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Uncontrolled accumulation of extracellular matrix leads to tissue fibrosis and loss of organ function. We previously
demonstrated in vitro that the DNA/RNA-binding protein fused in sarcoma (FUS) promotes fibrotic responses by translocating
to the nucleus, where it initiates collagen gene transcription. However, it is still not known whether FUS is profibrotic in vivo
and whether preventing its nuclear translocation might inhibit development of fibrosis following injury. We now demonstrate
that levels of nuclear FUS are significantly increased in mouse models of kidney and liver fibrosis. To evaluate the direct role of
FUS nuclear translocation in fibrosis, we used mice that carry a mutation in the FUS nuclear localization sequence (FUSR521G)
and the cell-penetrating peptide CP-FUS-NLS that we previously showed inhibits FUS nuclear translocation in vitro. We
provide evidence that FUSR521G mice or CP-FUS-NLS-treated mice showed reduced nuclear FUS and fibrosis following injury.

Introduction
Organ fibrosis is characterized by excessive deposition of extra-
cellular matrix (ECM) components (mainly collagen) within an
injured organ that leads to the disruption of normal tissue architec-
ture and loss of organ function. At present, therapeutic options for
fibrosis are limited. A major obstacle to the development of antifi-
brotic therapies is that fibrosis is a multicellular event that requires
physical as well as humoral crosstalk among different cell types
within an injured organ. In addition, ECM homeostasis is regulated
by several factors, including cellular receptors such as integrins and
receptor tyrosine kinases (RTKs) (1, 2). We previously showed that
the collagen-binding receptor integrin alplis a negative regulator
of fibrotic responses in kidney cells (3). A mechanism whereby this
receptor downregulates collagen synthesis is by negatively modu-
lating the phosphorylation/activation of the epidermal growth fac-
tor receptor (EGFR) via recruitment of the T cell protein tyrosine
phosphatase PTPN2 (4).

EGFR activation has been implicated in the development of
fibrosis in several organs, including kidney and liver. In the kid-
ney, prolonged and/or aberrant EGFR signaling is a key determi-
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Finally, differential gene expression analysis and immunohistochemistry of tissues from individuals with focal segmental
glomerulosclerosis or nonalcoholic steatohepatitis revealed significant upregulation of FUS and/or collagen genes and FUS
protein nuclear localization in diseased organs. These results demonstrate that injury-induced nuclear translocation of FUS
contributes to fibrosis and highlight CP-FUS-NLS as a promising therapeutic option for organ fibrosis.

nant of progressive fibrotic injury (5), and glomerular activation
of EGFR s a key step in the development of rapid progressive glo-
merulonephritis in both humans and mice (6). In the liver, EGF
is upregulated in a rat model of liver fibrogenesis and in human
cirrhotic liver tissues (7, 8), and a polymorphism in the human
EGF gene that leads to increased EGF expression is associated
with increased fibrosis and cirrhosis progression in patients with
chronic hepatitis C (9).

Although EGFR plays a detrimental role in organ fibrosis, the
use of EGFR inhibitors in humans leads to severe side effects,
including skin toxicity (10). In addition, blocking EGFR might
affect liver regeneration, as this process requires a functional
EGF/EGFR axis in hepatocytes (7). Thus, a better understanding
of selective fibrotic signaling activated downstream of the EGFR
might lead to the development of safer and better-tolerated thera-
pies for EGFR-mediated organ fibrosis.

We recently showed that a mechanism whereby EGFR regu-
lates ECM production and in turn fibrotic responses is by promot-
ing the nuclear translocation of the DNA/RNA-binding protein
fused in sarcoma (FUS) in the mesangial cells of the kidney (11).
Mechanistically, EGFR phosphorylates FUS on tyrosines 6 and
296, thus promoting FUS nuclear translocation. Nuclear FUS
binds to the bidirectional promoter of collagen IV a1 and o2 chains,
commencing its gene transcription (11). Consistent with this find-
ing, mesangial cells lacking integrin alf1show not only increased
baseline EGFR activation but also increased levels of nuclear FUS
(11). Further corroborating a fibrotic role of FUS, we showed that
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mutating tyrosines 6 and 296 (FUS-Y6/296F) prevented EGF-
induced FUS nuclear translocation and collagen IV production in
mesangial cells in vitro (11). Consistent with this finding, down-
regulation of FUS in cardiac fibroblasts prevented PAX3 stabili-
ty and, in turn, angiotensin II-induced collagen production (12).
Further reinforcing the concept that prevention of FUS nuclear
translocation has antifibrotic potential, patients affected by amy-
otrophic lateral sclerosis carrying mutations of FUS known to
confer cytoplasmic gain of function have a decreased amount of
collagen IV in skin, urine, and plasma (13-15). Finally, we showed
that treatment of mesangial cells with the cell-penetrating peptide
CP-FUS-NLS, which binds to transportin 1 (a nuclear import adap-
tor protein also known as karyopherin 82 or importin 2), inhibited
FUS nuclear translocation and collagen IV transcription (11).

Although preventing FUS nuclear translocation inhibits col-
lagen transcription, the fibrotic action of FUS has been investi-
gated primarily in cell culture systems. Whether FUS has a role
in governing fibrotic responses in vivo and whether preventing its
nuclear translocation reduces fibrosis in vivo have not been inves-
tigated. We provide genetic evidence that mice expressing FUS
carrying a mutation in the nuclear localization sequence (NLS)
are protected from the development of fibrosis following kidney
injury. Importantly, we provide pharmacologic evidence that mice
treated with CP-FUS-NLS developed significantly less fibrosis
following both kidney- and liver-induced injury. Our study shows
that nuclear translocation of FUS in response to kidney and liver
injury is linked to the promotion of fibrosis. As inhibition of FUS
nuclear translocation ameliorates fibrotic responses in vivo, we
propose that nuclear translocation of FUS can be viewed as a targ-
etable step in organ fibrosis.

Results

Genetic or pharmacologic inhibition of EGFR kinase activity ame-
liorates adriamycin-induced kidney injury. We previously showed
that EGFR promotes fibrotic responses in mesangial cells within
the glomerulus of the kidney by phosphorylating FUS, which pro-
motes its nuclear translocation and the commencement of colla-
gen transcription (11). We also showed that fibrotic FUS and EGFR
are activated in mesangial cells and in mice lacking integrin a1f1
(ItgA1KO) (4, 11), a negative regulator of EGFR phosphorylation/
activation. To define the role of EGFR-mediated FUS nuclear
translocation in glomerular injury, we induced glomerular injury
inmice via administration of adriamycin (ADR), a well-established
model of focal segmental glomerulosclerosis (16). We evaluated
the degree of glomerular injury in ADR-treated BALB/c wild-type
(WT) and ItgAIKO mice, as well as Wave2 mice and Wave2 mice
crossed onto the ItgAIKO background (ItgA1KO/Wave2) (genetic
approach). Wave2 mice possess a single-nucleotide mutation in
the gene encoding EGFR, resulting in over 90% global reduction
of EGFR tyrosine kinase activity (17). Renal injury was assessed
by histologic examination 8 weeks after ADR treatment. As pre-
viously shown (3), both ADR-treated WT and ItgAIKO mice had
severe mesangial expansion and well-developed glomerulosclero-
sis (Figure 1, A and B). However, the degree of injury was signifi-
cantly higher in the ItfgA1KO mice (Figure 1, A and B). Consistent
with the glomerular injury, injured ItgA1KO mice had a signifi-
cantly increased urinary albumin/creatinine ratio compared with
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WT mice (Figure 1C). Analysis of Wave2 and ItgA1KO/Wave2 mice
revealed significantly reduced glomerular injury (Figure 1, A and
B) and albuminuria (Figure 1C) in comparison with injured WT
and ItgAIKO mice, respectively.

To further corroborate the role of EGFR in mediating glomer-
ular injury, we investigated the degree of injury in ADR-treated
WT and ItgAIKO mice treated with the selective EGFR inhibitor
erlotinib for 8 weeks (pharmacologic approach). This inhibitor
significantly reduced both glomerular injury and albuminuria in
both WT and ItgAIKO (Figure 1, D-F), suggesting that activation
of EGFR plays a deleterious role in ADR-mediated kidney injury.

Genetic or pharmacologic inhibition of EGFR kinase activity
decreases ADR-induced kidney fibrosis. One of the key features of
glomerulosclerosis is increased collagen deposition. Loss of inte-
grin alplleads to increased collagen production via EGFR activa-
tion (3). Thus, we investigated the levels of nonfibrillar collagen
IV and fibrillar collagens by immunohistochemistry and Masson’s
trichrome staining, respectively. Both techniques clearly revealed
more collagen staining in the glomeruli of injured ItgAIKO mice
compared with WT mice (Figure 2, A-H). Collagen accumulation
was significantly decreased in Wave2 and ItgAIKO/Wave2 mice
(Figure 2, A-D). Similarly, treatment of ItgAIKO mice with erlo-
tinib resulted in greater reductions of both nonfibrillar and fibril-
lar collagen deposition compared with erlotinib-treated WT mice
(Figure 2, E-H).

Genetic or pharmacologic inhibition of EGFR kinase activity
decreases glomerular nuclear level of FUS. To determine whether EGFR
kinase activity positively regulates nuclear translocation of FUS in
injured kidneys, we evaluated the levels of phosphorylated EGFR
in injured glomeruli by immunofluorescence. Significantly higher
levels of phosphorylated EGFR were detected in the glomeruli of
ADR-injured ItgAIKO mice compared with injured WT mice (Sup-
plemental Figure 1, A and B; supplemental material available online
with this article; https://doi.org/10.1172/JCI175158DS1). ItgA1KO
mice crossed onto the Wave2 background or treated with erlotinib
showed significant reduction of activated EGFR upon injury (Sup-
plemental Figure 1, A and B). Consistent with the levels of activat-
ed EGFR, analysis of kidneys 8 weeks after ADR injury revealed
significantly higher levels of nuclear FUS in glomeruli of ItgA1KO
mice, which were significantly decreased in ItgA1KO/Wave2 mice or
following erlotinib treatment (Figure 3, A-D). Thus, injury-mediated
EGFR activation leads to increased FUS nuclear localization.

FUSR521G mice show reduced ADR-induced glomerular inju-
ry. To better define the role of nuclear FUS in regulating fibrot-
ic responses, we induced glomerular injury in mice that express
human FUS mutated in the NLS (R521G), which prevents its
nuclear translocation (18). This mouse carries a CAG promot-
er, a floxed LacZ gene, the human FUS cDNA with the R521G
mutation, and an IRES-EGFP (enhanced green fluorescent
protein) coding sequence (18). We crossed this mouse with the
Pdgfrb-cre mouse (19) to generate cagFUSR521G; Pdgfrb-cre mice
(hereafter referred to as FUSR521G) (Supplemental Figure 2A),
which express PGDFR-f in glomeruli (including mesangial cells
[ref. 20]). Staining of kidneys from control (Cre) and FUSR521G
mice (Supplemental Figure 2B) or Western blot analysis of kid-
ney lysates (Supplemental Figure 2C) with anti-GFP antibody
showed positive GFP staining or bands in glomeruli or kidney
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Figure 1. EGFR contributes to ADR-induced glomerular injury. (A) Representative images of periodic acid-Schiff-stained kidney sections from WT,
ItgA1KO, Wave2, and ItgATKO/Wave2 mice treated with ADR for 8 weeks. Scale bars: 20 um. (B) Mesangial sclerosis index (MSI) of kidneys shown in A was
evaluated and scored as described in Methods. Values are the mean + SD, and symbols represent individual kidneys (n = 6 WT, n = 5 [tgA1KO, n = 5 Wave2,
n =6 ItgA1KO/Wave2, with ~20 glomeruli per kidney evaluated). (C) Albumin/creatinine ratio (ACR) was evaluated at baseline (n =5 WT, n =5 ItgA1KO, n =
5 Wave2, n = 5 ItgA1K0/Wave2) and 8 weeks (n = 22 WT, n = 29 ItgA1KO, n =15 Wave2, n = 10 ItgA1KO/Wave?2) after ADR injection. Symbols represent indi-
vidual mice. (D) Representative images of periodic acid-Schiff-stained kidneys from WT and /tgA7TKO mice treated with ADR for 8 weeks and treated with
vehicle or erlotinib (ERL). Scale bars: 20 um. (E) MSI of kidneys shown in D was evaluated and scored as described in Methods. Values are the mean + SD,
and symbols represent individual kidneys (n =5 WT, n = 5 ItgA1KO, n = 5 WT+ERL, n = 5 [tgATKO+ERL, with ~20 glomeruli per kidney). (F) ACR was evaluat-
ed at baseline (n =3 WT, n = 3 [tgATKO, n = 3 WT+ERL, n = 3 [tgA1KO+ERL) and 8 weeks (n = 5 WT, n = 5 [tgATKO, n = 5 WT+ERL, n = 5 ItgATKO+ERL) after
ADR injection. Symbols represent individual mice. Statistical analysis: 1-way ANOVA followed by Dunnett’s multiple-comparison test (B, C, E, and F).

cortices of FUSR521G mice only. To ensure that expression of
mutated FUS did not affect the basal levels of activated EGFR,
we stained kidney sections with anti-phosphorylated EGFR. No
overall differences in the basal levels of phosphorylated EGFR
were observed in glomeruli of Cre or FUSR521G mice (Supple-
mental Figure 2, D and E).

Next, we induced ADR-mediated glomerular injury in con-
trol and FUSR521G mice. As these mice are on the C57BL/6]
background, we followed the protocol described by Heikkild et
al. (21) and sacrificed the mice 2 weeks after injection. Com-
pared with control (Cre) mice, FUSR521G mice showed reduced
glomerular injury and accumulation of proteinaceous casts and

J Clin Invest. 2024;134(6):e175158 https://doi.org/10.1172/JCI175158

significantly decreased albumin/creatinine ratio following injury
(Figure 4, A and B). This protective effect was also accompanied
by overall decreased Picrosirius red staining (Figure 4, C and D).

FUSR521G mice show decreased nuclear FUS levels and glo-
merulosclerosis following kidney injury. To determine whether
the protective effect observed in ADR-injured FUSR521G mice
was due to reduced nuclear levels of FUS, we analyzed kidney
nuclear fractions of uninjured as well as injured Cre control
and FUSR521G mice by Western blot. Significantly higher lev-
els of nuclear FUS were detected in ADR-treated Cre but not
ADR-treated FUSR521G mice, compared with injured mice
(Figure 5, A and B). Immunofluorescence analysis confirmed
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Figure 2. EGFR contributes to
ADR-induced glomeruloscle-
rosis. (A, C, E, and G) Repre-
sentative light microscopy of
collagen IV-stained (A and E) or
Masson'’s trichrome-stained (C
and G) kidney sections from the
mice indicated 8 weeks after
ADR injection. Asterisks indicate
single glomeruli. Scale bars: 25
um. (B, D, F, and H) The amount
of collagen IV per glomerulus
(B, n=5WT, n=4ItgAIKO, n =
5 Wave2, n = 4 ItgA1KO/Wave2;
F,n=5WT, n=4I[tgAIKO,n=6
WT+ERL, n = 7 [tgA1KO+ERL) or
fibrillar collagen per microscopic
field (D, n = 4 WT, n = 6 ItgATKO,
n="5 Wave2, n =6 ItgA1KO/
Wave2; H, n =5 WT, n =5 ItgA-
1KO, n =5 WT+ERL, n = 5 ItgA-
1KO+ERL) was evaluated using
Image] as described in Methods.
Values are the mean * SD, and
symbols represent individual
kidneys (with an average of at
least 12 glomeruli per kidney

or three x20 microscopic fields
per kidney). Statistical analysis:
1-way ANOVA followed by Dun-
nett’s multiple-comparison test
(B,D, F, and H).
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Figure 3. EGFR contributes to nuclear FUS
translocation in ADR-induced injury. (A and C)
Representative confocal images of kidneys from
the mice indicated 8 weeks after ADR injections
stained with anti-FUS antibody (green) or DAPI
(blue). Scale bars: 15 um. (B and D) The number
* of FUS-positive glomerular cells was counted

° and expressed as percentage of FUS-positive
i cells per glomerulus. Values are the mean +

*% *kkk

SD, and symbols represent individual kidneys
(B, n=4WT, n=6ItgAIKO, n =5 Wave2,n =6
ItgA1KO/Wave2; D, n =4 WT, n =5 [tgA1KO, n =
5 WT+ERL, n = 5 [tgATKO+ERL, with an average

8w of at least 4 glomeruli per kidney). Statistical
analysis: 1-way ANOVA followed by Dunnett’s

O Wave2 multiple-comparison test (B and D).
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a significant increase in the number of FUS-positive nuclei in
glomeruli of injured Cre mice compared with that detected in
injured FUSR521G mice (Figure 5, C and D). Consistent with
reduced FUS nuclear levels, FUSR521G mice also showed sig-
nificant reduction in glomerular collagen IV deposition (Figure
5, E and F) and mRNA levels of ColIA2 and Col4A2 (Figure 5, G
and H) compared with injured Cre mice.

Pharmacologic inhibition of FUS nuclear translocation amelio-
rates ADR-mediated glomerular injury. To translate the genetic find-
ings to a more clinically relevant setting, we used a cell-penetrat-
ing peptide inhibitor of FUS nuclear translocation that we recently
generated (11). This penetrating chimeric peptide (named CP-FUS-
NLS), but not the mutated inactive peptide (CP-mutFUS-NLS),
inhibits FUS nuclear translocation in cells by preventing its inter-

J Clin Invest. 2024;134(6):e175158 https://doi.org/10.1172/)CI175158
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action with transportin 1/karyopherin B2. As we showed that
CP-FUS-NLS prevents EGF-induced FUS nuclear translocation
and collagen production by mesangial cells in vitro (11), we tested
whether this peptide exerts an antifibrotic action in vivo.

First, we determined whether this peptide reaches the kidneys
by performing an acute injection of CP-FUS-NSL conjugated to
fluorescein amidite. To do this, the fluorescent peptide was inject-
ed every 2 hoursi.p. (1 mg/kg BW) for a total of 6 hours. Two hours
after the last injection, the kidneys were collected, and frozen kid-
ney sections were analyzed under an epifluorescence microscope.
Compared with vehicle-treated mice, kidneys from mice treated
with fluorescein amidite-conjugated CP-FUS-NSL showed green
fluorescence in both tubules and glomeruli (Supplemental Figure
3, A and B), indicating that this peptide reaches the kidneys.
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Figure 4. Reduced ADR-induced glomerulosclerosis in FUSR521G mice. (A and C) Representative images of periodic acid-Schiff-stained (A) or Picrosirius red-
stained (C) kidney sections from uninjured (Cre or FUSR521G) mice and control (Cre) or FUSR521G mice treated with ADR for 2 weeks. Scale bars: 25 um. (B)
ACR was evaluated at 0, 1, and 2 weeks after ADR injection. Values are the mean + SD, and symbols represent individual mice (n = 8 Cre, n = 7 FUSR521G). (D)
The amount of glomerular fibrillar collagen was evaluated using Image) as described in Methods. Values are the mean + SD, and symbols represent individual

;

kidneys (n = 5 Cre 0-wk, n = 8 Cre 2-wk, n = 7 FUSR521G, with an average of at least 12 glomeruli per kidney). Statistical analysis: 1-way ANOVA followed by

Dunnett’s multiple-comparison test (B and D).

Next, we induced ADR-mediated glomerular injury in WT
male BALB/c mice. Mice were then divided into 3 groups: one
group received vehicle (PBS), one group received CP-FUS-NSL (1
mg/kg — which corresponds to 0.3 nM — via i.p. injection twice a
day, 3 times per week), and one group received CP-mutFUS-NSL
(0.95 mg/kg — which corresponds to 0.3 nM — via i.p. injection
twice a day, 3 times per week). After 2 weeks the mice were sacri-
ficed and organs collected for analysis.

Mice with ADR injury treated with CP-FUS-NLS showed
reduced glomerular injury (Figure 6A) compared with injured
mice treated with vehicle or CP-mutFUS-NLS, indicating that
CP-FUS-NLS decreased glomerular injury.

Picrosirius red staining and real-time quantitative PCR anal-
ysis showed increased fibrillar collagen deposition and CollA2
mRNA in injured mice treated with vehicle or CP-mutFUS-NLS
compared with uninjured mice (Figure 6, A and B). In contrast,
significant reduction of fibrillar collagen deposition/synthesis
was detected in injured mice treated with CP-FUS-NLS (Figure 6,
A and B). Similar results were obtained when kidney slides were
stained with anti-collagen IV antibody (Figure 6, C and D), sup-
porting that CP-FUS-NLS plays an antifibrotic action in vivo.

To determine whether the protective role of CP-FUS-NLS resides
in its ability to prevent FUS nuclear translocation in vivo, we stained

frozen kidney sections with anti-FUS antibody. Compared with
uninjured mice, we detected a significant increase in the number
of FUS-positive cells in glomeruli of injured mice treated with vehi-
cle or CP-FUS-NLS (Figure 6, E and F). Importantly, the number of
FUS-positive glomerular cells in injured mice treated with CP-FUS-
NLS was similar to that detected in injured mice (Figure 6, E and F).
FUS nuclear translocation is upregulated in liver fibrosis. To
determine whether FUS is an important driver of fibrosis in oth-
er organs, we examined whether CP-FUS-NLS is beneficial in the
setting of liver fibrosis. We focused on the liver for the following
reasons: (a) EGFR activation plays a detrimental role in the devel-
opment of liver fibrosis (22). (b) Analysis of livers of mice treated
with CCl4, a well-established inducer of liver fibrosis (23), showed
a significant increase in the number of FUS-positive cells com-
pared with vehicle-treated cells (Figure 7, A and B); FUS-positive
cells also stained for desmin (Figure 7A), a marker of hepatic stel-
late cells (HSCs) (24), which play a key role in the fibrosis process
(25). (c) Fluorescent cells were detected in the livers of mice treat-
ed with fluorescein amidite-conjugated CP-FUS-NSL (Supple-
mental Figure 3C), indicating that this peptide reaches the liver.
Pharmacologic inhibition of FUS nuclear translocation amelio-
rates CCl4-mediated liver fibrosis. To induce liver fibrosis in mice, we
used the well-established CCl4-induced liver fibrosis model. This
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Figure 5. Reduced ADR-induced FUS nuclear translocation in FUSR521G
mice. (A) Nuclear fractions (50 ug/lane) of kidney cortices from uninjured
mice and mice treated with ADR for 2 weeks were analyzed by Western
blot for levels of FUS. Histone H3 and GAPDH were used to verify the purity
of nuclear and nonnuclear fractions, respectively. (B) FUS bands were
quantified by densitometry analysis, and values were expressed as FUS/
histone H3 ratio. Values are the mean + SD, and symbols represent individ-
ual kidneys (n = 3 uninjured, n = 4 Cre, n = 4 FUSR521G). (C) Representative
confocal images of kidneys from uninjured mice or mice treated with ADR
for 2 weeks stained with anti-FUS antibody (red) or DAPI (blue). Scale bars:
20 pum. (D) The number of FUS-positive glomerular cells was counted and
expressed as percentage of FUS-positive cells per glomerulus. Values are
the mean + SD, and symbols represent individual kidneys (n = 4 uninjured,
n =10 Cre, n =7 FUSR521G, with an average of at least 10 glomeruli per
kidney). (E) Representative images of kidney sections from uninjured

mice or mice treated with ADR for 2 weeks stained with anti-collagen IV
antibody. Scale bar: 20 pm. (F) The intensity of glomerular collagen IV was
evaluated using Image) as described in Methods. Values are the mean

+ 5D, and symbols represent individual kidneys (n = 4 uninjured, n = 8

Cre, n =7 FUSR521G, with an average of at least 10 glomeruli per kidney).
(G and H) mRNA expression of Col1A2 (n = 6 uninjured, n =16 Cre,n =8
FUSR521G) and Col4A2 (n = 7 uninjured, n = 8 Cre, n = 7 FUSR521G) chains
in kidney cortices of the mice indicated was analyzed by reverse transcrip-
tion real-time quantitative PCR. Values are the mean + SD, and symbols
represent individual kidneys. Statistical analysis: 1-way ANOVA followed
by Dunnett’s multiple-comparison test (B, D, and F-H).

is a simple, highly reproducible, and quick (fibrosis is evident with-
in 4-12 weeks) model that leads to fibrosis in rodents with features
that resemble those of human liver fibrosis (26). C57BL/6] WT male
mice received i.p. injection of CCl4 or vehicle as control (corn oil) 3
times per week for a total of 6 weeks. After 3 weeks of treatment,
CCl4-treated mice were divided into 3 groups: one group treated
with PBS, one group treated with CP-mutFUS-NLS, and one group
treated with CP-FUS-NLS via i.p. injection 3 times per week. After
6 weeks of CCl4 treatment, mice were sacrificed for organ collec-
tion. Following CCl4 exposure, mice treated with CCl4 alone or
CP-mutFUS-NLS exhibited a significant increase in both liver/body
weight and spleen/body weight ratios compared with corn oil-treat-
ed mice (Figure 7, A and B). In contrast, mice treated with CP-FUS-
NLS showed liver/body weight and spleen/body weight ratios like
those of corn oil-treated mice (Figure 7, C and D), suggesting that
CP-FUS-NLS decreases CCl4-induced liver injury.

Analysis of liver sections stained with Picrosirius red stain-
ing showed a significant increase in the levels of fibrillar colla-
gens in mice treated with CCl4 alone or CCl4/CP-mutFUS-NLS
compared with corn oil-treated mice (Figure 7, E-G). CCl4-in-
duced fibrosis was significantly attenuated by treatment of mice
with CP-FUS-NLS, showing that CP-FUS-NLS exerts antifibrotic
action in a mouse model of liver fibrosis.

Pharmacologic inhibition of FUS nuclear translocation amelio-
rates CCl4-induced FUS nuclear translocation. To determine wheth-
er CP-FUS-NLS prevents CCl4-induced FUS nuclear transloca-
tion, we investigated the levels of FUS in liver nuclear fractions of
CCl4-treated mice by Western blot. Compared with corn oil-treat-
ed mice, significantly increased levels of nuclear FUS were detect-
ed in mice treated with CCl4 alone as well as those treated with
CCl4/CP-mutFUS-NLS (Figure 8, A and C). By contrast, treat-
ment of mice with CP-FUS-NLS resulted in a significant reduction
in hepatic FUS nuclear levels (Figure 8, A and C). Consistent with
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this finding, Western blot analysis revealed significant reduction
in the levels of hepatic collagen I and collagen IV levels in CP-FUS-
NLS-treated mice compared with CCl4 alone- or CCl4/CP-mut-
FUS-NLS-treated mice (Figure 8, B, D, and E). Upon injury, HSCs
activate and undergo cell proliferation. Reduced levels of desmin,
a marker of HSCs, and tissue inhibitor of metalloproteinase-1
(TIMPI; a profibrotic marker upregulated in hepatic fibrogenesis)
were also observed in CP-FUS-NLS-treated mice (Figure 8, B, F,
and G), indicating decreased liver injury and HSC expansion.

Pharmacologic inhibition of FUS nuclear translocation decreases
fibrinogenic activity in murine HSC line JS1. Our in vivo data indi-
cate that HSCs are a major cell type showing increased nuclear
levels of FUS after liver injury (Supplemental Figure 4, A and B).
This finding together with the observation that EGFR contributes
to liver fibrosis (22, 27) and is upregulated in activated HSCs (28)
prompted us to analyze the role of the EGFR/FUS axis in regu-
lating fibrotic responses in HSCs. Treatment of the murine HSC
line JS1 (29) with EGF stimulated EGFR activation in a time-de-
pendent manner (Supplemental Figure 4, A and B). Treatment of
JS1 cells with EGF also increased the levels of nuclear FUS, which
were significantly reduced after treatment with CP-FUS-NLS, but
not CP-mutFUS-NLS (Figure 9, A and B). Treatment with EGF
also stimulated the production of collagens I and IV by JS1 cells,
which was significantly dampened by treatment with CP-FUS-
NLS (Figure 9, C-E). Thus, EGF-mediated fibrotic signaling in
HSCs requires FUS nuclear translocation.

FUS expression in individuals with kidney and liver fibrosis. To
further validate our in vitro and in vivo findings, we evaluated a
possible correlation between FUS and fibrosis markers in patients
with focal segmental glomerulosclerosis (FSGS) or nonalcohol-
ic steatohepatitis (NASH). We analyzed the differential gene
expression in publicly available data sets (NCBI Gene Expression
Omnibus [GEO] GSE129973, https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE129973) by comparing 12 kidney biopsies
from male individuals with FSGS versus 12 healthy male controls
(Figure 10A). Volcano plot analysis revealed several differentially
regulated mRNAs between the 2 groups. Gene expression levels of
FUS, COL1AI, COL1IA2, COL4A1l, and COL4A2 were significantly
upregulated in diseased kidneys compared with controls (Figure
10B). Next, we analyzed the differential expression of mRNAs
from the GSE164760 database (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE164760) by comparing 74 liver biop-
sies from individuals with NASH versus 6 healthy controls (Figure
10C). Among the differentially regulated mRNAs, FUS was signifi-
cantly upregulated in diseased livers (Figure 10D), and COLIAI
mRNA levels were higher, although not significantly so, in indi-
viduals with NASH (Figure 10D).

To analyze the levels of nuclear FUS and collagen in diseased
organs, we costained livers or kidney sections from individuals
with FSGS or NASH with anti-FUS and anti-collagen IV antibod-
ies. Compared with control tissues, collagen IV staining was sig-
nificantly increased in fibrotic kidneys and livers, which correlated
with significantly increased nuclear levels of FUS in both injured
tissues (Figure 10, E-J). In individuals with FSGS, FUS nuclear
localization was detected primarily in sclerosed glomeruli (Figure
10E), while in individuals with NASH, positive staining was at por-
tal triads near bile ducts, consistent with ductular reaction (Figure
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Figure 6. Pharmacologic inhibition of FUS nuclear translocation
ameliorates ADR-induced glomerulosclerosis. (A) Representative
images of periodic acid-Schiff-stained or Picrosirius red-stained kidney
sections from uninjured mice and mice treated for 2 weeks with ADR
alone or in combination with CP-mut-FUS-NLS or CP-FUS-NLS. Scale
bars: 25 um. (B) mRNA expression of Col1A2 chain in kidney cortices

of the mice indicated was analyzed by reverse transcription quantita-
tive PCR. Values are the mean + SD, and symbols represent individual
kidneys (n = 8 uninjured, n = 9 ADR, n =10 ADR+CP-mutFUS-NLS, n=9
ADR+CP-FUS-NLS). (C) Representative images of kidney sections from
the mice described in A stained with anti-collagen IV antibody. Scale
bar: 20 um. (D) The intensity of glomerular collagen IV was evaluated
using Image) as described in Methods. Values are the mean + SD, and
symbols represent individual kidneys (n = 8 uninjured, n =7 ADR, n =
10 ADR+CP-mutFUS-NLS, n = 8 ADR+CP-FUS-NLS, with an average of
at least 10 glomeruli per kidney). (E) Representative images of kidneys
from the mice described in A stained with anti-FUS antibody (green)

or DAPI (blue). Scale bars: 20 um. (F) The number of FUS-positive glo-
merular cells was counted and expressed as percentage of FUS-positive
cells per glomerulus. Values are the mean + SD, and symbols represent
individual kidneys (n = 8 uninjured, n = 7 ADR, n = 10 ADR+CP-mutFUS-
NLS, n = 8 ADR+CP-FUS-NLS, with an average of at least 10 glomeruli
per kidney). Statistical analysis: 1-way ANOVA followed by Dunnett’s
multiple-comparison test (B, D, and F).

10H). Thus, FUS mRNA and nuclear localization levels positively
correlate with fibrotic gene mRNAs and organ injury in individuals
with fibrotic diseases.

Discussion

The goal of this study was to determine the role of FUS in pro-
moting fibrotic responses in vivo and determine the beneficial
effects of preventing FUS nuclear translocation in two different
models of organ fibrosis. Herein, we provide genetic and phar-
macologic evidence that preventing FUS nuclear translocation
ameliorates fibrosis in murine models of chemical-induced kid-
ney and liver injury.

FUSis anuclear DNA/RNA-binding protein that regulates dif-
ferent steps of gene expression, including transcription, splicing,
and mRNA transport (30). Accumulation of cytoplasmic inclu-
sions containing FUS is a common hallmark of frontotemporal
lobar degeneration and amyotrophic lateral sclerosis (ALS) neuro-
pathology. Cytoplasmic retention of FUS in neurons and glial cells
of the spinal cord leads to formation of stress granules as well as
reduced translation of genes associated with mitochondrial func-
tion and overall neurotoxicity (31). The nuclear translocation of
FUS is mediated by interaction of the NLS in FUS with transportin
1/karyopherin 2. Mutations of FUS within the NLS that prevent
its interaction with transportin lead to cytoplasmic retention of
FUS and have been linked to familial ALS-FUS (32). In addition
to mutations, posttranslational modifications of FUS can regulate
its nuclear translocation and function. To this end, the C-terminal
tyrosine residue at position 526 of FUS is crucial for normal nucle-
ar import. Src-mediated phosphorylation of this residue reduces
interactions with transportin 1, thus reducing FUS nuclear translo-
cation and potentially contributing to the development of fronto-
temporal lobular degeneration (33).

In contrast to these findings, we showed that in kidney cells,
EGFR-induced phosphorylation of FUS on tyrosines 6 and 296 pro-
motes FUS nuclear translocation (11). Phosphorylated FUS binds
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to the collagen IV promoter, commencing its gene transcription.
Consistent with a positive role of FUS tyrosine phosphorylation
in promoting its nuclear translocation, we showed that treatment
of kidney cells with erlotinib or cells carrying mutated tyrosines 6
and 296 had reduced EGFR-mediated FUS nuclear translocation
and overall decreased collagen production (11). Thus, preventing
FUS nuclear translocation can result in both beneficial and detri-
mental effects that are cell and organ specific.

In agreement with our in vitro finding that EGFR induces
fibrosis by promoting FUS nuclear translocation and transcription
of fibrotic genes, we provide in vivo genetic (Wave2) and pharma-
cologic (erlotinib) evidence that inhibition of EGFR kinase activi-
ty reduces FUS nuclear translocation and overall development of
fibrosis following kidney injury. Our results agree with published
data that EGFR activation contributes to kidney fibrosis and
reveal that FUS is a key downstream mediator of EGFR-induced
kidney fibrosis. This finding is clinically relevant as inhibition of
EGFR with small-molecule kinase inhibitors in humans leads to
severe side effects. These are especially severe in epithelial tis-
sues, including the skin and hair follicle, where EGFR is highly
expressed (34). Moreover, although rarely observed, erlotinib can
cause interstitial lung disease (35). Thus, targeting downstream
pathways directly regulated by EGFR might offer better-tolerated
and safer antifibrotic therapy.

We provide evidence that mice carrying a mutated FUS unable
to translocate to the nucleus (FUSR521G mice) develop less fibro-
sis following ADR-induced kidney injury compared with WT mice.
This finding, together with the observation that EGFRis activated/
phosphorylated in injured FUSR521G mice, further indicates that
FUS is a key downstream mediator of EGFR-induced kidney fibro-
sis. To further corroborate this genetic mouse model, we reveal
that treatment of mice with the recently developed CP-FUS-NLS
peptide (11) ameliorates both liver and kidney fibrosis by downreg-
ulating FUS nuclear translocation in glomeruli and HSCs and, in
turn, the synthesis and transcription of fibrotic genes. In addition
to promoting ECM synthesis, FUS could contribute to organ injury
by regulating inflammatory responses. In astrocytes, overexpres-
sion of WT FUS leads to enhanced expression of proinflammatory
genes (36). Although this study did not examine whether nuclear
translocation of FUS is required for its proinflammatory action,
the finding that reactive proinflammatory astrocytes upregulate
EGFR expression (37) suggests that an EGFR/FUS axis could reg-
ulate inflammatory responses in these cells.

Our finding that preventing FUS nuclear translocation has
a beneficial antifibrotic effect contrasts with the finding that
downregulation of FUS by siRNA in mouse skin epithelial cells
or overexpression of FUSR521G in motor neuron-like cells leads
to decreased transcription and activity of manganese superoxide
dismutase (38), thus enhancing the production of profibrotic reac-
tive oxygen species. A possible explanation for this discrepancy is
that we induced expression of FUSR521G primarily in glomeru-
lar cells. Taken together, these data suggest that preventing FUS
nuclear translocation has both deleterious and protective effects
that are disease and cell type specific.

Although we focused on the role of FUS in glomerular injury
(based on our finding that FUS is expressed by mesangial cells)
(11), the finding that liver fibrosis is also mediated by nuclear FUS
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Figure 7. Pharmacologic inhibition of FUS nuclear translocation ameliorates CCl4-induced liver fibrosis. (A) Representative images of liver sections
from WT mice treated with CCl4 for 6 weeks stained for desmin (green), FUS (red), and DAPI (blue). CV, central vein. Arrowheads indicate desmin-positive
cells. Scale bars: 20 um. (B) Nuclear FUS intensity per microscopic field was calculated using Image). Values are the mean + SD, and symbols represent
individual livers (n = 3 vehicle, n = 4 CCl4, with an average of at least 120 cells per microscopic field per liver). (C and D) Liver/body weight and spleen/body
weight ratios in uninjured (vehicle) mice and mice treated for 6 weeks with CCI4 alone or in combination with CP-mut-FUS-NLS or CP-FUS-NLS. Values
are the mean + SD, and symbols represent individual livers or spleens (n = 5 vehicle, n =10 CCl4, n = 10 CCl4+CP-mutFUS-NLS, n = 10 CCl4+CP-FUS-NLS).
(E) Reconstruction of histologic images of median and right lobes of livers from the mice described in C stained with Picrosirius red staining. Scale bars: 1
mm. (F) Representative images of Picrosirius red-stained liver median and right lobes. Scale bars: 30 pm. (G) The amount of fibrillar collagen was evalu-
ated using Image) software as described in Methods. Values are the mean + SD, and symbols represent individual livers (n = 5 vehicle, n =10 CCl4, n =10
CCl4+CP-mutFUS-NLS, n =10 CCl4+CP-FUS-NLS, with an average of at least 5 microscopic fields per lobe). Statistical analysis: unpaired 2-tailed t test (B);
1-way ANOVA followed by Dunnett’s multiple-comparison test (C, D, and G).
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Figure 8. FUS nuclear translocation regulates the expression of fibrotic markers in CCl4-induced liver fibrosis. (A) Nuclear fractions (50 pg/lane) of livers
from uninjured (vehicle) mice and mice treated for 6 weeks with CCl4 alone or in combination with CP-mutFUS-NLS or CP-FUS-NLS peptide were analyzed
by Western blot for FUS levels. Histone H3 and GAPDH were used to verify the purity of nuclear fractions. (B) Nonnuclear fractions (50 pg/lane) of livers
from the mice described in A were analyzed by Western blot for levels of collagens | and 1V, desmin, and TIMP1. Histone H3 and GAPDH were used to verify
the purity of nonnuclear fractions. (C-G) Immunoreactive bands were quantified by densitometric analysis, and values were expressed as ratios relative to
histone H3 for nuclear proteins or GAPDH for nonnuclear proteins. Values are the mean + SD, and symbols represent individual livers (n = 7 vehicle, n = 8-10
CCl4, n = 9-10 CCl4+CP-mutFUS-NLS, n = 10 CCl4+CP-FUS-NLS). Statistical analysis: 1-way ANOVA followed by Dunnett’s multiple-comparison test (C-G).

suggests that FUS plays a more global role in regulating fibrotic
responses driven by EGFR activation. In the kidney, prolonged
and/or aberrant EGFR signaling is a key determinant of progres-
sive acute and chronic tubular injury (5, 39). Dsk5-mutant mice
with a gain-of-function allele that increases basal EGFR kinase
activity have increased spontaneous glomerular and tubulointer-
stitial injury and overall increased glomerular FUS nuclear levels
(11). Thus, it is conceivable that FUS might contribute to both glo-
merular and tubular injury that progresses to fibrosis.

Our study suggests that systemic inhibition of FUS nuclear
translocation might represent a therapeutic approach to target
FUS localization in the setting of fibrosis. ADR- or CCl4-chal-
lenged mice tolerated treatment with CP-FUS-NLS up to 3 weeks
without visible side effects. It is, however, still unclear whether
this peptide can be used for a longer treatment regime, after inju-
ry and/or establishment of fibrosis, and whether it could induce
severe side effects by affecting the central nervous system or skin
fibroblast function. Cell-penetrating peptides homing to selec-
tive tissues, including vascular endothelium, dendritic cells, and
cardiac myocytes, to name a few, have been generated (40, 41).
Although identifying selective receptors that can facilitate kidney
(e.g., mesangial cells) and liver (e.g., HSCs) uptake of cell-pene-
trating peptides might be challenging, our study clearly shows that

cell-penetrating peptides able to prevent FUS/transportin inter-
action can be used in vivo to ameliorate organ injury and fibrosis.
Thus, our study points to nuclear translocation of FUS as a targe-
table step in organ fibrosis.

Methods

Sex as a biological variable

All animal studies were conducted on sexually mature male mice, as
they are more susceptible than female mice to drug-induced organ
injury. Analysis of human samples included both sexes.

Study design

The object of this paper was to investigate the role of FUS in promot-
ing organ fibrosis as well as to determine whether preventing FUS
nuclear translocation with cell-penetrating peptides prevented the
development of organ fibrosis. Each biochemical experiment was
performed at least twice with similar results). Western blot, immu-
nofluorescence, immunohistochemistry, and quantitative PCR were
used to evaluate FUS cellular localization and FUS-activated fibrot-
ic pathways. The investigators were blinded to the allocation of the
groups for evaluation of mesangial sclerosis index, collagen deposi-
tion, and FUS nuclear localization (periodic acid-Schiff, Picrosirius
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Figure 9. EGF promotes FUS nuclear translocation and fibrotic responses in HSCs. (A) Nuclear and nonnuclear fractions (50 pg/lane) of HSCs treated

with vehicle or EGF alone or in combination with CP-mutFUS-NLS or CP-FUS-NLS peptides were analyzed by Western blot for FUS levels. Histone H3 and
a-tubulin were used to verify the purity of nuclear and nonnuclear fractions, respectively. (B) FUS nuclear bands were quantified by densitometric analysis,
and values were expressed as FUS/histone H3 ratio. Values are the mean + SD, and symbols represent individual treatments (n = 4 for all treatments). Two
experiments were performed in duplicate. (C) Total cell lysates (50 pg/lane) of the cells described in A were analyzed by Western blot for levels of collagens
I 'and IV. a-Tubulin was used as loading control. (D and E) Collagen bands were quantified by densitometric analysis, and values were expressed as collagen
I/ or collagen IV/a-tubulin ratio. Values are the mean + SD, and symbols represent individual treatments (n = 4 for all treatments). Two experiments were
performed in duplicate. Statistical analysis: 1-way ANOVA followed by Dunnett’s multiple-comparison test (B, D, and E).

red, and immunofluorescence staining). All other experiments were
performed in a nonblinded manner. For in vivo studies, mice were
randomly divided into different groups before treatments and were
humanely sacrificed at defined study endpoints.

Design and development of cell-penetrating nuclear import
inhibitors of FUS

A cell-penetrating chimeric peptide, an inhibitor of nuclear translo-
cation of FUS, and its cell-penetrating inactive control peptide were
designed as described previously (11). The synthesis of a WT pep-
tide, CP-FUS-NLS (AAVALLPAVLLALLAPSRGEHRQDRRERPY;
30 aa; MW 3,340 Da), and its inactive control peptide, CP-mut-

FUS-NLS (AAVALLPAVLLALLAPSEGEHREDREERGA; 30 aa;
MW 3,155 Da), was conducted on a Focus XC automated peptide
synthesizer (AAPPTec) using standard Fmoc chemistry protocols.
The fluorescein amidite-labeled (FAM-labeled) CP-FUS-NLS pep-
tide was obtained by coupling of 5(6)-carboxyfluorescein to the

N-terminus of peptide using standard coupling protocol.

After chain assembly was completed, crude peptides were removed
from resin with a TFA cleavage cocktail and purified by dialysis against
double-distilled water in 2 kDa membrane (Spectra/Por 7, Spectrum
Laboratories). Purity and structure of the final products were verified by
analytical C18 RPHPLC (Beckman Coulter GOLD System) and MALDI
mass spectroscopy (Voyager Elite, PerSeptive Biosystems).

J Clin Invest. 2024;134(6):e175158 https://doi.org/10.1172/)CI175158

= [


https://doi.org/10.1172/JCI175158

RESEARCH ARTICLE The Journal of Clinical Investigation

A GSE129973 B C D

. GSE164760
FSGS (12) vs. Normal (12) Padj<0.05 NASH (74) ve. Normal (6) Padi<0.05

,:US_:l p = 0.041033

E coL1A1{_] p=0.000727 v’ g sy FUSH p=0.00676
[ § , O y .
b :
s COL1A2- | p =0.001273 <.
® ED
4 COL4A1- | p=0.000796 S COL1AT p=0.302

. COL4A2-] | »=0.000308 :

00 05 10 15 0.0 02 04 06 08
Log2(Fold Change) Log(Fold Change) Log2(Fold Change) Log(Fold Change)

E MERGE H MERGE

DAPI Collagen IV FUS DAPI Collagen IV FUS

Control
Normal

FSGS
NASH

F Hokkn G I ok J
100 2.5 0.6 I 0.15- *kkk
= T 5 * 0
2 2 2.0 0 >
o 75— S 3 o O =2
15 2o g2 04 Z < 010
> 23 15 Eo S 3
) ] Q o a
2 50 £5 58 g8
o 5 28 38
2 2310 u s 85
+ c c o 0.2+ = 0.0549
o 25+ S » E X E
3 g o5y > Oz
% ol b 5 Gy
° ) S 00 —m——— o0+ 0.00-
Control FSGS Control FSGS Normal NASH Normal NASH

* p<0.05; *** p<0.001; **** p<0.0001

Figure 10. FUS mRNA is upregulated in kidneys and livers of individuals with kidney and liver disease. (A) VVolcano plot of differentially expressed mRNAs in
12 kidney biopsies of individuals with FSGS versus 12 healthy controls (Normal). Gray dots represent genes with no significant differences; blue dots represent
downregulated genes, and red dots upregulated genes, with fold change >1.0 and P value <0.05. (B) Examples of fibrotic genes upregulated in individuals with
FSGS with fold change >1.0 and P value <0.05. (C€) Volcano plot of differentially expressed mRNAs in 74 liver biopsies of individuals with NASH versus 6 healthy
controls (Normal). Gray, blue, and red dots represent gene changes as described in A. (B) Examples of fibrotic genes upregulated in individuals with NASH with
fold change >1.0 and P value <0.05 (for FUS only). (E and H) Representative images of kidney and liver tissue samples from controls or individuals with FSGS or
NASH costained with anti-FUS and anti-collagen IV antibodies. Scale bars: 25 um. (F) The number of nuclear FUS-positive glomerular cells was calculated, and
values are expressed as percentage FUS-positive cells per glomerulus. Values are the mean + SD, and symbols represent individual kidneys (n = 3 normal, n =4
FSGS, with 2-6 glomeruli analyzed per biopsy). (G) Collagen IV intensity per glomerulus was evaluated and expressed as described in Methods. Values are the
mean + SD, and symbols represent individual kidneys (n = 3 normal, n = 4 FSGS, with 2-6 glomeruli analyzed per biopsy). (I and J) Nuclear FUS intensity (1) or
collagen IV intensity (J) per microscopic field was evaluated and expressed as described in Methods. Values are the mean + SD, and symbols represent individual
livers (n = 5 normal, n = 5 NASH, with an average of 3 microscopic fields analyzed per biopsy). Statistical analysis: unpaired 2-tailed t test (F, G, I, and }).
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To visualize CP-FUS-NLS tissue distribution, 6- to 8-week-old
male BALB/c WT mice received FAM-labeled CP-FUS-NLS (1 mg/kg)
or vehicle (PBS) via i.p. injections every 2 hours for a total of 6 hours.
Two hours after the last injection, mice were sacrificed, and kidneys
and livers were collected. Parts of tissues were immediately frozen,
and some parts were embedded in OCT compound.

Mouse injury models
Kidney injury. Six- to eight-week-old male BALB/c WT, ItgAIKO,
Wave2, and ItgA1KO/Wave2 mice received a single i.v. injection of ADR

(10 mg/kg; D1515, MilliporeSigma) and were sacrificed 8 weeks after
injection. To generate BALB/c ItgAIKO/Wave2, Wave2 mice, which
have deficient EGFR kinase activity (42), were bred onto a BALB/c
background for at least 10 generations and then crossed with BALB/c
ItgAIKO mice (described in ref. 3). The ItgAlhet/Wave2het mice were
crossed among themselves to generate the 4 genotypes indicated
above. Mice were sacrificed 8 weeks after ADR injection.

In some experiments, BALB/c male WT mice received a single i.v.
injection of ADR (10 mg/kg) and were divided into 3 groups. One group
received vehicle (PBS), one group received CP-FUS-NSL (1 mg/kg i.p.,
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which corresponds to 0.3nM), and one group received CP-mutFUS-NLS
(0.95 mg/kg i.p., which corresponds to 0.3 nM). Mice received 2 i.p.
injections per day 3 times a week for the entire duration of the experi-
ment. Two weeks after ADR injection, kidneys were harvested and used
for RNA and Western analysis or immunohistochemistry.

To generate mice that express human FUS carrying the R521G
mutation in glomerular cells, C57BL/6] CAG-Z-FUSR521G-IRES-
EGFP mice (strain 028021, The Jackson Laboratory) were crossed
with Pdgfrb-cre mice [Tg(Pdgfrb-Cre)35Vli] (19) and backcrossed to
C57BL/6] background for at least 10 generations to generate cagFUS-
R521G Pdgfrb-cre (referred to as FUSR521G) mice. Six- to eight-week-
old male FUSR521G and control mice (e.g., C57BL/6] WT or Pdgfrb-cre
mice) received a single i.v. injection of ADR (22-24 mg/kg) and 2 daily
i.p. injections of 5% glucose-saline solution (0.5 mL) for 7 consecutive
days (21). Mice were sacrificed 2 weeks after ADR injection.

Liver injury. Six- to eight-week-old male C57BL/6] WT mice
received an i.p. injection of corn oil (100 pL) or 10% CCl4 (289116,
MilliporeSigma) diluted in corn oil, 3 times per week for 6 weeks.
Some CCl4-treated mice received CP-mutFUS-NLS (1 mg/kg, which
corresponds to 0.3 nM) or CP-FUS-NLS (0.95 mg/kg, which corre-
sponds to 0.3 nM) twice a day, 3 times per week from week 3 to week
6 of CCl4 treatment. Mice were then sacrificed for organ collection.

Clinical parameters and morphologic analysis

For the analysis of albuminuria, spot urine was collected before
ADR injection and at time of sacrifice. Urine albumin and creatinine
levels were measured using the ELISA Albuwell M test and kit (Exo-
cel Inc.), and the albumin/creatinine ratio was expressed as micro-
grams per milligram.

For histologic analysis, kidneys or livers, removed immediately
after sacrifice, were either fixed in 4% formaldehyde and embedded
in paraffin for morphologic and immunohistochemistry analysis, or
embedded in OCT compound for immunofluorescence or immediate-
ly frozen for Western blot analysis. The paraffin tissue sections were
stained with periodic acid-Schiff, H&E, trichrome, and Picrosirius red
for the evaluation of glomerular or hepatic injury. Mesangial sclerosis
index was evaluated in a blinded fashion as previously described (43).
Briefly, the percentage of mesangial matrix occupying each glomer-
ulus was rated as 1 = 0%-24%, 2 = 25%-49%, 3 = 50%-74%, and 4
= >75%. Picrosirius red staining was quantified by evaluation of the
percentage of red staining per microscopic field.

Human samples

Human kidney biopsies. Biopsies from patients with diagnosis of FSGS
(n = 4) were assessed. Patients with FSGS included 2 women (76 and
49 years old) and 2 men (52 and 57 years old) who underwent biop-
sy for proteinuria (8, 7.3, 11, and 9.2 g/d), with serum creatinine levels
normal or mildly increased (0.9, 0.82, 1.94, and 1.4 mg/dL). Intersti-
tial fibrosis/tubular atrophy was 5%-15%, 10%-20%, about 30%, and
20%-30%, respectively. Global and segmental glomerulosclerosis
was 0%/7%, 18%/24%, 30%/54%, and 6% /31%, respectively. Three
patients who underwent biopsy for hematuria or low-level proteinuria
with minimal histologic abnormalities were used as controls. These
included 1 man and 2 women, ages 34, 20, and 38 years, respectively,
with normal serum creatinine levels, and no proteinuria in 2 patients
and 515 mg/d in the 38-year-old woman. There was no significant tub-
ulointerstitial fibrosis and no segmental glomerulosclerosis, and only
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the biopsy from the 38-year-old woman showed global glomeruloscle-
rosis (4%). None of the above biopsies showed deposits by immunoflu-
orescence or electron microscopy. The FSGS patients showed exten-
sive foot process effacement by electron microscopy.

Human liver biopsies. Wedge biopsies of the left lateral lobe of the
liver were obtained at the time of elective bariatric surgery. Patients
with NASH included 2 women (39 and 50 years old) and 3 men (25,
35, and 39 years old), while normal individuals included 3 women (34,
39, and 39 years old) and 2 men (35 and 39 years old). The presence of
steatosis, ballooning, inflammation, and fibrosis was determined by a
histopathologist. Samples were categorized using the NAS scoring cri-
teria (44): steatosis (0 = <5%; 1 =5%-33%; 2 = 34%-66%; 3 = >66%),
ballooning degeneration (O = none; 1 = few; 2 = many), lobular inflam-
mation (O = none; 1 = <2 foci per 200 high-power fields [HPFs]; 2 =
2-4 foci per 200 HPFs; 3 = 4 foci per 200 HPFs), fibrosis (O = none; 1=
zones 1-3; 2 = zone 3 and periportal; 3 = bridging; 4 = cirrhosis).

Immunofluorescence

Paraffin sections were stained with mouse anti-FUS (sc-47711, Santa
Cruz Biotechnology), rabbit anti-GFP (NB600-308, Novus Biologi-
cal), rabbit anti-phospho-EGFR (Tyr1173; 4407, Cell Signaling Tech-
nology), or rabbit anti-collagen IV (600401106, Rockland) antibodies
followed by Alexa Fluor 488 anti-mouse (A32723, Alexa Fluor) and
Alexa Fluor 555 anti-rabbit (A21428, Alexa Fluor). Slides were then
mounted using ProLong Gold Antifade Mountant with DAPI (P36931,
Thermo Fisher Scientific).

Images were taken using a Leica DM600OB upright microscope
(x20 or x40 lens) equipped with a Leica EC4 microscope camera, and
images were captured using LAS X Widefield Systems software.

For kidneys, the number of FUS-positive cells per glomerulus and
the intensity of collagen IV per glomerulus were analyzed using Image]
(NIH), and values were expressed as percentage of FUS-positive cells
among total glomerular cells or collagen IV intensity per glomerulus.

For livers, FUS nuclear intensity was analyzed using CellProfiler,
and values were expressed as FUS nuclear intensity per microscop-
ic field. Collagen IV intensity was analyzed as described above and
expressed as collagen IV intensity per microscopy field.

Nonnuclear (cytosolic) and nuclear fractions

Nonnuclear and nuclear tissue fractions were obtained as previously
described (11). Kidney cortices or livers (10 mg) were homogenized in
250 mM sucrose, 10 mM HEPES, pH 7.4, 5 mM KCl, 1.5 mM EDTA, pH
8.0,5mM Na,VO,, and protease inhibitors. After 15 minutes on ice, tis-
sue lysates were centrifuged. The resulting pellet was saved as nuclear
fraction and resuspended in 20 mM HEPES, pH 7.4, 0.4 M NaCl, 2.5%
glycerol, 1 mM EDTA, pH 8.0, 0.5 mM NaF, and protease inhibitors,
and the supernatant was saved as nonnuclear fraction.

When cells were used for analysis, they were suspended in 10 mM
HEPES, pH 7.9, 1.5 mM MgCL, 10 mM KCl, protease inhibitors (Roche
Applied Science), and 5mM NaVO,, and nonnuclear and nuclear fractions
were separated by centrifugation (400gfor 4 minutes at 4°C). Nuclear frac-
tions were lysed in the buffer described above containing 25% glycerol.

In vitro cell analysis

Murine HSC line JS1 (29) was cultured in DMEM supplemented with
10% FBS. Before experiments, JS1 cells were serum-starved for 24 hours.
JS1 cells were treated with EGF (20 ng/mL; 236-EG, R&D Systems) or
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vehicle alone for various time intervals. Cell lysates as well as nonnucle-
ar and nuclear fractions of treated JS1 cells were analyzed by Western
blot analysis. To inhibit FUS nuclear translocation, serum-starved JS1
cells were incubated with CP-FUS-NLS or CP-mutFUS-NLS (both at 0.4
uM). After 30 minutes, cells were treated with vehicle (PBS) or EGF (20
ng/mL). After 0.5 to 24 hours, cells were processed for nonnuclear and
nuclear fractionation and Western blot analysis.

Western blotting

Tissue or cell lysates were resolved in 8% or 4%-20% SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were incubated
with the following primary antibodies: rabbit anti-FUS/TLS (4885,
Cell Signaling Technology), rabbit anti-histone H3 (9715, Cell Signal-
ing Technology), mouse anti-o-tubulin (3873, Cell Signaling Technol-
ogy), rat anti-collagen IV ¢2NC1 (7071, Chondrex), rabbit anti-colla-
gen IV (600-401-106, Rockland), rabbit anti-collagen I (66948, Cell
Signaling Technology), rabbit anti-desmin (ab15200, Abcam), mouse
anti-TIMP1 (sc-s21734, Santa Cruz Biotechnology). IRDye fluorescent
dyes (LI-COR Inc.) were used as secondary antibodies, and mem-
branes were processed through a LI-COR Odyssey infrared imaging
system. Immunoreactive bands were quantified by densitometry anal-
ysis using Image Studio Lite (LI-COR).

Reverse transcription real-time quantitative PCR

RNA was isolated from tissue with an RNeasy Mini Kit (catalog
74104, Qiagen). cDNA synthesis was performed using 100 ng RNA
with an iScript cDNA Synthesis Kit (Bio-Rad), and reverse transcrip-
tion real-time quantitative PCR was performed with the SYBR Green
method using an iQ Real-Time SYBR Green PCR Supermix Kit (Bio-
Rad). Fluorescence was acquired at each cycle on a QuantStudio
7 Pro Real-Time PCR System (Thermo Fisher Scientific) using the
following cycling conditions: 95°C for 2 minutes, 95°C for 5 seconds,
57°C for 45 seconds, and 60°C for 30 seconds for 40 cycles; and 65°C
to 95°C with an increment of 0.5°C in 5 seconds. The quantitation
cycle values were analyzed using the QuantStudio 7 Pro Real-Time
PCR System and normalized to GAPDH levels. Primers used for
mouse Col4A2 chain, mouse ColIA2 chain, and Gapdh were: Col4A2
forward, 5-TCATTAGCAGGTGTGCGGTT-3'; Col4A2 reverse,
5'-AGCGGGGTGTGTTAGTTACG-3'; Col1A2 forward, 5'-CTTGCT-
GGCCTACATGGTGA-3'; CollA2 reverse, 5'-ATGAGTTCTTCGCT-
GGGGTG-3'; Gapdh forward, 5'-CATCTTGGGCTACACTGAGG-3';
and Gapdh reverse, 5'-GTGGTCCAGGGTTTCTTACTC-3' (45).

RNA sequencing and data analysis

The RNA sequencing data of human kidneys (FSGS versus normal) and
liver (NASH versus normal) were obtained from the NCBI Gene Expres-
sion Omnibus (GEO) database using accession numbers GSE129973 and
GSE164760, respectively. The data set GSE129973 contains glomerular
transcriptome from human kidney biopsies (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE129973). The data set GSE164760 con-
tains NASH samples collected from different institutions (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164760). The analysis was
performed using the GEO2R interactive web tool (https://www.ncbi.
nlm.nih.gov/geo) that uses DESeq2 (46) to perform differential expres-
sion analysis. The statistical analysis was generated by DESeq2, and the
Wald test was used to compare 2 groups of samples. Changes between
2 experimental conditions (e.g., FSGS versus normal or NASH versus
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normal) were expressed as log, fold change, and P values were used for
statistical significance between 2 groups. A volcano plot for each data set
was generated using DESeq2, which displays statistical significance (-
log, , Pvalue) versus magnitude of change (log, fold change).

Statistics

Data are shown as mean * SD. Unpaired 2-tailed ¢ test was used to
evaluate statistically significant differences (P < 0.05) between 2
groups. One-way ANOVA followed by Dunnett’s multiple-comparison
test, by GraphPad Prism software, was used to evaluate statistically
significant differences among multiple groups. Data distribution was
assumed to be normal, but this was not formally tested.

Study approval

Mouse studies. All in vivo experiments were performed with approv-
al of and according to the Vanderbilt University Medical Center
Institutional Animal Care and Use Committee guidelines and con-
ducted in Association for Assessment and Accreditation of Labora-
tory Animal Care-accredited facilities.

Human samples. The use of human archival identified kidney speci-
mens was approved by the IRB of Vanderbilt University (040174 “Renal
Pathology”). For liver samples, participants gave informed written con-
sent before participating in this study, which was approved by the IRB
of Vanderbilt University (090657 and 171845) and registered at Clinical-
Trials.gov (NCT00983463 and NCT03407833). All studies were con-
ducted in accordance with NIH and institutional guidelines for human
subject research. The study protocol conformed to the ethical guidelines
of the 1975 Declaration of Helsinki, as reflected in a priori approval by
Vanderbilt University Medical Center.
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Raw data are available in the Supporting Data Values file.
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