downregulated under HFD. DUSP14 and DUSP9 were
even slightly but not significantly increased in response to HFD. For DUSPY, our data are in agreement with
Emanuelli et al.?!. As for the other reports, the discrepancies could be due to differences in the experimental
settings including the type of HFD diet, duration of the feeding and animal facility housing conditions. The
RNA-seq data also suggest that there are no compensatory mechanisms from other DUSPs in the absence of
DUSP3. Indeed, we observed no expression difference between DUSP3-KO and WT in any of the known DUSPs
or protein tyrosine phosphatase (PTP) genes.

Interestingly, although young mutant mice were leaner compared to their WT littermates of the same age,
insulin levels were significantly higher at all time points analyzed and as early as 3 months after birth. In addi-
tion, the insulin receptor was constantly hyperphosphorylated regardless of the type of diet. These data suggest
that DUSP3 plays a pivotal role in the insulin signaling pathway.

Insulin is a major hormone that affects directly or indirectly the function of all body tissues, by eliciting a
notorious variety of biological responses. Its metabolic actions on the liver, muscle and adipose tissue are respon-
sible for body metabolism and energy storage, and its dysregulation plays an important role in the development
of insulin resistance, obesity and type 2 diabetes. Insulin biological actions start by binding to its receptor that
belongs to the family of receptors with tyrosine kinase (Tyr) intrinsic activity. This binding generates conforma-
tional changes that induce catalytic activation and autophosphorylation of several Tyr residues on the receptor®.
Autophosphorylated residues are then recognized by different adaptor proteins, which include members of the
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Figure 7. DUSP3 is involved in IR phosphorylation and signaling and its expression is reduced under HFD.
(a-d) DUSP3 expression is reduced in mice liver under HED. (a-b) DUSP3 protein expression. mRNA levels
using qRT-PCR (c) and RNAseq (d) in liver extracts from 18-month-old WT mice under chow diet (CD)

and high fat diet (HFD). (a) representative Western blot in liver samples of WT mice under CD and HFD. (b)
Quantification of protein expression was normalized on beta-actin while (¢) quantification of transcripts was
normalized on HPRT housekeeping gene. Data are presented as mean +SD. N =3 mice in each group. (e-f)
Protein level and phosphorylation of IR, AKT, ERK, GSK3 and p38 in the mouse liver tissue from DUSP3-KO
and WT mice under CD and HFD. Liver homogenates protein extract were subjected to Western blot using
anti-phospho IR, anti-phospho AKT, anti-phospho-ERK, anti-phospho GSK3 and anti-phospho p38. Anti-IR,
AKT, ERK, GSK3 and p38 were used for normalization of each phosphorylation level. Global normalization
was achieved using anti-b-actin antibody. (e) Representative blots are shown. (f) The average relative grayscale
values normalized with the control protein were obtained from 4 to 6 mice per group and results are expressed
as mean + SD. *P <0.05; **P <0.01. Non-cropped original blots for each shown phospho-protein and protein are
in the extended Supplementary Fig. 7 in the Supplementary Information.

family of the insulin receptor substrate (IRS), out of which IRS-1 and IRS-2 are the two main substrates and most
common intermediates in the initial stage of insulin signal propagation.

Most insulin actions are carried out by activation of two main signaling pathways: the phosphatidylinositol-
3-kinase (PI3K)/Akt pathway, responsible for most its metabolic actions, and the mitogen-activated protein
kinases/Ras pathway (MAPK/Ras), which regulates gene expression and insulin-associated mitogenic effects?.
Such important pathways are highly regulated at different levels in order to promote cellular homeostasis. At the
receptor level, one of the regulatory mechanisms is governed by PTP1B that dephosphorylate the IR on key Tyr
residues that participate in receptor activation and association with adapting proteins. In fact, in PTP1B—/— mice,
similarly to DUSP3-KO mice, IR is phosphorylated on Tyr at basal level. However, the observed phosphorylation
of IR in PTP1B—/— mice is associated with attenuated Akt and MAPKs activation while the opposite is observed
in DUSP3-KO mice. On the other hand, whole-body deletion of PTP1B in mice resulted in increased insulin
sensitivity and improved glucose tolerance®**. The animals were found to be lean and resistant to diet-induced
obesity?*?. The serum cholesterol levels in these animals were found to be lower than in control littermates,
even when subjected to HFD for a prolonged period of time®. A phenotype that is an opposite of DUSP3-KO
mice. These finding suggest that PTP1B and DUSP3 are targeting IR receptor for dephosphorylation on different
tyrosine residues with opposite functions.

Other regulatory feedback loops are at Akt and MAPKs levels. Akt activation is under the control of PTEN
and SHIP-2 while MAPKs are under the control of several MKPs and DUSPs including DUSP3. It is therefore
plausible that DUSP3 is controlling the insulin signaling pathways at the receptor level and at the MAPKs node.
Persistent activation of these pathways are well documented mechanisms leading to insulin resistance??.

Other insulin signaling regulation checkpoints downstream of the recptor are at the level of IRS protein
expression and phosphorylation. Levels of IRS2, but not IRS1, are decreased at transcript level in DUSP3-KO
mice compared to WT littermates. Deletion of IRS2 in mice causes a progressive development of T2DM. IRS-
2—/- mice exhibit mild peripheral insulin resistance and b-cell deficiency at birth but have adequate compensa-
tory insulin secretion for several weeks*.

In DUSP3-KO mice, although the insulin level is constantly and significantly high, fasting glucose as well
as glucose tolerance are slightly similar to those of WT mice. Glucokinase (GCK) is considered as the primary
sensor of glucose not only for regulation of insulin release by pancreatic B-cells, but also for the rest of the cells
that contribute to glucose homeostasis in mammals®!. T2D is associated with decreased level and activity of GCK,
an association that provided rationale for trying to find small molecules that activate GCK and thereby improve
pharmacological treatment of T2DM?>**, We found that GCK levels are significantly increased in DUSP3-KO
mice compared to WT littermates regardless of the type of diet. Although we do not know how DUSP3 may
regulate GCK expression level, the increased expression of GCK could explain why glucose basal levels and
tolerance were similar to those of WT mice.

In summary, although we clearly need to further investigate the possibility that other signaling defects may
also contribute to the obese phenotype of the DUSP3-KO animals, the data presented indicate a prominent role
for defective IR signaling in the development of obesity and NAFLD in these mice.

Material and methods
All methods used in this study were carried out in accordance with the relevant guidelines and regulations.

Mice, high fat diet and liver tumorigenesis. DUSP3 full knockout mice (DUSP3-KO) mice (C57BL/6)
were generated and genotyped as previously described'®. They were backcrossed to C57BL/6 mice for at least
ten generations. Homozygous DUSP3—/— mice were obtained by mating DUSP3 +animals, which were fur-
ther intercrossed to generate a purebred DUSP3-KO colony. DUSP3+/+ littermates were likewise intercrossed
yielding a purebred DUSP3+/+ control colony. Only male mice were used in all experiments. The University of
Liege ethical committee approved all protocols under number 1738. The study was carried out in compliance
with the ARRIVE guidelines. (https://arriveguidelines.org/). All mice were maintained in filter-topped cages on
autoclaved chow diet (CD; composed of 12% fat, 27% protein, and 61% carbohydrates based on caloric content,
RM3, Special Diet Service, United Kingdom) or high-fat-diet (HFD; composed of 42% fat, 15% protein, and 43%
carbohydrates based on caloric content; sniff TD.88137, Soest, Germany) and water. All animals were housed in
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Figure 8. RNAseq analysis of DUSP3-KO and WT mice livers under CD and HFD. (a) Principal component analysis
(PCA) on DUSP3-KO mice livers under CD (orange dots), or HFD (red dots) and WT mice livers under CD (light

blue dots) or HFD (dark blue dots). (b,c) Comparison of the fold change difference between WT and DUSP3-KO
genotypes for CD and HFD (b) and between CD and HFD for WT and the DUSP3-KO (c). Genes with adjusted

p-value <0.05 and fold change > 1.5 in at least one genotype were plotted. (b) Genes exclusive to CD are blue, the ones

exclusive to HFD are green and the ones in common to both are red. (c) Genes exclusive to WT are blue, the ones

exclusive to DUSP3-KO are green and the ones in common to both are red. Genes with the 5 highest or lowest fold
changes in each group are labeled. (d,e) Comparison of expression levels of all known DUSPs in WT and DUSP3-KO
(KO) mice under CD and HFD. Data are shown as normalized number of reads for each individual gene. **P <0.001.
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specific pathogen free conditions and maintained in a temperature and light (12 h light/dark cycle) controlled
animal facility. Food consumption was evaluated during a 27-weeks period by weighting the food every week.

For chemical induction of hepatocarcinogenesis, 14 days postnatal mice were intraperitoneally injected with
diethylnitrosamine (DEN; 25 mg/kg, Sigma-Aldricht, St Louis, Missouri, United States), then weaned at 5 weeks
and maintained on CD. Four weeks after the injection, mice were separated into two dietary groups and fed
either CD or HFD until sacrifice. Weight of the animals was evaluated every week for the entire duration of the
experiment. Animals were sacrificed by cervical dislocation at week 24 or 32 after DEN injection. All soft tissues
were harvested and weighted the day of sacrifice.

Subcutaneous, epididymal and brown fat were dissected, weighed and paraffin embedded for hematoxylin
and eosin (H&E) staining.

Livers and hepatic tumors were pictured and harvested. Livers were separated into individual lobes. Exter-
nally visible tumors (> 1 mm) were counted and their size measured with a caliper. Large lobes were embedded
in paraffin.

Immunohistochemistry. Livers were embedded in paraffin, sectioned (5 pum) and stained with H&E to
evaluate morphology. Sirius Red stain was used to determine fibrosis and a reticulin stain (Foot stain) to evaluate
hepatic trabeculae architecture. Liver histology was evaluated by a pathologist. For each specimen, SAF score**
(steatosis, activity, fibrosis) summarizing the main histological lesions was defined. Briefly, four histological fea-
tures were semi-quantitatively assessed: steatosis (0-3), lobular inflammation (0-3), hepatocellular ballooning
(0-2), and fibrosis (0-4). Scores of the four features were added to give the SAF score. This score was used to
compare liver damages and inflammation between DUSP3-KO and control mice in all experimental conditions.
Hepatic nodules were categorized into dysplastic nodules and hepatocellular carcinoma.

Epididymal fat was embedded in paraffin, sectioned and stained with H&E. Adipocytes size was assessed using
Image] software® by detecting the edge of the adipocytes and measuring the area of cells bigger that 300 mm?
and with a circularity between 0.3 and 1. Three fields per section per mouse were used. All stained sections were
scanned using a NDP NanoZoomer Digital Pathology scanner (Hamamatsu, Shizuoka, Japan).

MicroCT imaging. Body composition of CD and HFD fed DUSP-3 KO and WT mice was assessed by X-ray
computed tomography (CT) imaging using an eXplore 120 micro-CT (Gamma Medica, USA/GE Healthcare,
United kingdom) with a customized protocol. Fat and lean volumes were assessed by semi-automated segmenta-
tion procedure using PMOD 3.6 software (PMOD Technologies, Zurich, Switzerland; RRID:SCR_016547). Fat
and total body volumes were calculated as % Fat mass = Fat Volume x 100/Total Body Volume and % Lean and
bone mass = [Total Body Volume — Fat Volume] x 100/Total Body Volume.

Glucose tolerance assay. Mice were starved for 6 h. Blood was drawn from a tail nick before and at the
indicated time points after per os administration of glucose (2 g/kg body weight). Blood glucose was instantly
measured using a Contour XT glucometer (Ascencia Diabetes Care, Machelen, Belgium).

HOMA. Insulin sensitivity was estimated using the Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) method, calculated using the formula: basal insulin (mU/L) x basal glucose (mg/dL)/405 as previ-
ously reported™.

Serological and biochemical analyses. Blood was collected from the retro-orbital plexus using a capil-
lary on anesthetized mice right before euthanasia. Serum was separated after clotting by centrifuging the blood
at 2300g for 10 min. ALT, AST, triglycerides, LDL, HDL and total cholesterol levels in serum were measured
using AU480 chemistry analyzer (Beckman Coulter, Brea, California, United States). Plasma insulin concentra-
tions were measured by ELISA (Mercodia, Uppsala, Sweden).

Tissue homogenization and Western blot. Liver samples were homogenized using a tissue lyser in
RIPA buffer and protein concentration was measured using the colorimetric Bradford reagent (Bio-Rad, Naza-
reth, Belgium). Equal amounts of proteins were run on SDS-PAGE gel and transferred to Hybond-nitrocellu-
lose membranes. Membranes were incubated with corresponding primary antibodies overnight at 4 °C. After
incubation with HRP conjugated secondary antibodies, blots were developed by enhanced chemiluminescence
(Thermo Scientific, Waltham, Massachusetts, United States) according to manufacturer’s instructions. Antibod-
ies are listed in Supplementary Table 1.

RNAseqand qRT-PCR. RNAsequencing (RNAseq) and qRT-PCR were performed on RNA extracted from
individual livers of CD and HFD fed WT and DUSP3-KO mice of 18 months old and according to the protocols
in the Supplementary Information. Primers used for QRT-PCR are listed in Supplementary Table S2.

Statistical analysis. Statistical analysis and graphics were performed using GraphPad prism 7. The val-
ues plotted represent the mean of the biological replicates + the standard deviation (SD). Mann-Whitney tests
were employed when two groups were compared. P-value less than 0.05 was considered as significant. *p <0.05,
**p <0.01, **p <0.001. For high throughput sequencing, statistical significance was assessed using the g-value.
One-way ANOVA was used to compare means between groups and a Bonferroni correction was applied to
account for multiple testing.

Scientific Reports |

(2021) 11:5817 | https://doi.org/10.1038/s41598-021-85089-6 nature portfolio



www.nature.com/scientificreports/

Received: 3 September 2020; Accepted: 25 February 2021
Published online: 12 March 2021

References

1.

Anstee, Q. M., Reeves, H. L., Kotsiliti, E., Govaere, O. & Heikenwalder, M. From NASH to HCC: Current concepts and future
challenges. Nat. Rev. Gastroenterol. Hepatol. 16, 411-428 (2019).

2. Younossi, Z. M. et al. Global epidemiology of nonalcoholic fatty liver disease—Meta-analytic assessment of prevalence, incidence,
and outcomes. Hepatology 64, 73-84 (2016).
3. Wang, S. et al. Hepatocyte DUSP14 maintains metabolic homeostasis and suppresses inflammation in the liver. Hepatology 67,
1320-1338 (2018).
4. Ye, P. et al. Dual-specificity phosphatase 9 protects against nonalcoholic fatty liver disease in mice through ASK1 suppression.
Hepatology 69, 76-93 (2019).
5. Ye, P. et al. Dual-specificity phosphatase 26 protects against nonalcoholic fatty liver disease in mice through transforming growth
factor beta-activated kinase 1 suppression. Hepatology 69, 1946-1964 (2019).
6. Huang, Z. et al. Dual specificity phosphatase 12 regulates hepatic lipid metabolism through inhibition of the lipogenesis and
apoptosis signal-regulating kinase 1 pathways. Hepatology 70, 1099-1118 (2019).
7. Wu, . ]. et al. Mice lacking MAP kinase phosphatase-1 have enhanced MAP kinase activity and resistance to diet-induced obesity.
Cell Metab. 4, 61-73 (2006).
8. Cerignoli, F,, Rahmouni, S., Ronai, Z. & Mustelin, T. Regulation of MAP kinases by the VHR dual-specific phosphatase: Implica-
tions for cell growth and differentiation. Cell Cycle 5, 2210-2215 (2006).
9. Monteiro, L. E, Ferruzo, P. Y. M., Russo, L. C,, Farias, J. O. & Forti, F. L. DUSP3/VHR: A druggable dual phosphatase for human
diseases. Rev. Physiol. Biochem. Pharmacol. 176, 1-35 (2019).
10. Kang, T.-H. & Kim, K.-T. Negative regulation of ERK activity by VRK3-mediated activation of VHR phosphatase. Nat. Cell Biol.
8, 863-869 (2006).
11. Henkens, R. et al. Cervix carcinoma is associated with an up-regulation and nuclear localization of the dual-specificity protein
phosphatase VHR. BMC Cancer 8, 1-9 (2008).
12. Arnoldussen, Y. ]. et al. The mitogen-activated protein kinase phosphatase Vaccinia H1-related protein inhibits apoptosis in prostate
cancer cells and is overexpressed in prostate cancer. Cancer Res. 68, 9255-9264 (2008).
13. Hao, L. & EIShamy, W. M. BRCA1-IRIS activates cyclin D1 expression in breast cancer cells by downregulating the JNK phosphatase
DUSP3/VHR. Int. ]. Cancer. 121, 39-46 (2007).
14. Wang, ]. Y. et al. Vaccinia H1-related phosphatase is a phosphatase of ErbB receptors and is down-regulated in non-small cell lung
cancer. J. Biol. Chem. 286, 10177-10184 (2011).
15. Amand, M. et al. DUSP3/VHR is a pro-angiogenic atypical dual-specificity phosphatase. Mol. Cancer. 13, 108 (2014).
16. Singh, P. et al. DUSP3 genetic deletion confers M2-like macrophage-dependent tolerance to septic shock. J. Immunol. 194, 4951
4962 (2015).
17. Vandereyken, M. M. et al. Dual-specificity phosphatase 3 deletion protects female, but not male, mice from endotoxemia-induced
and polymicrobial-induced septic shock. J. Immunol. 199, 2515-2527 (2017).
18. Musumeci, L. et al. Dual-specificity phosphatase 3 deficiency or inhibition limits platelet activation and arterial thrombosis.
Circulation 131, 656-668 (2015).
19. Vandereyken, M. et al. Dusp3 deletion in mice promotes experimental lung tumour metastasis in a macrophage dependent man-
ner. PLoS ONE 12, 0185786 (2017).
20. Vesselinovitch, S. D. & Mihailovich, N. Kinetics of diethylnitrosamine hepatocarcinogenesis in the infant mouse. Cancer Res. 43,
4253-4259 (1983).
21. Emanuelli, B., Eberlé, D., Suzuki, R. & Kahn, C. R. Overexpression of the dual-specificity phosphatase MKP-4/DUSP-9 protects
against stress-induced insulin resistance. Proc. Natl. Acad. Sci. U. S. A. 105, 3545-3550 (2008).
22. Guo, S. Molecular basis of insulin resistance: The role of IRS and Foxol in the control of diabetes mellitus and its complications.
Drug Discov. Today Dis. Mech. 10, €27-33 (2013).
23. Boucher, J., Kleinridders, A. & Ronald, K. C. Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb.
Perspect. Biol. 6,2009191 (2014).
24. Elchebly, M. et al. Increased insulin sensitivity and obesity resistance in mice lacking the protein tyrosine phosphatase-1B gene.
Science (80-). 283, 1544-1548 (1999).
25. Klaman, L. D. et al. Increased energy expenditure, decreased adiposity, and tissue-specific insulin sensitivity in protein-tyrosine
phosphatase 1B-deficient mice. Mol. Cell. Biol. 20, 5479-5489 (2000).
26. Zabolotny, J. M. et al. PTP1B regulates leptin signal transduction in vivo. Dev. Cell. 2, 489-495 (2002).
27. Cheng, A. et al. Attenuation of leptin action and regulation of obesity by protein tyrosine phosphatase 1B. Dev. Cell. 2, 497-503
(2002).
28. Delibegovic, M. et al. Liver-specific deletion of protein-tyrosine phosphatase 1B (PTP1B) improves metabolic syndrome and
attenuates diet-induced endoplasmic reticulum stress. Diabetes 58, 590-599 (2009).
29. Petersen, M. C. & Shulman, G. I. Mechanisms of insulin action and insulin resistance. Physiol. Rev. 98, 2133-2223 (2018).
30. Withers, D. J. et al. Disruption of IRS-2 causes type 2 diabetes in mice. Nature 391, 900-904 (1998).
31. Matschinsky, E. M. & Wilson, D. E. The central role of glucokinase in glucose homeostasis: A perspective 50 years after demonstrat-
ing the presence of the enzyme in islets of Langerhans. Front. Physiol. 10, 148 (2019).
32. Grimsby, J. et al. Allosteric activators of glucokinase: Potential role in diabetes therapy. Science (8-). 301, 370-373 (2003).
33. Matschinsky, E. M. Assessing the potential of glucokinase activators in diabetes therapy. Nat. Rev. Drug Discov. 8, 399-416 (2009).
34. Bedossa, P. et al. Utility and appropriateness of the fatty liver inhibition of progression (FLIP) algorithm and steatosis, activity,
and fibrosis (SAF) score in the evaluation of biopsies of nonalcoholic fatty liver disease. Hepatology 60, 565-575 (2014).
35. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH image to Image]: 25 years of image analysis HHS public access. Nat. Methods.
9, 671-675 (2012).
36. Matthews, D. R. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28, 412-419 (1985).
Acknowledgements

The authors gratefully acknowledge the GIGA-Genomics, GIGA-Imaging, GIGA-Viral Vectors and GIGA-
Immunobhistology staff members and the ULiege animal facility services for their assistance during the study.

Scientific Reports |

(2021) 11:5817 | https://doi.org/10.1038/s41598-021-85089-6 nature portfolio



www.nature.com/scientificreports/

Author contributions

Conceived and designed the experiments: S.R. Performed the experiments: S.J., A.A., H.P., M.W., M.M. (Mni),
M.A.B., V.T.,, J.W, G.B., E.D.V. Analyzed the data: S.J., A.A., H.P, P.C., M.A.B., AH, G.B., AP, PD.,, C.O, AM,,
A.L., M.M. (Moutschen), N.P. Wrote the manuscript: S.R., S.J.

Funding
Télévie (FNRS), Grants N°s 25092907 and 30444023; FRS-FNRS PDR Grant N°33652546; Grants from Fonds
Spéciaux at Université de Liége; Grant from La Fondation Léon Fredericq.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-85089-6.

Correspondence and requests for materials should be addressed to S.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5817 | https://doi.org/10.1038/s41598-021-85089-6 nature portfolio


https://doi.org/10.1038/s41598-021-85089-6
https://doi.org/10.1038/s41598-021-85089-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dual-specificity phosphatase 3 deletion promotes obesity, non-alcoholic steatohepatitis and hepatocellular carcinoma
	Results
	The genetic deletion of DUSP3 promotes obesity. 
	DUSP3 deletion promotes NAFLD, NASH, fibrosis and HCC under HFD. 
	DUSP3 deletion associated with HFD strongly promote DEN-Induced hepatocarcinogenesis. 
	DUSP3 deficiency exacerbates HFD-induced insulin resistance. 
	DUSP3 expression is reduced under HFD and its genetic deletion enhances IR phosphorylation and signaling. 
	RNA-seq transcriptome analysis and validation. 

	Discussion
	Material and methods
	Mice, high fat diet and liver tumorigenesis. 
	Immunohistochemistry. 
	MicroCT imaging. 
	Glucose tolerance assay. 
	HOMA. 
	Serological and biochemical analyses. 
	Tissue homogenization and Western blot. 
	RNAseq and qRT-PCR. 
	Statistical analysis. 

	References
	Acknowledgements


