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SUMMARY

Alcohol reduces liver PRMT6 levels, and loss of PRMT6
promotes fibrosis development. PRMT6 regulates fibrosis
development via integrin a-4 methylation in macrophages.
Proinflammatory and profibrotic signaling in macrophages
exist in equilibrium determined by the activity of PRMT6.

BACKGROUND & AIMS: Alcohol-associated liver disease (ALD)
comprises a spectrum of disorders including steatosis, steato-
hepatitis, fibrosis, and cirrhosis. We aimed to study the role of
protein arginine methyltransferase 6 (PRMT6), a new regulator
of liver function, in ALD progression.

METHODS: Prmt6-deficient mice and wild-type littermates
were fed Western diet with alcohol in the drinking water for 16
weeks. Mice fed standard chow diet or Western diet alone were
used as a control.

RESULTS:We found that PRMT6 expression in the liver is down-
regulated in 2 models of ALD and negatively correlates with
disease severity in mice and human liver specimens. Prmt6-
deficient mice spontaneously developed liver fibrosis after 1 year
and more advanced fibrosis after high-fat diet feeding or thio-
acetamide treatment. In the presence of alcohol Prmt6 deficiency
resulted in a dramatic increase in fibrosis development but did
not affect lipid accumulation or liver injury. In the liver PRMT6 is
primarily expressed in macrophages and endothelial cells. Tran-
sient replacement of knockout macrophages with wild-type
macrophages in Prmt6 knockout mice reduced profibrotic
signaling and prevented fibrosis progression. We found that
PRMT6 decreases profibrotic signaling in liver macrophages via
methylation of integrin a-4 at R464 residue. Integrin a-4 is pre-
dominantly expressed in infiltrating monocyte derived macro-
phages. Blocking monocyte infiltration into the liver with CCR2
inhibitor reduced fibrosis development in knockout mice and
abolished differences between genotypes.

CONCLUSIONS: Taken together, our data suggest that alcohol-
mediated loss of Prmt6 contributes to alcohol-associated fibrosis
development through reduced integrin methylation and increased
profibrotic signaling in macrophages. (Cell Mol Gastroenterol Hep-
atol 2023;15:39–59; https://doi.org/10.1016/j.jcmgh.2022.09.013)

Keywords: PRMT6; ALD; Inflammation; TGFb; Macrophage.
rotein arginine methyltransferase 6 (PRMT6) is an
Penzyme that catalyzes the formation of mono and
asymmetric dimethylarginine.1,2 PRMT6 was reported to
methylate histones: histone H3 to form H3R2me2a,1 which
acts as a repressive mark by blocking H3K4 methylation,1

and histones H2A and H4 to form H2AR3me and H4R3me
leading to transcriptional activation.3

PRMT6 also methylates non-histone proteins; however,
under normal conditions it has a narrow range of substrates
compared with other methyltransferases such as PRMT1 or
PRMT4.2,4 Despite its limited substrate scope, PRMT6 has
been reported to regulate a wide range of cellular processes
including cell cycle, cellular senescence, adipocyte differ-
entiation, neuronal function, hematopoietic stem cell dif-
ferentiation, and many others.3–5 Although PRMT6 is up-
regulated in several types of cancer, it is down-regulated
in hepatocellular carcinoma (HCC). PRMT6 down-
regulation correlates with aggressive HCC behavior and
contributes to tumorigenic properties of HCC by regulating
glycolysis, stemness, and cell survival.5,6 Previous studies
have identified targets AR, ERa, FOXO3, CRAF, and SIRT77–9

as potential targets linking PRMT6 to HCC progression.
Here we identified integrin a4 as a target of PRMT6 in

alcohol-fed mouse liver. Integrin a4, or CD49d, is expressed
on the surface of most leukocytes.10 It facilitates adhesion of
the leukocytes to their receptors such as vascular cell
adhesion molecule-1, mediating cell-cell and cell-matrix in-
teractions, and involved in various processes including
development, immune regulation, differentiation, and
wound healing. In their inactive form, integrins are in a low-
affinity, non-adhesive conformation. Upon stimulation either
by ligand interaction or by signaling within the cell,
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integrins are converted to high-affinity conformations.
Active integrins initiate intracellular signaling pathways that
regulate migration, cell survival, and extracellular matrix
homeostasis. Several integrins were reported to modulate
matrix expression and degradation via regulation of the
growth factor transforming growth factor beta (TGF-b) in a
positive manner, like integrins a5, a11, and av, or in a
negative manner, like integrins a1b1, a2, or b3.11–18

Mutations and posttranslational modifications of integ-
rins are known to affect their activity and inside-out as well
as outside-in signaling.19,20 Integrin a4 phosphorylation
regulates paxillin binding to the integrin cytoplasmic
domain, and this regulates cell migration.20 On the other
hand, integrin a2b1 phosphorylation induced by adhesion
affects intracellular Hippo pathway activation.21 Another
example of integrin-regulated tumor functional change is
TGF-b1–mediated phosphorylation of integrin b3, which
results in a conformational change of the extracellular do-
mains and promotes tumor invasion.22

In this work we identified that PRMT6 methylates
integrin a4, which results in higher proinflammatory cyto-
kine production but lower profibrotic signaling in macro-
phages. Prmt6-deficient mice developed more advanced
liver fibrosis in several models of liver disease including
high-fat diet feeding, thioacetamide-induced fibrosis, and
alcohol-associated liver disease (ALD). Moreover, we found
that Prmt6 expression is down-regulated in 2 models of
ALD, suggesting that alcohol-mediated loss of Prmt6 con-
tributes to alcohol-associated fibrosis development.

Results
Prmt6 Expression Is Down-regulated in Models
of Alcohol-Associated Liver Disease

We examined gene expression of several epigenetic regu-
lators in the livers of mice fed either control liquid diet or
Lieber-DeCarli alcohol liquid diet for 4 weeks. We found that
several epigenetic regulators were up-regulated and only a few
were down-regulated by alcohol (Figure 1A). The top down-
regulated gene was Prmt6 (Figure 1A). Prmt6 expression was
down-regulated in another model of ALD as well, the Western
diet alcohol (WDA) model23 (Figure 1B). In this model mice
receive high-fat Western diet pellets and either water as a
control (WD group) or alcohol in the drinking water (WDA
group) for 16 weeks. Taken together, alcohol thus reduced
Prmt6 gene expression in 2 different mouse ALD models.

We found that there was significant negative correlation
between Prmt6 and serum levels of alanine aminotrans-
ferase and aspartate aminotransferase in alcohol-fed mice,
suggesting that the Prmt6 decrease is greater in mice with
more advanced liver disease (Figure 1C).

In humans, the PRMT6 gene is located in chromosome 1.
Several polymorphisms in this gene were found as significant
hits in multiple genome-wide association studies relevant to
liver disease (genome-wide association study catalog). PRMT6
gene polymorphisms are associated with levels of low-density
lipoprotein, high-density lipoprotein, and gamma-glutamyl
transferase, an enzyme commonly elevated in ALD pa-
tients,24 suggesting that PRMT6 may have a role in human
ALD as well. We further examined PRMT6 expression in hu-
man liver transplant explants and liver donor tissue obtained
from KUMC Liver Bank. PRMT6 expression negatively corre-
lated with Model for End-stage Liver Disease score
(Figure 1D), suggesting that diminished PRMT6 expression
correlates with more advanced liver disease.

To determine which cell types are relevant for PRMT6-
mediated effects, we examined PRMT6 expression in the liver
by immunohistochemical staining and by assessing mRNA
expression in isolated cells (Figure 1E). We found that PRMT6 is
expressed in a small subset of hepatocytes and in liver macro-
phages and endothelial cells and shows low expression in he-
patic stellate cells (HSC) (Figure 1E). Data from single cell RNA
sequencing analysis suggest that PRMT6 in healthy humans is
enriched in immune cell clusters (HumanProteinAtlas25).

We obtained whole-body Prmt6 knockout (KO) mice
from Jackson Laboratory (strain #028929, mixed C57BL/6J
and C57BL/6N background; Bar Harbor, ME) and back-
crossed them for 5 generations with C57BL/6J mice. We
observed that Prmt6-deficient mice show no obvious
phenotype, apart from livers that tend to be smaller in size
than in their wild-type (WT) littermates. This difference was
significant at 1 year of age (Figure 1F).

Prmt6-Deficient Mice Develop Similar Steatosis
in the Presence of Alcohol

To assess the role of PRMT6 in ALD, we fed male and fe-
male WT Prmt6þ/þ, Prmt6þ/- (Het), and Prmt6 -/- (KO) lit-
termates WD and WDA diets for 16 weeks. We observed no
difference in weight gain between genotypes (Figure 2A). We
measured alcohol intake in WT and KO mice and found that
Prmt6 -/- (KO) mice consumed similar amounts of alcohol as
WT controls (Figure 2B). Prmt6 expression was reduced by
alcohol in WT mice; Prmt6 expression in the livers of het-
erozygous Prmt6þ/- mice was intermediate between WT and
KO mice in both feeding groups (Figure 2B).

We observed that alcohol increased liver/body weight
ratios in all genotypes, and although median liver weight was
slightly lower in KO mice, we found no significant difference
between genotypes in both feeding groups (Figure 2C).
Similarly, we found comparable levels of lipid accumulation
in the livers of mice after alcohol feeding (Figure 2D and E).

Interestingly, we observed that about half of the Prmt6-
deficient mice had elevated lipid accumulation in the control
WD fed group (Figure 2D and E); however, they did not have
higher liver/body weight ratios. Because overall body
weights were not increased, this could be due to other un-
identified factors in the Prmt6-deficient mice that reduced
non-lipid liver weight of the KO mice (Figure 1F) and
compensated for increased lipid accumulation.

Importantly, our data show that Prmt6-deficient mice on
WDA diet show no difference in weight gain, alcohol intake,
or liver steatosis compared with WDA fed WT mice.

PRMT6 Protects From Fibrosis Development in
Alcohol Fed Mice

We found that Prmt6-deficient mice developed a
dramatic liver disease phenotype after 16 weeks of WDA



A B

C D

E

WT Het KO WT Het KO
0.030

0.035

0.040

0.045

0.050

0.055

0.060

Liver/Body

Li
ve

r/b
od

y 
w

ei
gh

t r
at

io

✱✱
F

Prm
t6

Kdm6b
Setd

4
Hdac

1

Dnmt3a

Setd
b2

Dnmt3b
Hdac

4
Nco

a6
Hdac

3
Hdac

8
Ube2

a
Nsd

1
Mys

t3
Usp

22
Dot1l

Ube2
b

Hdac
7

Prm
t7

Hdac
10
Esc

o1

Suv3
9h

1
Setd

5

Rps6
ka

3

Kdm5c
Gusb

Ehmt2
Ciita

Suv4
20

h1
Hdac

6
Mys

t4

Kdm4a
Setd

6
Setd

2
Setd

7
Cdyl

Aurka

Kdm4cMll5
Prm

t2

Hsp
90

ab
1

Prm
t1

Smyd
1

Rps6
ka

5
Ash

1l

Hdac
2

Nco
a3
Ehmt1

Smyd
3
Hat1

Mys
t2

Kdm5b
Nek

6
Mll3

Setd
1bAtf2

Csrp
2b

p

Hdac
11
Kat5

Rnf20
Usp

21
Setd

3
Kat2

b

Setd
1a
Prm

t3

Setd
b1

Whsc
1
Rnf2

Mys
m1
Usp

16
Nco

a1

Kdm1a
Prm

t5

Carm
1

Dnmt1
Hdac

5
Hdac

9
Setd

8
Kat2

a
Pak

1
Dzip

3
Esc

o2
-0.5

0.0

0.5

PR
M

T6

r = - 0.31

Prmt6
0.0000

0.0005

0.0010

0.0015

0.0020

Prmt6 mRNA

re
la

tiv
e 

m
RN

A

Hepatocytes
Kupffer cells
LSEC
HSC

1×10-3 2×10-3 4×10-3 8×10-3
1

10

100

1000

P6 vs ALT

Prmt6

AL
T,

 U
/m

l

1×10-3 2×10-3 4×10-3 8×10-3
1

10

100

1000

P6 vs AST

Prmt6

AS
T,

 U
/m

l

0.001 0.01 0.1
0

10

20

30

40

Prmt6

M
EL

D

re
la

�v
e 

m
RN

A

r = - 0.8
P < .01 r = - 0.9

P < .01

WD co
ntro

l

WD al
co

hol
0.0

0.5

1.0

1.5

2.0

2.5

P6 expression in WDA

re
la

tiv
e 

m
RN

A

✱✱✱

Liver/Body weight at 6 weeks
Liver/Body weight at 1 year

Prmt6 correlation with ALT Prmt6 correlation with AST PRMT6 correlation with MELD

✱✱
✱
✱

✱
✱✱✱ ✱✱

✱✱✱

✱✱✱✱
✱✱✱

✱✱✱
✱✱✱✱✱✱

Figure 1. PRMT6 is down-regulated in liver disease. (A) Mice (male and female) were fed Lieber-DeCarli alcohol (N ¼ 5) or
control (N ¼ 3) liquid diet for 4 weeks. Relative gene expression in whole liver mRNA. *P < .05, **P < .01, ***P < .001, ****P <
.0001. (B) Mice (male and female) were fed WD (control) or WD with alcohol in the drinking water (alcohol) for 16 weeks.
Relative gene expression in whole liver mRNA. N ¼ 10 and 20 per group, respectively. ***P < .001. (C) Correlation between
Prmt6 gene expression and serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in alcohol-fed mice.
(D) Correlation between PRMT6 gene expression and patients’ Model for End-stage Liver Disease (MELD) score. N ¼ 48. (E,
left) Representative images of PRMT6 protein staining in livers of mice. (Right) Prmt6 gene expression in isolated cells. N ¼ 5
mice. (F) Liver to body weight ratios of wild-type (WT), Prmt6þ/- (Het), and Prmt6-/- (KO) mice fed chow diet at 6 weeks and at 1
year of age. N ¼ 3–6 mice per group. **P < .01.
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diet that did not occur in the WT mice. This was char-
acterized by marked nodularity on gross liver appear-
ance (Figure 3A) and more severe fibrosis as assessed by
both Sirius red (Figure 3B) and trichrome (Figure 3C)
staining of histologic sections (Figure 3A and B). We
further observed a significant increase in total liver
mRNA levels of Tgfb1 and Col1a1 (Figure 3D). Prmt6-/-

mice on the WDA diet showed increased serum N-
terminal propeptide of procollagen type III and increased
prothrombin time, which agrees with more advanced
fibrosis and more advanced liver disease in these animals
(Figure 2E and F).

In contrast, Prmt6-deficient mice that were fed
control WD showed only a small increase in Sirius red
staining (Figure 3B) and an increase in liver mRNA
levels of Col1a1 (Figure 3D). On the other hand, mRNA
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levels of Tgfb1 were not increased in WD fed KO mice. We
found that for several parameters (Sirius red area, Tgfb1
expression) there is a significant diet-genotype
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Prmt6 Controls Fibrosis Development in Mice
and Humans

Because we observed an increase in fibrosis in Prmt6þ/-

and Prmt6-/- mice from all groups of treated animals, we
next tested whether Prmt6-deficient mice develop liver
fibrosis spontaneously. At 6 weeks of age Prmt6-/- mice did
not show any significant fibrosis development (Figure 4A).
In contrast at 1 year of age, both Prmt6þ/- and Prmt6-/- mice
showed an increase in Sirius red staining. Positive staining
was present mostly around centrilobular hepatocytes
(Figure 4A).

We next evaluated whether PRMT6 controls fibrosis
development in a different model of liver fibrosis,
thioacetamide-induced liver fibrosis. WT, Prmt6 þ/-, and
Prmt6 -/- mice littermates were given thioacetamide in the
drinking water for 2 months (Figure 4B–E). We found that
Prmt6 þ/- and Prmt6 -/- mice developed more severe fibrosis
seen by Sirius red and trichrome staining (Figure 4B). In
addition, Prmt6 -/- mice had higher prothrombin time
(Figure 4C), suggesting a greater decrease in liver synthetic
function. Mice had liver/body weight ratios similar to chow
fed mice (Figure 4D). Interestingly, Prmt6 -/- mice had lower
alanine aminotransferase and aspartate aminotransferase
serum levels (Figure 4E) and lower levels of proin-
flammatory cytokines such as Tnf, Il1b, and Ccl2 (Figure 4F),
suggesting that increased fibrosis was not due to a higher
degree of liver injury or inflammation in these mice
(Figure 4E).

We next evaluated the role of PRMT6 in fibrosis devel-
opment in human liver specimens using a tissue array. We
analyzed PRMT6 protein staining and COL1A1 staining in
human liver sections from patients with liver cirrhosis. We
observed that PRMT6 levels and staining patterns (hepato-
cytes vs non-parenchymal cell staining) varied greatly be-
tween individuals (Figure 5A). There was a significant
negative correlation between PRMT6 and COL1A1 staining
(Figure 5A). We further assessed PRMT6 and COL1A1 gene
expression in obese patients with normal livers or mild liver
disease (steatosis and stage 0–2 fibrosis) and compared
these with healthy, non-obese controls using a published
dataset (GSE48452). We separated samples into groups on
the basis of the presence of steatosis and fibrosis. We
observed that PRMT6 gene expression was significantly
reduced in livers of patients with steatosis and fibrosis (Fþ)
compared with patients with steatosis but no fibrosis (F–).
In contrast, we did not observe any difference in patients
with fibrosis in the absence of steatosis (Figure 5B). This
could be due to different etiology of fibrosis in these groups.
Fibrosis in the absence of steatosis is likely due to causes
such as viral hepatitis infection or biliary disease, and on the
Figure 2. (See previous page). PRMT6 loss does not affect lip
Prmt6þ/- (Het), and Prmt6-/- (KO) mice were fed western diet (W
alcohol) for 16 weeks. N ¼ 3–8 mice per group. (A) Weight chan
genotypes. (B) Alcohol intake in female mice and Prmt6 gene exp
(KO) mice fed WD or WDA. (C) Liver to body weight ratios. **P <
and alcohol-fed mice. Bars, 200 mm. (E) Liver triglyceride (TG) lev
Two-way analysis of variance, males genotype (F2,22 ¼ 1.299, P
P ¼ .16); females genotype (F2,22 ¼ 3.909, P ¼ .0353); diet (F1,
basis of these results, it is not mediated by PRMT6-
dependent mechanism. Thus we excluded these patients
from further analysis. We found that in patients with stea-
tosis there was significant negative correlation between
PRMT6 and COL1A1 and COL3A1 gene expression
(Figure 5C), suggesting that PRMT6 loss promotes fibrosis
development in patients with steatosis. In addition, we
found a negative correlation between PRMT6 and COL1A1
and COL3A1 gene expression in patients with alcohol-
associated hepatitis (GSE28619) (Figure 5D), suggesting
that this mechanism is relevant in these patients as well.
PRMT6 Promotes Proinflammatory and
Suppresses Profibrotic Signaling

Fibrosis is often driven by an increase in liver inflam-
mation. We evaluated proinflammatory cytokine gene
expression in the livers of WT, Prmt6 þ/-, and Prmt6 -/- mice
fed WD or WDA (Figure 6A). We found that Prmt6 þ/- and
Prmt6 -/- mice have significantly lower levels of proin-
flammatory cytokines Tnf and Il1b (Figure 6A). We next
tested whether PRMT6 regulates proinflammatory signaling
in the absence of alcohol. We injected WT and Prmt6-/- mice
with 2 mg/kg of lipopolysaccharide and collected serum
samples after 6 hours (Figure 6B). We found that Prmt6-/-

mice produce less proinflammatory cytokines and chemo-
kines such as CCL5, CCL4, CXCL2, interleukin (IL)1b, and
IL23. In contrast, the expression of the anti-inflammatory
cytokine IL4 was increased. Prmt6-/- mice also showed a
3-fold increase in tissue inhibitor of metalloproteinases-1,
an inhibitor of matrix metalloproteinases, and a 10-fold in-
crease in IL17A, both known to be involved in fibrosis
progression.

Next, we assessed proinflammatory and profibrotic
signaling in isolated cells. We found that liver macrophages
and endothelial cells from Prmt6þ/- and Prmt6-/- mice show
decreased expression of proinflammatory cytokines Tnf and
Il1b (Figure 6C). Macrophages also showed a decrease in
expression of chemokines Ccl2, whereas endothelial cells
had a decrease in Ccl5 (Figure 6D). Both macrophages and
endothelial cells had elevated expression levels of Tgfb1
(Figure 6E). In contrast, HSCs did not show genotype-
dependent effects in gene expression for cytokines, che-
mokines, or fibrosis associated genes such as Tgfb1 and
Col1a1 (Figure 6D and E). Taken together, these data sug-
gest that proinflammatory and anti-fibrotic effects of
PRMT6 are likely mediated by PRMT6 in macrophages and/
or endothelial cells but not in HSC, which agrees with
relative Prmt6 gene expression in these cell types
(Figure 1E).
id accumulation in alcohol-fed mice. (A–E) Wild-type (WT),
D, control) or WD with alcohol in the drinking water (WDA,

ge over time in 12 groups of mice. ns, not significant between
ression in livers of wild-type (WT), Prmt6þ/- (Het), and Prmt6-/-

.01. (D) Representative images of H&E staining from control
els in mice fed WD or WDA diets. *P < .05, ns, not significant.
¼ .29); diet (F1,22 ¼ 5.850, P ¼ .024); interaction (F2,22 ¼ 1.928,
22 ¼ 2.187, P ¼ .1534); interaction (F2,22 ¼ 3.952, P ¼ .034).
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Figure 3. PRMT6 protects against alcohol-induced fibrosis. (A–F) Wild-type (WT), Prmt6þ/- (Het), and Prmt6-/- (KO) mice
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We then overexpressed Prmt6 in Prmt6-/- cells to
confirm the role of PRMT6 in expression of proin-
flammatory and profibrotic genes (Figure 7A). In isolated
liver macrophages we observed a dose-dependent increase
in Tnf, Il1b, Ccl2, and Ccl5 in response to Prmt6 over-
expression, whereas Tgfb1 and Timp1 gene expression was
down-regulated 2-fold and 4-fold, respectively. We
confirmed that PRMT6 overexpression resulted in a
decrease of TGF-b1 expression at the protein level as well
(Figure 7A). In isolated endothelial cells we observed that
Prmt6 overexpression resulted only in a small increase in
Ccl5, suggesting that Prmt6 loss in endothelial cells may not
play as important role as macrophages in the phenotype of
the KO mice (Figure 7B). Finally, in HSCs we observed an
increase in Tnf, Ccl2, and Ccl5 in response to Prmt6 over-
expression, although this increase was an order of magni-
tude lower than that of macrophages. In addition, Tgfb1 and
Col1a1 gene expression was not affected (Figure 7C).

We confirmed that KO are responsible for profibrotic
signaling using a co-culture experiment. WT and KO mac-
rophages were co-cultured with HSCs in the presence of
control immunoglobulin G or TGF-b1 antibodies. We found
that Acta2 and Col1a1 expression in HSCs was greatly
increased in the presence of KO macrophages in comparison
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with WT controls, anti-TGFb1 antibodies reduced KO
macrophage-mediated activation (Figure 7D).

To confirm that macrophages are the main cell type
responsible for the Prmt6 role in fibrosis, we performed a
macrophage transient replacement experiment (Figure 7E
and F). We fed Prmt6 KO mice the WD and alcohol diet
for 12 weeks and then treated with chlodronate liposomes
to ablate liver macrophages. The clodronate-treated mice
were subsequently injected with either Prmt6 knockout
(KO->KO) or wild-type (WT->KO) bone marrow-derived
macrophages (BMDM) 1 day after macrophage ablation. In
addition, shortly after injection (within 1 hour) we collected
liver biopsy samples, and mice continued alcohol diet for 4
more weeks (Figure 7E). We confirmed that biopsies from
mice that received WT cells showed detectable Prmt6
expression, which was between 10% and 50% of Prmt6
levels in WT mice (Figure 7E). In addition, both groups of
mice had similar liver mRNA expression of F4/80,



C
ol

1a
1 

 P
rm

t6

0 2000 4000 6000 8000 10000
0

2000

4000

6000

8000

10000

Human liver disease

PRMT6

CO
L1

A1

r = -0.37
p = 0.018

A

B

Human liver disease tissue array

Stea
tosis

 F+

Stea
tosis

 F-

Contro
l F

+

Contro
l F

-
3

4

5

6

7

PRMT6

re
la

tiv
e 

m
RN

A

✱ ns

4.5 5.0 5.5 6.0 6.5
5

6

7

8

9

PRMT6

CO
L1

A1

4.5 5.0 5.5 6.0 6.5
5

6

7

8

9

PRMT6

CO
L3

A1

GSE48452 GSE48452 (steatosis)

r = - 0.5
P < .05

r = - 0.6
P < .05

C

CV

CV

CV

CV

C
ol

1a
1 

 P
rm

t6

3 4 5 6 7
0

2

4

6

8

10

PRMT6

CO
L1

A1

3 4 5 6 7
10

11

12

13

14

15

PRMT6

CO
L3

A1

GSE28619 (Alc Hep)
r = - 0.37
P = .1

r = - 0.58
P < .05

D

Figure 5. PRMT6 protects against liver fibrosis in humans. (A) Human liver samples were stained for PRMT6 and COL1A1.
(Right) Correlation between PRMT6 and COL1A1 protein levels. N ¼ 63. (B) PRMT6, COL1A1, and COL3A1 expression in
human samples GSE48452. PRMT6 expression in patients with or without steatosis and fibrosis. (C and D) Correlation be-
tween PRMT6, COL1A1, and COL3A1 in patients with steatosis, N ¼ 18 (C) and alcohol-associated hepatitis (N ¼ 15,
GSE28619).

46 Schonfeld et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1
suggesting that both groups received comparable number of
macrophages (Figure 7E). Higher proinflammatory and
fibrosis resolving (Mmp7) gene expression was observed
after WT macrophages were injected. This was expected
because WT macrophages are more proinflammatory than
Prmt6 KO macrophages (Figure 6).

Four weeks after injection of WT macrophages into these
KO mice, we observed lowered international normalized
ratio/prothrombin time levels from those before the injec-
tion time point, whereas injection of KO macrophages
resulted in no change in international normalized ratio/
prothrombin time (Figure 7E). Moreover, we found that in
mice that received KO macrophages, liver fibrosis measured
by Sirius red staining was significantly increased during last
4 weeks of alcohol feeding (Figure 7F). In contrast, in the
mice that received WT macrophages fibrosis was reduced,
even though we did not detect original injected macro-
phages at this time point, suggesting that injection of WT
cells compared with control KO cells was able to generate a
fibrosis resolving rather than fibrosis promoting liver
microenvironment. The effect of WT BMDM was similar to
previously published studies showing that macrophage cell
therapy improves liver synthetic function and reduces
fibrosis area in an experimental fibrosis model.26 These data
were confirmed by measuring changes in mRNA levels from
time of the biopsy. We observed lower Tgfb1, Col1a1, and
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Timp1 in the WT macrophage treated group compared with
the control KO macrophages treated group (Figure 7F).

PRMT6 Regulates Profibrotic Gene Expression
Through Methylation of Integrin Alpha 4

PRMT6 was initially reported as a transcriptional
repressor.1 Thus, we hypothesized that PRMT6 can directly
bind the promoter and suppress Tgfb1 gene expression. To
test this hypothesis, we constructed a dCas9-PRMT6 fusion
protein expression vector and used specific guide RNAs to
guide PRMT6 to the promoters of its potential targets
(Figure 8A). In contrast to our prediction, we found that
PRMT6 specifically induces gene expression of Tgfb1, Ccl2,
and Ccl5 in the presence of corresponding gRNA but not in
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the presence of other gRNAs. These data suggest that
PRMT6 is a transcriptional activator and likely does not
suppress Tgfb1 gene expression by direct promoter binding.

To define the mechanism of PRMT6-dependent fibrosis
development and to find PRMT6 methylation targets, we
performed tandem mass tag (TMT) mass spectrometry
analysis of whole liver protein extracts from male WT and
Prmt6-/- mice fed WD and WD alcohol (Figure 8B,
Supplementary Material). We observed that Prmt6 KO in
alcohol-fed mice had a greater effect on the proteome that
that in control-fed mice. Major pathways that were pre-
dicted to be regulated by PRMT6 in alcohol-fed mice were
metabolic pathways, including xenobiotic metabolism, cell
motility, and immune signaling related pathways, including
integrin signaling (Figure 8C).

To identify methylation targets of PRMT6 we analyzed
arginine methylated peptide abundance in WT and Prmt6-/-

mouse livers. Figure 8D presents ratios of methylated pep-
tide abundance between KO and WT mice vs ratio of total
protein abundance. In the control condition, in the absence
of alcohol, Prmt6 KO affects methylation of only a small
number of proteins. In contrast, in alcohol-fed mice, Prmt6
KO results in a decrease in methylation for many proteins
(Figure 8D, Supplementary Material). These data suggest
that PRMT6 is important for protein methylation in alcohol-
fed mice, whereas under control conditions PRMT6 is not an
essential methyltransferase, possibly because PRMT6 loss is
compensated by another methyltransferase such as PRMT1.
Among proteins demethylated in Prmt6-/- mouse livers we
identified integrin a4 (ITGA4). We found that integrin a4 is
arginine methylated in WT livers, and its methylation is
reduced in Prmt6-/- mouse livers (Figure 8E).

To test the role of integrin a4 in PRMT6-dependent
profibrotic signaling in macrophages, we used short
hairpin RNA mediated knockdown to reduce Itga4 and/or
other integrin levels in macrophages isolated from WT and
Prmt6-/- mice (Figure 9A). We found that Itga4 knockdown
in WT increased Tgfb1 and Timp1 expression to the levels of
Prmt6-/- cells (Figure 9A). In contrast, Itga4 knockdown in
Prmt6-/- cells did not affect the expression of these genes.
Knockdown of other integrins did not produce similar ef-
fects on both genes.

Next, we tested the role of integrin a4 in stellate cell
activation. We found that Itga4 knockdown in WT macro-
phages increased their ability to induce HSC activation
(Figure 9B). These data suggest that methylated integrin a4
(in WT cells) suppresses profibrotic gene expression and
HSC activation, whereas demethylated integrin a4 (in KO
cells) does not.

Mass spectrometry analysis identified arginine R464 as a
site of integrin a4 methylation (Supplementary Material).
R464 is located between the b-propeller and a-domains,
regions involved in both b-integrin and ligand interactions.
We mutated R464 to lysine and evaluated the role of WT
and mutant integrin a4 in Tgfb1 and Ccl2 gene expression in
macrophages in the presence of PRMT6 (Figure 9C). We
found that overexpression of WT integrin a4 can suppress
Tgfb1 gene expression and induce Ccl2 gene expression
similar to PRMT6 overexpression. Overexpression of both
proteins does not have additive effect, confirming that
PRMT6 regulates gene expression through integrin a4
(Figure 9C). Overexpression of R464K mutant integrin did
not suppress Tgfb1 gene expression and was less able to
induce Ccl2 gene expression. In the presence of PRMT6
mutant integrin prevented PRMT6-induced suppression of
Tgfb1 gene expression and induction of Ccl2 (Figure 9C).

Next, we overexpressed Itga4 in WT and KO macro-
phages and tested them in the HSC co-culture system. In
contrast to Itga4 knockdown, Itga4 overexpression in WT
macrophages reduced HSC activation (Figure 9D). In KO
macrophages Itga4 overexpression had no effect on HSC
activation ability, confirming that only the PRMT6-
methylated form can prevent profibrotic signaling.

Monocyte Derived Macrophages Promote Liver
Fibrosis in Prmt6-Deficient Mice

We used our previously reported small cytoplasmic RNA
sequencing analysis to assess the expression of Itga4 in
different cell types in the liver.23 Itga4 gene is predomi-
nantly expressed in infiltrating monocytes and macrophages
(Figure 10A). Its expression is highest in infiltrating mono-
cyte derived macrophages (Figure 10A). We confirmed that
integrin a4 protein co-localizes with macrophage marker in
fibrotic livers, specifically in the areas of fibrosis
(Figure 10B).

Because integrin a4 is expressed predominantly on
monocyte derived macrophages recruited to the liver during
ALD progression, we tested whether blocking monocyte
recruitment would rescue the phenotype of Prmt6-/- mice.
To do so we injected mice fed WDA diet for 16 weeks with 2
weekly injections of 2 mg/kg of selective CCR2 inhibitor RS
504393 (inhibitory concentration of 50% ¼ 330 nmol/L for
CCL2 chemotaxis) starting week 4 of alcohol feeding
(Figure 10C). We observed that inhibitor treatment abolished
differences between genotypes in liver gross appearance
(Figure 10C, compared with Figure 2A) but did not affect
serum alanine aminotransferase levels (Figure 10C). Moreover,
we found that that inhibitor treatment abolished differences in
fibrosis development between genotypes (Figure 10D,
compared with Figure 3B) and abolished differences in pro-
thrombin time (Figure 10E, compared with Figure 3F).

Inhibitor treatment reduced Ccr2 levels, expressed pre-
dominantly in infiltrating monocytes and monocyte-derived
macrophages, in WT and Prmt6-/- mice, whereas it increased
levels of Adgre1 gene, expressed on Kupffer cells (KC)
(Figure 10F). In addition, we found that treatment pre-
vented the increase in Tgfb1 and Col1a1 levels in Prmt6-/-

mice (Figure 10F).
Taken together, these data suggest that PRMT6 loss in

CCR2-positive infiltrating monocyte-derived macrophages
promotes the increase in profibrotic signaling in the liver.

Discussion
ALD is a complex disease that affects multiple pathways

in the liver. Alcohol is known to have a big impact on
epigenetic regulators that are involved in alcohol-induced
steatosis, inflammation, and fibrosis development.27–30 We
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have studied how alcohol affects 82 known epigenetic reg-
ulators. We found that about 15% of them were significantly
up-regulated by alcohol, whereas only 4 were down-
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Using Prmt6 KO mice we found that PRMT6 is involved
in multiple aspects of alcohol-induced liver disease; how-
ever, the most striking result was the effect of Prmt6 defi-
ciency on alcohol-induced fibrosis development. We
observed that PRMT6 is anti-fibrotic and functions as part of
a mechanism that prevents fibrosis development, both in the
absence of alcohol and especially during alcohol exposure.

PRMT6 regulates fibrosis development via integrin a4
methylation in macrophages. Integrin methylation sup-
presses profibrotic signaling. In contrast, proinflammatory
signaling is induced. Thus, in Prmt6-deficient mice increased
fibrosis is accompanied by decreased inflammation and
decreased liver injury markers, suggesting that this mech-
anism of fibrosis development is independent of proin-
flammatory cytokine production and hepatocyte injury
induced by alcohol. On the other hand, we found that Prmt6
down-regulation correlates with injury markers in WT mice
fed alcohol (Figure 1). These data suggest that liver injury
promotes Prmt6 down-regulation, which in turn promotes
fibrosis development.

We observed that in the presence of alcohol, Prmt6
deficiency results in a greater increase in fibrosis
compared with other disease models (high-fat diet
feeding, thioacetamide). This effect could not be due to
alcohol-induced reduction in Prmt6 levels, because then
the effect of KO would be less in the presence of alcohol.
This apparent contradiction is due to complex role of
arginine methyltransferases in the liver. We observed a
similar situation in our previous studies of another
methyltransferase, PRMT1. We found that PRMT1 is
inhibited by alcohol31; however, Prmt1 KO in alcohol-fed
mice resulted in a dramatic increase in liver injury.27

Our data suggested that alcohol-induced PRMT1 inhibi-
tion is a protective mechanism, because it promoted its
anti-inflammatory and pro-survival properties. Similarly,
our data suggest that reduction in Prmt6 can prevent
excessive inflammation induced by alcohol, which might
be important in early ALD development. On the other
hand, reduction in Prmt6 accelerates fibrosis development
in later stages of ALD (Figure 11). Our data on significant
diet-genotype interactions suggest that other alcohol-
induced factors are necessary to accelerate profibrotic
signaling in KO mice.
Figure 7. (See previous page). PRMT6 in macrophages sup
endothelial cells (EC) (B), or hepatic stellate cells (HSC) (C)) isolat
vector expressing Prmt6 at indicated concentrations. N ¼ 3–4 m
expression is presented relative to WT cells. (A, bottom) TGF-b
overexpressing PRMT6 are marked with asterisks. (D) Liver m
experiment with WT HSCs for 24 hours in the presence of 5
Relative gene expression in HSCs, **P < .01. N ¼ 4. (E and F)
drinking water (WDA, alcohol) for 12 weeks. Mice were treated w
106 BMDM per mouse. Shortly after (within 1 hour after injection
diet and alcohol for 4 more weeks. (E) Schematic of performed p
mice that received WT or KO macrophages as percent expressio
and prothrombin time in mice before chlodronate injection and a
test. (F, left) Sirius red staining of biopsy and corresponding live
slide and stained simultaneously. Bars, 100 mm. (Right) Percent p
(Bottom) Fold change in liver mRNA during last 4 weeks of fee
PRMT6 was first identified as an epigenetic regulator
that is involved in histone H3 methylation, depositing R2
methylation, a repressive mark.1 Later, PRMT6 was identi-
fied to induce an activating histone methylation mark on
H2A that promotes gene expression. In our study we
confirmed that PRMT6 can promote gene expression when
recruited to gene promoters of genes involved in proin-
flammatory signaling. This mechanism likely contributes to
PRMT6-mediated up-regulation of these genes in multiple
cell types including macrophages, endothelial cells, and
HSCs. In contrast, we did not find that PRMT6 can suppress
gene expression when recruited to the promoters of its
target genes, suggesting that suppressive histone methyl-
ation might not be playing a role in PRMT6 function in the
liver.

Previous studies indicated that PRMT6 has very narrow
substrate specificity and methylates very few targets
outside the nucleus.4 When we analyzed PRMT6 non-
histone targets, we found that protein methylation was
most affected in alcohol-fed mice. In contrast, in control
mice PRMT6 KO had less effect on protein methylation,
suggesting that in the absence of alcohol, PRMT6 loss can be
compensated by other methyltransferases such as PRMT1.
These other methyltransferases are likely also inhibited by
alcohol, perhaps to an even greater degree, making PRMT6
essential for protein methylation in alcohol-fed mice
(Figure 8). These data agree with our previous work on
alcohol-induced reduction in protein arginine methylation
and PRMT1 inhibition.27,32,33

One of the top pathways that were dysregulated in
PRMT6 KO mice was integrin signaling. Moreover, we found
that PRMT6 methylates integrin a4, and this modification
controls its downstream signaling and its role in proin-
flammatory and profibrotic gene expression. A PRMT6-
dependent methylation site is located in the region
responsible for both b-integrin interaction in its inactive
form and for ligand interaction in its active ligand-bound
form.19,34–37 Arginine methylation does not affect protein
charge, unlike many other posttranslational modifications
such as phosphorylation or lysine acetylation. However,
methylation interferes with the formation of hydrogen
bonds, thus affecting protein conformation and/or protein-
protein interactions. Our data suggest that integrin
presses liver fibrosis. (A–C) Cells (liver macrophages (A),
ed from Prmt6-/- (KO) mice were treated with control vector or
ice. ns, not significant. *P < .05, **P < .01, ***P < .001. Prmt6
1 and PRMT6 protein levels in cells expressing Prmt6. Cells
acrophages from WT or KO mice were used in a co-culture
mg/mL of TGF-B1 antibodies or control immunoglobulin G.
Prmt6-/- (KO) mice were fed Western diet with alcohol in the
ith chlodronate liposomes and 1 day later were injected with

) mice liver biopsy was collected. Then mice were fed Western
rocedures. (Bottom left) Gene expression in liver biopsies from
n of a WT mouse. (Bottom right) International normalized ratio
fter 16 weeks of feeding. N ¼ 3 per group. ***P < .001 paired t
r sections. Corresponding sections were placed on the same
ositive area of Sirius red staining. ns, not significant. *P < .05.
ding. *P < .05.
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Relative mRNA expression of indicated genes or negative control (non-target, GFP). N ¼ 3, ns, not significant. *P < .05, **P <
.01. (B–D) Wild-type (WT) and Prmt6-/- (KO) mice were fed Western diet or WD with alcohol in the drinking water (alcohol) for 16
weeks. Livers from male mice (N ¼ 3 mice per group) were analyzed by tandem mass tag mass spectrometry analysis. (B)
Relative protein abundances in control and alcohol conditions. (C) Ingenuity pathway analysis of differentially regulated
pathways in WT and KO mice fed alcohol. (D) Tandem mass tag mass spectrometry analysis of relative peptide and protein
abundances in WT and Prmt6-/- (KO) mice fed Western diet (control) or WD with alcohol in the drinking water (alcohol) for 16
weeks. Fold change in peptide abundance was plotted versus fold change in corresponding protein abundance. (E) Meth-
ylated proteins were immunoprecipitated using anti-methyl arginine antibodies. Western blot analysis of integrin a4 protein
abundance in precipitated fraction and in the input. Protein abundance ratios in N ¼ 3 independent experiments. *P < .05.

2023 PRMT6 Protects From Alcohol-Induced Fibrosis 51



B

A

WT KO WT KO WT KO WT KO WT KO WT KO
10-7

10-6

10-5

10-4

10-3

Timp1

re
la

tiv
e 

m
RN

A

shControl
shItga4
shItgax
shItgb1
shItgb2
shAll

✱✱ ns ns ✱ ns ns

✱✱

WT KO WT KO WT KO WT KO WT KO WT KO
0.0001

0.001

0.01

0.1

Tgfb1

re
la

tiv
e 

m
RN

A

shControl
shItga4
shItgax
shItgb1
shItgb2
shAll

✱✱ ns ns ✱ ns✱

✱

co
ntro

l

Prm
t6 

1u
g

Prm
t6 

2u
g

Itg
a4

 

Itg
a4

 + Prm
t6 

1u
g

Itg
a4

 + Prm
t6 

2u
g

Itg
a4

 R
K

Itg
a4

 RK + 
Prm

t6 
1u

g

Itg
a4

 RK + 
Prm

t6 
2u

g
0.00

0.02

0.04

0.06

0.08

re
la

tiv
e 

m
RN

A

Tgfb1
✱✱✱✱

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

co
ntro

l

Prm
t6 

1u
g

Prm
t6 

2u
g

Itg
a4

 

Itg
a4

 + Prm
t6 

1u
g

Itg
a4

 + 
Prm

t6 
2u

g

Itg
a4

 R
K

Itg
a4

 RK + 
Prm

t6 
1u

g

Itg
a4

 RK + 
Prm

t6 
2u

g
0.000

0.005

0.010

0.015

0.020

0.025
re

la
tiv

e 
m

RN
A

Ccl2

✱✱✱✱

✱✱✱✱

✱✱✱✱

ns

✱✱

C

Acta2 Col1a1
0

1

2

3

re
la

tiv
e 

m
RN

A

shControl
shItga4✱

✱

Macrophage – HSC co-culture
Macrophage – HSC co-culture

Macrophage integrin knockdown Macrophage integrin overexpression

D

Acta2 Col1a1
0

2

4

6

8

re
la

tiv
e 

m
RN

A ✱
WT
WT + Itga4
KO
KO + Itga4

ns ns✱

Figure 9. PRMT6 regulates integrin a4 methylation. (A) Liver macrophages were isolated from wild-type (WT) and Prmt6-/-

(KO) mice and treated with shRNA control vector, shRNA specific to Itga4, Itgax, Itgb1 or Itgb2, or a combination of all shRNA
together (shAll). Relative mRNA expression. N ¼ 3–4 mice per group. ns, not significant. *P < .05, **P < .01. (B) WT mac-
rophages treated with shRNA control vector or shRNA specific to Itga4 were used in a co-culture experiment with WT HSCs.
Relative gene expression in HSCs. *P < .05, N ¼ 5. (C) Liver macrophages expressing PRMT6, ITGA4 WTe, or methylation
deficient ITGA4 R464K where indicated. N ¼ 5–8 independent experiments. ns, not significant. **P < .01, ****P < .0001. (D) WT
and KO macrophages expressing control vector or vector encoding Itga4 were used in a co-culture experiment with WT HSCs.
Relative gene expression in HSCs. *P < .05, N ¼ 6–8.

52 Schonfeld et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1



2023 PRMT6 Protects From Alcohol-Induced Fibrosis 53
methylation might affect integrin-mediated intracellular
signaling, ie, when integrin is activated. Thus, it is likely that
methylation affects a conformation switch between active
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We identified integrin a4 as a regulator of profibrotic
signaling in macrophages. Our data using integrin gene
knockdowns suggest that other integrins might also be
involved (Figure 9A), including integrins ax, b1, and b2.
These data agree with previous studies on the role of these
integrins in extracellular matrix expression and regulation of
TGF-b.14,18,21 Integrins a4b1 and axb2 are predominantly
expressed on monocyte derived infiltrating macrophages,
which are known for their proinflammatory and profibrotic
roles. Our results suggest that proinflammatory and profi-
brotic functions in these macrophages exist in equilibrium,
and the precise setting of this equilibrium state is deter-
mined by the activity of PRMT6 (Figure 11). These data
explain contradicting findings on the role of infiltrating
macrophages in fibrosis progression and fibrosis resolution.
Our data suggest that Prmt6 WT macrophages can promote
fibrosis resolution, whereas Prmt6-deficient macrophages
are profibrotic.

Interestingly we found that in the liver, PRMT6 is pri-
marily expressed in non-parenchymal cells, macrophages,
and endothelial cells. However, we detected PRMT6 protein
expression in a subset of hepatocytes. Although we found
that macrophage PRMT6 is involved in inflammation and
fibrosis, hepatocyte PRMT6 could be involved in regulation
of liver size (Figure 1F) and lipid accumulation (Figure 2E).
These functions could be mediated by PRMT6-dependent
metabolic pathways and insulin-like growth factor-1
signaling (Figure 8C). Further studies are necessary to
identify targets of PRMT6 in hepatocytes that are involved
in these processes.

Taken together, we found that PRMT6 regulates fibrosis
development in an ALD model as well as other models such
as high-fat diet, thioacetamide treatment, and aging. Tar-
geting PRMT6 and its downstream targets such as integrins
can be a promising strategy for reducing or preventing liver
fibrosis.
Materials and Methods
Mice

Prmt6 KO mice were purchased from Jackson Laboratory
(strain #028929, mixed C57BL/6J and C57BL/6N back-
ground) and backcrossed them for 5 generations with
C57BL/6J mice. Prmt6 þ/þ, Prmt6 þ/-, and Prmt6 -/- lit-
termates were used for experiments at 6–8 weeks of age.

All mice were housed in a temperature-controlled, spe-
cific pathogen-free environment with 12-hour light-dark
cycles. All animal handling procedures were approved by
Figure 10. (See previous page). Infiltrating monocyte derived
(A) Single cell RNA-sequencing analysis of liver cells from mice f
(WDA) for 16 weeks. (Top) Itga4 expression in combined cell clu
.05. (B) Immunofluorescence analysis of F4/80 and integrin a4 p
Wild-type (WT), Prmt6þ/- (Het), and Prmt6-/- (KO) mice were fed
for 16 weeks. Between weeks 4 and 12 of feeding mice received
Schematic of inhibitor treatment. (Middle) Gross liver appearanc
WD, WDA, and mice treated with the inhibitor. (D, top) H&E an
Sirius red positive area. ns, not significant. (E) Prothrombin time
and WDA mice treated with the inhibitor. ns, not significant. *P
the Institutional Animal Care and Use Committee at the
University of Kansas Medical Center (Kansas City, KS).

Feedings
Lieber-DeCarli liquid diet feeding was performed as

previously described.38

For the previously described WDA model,23 both male
and female mice were fed ad libitum Western diet (Research
Diets, Inc, New Brunswick, NJ; cat# D12079B), and alcohol
was given ad libitum in water. Mice received progressively
increasing amount of alcohol in water (1%, 3%, 10%, 15%,
and 20% for 3 days each). After reaching 20%, mice were
then alternated between 20% (4 days) and 10% (3 days) to
achieve maximum alcohol intake.

Tandem Mass Tag Labeling and Mass
Spectrometric Analysis

Whole liver extracts were lysed in 20 mmol/L HEPES
(pH 8.0), 150 mmol/L NaCl, 0.5% NP-40, and 0.1% sodium
dodecyl sulfate. Trypsin digestion and TMT labeling were
performed following the manufacturer’s instructions using
the TMT-sixplex Mass tagging kit (Thermo Fisher Scientific,
Waltham, MA). Briefly, 100 mg of protein per condition was
digested with 2.5 mg of trypsin (Promega, Madison, WI).
After trypsin digestion, TMT label reagent was added.
Equal amounts of labeled samples were combined, and
sample was then loaded into a high pH reverse phase spin
column previously conditioned following the manufac-
turer’s instructions (Thermo Fisher Scientific). The pep-
tides were eluted in 9 fractions. Eluted samples were
injected into the high-performance liquid chromatography
coupled with the Orbitrap Fusion Lumos spectrometer
(Thermo Fisher Scientific). For data analysis all MSMS
scans were searched using Protein Discoverer v.2.4
running Sequest HT and a mouse database downloaded
from the NCBI NR repository. Protein quantification was
done using unique peptides only.

Cytokine Array and Enzyme-linked
Immunosorbent Assay

Proteome Profiler Mouse Cytokine Array Kit (R&D Sys-
tems, Minneapolis, MN) detecting 111 mouse cytokines and
mouse IL1b ELISA kit (R&D Systems) was used according to
manufacturer’s instructions.
Small Cytoplasmic RNA Sequencing. Liver CD45 posi-
tive cells were used to generate barcoded cDNA libraries
using a 10x Genomics Chromium platform with a total input
macrophages promote fibrosis in PRMT6-deficient mice.
ed Western diet (WD) or WD with alcohol in the drinking water
sters. (Bottom) Itga4 expression in myeloid cell clusters. *P <
rotein expression in fibrotic mouse livers. Bars, 100 mm. (C–F)
Western diet with alcohol in the drinking water (WDA, alcohol)
CCR2 inhibitor RS 504393 at 5 mg/kg twice a week. (C, top)

e. (Bottom) Serum alanine aminotransferase levels in mice fed
d Sirius red staining in treated mice. Bars, 200 mm. (Bottom)
in treated mice. (F) Whole liver mRNA levels in mice fed WDA
< .05, **P < .01, ***P < .001.



Figure 11. Model of PRMT6-dependent fibrosis regulation. PRMT6 regulates fibrosis development via integrin a4
methylation in macrophages. Proinflammatory and profibrotic signaling in macrophages exist in equilibrium determined by
activity of PRMT6. Methylated integrin a4b1 promotes downstream expression of proinflammatory cytokines and chemokines
such as Tnf, Il1b, and Ccl2, Ccl5. On the other hand, methylated integrin a4b1 inhibits profibrotic gene expression of genes
such as Tgfb1 and Timp1. Alcohol reduces PRMT6 levels, and in the presence of alcohol integrin a4b1 is demethylated.
Demethylated integrin is less able to promote proinflammatory signaling or suppress profibrotic gene expression. As a result,
loss of PRMT6 promotes fibrosis development in the liver.
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of 10,000 cells per condition as previously described.39 Li-
braries were sequenced with an Illumina Novoseq (San
Diego, CA) sequencer, and data were analyzed with the 10x
Genomics Cell Ranger and Loupe Cell Browser software.
Human Samples
Liver tissue microarray containing de-identified human

liver cirrhosis samples was purchased from US Biolab
(Rockville, MD).

De-identified human specimens were obtained from the
Liver Center Tissue Bank at the University of Kansas Med-
ical Center. All studies using human tissue samples were
approved by the Human Subjects Committee of the Uni-
versity of Kansas Medical Center.
Macrophage Replacement
Mice were injected with 150 mL of chlodronate lipo-

somes (anionic Clophosome; Formumax, Sunnyvale, CA) 1
day before macrophage injections. BMDM were prepared as
previously described40 and injected intravenously under
isoflurane anesthesia.
Liver Biopsy. Mice were anesthetized with isoflurane, a
small incision was made on the upper right side of the
abdomen, and the liver was exposed. One lobe of liver was
carefully lifted, and small piece of liver (3–5 mm) was
removed. The tissue was immediately placed in zinc-
formalin and RNA-later for further processing. The gap in
the liver was closed with an absorbable hemostatic gelatin
sponge (Vetspon #96002; Novartis, Cambridge, MA) to stop
all eventual bleeding. The incision was closed with 5-
0 absorbable surgical suture (Redilene Redisorb Fast Pro
#VF493-M) and 7-mm wound-clips (Reflex 7 #203-1000).
Mice were then injected with 1 mL saline (subcutaneously)
and 1.0 mg/kg SR Buprenorphine (subcutaneously). Mice
were placed on a heating pad and monitored until fully
awake from anesthesia; thereafter mice were monitored
daily for the next 7 days. The wound-clips were removed on
day 8 after surgery.

Cell Isolation
Liver cells were isolated by a modification of the method

described by Troutman et al.41 Mouse livers were digested
by retrograde perfusion with liberase via the inferior vena
cava. The dissociated cell mixture was placed into a 50-mL
conical tube and centrifuged twice at 50g for 2 minutes to
pellet hepatocytes. The NPC-containing cell supernatant was
further used to isolate KC, liver sinusoidal endothelial cells
(LSEC), and HSC. The cell suspension was pelleted by
centrifugation (700g, 10 minutes, 4�C) and resuspended in
phosphate-buffered saline (PBS) and OptiPrep (Sigma-
Aldrich, St Louis, MO) to a final concentration of 17%. Af-
terwards, 5 mL of the indicated suspension was placed in a
15-mL polystyrene conical centrifuge tube (BD Biosciences)
and overlaid with 5 mL of 9% Optiprep solution, followed
by 2 mL PBS. After centrifugation at 1400g for 20 minutes at
4�C with decreased acceleration and without breaks, the
various cell types were arranged according to their density.
HSC were enriched in the upper cell layer, whereas KC and
LSEC were separated as a second layer of higher density.
Cell fractions were collected separately by pipetting. HSC
purity over 99% was confirmed by retinoid based
fluorescence-activated cell sorter sorting. The KC/LSEC
fraction was pelleted, and KCs and ECs were isolated with
F4/80þ and CD146þMicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany), respectively, according to the manu-
facturer’s instructions. Cells were applied onto LS magnetic-
activated cell sorting (MACS) columns (Miltenyi Biotec),
which were placed within the magnetic field of a MACS
separator and washed 3 times with MACS buffer (Miltenyi
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Biotec). Cells were eluted and then seeded into culture
dishes. ECs were seeded on dishes coated with collagen-I.
Actb: reverse CGGGACCTGACAGACTACCT

Col1a1: forward TGGCCAAGAAGACATCCCTG

Col1a1: reverse GGGTTTCCACGTCTCACCAT

Tgfb1: forward TACGTCAGACATTCGGGAAGC

Tgfb1: reverse TTTAATCTCTGCAAGCGCAGC

Timp1: forward GTAAGGCCTGTAGCTGTGCC

Timp1: reverse AGCCCTTATGACCAGGTCCG

mCcl2 forward ACCTGGATCGGAACCAAATGAG

mCcl2: reverse GCTGAAGACCTTAGGGCAGAT

mCcl5: forward GGATTACTGAGTGGCATCCCC
Transwell Co-culture
For co-culture experiments, primary macrophages were

placed in cell inserts of 24-well Transwell (Corning Incor-
porated, Acton, MA; 0.4-mm pore size) at a seeding density
of 5� 104/well. Cells were treated as indicated and incu-
bated for 24 hours. Freshly isolated HSC were seeded in
bottom well at a seeding density of 1� 104/well. The cells
were then cultured for additional 24 hours, and HSCs were
harvested for RNA isolation.
mCcl5: reverse TCTGACCCTGTATAGCTTCCCT

m-Tnf: forward CTGAGACATAGGCACCGCC

m-Tnf: reverse CAGAAAGCATGATCCGCGAC

m-IL1b:forward ACGGGAAAGACACAGGTAGC

m-IL1b: reverse AGCTTCAGGCAGGCAGTATC

mPrmt6: forward CACCGGCTCGTTCAAGTAGA

mPrmt6: reverse AAACCTCTGGTGCTGTCCAC

TRCN0000348624 Itgb1

TRCN0000066375 Itgax

TRCN0000066043 Itga4

TRCN0000055311 Itgb2
Immunohistochemistry/Immunofluorescence
Liver tissue sections (5 mm thick) were prepared from

formalin-fixed, paraffin-embedded samples. The quantifi-
cation of Sirius red stained sections was performed in a
blinded manner. Immunostaining on formalin-fixed sec-
tions was performed by deparaffinization and rehydration,
followed by antigen retrieval by heating in a pressure
cooker (121�C) for 5 minutes in 10 mmol/L sodium cit-
rate, pH 6.0 as described previously.42 Peroxidase activity
was blocked by incubation in 3% hydrogen peroxide for
10 minutes. Sections were rinsed 3 times in PBS/PBS-T
(0.1% Tween-20) and incubated in Dako Protein Block
(Dako, Carpinteria, CA) at room temperature for 1 hour.
After removal of blocking solution, slides were placed into
a humidified chamber and incubated overnight with a
primary antibody, diluted 1:300 in Dako Protein Block at
4�C. Antigen was detected using the SignalStain Boost IHC
detection reagent (catalogue #8114; Cell Signaling Tech-
nology, Beverly, MA), developed with diaminobenzidene
(Dako), counterstained with hematoxylin (Sigma-Aldrich),
and mounted.

Alternatively, slides were incubated with fluorescent
Alexa Fluor-conjugated secondary antibodies diluted 1:300
in 0.1 mg/ml DAPI in Dako Protein Block for 1 hour at room
temperature. Slides were then washed with PBS and
mounted with FluorSave Reagent (Calbiochem, La Jolla, CA).
Signal intensity for both immunohistochemistry and
immunofluorescence was analyzed by Aperio ImageScope
12.1. N ¼ 5 random field were quantified in a blinded way
to obtain average signal intensity.
Reverse Transcription Polymerase Chain
Reaction

RNA was extracted from livers using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA was generated using the
RNA reverse transcription kit (Applied Biosystems, Wal-
tham, MA; cat. no. 4368814). Quantitative real-time reverse
transcription polymerase chain reaction was performed in a
CFX96 Real time system (Bio-Rad, Hercules, CA) using
specific sense and antisense primers combined with iQ
SYBR Green Supermix (Bio-Rad) for 40 amplification cycles:
5 seconds at 95�C, 10 seconds at 57�C, 30 seconds at 72�C.
mRNA concentrations were calculated relative to Actb.
Vectors
The pCMV6-PRMT6 vector was from OriGene (Rockville,

MD). Plasmid expressing Itga4 ORF was from Sino Biological
US (Chesterbrook, PA; cat# MG50049-ACG). The R464K point
mutation was generated by Q5 mutagenesis kit from NEB.

The shRNA plasmids were from Sigma-Aldrich:
Cat# Target
Antibodies
PRMT6 Santa Cruz #sc-271744
COL1A1 Cell Signaling #77397
F4/80 Cell Signaling #70076
Integrin a4 Cell Signaling #4749
Methyl-R Cell Signaling #8015
Deoxyuride-5�-Triphosphate Nick End Labeling
Assay

Deoxyuride-5�-triphosphate nick end labeling assay was
performed using the DeadEND Colorimetric TUNEL System
(Promega) according to the manufacturer’s instructions.
Immunoprecipitation
RIPA (20 mmol/L HEPES pH 7.5, 150 mmol/L NaCl, 1%

NP-40, 0.25% sodium deoxycholate, 10% glycerol) extracts
were pre-cleared using 10 mg/mL of pre-immune rabbit or
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mouse immunoglobulin G (Millipore, Burlington, MA) for 2
hours at 4�C. One mL of protein G magnetic beads (Millipore;
LSKMAGG10) per 10 mg of antibody was added, and the
sample was incubated for another 1 hour at 4�C. After
removal of beads, proteins were immunoprecipitated using
10 mg/mL of the IP antibody overnight at 4�C. Ten mL of
protein G magnetic beads per 1 mg of antibody was added,
and the sample incubated for 4 hours at 4�C. The beads
were magnetically separated and washed 2 times in RIPA
buffer. Beads were then resuspended in 10 mL of 4x sodium
dodecyl sulfate loading buffer (0.25 mol/L Tris pH 6.8, 40%
glycerol, 20% b-mercaptoethanol, 4% sodium dodecyl sul-
fate), and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

Western Blots
Protein extracts (15 mg) were subjected to 10% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis, electro-
phoretically transferred to nitrocellulose membranes
(Amersham Hybond ECL; GE Healthcare, Chicago, IL), and
blocked in 3% bovine serum albumin/PBS at room tem-
perature for 1 hour. Primary antibodies were incubated
overnight at manufacturer’s recommended concentrations.
Immunoblots were detected with the ECL Plus Western
Blotting Detection System (Amersham Biosciences, Piscat-
away, NJ) or using near-infrared fluorescence with the OD-
YSSEY Fc, Dual-Mode Imaging system (Li-COR, Lincoln, NE).
Expression levels were evaluated by quantification of rela-
tive density of each band normalized to that of the corre-
sponding b-actin or GAPDH band density.

Statistics
Results are expressed as mean ± standard deviation. The

Student t test, paired t test, Pearson correlation, or one-way
analysis of variance with Bonferroni post hoc test were used
for statistical analyses. P value <.05 was considered
significant.
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