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Introduction
Renal damage is the most life-threatening symptom of 
X-linked Alport syndrome (XLAS), an inherited disease 
caused by X-linked COL4A5 gene mutations, which 
cause more than 80% of all Alport syndrome cases (the 
remaining cases are caused by COL4A3/COL4A4 gene 
mutations) (Kruegel et al. 2013). Therefore, preventing 
renal disease is a high priority of XLAS treatment in the 
clinic. Owing to X-linked heredity, hemizygous XLAS 
males tend to develop more severe renal symptoms and 
higher risks (90% males versus 16% females by age 40 
years) of developing end-stage renal disease (ESRD) than 
do heterozygous females (Kruegel et al. 2013; Yamamura 
et al. 2017; Kashtan 2019). Unfortunately, treatment 
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Abstract
X-linked Alport syndrome (XLAS) caused by X-linked COL4A5 gene mutation is a hereditary disease that affects 
mainly the kidney. XLAS patients, especially males whose single copy of the COL4A5 gene is disrupted, suffer from 
a life-threatening renal disease, the mechanism of which remains unclear. Renal fibrosis is a characteristic pathology 
observed in XLAS kidney tissue. However, the molecular path from COL4A5 loss-of-function to fibrotic pathology 
is largely unknown. On the basis of a previously established XLAS mouse model, our study revealed an activated 
CD44-TGFβ signaling known to strongly promote fibrosis, along with an increased level of low molecular weight 
hyaluronan (LMW-HA) instead of high molecular weight hyaluronan (HMW-HA), to activate CD44-dependent TGFβ 
signaling in XLAS renal tissues. Additionally, hyaluronan synthase 2 (HAS2), an enzyme primarily responsible for HA 
production, was found to be upregulated in XLAS. In particular, in vitro studies revealed that COL4A5 knockdown 
in human kidney-derived HEK-293 cells can upregulate HAS2 at both the RNA and protein levels. The novel 
contribution of our study is finding that COL4A5 deficiency may lead to HAS2 overexpression and HA accumulation 
to activate CD44-TGFβ signaling, thereby promoting fibrosis, possibly suggesting that HAS2 and CD44 are potential 
therapeutic targets for impeding renal fibrosis in XLAS.
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options for XLAS-related renal diseases are still limited. 
Knowledge of the pathways underlying the pathological 
development of XLAS-related renal disease is the key to 
uncovering novel therapeutic targets, and therefore, this 
issue requires further exploration.

Fibrosis is one of the main pathological character-
istics of AS-related kidney diseases (Yamamura et al. 
2017; Warady et al. 2020) and occurs at both the glom-
erulus and tubulointerstitial (Fogo and Raymond, 2025), 
resulting in extracellular matrix hypertrophy, causing 
extensive damage to renal functions. Hyaluronic acid 
(HA) is a critical component of the extracellular matrix 
(ECM) and is strongly associated with the progression 
of fibrosis in multiple organs, including the lung, liver 
and kidney (Xia et al. 2021; Yang et al. 2019; Kaul et al. 
2022). The HA molecule is composed of linearly repeat-
ing (glucuronate-β 1,3-N-acetylglucosamine-β 1,4-) resi-
dues, and thus, its molecular weight varies ( Rabelink et 
al. 2024). The biological effects of HA differ depending 
on its molecular weight (Kaul et al. 2022). Generally, low-
molecular-weight (LMW, generally < 300 kDa) HA, rather 
than high-molecular-weight (HMW, > 1000  kDa) HA, 
can strongly promote fibrosis (Kaul et al. 2022; Yang et 
al. 2019; Liu et al. 2019). By producing HA, hyaluronan 
synthase (HAS), especially HAS2, has also been found to 
increase HA production and thereby drive fibrosis (Yang 
et al. 2019; Selbi et al. 2006). However, the role of HAS2 
in Alport kidney disease has rarely been investigated.

CD44, which acts as a canonical HA receptor, is 
strongly associated with fibrosis (Acharya et al. 2008; 
Yang et al. 2019; Midgley et al. 2017; Xia et al. 2021). 
Interestingly, increasing evidence has revealed increased 
levels of CD44 in the kidney upon injury (Sun et al. 2024), 
nephritis (Eymael et al. 2018) and other pathological con-
ditions, which are associated with the pathology of renal 
fibrosis. All of the above evidence suggests that a biologi-
cal process from HA production to an increased level of 
HA and then activation of its receptor CD44 might be 
associated with fibrosis. Nonetheless, the role of HA/
CD44 in XLAS-related renal fibrosis is unexplored.

TGFβ signaling is one of the best-known pathways that 
promotes mesenchymal transition and fibrosis (Meng, 
Nikolic-Paterson, and Lan 2016). TGFβ comprises three 
isoform transcripts that are implicated in fibrosis (Meng, 
Nikolic-Paterson, and Lan 2016; Sun et al. 2021). In addi-
tion, activation of TGFβ signaling has long been observed 
in Alport syndrome patients (Gomes et al. 2022). A 
ramipril therapy that mainly targets the renin‒angio-
tensin‒aldosterone system (RAAS) to ameliorate AS-
related kidney arterial hypertension effectively reduces 
TGFβ levels and thereby inhibits renal fibrosis (Gross et 
al. 2003), suggesting an important role of TGFβ in renal 
fibrosis.

Pathological COL4A5 mutations generally lead to 
either a loss of expression or a loss of function of its 
encoded α5 collagen chain, an indispensable compo-
nent of the α3α4α5 trimer, which forms the glomeru-
lar basement membrane (GBM) (Kruegel et al. 2013). 
This change directly compromises glomerular function 
and initiates XLAS pathology. However, the mechanis-
tic routes from Col4a5 deficiency to fibrotic pathology 
remain unknown.

Novel contribution of this study
On the basis of a previous Col4a5-deficient mouse model 
that mimics clinical XLAS renal symptoms (Wu et al. 
2023), we discovered notable upregulation of CD44 and 
TGFβ, together with substantial accumulation of HA in 
the renal tissues of Col4a5 mutant mice compared with 
those of healthy controls. In addition, HA was found 
to activate CD44 and then TGFβ, which is a dynamic 
driver of fibrosis. Moreover, HAS2 was upregulated in 
Col4a5 mutant mouse kidney tissues, and knockdown of 
COL4A5 expression in human kidney-derived cells may 
directly upregulate HAS2. Our study suggested that an 
HA/CD44/TGFβ axis triggered by HAS2 overproduction 
due to COL4A5 deficiency could be strongly implicated 
in XLAS renal fibrosis.

Materials and methods
Antibodies and reagents
Antibodies and chemicals used in this study were pur-
chased as follows: CD44 rabbit polyclonal antibody (Pro-
teintech, #15675, 1:1000 dilution for WB and 1:100 for 
IF); TGFβ1 + 2 + 3 rabbit polyclonal antibody (Solarbio, 
#K009638P, 1:500 for WB); HAS2 and GAPDH mouse 
monoclonal antibody (Santa Cruz, sc-365263, 1:500 
dilution for WB and 1:100 for IF, sc-365062, 1:1000 for 
WB); COL4A5 rabbit polyclonal antibody (GENETEX, 
#GTX56030, 1:1000 for WB); DyLight 800 anti-mouse 
secondary and DyLight 680 anti-rabbit secondary anti-
bodies (Immunoreagents, #GTXMu-003-D800NHSX, 
#GTXRb-003-D680NHSX, 1:10000 for WB); LMW Hyal-
uronic acid (Sangon biotech, #A003907); HMW Hyal-
uronic acid (Sigma, #73641); Biotinylated Hyaluronic 
Acid Binding Protein (Millipore, # 385911, 1:100 for IF), 
Alexa Fluor™ 647 Conjugates of Streptavidin (Thermo, 
S21374, 1:500 for IF); Cy3 conjugated Sambucus Nigra 
Lectin (SNL Cy3, Vector Laboratory, for GBM detection, 
CL-1303); HRP conjugated Streptavidin, Alexa Fluor™ 
488/594 conjugated anti-mouse and anti-rabbit second-
ary antibody (Servicebio, #G3431, #GB28303, #GB25303, 
1:500 for IF).

Animal samples and cell culture
This study employs a previously produced Col4a5 mutant 
C57BL/6 mice harboring a NM_000495.5(COL4A5) 
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c.980_983delATGG deletion that was recently identified 
in a Chinese XLAS family (Wu et al. 2023). Hemizygous 
male mice were described to develop ESRD with appar-
ent edema by age of 28 weeks with significant pathologi-
cal signs and molecular alterations and die before age 
of 32 weeks, contrasting the female carriers with milder 
symptoms and their biochemical parameter less affected 
(Wu et al. 2023). These mice model highly mimic the 
renal symptoms of XLAS and thus were investigated in 
this study. We have only access to a total 9 pairs of kid-
ney tissues from 28-week-old hemizygous mutant and 
healthy control male mice, with identical age and gender 
to those for RNAseq test. These tissues were previously 
stored in liquid nitrogen or paraffin-embedded after fix-
ated by 4% Paraformaldehyde (PFA) solution upon fresh 
dissection. Randomization and blinding were employed 
in this study by concealing sample information from 
the experiment conductor. All animal experiments were 
approved by the Animal Ethics Committees of Shenzhen 
Maternity and Child Healthcare Hospital.

A human embryotic kidney-derived epithelial-like cell 
line HEK-293 and a human mesenchyme-derived fibro-
blast cell line HEPM (obtained from ATCC) were used in 
this study as representatives of kidney parenchymal and 
mesenchymal cells, respectively. Both cells were cultured 
using Dulbecco’s Modified Eagle Medium supplemented 
with 10% FBS, under a humidified condition of 37℃, 
5% CO2 in a Thermo incubator. Culture medium was 
refreshed every 24  h, and cell passages were performed 
once the cell coverage reached approximate 90%.

RNAi and transfection
19nt siRNA sequences (listed in supplementary mate-
rials) targeting human gene transcripts CD44 and 
COL4A5 were obtained by using a DSIR online designing 
tool (Vert et al. 2006), and were synthesized by Sangon 
Biotech (Shanghai) Co., Ltd. siRNA transfection was con-
ducted using a Lipofectamine RNAiMAX kit (Invitrogen) 
following the manufacturer protocol. Cells were col-
lected 72  h after siRNA transfection for further experi-
ments. A CD44 ORF expressing plasmid were purchased 
from Sino Biologicals, which were amplified in a DH5α 
E.Coli (Tiangen) and harvested using an Endo Free Maxi 
Kit (Tiangen). Plasmid was transfected using a PEI-4  K 
reagent into target cells which were cultured overnight to 
reach more than 80% of coverage. Cells were collected for 
further detection 48 h post plasmid transfection.

RNA isolation and realtime quantitative PCR
RNA was extracted from tissues and cells by using a 
Nucleispin RNA Plus isolation kit (MN). RNA concentra-
tions were determined using Nanodrop (Thermo). 1  μg 
RNA was used to synthesize the first strand cDNA by a 
AG1161 Evo M-MLV Plus 1st Strand cDNA Synthesis 

Kit (AG biotech). cDNA samples were tested by real-
time quantitative PCR in a LightCycler 96 instrument 
(ROCHE) using a SYBR Green Pro Taq HS premix (AG 
biotech). Procedures were carried out following the man-
ufacturer’s instruction. PCR Primers were listed in sup-
plementary materials.

Protein sample preparation
Kidney samples freshly stored in liquid nitrogen were 
quickly retrieved on ice. After measuring the tissue 
weight, immediately added 1 ml RIPA buffer and homog-
enized the tissue using a Qiagen tissueruptor. Samples 
were then subject to ultrasonic vibration for 2  min and 
then centrifuged by 13,000  g for 15  min. Supernatants 
(protein samples) were transferred into clean tubes. Pro-
tein concentrations were determined using a Bradford 
method (Thermo) and were standardized for detection. 
Samples were then mixed with loading buffer (Beyotime) 
and further boiled on a 99℃ incubator for 10 min.

For protein samples extracted from cells, Calculated 
106 cells were collected and centrifuged (1000 g, 5 min) 
in pellets. Wash the pellets by PBS twice and resuspend 
with a 2× SDS loading buffer (Beyotime) with a Halt 
Protease Inhibitor Cocktail (Pierce). Samples were thor-
oughly homogenized by pipetting repeatedly, heated on a 
95℃ incubator for 30 min and centrifuge at 13,000 g for 
10 min to discard insoluble pellets.

Western blot
Above protein samples were loaded on an 8% SDS-PAGE 
gel for electrophoresis using a tris-glycine buffer (25 
mM Tris, 0.2  M Glycine) containing 1% SDS. After the 
electrophoresis, proteins were transferred to a 0.45  μm 
nitrocellulose membrane in the same tris-glycine buffer 
supplemented with 10% methanol using a Bio-rad Trans-
Blot® suite submerged in ice. After transferring, mem-
branes were incubated in a 5% BSA blocking buffer at 
room temperature (RT) for 1 h on a horizonal shaker. Pri-
mary antibodies were administrated for incubation at 4℃ 
on a gentle shaker overnight. The next day membrane 
was washed by a TBS-T buffer for three times (10  min 
each time), followed by another incubation using host 
specific secondary antibodies at RT for 1 h. After incuba-
tion, the membranes were washed again by TBS-T buf-
fer for three times. Protein bands were visualized in an 
Odyssey Imaging Scanner (Li-COR) and further analyzed 
by an Image-J software.

HA content determination in mouse kidney
The HA in kidney tissue lysates were isolated and mea-
sured. The method of separating different molecular sizes 
of HA from tissue lysates were described before (Yang 
et al. 2019). Concisely, tissue lysates were pre-treated 
with a Pronase (Millipore) on a 60℃ incubator for 4  h 



Page 4 of 11Bao et al. Molecular Medicine           (2025) 31:96 

to breakdown unnecessary proteins and then heated 
at 100℃ for 30  min to deactivate Pronase. Samples 
were loaded on an ultrafiltration tube (Satorius) with a 
molecular size screen of 300 kD, yielding two fractions 
of samples containing HA < 300 kD and HA > 300 kD. HA 
concentration in each diluted samples were determined 
by an ELISA method (Solarbio). The final HA content 
was standardized based on the corresponding tissue 
weight. Whole HA content was calculated by summing 
up both < 300 kD and > 300kD HA fractions.

Immunostaining
Tissue slides were prepared as previously described (Wu 
et al. 2023). Dewaxed and rehydrated slides were bathed 
in a citrate antigen retrieval solution (Servicebio) and 
heated in microwave for 20 min. Slides were washed by 
PBS three times, treated by 3% H2O2 to block peroxi-
dase, and again washed by PBS three times. 5% BSA in 
PBS were administrated to cover the whole tissue of 
each slide, and incubate at RT for 30  min for blockage. 
For immunohistochemistry, a HABP protein was used 
as probe of HA (Šínová et al. 2021). Biotinylated-HABP 
diluted in 3% BSA were applied to the tissues, incubate 
at 4℃ in a moist atmosphere overnight. The next day, 
Slides were washed by PBS, subject to a HRP Conjugated 
Streptavidin (Servicebio), incubated at RT for 1 h and re-
washed. A DAB solution was applied to the sample slides 
and allowed to react for 30  s before immediately elimi-
nated by washing the slides. Slides were then re-stained 
by Hematoxylin, washed, oven dried and sealed by cov-
erslips. For fluorescence staining of multiple targets, a 
tyramide signal amplification (TSA) triple staining kit 
(Servicebio) were used. Briefly, after first-round of stain-
ing, Tyramide-H2O2 mixture was administrated to cover 
the tissue. Slides were incubated in dark at RT for 10 min, 
washed by PBS, underwent another antigen retrieval 
and PBS wash. Same procedure is employed for third-
round staining. GBM was stained using a SNL which 
binds to disaccharide, a rich component in GBM(Song 
et al. 2020). Slides were then restained by DAPI (Ser-
vicebio), sealed by coverslips, scanned in a Pannoramic 
MIDI (3DHISTECH) and imaged using a CaseViewer2.4 
software.

Statistical analysis
Tissue sample testing was technically triplicated, while 
cell experiments were independently carried out three 
times. Data was presented as mean ± SD and tested for 
normality before performing the statistics. A two-way 
ANOVA method followed by a Tukey’s multiple compar-
ison test was conducted by a SPSS software for statistical 
significance determination between each group. Signifi-
cances were indicated as follows: *, P < 0.05, **, P < 0.01, 
***, P < 0.001, ns, no significance.

Results
CD44 and TGFβ are markedly upregulated in XLAS mouse 
kidneys
Compared with those of healthy controls, XLAS mouse 
kidneys presented with widespread fibrosis (Fig. S1). To 
investigate the mechanism underlying renal fibrosis, 
we used RNA-seq data described previously (Wu et al. 
2023) to screen differentially regulated genes involved in 
fibrosis in kidney tissues between hemizygous Col4a5-
mutant male mice (XLAS) and healthy control males 
(HC). As expected, the expression of fibrotic markers, 
such as Col1a1, Col1a2, Col3a1, and Acta1, was upregu-
lated in the XLAS model mice compared with the healthy 
controls (Fig. 1A). Notably, Cd44 was the most strongly 
upregulated gene of these markers (Fig. 1A). In addition, 
three Tgfβ transcripts, namely, Tgfb1, Tgfb2, and Tgfb3, 
were also upregulated (Fig. 1A). The expression levels of 
CD44 and Tgfβ in Col4a5 mouse kidneys were further 
validated by qPCR and WB (Fig. 1B-D).

A previous study showed that CD44 could activate 
TGFβ. Therefore, we overexpressed CD44 in the human 
embryotic kidney cell line HEK-293 (with low CD44 
expression levels, Fig. S2) and found that CD44 activated 
TGFβ expression (Fig. 1E, F). CD44 knockdown in a mes-
enchymal fibroblast line, HEPM (with high CD44 expres-
sion levels, Fig. S2), significantly silenced the expression 
of TGFβ (Fig. 1G, H). These results suggest that CD44 is 
a key factor involved in renal fibrosis in Col4a5 mutant 
XLAS model mice and that increased CD44 can activate 
TGFβ, which is a robust fibrosis promoter.

Elevated HA levels are observed in XLAS model mouse 
kidney tissues
Renal HA levels were subsequently investigated. We 
observed a substantial increase in HA levels in both glo-
merular and interstitial tissues in the mice with XLAS 
compared with the healthy controls (Fig. 2A). In addition, 
LMW HAs < 300  kDa and HAs > 300  kDa from kidney 
tissue samples were subfractured by ultrafiltration and 
then separately tested by ELISAs. Compared with those 
in the healthy controls, significant increases in total and 
LMW HA (< 300  kDa) levels were detected in the mice 
with XLAS (Fig.  2B). However, HA levels > 300  kDa, 
although increased, were not significantly different from 
those of the healthy controls (Fig. 2B). Moreover, immu-
nofluorescence staining of renal CD44 and HA revealed 
increased expression of CD44 and HA in the renal tissue 
of the mice with XLAS compared with the control renal 
tissues (Fig. 2C). In addition, the signals of CD44 and HA 
were partially colocalized within both the glomerulus 
and interstitial tissues of the mice with XLAS (Fig. 2C). 
Notebly, Fig.  2A and C consistently demonstrated that 
HA and CD44 were dominantly increased in tubulointer-
stitial tissues instead of glomerulus, although remarkable 
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Fig. 1 (See legend on next page.)
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increases of HA/CD44 signals in glomerulus were also 
observed. These results suggested that total HA, espe-
cially LMW HA, is markedly increased in XLAS model 
mouse kidney tissues and that the accumulated HA is 
accessible by its receptor CD44 for interaction/activation.

Low-molecular-weight HA activates TGFβ through CD44
To determine whether HA increased the expression lev-
els of CD44 and TGFβ, exogenous LMW or HMW HA 
was administered to the culture media of HEK-293 and 
HEPM cells. We observed that LMW HA increased 
the protein levels of CD44 and TGFβ in both HEK-293 
(Fig. 3A, B) and HEPM cells (Fig. 3C, D). However, HMW 
HA did not change either CD44 or TGFβ expression lev-
els (Fig. S3). The increase in CD44 induced by LMW HA 
was statistically significant in both cell lines. In compari-
son, increases in the mRNA levels of TGFβ were signifi-
cant in HEPM cells but not in HEK-293 cells, although 
increases in the TGFβ protein levels were significant in 
both cell lines. Additionally, the increases in CD44 and 
TGFβ in both HEK-293 and HEPM cells were abolished 
by CD44 knockdown (Fig. 3A-D). These results suggested 
that LMW HA increased CD44 expression and that 
TGFβ activation by LMW HA is dependent on CD44. 
These results also suggested that LMW HA may activate 
CD44/TGFβ more effectively in mesenchymal fibroblasts 
which express high levels of CD44.

Col4a5 deficiency increases HAS2 expression
We then investigated the expression levels of HAS, which 
produces HA. Higher expression levels of HAS1 and 
HAS2, but not HAS3, were detected in Col4a5 mutant 
XLAS model mice via RNA-sequencing (Fig.  4A), sug-
gesting a potential relationship between Col4a5 muta-
tion and HAS overexpression. Therefore, we knocked 
down COL4A5 by siRNA interference in HEK-293 cells, 
which express the COL4A5 gene. HAS2 mRNA expres-
sion was significantly greater in the COL4A5-silenced 
cells than in the control cells (Fig.  4B). In comparison, 
the mRNA level of HAS1 increased but was not signifi-
cantly different after COL4A5 knockdown, while HAS3 
expression was barely changed (Fig.  4B). At the protein 
level, COL4A5 knockdown led to a significant increase in 
HAS2 (Fig. 4C, D). In addition, an immunostaining test 
confirmed the substantial increase in HAS2 expression 
in both the glomerulus and interstitial tubules in XLAS 
mouse kidney tissues compared with healthy tissues, 

where HAS2 was barely detected (Fig. 4E). These results 
suggested that COL4A5 deficiency may lead to the over-
expression of HAS2, which produces HA, which might 
contribute to the early accumulation of HA and thereby 
activate HA/CD44/TGFβ signaling to promote fibrosis 
(Fig. 5).

Discussion
Loss of the functional α3α4α5 collagen trimer causes 
decomposition of the GBM, leading to loss of podocyte 
and glomerular function, glomerulosclerosis, a thick-
ened matrix, renal hypertension, and ultimately ESRD. 
In addition, our study revealed that COL4A5 deficiency 
may result in the upregulation of HAS2, suggesting 
another mechanism in which increased HAS2 expression 
due to Col4a5 loss may cause the overproduction of HA 
and thereby increased HA/CD44/TGFβ signaling. This 
alteration probably occurs at the very beginning when 
an impact of COL4A5 deficiency occurs, initiating XLAS 
renal pathogenesis.

Increased expression of HAS2 and HA has been 
reported in ischemia-induced renal fibrosis (Selbi et al. 
2006). Similarly, our study revealed that HAS2 is upreg-
ulated in XLAS renal tissues, suggesting that increased 
HAS2 expression is likely harmful in kidney tissue and 
therefore might be considered a potential biomarker of 
kidney damage. LWM and HMW HAs play controver-
sial roles in fibrosis (Kaul et al. 2022). Interestingly, HAS2 
mainly produces HMW-HA, which tends to inhibit fibro-
sis, although we detected a greater increase in LMW-HA 
than in HMW-HA in the XLAS model mice, which is 
consistent with previous studies in which HAS2 overex-
pression mainly induced LMW-HA accumulation instead 
of HMW-HA accumulation (Yang et al. 2019; Selbi et al. 
2006). This finding could be explained by the active deg-
radation of HMW HA into LMW-HA by hyaluronidase 
(Kaul et al. 2022) or free radicals (Šoltés et al. 2006; Ber-
diaki et al. 2023) in renal tissue. Because a major increase 
in LMW HA over HMW HA is a crucial activator of HA/
CD44/TGFβ signaling and fibrosis in XLAS model mice, 
the degradation of HMW HA into LMW HA could be a 
key mechanism to increase the LMW/HMW HA ratio 
and is therefore worthy of further investigation.

The role of CD44 has rarely been investigated in Alport 
renal disease, although elevated levels of CD44 have been 
observed across several different kidney diseases, all of 
which are linked to fibrotic pathology (Eymael et al. 2018; 

(See figure on previous page.)
Fig. 1  CD44 and TGFβ are remarkably up-regulated in XLAS mice kidney. (A) Increased expression levels of selected fibrotic marker genes based on 
RNA-sequencing data of XLAS vs. healthy control (HC) mice kidney, data presented as mean ± SD. Expressions of Cd44, Tgfb1, Tgfb2, Tgfb3 gene transcript 
were validated by qPCR, data presented as mean ± SD, n = 3 wells, (B) in RNA extracts, and protein levels of Cd44, Tgfb1, Tgfb2, Tgfb3 detected by WB (C) 
and quantified as column graph (D) in protein extracts from freshly stored tissues, data presented as mean ± SD, n = 3 experiments. Increased RNA (E) and 
protein (F) levels of Tgfb upon CD44 overexpression, and decreased RNA (G) and protein (H) levels of Tgfb by CD44 RNAi, data presented as mean ± SD, 
n = 3 experiments
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Sun et al. 2024), suggesting a pivotal role of CD44 in renal 
fibrosis. Here, we propose that CD44 is a driver gene 
that promotes TGFβ and fibrosis in patients with Alport 
renal disease. Therefore, targeting CD44 and its pathways 
may be a promising therapeutic strategy to hinder fibro-
sis progression and improve the treatment of renal dis-
ease. On the basis of previous reports, TGFβ inhibition 
can ameliorate AS-related renal damage (Suh et al. 2019; 
Gross et al. 2003). As an upstream activator, CD44 might 
be a more effective and specific therapeutic target than 
TGFβ itself for treating AS-related renal disease.

Despite the clear role of the HA‒CD44 inter-
action in fibrosis (Xia et al. 2021), the underly-
ing mechanism remains unclear. Previously, 
McKeown-Longo et al. reported that HA binds CD44 
and activates the ERK pathway through cooperation with 

EGFR (McKeown-Longo and Higgins 2021). In another 
study, HA activated the Notch pathway through CD44 
and TLR4 receptors to promote fibrosis in the liver (Yang 
et al. 2019). As a supplement, our study revealed that HA 
can activate the highly profibrotic factor TGFβ through 
its dynamic receptor CD44, highlighting the role of HA/
CD44 in activating TGFβ signaling, which is frequently 
observed to drive fibrosis in AS renal disease. In addition, 
TGFβ production was activated by CD44 in both kidney 
and mesenchymal cells, suggesting that CD44-dependent 
TGFβ activation probably occurs in many types of cells, 
resulting in widespread fibrosis across whole renal tis-
sues in Alport patients. Moreover, another study revealed 
that TGFβ signaling can upregulate CD44 (Chang et al. 
2017), suggesting positive feedback in response to CD44-
dependent TGFβ activation. This evidence supports the 

Fig. 2  Elevated HA levels are observed in XLAS mice kidney tissues. (A) IHC staining of HA using a biotylated HA binding protein in XLAS vs. HC mice 
kidney tissues, scale bar = 50 μm. (B) ELISA quantification of LMW HA (< 300 kD) and HMW (> 300kD) fractioned from kidney tissue lysates, data presented 
as mean ± SD, n = 3 individual mice. (C) Immunofluorescence of HA (staining pink) and its receptor CD44 (staining green) in XLAS vs. HC kidney tissues, 
red and yellow arrows indicate increased CD44 signals in interstitial and glomerular areas of XLAS tissues, scale bar = 25 μm
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Fig. 4  Col4a5 deficiency increases HAS2 expression. (A) RNA-sequencing data showed increased expressions of Has1 and Has2 in XLAS kidney; data 
presented as mean ± SD, n = 3 wells. (B) COL4A5 knockdown led to significant HAS2 overexpression at RNA levels (qPCR) in HEK-293 cells, data presented 
as mean ± SD, n = 3 experiments. Blot images (C) and band signal quantification (D) showed significantly increased HAS2 protein levels by COL4A5 knock-
down, data presented as mean ± SD, n = 3 experiments. (E) Immunofluorescence signal of HAS2 (green) overexpression resides in both glomerulus (yellow 
arrow) and interstitial epithelial cells (red arrow), Sambucus Nigra Lectin (SNA) indicating GBM was stained in red and DAPI in blue, scale bar = 25 μm

 

Fig. 3  Low molecular weight HA activates TGFβ through CD44. (A) RNA and (B) protein levels of CD44, TGFB1, TGFB2 and TGFB3 in CD44 RNA interfering 
and negative control HEK-293 cells with and without LMW-HA treatment in culture medium, (C) RNA and (D) protein levels of CD44, TGFB1, TGFB2 and 
TGFB3 in CD44 RNA interfering and negative control HEPM mesenchymal cells with and without LMW-HA treatment in culture medium, data presented 
as mean ± SD, n = 3 experiments
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mutual activation of signaling by which CD44 and TGFβ 
together strongly promote fibrosis.

In comparison with a well-established function of 
TGFβ1 to promote fibrosis across multiple organs, the 
roles of TGFβ2 and TGFβ3 in fibrosis are far less char-
acterized. TGFβ2 is generally identified as pro-fibrotic. 
Whereas TGFβ3 is frequently found to inhibit fibro-
sis (Escasany et al. 2021), despite the fact that TGFβ3 
expression levels are increased in fibrous lung and liver 
(Sun et al. 2021). Controversially, new evidences also 
showed that TGFβ3 can be pro-fibrotic(Sun et al. 2021; 
Wilson 2021). Our study observed a concurrent upregu-
lation of all three isoforms and interestingly a relatively 
higher upregulation of TGFβ2 than TGFβ1/TGFβ3 in 
both tissues and cells, possibly suggesting that TGFβ2 
may critically contribute to XLAS associated renal fibro-
sis. The independent role of TGFβ2 and TGFβ3 in XLAS 
associated renal fibrosis is therefore worthy of further 
investigation.

Our study revealed that fibroblasts are more sensi-
tive to HA treatment than epithelial cells are, which 
may result from a higher level of CD44 expression in 

fibroblasts, suggesting that mesenchymal cells, includ-
ing fibroblasts and myofibroblasts, which generally 
express high levels of CD44, might be critically involved 
in transmitting HA/CD44 signaling and thereby pro-
moting TGFβ and fibrosis. This postulation is consistent 
with a dominant increase of HA and CD44 IHC/IF sig-
nals observed in tubulointerstitial instead of glomeru-
lus in our study (Fig.  2). Our findings not only reveal a 
novel HA/CD44/TGFβ signaling axis that is implicated in 
Alport renal fibrosis but also suggest a promising strategy 
to inhibit renal fibrosis by specifically blocking HA/CD44 
activation via the inhibition of HA production, CD44 
activation or the HA‒CD44 interaction.

However, our study was limited by the use of only col-
lected renal tissues rather than a living model mouse, 
which was unavailable. In addition, the renal tissues were 
merely derived from male mice and the sample size was 
small. The HEK-293 and HEPM cells do not represent 
any specific type of kidney cells and hereby are only used 
to exemplify a proof-of-principle. Moreover, the molecu-
lar connection between Col4a5 loss and HAS2 overex-
pression remains to be explored.

Fig. 5  Pathological model based on XLAS mice demonstrating HAS2 up-regulation due to Col4a5 loss and HA accumulation may activate CD44/TGFβ 
signaling which promotes fibrosis
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Therefore, future investigations are warranted to over-
come these limitations. Rescue experiments requiring 
a certain period of treatment in living mice are needed 
to confirm the underlying mechanism and to evaluate 
the potential of HAS2 and CD44 as therapeutic targets. 
It will also be translationally informative to compare the 
therapeutic effect of HAS2/HA-CD44 inhibition with the 
currently used RAAS blockers in both male and female 
XLAS model mice. Besides, it’s also necessarily criti-
cal to determine whether this HA/CD44/TGFβ pathway 
activated by Col4a5 deficiency is similarly involved in 
Col4a3 or Col4a4 deficient mice. A key question will be 
whether HAS2 overexpression is resulted from a Col4a5 
deficiency alone or the aberration of the whole α3α4α5 
trimer. Single cell sequencing and spatial transcriptomes 
will help to illustrate a comprehensive atlas of molecular 
pathway and cell-cell communications which are spatially 
and temporally evolving. Further in vitro experiments 
such as isolating specific kidney cells (e.g. tubular cells, 
fibroblast, podocytes) and modeling an ex vivo ECM to 
monitor the pathway transduction will give valuable 
insight into critical molecular interactions that drive 
pathogenesis, though these experiments are technically 
challenging.

Taken together, our findings suggest a potential XLAS 
renal pathology in which COL4A5 deficiency leads to the 
upregulation of HAS2 and increased LMW HA levels in the 
ECM. The increased HA in the renal ECM then becomes a 
messenger to be spread by activated CD44, which is highly 
expressed in fibroblasts or other types of mesenchymal cells 
within the renal microenvironment, leading to the activa-
tion of TGFβ and thereby promoting fibrosis.

Conclusion
This study proposes that COL4A5 deficiency may lead 
to HAS2 overexpression and HA accumulation to acti-
vate CD44-TGFβ signaling, thereby promoting fibrosis, 
encouraging further tests utilizing HAS2 and CD44 as 
potential therapeutic targets for XLAS patients.

Abbreviations
AS	� Alport syndrome
CD44	� CD44 molecule
COL4A5	� Collagen type IV alpha 5 chain
ECM	� Extracellular matrix
ESRD	� End-stage renal disease
HA	� Hyaluronan
HAS	� Hyaluronan synthase
HMW-HA	� High molecular weight hyaluronan
HRP	� Horseradish peroxidase
LMW-HA	� Low molecular weight hyaluronan
PFA	� Paraformaldehyde
qPCR	� Quantative polymerase chain reaction
RAAS	� Renin-angiotensin-aldosterone system
SNL	� Sambucus nigra lectin
TGFβ	� Transforming growth factor beta
WB	� Western blotting
XLAS	� X-linked alport syndrome

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​0​0​2​0​-​0​2​5​-​0​1​1​4​6​-​0.

Supplementary Material 1

Acknowledgements
Not applicable.

Author contributions
B.Y., W.W. designed the research, B.Y., W.W., L.J., Y.Y., S.J. conducted the 
experiments and data analysis, L.S. analyzed the RNA-sequencing data, Q.Y., 
W.B. and D.S. contributed to project administration, B.Y. and D.S. drafted and 
approved the manuscript.

Funding
This study was supported by Shenzhen Key Laboratory of Maternal and Child 
Health and Diseases (ZDSYS20230626091559006), National Natural Science 
Foundation of China (82302093), Natural Science Foundation of Guangdong 
Province (2023A1515010151), Shenzhen Science and Technology Innovation 
Council Funded Project for Basic Research (JCYJ20220530155201004) and 
the Domestic Research Program of Maternity and Child Healthcare Hospital 
(FYA2022005).

Data availability
The RNA-sequencing data has not been deposited in a public repository 
for now due to a concern of privacy, although the authors make sure that 
these data will be made available upon reasonable inquiries by contacting 
the correspondence. The other data concerning experiments such as qPCR, 
western blotting, HA quantification and immunostaining are included in the 
manuscript.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Animal Ethics Committees of 
Shenzhen Maternity and Child Healthcare Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 August 2024 / Accepted: 28 February 2025

References
Acharya PS, Majumdar S, Jacob M, Hayden J, Mrass P, Weninger W, et al. Fibroblast 

migration is mediated by CD44-dependent TGFβ activation. J Cell Sci. 
2008;121:1393–402. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​4​2​​/​j​​c​s​.​0​2​1​6​8​3

Berdiaki A, Neagu M, Spyridaki I, Kuskov A, Perez S, Nikitovic D. Hyaluronan and 
reactive oxygen species signaling—novel cues from the matrix?? Antioxi-
dants. 2023;12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​t​i​o​x​1​2​0​4​0​8​2​4

Chang S-H, Yeh Y-H, Lee J-L, Hsu Y-J, Kuo C-T, Wei-Jan Chen. Transforming growth 
factor-β-mediated CD44/STAT3 signaling contributes to the development of 
atrial fibrosis and fibrillation. Basic Res Cardiol. 2017;112:58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​0​0​7​​/​s​​0​0​3​9​5​-​0​1​7​-​0​6​4​7​-​9

Escasany E, Lanzón B et al. Almudena García-Carrasco, Adriana Izquierdo-Lahuerta, 
Lucía Torres, Patricia Corrales. Transforming growth factor β3 deficiency 
promotes defective lipid metabolism and fibrosis in murine kidney. Disease 
Models & Mechanisms. 2021;14:dmm048249. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​4​2​​/​d​​m​m​
.​0​4​8​2​4​9

Eymael J, Sharma S, Loeven MA, Jack F, Wetzels F, Mooren S, Florquin, et al. CD44 is 
required for the pathogenesis of experimental crescentic glomerulonephritis 
and collapsing focal segmental glomerulosclerosis. Kidney Int. 2018;93:626–
42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​k​i​n​t​.​2​0​1​7​.​0​9​.​0​2​0

https://doi.org/10.1186/s10020-025-01146-0
https://doi.org/10.1186/s10020-025-01146-0
https://doi.org/10.1242/jcs.021683
https://doi.org/10.3390/antiox12040824
https://doi.org/10.1007/s00395-017-0647-9
https://doi.org/10.1007/s00395-017-0647-9
https://doi.org/10.1242/dmm.048249
https://doi.org/10.1242/dmm.048249
https://doi.org/10.1016/j.kint.2017.09.020


Page 11 of 11Bao et al. Molecular Medicine           (2025) 31:96 

Fogo AB, Harris RC. Crosstalk between glomeruli and tubules. Nat Rev Nephrol. 
2025;21:189–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​1​-​0​2​4​-​0​0​9​0​7​-​0

Gomes AM, Lopes D, Almeida C, Santos S, Malheiro J, Lousa I, et al. Potential renal 
damage biomarkers in Alport syndrome—a review of the literature. Int J Mol 
Sci. 2022;23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​3​1​3​7​2​7​6

Gross O, Beirowski B, Koepke M-L, Kuck J, Reiner M, Addicks K, et al. Preemptive 
Ramipril therapy delays renal failure and reduces renal fibrosis in COL4A3-
knockout mice with Alport syndrome. Kidney Int. 2003;63:438–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​4​6​​/​j​​.​1​5​​2​3​-​​1​7​5​5​​.​2​​0​0​3​.​0​0​7​7​9​.​x

Kashtan CE, Alport Syndrome. 2001 Aug 28 [Updated 2019 Feb 21]. In: Adam MP, 
Feldman J, Mirzaa GM, editors. GeneReviews®. Seattle (WA): University of 
Washington, Seattle; 1993–2025. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​
o​v​/​b​o​o​k​s​/​N​B​K​1​2​0​7​/

Kaul A, Singampalli KL, Umang M, Parikh L, Yu SG, Keswani, Wang X. Hyaluronan, a 
double-edged sword in kidney diseases. Pediatr Nephrol. 2022;37:735–44. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​6​7​-​0​2​1​-​0​5​1​1​3​-​9

Kruegel J, Rubel D, Gross O. Alport syndrome—insights from basic and clinical 
research. Nat Rev Nephrol. 2013;9:170–78. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​n​e​p​h​.​2​
0​1​2​.​2​5​9

Liu M, Tolg C, Turley E. Dissecting the dual nature of hyaluronan in the tumor 
microenvironment. Front Immunol. 2019;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​i​m​m​u​
.​2​0​1​9​.​0​0​9​4​7

McKeown-Longo PJ, Paul JH. Hyaluronan, transforming growth factor Β, and extra 
domain A-fibronectin: a fibrotic triad. Adv Wound Care. 2021;10:137–52.

Meng Xiao-ming, Nikolic-Paterson DJ, Hui, Yao Lan. TGF-β: the master regulator of 
fibrosis. Nat Rev Nephrol. 2016;12:325–38. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​n​e​p​h​.​2​
0​1​6​.​4​8

Midgley AC, Oltean S, Hascall V, Woods EL, Steadman R, Phillips, and Soma 
Meran. Nuclear hyaluronidase 2 drives alternative splicing of CD44 pre-
mRNA to determine profibrotic or antifibrotic cell phenotype. Sci Signal. 
2017;10:eaao1822. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​s​i​g​n​a​l​.​a​a​o​1​8​2​2

Rabelink TJ, Wang G, Johan, van der Vlag, van den Berg BM. The roles of hyaluronan 
in kidney development, physiology and disease. Nature Reviews Nephrology. 
2024;20:822–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​1​-​0​2​4​-​0​0​8​8​3​-​5

Selbi W, Day AJ, Rugg MS, Fülöp C, Carol A, Bowen T, et al. Overexpression of hyal-
uronan synthase 2 alters hyaluronan distribution and function in proximal 
tubular epithelial cells. J Am Soc Nephrol. 2006;17:1553–67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​6​8​1​​/​A​​S​N​.​2​0​0​5​0​8​0​8​7​9

Šínová R, Žádníková P, Šafránková B, Nešporová K. Anti-HA antibody does not 
detect hyaluronan. Glycobiology. 2021;31:520–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​
l​y​c​o​b​/​c​w​a​a​1​1​8

Šoltés L, Mendichi R, Kogan G, Schiller J, Stankovská M. and J. Arnhold. Degrada-
tive action of reactive oxygen species on hyaluronan. Biomacromolecules. 
2006;7:659–68. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​b​​m​0​5​0​8​6​7​v

Song J, Ying N, Saga K, Kawanishi K, Hashikami, Michiyasu Takeyama, and Michio 
Nagata. Bidirectional, non-necrotizing glomerular crescents are the critical 

pathology in X-linked Alport syndrome mouse model harboring nonsense 
mutation of human COL4A5. Sci Rep. 2020;10:1–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​
s​​4​1​5​9​8​-​0​2​0​-​7​6​0​6​8​-​4

Suh SH, Hong S, Choi CS, Kim et al. In J. Kim, Seong K. Ma, James W. Scholey,. 
Olmesartan attenuates kidney fibrosis in a murine model of Alport syndrome 
by suppressing tubular expression of TGFβ. Int J Mol Sci. 2019;20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​0​1​5​3​8​4​3

Sun T, Huang Z, Liang W-C, Yin J, Lin WY, Wu J, et al. TGFβ2 and TGFβ3 isoforms 
drive fibrotic disease pathogenesis. Sci Transl Med. 2021;13:eabe0407. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​t​​r​a​n​​s​l​m​e​​d​.​​a​b​e​0​4​0​7

Sun J, Zhao X, Shen H, Dong J, Rong S, Cai W, Zhang R. CD44-targeted melanin-
based nanoplatform for alleviation of ischemia/reperfusion-induced acute 
kidney injury. J Controlled Release. 2024;368:1–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​
c​​o​n​r​​e​l​.​2​​0​2​​4​.​0​2​.​0​2​1

Vert J-P, Foveau N, Lajaunie C, Vandenbrouck Y. An accurate and interpretable 
model for SiRNA efficacy prediction. BMC Bioinformatics. 2006;7:520. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​1​0​5​-​7​-​5​2​0

Warady BA, Agarwal R, Bangalore S, Chapman A, Levin A, Stenvinkel P et al. Alport 
syndrome classification and management. Kidney Medicine. 2020;2:639–49. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​x​k​m​e​.​2​0​2​0​.​0​5​.​0​1​4

Wilson SE. TGF beta– 1,–2 and– 3 in the modulation of fibrosis in the cornea and 
other organs. Exp Eye Res. 2021;207:108594. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​e​x​e​r​.​2​
0​2​1​.​1​0​8​5​9​4

Wu Wei-qing, Zhang Jia-xun, Cui Ying-xia, Zhang Ming-chao, Chen Xiao-hang, 
Duan S, et al. A mouse model for X-linked Alport syndrome induced by Del-
ATGG in the Col4a5 gene. Front Med. 2023;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​e​d​
.​2​0​2​3​.​1​0​8​6​7​5​6

Xia H, Herrera J, Smith K, Yang L, Gilbertsen A, Benyumov A, et al. Hyaluronan/CD44 
axis regulates S100A4-mediated mesenchymal progenitor cell fibrogenic-
ity in idiopathic pulmonary fibrosis. Am J Physiology-Lung Cell Mol Physiol. 
2021;320:L926–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​l​u​n​g​.​0​0​4​5​6​.​2​0​2​0

Yamamura T, Nozu K, Fu XJ, Nozu Y, Ye MJ, Shono A, et al. Natural history and geno-
type–phenotype correlation in female X-linked Alport syndrome. Kidney Int 
Rep. 2017;2:850–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​e​k​i​r​.​2​0​1​7​.​0​4​.​0​1​1

Yang Y, Mee M, Noureddin C, Liu K, Ohashi SY, Kim D, Ramnath, et al. Hyaluronan 
synthase 2–mediated hyaluronan production mediates Notch1 activation 
and liver fibrosis. Sci Transl Med. 2019;11:eaat9284. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​1​​​2​6​​/​s​
c​​i​t​r​​a​n​s​l​​​m​​e​d​.​a​a​t​9​2​8​4

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41581-024-00907-0
https://doi.org/10.3390/ijms23137276
https://doi.org/10.1046/j.1523-1755.2003.00779.x
https://doi.org/10.1046/j.1523-1755.2003.00779.x
https://www.ncbi.nlm.nih.gov/books/NBK1207/
https://www.ncbi.nlm.nih.gov/books/NBK1207/
https://doi.org/10.1007/s00467-021-05113-9
https://doi.org/10.1007/s00467-021-05113-9
https://doi.org/10.1038/nrneph.2012.259
https://doi.org/10.1038/nrneph.2012.259
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1126/scisignal.aao1822
https://doi.org/10.1038/s41581-024-00883-5
https://doi.org/10.1681/ASN.2005080879
https://doi.org/10.1681/ASN.2005080879
https://doi.org/10.1093/glycob/cwaa118
https://doi.org/10.1093/glycob/cwaa118
https://doi.org/10.1021/bm050867v
https://doi.org/10.1038/s41598-020-76068-4
https://doi.org/10.1038/s41598-020-76068-4
https://doi.org/10.3390/ijms20153843
https://doi.org/10.3390/ijms20153843
https://doi.org/10.1126/scitranslmed.abe0407
https://doi.org/10.1126/scitranslmed.abe0407
https://doi.org/10.1016/j.jconrel.2024.02.021
https://doi.org/10.1016/j.jconrel.2024.02.021
https://doi.org/10.1186/1471-2105-7-520
https://doi.org/10.1186/1471-2105-7-520
https://doi.org/10.1016/j.xkme.2020.05.014
https://doi.org/10.1016/j.xkme.2020.05.014
https://doi.org/10.1016/j.exer.2021.108594
https://doi.org/10.1016/j.exer.2021.108594
https://doi.org/10.3389/fmed.2023.1086756
https://doi.org/10.3389/fmed.2023.1086756
https://doi.org/10.1152/ajplung.00456.2020
https://doi.org/10.1016/j.ekir.2017.04.011
https://doi.org/10.1126/scitranslmed.aat9284
https://doi.org/10.1126/scitranslmed.aat9284

	﻿Increased HA/CD44/TGFβ signaling implicates in renal fibrosis of a Col4a5 mutant Alport mice
	﻿Abstract
	﻿Introduction
	﻿Novel contribution of this study

	﻿Materials and methods
	﻿Antibodies and reagents
	﻿Animal samples and cell culture
	﻿RNAi and transfection
	﻿RNA isolation and realtime quantitative PCR
	﻿Protein sample preparation
	﻿Western blot
	﻿HA content determination in mouse kidney
	﻿Immunostaining
	﻿Statistical analysis

	﻿Results
	﻿CD44 and TGFβ are markedly upregulated in XLAS mouse kidneys
	﻿Elevated HA levels are observed in XLAS model mouse kidney tissues
	﻿Low-molecular-weight HA activates TGFβ through CD44
	﻿Col4a5 deficiency increases HAS2 expression

	﻿Discussion
	﻿Conclusion
	﻿References


