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staining showed that liver brosis was developed in Ad-Igf2bp2-
infected mice (Fig. 4k and I). Collectively, these results suggest that
IGF2BP2 overexpression can rapidly induce NASH pathogenesis in
mice on a normal chow diet. Of note, all of the metabolic phe-
notypes examined were comparable between mice administered
with PBS and Ad-GFP, suggesting that adenovirus in our study did
not induce liver in ammation and injury. In addition, adenovi-
rus-mediated overexpression of IGF2BP2 in mouse primary hepat-
ocytes also resulted in massive cellular triglyceride accumulation
and upregulation of in ammatory genes (Supplementary Fig.
S4a and b). Collectively, our ndings suggest that overexpression
of IGF2BP2 can rapidly induce NASH phenotypes in mice in the
absence of additional special dietary or chemical interventions.

Adeno-associated virus-mediated hepatic
overexpression of IGF2BP2 induces NASH
phenotypes

Considering that adenovirus would gradually be extinguished
in the liver, adeno-associated virus (AAV)-mediated gene trans-
duction was used. AAV-mediated gene expression did not induce
immune response and could be sustained in the liver for more
than 5 months [25, 26]. C57BL/6 mice were administered with
AAV9-containing Igf2bp2 gene or GFP driven by a liver thyroid hor-
mone-binding globulin promoter through tail vein injection. Mice
were kept on a normal diet and sacri ced at 8 weeks post-injec-
tion (Fig. 5a). Western blots showed that protein levels of IGF2BP2
were elevated in the livers of AAV-Igf2bp2 group, compared with
the AAV-GFP group (Fig. 5b). While body weight was compara-
ble between the two groups (Fig. 5¢), liver weight and liver/body
weight ratio was signi cantly increased in mice with AAV-Igf2bp2
(Fig. 5d and e). Hepatic and plasma triglyceride contents, and
plasma total cholesterol levels were elevated in AAV-lgf2bp2-
injected mice (Fig. 5f-h). Persistent overexpression of IGF2BP2
also increased plasma ALT and AST levels in mice (Fig. 5i and
j)- Histology analysis con rmed that AAV-Igf2bp2-injected mice
developed severe hepatic steatosis and in ammation, hepatocyte
apoptosis, and liver brosis as revealed by H&E, Oil Red O, F4/80,
TUNEL, Sirius red and Masson staining, respectively (Fig. 5k and
1). Collectively, these results demonstrate that the NASH-inducing
effect of IGF2BP2 in mice can be reproduced by AAV-mediated
gene transduction.

Gene expression analysis of
IGF2BP2-expressing mice

We next examined the molecular features of mice with IGF2BP2
overexpression. First, similar to what occurred in the livers of
NASH patients [17], immunoblotting analysis showed that phos-
phorylation levels of JINK and NF- B, two major upstream regu-
lators of hepatic in ammation, were increased in the livers of
Ad-Igf2bp2-infected mice (Fig. 6a). c-FLIP , a cell death inhibitory
protein that suppresses hepatocyte apoptosis [27, 28], is nega-
tively regulated by JNK signaling in the liver [17]. As expected,
we found that protein levels of c-FLIP,_ were reduced in the liv-
ers of mice expressing Ad-Igf2bp2 (Fig. 6b). In agreement, protein
contents of cleaved Caspase 3 were elevated while full-length
Caspase 3 was accumulated (Fig. 6b), which is consistent with
increased hepatocyte apoptosis in TUNEL assays (Fig. 4k and 1).
Alterations of these molecular pathways were also observed in
mice expressing AAV-1gf2bp2 (Fig. 6¢ and d).

We next performed transcriptome analysis by RNA-seq using
the livers from Ad-lgf2bp2-, Ad-GFP-, and PBS-injected mice.
While the hepatic gene expression pattern was similar between
Ad-GFP- and PBS-injected mice, IGF2BP2-overexpressing mice
exhibited a strikingly different pro le (Fig. 6e). In comparison
with Ad-GFP mice, 1664 genes were signi cantly upregulated and
106 genes were signi cantly downregulated (Fig. 6f, fold change
>2.0, P < 0.5). Gene ontology analysis further showed that upreg-
ulated genes were mainly enriched in in ammatory response,
cell death, T-cell activation, wound healing response, interferon
production, and fatty acid metabolic processes, all of which are
typical characteristics of NASH livers (Fig. 6Q).

We then investigated whether the livers of IGF2BP2-
overexpressing mice possessed a similarity in in ammatory and

brotic gene expression patterns to the livers of NASH patients.
In particular, we focused on the expression of genes that have
been well established in association with hepatic in ammation
and brosis [29]. All of these genes were substantially upreg-
ulated in the livers of Ad-Igf2bp2-infected mice (Fig. 6h). We
further selected some genes to perform qRT-PCR analysis to val-
idate their expression. In support of RNA-seq data, expression
levels of candidate genes were signi cantly upregulated in the
livers of mice with IGF2BP2 overexpression (Fig. 6i and j). To fur-
ther explore to what extent the IGF2BP2-expressing mice could
mimic the human NASH pathogenesis in the clinic, a public
database in which differential gene expression between clini-
cally pathologically de ned NASH patients and normal subjects
was analyzed [30]. Notably, expression levels of in ammatory
and brotic genes in our mouse models were similarly upreg-
ulated as observed in NASH patients (Supplementary Fig. S5a
and b). Taken together, our ndings demonstrate that hepatic
overexpression of IGF2BP2 mimicked gene expression pro les of
NASH patients.

IGF2BP2 overexpression induced neutrophil
in Itration in the liver

Compared with obese patients with simple steatosis or high-fat-
diet-induced fatty liver, another key feature of human NASH is a
dramatic in Itration of neutrophils [29, 31]. Neutrophil recruit-
ment is mainly regulated to in ammatory sites by chemokines
[32], including hepatocyte-derived Cxcll and Cxcl2. Interestingly,
expression of these chemokines is regulated by in ammatory sig-
naling, such as NF- B pathway [33, 34]. As expected, our RNA-seq
data showed that mRNA levels of many chemokines and chemok-
ine receptors were elevated in the livers of Ad-lgf2bp2-injected
mice (Fig. 7a). Upregulation of these genes was further con rmed
by gqRT-PCR in the livers of mice expressing Ad-IGF2BP2 or AAV-
IGF2BP2 (Fig. 7b and c). Speci cally, NF- B signaling activation and
upregulation of Cxcll and Cxcl2 were con rmed in mouse pri-
mary IGF2BP2-overexpressing hepatocytes (Supplementary Fig.
S6a and b). Besides, neutrophil granule proteins [35, 36], including
S100 calcium-binding protein A8 (S100A8), S100 calcium-binding
protein A9 (S100A9), and lipocalin-2 (Lcn2), were also signi cantly
upregulated in the Ad-1gf2bp2- and AAV-Igf2bp2-infected mice
(Fig. 7d and e). Consistently, immunohistochemistry and gqRT-
PCR analysis showed that Ly6G, a neutrophil marker [37, 38], was
increased in the livers of mice with IGF2BP2 overexpression (Fig.
7f k). Collectively, these results indicate that neutrophil in Itra-
tion was increased in the livers of IGF2BP2-overexpressing mice,
further supporting the notion that IGF2BP2 can promote NASH
progression.
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Figure 5 AAV-mediated overexpression of IGF2BP2 induces NASH phenotypes in C57BL/6 mice. (a) Experimental design. C57BL/6J at 8 weeks of age
were administered with adeno-associated virus containing Igf2bp2 or GFP. Mice were sacri ced 8 weeks post-injection for analysis. n = 8 per group. (b)
Protein levels of IGF2BP2 in the livers of two groups of mice. (c) Body weights. (d) Liver weights. (e) Liver/body weight ratio. (f) Liver triglyceride content.
(9) Plasma triglyceride levels. (h) Plasma total cholesterol levels. (i j) Plasma ALT and AST levels. (k) Liver histology analysis, including H&E, Oil red O,
F4/80, TUNEL, Sirius red, and Masson staining. Scale bar, 50 m. (I) Quantitation of F4/80, TUNEL, Sirius red, and Masson staining. Data are represented

as mean — SEM. *P < 0.05, **P < 0.001 by two-tailed Students t test (b j, I).

IGF2BP2 increased the expression and
MRNA stability of TAB2

A recent study showed that IGF2BP2 could promote liver steato-
sis by enhancing PPAR mRNA stability [39]. In agreement, our
results con rmed that mRNA expression levels of PPAR and
its downstream target gene CD36 were increased in the livers
of mice expressing Ad- or AAV-Igf2bp2 (Fig. 8a and b). However,
studies in humans and mice have shown that activation of PPAR

can ameliorate hepatic in ammation and brosis [40 42]. Thus,

we speculate that IGF2BP2 may promote steatohepatitis through
alternative mechanisms.

Several upstream genes, including Tab2, Takl, Tab3, Traf6,
and IKK , have been identi ed as central signalosomes in the
activation of in ammation response [43]. Based on RNA immu-
noprecipitation (RIP)-coupled high-throughput sequencing
[44], hundreds of mRNAs were found to bind with IGF2BP2. By
screening this database, we noticed that Tab2 is a potential tar-
get of IGF2BP2. Through assembling with its binding partners
such as TAK1, TAB2 can activate both JNK and NF- B pathways
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Figure 6 Gene expression analysis of IGF2BP2-overexpressing mice. Gene expression and RNA-seq analysis in the livers from Ad-1gf2bp2-, Ad-GFP-, and
PBS-injected mice. (a) Protein levels of phosphorylated p65 and JNK in the livers of three groups of mice. Total p65 and JNK were used as loading con-
trols. p: phosphorylated. t: total. (b) Protein levels of c-FLIP , cleaved, and full-length Caspase 3 in the livers from three groups of mice as indicated. FI:
Full length. (c) Protein levels of phosphorylated p65 and JNK in the livers from AAV-Igf2bp2- and AAV-GFP-injected mice. Total p65 and JNK were used
as loading controls. (d) Protein levels of c-FLIP , cleaved and full-length Caspase 3 in the livers from two groups of mice as indicated. (e) Heatmap illus-
tration of gene expression pro les from three groups of mice. (f) Dysregulated genes between Ad-lgf2bp2- and Ad-GFP-injected mice. (g) Gene ontology
analysis of upregulated genes. (h) Heatmap illustration showing expression pro les of genes involved in in ammation and brosis in Ad-Igf2bp2- and
Ad-GFP-injected mice. (i) Relative mRNA levels of genes involved in in ammation and brosis in Ad-Igf2bp2-, Ad-GFP- and PBS-injected mice. (j) Relative
mMRNA levels of genes involved in in ammation and brosis in AAV-Igf2bp2- and AAV-GFP-injected mice. Data are represented as mean — SEM. *P < 0.05,
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P < 0.01, **P < 0.001 by one-way ANOVA (i) or two-tailed Student s t-test (j).
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Figure 7 Neutrophil in Itration in the livers of IGF2BP2-overexpression mice. (a) Heatmap illustration shows the expression pro les of chemokines
and chemokine receptors in Ad-Igf2bp2- and Ad-GFP-injected mice. (b) Relative mRNA levels of chemokines and chemokine receptors in Ad-Igf2bp2-,
Ad-GFP- and PBS-injected mice. (c) Relative mRNA levels of chemokines and chemokine receptors in AAV-Igf2bp2- and AAV-GFP-injected mice. (d)
Relative mRNA levels of S100A8, S100A9, and Lcn2 in Ad-Igf2bp2-, Ad-GFP- and PBS-injected mice. (e) Relative mRNA levels of S100A8, S100A9, and Lcn2
in AAV-1gf2bp2- and AAV-GFP-injected mice. (f) Ly6g staining of liver sections from Ad-lgf2bp2-, Ad-GFP-, and PBS-injected mice. (g) Quanti cation of
Ly6g staining. (h) Relative mRNA levels of Ly6g from three groups of mice. (i) Ly6g staining of liver sections from AAV- Igf2bp2- and AAV-GFP-injected
mice. (j) Quanti cation of Ly6g staining. (k) Relative mRNA levels of Ly6g from two groups of mice. Data are represented as mean — SEM. *P < 0.05, *P <
0.01, **P < 0.001 by one-way ANOVA (b,d,g,h) or two-tailed Student s t-test (c,e,j k).

[45]. Therefore, we speculated that Tab2 could be a target of
IGF2BP2 to contribute to hepatic in ammation. As a result,
mMRNA and protein levels of TAB2 were dramatically upregulated
in the livers of mice expressing Ad-lgf2bp2 (Fig. 8c and d). In
contrast, other key regulators of in ammation, including Tak1,
Tab3, Traf6, and IKK , remained unaffected (Fig. 8e). Similar
results were also obtained in the livers of mice expressing AAV-
Igf2bp2 (Fig. 8f h). Our RNA immunoprecipitation assays fur-
ther showed the interaction of IGF2BP2 with Tab2 mRNA (Fig.
8i), which increased the mRNA stability of Tab2 as revealed in
RNA decay analysis (Fig. 8j).

Discussion

In the present study, we unexpectedly found that IGF2BP2, an
m6A reader, was upregulated in the livers from three mouse
models of hepatic in ammation, injury, and brosis. The m6A
modi cation role of IGF2BP2 is required for the proper regulation
of genes involved in embryonic development, tumorigenesis, and
hematopoietic stem cell function [22, 46, 47]. Besides, a recent
study showed that IGF2BP2 regulates hepatic lipid metabolism
through enhancing PPAR  mRNA stability [39]. The steatotic role
of IGF2BP2 overexpression was supported by our observations.
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