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Abstract

Epigenetic regulations, including DNA methylation, are critical to the development and
progression of kidney fibrosis, but the underlying mechanisms remain elusive. Here, we show that
fibrosis of the mouse kidney was associated with the induction of DNA methyltransferases and
increases in global DNA methylation and was alleviated by the DNA methyltransferase inhibitor
5-Aza-2’-deoxycytidine (5-Aza). Genome-wide analysis demonstrated the hypermethylation of 94
genes in mouse unilateral ureteral obstruction kidneys, which was markedly reduced by 5-Aza.
Among these genes, Hoxa5was hypermethylated at its gene promoter, and this hypermethylation
was associated with reduced HOXADS expression in fibrotic mouse kidneys after ureteral
obstruction or unilateral ischemia-reperfusion injury. 5-Aza prevented Hoxa5 hypermethylation,
restored HOXADS expression, and suppressed kidney fibrosis. Downregulation of HOXAS was
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verified in human kidney biopsies from patients with chronic kidney disease and correlated with
the increased kidney fibrosis and DNA methylation. Kidney fibrosis was aggravated by conditional
knockout of Hoxa5 and alleviated by conditional knockin of Hoxa5in kidney proximal tubules of
mice. Mechanistically, we found that HOXADS repressed JagZ transcription by directly binding to
its gene promoter, resulting in the suppression of JAG1-NOTCH signaling during kidney fibrosis.
Thus, our results indicate that loss of HOXAS5 via DNA methylation contributes to fibrogenesis in
kidney diseases by inducing JAG1 and consequent activation of the NOTCH signaling pathway.
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Chronic kidney disease (CKD) is a major public health problem with a growing burden of
complications, associated morbidity, and mortality globally.1* Kidney fibrosis is a common
pathologic feature of CKD that develops through tubular degeneration, inflammation,
interstitial fibroblast activation, and deposition of extracellular matrix proteins to replace the
functional parenchyma, ultimately leading to kidney dysfunction.>® Despite critical clinical
needs and extensive research, the understanding of kidney fibrosis regulation remains
limited. Therefore, an in-depth exploration of the molecular mechanism of renal fibrosis

is beneficial to discovering biomarkers and treating the disease.

DNA methylation is a common epigenetic modification that regulates gene expression
without altering primary nuclear acid sequences. DNA methylation is involved in

various kidney diseases, including acute kidney injury, diabetic nephropathy, hypertension
nephropathy, graft rejection, and kidney tumors.”~16 In the context of CKD, genome-
wide cytosine methylation in human kidney tubular cells is positively correlated with
kidney fibrosis and is a useful biomarker for diabetic kidney disease.1? Scattered studies
reported the effects of DNA methylation inhibitors (eg, 5-aza-2’-deoxycytidine or 5-Aza)
or activators (eg, hydralazine) on kidney fibrosis, but they did not reach a consistent
conclusion.17-20

Recent application of sequencing technology led to the identification of numerous
differential DNA methylation regions (DMRs) that distribute across multiple genetic loci,
providing significant new insights. However, most genes with aberrant DNA methylation
modifications have not been characterized. HOXA5'is one of A cluster-Homeobox genes
encoding the Homeobox a5 protein (HOXADS), which is a highly conserved transcriptional
factor that participates in DNA synthesis, cell differentiation, and organ development.21:22
Previous studies have demonstrated that promoter hypermethylation of HOXAS5'is linked
to multiple pathologies, such as clear cell renal cell carcinoma?? and chronic obstructive
pneumonia disease.2 However, the role of HOXAS in kidney diseases including renal
fibrosis is largely unknown.

JAGL1 is a critical ligand of the NOTCH signaling pathway that mediates cell differentiation,
proliferation, and lineage specification through cell-to-cell communication. NOTCH
signaling is critical in organ development, and, not surprisingly, protein levels in the
NOTCH signaling pathway are suppressed and stationary once organ development is
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completed,2> whereas aberrantly elevated JAG1 may stimulate canonical NOTCH signaling
and promote fibrosis in various organs.26-29

In this study, we demonstrated that HOXAS was hypermethylated at its gene promoter
during kidney fibrosis, resulting in a loss of expression, which contributed significantly to
kidney fibrosis. HOXADS represses Jag? transcription and associates with NOTCH signaling.
Together, these results indicate that loss of HOXAS5 due to hypermethylation contributes to
kidney fibrogenesis by inducing JAG1 for the activation of NOTCH signaling.

C57BL/6J mice were purchased from the Jackson Laboratory and maintained in the

animal facility of Charlie Norwood VA Medical Center (Augusta, GA), or purchased

from and maintained in the Center of Disease Prevention and Control of Hubei province
(Wuhan, China). Hoxa5floxed mice were initially generated by GemPharmatech Co., Ltd.
Transgenic mice were maintained under a 12-hour light/12-hour dark cycle with free access
to food and water in the animal facility of Wuhan University. The details of transgenic mice
were described in the Supplementary Methods.

isolation

Primary proximal tubular cells were isolated from 3-week-old Hoxa5?"“<0 mice and
Hoxa5P"“K! mice. Briefly, kidney cortex tissues were minced and digested with
collagenase type 1V (2091MG100; BioFroxx). Proximal tubular cells were then purified by
centrifugation at 2000 g in isolation medium containing 32% percoll (P8370; Solarbio) and
cultured in culture medium (CM-MO062; Procell) supplemented with 10% fetal bovine serum
(Gibco). After 6 days of growth, the first passage of primary tubular cells was digested

and seeded in 35 mm dishes at 0.3 x 108 cells/dish. The next day cells were infected

with adenovirus expressing green fluorescent protein or adenovirus expressing Cre-green
fluorescent protein (AP23051601; HANBIO). Twenty-four hours after infection, the cells
were incubated in culture medium with 2% fetal bovine serum overnight followed by
treatment with saline or 10 ng/ml transforming growth factor (TGF)-B1 for 72 hours.

Human kidney biopsy

Paraffin-embedded human kidney tissue samples were obtained from the Department of
Pathology at Zhongnan Hospital of Wuhan University (Wuhan, China). The fibrotic biopsies
were from patients diagnosed with CKD, including chronic nephritis, diabetic nephropathy,
and hypertensive nephropathy. The control biopsies were the normal, distant paracarcinoma
tissues dissected from patients with renal cancer. Kidney specimens without cortical parts
were excluded from this study. Finally, a total of 10 CKD specimens and 8 normal (control)
specimens were analyzed.

Statistical analysis

Results were represented as the mean + SEM using Prism 8 (GraphPad). Differences
between multiple groups were analyzed using 1-way analysis of variance, and differences
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between the 2 groups were compared with a 2-tailed Student’s #test. Differences are
significant when P< 0.05.

Study approval

RESULTS

This study was approved by the Ethics Committee of the Zhongnan Hospital of Wuhan
University, Wuhan, China. Animal studies were approved by the Institutional Animal
Care and Use Committees of Charlie Norwood Veterans Affairs Medical Center (Augusta,
Georgia) and Zhongnan Hospital of Wuhan University (Wuhan, China).

Primers for polymerase chain reaction are listed in Supplementary Tables S1-S3. Additional
details for methods are provided in the Supplementary Methods.

Kidney fibrosis is associated with DNA methylation and is suppressed by inhibitors of
DNA methyltransferases

To determine the role of DNA methylation in kidney fibrosis, we first examined the
expression of DNA methyltransferases in the kidney following the mouse unilateral ureter
obstruction (UUO) model. DNMT1, DNMT3a, and DNMT3b were induced by UUO, which
was blocked by the DNMT inhibitor 5-Aza (Figure 1a—d). Consistently, DNA methylation,
shown by 5’-methylcytosine (5mC) staining, was markedly induced in UUO kidneys, and
this induction was diminished by 5-Aza (Figure 1e). Because 5mC maodification occurs in
both DNA and RNA,30 we performed a dot blot experiment to specifically analyze 5mC
modification in RNA. The level of 5mC in the RNA sample from UUO tissues did not

differ from that in sham-controlled kidney tissues (Supplementary Figure S1), indicating that
the increase in 5mC modification in UUO kidneys was mainly due to DNA methylation.
Notably, 5-Aza attenuated kidney fibrosis during UUO as indicated by reduced expression
of fibrosis marker proteins, such as fibronectin and a-smooth muscle actin (a-SMA) (Figure
1f-h), and decreased collagen deposition as shown by Masson’s trichrome staining (Figure
liandj).

We further tested the effect of 5-Aza on kidney fibrosis after unilateral ischemia-reperfusion
injury (UIRI). 5-Aza was given 2 days after UIRI to collect samples on day 14 for analysis
(Supplementary Figure S2A). The UIRI kidney showed a functional decline as indicated by
blood urea nitrogen and serum creatine increases and the induction of DNMT1 and fibrosis
marker proteins. These changes were partially ameliorated by 5-Aza (Supplementary Figure
S2B-G). Collectively, DNA methylation is induced in, and contribute to, kidney fibrosis in
both UUO and UIRI models.

Profiling of DNA methylation in UUO kidneys

To discover genes with aberrant DNA methylation in kidney fibrosis, we analyzed profiled
DNA methylation changes by reduced representation bisulfite sequencing. The heatmaps
showed an overall increase in DNA methylation in UUO kidney tissues compared with
control, which was normalized by 5-Aza as expected (Figure 2a). Analysis of DMRs
revealed that most DMRs were in the coding regions or intergenic areas of genes. In total,
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9.7% and 7.7% of DMRs were found in the promoter region when comparing UUO with
sham and UUO with 5-Aza groups, respectively (Figure 2b).

In comparison with the sham control, UUO induced 165 hypermethylated DMRs and 27
hypomethylated DMRs. Corresponding to these DMRs, 234 genes were hypermethylated
and 39 genes were hypomethylated in UUO kidneys, compared with the sham control.
5-Aza suppressed DNA methylation in UUO, resulting in 362 hypomethylated DMRs and
only 4 hypermethylated DMRs, which corresponded to hypomethylation in 547 genes and
hypermethylation in only 8 genes (Supplementary Tables S4-S7).

Promoter methylation of Hoxa5 is associated with renal fibrosis in UUO and UIRI

In reduced representation bisulfite sequencing analysis, 94 genes were hypermethylated

in UUO, and their methylation was diminished by 5-Aza (Figure 3a; Supplementary

Table S8). A major epigenetic mechanism of DNA methylation is the hypermethylation

of gene promoters that leads to the suppression of target gene transcription.”-12:31 |n the
identified 94 genes, only 5 had promoter hypermethylation in UUO that was suppressed

by 5-Aza, namely A930004D18Rik, 6330409D20Rik, Pds5b, Hoxas, and Al428936 (Figure
3a). Interestingly, of these 5 genes, only Hoxa5 showed a negative correlation between
transcription and promoter methylation. In light of this, we focused on Hoxa5 for further
investigation.

The Hoxa5 promoter contains a DMR with 7 CpG sites (Figure 3b). Each of these 7

CpG sites was methylated more during UUOQ, and 5-Aza reduced this increase. To validate
the reduced representation bisulfite sequencing results, we quantified the Hoxa5 promoter
methylation level by pyrosequencing. As shown in Figure 3d, pyrosequencing confirmed
that UUO significantly increased DNA methylation on the Hoxa5 promoter (P value was
0.0130), and this increase was attenuated by 5-Aza significantly (P value was 0.0149).
Similar hypermethylation was observed in kidney cortex tissues after UIRI, which was
suppressed by 5-Aza (Supplementary Figure S3A).

HOXAS is expressed in tubular cells and its expression is regulated by DNA methylation

To study the regulation of HOXAS by DNA methylation in renal fibrosis, we first localized
its expression in mouse kidney tissues. Co-staining of HOXAS and specific kidney cell
markers indicated that HOXAS5 was mainly expressed in aquaporin 1—positive proximal
tubular cells (Figure 4a). Some distal tubules with kidney-specific cadherin-positive staining
also had HOXADS nuclear staining. In contrast, HOXADS staining was detected in very few
a-SMA-expressing fibroblasts and aquaporin 2—positive collecting tubule cells and not
F4/80-positive macrophages (Figure 4a).

We then analyzed HOXADS expression during renal fibrosis. UUO and UIRI led to a
significant decrease in HOXAS expression, which was prevented by 5-Aza (Figure 4b—e;
Supplementary Figure S3B). In /n vitro fibrotic models, TGF-p and hypoxia induced the
expression of DNMT1, a-SMA, and fibronectin but decreased HOXADS expression in the
mouse Kidney proximal tubular BUMPT cells (Supplementary Figure S4).
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Collectively, these results indicate that hypermethylation reduces HOXAS expression in
kidney fibrosis.

Inducible knockout of HOXAS in proximal tubules aggravates kidney fibrosis in UUO and

UIRI

To determine the role of HOXADS in kidney fibrosis, we established an inducible proximal
tubule Hoxa5 knockout mouse model. To this end, Hoxa5-loxp homozygous mice were
crossed with S/c34a1¢"eERT2 mice32 to obtain tamoxifen-inducible, proximal-tubule-specific
Hoxa’5 knockout mice (Figure 5a). After tamoxifen induction,33 Hoxa5”"“K0 mice had
significantly lower expression of HOXADS in kidneys than Hoxa5®€" mice (Figure 5b—d;
Supplementary Figure S5A). Both UUO and UIRI induced more severe kidney fibrosis

in Hoxa5”"cKO mice than in Hoxa5"C" mice, as indicated by higher levels of collagen
deposition (Figure 5e—f; Supplementary Figure S5D and E) and the expression of a-SMA
(Figure 5g and i; Supplementary Figure S6F and G), fibronectin (Figure 5h and j;
Supplementary Figure S5H), and collagen | (Figure 5k; Supplementary Figure S5I).

To further understand the HOXAS’s contribution to renal fibrosis, we performed UUO

in Hoxa5”Ct and Hoxa5”"¢K0 mice with 5-Aza daily injection. 5-Aza significantly
decreased the mRNA expression of fibronectin, a-SMA, and collagen | induced by UUO
in Hoxa5”®¢t mice but not in Hoxa5”'“KO mice (Supplementary Figure S6A-C). In
addition, 5-Aza did not reduce collagen deposition induced by UUO in Hoxa5”"¢K0 mice
(Supplementary Figure S6D).

These results indicate that loss of HOXADS in the proximal tubular cells exacerbates kidney
fibrogenesis.

Inducible knockin of HOXAS in proximal tubules ameliorates renal fibrosis in UUO

To further elucidate the role of HOXAS5 in kidney fibrosis, we generated an

inducible, proximal-tubule-specific Hoxa5 knockin (Hoxa5”"“K% mouse model (Figure 6a).
Hoxa5P"“K! mice had significantly higher HOXAS expression in kidney tissues than wild-
type (Hoxa5”™) mice in both sham and UUO conditions (Figure 6b—d; Supplementary
Figure S7). Compared with Hoxa5”"T mice, Hoxa5”"“K! mice showed less collagen
deposition (Figure 6e and f) and less expression of a-SMA (Figure 6g and i), fibronectin
(Figure 6h and j), and collagen | (Figure 6k).

Jagl is a potential target of HOXAS during fibrotic stress in proximal tubular cells

To analyze the mechanism underlying the HOXADS’s in kidney fibrosis, we probed its
transcriptional targets during TGF-p treatment of renal tubular cells. To this end, normal

or HOXAS-overexpressing BUMPT cells were treated with TGF-p for RNA sequencing.
TGF-p induced the upregulation of 2147 genes and the downregulation of 2234 genes in
normal BUMPT cells. Remarkably, 389 and 458 genes were respectively normalized by
HOXAJS overexpression, indicating that these 847 genes were regulated directly or indirectly
by HOXADS in TGF-B-treated renal tubular cells (Figure 7a). We subjected these 847 genes
to gene ontology (GO) enrichment analysis leading to 8 GO terms. We found that cluster 6
possessed the largest proportion of “pathway” and “signaling” terms. We chose to analyze
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cluster 6 GO terms rather than larger clusters like cluster 1 or 5 because we focused on
mechanisms, not phenotypes like “development” or “process” (Figure 7b). We noticed that
the NOTCH signaling pathway was ranked in the top 30 pathways in cluster 6 (Figure 7c).
Further analysis showed that JagZ was significantly induced by TGF-B, and, remarkably, this
induction was reduced in HOXAS5-overexpressing cells (Figure 7d).

These results suggest that HOXAS5 may regulate JagZ and associated NOTCH signaling to
control fibrosis in kidney tubular cells.

HOXAS suppresses JAG1-NOTCH signaling by inhibiting JAG1 expression

We further investigate JAG1 regulation by HOXADS in Kidney fibrosis in mice. JAG1 was
barely detectable in sham control kidney proximal tubular cells. After UUO and UIRI, JAG1
was induced in kidney cortex, and more JAG1 expression was observed in Hoxa5?'K0 mice
than in Hoxa5'¢" mice (Figure 8a and b; Supplementary Figure S8). In contrast, lower
JAG1 expression was detected in Hoxa5”"CK! mice than Hoxa5”™T mice after UUO (Figure
8c and d). As HOXADS was ablated or overexpressed specifically in kidney proximal tubule
cells of transgenic mice, the whole kidney analysis might not represent HOXADS regulation
of Jag1 in proximal tubule cells. To this end, we isolated kidney proximal tubule cells from
these mice for infection with adenovirus-green fluorescent protein or adenovirus-Cre-green
fluorescent protein to generate WT, Hoxa5<© cells, or Hoxa5"<! cells for comparison (Figure
8e and f). As expected, Hoxa5 expression was much lower in Hoxa5%<© cells and higher

in Hoxa5! cells (Supplementary Figure S9). TGF-B induced JagZ mRNA and protein
expression in all cells, but the induction was significantly higher in Hoxa5%© tubular cells
and significantly lower in Hoxa5*! cells (Figure 8g—j).

Hoxa5"© and WT tubular cells had no differences in Notchi, Notch2, and Notch3
expression during TGF-B treatment (data not shown). However, Hoxa5%<© tubular cells
had marked higher levels of cleaved NOTCH1, NOTCH2, and NOTCH3 during TGF-B
treatment, indicative of NOTCH activation.3#35 Conversely, NOTCH activation during
TGF-B treatment was diminished in Hoxa5% cells (Figure 8i and j) and in BUMPT

cells with HOXADS overexpression (Supplementary Figure SL0A-D). Consistently, the
NOTCH effectors HeyL and HesI were inhibited after HOXAS overexpression in BUMPT
cells (Supplementary Figure S10E and F) and in UUO tissues with 5-Aza treatment
(Supplementary Figure S11A and B).

Collectively, these results indicate that HOXAS is a negative regulator of JAG1-NOTCH
signaling through inhibition of JAG1 expression in Kidney fibrosis.

HOXADS represses Jagl transcription by directly binding to its promoter

To elucidate HOXAS suppression of JAG1, we performed chromatin immunoprecipitation
assays. HOXADS precipitated with DNA fragments containing motifs 1 and 2, but not motif 3
(Figure 9a and b). The results of a luciferase reporter assay showed that when HOXAS5 was
introduced, luciferase expression driven by the JagZ promoter was repressed compared with
control vector transfection (Figure 9c). These findings indicate that HOXAS represses Jagl
transcription by directly binding to its promoter.
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HOXADS is inversely correlated with kidney fibrosis, JAG1, and DNA methylation in kidney
biopsies of human CKD patients

Normal kidney biopsy specimens from a nontumor area adjacent to the renal cell carcinoma
did not have significant collagen deposition in Masson’s trichrome staining, whereas renal
biopsies from patients with CKD exhibited obvious collagen deposition or interstitial
fibrosis (Figure 10a and b). HOXAb’s expression was noticeably reduced in patient samples
with CKD (Figure 10c and d) that uncovered a negative correlation between the expression
of HOXADS and kidney fibrosis in human kidney biopsies (Figure 10e). In addition, more
JAG1 expression was observed in tubular cells of human CKD kidney tissues than in healthy
control. HOXADS and JAG1 in human kidney biopsies showed a negative correlation in
expression patterns (Figure 10f and g).

To support the mechanism that promoter hypermethylation of HOXADS activates JAG1, we
first studied the relationship between HOXA5 and 5mC in human kidneys. Compared with
normal tissues, CKD renal biopsies had significantly more 5mC-positive nuclei (Figure 10h
and i), which negatively correlated with HOXAS expression (Figure 10j). We then co-stained
5mC with HOXAS5 and 5mC with JAG1. The results showed that HOXA5/5mC co-staining
and JAG1/5mC co-staining were more abundant in CKD kidneys than in health controls
(Figure 10k and ).

Finally, we analyzed the publicly available datasets to study the promoter methylation of
the HOXA5 gene in human samples of CKD patients and healthy controls. One dataset
(GSE50874) included methylation profiling of microdissected human kidney tissues from
21 patients with CKD and 64 healthy controls. The other dataset (GSE230652) provides
data on methylation patterns in whole blood samples collected from 93 patients with CKD
and 87 healthy controls. The HOXA5 promoter (chr7:27182613-27185562) was shown to
be hypermethylated in Kidney tissues of patients with CKD compared with healthy controls
(Supplementary Table S9) and in white blood cells from patients with CKD compared with
healthy subjects (Supplementary Table S10).

Collectively, human samples indicate that promoter hypermethylation of HOXA5is
associated with HOXADS repression, JAG1 activation, and renal fibrosis in CKD, supporting
the observations from animal and cellular models in this study.

DISCUSSION

In the current study, we demonstrate that Hoxa5 is hypermethylated at its promoter
during fibrotic stress, resulting in the repression of Hoxa5 transcription and expression.
Functionally, loss of HOXAS enhances the expression of JAG1 and, in turn, activates
JAG1-NOTCH signaling for renal fibrosis.

The expression of DNMTs and 5mC as well as reduced representation bisulfite sequencing
in our study indicates an overall increase of DNA methylation in renal fibrosis during
UUO. Consistently, Zeisberg et a/.36 detected a significant increase in DNA methylation in
fibrotic kidneys after folic acid—induced nephropathy. These studies highlight the potential
of demethylating therapies for kidney fibrosis. Nucleotide analogs, such as 5-Aza, are
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effective at inhibiting DNMTSs, and they are used for treating several types of cancers or
malignancies.37:38 Nevertheless, the clinical use of DNA methylation inhibitors is limited
to second-line therapies because they are not gene-specific and have side effects. Thus,

it is crucial to determine specific genes with aberrant DNA methylation, explore their
biofunctions in diseases, and translate them into clinical applications.

In our present study, we specifically focused on Hoxa5 because (i) it was hypermethylated
at its gene promoter in fibrotic kidneys of mice and patients with CKD and (ii) HOXA5

is a conserved transcriptional factor that regulates the expression of genes involved in
kidney injury and repair, such as p53,3%-42 EGR1,4344 and b-catenin.#>46 We show that

the hypermethylation of Hoxa5in UUO was associated with a marked decrease of its
expression, which was prevented by the DNA methylation inhibitor 5-Aza, indicating a
critical role of DNA methylation in repressing Hoxa5 in kidney fibrosis. In the literature,
there are scattered reports about the regulation of Hoxa5by DNA methylation. For example,
Dunn et al*’ detected the hypermethylation of Hoxa5 in endothelial cells in models of
atherosclerosis. Notably, they identified the same 7 hypermethylated CpG sites in the gene
promoter of Hoxa5 as those shown in our sequencing data. Thus, these 7 CpG sites are
important to the regulation of Hoxa5 expression by DNA methylation and may serve as
specific therapeutic targets. In this regard, our study has demonstrated the first evidence for
a role of HOXAGS in renal fibrosis. Especially, we show that specific knockout of HOXAS

in kidney proximal tubules aggravated, whereas knockin of HOXAS alleviated, renal fibrosis
in mice. These observations indicate that DNA hypermethylation leads to the repression of
HOXADS, contributing to renal fibrogenesis. In addition to DNA methylation, HOXAS may
be subjected to regulation by other mechanisms, including miRNAs, long noncoding RNAS,
and histone acetylation.21:22 Future research needs to determine the contributions of these
mechanisms to HOXAS regulation in kidney fibrosis.

Hoxa5 is a member of the homeobox genes, which encode a family of transcription factors
involved in patterning in the early stages of embryonic development.?1:22 Aberrant Hoxa
gene expression has been implicated in diseases, especially in various types of cancers.22
However, the downstream target genes of HOXADS remain largely unknown. In the present
study, we analyzed the target genes of HOXADS in proximal tubular cells under fibrotic

stress by RNA sequencing, showing a few fibrosis-associated genes regulated by HOXAS5,
including Fni, Timp1,484° Timp3°9°1 Jag1,5253 Hes152 Aspn,>*5 and Tet1.°6 The RNA
sequencing results in combination with further bioinformatics analysis suggested JagZ as

a key target of HOXADS. Indeed, the chromatin immunoprecipitation assay detected the
binding of HOXADS to the promoter sequence of JagZ, and the regulation of JagZ promoter
activity by HOXAS was verified by a luciferase reporter assay. We further verified that the
knockout of HOXADS increased JAG1 expression in proximal tubular cells of the kidney,
whereas knockin of HOXADS had opposite effects. JAG1 is a critical ligand of the NOTCH
signaling pathway, which plays an important role in fibrotic kidney diseases.>2-3:57 Notably,
JAGL1 is also the most abundant NOTCH ligand expressed in human and mouse kidneys.
Also, among these ligands, the expression of JAG1 is most strongly correlated with kidney
fibrosis. JAG1 is normally expressed in the distal tubule and collecting duct cells, but,

in fibrotic condition, it is induced on the basal and lateral membrane in proximal tubular
cells.52:53 The role of JAG1 in renal fibrosis was convincingly demonstrated by using kidney
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tubule—specific JagZ knockout mice.>® When JagZ in tubular epithelial cells was deleted,
NOTCH signaling was suppressed and kidney fibrosis alleviated.>3 By demonstrating the
regulation of JagZ by HOXADS, our current work significantly advances the understanding of
the upstream mechanism of NOTCH signaling in kidney fibrosis.

Our work may also provide an explanation for the sustained NOTCH activation observed
in kidney fibrosis.>3 As an epigenetic mechanism, DNA methylation is inheritable.
Accordingly, hypermethylation of Hoxa5 in kidney fibrosis is a stable modification that
would be inherited during cell division. As a consequence, HOXADS remains to be down-
regulated, and JAGL1 is continuously activated for persistent NOTCH activation. These
observations suggest novel therapeutic strategies for fibrotic kidney disease by blocking
DNA methylation on the 7 CpG sites in the Hoxa5 gene promoter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Statement

DNA methylation has been implicated in kidney fibrosis. In this study, we demonstrated
the induction of DNA methyltransferases and global DNA methylation in fibrotic kidneys
and further proved the beneficial effects of their inhibitor 5-Aza in renal fibrosis. HOXA5
was shown to be downregulated in fibrotic kidneys through hypermethylation, and this
downregulation led to JAG1 expression and consequent activation of NOTCH signaling
for kidney fibrogenesis. These findings unveil DNA methylation and related genes, such
as HOXAS, as potential therapeutic targets in kidney fibrotic disease.
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Figure 1 |. DNA methylation are induced in kidney during unilateral ureter obstruction (UUO)
and pharmacological inhibition of DNA methylation suppresses renal fibrosis.

C57BL/6 mice were subjected to UUO and then injected daily with 1 mg/kg body weight
of 5-Aza or the same volume of saline for 4 or 7 days. (a) Immunoblots showing the
induction of DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b) in kidney cortex
tissues during UUO and the inhibitory effects of 5-Aza. (b—d) Densitometry of DNMT1,
DNMT3a, and DNMT3b protein expression (n = 3 per group). (¢) Immunohistochemistry
of 5mC showing UUO-induced DNA methylation in kidneys and the inhibitory effects of
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5-Aza. (f) Immunoblots showing the expression of fibronectin and a-SMA in UUO kidney
tissues and the inhibitory effects of 5-Aza. (g,h) Densitometry of fibronectin and a-SMA on
immunoblots (n = 3 per group). (i) Masson’s trichrome staining of renal fibrosis in UUO
kidneys and the inhibitory effects of 5-Aza. Bar = 20 um. (j) Quantification of Masson’s
trichrome staining signals with Image J (n = 5). Panels (b—d) and (g,h) were analyzed using
1-way analysis of variance, and panel (j) was analyzed with a 2-tailed Student’s ¢test. *P
<0.05, **P< 0.01, ***P< 0.001. 5mC, 5’-methylcytosine; a-SMA, a-smooth muscle
actin. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 2 |. Profiling of DNA methylation in unilateral ureter obstruction (UUO) kidneys.
C57BL/6 mice were divided into 3 groups: sham surgery with daily saline injection, UUO

for 7 days with daily saline, and UUQ for 7 days with daily 5-Aza injection (n = 2

for each group). Kidney cortex tissue was collected to isolate genomic DNA for global
DNA methylation analysis with reduced representation bisulfite sequencing. (a) Heatmaps
of differentially methylated regions (DMRs). The average value of methylation percentage
from 2 mice was calculated to represent the methylation level for each CpG site, and

DMRs were the windows (non-overlapping sequences of 200 nucleotides) with significant
differences of methylation between the experimental groups. The redder: the higher level of
DNA methylation; the bluer: the lower level of DNA methylation. (b) Distribution of DMRs
induced by UUO and the effect of 5-Aza. CDS, coding sequence; UTR, untranslated region.

Kidney Int. Author manuscript; available in PMC 2026 February 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xiao et al.

UUO + 5-Aza vs. UUO

Page 18

a UUO vs. sham
234 genes 547 genes
Genes with promoter hypermethylation during UUO and
hypomethylation by treating with UUO and 5-Aza
Location Gene name DMR sites
chr2 17961201 17961400 A930004D18Rik 5'end
chr2 32597801 32598000 6330409D20Rik 5'end
chr5 151476301 151476500 Pds5b 5'UTR1, 5'end, exon1
chré 52154701 52154900 Hoxab S'end
chr7 31098901 31099100 Al428936 S'end
b UCSC Genome Browser on Mouse July 2007 (NCBI37/mm9) A
move <<< << < > >> >>> |zoom in | 1.5x 3x 10x base | zoom out | 1.5x ||
position/search ' chr6:52,154,561-52,155,061  gene jump || clear | size 501 bp. | conf
[ere cans>
ey saiseosl  saiseesel  saissres]  saisersel eisseeel i o
Sazal ped n \hlx\.llll 1 1 11
Sazaz bed "n \s‘lr\"lzll I 1 L ]
salinet bed " i B 1 R
saline2 bed " i 1 1
o " 1" 1 '
Shamaen bed " T '
C
Site
Sham 15.75% 10.30% 11.95% 16.05% 66.75% 7.15% 10.70%
UUO+saline 42.30% 41.35% 40.40% 38.70% 73.75% 42.50% 32.55%
uuo+s-Aza [EEEEA 9.20% 18.85% | 1765% | 75.60% | 46.10% [ 22.90%

Pyrosequencing

Site
Sham 73.25% | 59.83% | 4057% | 54.06% | 58.65%

61.89%

UUO+saline 88.08% 98.50% 77.23% | 49.82% 71.42% 75.20%

91.55%

UUO+5-Aza 71.11% | 80.16% 62.09% | 39.89% 54.19% | 58.60%

67.38%

Figure 3 |. Promoter methylation of Hoxa5 gene is associated with renal fibrosis in unilateral

ureter obstruction

(UUO).

(a) UUO induced hypermethylation in 234 genes compared with sham control, and 5-Aza
led to the hypomethylation of 547 genes during UUO. There were 94 genes that had
hypermethylation in UUO that were normalized by 5-Aza. In these 94 genes, 5 had
methylation changes in their promoter region, including A930004D18Rik, 6330409D20Rik,
Pds5b, Hoxas, and Al428936. (b) University of California, Santa Cruz (UCSC) genome
browser screenshot showing a differentially methylated region with 7 CpG sites in the
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gene promoter region of Hoxa5 (chr6:52154700-52154850, mm39). (c) UUO-induced
increase of DNA methylation at each CpG site and the inhibitory effect of 5-Aza in

reduced representation bisulfite sequencing (RRBS) analysis. (d) Promoter region of
Hoxab (chr6:52154700-52154850, mm9) was subjected to pyrosequencing. The percentage
of DNA 5’-methylcytosine (5mC) methylation was calculated for each CpG site in

sham control, UUO+saline, and UUO+5-Aza groups. UUO significantly induced DNA
hypermethylation in Hoxa5’s promoter (P value was 0.0130) and 5-Aza inhibited the
promoter methylation (P value 0.0149 tested by 1-way analysis of variance).
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Figure 4 |. HOXAS5 is expressed in tubular cells and its expression is regulated by DNA
methylation.
(a) Immunofluorescence of HOXAS (green) and renal tubule markers (red) along with

4/,6-diamidino-2-pheny|indole (DAPI) staining of nuclei (blue) in normal mouse kidneys.
Aquaporin 1 (AQP1), kidney-specific cadherin-positive (KSP), and aquaporin 2 (AQP2)
are specific markers of proximal tubule, distal tubule, and collecting tubule, respectively. a-
smooth muscle actin (a-SMA) and F4/80 are markers of myofibroblasts and macrophages,
respectively. The enlarged panels on the right side show higher magnification images of the
boxed regions. (b) C57BL/6 mice were subjected to a-smooth muscle actin (UUO) for 7
days or sham operation, and then injected with saline or 5-Aza to collect kidney tissues.
Immunohistochemical staining showing that UUO induced HOXAS decrease, which was
prevented by 5-Aza. Bar = 20 um. (¢) Representative immunoblots showing the HOXAS
decrease in UUOQ kidneys and the inhibitory effect of 5-Aza treatment. (d) Densitometry

of HOXADS bands in blots (n = 5). (e) Kidney cortical tissues were analyzed for relative
levels of Hoxa5 mRNA by real-time polymerase chain reaction (n = 5). Panels (d) and (e)
were analyzed using 2-way analysis of variance. **P< 0.01,***£ < 0.001, and ****P<
0.0001. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 5. Inducible knockout of HOXADS in proximal tubules aggravates renal fibrosis in
unilateral ureter obstruction (UUO).

(a) Experimental design: Hoxa5”"“K0 mice and Hoxa5P®€!"! control littermates were given
120 mg/kg tamoxifen (i.p.) at 7 and 6 days before UUO to induce HOXAJ5 ablation

from kidney proximal tubules in Hoxa57/“4<0 mice but not in Hoxa5”'“" mice. The mice
were then subjected to UUO or sham operation. Kidneys were collected 7 days later.

(b) Representative immunoblots showing significant less HOXAS in Hoxa5”"“k0 mice
kidneys than in Hoxa5fC!"_ (c) Reverse transcription-quantitative polymerase chain reaction
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analysis of mMRNA verifying Hoxa5 ablation in kidneys of Hoxa5”"CK0 mice in comparison
with Hoxa5PCt kidneys (n = 5-9 per group). (d) Double immunofluorescence staining of
HOXADS (green) and aquaporin 1 (AQP1; red) to show the effect of proximal tubule—specific
knockout of HOXADS. (e) Representative Masson’s trichrome staining of kidney tissues. Bar
=20 um. (f) Quantitative analysis of Masson’s trichrome staining of kidney sections (n =
5). Immunohistochemical staining of a-smooth muscle actin (a-SMA) (g) and fibronectin
(h) showing more fibrotic protein staining (black arrow) in Hoxa5”"0 kidneys after UUO.
Bar = 20 um. (i-k) Higher levels of a-SMA (i), fibronectin (j), and collagen I (k) mRNAs
in the kidneys of Hoxa5?"“KO mice than that of Hoxa5?™¢" mice (n = 5-6 per group).
Panels (c) and (i—k) were analyzed using 1-way analysis of variance, and panel (f) was
analyzed with a 2-tailed Student’s ftest. *~< 0.05, **£<0.01, and ****£< 0.0001. DAPI,
4’ 6-diamidino-2-phenylindole. To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.

Kidney Int. Author manuscript; available in PMC 2026 February 02.


http://www.kidney-international.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Xiao et al. Page 23
a Tan;f‘xufen i.p. (120 mg/kg)
[ Hoxa5X!- Slc34a1CreErT2 () ‘- Hoxa5 ptwT l l uuo Sample collection
[ ] I |
l Hoxa5 K- Slc34a1CreERT2 (+) ‘—r Hoxa’5 pteKi Day -7 Day -6 Day 0 Day 7
b MWT  Hoxas PICK d
Hoxa5 oxa Hoxa5 PWT Hoxa5 Pt Hoxab ptek!
HOXASl- . - i"!ﬂkD .

a-Tubulin[== == == === =={55 \p

c 07 eax -
FaiacacS —
| ]
w

AQP1/Hoxa5/DAPI

Hoxa5 mRNA
]
o
1

7 W, T

Sham UUO | Fibronectin |
f g Hoxah rWT Hoxa¥ ptcKi h Hoxah Pt Hoxa¥ ptcKi
S P . ‘. — :
= 8 2 L Y £
c & E 4 ‘3. h
% 8 - i 8.
= 6 w w
=] . |
Q .
115 4+ w* O ’ E)
g -
<< C . l | P '_ A
0 - - 3
o e 4 !
g 7
& ¢ 2 3 il
2] rs d :
2 5 : 3ong e
o & :
¥ RS ¢ ¢
i - - ® Hoxas PMT e ® Hoxa5 PWT ® Hoxals PT
49 11 ¥ Hoxa5 Pk J 8- - * B Hoxas Pkl 20+ *kk * W Hoxas picki
_i 11 11
34 [ [ ] i ]
é < 6 2 % 15 ?
4 [ 2 . x
E 2 | = € £ 10
g 21 F z | 2
RENES L (Pl . w = 5
) =i ©
0 T T T T T rﬂ T T 0=
Sham UUO Sham UUO Sham UUO

Figure 6 |. Inducible knockin of HOXAS in proximal tubules ameliorates renal fibrosis in

unilateral ureter obstruction (UUO).

(a) Experimental design: Hoxa5?"“K! mice and Hoxa5?'WT littermates were given 120 mg/kg
tamoxifen (i.p.) at 7 and 6 days before UUO to induce HOXAS overexpression in kidney
proximal tubules in Hoxa5”"CK! mice but not in Hoxa5”™7 mice. The mice were then
subjected to UUO or sham operation to collect kidneys 7 days later. (b) Immunoblot analysis
showing HOXAS overexpression in kidney tissues of Hoxa5”“K! mice in comparison

with Hoxa5”™WT mice. (c) Reverse transcription-quantitative polymerase chain reaction
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analysis of mMRNA confirming elevated levels of Hoxa5 transcripts in the kidneys of
Hoxa5P"“K! mice compared with Hoxa5”™WT mice (n = 5). (d) Coimmunofluorescence of
HOXADS and aquaporin 1 (AQP1) showing specific HOXAS overexpression in proximal
tubules. (e) Representative Masson’s trichrome staining of kidney tissues. Bar = 20 pm.

(f) Quantitative analysis of Masson’s trichrome staining of kidney sections (n = 5). (g,h)
Immunohistochemical staining of a-SMA (g) and fibronectin (h) showing less fibrotic
proteins (black arrow) in Hoxa5?"K! kidneys after UUO. Bar = 20 um. (i-k) mRNA levels
of a-smooth muscle actin (a-SMA) (i), fibronectin (j), and collagen I (k) in kidneys of
Hoxa5"™WT and Hoxa5”"K! mice (n = 3-5 per group). Panels (c) and (i—k) were analyzed
using 1-way analysis of variance, and panel (f) was analyzed with a 2-tailed Student’s ¢test.
*P<0.05, **P<0.01, and ****P < 0.0001. To optimize viewing of this image, please see
the online version of this article at www.kidney-international.org.
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Figure 7 |. Jagl is a potential target of HOXAS during fibrotic stress in proximal tubular cells.
(a) BUMPT cells transfected with pcDNA3.1-Hoxa5 or control vector were treated with

10 ng/ml of transforming growth factor-p (TGF-p) for 48 hours to collect samples for
RNA sequencing. In control vector-transfected cells, TGF-p induced the upregulation of
2147 (1758 + 389) genes, of which 389 were attenuated in Hoxa5-transfected cells.
TGF-p also induced the downregulation of 2234 (1776 + 458) genes, of which the
downregulation of 458 was prevented in Hoxa5-transfected cells. (b) The 847 (389 + 458)
genes affected by HOXAS during TGF-p treatment were selected for the gene ontology
(GO) enrichment analysis. The 503 significant terms of the GO enrichment were classified
into 8 main clusters by cola and simplify enrichment. (c) Top 30 of the signaling pathways
in cluster 6 including the NOTCH signaling pathway. (d) Inhibition of JagZ expression
during TGF-p treatment by HOXADb. The level of Jag transcripts was represented by
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Fragments Per Kilobase of exon model per Million mapped fragment (FPKM). BMP, bone
morphogenetic protein; ER, endoplasmic reticulum; ERK, extracellular signal-regulated
kinase; OE, overexpress; STAT, signal transducer and activator of transcription.
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Figure 8 |. HOXAS5 suppresses JAG1-NOTCH signaling by inhibiting JAG1 expression in mice.
(a) Immunohistochemical staining showing more JAG1 staining in Hoxa5?/K0 mouse

kidney tubules than in Hoxa5P/Ct! after unilateral ureter obstruction (UUO). Bar = 20

um. (b) Reverse transcription-quantitative polymerase chain reaction analysis detected a
higher JagZ mRNA level in Hoxa5"'®KO mouse kidneys than in Hoxa5”'c" kidneys after
UUO (n = 4-6 mice per group). (c) Immunohistochemical staining showing less JAG1
staining in Hoxa5”"“K! mouse kidney tubules than in Hoxa5”"WT after UUO. Bar = 20

um. (d) RT-qPCR analysis showing a lower level of JagZ mRNA in Hoxa5?"“K! mouse
kidneys than in Hoxa5”™WT7 kidneys (n = 5 mice per group). (e) Primary kidney tubular cells
isolated from Hoxa5-loxp homozygous mice were infected with adenovirus carrying the
Cre expressing sequence (Ad-Cre-GFP) or the control virus (Ad-GFP). (f) Primary kidney
tubular cells isolated from Hoxa5-knockin homozygous mice were infected with adenovirus
carrying the Cre expressing sequence (Ad-Cre-GFP) or the control virus (Ad-GFP). (g)

Kidney Int. Author manuscript; available in PMC 2026 February 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xiao et al.

Page 28

Transforming growth factor-g (TGF-p) treatment for 72 hours induced more JagZ mRNA

in Hoxa5%© tubular cells than in wild type (WT) cells. (h) JagZ mRNA induction by 72
hours of TGF-B treatment was suppressed in Hoxa5<” tubular cells in comparison to WT
cells. (i) Representative immunoblots showing higher induction of JAG1, cleaved NOTCH1,
cleaved NOTCH2, and cleaved NOTCH3 by TGF-B in Hoxa5%© primary tubular cells and
in WT cells. (j) Immunoblots showing lower induction of JAG1, cleaved NOTCH1, cleaved
NOTCH?2, and cleaved NOTCH3 by TGF-B in Hoxa5</ primary tubular cells than in WT
tubular cells. Panels (g) and (h) were analyzed using 1-way analysis of variance, *P < 0.05,
**p<0.01, and ****P < 0.0001. To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.
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Figure 9 |. HOXAS5 represses Jagl transcription by directly binding to its promoter.
(a) Locations and sequences of the 3 predicted Hoxa5-binding motifs in the promoter region

of Jagl. (b) Chromatin immunoprecipitation assay showing the binding of HOXAS5 to 2
predicted binding motifs in the promoter region of Jagl. BUMPT cells were transfected

with pcDNA-3.1-myc-his-Hoxa5 plasmid or empty vector. Anti-myc antibody was used

to pull down myc-his-HOXAS and associated DNAs for PCR amplification using specific
primer pairs, which showed the binding of HOXA5 to motifs 1 and 2, but not motif 3,

of the JagI promoter. (c) HEK293 cells were co-transfected with the luciferase reporter

gene containing JAGI promoter sequences, pGL3 control plasmid, and pcDNA-3.1-myc-
his-HOXA5 plasmid or empty vector. Luciferase activity was measured at 48 hours after
transfection to show the inhibitory effect of HOXAS on JAGI promoter activity (n = 3). Data
were analyzed with a 2-tailed Student’s #test. *~< 0.05. PCR, polymerase chain reaction.
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Figure 10 |. HOXAGS is inversely correlated with renal fibrosis, JAG1, and DNA methylation in
renal biopsies of human patients with chronic kidney disease (CKD).

(a) Masson’s trichrome staining of renal biopsies from patients with CKD (CKD group)
(n = 10) and normal paracarcinoma tissues of patients with renal cancer (control group)

(n = 8). The lower panels are higher magnification images of the boxed areas in the

upper panels. Bar = 10 um. (b) Quantification of collagen deposition (Masson’s trichrome
staining positive) in normal paracarcinoma kidney tissues (control, n = 8) and the CKD
group of human biopsies (CKD, n = 10). (¢) Immunohistochemical staining of HOXA5
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in CKD biopsies and paracarcinoma kidney tissues (control). The lower panels are

higher magnification images of the boxed areas in the upper panels. Bar = 10 um. (d)
Quantification of HOXADS staining in control and CKD kidney tissues (control group: n =

8, CKD group: n = 10). (e) Correlation of HOXADS staining with collagen deposition in
human renal tissues (n = 18). (f) Immunohistochemical staining of JAG1 in control and
CKD kidney tissues. Bar = 10 pm. (g) Correlation of HOXAS5 staining with JAG1 staining

in human renal tissues (n = 18). (h) Immunohistochemical staining of 5mC in control and
CKD Kidney tissues. Bar = 10 pm. (i) Quantification of 5mC staining in control and CKD
biopsies (control group: n = 8, CKD group: n = 10). (j) Correlation of HOXADS staining and
5mC staining in human renal tissues (n = 18). (k) Representative image for co-staining of
5’-methylcytosine (5mC; red) and HOXAGS (green) or JAG1 (green) by immunofluorescence
staining in control and CKD kidney tissues. Bar = 200 um for original scanned image
(cropped) and 50 um for enlarged images. (I) Quantification of HOXA5-co-stained 5mC and
JAG1-co-stained 5mC (control group: n = 8, CKD group: n = 10). (m) Proposed mechanism
of HOXADS in renal fibrosis. Panels (b,d,i,l) were analyzed with a 2-tailed Student’s #test.
*P<0.05. Panels (e), (g), and (j) were analyzed with linear regression (P values for each
were less than 0.001). To optimize viewing of this image, please see the online version of
this article at www.kidney-international.org.
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