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Abstract

Background Renal fibrosis is a prevalent manifestation of chronic kidney disease (CKD), and effective treatments

for this disease are currently lacking. Myofibroblasts, which originate from interstitial fibroblasts, aggregate in the renal
interstitium, leading to significant accumulation of extracellular matrix and impairment of renal function. The nonre-
ceptor tyrosine kinase c-Abl (encoded by the Abl1 gene) has been implicated in the development of renal fibrosis.
However, the precise role of c-Abl in this process and its involvement in fibroblast-myofibroblast transition (FMT)
remain poorly understood.

Methods To investigate the effect of c-Abl in FMT during renal fibrosis, we investigated the expression of c-Abl
in fibrotic renal tissues of patients with CKD and mouse models. We studied the phenotypic changes in fibroblast
or myofibroblast-specific c-Abl conditional knockout mice. We explored the potential targets of c-Abl in NRK-49F
fibroblasts.

Results In this study, fibrotic mouse and cell models demonstrated that c-Abl deficiency in fibroblasts mitigated
fibrosis by suppressing fibroblast activation, fibroblast-myofibroblast transition, and extracellular matrix deposition.
Mechanistically, c-Abl maintains the stability of the RACK1 protein, which serves as a scaffold for proteins such as c-Abl
and focal adhesion kinase at focal adhesions, driving fibroblast activation and differentiation during renal fibrosis.
Moreover, specifically targeting c-Abl deletion in renal myofibroblasts could prove beneficial in established kidney
fibrosis by reducing RACK1 expression and diminishing the extent of fibrosis.

Conclusions Our findings suggest that c-Abl plays a pathogenic role in interstitial fibrosis through the regulation
of RACK1 protein stabilization and myofibroblast differentiation, suggesting a promising strategy for the treatment
of CKD.
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Background

Renal fibrosis is characterized by the excessive accumu-
lation of pathological extracellular matrix (ECM) in the
interstitial space between tubules and peritubular capil-
laries, disrupting their normal ability to eliminate toxins
and provide nutrients [1]. Chronic kidney disease (CKD),
the leading cause of renal fibrosis, has a reported preva-
lence rate of approximately 8.6% for males and 9.6% for
females older than the age of 20 years in high-income
countries [2]. Unfortunately, currently available medi-
cations only offer limited disease progression-slowing
benefits, underscoring the urgent need to improve the
understanding of the mechanisms underlying CKD and
renal fibrosis [3].

Fibroblast-myofibroblast transition (FMT) is a cru-
cial stage in the development of fibrosis due to the piv-
otal role of myofibroblasts in the synthesis of a-SMA and
ECM. a-SMA serves as the most reliable marker for iden-
tifying myofibroblasts, as it constitutes the primary com-
ponent of myofilament bundles known as stress fibers.
These stress fibers are anchored to focal adhesions, which
connect the ECM to the actin cytoskeleton [4]. By means
of focal adhesions, stress fibers respond to mechanical
tension within the ECM and transmit contractile forces.
The tension or contractility of stress fibers enables the
conversion of mechanical signals into biochemical cues,
thereby playing a crucial role in the maturation and
dynamics of focal adhesions [5]. Excessive maturation of
focal adhesions, a hallmark feature of lesional fibroblasts,
can facilitate the formation of stress fibers and enhance
fibroblast adhesion to the matrix. This process relies on
integrin binding and the activation of focal adhesion
kinase (FAK) [6]. Ultimately, in conjunction with certain
cytokines, such as transforming growth factor-beta 1
(TGE-P1), cytoskeletal reorganization and myofibroblast
differentiation are triggered [1]. Nonetheless, the specific
molecular mechanisms governing FMT have largely not
been identified.

TGEF-B1 is a key regulator that drives myofibroblast
differentiation during fibrosis [7]. Targeting the TGE-
B-regulated intracellular pathways is a major focus of
emerging antifibrotic therapies [8]. Considering the
essential physiological roles of canonical TGF-$1 sign-
aling in cell proliferation, differentiation, tissue homeo-
stasis, and the immune response [9], direct targeting of
TGF-B1 could have potential adverse effects, including
liver [10] and cardiac toxicity [11, 12]. Noncanonical
TGF-p signaling pathways are being explored as thera-
peutic targets in organ fibrosis. c-Abl, encoded by ABL
proto-oncogene 1, is a member of the Abelson family of
nonreceptor tyrosine kinases involved in noncanonical
TGF-p signaling. Recent studies have shown that silenc-
ing c-Abl may facilitate the elimination of myofibroblasts
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from wound lesions [13]. A c¢-Abl-MRTEF-A positive
feedback loop contributes to hepatic stellate cell activa-
tion and liver fibrosis [14]. Imatinib mesylate, a small
molecule inhibitor of c-Abl, has been found to have an
effect on systemic sclerosis fibroblasts in vitro [15]. How-
ever, whether c-Abl is involved in FMT occurrence dur-
ing renal fibrosis and whether it regulates focal adhesion
maturation and microfilament formation are unclear.

The present study demonstrated significant upregu-
lation of c-Abl in fibrotic kidneys in both human and
mouse samples, specifically in the ECM-expressing
PDGFRa™ fibroblasts. Notably, a fibroblast-specific dele-
tion of c-Abl resulted in a marked reduction in renal
fibrosis in mouse models of unilateral ureteral obstruc-
tion (UUO). Our findings indicate that excessive c-Abl
exacerbates fibrogenesis by promoting fibroblast acti-
vation and ECM production. Mechanistically, we dis-
covered that c-Abl promotes the maturation of focal
adhesions and the assembly of stress fibers by stabilizing
the expression of the receptor for activated C-kinase 1
(RACK]1) protein, a member of the tryptophan-aspartate
repeat (WD repeat) family and a classic scaffold protein
[16]. Finally, our results demonstrated that myofibro-
blast-specific deletion of c-Abl effectively mitigates the
development and progression of kidney fibrosis in mice,
suggesting that targeting c-Abl could serve as a novel and
potent approach for the treatment of renal fibrosis and
preservation of kidney function.

Methods

Human renal biopsy samples

Human renal samples were obtained from clinical kidney
biopsies performed on patients with uremia and healthy
kidney donors. For CKD group, we analyzed the nontu-
mor sites of the kidneys from 9 patients who underwent
nephrectomy (total nephrectomy). Healthy kidneys from
9 cases without CKD were analyzed as the control group.
The human study was approved by the Institutional
Review Board of the Ethics Committee of Renji Hospital,
Shanghai Jiao Tong University The ethics approval num-
ber is No. LY2023-032-B.

Mouse models and generation of animals with renal
fibrosis

All animal experiments in this study were conducted
strictly in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals with
protocols approved by the Institutional Animal Care and
Use Committee of our school (A2023086) and ARRIVE
guidelines. Strains used in this study include PDGFRa-
CreER mice (Jackson lab., stock No. 018280), a-SMA-
CreER mice [17], and c-AbI**P mice [18]. Breeding
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details and strain genetics are outlined in the Supplemen-
tary Methods.

Cell-based assays

Rat renal fibroblast line NRK-49F NRK-49F cells were
purchased from the American Type Culture Collection
and cultured in DMEM containing 10% FBS and 1% peni-
cillin-streptomycin at 37 °C under 5% CO2.

TGF-B1 stimulation NRK-49F cells were incubated
with 10 ng/ml TGF-1 (PeproTech, 100-21) for 24 h,
after which the following experiments were performed.

Inhibitor experiments For the analysis of microtu-
bules, the microtubules were stabilized by the addition of
0.5 umol/L paclitaxel (TargetMol Chemicals, T0968) and
depolymerized by the addition of 0.1 umol/L vinblastine
(TargetMol Chemicals, T6721). For the analysis of pro-
tein stability, the protein synthesis inhibitor cyclohex-
imide at 20 pg/mL (MedChemExpress, HY-12320), the
lysosome inhibitor chloroquine at 15 pmol/L (TargetMol
Chemicals, T8689), bafilomycin Al at 5 nmol/L (Tar-
getMol Chemicals, T6740), or the proteasome inhibitor
MG132 at 5 pmol/L (TargetMol Chemicals, T2154) were
added to the cell culture medium.

Lentivirus infection To construct stable NRK-49F cell
lines for the overexpression or knockdown of c-Abl and
overexpression of RACK]1, a lentivirus carrying the cor-
responding genes was applied to the cells combined with
polybrene (8 pg/ml) (Yeasen Biotechnology, 40804ES76)
for 12 h. Then, the medium was replaced with fresh
medium, and stable cell clones were screened using blas-
ticidin S at 20 pg/ml (Beyotime Biotechnology, ST018)
for 3 generations to ensure overexpression or knockdown
efficiency.

RACK1 knockdown The siRNAs for rat RACK1 were
designed and synthesized by D-Nano Therapeutics Com-
pany (Beijing, China). CALNPTM siRNA Transfection
Reagent (D-Nano Therapeutics) was used to transfect
siRNA or negative control cells at 10 nmol/L according
to the manufacturer’s instructions. The sequences of the
siRNAs for RACK1 were as follows: GCAAGCACCUUU
ACACAUUTT, Antisense: AAUGUGUAAAGGUGC
UUGCTT. The sequences of the siRNAs for the control
were as follows: UUCUCCGAACGUGUCACGUTT,
Antisense: ACGUGACACGUUCGGAGAATT.

Histological analysis

Kidney tissues were fixed in 4% paraformaldehyde (PFA)
overnight, embedded in paraffin, and subsequently cut
into 4 um sections. The sections were mounted onto glass
slides, deparaffinized with xylene, dehydrated through
a graded ethanol series, and stained with hematoxylin—
eosin (Beyotime Biotechnology; C0105M), Sirius red
(Solarbio Life Science, S8060) and Masson’s trichrome
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(Solarbio Life Science, G1340) to evaluate collagen dep-
osition. The fibrotic area was quantified with Image]
software.

Immunohistochemical analysis

Immunohistochemical staining was performed with the
peroxidase—antiperoxidase method. In brief, mouse kid-
ney sections were retrieved by boiling them for 20 min in
10 mM citric acid solution (pH=6). Endogenous peroxi-
dase was blocked by incubation in 4% hydrogen perox-
ide. The sections were incubated at 4 °C overnight with
the primary antibodies. On the next day, the tissue sec-
tions were washed and incubated with the corresponding
secondary antibodies for 2 h at room temperature. The
sections were then developed with DAB solution (ZSGB-
BIO, ZLI-9019), counterstained with hematoxylin (Beyo-
time Biotechnolog, C0105S), and mounted with a neutral
balsam medium (Solarbio LIFE SCIENCES, G8590). The
staining area was measured by using Image]. The fol-
lowing antibodies were used: mouse anti-c-Abl (Sigma;
A5844), rabbit anti-aSMA (Abcam; ab184705), rabbit
anti-Collal (Cell Signaling Technology; #72,026), rabbit
anti-Vimentin (Abcam; ab92547), rabbit anti-F4/80 (Cell
Signaling Technology; #70,076), mouse anti-RACK1 (BD
Biosciences; 610,177). HRP-Goat Anti-Rabbit (H+L)
(Proteintech, RGAR001), HRP-Goat Anti-mouse (H+L)
(Proteintech, RGAMOO01).

RNA extraction and gRT-PCR

Total RNA was extracted from cells and kidney tissue
by using TRIzol (Vazyme; R401-01) in accordance with
the manufacturer’s protocols. A HiScript III 1st Strand
c¢DNA Synthesis Kit (+ gDNA wiper) (Vazyme; R312-01)
was used for RNA reverse transcription. SYBR Green-
based qRT-PCR (Vazyme; Q311-02) was performed as
described in the protocol. The primer sequences used for
qRT-PCR are listed in supplementary Table S2.

Immunofluorescence analysis

Tissue staining. PFA-fixed kidneys were immersed in
30% sucrose overnight and embedded in OCT and were
cut into 5 pm for frozen sections. The slides were washed
with PBS and blocked in 10% FBS for 1 h, then incubated
with the primary antibodies at 4 “C overnight and subse-
quently incubated with Alexa Fluor-conjugated second-
ary antibodies for 2 h at room temperature, then washed
three times with PBS and finally mounted with ProLong
Gold Antifade Mountant (Thermo Fisher Scientific).

Cell staining. The cells seeded on the microscope
cover glass were fixed with 4% PFA for 20 min, then
washed with PBS containing 0.1% Triton X-100 and
blocked in 10% FBS for 1 h. The cells were incubated with
the primary antibodies at 4 “C overnight and incubated



Bao et al. Cell Communication and Signaling (2024) 22:247

with Alexa Fluor-conjugated secondary antibodies for 1 h
at room temperature, then washed three times with PBS
and finally mounted with ProLong Gold Antifade Mount-
ant (Thermo Fisher Scientific). Images were acquired
with a confocal microscope (Leica TCS SP8). Images
were processed using Image].

The following antibodies and dyes were used: mouse
anti-c-Abl (Sigma; A5844), rabbit anti-aSMA (Abcam;
ab184705), rabbit anti-Collal (Cell Signaling Tech-
nology; #72,026), rabbit anti-PDGFRa (Cell Signaling
Technology; #3174), and mouse Anti-RACK1 (BD Bio-
sciences; 610,177), rabbit anti-Paxillin (Abways, P49023),
rabbit anti-vinculin (Abways, CY5164), Stress fiber dyes
(Beyotime Biotechnology, C2205S), a-Tubulin dyes (Bey-
otime Biotechnology, C1050). Donkey anti-Mouse IgG
(H+L), Alexa Fluor"" Plus 594 (Thermo Fisher Scientific,
A32744), Donkey anti-Rabbit IgG (H+L), Alexa Fluor™
Plus 488 (Thermo Fisher Scientific, A32790).

Western blot analysis

Renal tissues or NRK-49F cells were homogenized and
lysed in radioimmunoprecipitation buffer contain-
ing a Protease Inhibitor Cocktail (MedChemExpress;
HY-K0010) and Phosphatase Inhibitor Cocktail II (Med-
ChemExpress; HY-K0022). Protein concentration was
determined by using a BCA Protein Assay Kit (Thermo
Scientific™"; 23,225). Equal amounts of protein were sepa-
rated on SDS—polyacrylamide gels in a Tris/glycine buffer
system, and transferred onto PVDF membranes, then
blocked in QuickBlock " buffer (Beyotime Biotechnology;
P0220). The membranes were incubated with the primary
antibodies overnight at 4 °C. Blots were developed by
using HRP-conjugated anti-mouse or anti-rabbit IgG sec-
ondary antibodies (Proteintech; PR30011, PR30012) and
Western Bright ECL HRP substrate (Advansta). Protein
bands were imaged with a ChemiDoc MP system (Bio-
Rad Laboratories). The intensity of the protein bands was
quantified by applying Image] software.

The following antibodies were used: mouse anti-
GAPDH (Proteintech; 60,004—1-Ig), mouse anti-c-Abl
(Sigma; A5844), rabbit anti-a-SMA (Abcam; ab184705),
rabbit anti-Collal (Cell Signaling Technology; #72,026),
rabbit anti-Vimentin (Abcam; ab92547), mouse anti-
RACK1 (BD Biosciences; 610,177), mouse anti-Type I
collagen (Proteintech, 66,761), rabbit anti-FAK (Abways,
Q05397), rabbit anti-FAK (Abways, Q05397).

Focal adhesion morphometrics and analysis

Adhesion analysis was carried out using Image] software.
After the background is minimized, the local contrast of
the image is enhanced by running CLAHE, after which
the BRIGHTNESS and CONTRAST algorithms are auto-
matically adjusted. The Execute ANALYZE PARTICLES
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command scans the thresholded image and finds the
edges of objects or particles. size=25-infinity and cir-
cularity=0.00-0.99, and quantitative statistics were col-
lected (e.g., size, area, number of focal adhesions, and %
area occupied by focal adhesions).

Gel contraction analysis

Fibroblast contractile activity was assessed by colla-
gen contraction assays. Briefly, NRK-49F cells (5x10*
cells) were seeded into a 2 mg/ml gel matrix (Absin;
abs47014921) containing high-concentration Corning
collagen-I purified from the rat tail and cast into a 24-well
plate. The gel contraction was monitored after 48 h by
taking photographs of the gels. The percentage of gel
contraction was quantified using the formula: percentage
gel contraction=100 X ((well area — gel area) ~ well area)).

Mass spectrometry

The total protein bound to c-Abl in the NRK-49F cells
was extracted by coimmunoprecipitation. In brief, NRK-
49F cells were treated with 10 ng/ml TGF-B1 (Pepro-
Tech, 100-21) for 24 h, with untreated cells serving as a
control. Then, the cell lysate was incubated with mouse
anti-c-Abl (Sigma; A5844) and beads. Protein digestion,
labeling, and mass spectrometry analysis were completed
in the instrumental analysis center of Shanghai Jiao Tong
University. An LTQ-Orbitrap instrument (Thermo Fisher,
USA) connected to a Nano ACQUITY UPLC system was
used to analyze the labeled peptide samples as well as the
acquired MS/MS spectra and parameters.

Statistical analysis

All data are presented as the mean+SEM, all experi-
ments were replicated at least 3 times. GraphPad Prism
in GraphPad Software (San Diego, CA) was used for all
statistical analyses. Student’s t-test was conducted to
determine the significance of differences between the two
groups. P<0.05 represented a statistically significant dif-
ference. The nonlinear least squares regression method
is used for simple linear curve fitting. Other details, such
as the number of replicates and level of significance, are
mentioned in figure legends and supplementary tables.
No samples or animals were excluded from the analysis.
Sample size estimation was not performed, and sample
size was determined by the number of animals in the col-
ony of a determined age and gender.

Results

c-Abl is upregulated in mouse fibrotic kidneys

and enriched in fibroblasts

To investigate the potential involvement of c-Abl in
kidney fibrosis, we first assessed the expression level of
c-Abl in fibrotic mouse kidney tissues induced by UUO.
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The expression of c-Abl was significantly upregulated in
UUO kidneys but remained unchanged in contralateral
(CL) kidneys (Figure S1A-C). Immunofluorescence (IF)
staining further revealed that c-Abl was expressed at low
levels in normal mouse renal interstitial cells but was
highly colocalized with PDGFRa-positive fibroblasts in
the fibrotic kidney tissues. PDGFRa-positive cells repre-
sent ECM-producing mesenchymal cells, including active
fibroblasts and myofibroblasts, in the fibrotic kidneys
of patients with CKD and UUO mice [19]. Additionally,
c-Abl was coexpressed with aSMA™ and Collal® myofi-
broblasts in UUO kidneys (Figure S1D). Overall, the
increased expression of c-Abl in mouse fibrotic kidneys
and its enrichment in ECM-producing PDGFRa™ mes-
enchymal cells and a-SMA* myofibroblasts strongly sug-
gest a potential role for c-Abl in the pathogenesis of renal
fibrosis.

c-Abl deletion in ECM-producing PDGFRa* mesenchymal
cells attenuate kidney fibrosis following UUO injury

To gain insight into the role of c-Abl in regulating ECM-
producing PDGFRa* mesenchymal cells during renal
fibrosis, an inducible knockout mouse model, PDGFRa-
CreER;c-Abl*f1o* (hereafter referred to as c-AbIMe~
KO) was generated and subsequently administered
UUO injury (Fig. 1A). c-AbIM*=KO mice are viable, fer-
tile, and visually indistinguishable from control mice
(c-Ablo¥f10% referred to here as c-AbI®"). The kidney
morphology or histology of c-AbIM*~K0 did not differ
from that of c-AbI®”" mice. The efficiency of the c-Abl
knockout was confirmed through mRNA and protein
analyses (Figs. 1B—2D). Masson staining and Sirius red
staining revealed a reduction in collagen deposition in
the c-AbIM*=KO mice (Fig. 1E). Notably, the expression of
a-SMA, Collal, Vimentin, Postn and F4/80 were signifi-
cantly lower in the kidneys of c-AbM*~K0 mice than in
those of c-AbI®” mice (Fig. 1F-H). Taken together, these
findings suggest that the deletion of c-Abl in ECM-pro-
ducing PDGFRa ™ mesenchymal cells significantly attenu-
ate the progression of kidney fibrosis.

c-Abl is essential for inducing fibroblast activation,

myofibroblast differentiation, and ECM production

PDGFRa* mesenchymal cells in the fibrotic kidneys
of mice consist of fibroblasts and myofibroblasts, and
FMT is a crucial process in renal fibrosis. To investigate
the role of c-Abl in FMT, we stimulated rat renal inter-
stitial fibroblasts (NRK-49F) with TGF-f1 (10 ng/mL)
and observed time-dependent upregulation of the c-Abl],
a-SMA, and ECM proteins (Figure S2). Next, we infected
NRK-49F fibroblasts with lentivirus carrying c-Abl and
found that overexpression of c-Abl significantly increased
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the expression of a-SMA, type I collagen, and vimentin.
Additionally, c-Abl overexpression promoted the contrac-
tion of collagen gel matrices, indicating enhanced fibro-
blast activation and differentiation (Fig. 2A-C). Notably,
c-Abl overexpression also induced stress fiber forma-
tion, as evidenced by the increased density of a-SMA and
phalloidin staining, which are commonly used markers of
the myofibroblast phenotype (Fig. 2D and E). Conversely,
knockdown of c-Abl attenuated FMT and the profibrotic
effects induced by TGF-B1, accompanied by reduced lev-
els of a-SMA, vimentin, and Collal (Fig. 2A and B), as
well as diminished contraction of collagen gel matrices,
indicating a decrease in the acquisition of the myofibro-
blast phenotype (Fig. 2C). Additionally, c-Abl deficiency
impaired stress fiber formation (Fig. 2D, E). Collectively,
these findings demonstrate that c-Abl, which is down-
stream of TGF-P1, is both necessary and sufficient for
promoting FMT and stress fiber formation.

c-Abl is a positive regulator of focal adhesions and actin
stress fibers

The assembly and formation of stress fibers are facili-
tated by focal adhesion maturation. As a result, we
hypothesized that c-Abl could play a role in both focal
adhesion maturation and stress fiber assembly. First, IF
staining confirmed the colocalization of c-Abl with paxil-
lin and vinculin, two protein markers of focal adhesions
(Fig. 3A). Staining for paxillin and vinculin revealed an
increased number of focal adhesions in the c-Abl-over-
expressing cells and a decreased number in the c-Abl
knockdown cells (Fig. 3B and C). Our subsequent exami-
nation of FAK phosphorylation at Y397, which regulates
signal transmission from the ECM to the actin cytoskel-
eton [20], revealed that knocking down c-Abl in NRK-
49F fibroblasts led to reduced FAK phosphorylation and
c-Abl overexpression alone was sufficient to increase
FAK phosphorylation (Fig. 3D). These findings suggest
that c-Abl may be involved in focal adhesion maturation
by regulating FAK activity.

c-Abl maintains the stability of the RACK1 protein

in fibroblasts

To investigate the molecular mechanism underlying
c-Abl-induced stress fiber formation and focal adhesion
maturation, we employed liquid chromatography and
tandem mass spectrometry (LC-MS/MS) to screen for
potential proteins that bind to c-Abl in NRK-49F cells
treated with TGF-B1. Figure 4A shows that among the
candidate partners, RACK1 was one of the most highly
enriched proteins in the TGF-p1-treated group. Previ-
ous studies have highlighted the importance of RACK1
in FAK activity and focal adhesion maturation [21]. Over-
expression of c-Abl in NRK-49F fibroblasts did not result
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in any changes in the mRNA or protein levels of RACKI.
However, knocking down c-Abl significantly reduced the
amount of RACK1 protein without affecting the mRNA
levels (Fig. 4B and 4C). We speculated that c-Abl might
contribute to the stability of RACK1 protein by prevent-
ing its degradation. We then performed a cycloheximide
(CHX) assay and found that c-Abl deficiency remark-
ably accelerated RACK1 protein degradation in NRK-
49F fibroblasts (Fig. 4D), indicating that c-Abl regulates
RACK]1 protein stability. Next, we found that MG132, a
proteasome inhibitor but not a lysosome inhibitor such
as chloroquine (CQ) or bafilomycin (BAF-Al), could
notably reduce the degradation of the RACK1 protein
in the absence of c-Abl, suggesting that RACK1 proteins
undergo degradation through the proteasome pathway
(Fig. 4E). Re-expression of c-Abl in c-Abl-knockdown
NRK-49F fibroblasts effectively protected against the
degradation of the RACK1 protein (Fig. 4F). These find-
ings provide evidence that c-Abl plays a role in maintain-
ing the stability of the RACKI1 protein through inhibition
of the proteasome system.

RACK1 induces myofibroblast differentiation by increasing
focal adhesions and actin stress fibers

Next, the expression of RACKI1 was significantly increased
in fibrotic kidneys compared to that in CL kidneys (Fig-
ure S3A-D) and was colocalized with PDGFRa™ mesen-
chymal cells and aSMA* or Collal® myofibroblasts in
fibrotic kidneys (Figure S3D), implying that RACK1 may
play a crucial role in FMT during renal fibrosis.

In NRK-49F fibroblasts treated with TGF-p1, RACK1
colocalized with paxillin and vinculin in focal adhesions
(Fig. 5A). Additionally, the number of focal adhesions and
stress fibers was significantly decreased and increased
in RACKI-knockdown and RACKI-overexpressing
fibroblasts, respectively (Fig. 5B and C). As expected,
phosphorylation of FAK at Y397 was reduced in RACK1-
knockdown fibroblasts and increased in RACK1-over-
expressing cells (Fig. 5D, E). These findings support the
importance of RACK1 in focal adhesion formation in
NRK-49F fibroblasts.

Next, we investigated the function of RACK1 during
FMT. Overexpression of RACK1 induced fibroblast acti-
vation and increased the expression of vimentin and col-
lagen proteins, particularly a-SMA. Conversely, knocking
down RACKI reduced the expression of these genes
(Fig. 6A - C). Furthermore, RACK1 overexpression pro-
moted the contractility of collagen gel matrices, while
inhibition of RACK1 expression reduced contractility
(Fig. 6D). These results clearly demonstrated that RACK1
positively regulates FMT in renal fibroblasts, at least par-
tially through increasing focal adhesions and actin stress
fibers.
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c-Abl enhances myofibroblast differentiation and ECM
deposition via the RACK1 protein

To further understand the regulatory effect of c-Abl on
FMT mediated by RACK1, RACK1 was overexpressed in
c-Abl-silenced NRK-49F fibroblasts. The results showed
that RACK1 overexpression partially restored impaired
stress fiber formation, as quantified by a-SMA and phal-
loidin staining (Fig. 7A). This increased stress fiber for-
mation subsequently promoted the phosphorylation
of downstream FAK and the expression of type I colla-
gen and a-SMA (Fig. 7B). Importantly, overexpression
of c-Abl in the absence of RACK1 did not increase the
expression of fibrosis-related markers such as a-SMA or
type I collagen, nor did it promote the phosphorylation
of FAK or the assembly of stress fibers (Fig. 7C and D).
Unexpectedly, in c-Abl knockdown NRK-49F fibroblasts,
overexpression of RACK1 was accompanied by a signifi-
cant up-regulation of c-Abl at both transcriptional and
protein levels (Figure S4). We speculated that RACK1
may promote FMT, thereby exacerbating the renal
fibrotic process. This process indirectly upregulates c-Abl
expression, creating a positive c-Abl-RACK1 feedback
loop in the FMT process. Overall, these results demon-
strated that RACK]1 is indispensable for FMT induced by
c-Abl.

c-Abl induces myofibroblast differentiation by promoting
microtubule depolymerization

In addition to focal adhesions, the depolymerization
of microtubules can also induce stress fiber assembly
and promote cell contraction [22]. The overexpression
of c-Abl led to the reduction of tubulin staining and the
depolymerization of the microtubular network, which
was prevented by paclitaxel, a microtubule stabilizer (Fig-
ure S5A). Conversely, the knockdown of c-Abl enhanced
the formation of the microtubular network, which was
attenuated by vinblastine, an inhibitor of microtubule
polymerization (Figure S5A).

Next, we investigated whether c-Abl might regu-
late stress fiber formation and FMT via modulation of
the microtubular network. Indeed, the stabilization of
microtubules by paclitaxel reduced the FMT induced by
c-Abl overexpression, as evidenced by decreased collagen
production and a-SMA expression (Figure S5B and C).
Notably, stress fiber formation was significantly reduced,
indicating a decreased connection between the ECM and
the actin cytoskeleton (Figure S5D). However, the depo-
lymerization of microtubules by vinblastine abolished the
inhibitory effects of c-Abl knockdown on TGFf-induced
FMT (Figure S5B, C and E). Thus, c-Abl induces stress
fiber assembly, FMT, and collagen deposition not only
by promoting focal adhesion maturation but also by pro-
moting microtubule depolymerization.
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c-Abl ablation in renal myofibroblasts decreased

the progression of established kidney fibrosis

To assess the potential benefits of specifically targeting
c-Abl in renal myofibroblasts in established renal fibro-
sis, we generated an inducible, myofibroblast-specific
knockout strain (a—SMA—CreER;c—Abﬂoxmox, c-AblMe-
K0y and administered tamoxifen 10 days after UUO. At
this time point, extensive renal fibrosis was observed
(Fig. 8A). c-AbIM°=K0 mice are viable, fertile, and visu-
ally indistinguishable from c-Abl®®”" mice. The kidney
morphology or histology of c-AbI°~K° did not differ
from that of ¢-AbI®" mice. The expression levels of c-Abl
were effectively reduced in c-AbI°~K0 mice (Fig. 8B,
C). As expected, myofibroblast-specific c-Abl deficiency
resulted in the downregulation of RACK1, a-SMA, and
Collal protein expression in UUO-treated c-AbF°=¢KO
mouse kidneys (Fig. 8D). The accumulation and depo-
sition of total collagen were significantly attenuated in
the injured kidneys of the c-AbP°~KO mice compared
to those of the ¢c-Abl®" mice (Fig. 8E). Additionally, IHC
staining of fibrotic markers revealed decreases in the kid-
neys of the c-AbI™°~K0 mice following UUO treatment
(Fig. 8F). The mRNA levels of a-SMA, Collal, Col3al,
and Postn were also reduced in the c-AbIY°~K0 mice,
demonstrating that specific knockout of c-Abl in myofi-
broblasts effectively alleviated established renal fibrosis
(Fig. 8G). These findings suggest that in vivo targeting of
c-Abl may be a novel and potent therapeutic approach
for ameliorating kidney fibrosis and slowing the progres-
sion of CKD.

High expression of c-Abl in patients with CKD is positively
correlated with RACK1 and fibrotic risk factors

We next examined the expression of c-Abl in kidney sam-
ples from 9 patients with uremia and CKD who under-
went nephrectomy and in healthy kidneys from 9 donors
without CKD. The mRNA levels of ¢c-Abl and RACKI
were significantly greater in the kidneys of patients with
CKD than in those of healthy subjects (Fig. 9A). Addi-
tionally, the expression of markers of cytoskeleton-asso-
ciated genes (RhoA and CTGF) and ECM-related genes
(Acta2, Collal, and Postn) was significantly upregulated
in CKD kidneys (Fig. 9A). The protein levels of c-Abl,
RACK]1, and ECM marker genes were markedly elevated
in patients with CKD but not in healthy individuals
(Fig. 9B). The expression of c-Abl showed a positive linear
correlation with RACK1, RhoA, CTGEF, a-SMA, Collal,
and Postn levels in CKD kidneys (Fig. 9C). In conclusion,
the upregulation of c-Abl in human fibrotic kidneys and
its positive correlation with RACK1 and focal adhesion-
associated genes support the use of c-Abl as a potential
therapeutic target in kidney fibrosis.
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Discussion
c-Abl has been documented to play a role in multiorgan
fibrosis, specifically renal fibrosis [23, 24]. Among the key
cell types involved in renal fibrosis are myofibroblasts,
which serve as the primary source of ECM. Fibroblasts
undergo activation and differentiation into myofibro-
blasts through FMT. Nonetheless, the involvement of
c-Abl in FMT and the underlying molecular mechanism
by which c-Abl regulates this process have not been fully
elucidated. In our investigation, we observed height-
ened expression of c-Abl in renal interstitial cells, such as
fibroblasts and myofibroblasts, in injured kidneys. Fur-
thermore, specific deletion of c-Abl in ECM-producing
PDGFRat mesenchymal cells significantly mitigated
renal fibrosis. Mechanistically, c-Abl triggered the forma-
tion of stress fibers and cell contraction, thereby promot-
ing the FMT process by maintaining the stability of the
RACK]1 protein, which scaffolds c-Abl and FKA at focal
adhesions (Fig. 9D). Ultimately, the removal of c-Abl
from myofibroblasts was found to be beneficial in estab-
lished kidney fibrosis, suggesting that targeting c-Abl
could be a potent therapeutic strategy for mitigating kid-
ney fibrosis and decelerating the progression of CKD.
Fibroblasts can undergo FMT upon injury, during
which they express a substantial amount of ECM pro-
teins. Dysregulation and excessive production of ECM
proteins are known to cause fibrosis, such as renal
fibrosis, in damaged tissues [25]. Abl kinases are widely
recognized for their evolutionarily conserved and well-
characterized role in regulating cytoskeletal dynamics,
which leads to cellular shape changes and migration.
These kinases also play crucial roles in cellular stress
responses and morphogenesis, particularly in epithe-
lial-mesenchymal transition [26, 27]. However, the spe-
cific mechanism by which c-Abl regulates FMT remains
largely unclear. To address this knowledge gap, we con-
ducted a mass spectrometry investigation to identify
potential downstream targets of c-Abl during FMT.
Notably, our analysis revealed that the RACK1 protein
is among the top-ranked targets and is highly likely to
be phosphorylated by c-Abl. RACKI1, a multifunctional
scaffolding protein, is highly conserved and expressed
in various cellular compartments, orchestrating a range
of fundamental cellular activities, such as proliferation,
differentiation, and protein synthesis [28]. Acting as a
signaling hub, RACK1 recruits active enzymes and part-
ner proteins through its seven WD repeats, which adopt
a propeller structure [29] with multiple protein-binding
sites facilitating interactions with partner proteins har-
boring docking modules such as C2 domains (PKCs) and
SH2 domains (Src and Fyn) [16, 21]. Our findings sug-
gest that RACK1 may bind to c-Abl, which possesses an
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Fig. 8 c-Abl ablation in renal myofibroblasts decreased the progression of established kidney fibrosis. A Experimental design for inducing renal
fibrosis in c-AbIM°~%0 and c-AbI®" mice. B Quantitative RT-PCR analysis of the c-Abl gene and C IF staining of c-Abl to detect the knockout
efficiency in c-AbM°~K0 YUO mice (n = 3). Scale bar, 25 um. D Western blot analysis of RACK1, a-SMA, and Col1a1 was performed to detect

the extent of fibrosis in the kidneys of c-Ab/"°~O UUO mice relative to those in the kidneys of c-AbI®" UUO mice (n= 3). GAPDH was used

as a loading control. E H&E staining (top panel), Masson's trichrome staining (middle panel), and Sirius red staining (bottom panel) of kidney
sections from c-AbI"°~%0 and c-Abl" mice after UUO administration. The results of quantitative analysis of Sirius red and Masson's trichrome
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presented as the mean +SD. *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001
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SH2 domain preceding its tyrosine kinase domain [30].
Unfortunately, our attempts to detect the binding of
these proteins through conventional Co-IP experiments
were unsuccessful. We hypothesize that the weak bind-
ing force between c-Abl and RACK1 may account for
this difficulty, a supposition supported by another study
demonstrating that the interaction between c-Abl and
RACK]1 becomes more evident in the presence of insulin-
like growth factor[31]. Curiously, we observed that c-Abl
is necessary for maintaining RACKI1 protein stability but
not for maintaining RACK1 mRNA transcription. In the
absence of c-Abl, the RACK1 protein undergoes degrada-
tion via the proteasome pathway. The ability of RACK1
to coordinate signaling events relies heavily on the stoi-
chiometric ratio between scaffold proteins and their
interacting partners, implying that the stability or expres-
sion level of RACKI1 significantly impacts numerous cel-
lular processes. Indeed, aberrant RACK1 expression has
been implicated in disorders such as Alzheimer’s disease
[32] and cancer [33]. On the basis of our findings, we
propose that c-Abl promotes renal fibrosis through the
maintenance of RACK1 protein stability. Interestingly,
we observed that the expression of c-Abl were regulated
by RACKI. As a scaffold protein, RACKI1 is unlikely to
directly regulate the transcription of the c-Abl gene and
is more likely to indirectly regulate its expression through
other ways. We speculated that RACK1 may promote
FMT, thereby exacerbating the renal fibrotic process. The
fibrotic microenvironment indirectly upregulates c-Abl
expression. Conversely, increased c-Abl expression will
enhance the stability of RACKI protein, thereby creating
a positive feedback loop in the FMT process.

Subsequently, we demonstrated that RACK1 is indis-
pensable for c-Abl-induced renal fibrosis by promoting
FAK activity and FMT progression. Our data and prior
studies have established that RACKI1 enhances focal
adhesion maturation and stress fiber assembly [34—36].
Furthermore, the phosphorylation of RACK1 at tyros-
ine 52 by c-Abl facilitates its interaction with FAK [37],
which is crucial for cell adhesion and migration. Collec-
tively, our findings suggest that the c-Abl-RACKI1-FAK
signaling axis promotes FMT by inducing focal adhe-
sion maturation and stress fiber assembly, representing a
novel molecular mechanism underlying the pathogenesis
of renal fibrosis.

The assembly of stress fibers and myofibroblast dif-
ferentiation are associated not only with focal adhesions
but also with the state of microtubules. Generally, dis-
ruption of the microtubule network promotes the for-
mation and maturation of focal adhesions, subsequently
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stimulating the assembly of actin stress fibers and facili-
tating fibroblast-to-myofibroblast transition [22, 38—41].
It is currently unknown whether c-Abl contains microtu-
bule-binding domains [30], but our results revealed that
c-Abl can induce microtubule depolymerization in renal
fibroblasts and subsequently promote FMT. Therefore,
c-Abl may regulate this process in various ways, includ-
ing by regulating focal adhesion formation and stress
fiber assembly through the c-Abl-RACK1-FAK signaling
axis or by inducing stress fiber assembly through direct
promotion of microtubule depolymerization. Both mech-
anisms ultimately contribute to fibroblast activation,
myofibroblast differentiation, and renal fibrosis. Recently,
researchers have focused on the common links between
the c-Abl-mediated regulation of structural changes
involving the actin cytoskeleton and organelle dynamics
and the transcriptional program activated during syn-
aptic plasticity, with the aim of finding potentially effec-
tive treatments to improve degenerative results and delay
memory loss in neurodegenerative diseases [42—44]. This
further supports the importance of c-Abl in cytoskeletal
remodeling and its therapeutic implications for disease.

Our findings demonstrated that knocking out c-Abl
not only in PDGFRa-positive ECM-producing cells
(c-AbIM*=K0 mice) but also specifically in a-SMA-
positive myofibroblasts (c-AbIP°~K0 mice), effectively
alleviated renal fibrosis, which indicated that on the one
hand, a-SMA positive myofibroblasts are the main cell
type responsible for renal fibrosis. On the other hand,
even if renal fibrosis progresses to the mature stage,
knocking out c-Abl still can effectively alleviate fibrosis,
indicating its potential as a therapeutic target. Addition-
ally, we observed high expression levels of c-Abl in the
kidneys of CKD patients, which showed a positive linear
correlation with the expression of cytoskeletal remod-
eling-related genes (RACK1, RhoA, and CTGF). These
findings suggest that targeting c-Abl could be a novel and
powerful therapeutic approach for ameliorating kidney
fibrosis and slowing the progression of CKD.

In conclusion, our study revealed a significant and pre-
viously unrecognized novel link between the nonreceptor
tyrosine kinase c-Abl and the pathogenesis of renal fibro-
sis, particularly during the FMT process. By elucidating
the mechanisms through which the c-Abl/RACK1/FAK
pathway regulates the FMT process and ECM deposition,
our study has provided further evidence that c-Abl is a
potential therapeutic target for treating CDK and renal
fibrosis, particularly in patients with c-Abl overexpres-
sion and/or activation.
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Abbreviations

CKD Chronic kidney disease
FMT Fibroblast-myofibroblast transition
ECM Extracellular matrix

FAK Focal adhesion kinase

TGF-B1  Transforming growth factor-beta 1
uuo Unilateral ureteral obstruction
RACK1 Receptor for activated C-kinase 1
CL Contralateral
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