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25 Abstract available under aCC-BY 4.0 International license.

26  Excessive fibrogenesis serves to disrupt the anatomical and functional integrity of the kidneys
27  contributing to renal failure. Renal fibroblast is the major precursor to myofibroblast, the
28  effector cell type of renal fibrosis. How fibroblast-myofibroblast transition (FMyT) is
29  regulated in the kidneys remains incompletely understood. In the present study we
30 investigated the role of Brahma related gene 1 (Brgl), a chromatin remodeling protein, in
31  renal fibrosis focusing on mechanistic insights and translational potential. We report that Brgl
32 was up-regulated during FMyT both in vitro and in vivo. Brgl deletion in fibroblasts partially
33 blocked TGF-p induced FMyT in vitro and attenuated renal fibrosis in three different animal
34 models. Importantly, conditional Brgl knockout in Postn” mature myofibroblasts mitigated
35  renal fibrosis induced by unilateral ureteral obstruction (UUQO) or ischemia-reperfusion (IR)
36  in mice. Transcriptomic analysis uncovered Prune2 as a potential target for Brgl. Brgl
37  interacted with E2F1 to activate Prune2 transcription during FMyT. Concordantly, Prune2
38  knockdown suppressed TGF- induced FMyT in vitro and dampened renal fibrosis in mice.
39 Mechanistically, Prune2 likely contributed to FMyT by augmenting phosphorylation and
40  activity of the pro-fibrogenic transcription factor PU.1. Finally, small-molecule Brgl inhibitor
41  PFI-3 exhibited strong antifibrotic potency in established models of renal fibrosis. In
42 conclusion, our data provide compelling evidence that BRGI is a pivotal regulator of as well
43 as a promising therapeutic target for renal fibrosis.
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49 Introduction available under aCC-BY 4.0 International license.

50 Chronic kidney disease (CKD) is defined as the progressive loss of renal functions due to
51 a host of etiological factors including glomerular nephropathy, diabetic nephropathy, and
52 hypertension. Owing to the global pandemic of metabolic diseases and population aging,
53 newly diagnosed cases of CKD have been steadily increasing in the past decade affecting
54  more than 700 million people worldwide(1). Without effective intervention, CKD patients
55  will eventually develop end-stage renal disease (ESRD) necessitating life-long dialysis and/or
56  kidney transplantation(2). In the US, mortality rates in individuals 66 years or older with
57 CKD are twice as high as those without creating significant socioeconomic burdens(3).
58  Regardless of etiology, renal fibrosis, defined as extensive deposition of extracellular matrix
59  proteins in the glomerulus and interstitial space, is a common pathophysiological process in
60  CKD. Renal fibrosis leads to rigidification of renal tissues, disruption of normal renal
61  architecture, and interference with key renal functions. Renal dampens prognosis in patients
62  with ESRD and is considered an endpoint against which novel pharmacotherapies are devised
63 and evaluated(4).

64

65 Mpyofibroblast, believed to be the effector of fibrogenesis in all organs including the
66  kidneys, is a specialized cell type possessing both the ability to produce ECM proteins like a
67  fibroblast cell and the ability to contract like a muscle cell(5). Myofibroblasts are absent from
68  the kidneys under physiological conditions, only emerge during kidney injuries, and recede
69  during the resolution of renal fibrosis(6). The origin from which myofibroblasts arise in vivo
70  has been a topic of great intrigue and controversy. It was once thought that tubular epithelial
71  cells, through a process known as epithelial-mesenchymal transition (EMT), and vascular
72 endothelial cells, through a similar process known as endothelial-mesenchymal transition
73 (EndMT), could trans-differentiate into myofibroblasts and thus contribute to renal fibrosis(7,
74  8). The development of genetic lineage tracing techniques has allowed fine mapping of the
75  source(s) from which myofibroblasts are derived. Using a set of sophisticatedly engineered
76  mouse strains, each of which carries a lineage-specific reporter, LeBleu et al have
77  demonstrated that resident fibroblasts account for a majority of ECM-producing
78 myofibroblasts (>50%) in the fibrotic kidneys(9). On the contrary, the contribution of either
79  epithelial cells or endothelial cells to the pool of myofibroblasts appears to be negligible.
80  More recently, with the help of a combination of genetic tracing and single-cell transcriptomic
81  tools, Kuppe et al have shown that PDGFRa"/PDGFRb* mesenchymal cells including all
82  fibroblasts represent the major myofibroblast population in human kidney fibrosis(10). In
83  vitro cultured fibroblasts can be programmed to differentiate into myofibroblasts by a host of
84 stimuli including TGF-f, PDGF, Ang II, and high glucose(11).

85

86 A profound transcriptomic change is recorded during FMyT(12). In mammalian cells,
87  transcription is acutely influenced by the epigenetic machinery, which encompasses
88  DNA/histone modifying enzymes, non-coding RNAs, and chromatin remodeling proteins(13).
89  Brahma related gene 1 (Brgl) is the core component of the SWI/SNF chromatin remodeling
90  complex providing enzymatic activity for mobilization of nucleasomes(14). It has long been
91  documented that BRG1 plays an essential role in TGF-3 dependent transcription functioning
92  as a co-factor for SMADs(15). Transcriptional events mediated by TGF-f3 signaling through
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93  SMAD family tramscriptig\rllaila TS T SR TR LT é?%t(i‘fmaénceﬂg?adigm in programming
94  fibroblast-myfibroblast transition. A previous study by Gong et al claimed, based on
95  immunohistochemical staining of renal tissues, that Brgl was predominantly expressed in
96  tubular epithelial cells(16). However, recent single-cell transcriptomic studies performed in
97  humans and in mice indicate that Brgl is expressed at equivalent levels in different renal cell
98  linages(17, 18). Fibroblasts represent the predominant source of ECM-producing
99  myofibroblasts during renal fibrosis, in which cellular compartment the role of Brgl remains
100  unclear. Therefore, we hypothesized that Brgl might be involved in FMyT and renal fibrosis.
101  Our data demonstrate that Brgl plays an essential role in renal fibrosis by promoting
102  fibroblast-myofibroblast transition. Prune2 is a likely downstream target of Brgl, which
103 contributes to FMyT and renal fibrosis by activating PU.1. Finally, pharmaceutical inhibition
104 of Brgl with a small-molecule compound PFI-3 achieves potent antifibrotic effects in mice.
105
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106 Methods available under aCC-BY 4.0 International license.

107  Animals

108 All animal experiments were reviewed and approved by the Ethics Committee on
109  Humane Treatment of Laboratory Animals of Nanjing Medical University and were
110 performed in accordance with the ethical standards laid down in the 1964 Declaration of
111 Helsinki and its later amendments. Smarca4” mice(19), Coll a2-Cre™™ mice(20), and
112 Postn-Cre™ ™ mice(21) have been described previously. Renal fibrosis was induced by one of
113 the following methods as previously described. Briefly, for the UUO procedure (22), 8-10wk
114  male mice (25-27g) were anesthetized with isoflurane and an incision was created on the left
115  flank beneath the ribcage to expose the left ureter. Double ligature of the ureter was
116 performed with 5-0 Mersilk; for the sham procedure, the ureter was located and placed back
117  without ligation. The wound was then closed using a subcuticular suture and the mice were
118  allowed to recover on a heating pad before being returned to the cage. The mice were
119 sacrificed 2wk after the surgery. For the ischemia-reperfusion procedure (23), 8-10wk male
120 mice (25-27g) were anesthetized and a midline laparotomy incision was created with a scalpel.
121  Ischemia was induced by applying a micro serrafine clip onto the left renal artery and vein for
122 30min. The clamp was removed and the skin was closed with silk suture. The mice were
123 allowed to recover on a heating pad before being transferred back to the cage. For both the
124 UUO procedure and the IR procedure, iodine/alcohol solution was applied to the surgical area
125  to minimize infection.

ERT2

126 To induce Cre expression in the Colla2-Cre mice, tamoxifen (Cat#: T2859, Sigma)

127  was injected peritoneally (50mg/kg) for 7 consecutive days followed by a washing phase of 7

128  days. To induce Cre expression in the Postn-Cre™ "

mice, tamoxifen was injected
129 peritoneally (50mg/kg) for 5 consecutive days followed by maintaining the mice on a
130 TAX-containing diet (Cat#: TD.130855, Inotiv) until the day when the mice were sacrificed.

131 In certain experiments, the mice were injected peritoneally PFI-3 (Cat#: S7315, Selleck) at a
132 dose of 50mg/kg. In certain experiments, recombinant adeno-associated virus AAV-Anc80 (24,
133 25) carrying Prune2 shRNA (GUGGGAUAGUCAUAUAAGUTT) downstream of the Postn
134  promoter(26). The AAV was injected into C57/B6 mice intravenously (i.v.) at a dose of 1X

135 10" vg.

136

137 Cell culture, plasmids, and transient transfection

138 Primary murine renal fibroblasts were isolated and cultured as previously described(27).
139 Primary renal tubular epithelial cells and podocytes were isolated as previously described(28,
140  29). Prune2 promoter-luciferase construct was generated by amplifying genomic DNA
141  spanning the proximal promoter and the first exon of Prune2 gene (-1500/+50) and ligating
142 into a pGL3-basic vector (Cat#: E1751, Promega). Truncation mutants were made using a
143 QuikChange kit (Cat#: 200518, Thermo Fisher Scientific) and verified by direct sequencing.

144  Small interfering RNAs were purchased from Dharmacon (Cat#: LQ-016593-02-0010).
145  Transient transfections were performed with Lipofectamine 2000 (Cat#: 11668019, Thermo
146 Fisher Scientific). Luciferase activities were assayed 24-48 hours after transfection using a
147  luciferase reporter assay system (Cat#: E1500, Promega) as previously described(30).

148

149  RNA Isolation and Real-time PCR
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150 RNA was extracted wft‘ﬁ”%ﬂg uﬁ(ﬁre%%%%{ﬁ&"‘f&rﬂ%?gﬁl gse SfCat#: 74104, Qiagen) as
151  previously described(31, 32). Reverse transcriptase reactions were performed using a
152 SuperScript First-strand Synthesis System (Cat#: 18080093, Invitrogen). Real-time PCR
153  reactions were performed on an ABI Prism 7500 system. The primers are list in the
154  supplementary Table I. Ct values of target genes were normalized to the Ct values of
155  house-keeping  control  gene  (18s, 5’-CGCGGTTCTATTTTGTTGGT-3°  and
156  5’-TCGTCTTCGAAACTCCGACT-3’ for both human and mouse genes) using the AACt
157  method and expressed as relative mRNA expression levels compared to the control group
158  which is arbitrarily set as 1.

159

160  Protein extraction and Western blot

161 Whole cell lysates were obtained by re-suspending cell pellets in RIPA buffer (50 mM
162 Tris pH7.4, 150 mM NaCl, 1% Triton X-100) with freshly added protease and phosphatase
163 inhibitors (Cat#: 4693132001, Roche) as previously described(33). Antibodies used for
164  Western blotting are listed in the supplementary Table II. For densitometrical quantification,
165  densities of target proteins were normalized to those of -actin. Data are expressed as relative
166  protein levels compared to the control group which is arbitrarily set as 1.

167

168 Chromatin Immunoprecipitation (ChIP)

169 Chromatin immunoprecipitation (ChIP) assays were performed essentially as described
170  before(34, 35). Aliquots of lysates containing 100 pg of protein were used for each
171  immunoprecipitation reaction with indicated antibodies followed by adsorption to protein A/G
172 PLUS-agarose beads (Cat#: sc-2003, Santa Cruz Biotechnology). DNA-protein cross-link was
173 reversed by heating the samples to 65 °C overnight. Proteins were digested with proteinase K
174  (Cat#: P2308, Sigma), and DNA was phenol/chloroform-extracted and precipitated by 100%
175  ethanol. Precipitated genomic DNA was amplified by real-time PCR. A total of 10% of the

176 starting material is also included as the input.

177
178  Histology
179 Histological analyses were performed essentially as described before(36). Picrosirius

180  Red staining was performed with a commercially available kit (Cat#: ab150681, Abcam) per
181  vendor recommendation. Paraffin sections were de-waxed and hydrated before being
182  immersed in the Picrosirius Red solution for 60 minutes under room temperature. After two
183 washes with acidified water, the slides were rinsed with 100% ethanol. The slides were
184  further dehydrated twice with 100% ethanol before being cleared and mounted for
185  visualization. Masson’s trichrome staining was performed with a commercially available kit
186  (Cat#: HT15-1KT, Sigma) per vendor recommendation. Briefly, paraffin sections were
187  de-waxed and hydrated before being mordanted in Bouin’s Solution at 56°C for 15 minutes.
188  The slides were washed with running tap water to remove yellow color and then stained with
189  Weigert’s Iron Hematoxylin Solution for 5 minutes. After several washes and rinses, the slides
190 were stained with sequentially with Biebrich Scarlet-Acid Fucshin Solution,
191  Phosphotungstic/Phosphomolybdic Acid Solution, and Aniline Blue Solution. After several
192 more washes and rinses, the slides were dehydrated 100% ethanol before being cleared and

193  mounted for visualization. Pictures were taken using an Olympus IX-70 microscope.
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194  Quantifications were perforime Wwith fmage U &1 G mouse, at least three slides were

195  stained and at least five different fields were analyzed for each slide.

196

197  EAU incorporation assay

198 Cell proliferation was evaluated by 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay
199  as previously described(37). Briefly, cells were seeded in triplicates in 48-well plates. EAU
200  solution (Cat#: C10086, Thermo Fisher) was added to and incubated with the cells for 18h.
201  After nuclear staining with DAPI for 30 min at room temperature, the fluorescence at 594 nm
202 was detected with an Olympus IX-70 microscope. EAU positive cells from at least 5 randomly
203  chosen fields were counted for each triplicate well. Data are expressed as relative EdU
204  staining normalized to the control group arbitrarily set as 1.

205

206  Boyden chamber trans-well assay

207 The cells were trypsinized and seeded into Boyden chambers (PET track-etched, 8-pm
208 pores, 24-well format; Cat#: 353097, Becton Dickinson) in serum-free DMEM medium.
209  Complete culture medium containing 10% FBS was added to the lower chamber. The cells
210 migrating from the upper chamber were fixed with 4% paraformaldehyde, stained with 0.1%
211  crystal violet, and counted under a microscope. Cell numbers from 5 random fields were
212 counted in each well. Data are expressed as relative number of migrated cells normalized to
213 the control group arbitrarily set as 1.

214

215 Collagen contraction assay

216 The cells were trypsinized, mixed with 4x the volume of Collagen Gel Working Solution
217  (Cat#: 354236, Corning) and incubated for 1 hr at 37°C. 4. After collagen polymerization, 1.0 mL
218  of culture medium was added atop. The collagen gel size change was measured 24h later and
219  quantified with Image Pro Plus. Data are expressed as relative contraction normalized to the

220  control group arbitrarily set as 1.

221
222 RNA Sequencing and Data Analysis
223 RNA-seq was performed as previously described(38). Total RNA was extracted using the

224 TRIzol reagent according to the manufacturer’s protocol. RNA purity and quantification were
225  evaluated using the NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA
226  integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
227  CA, USA). Then the libraries were constructed using TruSeq Stranded mRNA LT Sample
228  Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions and
229  sequenced on an Illumina HiSeq X Ten platform and 150 bp paired-end reads were generated.
230  Raw data (raw reads) of fastq format were firstly processed using Trimmomatic and the low
231  quality reads were removed to obtain the clean reads. The clean reads were mapped to the
232 mouse genome (Mus_musculus. GRCm38.99) using HISAT2. FPKM of each gene was
233 calculated using Cufflinks, and the read counts of each gene were obtained by HTSeqcount.
234 Differential expression analysis was performed using the DESeq (2012) R package. P value <
235  0.05 and fold change > 1.5 or fold change < 0.66 was set as the threshold for significantly
236  differential expression. Hierarchical cluster analysis of differentially expressed genes (DEGs)

237  was performed to demonstrate the expression pattern of genes in different groups and samples.
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238 GO enrichment and KEGﬁa”f)%.lﬁl%%? AKtichtient e }?ls{is?engf " DEGs were performed
239  respectively using R based on the hypergeometric distribution.

240

241 Statistical analysis

242 For comparison between two groups, two-tailed t-test was performed. For comparison
243 among three or more groups, one-way ANOVA or two-way ANOVA with post-hoc Turkey
244  analyses were performed using an SPSS package. The assumptions of normality were
245  checked using Shapiro-Wilks test and equal variance was checked using Levene's test; both
246  were satisfied. p values smaller than .05 were considered statistically significant (*). All in
247  vitro experiments were repeated at least three times and three replicates were estimated to
248  provide 80% power.

249

250
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251 Results available under aCC-BY 4.0 International license.

252 Brgl regulates fibroblast-myofibroblast transition in vitro

253 When primary renal fibroblasts were exposed to TGF-f, a potent inducer of FMyT,
254 robust induction of a-SMA (encoded by Acta?2), a prototypical myofibroblast marker, was
255  detected by qPCR (Fig.1A) and Western blotting (Fig.1B), indicative of FMyT taking place.
256  Of interest, there was a concomitant increase in Brgl expression at both mRNA (Fig.1A) and
257  protein (Fig.1B) levels. Importantly, when primary renal fibroblasts were isolated from the
258  mice in which renal fibrosis was developing as a result of either the unilateral ureteral
259  obstruction (UUO) procedure or the ischemia-reperfusion (IR) procedure, expression of levels
260  of Brgl and a-SMA followed almost identical kinetics (Fig.S1).

261 Next, primary renal fibroblasts were isolated from the Brgl-flox mice and Brgl deletion
262  was achieved by the addition of Cre enzyme: Brgl deletion markedly dampened TGF-f3
263  induced FMyT as evidenced by expression levels of myofibroblast marker genes (Fig.1C, 1D)
264  and the abilities to proliferate (Fig.1E), migrate (Fig.1F), and contract (Fig.1G). On the
265  contrary, over-expression of Brgl strongly enhanced FMyT (Fig.S2). Taken together, these
266  data suggest that Brgl might play an essential role in FMyT in vitro.

267

268  Fibroblast-specific Brgl ablation attenuates renal fibrosis in mice

269 To delete Brgl in resident fibroblasts, Brgl” mice were crossed to the Colla2-Cre®™™
270  mice. The BrglFCKO mice (Brgl i, Col]aZ—CreERTz) and WT mice (Brg]f/f) were injected with
271  tamoxifen to allow Cre-mediated homologous recombination (Fig.2A). Brgl expression was
272 significantly down-regulated in the fibroblast fraction, but not the non-fibroblast fraction, in
273 the Brg1"™™*° mice compared to the WT mice (Fig.S3). These mice were then subjected to the
274 UUO procedure to induce renal fibrosis. Brgl deficiency in fibroblasts did not alter renal
275  filtration function because no difference in plasma BUN levels (Fig.2B) and creatinine levels
276  (Fig.2C). However, picrosirius red staining and Masson’s staining showed a decrease in
277  extracellular matrix proteins in the kidneys of the Brgl™*° mice compared to the WT mice
278 (Fig.2D). QPCR (Fig.2E) and Western blotting (Fig.2F) confirmed that Brgl deletion in
279  fibroblasts diminished pro-fibrogenic/myofibroblast marker genes. In addition,
280  hydroxyproline quantification pointed to a decrease in collagenous tissue deposition (Fig.2G).
281  The conclusion that fibroblast-specific Brgl contributes to renal fibrosis was further validated
282  in an alternative model of renal fibrosis induced by kidney ischemia-reperfusion (Fig.S4).

283

284  Myofibroblast-specific Brgl ablation attenuates renal fibrosis in mice

285 Because the ability of Brgl to regulate renal fibrosis might not entirely reside in
286  fibroblasts, the next set of experiments was performed to determine whether Brgl deficiency
287  in mature myofibroblast would similarly attenaute renal fibrosis. To this end, Brg/™ mice
288  were crossed to the Posm-Cre®™ "™ mice to generate myofibroblast conditional Brgl knockout
289  mice (Brgl™M*°, Fig.3A). Following the UUO surgery, neither plasma BUN levels (Fig.3B)
290  nor plasma creatinine levels (Fig.3C) were significantly altered by Brgl deletion in
291  myofibroblasts. However, there were clearly fewer extracellular matrix proteins accumulated
292 in the kidneys of the Brg1“*° mice than in the WT mice as evidenced by picrosirius red
293  staining and Masson’s staining (Fig.3D). Measurements of pro-fibrogenic/myofibroblast
294  markers by gPCR (Fig.3E) and Western blotting (Fig.3F) and quantification of
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295  hydroxyproline levels (Fig.f(vﬁ” provided additiona suppoﬁ1 ot 'the notion that Brgl might
296  contribute to renal fibrosis by maintaining the myofibroblast phenotype. Additionally, this
297  notion was further authenticated in the kidney ischemia-reperfusion model (Fig.S5).

298

299  Brgl regulates fibroblast transcriptome during FMyT

300 In order to identify transcription target(s) for Brgl during FMyT, RNA-seq was
301  performed to compare the transcriptome of wild type (Ad-GFP) and Brgl-null (Ad-Cre) renal
302  fibroblasts (Fig.4A). Brgl deficiency resulted in far more genes being down-regulated (909)
303  than being up-regulated (123) using 1.5x fold change as a cut-off consistent with the notion
304  that Brgl primarily acts as an activator of transcription (Fig.4B). GO and KEGG analyses
305 indicated that most genes affected by Brgl deficiency were involved in the regulation of cell
306  proliferation, migration, contraction, and ECM production (Fig.4C). Prune2 (also known as
307 Bmccl) was among the top 5 genes most significantly down-regulated by Brgl deletion
308  (Fig.4D). Because Prune2 has previously been detected as one of top up-regulated genes by
309  both TGF-$ and CTGF in renal fibroblasts(39), we focused on Prune2 for the remainder of
310  the study.

311 Prune2 expression was up-regulated during FMyT ir vivo in two different models of
312 renal fibrosis (Fig.S6A, S6B). Prune2 expression was also inducible with TGF-§ treatment
313 (Fig.S6C). Brgl deletion dampened (Fig.4E, 4F) whereas Brgl over-expression enhanced
314  (Fig.S7) Prune2 induction by TGF-B. Further, Prune2 levels were found to be lower in the
315  kidneys of the Brg1™“*© mice than in the WT mice (Fig.S8). A series of E2F1 sites were
316  identified within the Prune2 promoter region (Fig.4G). Reporter assay showed that TGF-3
317  treatment augmented the activity of the Prune2 promoter, which was further enhanced by
318  Brgl over-expression. However, when progressive deletions went beyond -150bp relative to
319  the transcription start site (TSS), the Prune2 promoter failed to respond to either TGF-f3
320  treatment or Brgl over-expression (Fig.4G) suggesting that E2F1 motif located between -500
321  and -150 might be responsible for recruiting Brgl to mediate Prune2 induction in response to
322 TGF-B. E2F1 knockdown indeed abrogated Prune2 induction by TGF-§ (Fig.4H, 41). ChIP
323  assay confirmed that both Brgl and E2F1 were recruited to the Prune2 promoter and that
324 E2FI1 knockdown dampened the occupancies of both E2F1 and Brg1 (Fig.4J).

325

326  Prune?2 is essential for fibroblast-myofibroblast transition in vitro and renal fibrosis in vivo
327 In order to determine the role of Prune2 might play in FMyT and renal fibrosis, the
328  following experiments were performed. Prune2 knockdown by two different pairs of siRNAs
329  down-regulated the expression of myofibroblast marker genes (Fig.5A), decreased
330  proliferation (Fig.5B), diminished migration (Fig.5C), and attenuated contraction (Fig.5D) of
331  renal fibroblasts exposed to TGF-f. It was observed that Prune2 silencing did not appear to
332 influence TGF-f signaling as measured by SMAD3 phosphorylation (Fig.S9). Next, shRNA
333 targeting Prune2 (shPrune2) was placed downstream of the Postn promoter and packaged into
334 AAV-Anc80. C57/B6 mice were injected with AAV carrying shPrune2 or a control vector
335 (shC) followed by the UUO procedure to induce renal fibrosis (Fig.5E). QPCR measurements
336  confirmed that Prune2 expression was specifically down-regulated in the fibroblasts, but not
337  in tubular epithelial cells or podocytes, by AAV-shPrune2 in the kidneys (Fig.S10).
338  Myofibroblast-specific Prune2 knockdown in mice did not appreciably alter renal filtration
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339  function as evidenced by compara%fg RSB f)falsr}trﬁlénﬁwnfﬁlg.SF) and plasma creatinine
340  (Fig.5G). However, renal fibrosis was markedly ameliorated in the shPrune2 mice compared
341 to the shC mice as evidenced by histological staining (Fig.5H), by gPCR (Fig.51)
342 measurements of myofibroblast marker genes, and by hydroxyproline quantification (Fig.5J).
343  Likewise, Prune2 deletion in the myofibroblasts mollified renal fibrosis in an alternative
344  model induced by ischemia-reperfusion (Fig.S11).

345
346  Prune2 regulates FMyT through activating PU.1
347 RNA-seq was performed to gain a genomewide perspective on the mechanism whereby

348  Prune2 might contribute to FMyT. Prune2 knockdown significantly altered the transcriptome
349  of renal fibroblasts (Fig.6A). In all, 602 genes met the threshold (1.5x fold change and
350  p<0.05), of which 443 were down-regulated and 159 were up-regulated (Fig.6B). GO analysis
351  indicated that Prune2 influenced the expression of genes that might regulate cell proliferation,
352  migration and ECM production (Fig.6C). Among the top ranked genes altered by Prune2
353  knockdown there were prototypical myofibroblast marker genes (e.g., Acta2, Postn, and
354 Col8al), ECM remodeling enzymes (e.g., Mmp9, Mmp12, Mmpl3, and Ctss), redox enzymes
355 (e.g., Ncfl, Ngol, and Gsta3), and some of the well-established antifibrotic transcription
356  factors (e.g., Irf9, Statl, and Star2) (Fig.6D). Of interest, HOMER analysis revealed that
357  Prune2 deficiency most significantly dampened the activity of PU.1 (Fig.6E), a transcription
358  factor recently identified as the master regulator of tissue fibrosis(40).

359 PU.1 (encoded by Spil) expression levels were up-regulated by TGF-3 treatment but
360  remain unaffected by Prune2 knockdown (Fig.6F). However, PU.1 phosphorylation was
361  sensitive to both TGF-f treatment and Prune2 knockdown (Fig.6G). Consistently, PU.1
362  binding to the Acta2 promoter and the Collal promoter was dampened by Prune2 knockdown
363  (Fig.6H). Phosphorylation of PU.1 by casein kinase 2 (CK2) at serine 148 has been shown to
364  be required for its transcriptional activity(41-43). In order to further validate the model in
365  which Prune2 might contribute to FMyT by modulating PU.1 phosphorylation, renal
366  fibroblasts depleted of Prune2 were reconstituted with a mutant PU.1 in which S148 was
367 replaced by an aspartic acid (D). As shown in Fig.6I and 6J, reconstitution of the PU.1
368  phospho-mimetic rescued the deficiency of FMyT caused by Prune2 knockdown.

369

370  Pharmaceutical inhibition of Brgl attenuates renal fibrosis in mice

371 We finally explored the translational potential of our finding by testing the efficacy of a
372 small-molecule Brgl inhibitor PFI-3 in established models of renal fibrosis (Fig.7A).
373  Administration of PFI-3 following the UUO procedure significantly improved renal function
374  as evidenced by reduced levels of plasma BUN (Fig.7B) and plasma creatinine (Fig.7C). In
375  addition, fibrogenesis in the kidneys was significantly suppressed by PFI-3 as measured by
376  picrosirius red/Masson’s staining of ECM proteins (Fig.7D), by expression levels of
377  myofibroblast marker genes (Fig.7E, 7F), and by quantification of collagenous tissues
378  (Fig.7G). The efficacy of PFI-3 as a potential antifibrotic reagent was further authenticated in
379  an additional model of renal fibrosis (Fig.S12). Consistently, PFI-3 treatment antagonized
380  TGF-B induced FMyT in cultured renal fibroblasts (Fig.S13). RNA-seq analysis confirmed
381  that Brgl inhibition by PFI-3 led to changes in genes involved in FMyT (Fig.S14).
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383  Discussion

384 Renal fibroblasts represent the major cell lineage from which myofibroblasts in the
385  fibrotic kidneys are derived through a process known as fibroblast-myofibroblast transition
386  (FMyT). Here we detail a novel pathway in which the chromatin remodeling protein Brgl
387  regulates renal fibrosis by promoting FMyT. Brgl has a relatively well-documented role in
388  the regulation of contractile proteins in smooth muscle cells. For instance, Zhou et al have
389  previously reported that forced expression of myocardin/myocardin-related transcription
390  factors, master regulators of the contractile phenotype, in non-muscle cells leads to marked
391 up-regulation of contractile proteins (e.g., a-SMA), to which process Brgl serves as the
392 rate-limiting factor(44). On the other hand, no study has systemically examined the role of
393 Brgl in renal fibroblasts up to this point although Brgl has shown to interact with multiple
394  transcription factors/co-factors involved in ECM production including SMAD(15), SRF(45),
395 B-catenin/TCF4(46), and TEAD(47). We show here that deletion of Brgl in either fibroblasts
396  or myofibroblasts attenuates renal fibrosis in mice without significantly altering renal function.
397  This is conspicuously different from previous reports showing that endothelial-specfic Brgl
398  deletion assuages both renal fibrosis and renal injury(22, 48). Because the contribution of
399  endothelial cell lineage to the pool of myofibroblasts is considered marginal, these
400  observations collectively suggest that myofibroblasts, at least those originiating from
401  fibroblasts, play a dedicated role in producting ECM. Another implicit message taken from
402  these observations is that Brgl may play lineage-seletive and distinguishable roles in the
403  pathogenesis of renal diseases. Since postnatal Brgl deletion in mice appears to be compatible
404  with normal life activities, it is safe to assume that indiscriminate Brgl inhibition would
405  engender multiple desirable effects.

406

407 Our data demonstrate that Prune2, a downstream target of Brgl, promotes FMyT and
408  renal fibrosis. This observation is consistent with a previous report by Johnson et al that
409  shows a positive correlation between Prune2 expression and treatment with pro-fibrogenic
410  growther factors(39). Our data suggest that Prune2 likely regulates FMyT by enabling
411  CK2-mediated PU.1 phosphorylation and activation. Multiple independent investigations
412 have built a compelling case for the involvement of CK2 in cellular fibrogenic response. For
413 instance, Zhang et al(49) and You et al(50) have reported that CK2 deletion or inhibition
414 blunted TGF-B induced FMyT in vitro. In addition, CK2 knockdown in db/db mice appears to
415  ameliorate renal fibrosis(51); whether this is achieved through dampening FMyT is not clear.
416  The exact mechanism whereby Prune2 activates PU.1 remains murky at this point. Prune2
417  contains a BNIP2 and Cdc42GAP homology (BCH) domain that can mediate its interaction
418 with guanine nucleotide exchange factors (GEFs) to modulate Rho activity(52) and Akt
419  activity(53). Rho(54) and Akt(55) can potentially regulate CK2 activity thus providing a link
420  between Prune2 and PU.1. Alternatively, there is also evidence to suggest that Rho(56) and
421  Akt(57) may directly stimulate PU.1 activity. PU.1 inhibitor is available and has been tested
422 in different models of tissue fibrosis(40, 58). It would be of interest to determine whether
423 PU.I inhibition could alter renal fibrosis in vivo. Clearly, more studies are needed to solve
424 these lingering issues.

425

426 We focus on Prune2 as the major Brgl target that mediates its pro-fibrogenic effects.
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427  There are other Brgl targetasvﬁli?atf{e('fggg%sgcfg\(b%ocl gzsrg%}orée)\ég%%ﬁgd for their roles in renal

428  fibrosis in future studies. For instance, ADAMS expression has been shown to respond to
429  pro-fibrogenic stimuli in lung fibroblasts(59), cardiac fibroblasts(60), and dermal
430  fibroblasts(61). Consistently, genetic deletion or pharmaceutical inhibition of ADAMS
431 attenuates fibrosis in the lungs(62) and in the skull(63). Kitl (also known as stem cell
432 factor/SCF) is another interesting candidate that likely contributes to Brgl-dependent FMyT.
433 There is evidence to show that Kitl, along with its cognate receptor Kit, promotes FMyT in a
434  paracrine fashion by triggering the differentiation of neighboring fibroblasts; accordingly, Kitl
435  neutralization attenuates bleomyocin-induced pulmonary fibrosis in mice(64). Of intrigue,
436  circulating Kitl levels have been identified to be positively correlated with renal intestitial
437  fibrosis but negatively correlated with renal fibrosis in healthy aging adults(65) and in
438  patients with glomerulonephritis(66). Additional investigations are warranted to establish a
439  causal relationship between these molecules and renal fibrosis.

440

441 The most important finding of the present study is that pharmaceutical inhibition of Brgl
442 by PFI-3 is associated with mollification of renal fibrosis as well as improvement of renal
443  function. This observation again argues for lineage-specific roles of Brgl in regulating renal
444 pathophysiology (e.g., fibroblast/myofibroblast vs endothelial or macrophage). PFI-3 was
445  designed to specifically target proteins with type VIII bromodomain, which include both Brgl
446  and Brm(67). Brm-null mice are viable and larger in size compared to wild type littermates
447  owing to increased cell proliferation(68); little is known regarding the role of Brm in FMyT
448  or tissue fibrosis. Contractile genes, which constitute part of the myofibroblast signature,
449  seem to show varied dependence on Brgl and Brm(69). More work is needed to delineate the
450  redundancy of Brgl and Brm in this process. To date, JQ1, the specific inhibitor targeting
451  type V bromodomain protein BRD4, is among the most potent antifibrotic reagents in organ
452 fibrosis(70). Our data reinforce the notion that bromodomain-containing chromatin
453  remodeling proteins are master regulators of fibrogenesis. It is tempting to speculate that
454  dual-targeting these proteins might achieve the holy grail to lower mortalities caused by
455  fibrosis-associated organ failure.

456

457 Despite the advances proffered by the present study, major limitations caution future
458  endeavors that aim to exploit Brgl as a potential target to treat CKD. First, CKD typically
459  develops in the course of years, if not decades, whereas the present study draws its conclusion
460  primarily from model animals in which renal fibrosis develops in the course of weeks.
461  Without strong evidence from population studies and/or CKD patients, it remains to be seen
462  whether targeting Brgl would bring out long-term protective/therapeutic effects. Second,
463  although preliminary data suggest that Prune2 might be a novel and attractive target for the
464  intervention of renal fibrosis the effort to validate Prune2 was not as exhaustive as Brgl. For
465  instance, the kidneys are notoriously difficult for viral transduction. Even with the most
466  specific/efficiency AAV targeting system (AAV-Anc80) available(25), the conclusion that
467  fibroblast/myofibroblast-derived Prune?2 is critical for renal fibrosis in vivo still needs further
468  verification by genetic approaches (e.g., the Cre-LoxP system). Third, our conclusion that
469  Brgl contributes to renal fibrosis by regulating fibroblast phenotype complements, rather than
470  disputes, its roles in other renal cell lineages. Our previously published data argue that

13


https://doi.org/10.1101/2023.12.22.572996
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.22.572996; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

471  deletion of Brgl in endothelfla\ﬁi”(?ebifsuf)%rtg(c:t%' Ne ice RO e *thjury and fibrosis(22, 48).

472  Additionally, Gong et al have shown that Brgl contributes renal fibrosis by augmenting
473  senescence and suppressing autophagy in tubular cells(16). Combined with our new finding
474  as summarized here, we propose that Brgl plays cell lineage-specific roles in the kidney to
475  regulate injury and fibrosis. This model seems to be partially supported by our observation
476  that whereas specific elimination of Brgl from fibroblasts/myofibroblasts attenuates renal
477  fibrosis without altering renal injury, administration of PFI-3, which targets Brgl
478  non-discriminately, improves both renal injury and fibrosis. Finally, the specificity of PFI-3
479  towards Brgl has been questioned previously(71). More recently, a novel and more selective
480  Brgl inhibitor has been designed and tested(72). It would be of high interest to investigate
481  whether this next-gen Brgl-targeting compound, dubbed IV-255, can efficiently inhibit FMyT
482  and renal fibrosis. These limitations should be carefully considered and tackled so that safe
483  and effective translational strategies can be devised based on the proposed model (Fig.7H).
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723  Figure legends

724  Figure 1: Brgl regulates fibroblast-myofibroblast transition in vitro. (A, B) Primary renal
725  fibroblasts were treated with TGF-f (2ng/ml) and harvested at indicated time points. Brgl
726  expression was examined by qPCR and Western blotting. (C-G) Primary renal fibroblasts
727  isolated from BrgI™ mice were transduced with Ad-GFP or Ad-Cre followed by treatment
728  with TGF-f3. Myofibroblast marker genes were examined by qPCR (C) and Western blotting
729 (D). Proliferation was evaluated by EdU incorporation (E). Migration was evaluated by
730  Boyden chamber assay (F). Collagen contraction assay (G). Scale bar, 5S0um

731

732 Figure 2: Fibroblast-specific Brgl ablation attenuates renal fibrosis in mice. WT and
733 Brgl"*° mice were subjected to the UUO procedure as described in Methods. (A) Scheme of
734  protocol. (B) Plasma BUN levels. (C) Plasma creatinine levels. (D) Paraffin sections were
735  stained with Picrosirius Red and Masson’s trichrome. (E, F) Pro-fibrogenic genes were
736  examined by qPCR and Western blotting. (G) Hydroxyproline levels. N=8 mice for each
737  group. Data are expressed as the means + SD. *, p<<0.05.

738

739  Figure 3: Myofibroblast-specific Brgl ablation attenuates renal fibrosis in mice. WT and
740 Brgl™*° mice were subjected to the UUO procedure as described in Methods. (A) Scheme
741 of protocol. (B) Plasma BUN levels. (C) Plasma creatinine levels. (D) Paraffin sections were
742  stained with Picrosirius Red and Masson’s trichrome. (E, F) Pro-fibrogenic genes were
743  examined by qPCR and Western blotting. (G) Hydroxyproline levels. N=4-8 mice for each
744 group. Data are expressed as the means + SD. *, p<<0.05.

745

746  Figure 4: Brgl regulates fibroblast transcriptome during FMyT. (A-D) Primary renal
747  fibroblasts isolated from Brgl” mice were transduced with Ad-GFP or Ad-Cre followed by
748  treatment with TGF-3. RNA-seq was performed as described in Methods. (A) PCA plot. (B)
749  Volcano plot. (C) GO and KEGG analyses. (D) Heatmap of top differentially expressed genes.
750  (E, F) Primary renal fibroblasts isolated from Brg/ i
751 Ad-Cre followed by treatment with TGF-. Prune2 expression was examined by qPCR and

mice were transduced with Ad-GFP or

752  Western blotting. (G) Prune2 promoter-luciferase constructs were transfected into mouse
753  embryonic fibroblasts (MEFs) with or without Brgl followed by treatment with TGF-p3.
754  Luciferase constructs were normalized by protein concentration and GFP fluorescence. (H-J)
755  Primary murine renal fibroblasts were transfected with indicated siRNAs followed by
756  treatment with TGF-B. Prune2 expression in the kidney tissues was examined by qPCR and
757  Western blotting. ChIP assays were performed with anti-E2F1, anti-Brgl, or IgG.

758

759  Figure S: Prune2 is essential for fibroblast-myofibroblast transition in vitro and renal
760  fibrosis in vivo. (A-D) Primary renal fibroblasts were transfected with siRNAs targeting
761  Prune2 or scrambled siRNAs (SCR) followed by treatment with TGF-f. Myofibroblast
762  marker genes were examined by qPCR (A). Proliferation was evaluated by EdU incorporation
763  (B). Migration was evaluated by Boyden chamber assay (C). Collagen contraction assay (D).
764  Scale bar, 50um (E-K) C57/BL6 mice were injected with AAV-Anc80 carrying shRNA
765  targeting Prune2 (shPrune2) or control shRNA (shC) followed by the UUO procedure to
766  induce renal fibrosis. Scheme of protocol (E). Plasma BUN levels (F). Plasma creatinine

21
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767  levels (G). Paraffin sections MWere S AWt PiRISSIRICREG AR Masson’s trichrome (H).
768  Pro-fibrogenic genes were examined by qPCR (I). Hydroxyproline levels (J). N=6 mice for
769  each group. Data are expressed as the means + SD. *, p<<0.05.

770

771 Figure 6: Prune2 regulates FMyT through activating PU.1. (A-E) RNA-seq was performed
772 as described in Methods. (A) PCA plot. (B) Volcano plot. (C) GO analyses. (D) Heatmap of
773  top differentially expressed genes. (E) HOMER analysis. (F, G) Primary renal fibroblasts
774  were transfected with siRNAs targeting Prune2 or scrambled siRNAs (SCR) followed by
775  treatment with TGF-B. PU.1 expression was examined by qPCR. Whole cell lysates were
776  immunoprecipitated with anti-PU.1.

777

778  Figure 7: Pharmaceutical inhibition of Brgl attenuates renal fibrosis in mice. (A-G)
779  C57/BL6 mice were subjected to the UUO procedure to induce renal fibrosis. PFI-3 was
780  given via peritoneal injection every other day following the surgery. Scheme of protocol (A).
781 Plasma BUN levels (B). Plasma creatinine levels (C). Paraffin sections were stained with
782  Picrosirius Red and Masson’s trichrome (D). Pro-fibrogenic genes were examined by qPCR
783  (E) and Western blotting (F). Hydroxyproline levels (G). N=5-8 mice for each group. Data are
784  expressed as the means+ SD. *, p<<0.05. (H) A schematic model summarizing the key
785  findings.

786

787
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