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Abstract

Defective DNA repair pathways contribute to the development of chronic kidney disease

(CKD) in humans. However, the molecular mechanisms underlying DNA damage induced CKD
pathogenesis are not well understood. Here, we investigated the role of tubular cell DNA damage
in the pathogenesis of CKD using mice in which the DNA repair protein Fanl was knocked out.
The phenotype of these mice is orthologous to the human DNA damage syndrome; karyomegalic
interstitial nephritis (KIN). Inactivation of Fanl in kidney proximal tubule cells sensitized the
kidneys to genotoxic and obstructive injury characterized by replication stress and persistent
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DNA damage response activity. Accumulation of DNA damage in Fanl tubular cells induced
epithelial dedifferentiation and tubular injury. Characteristic to KIN, cells with chronic DNA
damage failed to complete mitosis and underwent polyploidization. /n vitroand in vivo studies
showed that polyploidization was caused by the overexpression of DNA replication factors CDT1
and CDC6 in FANL1 deficient cells. Mechanistically, inhibiting DNA replication with Roscovitine
reduced tubular injury, blocked the development of KIN and mitigated kidney function in these
Fanl knockout mice. Thus, our data delineate a mechanistic pathway by which persistent DNA
damage in the kidney tubular cells leads to kidney injury and development of CKD. Furthermore,
therapeutic modulation of cell cycle activity may provide an opportunity to mitigate the DNA
damage response induced CKD progression.
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INTRODUCTION

Chronic kidney disease (CKD) is a major public health concern worldwide, with a

global prevalence of >10% of populationl. CKD is a major indicator for the progression

to end-stage kidney disease and is associated with significant complications including
cardiovascular disease?. Thus, understanding the mechanisms that drive the progression

of CKD is paramount for developing impactful therapies. Recent work has demonstrated
that CKD can rise from delayed or incomplete resolution of kidney tubular epithelial cell
damage after kidney injury3. Indeed, the surviving, unrepaired cell has a distinct molecular
identity that reflects its impaired physiological function and reduced proliferative capacity,
underscoring its inability to contribute to the repair of kidney tubular injury# ®. One of the
molecular characteristics of such “failed-repair” cell is genomic instability and persistent
DNA damage response (DDR) activity®: 6.
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While DDR appears to be involved in any type of kidney injury®, its role in CKD is best
understood in models where the kidneys are exposed to genotoxic agents, such as cancer
therapeutics, which have significant nephrotoxicity and frequently lead to the development
of chronic kidney disease in humans’: 8. Cisplatin is a widely used chemotherapeutic whose
long-term use is known to underlie progression to CKD in humans®. Cisplatin covalently
binds to DNA and forms stable adducts between the opposite strands of DNA double helix,
known as interstrand cross-links (ICL), which impede DNA transcription and replication

in proliferating cells!0. Collision of DNA replisome with an ICL during DNA replication
stalls replication machinery in front of the lesion and activates the DDR signaling®L.
Subsequently, DDR recruits specialized repair complexes, such as the Fanconi anemia (FA)
and homologous recombination (HR) proteins to the sites of DNA damage to resolve the
lesions2. However, a mechanism by which a defect in ICL repair leads to the progression of
CKD is not known.

FANL1 is a DNA endonuclease whose deficiency underlies karyomegalic interstitial nephritis
(KIN) (OMIM: 614817)13 and predisposition to cancer in humans4-16. KIN is a genetic
form of CKD, characterized by tubulointerstitial fibrosis and formation of enlarged nuclei

in the kidneys and other tissues’- 18, FAN1 has been shown to be essential for DNA
interstrand crosslink repairl®-22 and stabilization of DNA replication forks in response to
different forms of replication stress1® 23.24 However, how loss of FAN1 results in onset

of KIN is not understood. While karyomegaly in FANI-deficient kidney tubular epithelial
cells are thought to arise from DNA polyploidization due to mitotic errors2> and result in
aneuploidy?6: 27  the underlying molecular mechanisms leading to cell division defects has
not been elucidated. In this study, we generated a proximal tubule specific knockout of Fanz
and show that Fanl is indispensable for an intact DDR response and tubular regeneration
after genotoxic and obstructive kidney injury. Loss of FanZ results in persistent DDR
signaling in proximal tubule cells due to the accumulation of unresolved ICL and replication
stress-induced DNA damage, which in turn induces aberrant DNA re-replication. Blocking
cell cycle activity with roscovitine protects FanZ mouse kidneys from DNA replication
stress, tubular cell damage and mitigates kidney function. Together, these findings provide
the first mechanistic explanation for the formation of KIN in FANI-deficient kidneys and
other tissues and demonstrate how persistent DDR leads to CKD progression.

METHODS

Mouse lines used and study approval

Fan1/oxF/IoxP mice were bred with yGt1-Cre mice (#012841, Tg(Ggtl-cre)M3Egn/H)?8 to
generate proximal tubule specific knockout of Fani (Fani KO). yGtI-Creexpression in

the proximal tubule was demonstrated by crossing ¥ GtZ-Cre mice with NUTRAP mice
(Jackson Laboratories #029899, B6,12956-Gt(ROSA)26SortmZ(CAG-NuTRAP)EvVar/)).
Cre-negative littermates with yGT1-Cre™; Fan1!0XP/loXP or 2 GT1-Cre™; Fan1*//°*F genotype
were used as controls. The experimental protocol was reviewed and approved by the IACUC
of the University of Pittsburgh.
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Statistical Methods

Statistical analysis was performed using GraphPad Prism 9 (GraphPad software). Normal
distribution was confirmed by Shapiro-Wilk normality test, followed by quantile-quantile
plot of residuals. Statistical tests are two-tailed, unpaired Student’s t-tests or two-way

ANOVA followed by Tukey’s post-hoc test for multiple group comparisons. When sample
size n>30, Kruskal-Wallis test was used for multiple group comparisons. All results are
reported as means+SEM. Significance was determined at p<0.05 and represented by * to
denote p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Data sharing statement

RESULTS

RNAseq data supporting the findings of this study are openly available in the Gene
Expression Omnibus repository at URL https://www.nchi.nlm.nih.gov/geo/, reference
number GSE163862.

See Supplementary Methods for more details on animal treatment protocols, histological
and immunofluorescence staining protocols, cell culture techniques and other materials and
methods used in this manuscript.

Proximal tubule-specific deletion of Fanl sensitizes kidneys to genotoxic and oxidative

damage

To investigate the molecular mechanism underlying KIN pathogenesis we used Fani
knockout mice (Fani KO) (Supplementary Figure 1A-D and Figure 1A,B). The mice
appeared healthy and showed no histological abnormalities in the kidneys. However,
repeated administration of low dose cisplatin (2mg/kg) (Figure 1C) was sufficient to trigger
histological changes associated with KIN®, and kidney fibrosis in £anZ KO mice, but not in
control mice (Figure 1D,E,F and Supplementary Figure 2A-D), demonstrating the critical
function of Fanl in resolving genotoxic damage in the proximal tubule epithelial cells
(PTECSs). Importantly, the development of KIN was associated with extensive DNA damage
in PTECs, demonstrated by the upregulation of yH2AX, phosphorylated RPA32 (S4/8),
53BP1 and phosphorylated TRIM28/KAP1 (S824)2%-32 (Supplementary Figure 3A-F). The
expression of these DNA damage markers as well as interstitial fibrosis remain unresolved
in cisplatin treated FanZ KO mice even after a 4-week “recovery” phase, highlighting the
long-term impact of unresolved tubular DNA damage to the progression of tubular atrophy
and development of fibrosis in KIN (Supplementary Figure 4A-H).

To address whether KIN can be caused by other types of tubular stress we employed the
unilateral ureteral obstruction (UUO) injury model (Figure 1G). Indeed, Fan KO mice
displayed extensive tubular atrophy, dilation, and detectable interstitial fibrosis already 4
days after UUO compared to control mice (Figure 1H and 11, Supplementary Figure 5A).
Again, the more severe UUOQ injury phenotype in FanZ KO kidneys was associated with
increased DNA damage in PTECs (Supplementary Figure 5B). The accumulation of DNA
damage in Fani KO kidneys was likely caused by their increased sensitivity to oxidative
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stress, secondary to UUO tubular injury, as revealed by 8-OHdG staining (Supplementary
Figure 6A,B). This would be consistent with other reports demonstrating that oxidative DNA
damage plays a key role in UUO pathogenesis33 34, Together, our data show that 1) FAN1
is essential for the repair of diverse DNA damage in PTECs after genotoxic or obstructive
kidney injury; and 2) persistent DNA damage in PTECs leads to the development of KIN.

KIN is associated with tubular dedifferentiation and upregulation of tubular injury

biomarkers

To characterize the effect of persistent DNA damage on PTEC phenotype, we examined

the expression of tubular injury (KIM1/Haverl, NGAL/Lcn2) and dedifferentiation (SOX9,
PAX2 and vimentin) biomarkers* 3538 in Fan1 KO kidneys after cisplatin or UUO injury.
Expression of these markers was increased in Fani KO PTECs both after short-term (Figure
2A-C, Supplementary Figure 7A and 7B), and long-term cisplatin injury (Supplementary
Figure 7D and 7E), suggesting that persistent DNA damage leads to tubular dedifferentiation
and epithelial injury in the kidney. KIM1 and SOX9 were also elevated in Fanl KO kidneys
4 days after UUO compared to control kidneys (Figure 2D,E and Supplementary Figure
7C). However, the expression of Lcn2, a marker of distal tubule damage3®: 40, remained
unchanged between control vs. Fani KO UUO kidneys (Figure 2F), suggesting that Fani is
dispensable for distal tubule homeostasis.

We next examined the expression of tubular markers associated with more advanced

CKD (VCAM1/ Vcami, CCL2/Ccl2and Dock10) in humans and mice® 41, and confirmed
their upregulation in Fan KO kidneys but not in controls (Supplementary Figure 8A,B).
Together, these data demonstrate that accumulation of DNA damage underlies epithelial
dedifferentiation and tubular injury in KIN.

Transcriptional profiling reveals overrepresentation of DNA repair and cell cycle regulators

in KIN

To identify the molecular pathways that are altered in FanZ KO kidneys in response to
persistent DNA damage, we performed a genome-wide transcriptome profiling in whole
kidney samples from untreated and cisplatin-treated control and Fan KO mice. Hierarchical
clustering of the RNA-seq data in the representative heatmap showed a high degree of
transcriptional similarity between untreated control, untreated Fan KO and cisplatin-treated
control mice, demonstrating that Fanz inactivation in the kidney proximal tubule epithelium
in the absence of KIN does not alter basal gene expression (Figure 3A,B and Supplementary
Table 1,2). In contrast, we identified 2505 differentially expressed genes (DEGSs) after
correction for multiple hypothesis testing by Benjamini-Hochberg method, and observed
gender-based differences, between cisplatin-treated control and Fani KO kidneys, with 1435
transcripts upregulated and 1070 transcripts down-regulated (Figure 3C, Supplementary
Figure 9A and Supplementary Table 3).

Gene Ontology analysis by DAVID and Gene Set Enrichment Analysis (GSEA)*2 showed
that most of the upregulated functional clusters in cisplatin-treated FanZ KO kidneys

are related to cell cycle regulation, DNA damage response and DNA replication (Figure
3D,E,H), consistent with the known roles of FAN1 in ICL repairl® 21. 22 and replication fork

Kidney Int. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Airik et al.

Page 6

stabilization1®: 23, Using gPCR analysis, we confirmed the dysregulation of selected genes
that are representative of specific DNA repair pathways, including interstrand cross-link
repair (Exol, Erccl) (Figure 3F); homologous DNA repair (Brcal, Rad51) (Figure 3G), as
well as cell cycle positioning genes (AurkB, Pkmyt1, Birc5) (Figure 31 and Supplementary
Figure 9B). Together, transcriptional profiling demonstrated a broad activation of multiple
DNA repair pathways in injured Fan KO kidneys, which likely led to overexpression of
G2/M regulators*3, and promoted PTEC dedifferentiation®4.

DNA damage triggers aberrant cell cycle activity in Fan1l KO PTECs

Eight of the top 10 upregulated GO functional terms in cisplatin Fan KO kidneys are
related to cell cycle activity, mitosis or DNA replication (Figure 3D). The top changed genes
included the MCM, GINS genes and the replication factors Cdc6and Catl (Figure 4A),
whose products are involved in regulating DNA replication licensing at the chromatin®®.
Molecular analysis using western blotting, qPCR and antibody staining on Fani KO
kidneys confirmed the upregulation of hyperphosphorylated pRB (S807/811), PCNA, CDK6
and several cyclins (Figure 4A-D and Supplementary Figure 10A,B), indicating that

DNA damage promotes cell cycle entry and S phase activity in FanZ-deficient PTECs.
Importantly, this aberrant cell cycle activity was associated with nuclear enlargement in
Fani KO kidneys (Figure 4D). In particular, cyclinD1 appeared to exclusively label the
enlarged nuclei in Fan KO kidneys (Figure 4D), and intriguingly, cyclinD1 expression was
maintained in the karyomegalic nuclei in Fan1 KO kidneys even 28 days after cisplatin
treatment (Supplementary Figure 10C), suggesting that cyclinD1 is either required for
nuclear enlargement and/or for the survival of the enlarged karyomegalic cells. Additionally,
expression analysis of replicative helicase proteins MCM2/MCM6 demonstrated their
accumulation in karyomegalic nuclei (Figure 4E and Supplementary Figure 10D-F),
suggesting that nuclear enlargement in KIN is caused by aberrant replication licensing
which leads to DNA endoreplication, a process in which DNA is replicated more than

once per cell cycle without intervening mitosis, resulting in giant nuclei“6-48. Indeed,
karyomegalic nuclei in FANI-deficient tissues have been shown to contain an aneuploid set
of chromosomes2® 26 a hallmark of DNA endoreplication®?. Consistent with the findings in
human tissues, karyomegalic cells in FanZ KO kidneys stained strongly positive for yH2AX
(Figure 4E), demonstrating underlying genomic instability. Together, the results suggest
that persistent DNA damage in FanZ KO PTECs induces aberrant cell cycle activity and
abnormal replication licensing which results in cellular polyploidization.

Karyomegalic tubular cells fail to complete mitosis

DNA endoreplication can be induced by p21 overexpression in the cell®?: 51, Our RNA-seq
and confirmatory analysis revealed an increased expression of the tumor suppressor protein
Tp53and its transcriptional target Caknlalp21 in Fani KO kidneys (Figure 4A and Figure
5A,B). Importantly, p21 staining was detected only in the karyomegalic nuclei in injured
Fanl KO kidneys (Figure 5A,B), and its expression was maintained in these cells 28

days after the last cisplatin administration (Supplementary Figure 11A). Co-staining of
Fan1 KO kidneys with antibodies against Ki67 and p21 (Figure 5C) or MCM2 and p21
(Supplementary Figure 11B), revealed that a significant fraction of PTECs stained positive
for Ki67 or MCM2 and p21 in cisplatin treated Fani KO kidneys, providing support to
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the notion that p21 may drive DNA endoreplication in FanZ KO PTECs. Quantification

of the nuclear area in Ki67/p21 double-positive cells confirmed that they overwhelmingly
contain enlarged nuclei (Figure 5D). To determine whether p21 upregulation blocks mitosis
in Fan1 KO epithelia, as expected for cells undergoing endoreplication, we stained kidneys
with antibodies against phosphorylated histone3 (pH3). Indeed, FanZ KO kidneys displayed
increased numbers of PTECs with punctate (G2-specific) vs global (M-specific) pH3
expression pattern (Figure 5E,F), demonstrating that FanZ KO PTECs fail to complete
mitosis after polyploidization.

Blocking cell cycle entry prior to cisplatin treatment prevents karyomegaly and improves
kidney function in Fanl1 KO mice

To examine whether inhibiting cell cycle activity and DNA replication before cisplatin
administration would limit the amount of DNA damage and prevent karyomegaly, we treated
Fani KO mice with the broad spectrum CDK inhibitor, roscovitine, one hour before cisplatin
administration (Figure 6A). Indeed, reduced cell cycle activity in roscovitine pretreated
Fani KO kidneys (Figure 6B,C,E and Supplementary Figure 12A,B) resulted in significant
reduction in yH2AX expression (2.8 fold, Figure 6D), absence of p21-positive cells
(Supplementary Figure 12C) and karyomegaly (Figure 6F), demonstrating that roscovitine
treatment prevents DNA endoreplication and the accumulation of DNA damage in Fanl

KO kidneys. Importantly, reduced DNA damage in the tubular cells was associated with
diminished proximal tubule injury, as measured by KIM1 expression (Figure 6F), as well

as reduced BUN levels (Figure 6G). Together, these data demonstrate that blocking cell
cycle activity before cisplatin administration limits replication stress, accumulation of DNA
damage and preserves kidney function.

Human FAN1 knockout kidney proximal tubule cells recapitulate KIN in vitro

To investigate the mechanism by which loss of FANI results in endoreplication, we
established a FANZ knockout cell line (FANI KO hPTEC) (Supplementary Figure 13A).
After a pulse of cisplatin the parental and FANZ KO hPTECs were cultured in a fresh
media (Figure 7A), and stained for »H2AX or phospho-ATM (S1871) to follow the kinetics
of DNA damage signaling (Figure 7B,C). DDR activity was detected within the first 24
hours after cisplatin treatment and peaked by 48 hours in the parental cell line (Figure
7B,D). Thereafter, the number of yH2AX and pATM nuclear foci declined to baseline

and the nuclear morphology returned to normal by 96 hours, indicating successful DNA
repair (Figure 7B—E). In contrast, the number of ¥H2AX and pATM nuclear foci was
increased in FANI KO hPTECs at 24 hours and 48 hours, respectively, and remained
elevated throughout the 96-hour period (Figure 7B—E), demonstrating a failure in DNA
damage repair. Importantly, we observed characteristic features of KIN, including increased
replication stress, nuclear enlargement, chromosomal fragmentation and aneuploidy in
FANI KO hPTECs 48 hours after cisplatin (Figure 7B,C,E,F and Supplementary Figure
13B). To follow the cell cycle dynamics of nuclear polyploidization in detail, we combined
flow cytometry-based DNA content measurement with Fucci technology®2 53. These data
show that injured FANZ KO hPTECs undergo polyploidization in late-S/G2/M (Figure 7G,
Supplementary Figures 14 and 15). In contrast to cellular polyploidization in other kidney
injury models®* 55, polyploidization in FANZ KO hPTECs led to a higher proportion of >4N
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cells (Figure 7G), suggesting that distinct mechanisms underlie the respective phenotypes.
Ultimately, the polyploid FANI KO hPTECs exited the cell cycle and maintained a G1-
specific Fucci reporter gene expression (Figure 7G, Supplementary Figures 14 and 15).

Next, we examined the expression of key proteins associated with replication stress

and DNA licensing to determine whether loss of FAN1 indeed causes aberrant DNA re-
replication in hPTECSs. Analysis of whole cell lysates and chromatin-bound proteins from
parental and FANI KO hPTCs (Figure 8A) showed that exposure to cisplatin led to a
dramatic increase in the chromatin-bound pATR (S428), ubiquitinated FANCD2, pRPA32
(S4/S8) and yH2AX in FANI KO hPTCs, but not in parental cells (Figure 8B), indicating

a profound failure of the mutant cells to resolve interstrand crosslinks and the resulting
replication stress. FANIZ KO cells also displayed phosphorylation of CHK1 on S317, as well
as an increase in phospho-p53 on S15 and its target p21, suggesting a mitotic block (Figure
8B). Consistent with this notion, FANI KO hPTECs displayed reduced phospho-histone 3
levels. Importantly, key replication licensing factors CDT1 and CDC6 were dramatically
increased at the chromatin of FANZ KO cells, providing compelling evidence that FANI KO
cells undergo unscheduled DNA re-replication after genotoxic injury (Figure 8B). Critically,
roscovitine treatment mitigated the extent of DNA damage and p21 expression, and blocked
CDT1/CDCS6 upregulation in KO cells (Figure 8B), providing an explanation for its effect
in blocking karyomegaly in FANZ KO kidneys (Figure 6). Finally, to address whether

p21 upregulation is required for DNA endoreplication in FANI KO cells after genotoxic
injury, we treated cells with the p21 inhibitor UC2288 (Figure 8C). Indeed, inhibiting p21
expression after cisplatin treatment blocked CDT1/CDC6 upregulation (Figure 8D) and
nuclear enlargement in FANI KO cells (Supplemental Figure 16A), consistent with the
notion that p21 upregulation drives polyploidization and karyomegaly in FANZ KO cells and
kidneys.

Together, the /n vitro findings in hPTECs corroborate in vivo data and provide a mechanistic
insight into how impaired DNA repair in kidney tubular cells leads to accumulation of

DNA damage, cellular polyploidization and progression to CKD in FANI-deficient kidneys
(Figure 8C).

DISCUSSION

In this study, we have used the DNA repair deficient Fan knockout mouse model to
investigate the biological function of FANL1 in the kidney and to characterize the long-term
effects of persistent DNA damage in the renal tubular epithelium. This work extends our
previous studies on the role of Fan1°6 and provides novel mechanistic insights into the

role of impaired DNA repair as an underpinning of CKD, an emerging paradigm in the

field of CKD research®/-61, Subclinical cisplatin and short-term UUO both induced a strong
DDR activity in FanZ KO but not in control kidneys, demonstrated by the expression of
replication stress markers (ubiquitinated-FANCD2, pRPA, yH2AX)1% 23 and in the case of
cisplatin also double-strand DNA brake markers (53BP1, pKAP1). Our analysis showed that
sensitivity of FanZ KO kidneys to UUO was likely due to increased oxidative stress in the
mutant kidneys, revealing a novel function of Fanl in the repair of oxidative DNA damage, a
common “secondary injury” in non-genotoxic kidney damage3* 2-64. In addition, modeling
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of the long-term effects of impaired DNA repair in the kidney demonstrated that persistent
DNA damage affects tubular repair and drives CKD progression by maintaining tubular
VCAM1 and CCL2% 41,

One key finding here is that persistent DNA damage in the PTECs causes cellular

injury whose biomarker phenotype is indistinguishable from other forms of kidney injury,
including high dose cisplatinl: 85, UUO®8, folic acid®”, 5/6 nephrectomy®®, and IR169. 70,
Importantly, some of these injury types have also been shown to elicit the DNA damage-
related repair signaling and checkpoint activation in their pathophysiology’1~"3, suggesting
that the DDR might be the apical determinant for the long-term outcome to many (if not
all) renal insults and dictates whether injured kidneys progress to chronic kidney disease or
recover from the tubular cell injury.

A characteristic feature of the loss of FAN1 function in kidney tubular epithelial cells

is the formation of karyomegalic nuclei with aneuploid chromosome count!3: 25, This
aberrant karyotype is recapitulated in other mouse models of FanI-deficiency?6: 27, 56

and in human FANI knockout PTECs, as demonstrated in this study. However, the

cellular mechanism leading to chromosomal abnormalities in FANI KO cells had not been
investigated previously. Our pharmacological studies with the CDK inhibitor roscovitine and
p21 inhibitor UC2288, together with FACS and FUCCI analyses, revealed that chromosomal
abnormalities in FANI-deficient cells arise due to unscheduled DNA re-replication and

are attributed to persistent p21 overexpression in response to accumulation of DNA

damage during the preceding S-phase. Accordingly, treatment with roscovitine suppressed
DNA replication and accumulation of DNA damage after cisplatin injury, prevented p21
upregulation and improved kidney function in FanZ KO mice. Mechanistically, we showed
that increased p21 expression triggered pathological DNA endoreplication in FANI KO cells
by stabilizing the replication licensing proteins CDT1 and CDC6, which has been shown to
induce aberrant MCM2-7 chromatin loading and DNA re-replication in other models®?: 51,
Mitotic block in FAN1KO cells may have been reinforced by the increased levels of Pkmyt1,
a member of the WEE kinase family, which inhibits Cdk1 kinase activity in G2 cells’4.
Polyploidization in FANI KO PTECs is likely irreversible, as demonstrated by the long-term
presence of karyomegalic cells with chronic DNA damage in cisplatin Fani KO kidneys as
well as in patients with FANI mutations!: 25,

Our finding that FANI-deficiency leads to DNA endoreplication suggests that targeted
therapy against this pathway has the potential to improve renal outcome after injury.
Roscovitine is an experimental drug with described function in blocking precocious
replication origin firing in cells with damaged DNA7®: 76 and delaying cell cycle entry,
thereby allowing for FAN1-independent DDR mechanisms to compensate for the loss of
FANL1 activity. While we showed that Roscovitine therapy effectively blocked cell cycle
activity and reduced DNA damage (i.e. replication stress) in FanZ KO kidneys when
administered before cisplatin, our /n vitro studies with human FAN1KO cells suggest
that Roscovitine treatment post-injury may also lead to improved cellular outcomes.
Together these observations demonstrate the potential clinical utility of Roscovitine in
DDR-associated renal injury and delineate the role of FAN1 in renal tubular regeneration.
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In addition, /in vivo studies with the p21 inhibitor UC2288 should be performed in Fani KO
mice to assess its impact on tubular regeneration, in the future.

In conclusion, FANL1 is essential for tubular repair and indispensable for genome
maintenance in PTECs, consistent with its role as a putative tumor suppressor2’. We

propose that KIN patients with FANI mutations should avoid exposure to agents that

may induce further genomic instability. The findings in FanZ KO mouse and cell culture
models identified the molecular mechanism by which impaired DNA repair leads to failed
tubular repair and promotes the progression of chronic kidney disease, outcomes that may be
modifiable by therapeutic targeting of cell cycle activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL STATEMENT

Faulty DNA repair leads to the development of chronic kidney disease (CKD) in humans.
However, the mechanism by which DNA damage affects tubular cell function remains
unknown. Here, we show that accumulation of DNA damage causes aberrant DNA
endoreplication and polyploidization in cells deficient for the DNA repair protein FAN1.
Tubular cell polyploidization is associated with epithelial dedifferentiation, tubular injury
and loss of function. Blocking DNA replication in FANI-deficient kidneys mitigates
these defects and preserves function, demonstrating that therapeutic targeting of cell
cycle activity may provide avenues to prevent kidney injury and/or development of CKD
in patients with FANI mutations.
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Figure 1. Loss of Fanl sensitizes kidneys to genotoxic and obstructive tubular injury.
(A) Schematics of the generation of proximal tubule-specific Fan knockout (Fani KO)

mice, by crossing Ggt1Cre;Fani*/'°XP mice with Fan1/oXP/IoxF mice.

(B) Ggtl-Cre activity is restricted to the proximal segment of the nephron, demonstrated by
the co-staining of Lotus tetranogolobus agglutinin (LTL) and anti-GFP antibody in double
transgenic mice but not in GgtICre- mice. Scale bar 25 um.

(C) Schematic diagram of the repeated low dose cisplatin injury protocol. Mice were
administered cisplatin weekly at 2mg/kg for 5 weeks, and tissues were collected for analysis
1 week after the last treatment dose.

(D) Histological analysis of kidney sections by Periodic acid—Schiff (PAS) staining
demonstrated the formation of KIN in Fani KO mice, characterized by tubular atrophy,
formation of karyomegalic nuclei (green arrowheads) and segmental basement membrane
thickening (black arrowheads) in the proximal tubules. Scale bars 50 um.

(E) Tubular injury scores in control mice compared with Fan KO kidneys after low dose
cisplatin administration, cisplatin ctrl 0.1+0.1 vs cisplatin Fani KO 4.7+0.1, ****p<0.0001,
n=5 each.

(F) Blood urea nitrogen (BUN) measurements in ctrl and FanZ KO mice show loss of kidney
function in Fani KO mice after induction of KIN; cisplatin ctrl 31.2+2.9 vs cisplatin Fani
KO 188.6+7.2, ****p<0.0001, n=5 each.

(G) Schematics of the unilateral ureteral obstruction (UUO) kidney injury model.

(H) PAS staining of sham and UUO kidneys at day 4 reveals more extensive tubular
dilations in Fan KO kidneys compared with control kidneys. Scale bar 100 pm.
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(1) Tubular injury scores in control mice compared to Fani KO kidneys after 4 days of
UUOQ, ctrl 1.6£0.2 vs Fani KO 4.2+0.1, ****p<0.0001, n=5 each. (E,F,I) Data are presented
as the mean = SEM. A 2-way ANOVA with Tukeys’ post hoc analysis.
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Figure 2. Persistent DNA damage induces the expression of tubular injury biomarkers in Fanl
KO kidneys.

(A) KIM1 expression analysis by immunofluorescence staining in control and Fani KO
kidneys after cisplatin injury. Scale bar 75 pm. Quantification of the KIM1-positive area

in LTL-positive proximal tubules shows a significant upregulation of KIM1 in Fan1 KO
kidneys (ctrl 2.5+£0.4% vs Fanl KO 17.8+£1.6%, ****p<0.0001), n=5 each.

(B) Increased Haverl/KIM1 expression in cisplatin treated Fanl KO kidneys was confirmed
by gPCR analysis (ctrl 1.6+0.3 vs Fan1KO 6.940.6, ****p<0.0001), n=5 each.

(C) gPCR analysis revealed increased Lcn2INGAL expression in cisplatin treated Fani KO
kidneys (ctrl 6.1+1.8 vs Fanl KO 110.7+8.4, ****p<0.0001), n=5 each.

(D) KIM1 expression analysis by immunofluorescence staining in control and Fani KO
kidneys 4 days after unilateral ureteral obstruction (UUO). Scale bar 100 pm. Quantification
of the KIM1-positive area in LTL-positive proximal tubules shows higher KIM1 expression
in Fan KO UUOQ kidneys (ctrl 23.5% + 4.7% vs Fani KO 47.4% * 8.4% %, *p<0.05,
****p<0.0001), n=5 each.

(E) Increased HaverZ/KIM1 expression in Fan KO UUO kidneys compared to control
UUO kidneys was confirmed by qPCR (ctrl 44.3+£2.7 vs Fani KO 80.3+7.5, ****p<0.0001),
n=5 each.

(F) gPCR analysis did not reveal significant alterations in LcnZ/INgal expression between
Fani KO and control kidneys after 4 days of UUO (ctrl 32.9+4.3 vs Fanl KO 32.6+2.1, ns),
n=>5 each. (A-F) Data are presented as the mean + SEM. A 2-way ANOVA with Tukeys’
post hoc analysis.
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Figure 3. Transcriptional profiling of Fan1 KO kidneys after induction of KIN.
(A) Heatmap of the DEG list for all conditions. n=3 mice for each experimental group.
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(B, C) Volcano plots of the DEG list for untreated control and FanZ KO kidneys (B), and

cisplatin treated control and FanZ KO kidneys (C). The thresholds were set at the values of
fold change > 2 and FDR < 0.05.
(D) Top-ranked functional clusters that were differentially expressed in control vs. Fan1 KO
kidneys in response to cisplatin treatment.
(E) Gene-set enrichment signature of DNA repair genes in cisplatin-treated Fanl KO vs

control kidneys.

(F) gPCR analysis of the interstrand cross-link repair genes £xo1 (ctrl 2.6+0.4 vs Fani KO
15.8+1.0, ****p<0.0001) and Erccl (ctrl 1.1+0.1 vs Fani KO 1.8+0.1, ****p<0.0001) in

cisplatin Fan KO kidneys. n=5 each.
(G) gPCR analysis of the homologous recombination genes Brcal (ctrl 1.0+0.2 vs Fanl

KO 2.940.3, ***p<0.001) and Rad51 (ctrl 0.9+0.2 vs Fani KO 4.3+0.6, ****p<0.0001) in
cisplatin Fan1 KO kidneys. n=5 each.
(H) Gene-set enrichment signature of G2/M checkpoint genes in cisplatin-treated Fani KO

vs control kidneys.
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(1) gPCR analysis of the cell cycle position genes AurkB (ctrl 1.5+0.3 vs Fan1 KO 6.920.6,
****0n<0.0001), Pkmyt1 (ctrl 1.0+0.2 vs Fani KO 2.5+0.2, ***p<0.001) and Birc5 (ctrl
1.7+0.2 vs Fan1 KO 8.6x1.0, ****p<0.0001) in cisplatin Fan KO kidneys, n=5 each.
(F,G,1) Data are presented as the mean + SEM. A 2-way ANOVA with Tukeys’ post hoc
analysis.
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Figure 4. DNA damage causes aberrant cell cycle activity in Fan1 KO kidneys.
(A) Heatmap of a selection of key cell cycle regulating genes that were upregulated in the

RNAseq analysis of Fan1 KO kidneys after cisplatin injury.

(B) Western blot of cell proliferation markers - pRB (S807/811), PCNA and CDK®, in
untreated and cisplatin treated kidneys. Gapdh was used as a loading control.

(C) gPCR validation of the increased expression of Ccnel and Ccnbl in cisplatin Fanl KO
kidneys. Ccnel (ctrl 1.3+0.4 vs Fani KO 5.2+0.8, ****p<0.0001), Ccnb1 (ctrl 0.7£0.1 vs
Fani KO 2.6+0.4, ****p<0.0001), n=5 each.
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(D) Immunohistochemistry against CCNA and CCND1. The number of CCNA+ cells is
increased in cisplatin FanZ KO kidneys compared with controls. Quantification of CCNA+
nuclei in in 6 random cortical fields (cisplatin ctrl 2.2+0.9 vs cisplatin Fani KO 16.0+0.9,
****p<0.0001, n=5 each cohort). Nuclear accumulation of Cyclin D1 (red arrowheads) was
observed only in cisplatin treated Fani KO kidneys. Quantification of CCND1+ nuclei in
6 random cortical fields (cisplatin treated ctrl 0.0+0.0 vs cisplatin FanZ KO 14.0+2.6, n=5
each cohort, **p<0.01). Scale bar 50 um.

(E) Immunofluorescent (IF) analysis of the DNA damage marker »H2AX (green) and
minichromosome maintenance protein 6, MCMB®6 (red) revealed their co-expression in the
giant nuclei in cisplatin treated Fani KO kidneys, but not in control kidneys. Scale bar 25
um.

(C,D) Data are presented as the mean £ SEM. A 2-way ANOVA with Tukeys’ post hoc
analysis.
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Figure 5. Karyomegalic cells fail to complete mitosis.
(A) qPCR analysis shows that 7p53and Cdknlalp2l expression is upregulated in Fani KO

kidneys after cisplatin injury, 7p53(ctrl 1.0£0.1 vs Fani KO 2.1+0.2, ****p<0.001) and
Cdknla (ctrl 9.7+1.3 vs Fanl KO 29.4+4.4, ****p<0.01), n=5 each.

(B) Immunohistochemistry against p21 reveals that p21 is expressed in the karyomegalic
nuclei Fani KO kidneys. The number of p21-positive nuclei were counted in 5 cortical 200x
fields per sample (n=5 samples per each cohort, ****p<0.0001). Insets show a magnified
view of a proximal tubule. Scale bar 100 pm.

(C) Immunofluorescence staining of Fani KO kidneys with Ki67 (green) and p21 (red)
shows that a subset of Ki67-positive cells which co-stain with p21. Quantification of

the double positive cells shows that ~22% of Ki67+ cells are positive for p21 (0.00 vs
22.36£1.83, ****p<0.0001).

(D) Nuclear area measurement of Ki67/p21 double positive cells in cisplatin treated Fanl
KO kidney proximal tubules (PT) compared to randomly selected nuclei in the PT of control
kidneys demonstrates increased nuclear area of the double positive cells (28.7+0.8 n=100 vs
46.8+3.2 n=44, ****p<0.0001).

(E) Detection of G2 and M cell cycle positions with anti-phospho-histone 3 (pH3) antibody
in untreated and cisplatin-treated control and Fan KO kidneys sections. Quantification of
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cells in G2 cell cycle position (untreated ctrl 1.0+0.5, untreated FanZ KO 2.3%0.5, cisplatin
ctrl 3.0+1.3, cisplatin Fani KO 20.0+3.7, **p<0.01, n=5, each dot = 1ROI). Scale bar 50
pm.

(F) Quantification of the ratio of cells in G2 vs M cell cycle phases demonstrates that ~5
fold more cells are in G2 phase vs M phase in cisplatin treated FanZ KO kidneys compared
to other conditions (untreated ctrl 0.8+0.4, untreated Fan KO 1.1+0.4, cisplatin ctrl 0.7£0.3,
cisplatin Fani KO 3.3+0.6, **p<0.01, n=5, each dot = 1ROI).

(A,B,C,E F) Data are presented as the mean £ SEM. A 2-way ANOVA with Tukeys’ post
hoc analysis.
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Figure 6. Roscovitine administration mitigates cisplatin injury in Fan1l KO mice.
(A) Overview of roscovitine and low dose cisplatin administration protocol. Roscovitine

(150 mg/kg) was administered via ip 1 hour before cisplatin (2 mg/kg), and tissues collected
on week 6 after the start of the procedure. R — roscovitine, C — cisplatin.

(B) Quantification of PCNA-positive cells in cisplatin and roscovitine/cisplatin treated
kidneys reveals that roscovitine treatment blocks S phase cell cycle activity in cisplatin-
treated Fan KO mice (n=4 mice; *p<0.01, ***p<0.001).

(C) Quantification of EdU-positive cells in cisplatin and roscovitine/cisplatin treated kidneys
reveals that roscovitine treatment effectively blocks DNA replication in cisplatin-treated
Fani KO mice (n=4 mice; ****p<0.0001).

(D) Quantification of yH2AX-positive cells in cisplatin and roscovitine/cisplatin treated
kidneys reveals that roscovitine treatment reduces DNA damage in cisplatin-treated Fanl
KO mice (n=4 mice; ****p<0.0001).

(E) IF staining of LTL (green) and MCM®6 (red) in cisplatin and roscovitine/cisplatin treated
Fanl KO kidneys. Roscovitine treatment blocks the expression of MCM®6 and the formation
of karyomegalic nuclei in Fani KO proximal tubule cells. Scale bar 50 pm.

(F) Quantification of the nuclear area in proximal tubules of cisplatin and roscovitine/
cisplatin treated kidneys demonstrates that roscovitine treatment prevents karyomegaly

in Fani KO kidneys (cisplatin ctrl 34.4+0.9; cisplatin FanZ KO 51.9+1.7; R+cispl ctrl
34.1+0.9; R+cispl Fani KO 33.7+0.9; ****p<0.0001, n=100 nuclei each).

(G) Quantification of KIM1-positive area in proximal tubules demonstrates that roscovitine
administration leads to significant reduction in KIM1 expression in cisplatin treated
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Fanl KO kidneys (cisplatin Fani KO 12.9+1.9% vs R+cisplatin Fani KO 3.7+0.6%,
****pn<0.0001), n=4 each.

(H) Blood urea nitrogen measurements in control, cisplatin treated, and roscovitine/cisplatin
treated mice. Roscovitine improves kidney function in cisplatin treated Fan1 KO mice,
(n=3-4 each; ****p<0.0001).

(B,C,D,G,H) Data are presented as the mean £ SEM. A 2-way ANOVA with Tukeys’ post
hoc analysis.
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Figure 7. Human FAN1 knockout proximal tubular epithelial cells undergo DNA re-replication
in response to genotoxic damage.

(A) Overview of cisplatin treatment in FANI KO hPTEC cells.

(B) yH2AX staining on parental and FANI KO hPTEC cells. Scale bar 20 pm.

(C) pATM staining on parental and FANI KO hPTEC cells. Scale bar 20 pm.

(D) Quantification of yH2AX and pATM foci humbers per nucleus in the parental and
FANI KO hPTEC cells, based on the experiments in B and C. n=100 nuclei each condition.
***n<0.001, ****p<0.0001. Data are presented as the mean + SEM, non-parametric
Kruskal-Wallis test.

(E) Increased nuclear area of FANZ KO hPTEC cells vs the parental cell line after cisplatin
treatment. DAPI staining was used to measure the nuclear area, based on the experiments in
B and C. **p<0.01, ****p<0.0001. Data are presented as the mean + SEM, non-parametric
Kruskal-Wallis test.

(F) Western blotting of DNA repair pathway markers in hPTECs chromatin preparation
reveal the activation of Fanconi anemia repair pathway (ubiquitination of FANCD2, marked
by a star), increased levels of replication stress (pPRPA32 S4/S8) and DNA double-strand
breaks (yH2AX) in cisplatin treated FANI KO cells. Histone H3 is used as a chromatin
loading control.
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(G) Parental and FANI KO tFucci(SA)5 hPTECs were treated with cisplatin at 5 pM for 1
hour, as in (A) and cell cycle distribution analyzed by flow cytometry. Cells showing red
fluorescence (AzaleaB5(+) and h2-3(-)) are in G1, yellow (AzaleaB5(+) and h2-3(+)) in
G1/S, and green (AzaleaB5(-) and h2-3(+)) in late-S/G2/M cell cycle phases. Black contour
lines indicate DNA content based on DAPI staining. N values denote DNA content as a
multiple of the normal haploid genome. The percentage of cells with a DNA content >4N
(polyploid cells) is shown. Untreated parental and FANZ KO hPTECs have similar cell cycle
profiles. Exposure to cisplatin results in FANZ KO hPTEC accumulation in late-S/G2/M

cell cycle phases during which aberrant endoreplication or re-replication occurs, giving

rise to polyploidy. Subsequently (by day 7 after cisplatin), polyploid hPTECs exit the cell
cycle and express only the G1-specific Fucci reporter gene. These data demonstrate that
polyploidization in injured FANI KO hPTECs does not result in a simple duplication of the
genome that would be detectable by the presence of distinct peaks corresponding to 4N,

8N, 16N etc in the DNA content profile. Instead, the cells show a DNA content profile that
is skewed to the right, indicative of unequal chromosome amplification (aneuploidy). It is
possible, however, that a subset of the polyploid cells are in a tetraploid G1 state (4N). These
data represent three independent experiments.
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Figure 8. Inhibiting cell cycle activity or p21 expression blocks DNA re-replication in FAN1 KO
hPTECs.

(A) Schematics of roscovitine and UC2288 treatment in FANZ KO hPTEC cells.

(B) Representative Western blot images of DNA replication licensing proteins and DNA
damage markers in control, cisplatin treated and cisplatin + roscovitine treated parental

and FANI KO hPTECs. Proteins were detected either in chromatin extractions or total cell
lysates, as indicated. Histone H3 was used as a loading control for chromatin and GAPDH
for whole cell lysate.

(C) Representative Western blot images of DNA replication licensing proteins and DNA
damage markers in cisplatin treated and cisplatin + UC2288 treated parental and FANZ

KO hPTECs. Proteins were detected either in chromatin extractions or total cell lysates, as
indicated. Histone H3 was used as a loading control for chromatin and GAPDH for whole
cell lysate.

(D) Model of DNA damage induced cell cycle abnormalities in a DNA repair deficient
proximal tubular cell. Kidney proximal tubule cells with proficient DNA repair will resolve
non-lethal DNA damage and regenerate the injured tubule. In contrast, DNA repair deficient
cells will accumulate DNA damage through replication stress, which leads to abnormal

cell cycle activity and p21-dependent stabilization of CDT1 and CDC6. p21 expressing
tubular cells undergo DNA re-replication, which propagates further genomic instability and
progression to CKD.
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