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METHODS: Assessment of GMFB in liver histology, impact on
liver regeneration and hepatocyte proliferation, and the underlying molecular pathways were conducted using mouse
models with acute liver injury.

similar in gross appearance, body weight, liver function, and
histology. However, compared with wild-type control, Gmfb
knockout mice post-PHx develop more serious liver damage
and steatosis and have delayed liver regeneration; the dominant change in liver transcriptome at 24 hours after PHx is the
signiﬁcantly suppressed acute inﬂammation pathways; the top
down-regulated gene sets relate to interleukin (IL)6/Janus kinase/signal transducer and activator of transcription 3 (STAT3)
signaling. Another mouse model intoxicated with carbon tetrachloride replicated these ﬁndings. Furthermore, Gmfb
knockout and wild-type groups have the similar numbers of
Kupffer cells, but Gmfb knockout Kupffer cells once stimulated
produce less IL6, tumor necrosis factor, and IL1b. In hepatocytes treated with IL6, GMFB associates positively with cell
proliferation and STAT3/cyclin D1 activation, but without any
direct interaction with STAT3. In Gmfb knockout hepatocytes,
cytoskeleton-related gene expression was changed signiﬁcantly,
with an abnormal-appearing morphology of actin networks. In
hepatocyte modeling, actin-ﬁlament turnover, STAT3 activation, and metabolite excretion show a strong reliance on the
status of actin-ﬁlament organization.

RESULTS: GMFB is widely distributed in normal liver. Its
expression increases within 24 hours after partial hepatectomy
(PHx). Adult Gmfb knockout mice and wild-type littermates are

CONCLUSIONS: GMFB plays a signiﬁcant role in liver regeneration by promoting acute inﬂammatory response in Kupffer cells
and by intracellularly coordinating the responsive hepatocyte

SUMMARY
Glia maturation factor-b, an actin-remodeling factor, has
shown important implications in liver diseases. We report
on its role in liver pathophysiology. Glia maturation factor-b
signiﬁcantly supports liver regeneration after acute injury
by promoting a proinﬂammatory microenvironment and
hepatocyte proliferation.

BACKGROUND & AIMS: Glia maturation factor-b (GMFB) is a
bona ﬁde member of the actin depolymerizing factor homology family. Recently, emerging evidence suggested its implication in liver diseases, but data on its role in liver remain
limited.
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proliferation. (Cell Mol Gastroenterol Hepatol 2022;14:1123–1145;
https://doi.org/10.1016/j.jcmgh.2022.07.016)
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N

ormal liver is characterized by a remarkable
regeneration capacity. In response to diverse injuries or resection, quiescent hepatocytes can be triggered
to regenerate and restore the original mass and function.1,2
Liver regeneration is a multistep and timely orchestrated
process. A number of signaling molecules have been
recognized regulating liver regeneration.3,4 After 2/3 partial
hepatectomy (PHx), in the acute phase response, tumor
necrosis factor (TNF) and interleukin (IL)1b induce activation of nuclear factor-kB (NF-kB) and increase the release of
IL6.5,6 When IL6 combines with its membrane receptor,
signal transducer and activator of transcription 3 (STAT3)
becomes phosphorylated at tyrosine 705 (Y705) by
receptor-associated Janus kinase (JAK). The phospho-STAT3
(p-STAT3) enters into the nucleus after dimerization and
binds to the cyclin D1 promoter. Then, the hepatocyte
proliferation begins.7,8
Glia maturation factor (GMF) is a bona ﬁde member of
the actin depolymerizing factor homology family conserved
from yeast to mammals.9 Glia maturation factor-b (GMFB), a
GMF isoform, has speciﬁc activity in regulating the spatial
organization of actin ﬁlaments. GMFB binds to actin-related
protein 2/3 complex to remodel branched actin-ﬁlaments
networks, thus underpinning cell motility and endocytic
trafﬁcking.10,11 Meanwhile, there also is collective evidence
indicating that GMFB is related to brain development and its
response to various stresses.12–14 GMFB facilitates the
secretion of proinﬂammatory factors in microglia cells in the
brain, and its silencing can block the activation of inﬂammatory pathways such as p38 mitogen-activated protein
kinase and NF-kB.13,14 GMFB also has been identiﬁed in the
human liver proteome.15,16 The level of GMFB in early stage
hepatocellular carcinoma (HCC) has been shown to be
signiﬁcantly higher than that in the surrounding non-HCC
liver tissue,16 and, in a very recent study, it even shows
signiﬁcant correlation with HCC prognosis.17 However, data
on the particular role of GMFB in the liver remain very
limited.
Given these developments, in this study we aimed to
determine the histologic distribution of GMFB in the liver,
its associated cellular function, and the possible molecular
pathways in the process of liver regeneration after acute
damage by using mouse models. We hypothesized that
GMFB could be involved positively in liver regeneration.

Results
GMFB Is Expressed Physiologically in Liver Cells
and Its Expression Increases With Liver
Regeneration After PHx
We ﬁrst assessed the presence of GMFB in the normal
liver of C57BL/6 mice. GMFB was found to be widely

distributed in the liver and relatively more in the cytoplasm
of liver cells (Figure 1A). After 2/3 PHx, the level of GMFB in
the remnant liver had a marked increase starting at 6 hours
and peaking at 48 hours compared with the baseline level
(Figure 1B). We then co-stained liver sections with antiGMFB, anti-Hepatocyte nuclear factor 4a (HNF4a, hepatocyte marker), anti-F4/80 (Kupffer cell marker), and antidesmin (hepatic stellate cell marker) antibodies, hepatocytes,
and Kupffer cells, but not hepatic stellate cells (HSCs), are
clearly discernible for the positive staining of GMFB (Figure
1C). Because HSCs appear too small in the liver section images to be clearly examined for their GMFB staining, we
isolated these cells and observed them in vitro. The HSCs
were shown to be GMFB-positive either at their quiescent
state (3 days after seeding) or their activated state (21 days
after seeding) (Figure 2). In addition, we explored several
clinical databases containing liver transcriptome or proteome, and found that GMFB expression was increased in liver
of HCC or in those with chronic hepatitis, but was reduced in
liver with acute failure compared with normal controls
(Figure 3).16,18–21 These data also imply a positive correlation
between liver cell proliferation and GMFB expression.

GMFB Deﬁciency Has Delayed Liver
Regeneration After PHx
To determine the effect of GMFB on liver regeneration,
we constructed a Gmfb knockout (KO) C57BL/6 mouse line
by clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated (Cas) system 9 (CRISPRCas9). Gmfb KO was conﬁrmed by Western blot (Figure 1D),
quantitative real-time polymerase chain reaction (qPCR)
(Figure 1D), and immunoﬂuorescence assays (Figure 1E).
Gmfb KO mice and wild-type (WT) littermates are similar in
terms of appearance, gross behavior, general health, and
body weight. Furthermore, neither H&E staining nor ultrastructural microscopy showed any obvious differences in
liver sections between the 2 groups (Figure 1E). A hepatic
biochemical panel including alanine aminotransferase,
*Authors share co-ﬁrst authorship.
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cyclin-dependent
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5chloromethylﬂuorescein
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Figure 1. GMFB expression is related positively to liver regeneration in mice after PHx. (A) Representative immunoﬂuorescent images showing distribution of GMFB (anti-GMFB, red) in normal liver tissues from WT mice and GMFB protein
expression in cytoplasm and nucleus of liver cells. n ¼ 5 mice for each group. Scale bar: 50 mm. (B) Expression levels of GMFB
protein and messenger RNA (mRNA) in liver of WT mice at the indicated time points after PHx. n ¼ 5 mice for each group. Oneway analysis of variance, *P < .05, ***P < .001, vs 0 hours after PHx. (C) Representative immunoﬂuorescent images in liver
tissue slices from WT mice after PHx showing distribution of GMFB (anti-GMFB, green) in Kupffer cells (anti-F4/80, red),
hepatocytes (anti-HNF4a, red), and HSCs (antidesmin, red). Scale bar: 50 mm. (D) Expression levels of GMFB protein and
mRNA in liver from Gmfb KO and WT mice. n ¼ 6 mice for each group. Two-tailed t test, ****P < .0001, vs WT controls. (E)
Representative immunoﬂuorescent (anti-GMFB, red; DAPI, blue; scale bar: 50 mm), H&E staining (scale bar: 50 mm), and
transmission electron microscopy (TEM) (scale bar: 2 mm) images in slices of liver tissue from Gmfb KO and WT mice. (F)
Remnant liver volume from Gmfb KO and WT mice at 7 days after PHx (scale bar: 1 mm) and liver-to–body weight ratio at the
indicated time points after PHx. n ¼ 4 mice for each group. Two-tailed t test, *P < .05, vs WT controls. (G) Representative
immunochemical images in anti-MKI67 (brown) and anti–proliferating cell nuclear antigen (PCNA)-stained (brown) liver sections from Gmfb KO and WT groups. Scale bar: 50 mm. (H) Quantiﬁcation of MKI67 and PCNA-positive staining cells in liver
slices from Gmfb KO and WT groups. n ¼ 4 mice for each group. Two-tailed t test, *P < .05, **P < .01, and ***P < .001, vs WT
controls. (I) Expression levels of CDK4, CDK2, and histone H3 serine 10 phosphorylation (pH3S10) proteins in liver from Gmfb
KO and WT mice at the indicated time points after PHx. n ¼ 5 mice for each group. Two-tailed t test, *P < .05, **P < .01, and
***P < .001, vs WT controls. Data represent the average of 3 independent experiments. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; KC, Kupffer cell.

aspartate aminotransferase, total bilirubin, and alkaline
phosphatase also showed no differences between the 2
groups.
Then, Gmfb KO and WT mice were subjected to PHx. At 6
hours after PHx, both groups start to drink water and slight
movement and have no mortality before being killed.

Normally, the liver-to–body weight ratio in rodents will reestablish to original levels within 5–7 days after PHx.22
However, compared with WT controls, Gmfb KO mice
recovered with a smaller volume of remnant liver, showing
the signiﬁcantly lower liver-to–body weight ratio after 7
days post-PHx (Figure 1F). Nonetheless, at 28 days after
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Figure 2. Presence of
GMFB in HSCs isolated
from WT mice. Representative immunoﬂuorescent
images showing the presence of GMFB (anti-GMFB,
green) and desmin (antidesmin, red) in primary
HSCs at 3, 14, and 21 days
after seeding. Scale bar: 20
mm. Data represent the
average of 3 independent
experiments.

PHx the liver volume and liver-to–body weight ratio in KO
mice was comparable with WT controls (Figure 1F). Further
examination of liver histology and hepatocyte size, including
average cell size and range of cell size, showed that these KO
mice at 28 days after PHx seem to have higher numbers of
large hepatocytes than the WT controls, but without any
statistical signiﬁcance (Figure 4). Even though the ﬁnal liver
regeneration was not abrogated, it does not imply the speciﬁc signaling pathway is not important, because rapid liver
regeneration or not can make the difference between life or
death in clinical practice.3
We further observed the liver regeneration status in
these mice. Liver histologic examination showed the significantly less proportions of positive staining of marker of
proliferation Ki-67 (MKI67) (marker for all phases of the
cell cycle) and proliferating cell nuclear antigen (marker for
DNA synthesis) in Gmfb KO mice at 48 and 72 hours after
PHx compared with WT controls (Figure 1G and H). Figure
1I further shows that G1 (cyclin-dependent kinase [CDK]4),
G1-S (CDK2), and mitosis (histone H3 serine 10 phosphorylation) phases of the cell cycle may have been perturbed in
Gmfb KO liver. Altogether, these data suggest that Gmfb KO
is associated with a slower liver regeneration after PHx.

Gmfb KO Liver Has Greater Hepatocyte Injury
and More Enhanced Hepatic Steatosis After PHx
Compared with WT control, Gmfb KO mice after PHx
have more vacuolated hepatocytes (Figure 5A). From 12 to
48 hours after PHx, the serum levels of the hepatic

biochemical panel in the Gmfb KO mice are approximately 1to 5-fold higher than in WT control (Figure 5B). These results suggest that GMFB deﬁciency could be associated with
greater injury in hepatocytes and more impaired hepatic
function.
Normally, in hepatocytes a signiﬁcant accumulation of
lipids will appear from 1 to 3 days after PHx.23 However,
compared with WT control, Gmfb KO mice show a significantly greater extent of liver steatosis and higher levels of
serum cholesterol and triglycerides from 12 to 48 hours
after PHx (Figure 5C and D). Such a difference also was
shown in the oleic acid cultured primary hepatocytes
isolated from Gmfb KO and WT mice (Figure 5E). We then
assessed the functional genes related to lipid and glucose
turnover in the liver samples. Figure 5F shows that, in
terms of cellular input, synthesis, metabolism, output of
lipids and glucose, and the formation of lipid droplets,
Gmfb KO and WT groups have a similar gene expression
levels at 0 hours (baseline); and at 24 hours after PHx, in
the Gmfb KO group only Acc1 (2.39 times higher; P < .01),
Gpam (1.51 times higher; P ¼ .011), and Ppara (0.59 times
lower; P ¼ .012) had levels that were different from their
WT controls at 24 hours (Figure 6A). However, these differences were nonsigniﬁcant at their protein levels (Figure
6B).
These data altogether show that most functional pathways underlying lipid turnover in hepatocytes of Gmfb KO
mice could be relatively as normal as the WT control.
Moreover, considering the basic molecular role of GMFB as a
bona ﬁde component in actin binding, we reasoned that the
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Figure 3. Expression levels of GMFB protein (proteome) and messenger RNA (transcriptome) in liver from chronic liver
disease and control groups in published clinical databases. (A) Proteomic data from database published by Jiang et al.16
N ¼ 110 paired liver tissues with chronic hepatitis B virus (HBV) infection. Two-tailed t test, ****P < .0001. (B–E) Transcriptomic
data from databases published by Moylan et al.18 (B) N ¼ 40 mild stage, 32 advanced-stage liver samples from nonalcoholic
fatty liver disease (NAFLD) patients. Two-tailed t test, **P < .01, as published by Ahrens et al.19 (C) N ¼ 14 healthy controls, 27
healthy obese, 18 nonalcoholic steatohepatitis, and 14 steatosis liver samples. One-way analysis of variance, *P < .05, as
published by Nissim et al.20 (D) N ¼ 10 healthy controls and 17 HBV-associated acute liver failure liver samples. Two-tailed t
test, as published by Affò et al.21 (E) N ¼ 7 healthy controls and 15 alcoholic hepatitis liver samples. Two-tailed t test,
****P < .0001.

higher accumulation of lipid droplets in hepatocytes with
GMFB deﬁciency might be driven in part by the impaired
cytoskeleton-transport route within the cells, which needs
further investigation.

Acute Inﬂammatory Pathways Generally Are
Attenuated in Gmfb KO Liver After PHx
We further analyzed the transcriptome of remnant liver
in Gmfb KO mice using RNA sequencing (RNA-seq). At 0hour baseline, compared with WT control, the Gmfb KO
group has 259 up-regulated genes and 631 down-regulated
genes (Figures 5G and 7A); the major differences from WT
control are the up-regulation of hepatic metabolism of fatty
acids and xenobiotics and the down-regulation of the inﬂammatory response (Figures 5H and 7E, Supplementary
Tables 1 and 2). At 24 hours after PHx, compared with 0hour baseline, the major changes in the WT group are
down-regulation of 1227 genes involving mainly metabolism processes related to xenobiotic and lipid metabolism,

and up-regulation of 759 genes involving mainly acute inﬂammatory response, acute-phase response, and cell
migration processes (Figures 5G and I, 7B and F, and
Supplementary Tables 1 and 2), which overall are the
typical functional shifts in liver regeneration after PHx.3
Compared with 0-hour baseline, the Gmfb KO group at 24
hours after PHx had a similar ratio of up-regulated to downregulated genes to the WT controls (Figures 5G and 7B and
C); but the major changes in the Gmfb KO group were the
down-regulation of metabolic processes related mainly to
amino acids and small molecules, and up-regulation of
ribosome biogenesis and nucleoside biosynthetic processes
(Figures 5J and 7G, and Supplementary Tables 1 and 2),
which is very different from the WT controls. At 24 hours
after PHx, compared with WT control, the Gmfb KO group
showed a dominant down-regulation of cellular response to
innate immune activating stimulus, and the up-regulation of
processes related mainly to DNA replication (Figures 5K,
and 7D and H, and Supplementary Tables 1 and 2). Noting
that most processes of cell inﬂammatory response, such as
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Figure
4. Histologic
assessment of hepatocytes in liver from mice at
672 hours after PHx. (A)
Representative H&E staining images in liver slices
from the indicated mice
groups. Scale bar: 50 mm. n
¼ 3–4 mice for each group.
(B–D)
Representative
immunoﬂuorescent images
in phalloidin (green) and
anti-HNF4a (red) -stained
liver cryosections from the
indicated mice groups
(scale bar: 20 mm), and
quantiﬁcation of the proportion of HNF4a-positive
staining cells with different
sizes and the average cell
size of HNF4a-positive
staining cells in these slices. n ¼ 3–4 mice for each
group. Two-tailed t test, vs
WT controls.

TNF, Toll-like receptor, NF-kB, mitogen-activated protein
kinase signaling pathways, and related functions such as
cytokine binding and activity, chemokine receptor binding and
activity overwhelmingly are down-regulated (Supplementary
Tables 1 and 2), so the acute inﬂammatory response in
Gmfb KO liver after PHx could be impaired substantially.
Furthermore, because their liver cells have no obvious deﬁciency in the functional process of DNA replication, the delayed
liver regeneration in Gmfb KO mice could be associated mainly
with the deﬁcient inﬂammatory response in liver.

IL6/JAK/STAT3/Cyclin D1 Axis and
Proinﬂammatory Microenvironment in Gmfb KO
Liver After PHx Are Suppressed Signiﬁcantly
We further identiﬁed the gene sets related to the suppressed functional processes in liver regeneration in Gmfb KO
vs WT groups. On gene set enrichment analysis, the top one
gene set with the most statistical signiﬁcance was related to
IL6/JAK/STAT3 signaling (Figure 8A and B), for which most
genes in the Gmfb KO group at 24 hours after PHx had lower
levels of expression than their WT controls (Figure 8C).
Interestingly, in the Gmfb KO groups, expression levels of
these genes at 24 hours after PHx were similar to or even
lower than their own expression levels at 0-hour baseline
(Figure 8C). Thus, IL6/JAK/STAT3 signaling in the acute inﬂammatory response to PHx seems likely to be generally
inhibited in Gmfb KO liver.
In the acute inﬂammatory response during liver regeneration after PHx, inﬂammatory cytokines such as IL6, TNF,

and IL1b play an important role in orchestrating the intracellular pathways for cell proliferation and cell–cell interaction.4 We further determined, as shown in Figure 8D, that
the expressions of IL6, TNF, and IL1b all are up-regulated in
the remnant liver of WT mice from 3 to 24 hours after PHx,
noting that IL6 shows a dramatically increased expression
as early as 3 hours and increases up to a 5-fold higher
expression level at 48 hours than its baseline level, which is
important for the initiation and maintenance of the regeneration process3; but in the Gmfb KO group, as anticipated,
the up-regulation of these cytokines has been attenuated
overall. IL6 directly promotes liver cell proliferation and
protection and is a key cytokine in liver regeneration after
PHx.4,24 The remnant liver in Gmfb KO mice also shows a
lower level of IL6-positive staining than the WT control
(Figure 8E).
The major pathway that mediates the effect of IL6 on liver
proliferation after acute injury is the JAK/STAT3/cyclin D1
cascade.25–27 STAT3 is phosphorylated by the IL6receptor–associated activated JAK and translocated to cell
nucleus and then mediates the transcription of target genes
such as cyclin D1. In the Gmfb KO group, the levels of phospho-JAK2 (p-JAK2) and p-STAT3 (Y705) both are signiﬁcantly
lower than those in WT controls from 3 hours to the proliferation peak 48 hours after PHx (Figure 8F). The level of
cyclin D1 is decreased signiﬁcantly in an accordant way
(Figure 8F). These data not only conﬁrmed the earlierdescribed transcriptome ﬁndings about the suppressed IL6/
JAK/STAT3 signaling, but also partly explain the impaired
proliferation of liver cells.
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Figure 5. Liver tissue injury and transcriptomics proﬁling in Gmfb KO mice after PHx. (A) Representative H&E staining
images in liver slices from indicated mice. Black arrows indicate vacuolated hepatocytes. Scale bar: 50 mm. (B) Serum levels of
alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total bilirubin at the indicated time points. n ¼ 4 mice for each group. Two-tailed t test, *P < .05, ***P < .001, vs WT controls. (C) Representative oil red
O staining (red) images in liver slices (scale bar: 50 mm) and the percentage of positive staining area. n ¼ 5 mice for each group.
Two-tailed t test, *P < .05, vs WT controls. (D) Serum levels of triglyceride and total cholesterol at the indicated time points. n ¼
4 mice for each group. Two-tailed t test, *P < .05, ***P < .001, vs WT controls. (E) Representative oil red O staining (red) images
in primary hepatocytes cultured with oleic acid and the percentage of positive staining cells. n > 100 cells for each group. Twotailed t test, *P < 0.05, vs WT control. (F) log2 fold change in gene expression (qPCR) in liver from Gmfb KO and WT mice (vs
WT 0 hours) for the indicated genes. n ¼ 5–6 mice for each group. (G) Bar plot showing the numbers of expressed genes with
signiﬁcantly up-regulated or down-regulated or nonsigniﬁcant change in expression level (RNA-seq) for the indicated comparison groups. n ¼ 2 mice for each group. (H–K) Functional enrichment analyses using Gene Ontology pathways for the
signiﬁcantly up- and down-expressed genes (RNA-seq) in comparison with (H) Gmfb KO 0 hours vs WT 0 hours; (I) WT 24
hours vs WT 0 hours; (J) Gmfb KO 24 hours vs Gmfb KO 0 hours; (K) Gmfb KO 24 hours vs WT 24 hours. n ¼ 2 mice for each
group. BP, biological process; CC, cellular component; MF, molecular function.
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Figure 6. Expression levels of indicated genes and proteins in liver from Gmfb KO and WT mice after PHx. (A) Expression
levels of indicated genes by qPCR. (B) Expression levels of indicated proteins that have signiﬁcant changes in gene expression
in the test performed in panel A. n ¼ 5–6 mice for qPCR or 3 mice for Western blot for each group. Two-tailed t test, *P < .05,
**P < .01, vs WT controls. ACACA, acetyl-coenzyme A carboxylase a; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GPAM, glycerol-3-phosphate acyltransferase, mitochondrial; PPARA, peroxisome proliferator activated receptor a.

Kupffer cells are a major source of liver cells responsible for producing inﬂammatory cytokines, including IL6,
TNF, and IL1b, thus playing a critical role in establishing
the microenvironment of innate immune response to
PHx.28,29 Because Kupffer cells physiologically express GMFB
in our detection, we determined the inﬂammatory response
of Kupffer cells to PHx. First, on immunoﬂuorescence imaging
analysis, we found similar numbers of F4/80-positive cells in

WT and Gmfb KO groups at 24 hours after PHx (Figure 8G).
Then, we isolated primary Kupffer cells from Gmfb KO and
WT mice and stimulated them with lipopolysaccharide (LPS).
We witnessed signiﬁcantly less production of IL6, TNF, and
IL1b by the Gmfb KO Kupffer cells compared with their WT
controls (Figure 8H). Thus, the subnormal proinﬂammatory
microenvironment in Gmfb KO liver after PHx partly results
from the weakened response of Kupffer cells.
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Figure
7. Differentially
expressed (A–D) gene
and (E–H) KEGG analyses
of transcriptome data
(RNA-seq) for liver samples from Gmfb KO and
WT mice after PHx. N ¼ 2
mice for each group.
KEGG, Kyoto Encyclopedia of Genes and Genomes. ECM, extracellular
matrix; FoxO, forkhead box
O; NOD, nucleotide-binding
oligomerization
domain; PPAR, peroxisome proliferator activated
receptor.

Gmfb After Mice Have Impaired Liver
Regeneration With Deﬁcient Acute Inﬂammatory
Response After Carbon Tetrachloride–Induced
Acute Liver Injury
One-dose administration of carbon tetrachloride (CCl4) is
commonly used in the study of liver regeneration in
response to an acute toxic injury. Compared with WT control, Gmfb KO mice with CCl4 injection have decreased liver
cell proliferation, showing a signiﬁcantly lower proportion
of MKI67-positive staining (Figure 9A); and have enhanced
liver injury, showing signiﬁcantly higher levels of serum

alanine aminotransferase and aspartate aminotransferase
(Figure 9B), a larger area of liver necrosis (Figure 9C), and a
greater extent of hepatic steatosis (Figure 9D) from 24 to 72
hours after injection. Furthermore, the activation level of
STAT3/cyclin D1 and up-regulation of Il6, Tnf, and Il1b were
attenuated overall (Figure 9E and F) in the Gmfb KO group
compared with WT controls. These results are consistent
with those found in the PHx model, suggesting that GMFB
also is associated with liver regeneration in CCl4-induced
acute liver injury, partly by engaging the signaling of the
acute inﬂammatory response.
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GMFB Associates Positively With Hepatocyte
Proliferation and STAT3 Activation in Response
to IL6 Treatment
We further analyzed whether GMFB could have any
direct effect on cell proliferation and activation of STAT3
signaling in hepatocytes. First, GMFB knockdown and
overexpression were modeled in L02 cells, a human

hepatocyte cell line, by small interfering RNA (siRNA) or
plasmid transfection, respectively (Figure 10A and B). We
found no differences between the cells with GMFB knockdown or overexpression and their controls in terms of the
level of cell proliferation (Figure 11A and B), distribution of
cell-cycle phases (Figure 11C and D), and activation level of
the STAT3/cyclin D1 axis (Figure 11E and F). These data are
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not unexpected because Gmfb KO and WT mice have a
comparable status of cell proliferation in their livers under
normal conditions (as indicated by data at 0 hours in Figure
1F–I).
Then, we treated the transfected cells with IL6 (15 ng/
mL) to model the in vivo condition of stress. We found that
the level of cell proliferation (Figures 10C and D, and 11G
and H), distribution of cell-cycle phases (Figure 10E and F),
activation level of the STAT3/cyclin D1 axis (Figure 10G and
H), and the proportion of nucleus translocation of STAT3
(Figure 10I and J) all become positively associated with the
level of GMFB expression in these cells. To further determine whether GMFB directly could interact with STAT3, we
performed co-immunoprecipitation analysis of L02 cells
under IL6 treatment, showing that there is no direct interaction between them (Figure 11I). These data are intriguing
because they show that GMFB in hepatocytes cannot
directly activate the STAT3/cyclin D1 axis but rather takes
part in some process that substantially facilitates the activation of the STAT3/cyclin D1 axis.
Moreover, we challenged the PHx mice with an immediate
subsequent injection of LPS to enhance inﬂammatory stress in
the resected liver. The levels of p-STAT3 and cyclin D1 in the
livers of Gmfb KO mice with PHx þ LPS (Figure 11J) appear to
be a little higher than those in the livers of Gmfb KO mice with
only PHx (Figure 8F) for up to 6 hours after surgery; but they
persist to be signiﬁcantly lower than their WT controls
through 24 hours of observation (Figure 11J). These data
provide more evidence to support the fact that GMFB has a
signiﬁcant and positive impact on cell proliferation signaling
in the liver after acute injury.

Gmfb KO-Related Abnormal Organization of
Actin Cytoskeleton Contributes to the Inefﬁcient
Activation of STAT3 in Hepatocytes
Proper activation of STAT3 requires normal organization
of cytoskeleton in cells.30,31 GMFB catalyzes the debranching
of the actin-ﬁlament network, and is essential to normal
cytoskeleton organization.9 We report the effect of GMFB on
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hepatocyte cytoskeleton. Therefore, we ﬁrst observed the
actin-ﬁlament organization in the cultured primary hepatocytes isolated from Gmfb KO and WT mice. At 72 hours
after seeding, in WT hepatocytes, actin ﬁlaments appear
long and straight, and the collecting bunches form some
beam/sector-like structures (Figure 12A, A’); whereas in
Gmfb KO hepatocytes, actin ﬁlaments appear short and
diverse in their direction, and form some irregular
honeycomb-like structures (Figure 12A, A’’). The apparently
increased branching of actin ﬁlaments might be owing to the
deﬁciency of GMFB function (debranching). We then
compared the cytoskeleton-related gene sets in liver samples, Gmfb KO and WT groups have remarkably different
patterns of gene expression at 0-hour baseline and at 24
hours after PHx (Figure 12B).
Then, to determine whether STAT3 activation is associated with actin-ﬁlament organization in hepatocytes, we
treated primary hepatocytes at 48 hours after seeding with
latrunculin B (2 mg/mL) to disrupt their actin networks, and
with IL6 to activate STAT3 signaling as illustrated in Figure
12C; we detected the actin-network morphology and level of
STAT3 activation in cells at 3 phases, deﬁned by the status
of actin-ﬁlament organization (Figure 12C): phase 1, baseline of actin-ﬁlament organization under normal conditions
without latrunculin B treatment; phase 2, depolymerization
of actin ﬁlaments with latrunculin B treatment; and phase 3,
repolymerization of actin ﬁlaments with latrunculin B
washed off. On imaging analysis, at phase 1 Gmfb KO and
WT hepatocytes show the different appearances of actin
networks (Figure 12D), as we have observed (Figure 12A).
At phase 2, the appearances of actin-ﬁlament depolymerization resulting from latrunculin B treatment in Gmfb KO
and WT hepatocytes are comparable, both showing a signiﬁcant absence of actin ﬁlaments in cytosol and the cell
boundary (Figure 12D). At phase 3, 2 hours after washing
off latrunculin B, in comparison with WT hepatocytes, Gmfb
KO hepatocytes show a remarkably lower level of actin ﬁlaments along their cell boundary and within their cytosol
(Figure 12D), indicating that the recovery of actin-ﬁlament
organization in Gmfb KO hepatocytes has been delayed. In

Figure 8. (See previous page). The IL6/JAK2/STAT3/cyclin D1 pathway of acute inﬂammation response to PHx is
suppressed signiﬁcantly in Gmfb KO mice. (A) Rank using gene set enrichment analysis (GSEA) for the up-expressed gene
sets (RNA-seq) associated with comparison of WT 24 hours vs Gmfb KO 24 hours after PHx. Of the top 10 gene sets of
enrichment, the top 5 have statistical signiﬁcance (deﬁned by |NES| > 1, FDR q value < 0.25). n ¼ 2 mice for each group. (B) GSEA
plot showing an enrichment of the differently expressed gene sets (RNA-seq) associated with IL6-JAK-STAT3 signaling in
comparison with WT 24 hours vs Gmfb KO 24 hours after PHx. n ¼ 2 mice for each group. (C) Heatmap showing the gene
expression values (fragments per kilobase of transcript per million mapped reads) of indicated genes (RNA-seq) associated with
IL6-JAK-STAT3 signaling in comparison with WT and Gmfb KO groups. n ¼ 2 mice for each group. (D) Expression levels of IL6,
TNF, and IL1b messenger RNA and their proteins in liver from mice groups at the indicated time points after PHx. n ¼ 4 mice for
each group. Two-tailed t test, *P < .05, ***P < .001, vs WT controls. (E) Representative immunochemical images in liver sections
showing IL6 (anti-IL6, brown) distribution and quantiﬁcation of IL6-positive staining density. Scale bar: 50 mm. n ¼ 3 mice for each
group. Two-tailed t test, *P < .05, ***P < .001, vs WT controls. (F) Expression levels of p-JAK2, JAK2, p-STAT3, STAT3, and
CCND1 proteins in liver from Gmfb KO and WT mice at the indicated time points after PHx. n ¼ 5 mice for each group. Two-tailed t
test, *P < .05, **P < .01, and ***P < .001, vs WT controls. (G) Representative immunoﬂuorescent images in liver sections from
Gmfb KO and WT mice after PHx showing Kupffer cell (anti-F4/80, green; DAPI, blue) distribution and quantiﬁcation of positive cell
numbers per section. Scale bar: 50 mm. n ¼ 4 mice for each group. Two-tailed t test. (H) Concentrations of IL6, TNF, and IL1b in
culture supernatant of Kupffer cells treated with 20 mg/mL LPS or control. Two-tailed t test, **P < .01, ***P < .001, vs WT controls.
Data represent the average of 3 independent experiments. CCND1, cyclin D1; FDR, false-discovery rate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IOD, integrated optical density; NES, normalized enrichment score.
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Figure 9. Gmfb KO mice have impaired liver regeneration after CCl4-induced acute liver injury. (A) Representative
immunochemical images in anti-MKI67– (brown) stained liver sections from Gmfb KO and WT groups (scale bar: 50 mm) and
quantiﬁcation of positive staining cells. n ¼ 5 mice for each group. Two-tailed t test, ***P < .001, vs WT controls. (B) Serum
levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in Gmfb KO and WT groups. n ¼ 5 mice for
each group. Two-tailed t test, *P < .05, vs WT controls. (C) Representative H&E staining images in liver sections from Gmfb KO
and WT groups (scale bar: 50 mm). Liver necrosis is indicated by the area surrounded by the black dashed line. (D) Representative oil red O staining (red) images in liver sections from Gmfb KO and WT groups (scale bar: 50 mm) and the percentage
of positive staining area. n ¼ 4 mice for each group. Two-tailed t test, *P < .05, **P < .01, vs WT controls. (E) Protein levels of
p-STAT3, STAT3, and CCND1 in liver from Gmfb KO and WT groups. n ¼ 5 mice for each group. Two-tailed t test, *P < .05, vs
WT controls. (F) Levels of Il6, Tnf, and IL1b messenger RNA in liver from Gmfb KO and WT groups. n ¼ 5 mice for each group.
Two-tailed t test, ***P < .001, vs WT controls. CCND1, cyclin D1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

the meantime, in both groups, STAT3 activation by IL6
stimulation is almost completely blocked at phase 2 when
actin-ﬁlament organization is seriously disrupted (Figure
12E), and largely is recovered at phase 3 when actin networks recover (Figure 12E). Moreover, the level of STAT3
activation is comparable between the 2 groups at phase 2, but
it still was signiﬁcantly lower in Gmfb KO hepatocytes than in
WT hepatocytes at phase 3, as it was at phase 1 (Figure 12E),
for which both the trend and extent in the differences were
consistent with the image results. Thus, the status of STAT3
activation is in close concordance with the status of actinﬁlament organization. Altogether, these results provide
strong evidence that, in hepatocytes, the organization status of
actin ﬁlaments has substantial inﬂuence on the status of
STAT3 activation in response to IL6 stimulation. Thus, GMFB
deﬁciency, which directly causes abnormal organization of
actin ﬁlaments, can impair the response of STAT3 activation.

Gmfb KO-Related Abnormal Organization of
Actin Cytoskeleton Also Leads to Dysfunctioning
of Hepatic Excretion Through Bile Canaliculi
Actin ﬁlaments beneath the plasma membrane are
essential elements that compose the structure of bile
canaliculi (BC) between adjacent hepatocytes. BC formation
and function often are considered the surrogate marker for
hepatic metabolism and metabolite excretion. Thus, we
investigated further whether the altered actin-ﬁlament organization associated with Gmfb KO could have any effect on
BC formation and function. We found that at 24 hours after
seeding the alignment of actin ﬁlaments on the junction
borders between adjacent WT hepatocytes appear tight,
linear, and continuous (Figure 12F, F’), whereas those between adjacent Gmfb KO hepatocytes seem loose, twisted,
and intermittent (Figure 12F, F”). We further determined
the process of excretion of 5-chloromethyl-ﬂuorescein
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diacetate (CMFDA) from hepatocytes into BC.32 CMFDA has
signiﬁcantly more accumulation in the cytosol of Gmfb KO
hepatocytes (Figure 12G). Moreover, by using superresolution microscopy, we detected signiﬁcantly less
excretion of CMFDA between adjacent Gmfb KO hepatocytes
(Figure 12G, G”) compared with WT hepatocytes (Figure
12G, G’). Overall, these data suggest that hepatocytes in
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Gmfb KO mice may have actin-ﬁlament organization-related
cellular dysfunction, such as disrupted excretion of hepatic
metabolites during regeneration. In light of this, given that
no signiﬁcant change occurred to the metabolic pathways
for lipid droplet turnover in the liver of Gmfb KO mice after
PHx, the more enhanced hepatic steatosis could be attributed in part to the abnormal actin networks in hepatocytes.

1136

Yin et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 5

GMFB Deﬁciency Does Not Decrease YesAssociated Protein 1 Activation in Liver
Regeneration After PHx
The role of yes-associated protein 1 (YAP) activation in
liver regeneration after PHx and its regulation by biomechanical inputs increasingly have been recognized.33 GMFB
shows an obvious effect on the organization of actin ﬁlaments in hepatocytes; we then determined if there could be
any change in YAP activation in regeneration of the Gmfb KO
liver. The levels of YAP and phosphorylated-YAP (p-YAP)
(S127) in whole liver tissue both increase signiﬁcantly from
0 to 24 hours after PHx, but have no signiﬁcant differences
between the WT and Gmfb KO groups (Figure 13A). Moreover, in cytosol isolated from the liver tissue, the level of pYAP from 0 to 24 hours has no signiﬁcant difference between WT and Gmfb KO mice, and for both mice groups
there is no signiﬁcant difference in the p-YAP level between
the 2 time points; while in the nucleus, the level of YAP
increases signiﬁcantly from 0 to 24 hours in both mice
groups and the expression level in KO mice is signiﬁcantly
higher than that in WT mice at 24 hours (Figure 13B). We
also found a higher ratio of YAP-positive staining nuclei in
live tissue sections of KO mice than in WT mice at 24 hours
after PHx, but the ratios at baseline, 72 hours, and 28 days
after PHx were comparable between the mice groups
(Figure 13C). Overall, these preliminary data imply that,
compared with the condition of WT liver, YAP activation has
not been down-regulated in the post-PHx liver regeneration
with GMFB deﬁciency.

Discussion
Proper regeneration of hepatocytes is vital to prevent
liver failure or mortality. This study shows that GMFB has a
signiﬁcant and positive impact on hepatic regeneration after
acute injury by promoting a proinﬂammatory microenvironment and the responsive hepatocyte proliferation.
GMFB is conserved from yeast to mammals and
expressed in diverse organs and tissues.9,34 We detected the
physiological expression of GMFB in liver and found its
expression increased signiﬁcantly after PHx. The presence
of GMFB was shown to be necessary for liver restoration on

time, alleviation of hepatocytes damage, and prevention of
oversteatosis in the liver after acute injury. Thus, GMFB has
a signiﬁcant liver-protective role in the process of regenerative response to acute injury.
Adequate up-regulation of acute inﬂammation is essential for proper initiation of liver regeneration after acute
injury.4,35 GMFB deﬁciency leads to an overall suppression
of acute inﬂammatory pathways in the liver after PHx,
which seems concordant with its inﬂammation-inducing
activity observed in the previous neuroinﬂammatory disease studies.13,14 Noting that Gmfb is unconditionally
knocked out in the present model, we have no idea what the
status of the systemic immune response would be in these
mice and what effect the systemic immune response can
have on liver regeneration. Nonetheless, liver is well
regarded as an organ with a self-constrained immune
microenvironment. A priority can be made of the analysis of
its local immune reaction. Among regenerative signaling,
STAT3 is an acute-phase response factor functioning as a
key signal transducer and transcription activator responsible for injury-induced liver regeneration; the IL6/JAK/
STAT3 pathway has a major role in activating the STAT3/
cyclin D1 axis in hepatocytes.8,24,36 The overall lower
expression of acute inﬂammatory cytokines than normal
controls can signiﬁcantly undermine the activation of the
JAK/STAT3/cyclin D1 axis in Gmfb KO liver, thus resulting
in inadequate hepatocyte proliferation.
We identiﬁed GMFB physiologically localized in both
Kupffer cells, hepatocytes, and HSCs. Gmfb KO has no
obvious impact on the number of mature Kupffer cells (F4/
80 positive) after PHx, but is associated with a signiﬁcant
decrease in the production of IL6, TNF, and IL1b by these
cells. Detailed mechanisms on how Gmfb KO has perturbed
the function of Kupffer cells needs further exploration.
Nonetheless, it is rational to speculate that the alleviated
acute inﬂammatory microenvironment in the Gmfb KO liver
after injury can be owing in part to the weakened response
of Kupffer cells. We next tested the effect on activation of
the STAT3/cyclin D1 axis in hepatocytes. We found that the
GMFB effect can be limited only to the reaction of the axis
rather than directly to the axis itself. Indeed, we did not
detect any physically direct interaction between GMFB and

Figure 10. GMFB in hepatocytes positively associates with cell proliferation and STAT3 activation in cellular response
to IL6 treatment. (A) Levels of GMFB protein and messenger RNA (mRNA) in L02 cells (hepatocyte cell line) transfected with
GMFB siRNAs or control siRNA (normal control). One-way analysis of variance, ***P < .001, vs NC group. (B) Levels of GMFB
protein and mRNA in L02 cells transfected with GMFB overexpression plasmid (GMFB) or control plasmid (vehicle). Two-tailed
t test, ***P < .001, vs vehicle group. (C and D) Representative immunoﬂuorescence staining images in transfected L02 cells
stained with EdU (red) and DAPI (blue) with treatment of IL6 or bovine serum albumin (BSA) (scale bars: 100 mm) and percentage of EdU-positive–staining cells. n > 300 cells for each group. (C) One-way analysis of variance, (D) 2-tailed t test, ***P <
.001, vs NC or vehicle groups. (E and F) Flow cytometry analyses showing the percentage of cells at cell-cycle phases G0/G1,
S, or G2/M of transfected L02 cells with treatment of IL6 or BSA. n > 106 cells for each group. (E) One-way analysis of variance;
(F) 2-tailed t test, *P < .05, **P < .01, and ***P < .001, vs NC or vehicle groups. (G and H) Protein levels of GMFB, CCND1, pSTAT3, and STAT3 in transfected L02 cells with treatment of IL6 or BSA. (G) One-way analysis of variance; (H) 2-tailed t test, *P
< .05, **P < .01, and ***P < .001, vs NC or vehicle groups. (I and J) Representative immunoﬂuorescence staining images in
transfected L02 cells under IL6 or BSA treatment and stained with anti-STAT3 (red) and DAPI (blue) (scale bars: 50 mm). The
percentage of STAT3 nucleus translocation cells (STAT3 and DAPI overlay-positive staining). n ¼ 300 cells for each group. (I)
One-way analysis of variance; (J) 2-tailed t test, *P < .05, ***P < .001, vs NC or vehicle groups. Data represent the average of 3
independent experiments. CCND1, cyclin D1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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STAT3 signaling. This also was conﬁrmed by the database
information from BioGRID4.4 (https://thebiogrid.org/
109026 or 203523), showing that STAT3 and GMFB do
not belong to interactor lists of each other. The expression
of GMFB in HSCs was shown in the list of complementary
DNA microarray data in 2 previous studies.37,38 Our study
provides direct evidence showing the presence of GMFB in
HSCs. The role of GMFB in HSC function in liver regeneration
could be valuable, and warrants detailed assessment in a
future investigation.39
Recent mechanistic studies have identiﬁed the speciﬁc
roles of GMFB in actin cytoskeleton remodeling.10,11 All of
these discoveries seem to be inconsistent with its early
assignment as a cell maturation factor in the brain.9 Consistent with previous data on GMFB and actin-ﬁlament organization, our data show a strong interdependent relationship
between expression of GMFB, status of actin-ﬁlament organization, and activation of STAT3 signaling. The relationship
can well interpret all other results found in our experiments,

GMFB Is Necessary for Liver Regeneration

1137

and thus could be the basic mechanism for pathophysiological changes in the present model. Therefore, in some sense
our study can be of important value for addressing the
initiative on reconciliation of the actin functions of GMFs with
their roles in signaling and disease.9 However, the step-bystep molecular mechanism underlying these effects still is
unclear. Interestingly, although STAT3 activation can be
signiﬁcantly inhibited in the setting of GMFB deﬁciencyrelated cytoskeleton remodeling, the signaling of YAP activation seems not to have been negatively affected by this.
YAP activation in liver cells can have many regulation factors
such as cell polarity and adhesion, biomechanical signals, bile
acids, and some nuclear receptors.33 Our study has not provided any evidence clue showing how YAP activation is
maintained in liver regeneration under GMFB deﬁciency,
which, however, might partly explain the robustness in liver
mass restoration of our animal model.
Our experiments were performed under the basic speculation that the involvement of the GMFB molecule is within
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the cells. We did not perform any experiments to exclude
the possibilities of any functional secretion of GMFB from
liver cells, or of any extracellular involvement of GMFB in
promoting liver regeneration. There was a study that
showed GMFB among the up-regulated proteins listed in a
proteomic analysis of the secretome of cultured nonparenchymal liver cells isolated from phenobarbital-treated
rats,40 but this study did not perform any additional protein
tests or biochemical function experiments to validate the
data. We haven’t found any other data following this study.
Moreover, the receptor to GMFs on the cell membrane still
have not been found since the initial identiﬁcation of GMF
more than 40 years ago.12 Despite this, because GMFB
shows signiﬁcant involvement in liver regeneration, further
observations are needed to clarify all of these details.
In summary, our study shows that GMFB plays an active
role in the process of liver regeneration after acute injury.
On one hand, GMFB is involved in modulating the production of inﬂammatory cytokines in Kupffer cells and thus is
necessary for establishing an adequate proinﬂammatory
microenvironment. On the other hand, GMFB positively
mediates the proliferative reaction of STAT3 activation by
directly remodeling actin-ﬁlament organization in hepatocytes. Therefore, GMFB can serve as a potential target in
future investigations on promoting liver regeneration and
functional recovery after acute injury.

Methods
Reagent or Resource
The source and identiﬁer for all the key reagents and
resources are listed in Supplementary Table 3.

Animals and Treatment
All animal experimental protocols were approved by the
Ethical Committee for Animal Research of Southern Medical
University (Guangzhou, China) and were conducted based
on the state guidelines from the Ministry of Science and
Technology of China. WT or Gmfb KO C57BL/6 male mice at
8–10 weeks age were used in this study. The WT C57BL/6
mice were purchased from the Laboratory Animal Center of
Guangdong Province. The Gmfb-/- C57BL/6 mouse line was

constructed by the CRISPR–Cas9 system. The guide RNA
(gRNA)1 targeted a 5’-GTTAGAGTGAAGCTTATATTAGG-3’
sequence, the gRNA2 targeted a 5’-AAAACTAAGCATGCCAGGTGTGG-3’ sequence, the gRNA3 targeted a 5’CCGATTGTCTTAGTCACTTGAGG-3’ sequence, and the
gRNA4 targeted a 5’-TCTTAGTCACTTGAGGAGTGAGG-3’
sequence, in the second exon of the GMFB gene. Genomic
DNA of GMFB mutant mice were determined using PCR
ampliﬁcation of tail DNA. The primer sequences are listed in
Supplementary Table 4. The gmfb KO was conﬁrmed by
nucleic acid electrophoresis or gene sequencing. The
genomic DNA of the Gmfb mutant mice was knocked out
successfully by 509 bases. All animals were maintained in a
climate-controlled environment (22 C–24 C and constant
humidity 50%–70%) under a 12-hour light/dark cycle. All
animals had ad libitum access to standard food and fresh
water.

Mice Models of PHx, CCl4 Intoxication, and LPS
Stimulation
The classic 2/3 PHx model was established as previously described.41 Brieﬂy, the mice were anesthetized.
A midline abdominal incision was performed to expose
the abdominal cavity. The left lateral and median hepatic
lobes were ligated and sectioned off. For acute liver
intoxication by CCl4, the mice were injected intraperitoneally with a dose of 10% CCl4 or sterile olive oil at 10
mL/g once.42,43 LPS (4 mg/kg) was injected intraperitoneally immediately after 2/3 PHx for additional stimulation. Liver samples were collected from the remaining
lobes and then either were snap-frozen in liquid nitrogen
and stored at -80 C or ﬁxed in 4% paraformaldehyde.

Histologic Assessment, Immunohistochemistry,
and Immunoﬂuorescence
Liver samples were embedded in parafﬁn and cut into 4mm sections. The slices were processed routinely with H&E
staining. For immunostaining, heat-mediated antigen
retrieval was performed after dewaxing and rehydration of
the slices. Endogenous peroxidase was quenched with 3%
H2O2. The slices were blocked with normal goat serum and

Figure 11. Response of hepatocytes with intervened GMFB expression to IL6 stimulation and level of the STAT3/cyclin
D1 axis in liver of PHx and LPS-treated mice. Representative immunoﬂuorescence staining images in EdU staining (red) L02
cells (hepatocyte cell line) transfected with (A) GMFB siRNAs or control siRNA (normal control), and (B) with GMFB overexpression plasmid (GMFB) or control plasmid (vehicle) and percentage of EdU-positive–staining cells. Data represent the
average of 3 independent experiments. n > 300 cells for each group. (A) One-way analysis of variance, (B) 2-tailed t test. Flow
cytometry analyses showing the percentage of cells at cell-cycle phases G0/G1, S, or G2/M of L02 cells transfected with (C)
siRNAs or NC, and (D) with GMFB or vehicle. Data represent the average of 3 independent experiments. n > 106 cells for each
group. (C) One-way analysis of variance, (D) 2-tailed t test. (E and F) Protein levels of GMFB, CCND1, p-STAT3, and STAT3 in
L02 cells transfected with (E) siRNAs or NC, and with (F) GMFB or vehicle. (E) One-way analysis of variance, (F) 2-tailed t test.
Data represent the average of 3 independent experiments. Flow cytometry analyses showing the percentage of EdU-positive–staining L02 cells transfected with (G) siRNAs or NC, and with (H) GMFB or vehicle and treated with IL6 or bovine serum
albumin (BSA). Data represent the average of 3 independent experiments. n > 106 cells for each group. (G) One-way analysis
of variance; (H) 2-tailed t test, *P < .05, ***P < .001, vs NC or vehicle groups. (I) Co-immunoprecipitation analysis of L02 cells
treated with IL6 showing if there was any interaction between STAT3 and GMFB. Data represent the average of 3 independent
experiments. (J) Protein levels of GMFB, CCND1, p-STAT3, and STAT3 in liver from Gmfb KO and WT mice after PHx and with
an immediate subsequent LPS injection. n ¼ 4 mice for each group. Two-tailed t test, *P < .05, **P < .01, ***P < .001, vs WT
controls. CCND1, cyclin D1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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incubated overnight in primary antibodies. For immunohistochemistry, the primary antibodies included anti-MKI67,
anti–proliferating cell nuclear antigen, anti-IL6, and antiYAP1. The samples then were incubated with peroxidaseconjugated anti-rat or anti-rabbit antibodies for 1 hour.
Chromogenic detection was performed with a diaminobenzidine histochemistry kit. Immunoreactivity was
visualized using a brown horseradish peroxide substrate.
For immunoﬂuorescence, the primary antibodies included
anti-STAT3, anti-GMFB, anti-HNF4a, anti-F4/80, and antidesmin. The secondary antibodies were goat anti-rabbit IgG
(HþL), ﬂuorescein isothiocyanate (FITC) conjugate, goat
anti-rabbit IgG (HþL), and Cy3 conjugate. For oil red O
staining, liver tissues were ﬁxed in 4% paraformaldehyde
and then were dehydrated in 30% sucrose overnight. The
frozen samples were cut into 10-mm sections, and then were
washed with phosphate-buffered saline (PBS), rinsed with
60% isopropyl alcohol, and stained with freshly prepared oil
red O working solution. Then, the sections were rinsed with
60% isopropyl alcohol, stained with alum hematoxylin, and,
ﬁnally, were mounted in aqueous mountant.

Western Blot
Liver samples were homogenized within RIPA buffer.
Total protein in the supernatant was collected by centrifuge
at 13,000  g for 20 minutes at 4 C. The lysate then was
diluted with 5  sodium dodecyl sulfate loading buffer and
boiled and stored at -80 C. Western blot was performed.
The primary antibodies included anti-GMFB, anti-STAT3,
anti–p-STAT3 (Y705), anti–histone H3, anti–cyclin D1, antiJAK2, anti–p-JAK2, anti-CDK4, anti-CDK2, anti–histone
H3 serine 10 phosphorylation, anti–glyceraldehyde-3phosphate dehydrogenase, anti–acetyl-coenzyme A carboxylase a, anti- glycerol-3-phosphate acyltransferase, mitochondrial, anti-peroxisome proliferator activated receptor a,
anti-IL1B, anti-TNF, anti-IL6, anti-YAP1, anti–p-YAP, and
anti–b-actin. For identiﬁcation of GMFB separately in cytoplasm and nucleus, the homogenized samples were treated
with a nuclear protein extraction kit. The cytoplasmic and
nuclear components then were subjected to Western blot.
Glyceraldehyde-3-phosphate dehydrogenase and histone H3
were used as markers for cytoplasm and the nucleus,
respectively.
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software (2.0.5; R package). Differentially expressed genes
were deﬁned by fold change and statistical signiﬁcance.
Functional proﬁling was performed using Gene Ontology,44
Kyoto Encyclopedia of Genes and Genomes databases,45
and gene set enrichment analysis.46

Cell Culture and Treatment
Human hepatocyte cell line L02 cells were cultured in
low-glucose Dulbecco’s modiﬁed Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). Human
GMFB siRNA, overexpression plasmid, and the controls were
purchased from Ribo Biosciences. siRNAs (50 nmol/L) were
transfected using Lipofectamine 3000 (Invitrogen) reagent
following the manufacturer’s instructions. For IL6 stimulation,47 L02 cells were starved for 2 hours with serum-free
DMEM and then cultured with human recombinant IL6
(15 ng/mL) for 24 hours. 5-ethynyl-2’-deoxyuridine (EdU)
staining was performed using BeyoClick EdU cell proliferation kit (Beyotime) with Alexa Fluor 594. Fresh DMEM with
EdU at a ﬁnal concentration of 10 mmol/L was used to
incubate the cells for 2 hours. Then, the cells were washed
and ﬁxed in 4% paraformaldehyde. The cell nucleus was
stained with 40 ,6-diamidino-2-phenylindole (DAPI).

Flow Cytometry Analysis
For cell-cycle analysis, L02 cells were harvested, washed
with PBS, and ﬁxed with cold 70% ethanol. After washing
with PBS, 50 mL RNase A solution (100 mg/mL) was added
and the cells were incubated for 30 minutes at 37 C. Then,
500 mL propidium iodide solution (50 mg/mL) was added
per 106 cells and the cells were incubated for 30 minutes at
room temperature. The samples then were analyzed using a
ﬂow cytometer. The percentage of cells at different phases
of the cell cycle was analyzed using FlowJo software (7.6;
BD Biosciences). For counting EdU-stained cells, EdU
staining was performed using the BeyoClick EdU cell proliferation kit with Alexa Fluor 594 as described earlier.
Then, the cells were harvested and ﬁxed in 4% formaldehyde for 15 minutes at room temperature. The cells were
incubated with 0.3% Triton X-100 (Beyotime) for 10 minutes, washed, and incubated with Beyotime’s staining solution for EdU click reaction. The cell nucleus was stained
with DAPI. Then, the samples were analyzed using a ﬂow
cytometer.

qPCR, RNA-Seq, and Bioinformatics Analysis
For qPCR, total RNA was extracted using an RNAiso Plus
kit (TAKARA BIO) and complementary DNA was generated
using a PrimeScript reverse transcription kit (TAKARA BIO).
The primer sequences used for qPCR are listed in
Supplementary Table 5. qPCR was performed in quadruplicate using SYBR Premix Ex Taq (TAKARA BIO). Fold
change was determined using the 2DDcycle threshold method.
For RNA-seq, total RNA was extracted using TRIzol reagent
(Thermo Fisher). A double-ended library was made and
sequencing was performed on an Illumina NovaSeq 6000
(Illumina) platform with 150-bp paired-end reads in
Novogene Co. Ltd. (Beijing, China). Reads were mapped to a
reference genome sequence (GRCm38/mm10) using HisAT2

Co-immunoprecipitation Analysis
Co-immunoprecipitation was performed with a immunoprecipitation/Co-immunoprecipitation kit according to
the manufacturer’s instructions. L02 cells were starved for 6
hours and then cultured with IL6 (15 ng/mL) for another 24
hours. The cells were harvested using lysis buffer supplemented with phenylmethylsulfonyl ﬂuoride (1 mmol/l). The
supernatant was precleared with protein A/G-agarose beads
for 1 hour with agitation at 4 C, followed by incubation with
primary antibodies and general agitation at 4 C overnight
and then with protein A/G-agarose beads for another 3
hours. After washing 4 times with wash buffer, the pellets
were mixed with 1  sodium dodecyl sulfate buffer, boiled
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for 5 minutes, and then processed for Western blot. Primary
antibodies used for immunoprecipitation were anti-STAT3,
anti-GMFB, and anti-IgG.

Isolation of Primary Hepatocytes and Treatment
With Oleic Acid
All the mice were maintained with normal chow diet.
Primary hepatocytes were isolated using 2-step collagenase
perfusion.48 Brieﬂy, mice were anesthetized and had their
abdominal cavity exposed. The livers were perfused in situ
with Ca2þ, Mg2þ free D-Hanks’ (Genom) balanced solution
containing HEPES (25 mmol/L), glucose (1 g/L), ethylene
glycol-bis(b-aminoethyl ether)-N,N,N0 ,N0 -tetraacetic acid/
EDTA (0.5 mmol/L), and penicillin-streptomycin (1% v/v),
and then with Hanks’ balanced solution containing collagenase (type II, 20 U/mL), HEPES (15 mmol/L), and penicillinstreptomycin (1% v/v). Dissociated liver was passed through
a 70-mm cell strainer and the hepatocytes were enriched by
low-speed centrifugation (50  g for 3 minutes) in Williams’
E medium. Only samples with cell viability >90% were used
for culture. Hepatocytes were inoculated into collagen
I–coated 6-well plates (5  105/well) in Williams’ E medium
with 10% FBS, and allowed to establish a monolayer for 2
hours. Then, the medium was replaced with fresh supplemented medium without FBS containing epidermal growth
factor (5 ng/mL), insulin (0.2 U/mL), and dexamethasone
(100 nmol/L). Hepatocytes were processed further to
morphology or metabolite excretion assessment at 24, 48, or
72 hours after seeding as described in the Figure 5 and 12
legends. Oleic acid at 0.3 mmol/L was used for hepatocyte
steatosis modeling. After 24 hours of cell culture, the medium
was collected and cells were harvested for further assays.

Isolation of Kupffer Cells and Treatment With LPS
Kupffer cells were separated as previously described.49
Nonparenchymal liver cells were enriched by centrifugation at 500  g for 5 minutes. The sediment cells were
resuspended with 25% Percoll in stock isotonic solution in
0.15 mol/L NaCl. The cell suspension was applied between 2
layers of solution, a lower layer of 50% Percoll, and an
upper layer of D-Hanks buffer, and centrifuged at 900  g
for 20 minutes. Then, the cells in the third layer were
collected and washed with PBS twice. The enriched Kupffer
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cells then were cultured in RPMI 1640 medium containing
10% FBS for 24 hours. The RPMI 1640 medium was
changed and Kupffer cells were treated with LPS (20 mg/
mL) for 6 hours. The inﬂammatory cytokines (IL6, TNF, and
IL1b) in the supernatant of Kupffer cells were detected
using an enzyme-linked immunosorbent assay.

Isolation of HSCs
HSCs were isolated from the liver nonparenchymal cells
basically according to a previous publication.50 Nonparenchymal cells were enriched by centrifugation at 350 
g for 10 minutes. The sediment cells were resuspended in 8
mL RPMI 1640 medium and were applied on 3 layers of
solution, including a lower layer of 50% Percoll, a middle
layer of 35% Percoll, and an upper layer of 1  PBS, and
were centrifuged at 900  g for 30 minutes. Then, cells
between the middle and upper layers were collected and
washed with RPMI 1640 medium at 900  g for 10 minutes
twice. The enriched cells then were cultured in RPMI 1640
medium containing 10% FBS and harvested for further
assays.

Phalloidin-FITC Staining of F-Actin and Excretion
of CMFDA in Primary Hepatocytes
To image F-actin in cells, the cultured primary hepatocytes
were ﬁxed and stained with phalloidin-FITC (5 mg/mL). The
cell nucleus then was stained with DAPI. For the hepatocyte
excretion test, primary hepatocytes grown on coverslips in
24-well plates were cultured for 24 hours. CMFDA probe
working solution (5 mmol/L) was added into the cell culture
wells, and hepatocytes were incubated for 45 minutes at 37 C.
Then, cells were washed with PBS and ﬁxed with 4% paraformaldehyde. Antiﬂuorescence quencher was used to seal
coverslips. CMFDA in hepatocyte cytosol and the intercellular
space between adjacent cells were imaged.

Imaging Assessment
Morphologic sections were imaged by optical microscopy (BX63; Olympus), or laser scanning confocal microscopy (LSM980; Zeiss), or transmission electron microscopy
(H-7500; Hitachi). Super-resolution microscopy (N-SIMSTORM; Nikon) was used for location of CMFDA and
discernment of actin ﬁlaments. Quantiﬁcation of ﬂuorescent

Figure 12. GMFB modulates actin-ﬁlament organization, which facilitates hepatocyte response of STAT3 activation to
IL6 treatment. (A) Representative immunoﬂuorescent images in 72 hours after seeding primary hepatocytes with F-actin
stained (phalloidin, green). Scale bars: 50 mm (A), 2 mm (A’, A”). (B) Heatmap showing the gene expression values (fragments
per kilobase of transcript per million mapped reads) of indicated genes (RNA-seq) associated with actin-ﬁlament organization
in comparison with WT and Gmfb KO groups. n ¼ 2 mice for each group. (C) Schematic for treatment 48 hours after seeding of
primary hepatocytes with IL6 and latrunculin B for actin-ﬁlament polymerization assay and (D) representative immunoﬂuorescent images in the cells with F-actin stained (phalloidin, green). Scale bar: 50 mm. (E) Protein levels of p-STAT3, STAT3, and
GMFB in treated hepatocytes for which the treatment is ilustrated in panel C from Gmfb KO and WT mice. n ¼ 4 mice for each
group. Two-tailed t test, **P < .01, vs WT controls. (F) Representative immunoﬂuorescent images in 24 hours after seeding
primary hepatocytes with F-actin stained (phalloidin, green). Red arrows indicate actin ﬁlaments between adjacent hepatocytes. Scale bars: 50 mm (F), 2 mm (F’, F”). The mean ﬂuorescence intensity (MFI) of the adjacent cellular junction was quantiﬁed
from n > 200 cells for each group. Two-tailed t test, **P < .01, vs WT hepatocytes. (G) Representative ﬂuorescent images of 24
hours after seeding primary hepatocytes incubated with CMFDA (green) for 45 minutes and then washed off. Individual cell
boundaries are outlined with a dotted line. Scale bars: 50 mm (G), 2 mm (G’, G”). The MFI of CMFDA within the intercellular
space was quantiﬁed from n > 200 cells for each group. Two-tailed t test, ***P < .001, vs WT hepatocytes. Data represent 4
independent experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 13. Protein levels of YAP1 and p-YAP in liver from mice after PHx. (A and B) Protein levels of YAP1 and p-YAP in
liver from Gmfb KO and WT groups at the indicated time points after PHx. (A) Total protein; (B) Cytosol protein and nucleus
protein. n ¼ 3 mice for each group. (C) Representative immunochemical images in anti-YAP1–stained liver sections from Gmfb
KO and WT groups (scale bar: 50 mm) and quantiﬁcation of numbers per ﬁeld of YAP1-positive staining nuclei in liver slices. n ¼
3 mice for each group. Two-tailed t test, *P < .05, **P < .01, ***P < .001, and ****P < .0001, vs WT controls. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

or optical objects of interest (OIs) was conducted using
Image Pro Plus 6.0 (Media Cybernetics). Sample slices were
scanned into digitized images. Then, to determine the area
of OI in tissue sections, 10–15 image tiles were selected
randomly in the assessment images for each sample slice,
and OI was identiﬁed manually and its morphometric area
was calculated using the software tool. Then, the ratio of
total area of OIs to the area of the entire image tile was

considered as the OI value. To determine the area of OI in
cell culture images, the area of entire cellular images was
used as the denominator, the ratio then was divided further
by the number of total cells within the same image tile and,
ﬁnally, was considered as the OI value; the rest of the protocols were similar to the tissue section protocols. To
determine the number of OI-positive–labeling cells, the
number of cells stained with OI was calculated and then

2022

divided by the number of all target cells within the same
image tile, the ratio was considered the OI value. To
determine cell size, 10 image tiles were selected randomly
for each sample slice. In each tile, every cell size was
measured manually using the Zeiss software ZEN 3.2 and
counted, the average cell size within each tile was used as
the cell size for the tile and the average cell size of all the
image tiles was used as the cell size for the sample slice.

GMFB Is Necessary for Liver Regeneration

11.

12.

Statistical Analysis
Statistical analyses were performed using GraphPad
Prism 8.3.0 or R software 4.0.4 (The R Foundation). Further
details are available in the Figure legends. Unless stated
otherwise, all experiments were repeated independently at
least 3 times. All bar and line plots show data as means ±
SEM. A 2-sided P value of less than .05 was considered
statistically signiﬁcant.
All authors had access to the study data and reviewed
and approved the ﬁnal manuscript. All the present data,
analytical methods, and information on study materials will
be available for any scientiﬁc researcher who requires the
data and contacts the authors (G.Y., W.Z., or Y.W.).
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