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Introduction

Acute kidney injury (AKI) occurs in approximately 13% of hos-
pitalized patients and is associated with high mortality, espe-
cially in critically ill patients (1). AKI also predisposes patients
to chronic kidney disease (CKD), which affects approximately
10% of the world’s population (2-4). Renal proximal tubule epi-
thelial cells (RPTECs) comprise the bulk of the renal parenchy-
ma and are the primary targets of a large variety of ischemic and
toxic insults (2, 5, 6). Studies from our laboratory that were also
confirmed by others have implicated the DNA damage response
(DDR) in the maladaptive repair process after injury (7, 8). How-
ever, to our knowledge, there have been no studies in which
modification of a DDR component in a specific compartment
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Maladaptive proximal tubule (PT) repair has been implicated in kidney fibrosis through induction of cell-cycle arrest at G,/M.
We explored the relative importance of the PT DNA damage response (DDR) in kidney fibrosis by genetically inactivating
ataxia telangiectasia and Rad3-related (ATR), which is a sensor and upstream initiator of the DDR. In human chronic kidney
disease, ATR expression inversely correlates with DNA damage. ATR was upregulated in approximately 70% of Lotus
tetragonolobus lectin-positive (LTL*) PT cells in cisplatin-exposed human kidney organoids. Inhibition of ATR resulted in
greater PT cell injury in organoids and cultured PT cells. PT-specific Atr-knockout (ATRR"™/-) mice exhibited greater kidney
function impairment, DNA damage, and fibrosis than did WT mice in response to kidney injury induced by either cisplatin,
bilateral ischemia-reperfusion, or unilateral ureteral obstruction. ATR®*""“/~ mice had more cells in the G,/M phase after injury
than did WT mice after similar treatments. In conclusion, PT ATR activation is a key component of the DDR, which confers a
protective effect mitigating the maladaptive repair and consequent fibrosis that follow kidney injury.

of the kidney has been evaluated for its effect on the long-term
response of the kidney to injury.

DNA damage is a feature of many forms of kidney injury
(9-12). In response to DNA damage, the cell activates a unique
DDR signaling pathway that varies depending on the type of DNA
injury. The DDR is activated when 1 or more of the sensor kinas-
es, including ataxia telangiectasia mutated (ATM), ATM- and
Rad3-related (ATR), and DNA-dependent protein kinase (DNA-
PK), detect a DNA strand break. The sensor kinases then activate
effectors that upregulate the checkpoint kinases, including check-
point kinases 1 and 2 (Chkl and Chk2), which regulate cell-cycle
progression through the G,/S or G,/M checkpoint (13-18). In vitro
studies suggest that the DDR is cytoprotective against ischemia
and ATP depletion (9). Activation of the DDR generally results
in DNA repair, but when DNA damage is severe, the ability of
the DDR to repair DNA may be overcome. In this case, cells with
prolonged DNA damage may enter a state of cell-cycle arrest or
undergo apoptosis. We have shown that RPTEC G,/M cell-cycle
arrest in response to injury results in the generation of proinflam-
matory and profibrotic cytokines, which promote the develop-
ment of kidney fibrosis (7, 8).

ATRis a phosphoinositide 3-kinase-like kinase thatis activated
by recognition of single-strand breaks generated after replication
fork stalling or as intermediates in nucleotide excision repair and
homologous recombination repair. ATR largely acts through the
phosphorylation of Chk1 to stop the cell cycle and activate the DDR
(14, 19). Mutations of the ATR gene in humans have been linked to
the development of Seckel syndrome (17), which is characterized
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Figure 1. ATR and DNA activation in human kidneys and organoids. (A)
Representative images of periodic acid-Schiff (PAS) and MT staining of
human kidney tissue and the corresponding quantitation of MT* areas.
Scale bars: 10 um. (B) Representative images of YH2AX- and KIM-1-stained
sections of human kidneys and the corresponding quantitation of yH2AX*/
KIM-1* tubules. Scale bars: 10 um. (C) Correlation between the number of
yYH2AX*/KIM-1* tubules and eGFR. (D) Representative images of pATR-
and KIM-1-stained sections of human kidney and the corresponding
quantitation of pATR/KIM-1* tubules. Scale bar: 10 um. (E) Relationship
between yH2AX and pATR expression in KIM-1*chronically injured RPTECs.
(F) Representative images of H9 cell-derived day-49 organoids treated
with either cisplatin (5 uM) or vehicle (RPMI) for 24 hours. Sections of the
organoids were stained for ATR, pATR, yH2AX, and LTL. Scale bar: 20 um.
Dot plots show quantitation of pATR* nuclei (n = 6, control; n = 6, cisplatin)
and yH2AX" nuclei in the organoids (n = 6, control; n = 7, cisplatin). (G)
Viability of HKC-8 cells assessed 24 hours after cisplatin treatment, with
or without 10 uM VE-821 pretreatment. Viability was determined using the
MTT assay. Data are expressed as a percentage of the control MTT value

(n = 3). (H) Viability of HKC-8 cells was assessed by MTT assay immediately
following culturing under 21% or 5% O, for 24 hours, with or without 10 uM
VE-821 pretreatment. n = 9, MCD; n = 11, CKD (A-E). Data are presented as
the mean + SEM. A 2-tailed, unpaired t test (A, B, D, and F), 1-way ANOVA
with Tukey’s post hoc test (G and H), and Pearson'’s correlation analysis

(C and E) were used to determine statistical significance. *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001. HM, high-magnification.

by abnormally slow growth during fetal development and post-
natally. Studies in mice showed that constitutive deletion of ATR
in adulthood leads to increased DNA damage, defects in tissue
homeostasis, and the rapid appearance of age-related phenotypes,
such as hair-graying, alopecia, kyphosis, osteoporosis, thymic invo-
lution, and other abnormalities, similar to what is seen in progeroid
(accelerated aging) syndromes in humans (19-21). ATRis activated
in RPTECs in vitro and in vivo in response to cisplatin administra-
tion (10). Our goal was to better understand the role of ATR in the
DDR to injury of RPTECs and its contribution to the maladaptive
initiation and progression of interstitial fibrosis (7, 8, 22-25).

We report that humans with CKD have RPTEC activation of
ATR and extensive DNA damage, marked by phosphorylation of
the histone H2A variant H2AX (yH2AX), with ATR expression
inversely related to the degree of tissue fibrosis. yH2AX is import-
antforthe recruitmentandlocalization of DNA repair proteins (26).
ATR and yH2AX are also markedly upregulated in the RPTECs
of kidney organoids derived from human pluripotent stem cells
after tubular injury is induced with cisplatin. We hypothesized
that reduced RPTEC expression of ATR would result in more cells
with unrepaired DNA damage and lead to increased maladaptive
repair of the kidney following injury. To test this hypothesis, we
specifically deleted the Atr gene from RPTECs in adult mice and
then subjected these mice to tubular injury with either bilateral
ischemia-reperfusion, cisplatin, or unilateral ureteral obstruction
(UUO). We found that the animals with RPTEC deletion of the Atr
gene had more cumulative DNA damage, apoptosis, acute impair-
ment of kidney function, and worse kidney fibrosis following
ischemia and UUO when compared with littermate controls with
intact RPTEC Atr expression. These results were corroborated by
in vitro studies of RPTECs and kidney organoids derived from
human stem cells. Cumulatively, our findings suggest that after
tubular injury, ATR plays an important protective role in RPTECs
that leads to less maladaptive repair and kidney fibrosis.
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Results

ATR activation and DNA damage are found in kidney tissue from
humans with chronic fibrotic kidney disease and in kidney organoids
derived from human stem cells. We analyzed human kidney tissue
from 11 subjects with CKD with kidney interstitial fibrosis and ele-
vated serum creatinine concentrations, as well as from 9 individu-
als with a pathologic diagnosis of minimal change disease (MCD)
with normal serum creatinine, good preservation of tubules, and
little or no fibrosis (Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI122313DS1 and Figure 1A). YH2AX is a sensitive marker for
DNA damage (27, 28). In kidney tissue from humans with CKD,
the number of YH2AX and KIM-1 double-positive tubules in each
kidney section was markedly increased (Figure 1B) and inverse-
ly correlated with the estimated glomerular filtration rate (eGFR)
(Figure 1C). ATR kinase is activated through phosphorylation and
acts as the central regulator of DDR responses through the phos-
phorylation of ATR substrates, which collectively inhibit DNA
replication and mitosis so that the cell can attempt DNA repair,
recombination, or, alternatively, undergo apoptosis (29). We
detected greater numbers of phosphorylated ATR* (pATR") cells
in KIM-1-expressing injured human RPTECs in the kidneys of
subjects with CKD (Figure 1D). We noted an inverse correlation
between YH2AX'/KIM-1* and pATR'/KIM-1* cells in chronically
injured human kidney samples (Figure 1E).

To examine ATR activation in response to toxins in human
kidney cells in vitro, we first tested the effects of a nephrotox-
in, cisplatin, in human kidney organoids. Cisplatin induces DNA
damage by causing inter- and intra-strand crosslinks, leading to
replication fork arrest and single-strand breaks in human kidney
organoids (30, 31). RPTECs are particularly susceptible to injury as
a result of increased uptake of cisplatin (32-34), creating cisplatin
concentrations in RPTECs that are much higher than in the blood
(35, 36). Organoids were derived from H9 human embryonic stem
cells (hESCs) via directed differentiation and contained epithelial
nephron-like structures that express markers of podocytes, proxi-
mal tubules (PTs), loops of Henle, and distal tubules organized in a
manner similar to that seen in nephrons in vivo. Importantly, a sig-
nificant subset of epithelial structures stained with Lotus tetragonol-
obus lectin (LTL) and with antibodies against aquaporin 1, both
markers of differentiated RPTECs. We have previously shown that
these cells in the organoids are sensitive to cisplatin treatment and
react similarly to RPTECs in vivo (37, 38). Staining of frozen sec-
tions of cisplatin-treated organoids revealed marked ATR, pATR,
and yH2AX upregulation in nuclei of LTL* RPTECs (Figure 1F).

Next, we tested the effect of ATR inhibition on cultured
RPTECs. We found that HKC-8 cell viability was decreased with
30 pug/mL cisplatin treatment in vitro and that pretreatment with
the ATR inhibitor VE-821 (10 uM) resulted in a further reduction
in cell viability after cisplatin exposure (Figure 1G). In addition,
cell viability was reduced in DMSO-treated HKC-8 cells when
cells were exposed to reduced oxygen tension (5%) for 24 hours,
and this effect was further exacerbated in the presence of VE-821
(Figure 1H). Thus, DNA damage and activation of the DDR are
prominent features of RPTECs in human tissue with chronic inju-
ry in vivo (CKD) and in vitro in both human organoids and human
cells in culture undergoing toxin- or hypoxia-induced cell injury.
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Figure 2. PT Atr gene deletion exacerbates cisplatin-induced AKI. (A)
Real-time PCR analysis of Atr mRNA levels in ATR®" and ATRR"™®/~ kid-
neys 96 hours after cisplatin administration. ATR®! (n = 3); ATRRP™“/- (n =
2). (B) Survival after cisplatin injection was monitored until day 7. ATR®"

(n =18), ATRR"T/~ (n = 18). (C) Body weight (vs. 0 hour), (D) BUN, and (E)
serum creatinine levels over time, 72 and 96 hours after saline or cisplatin
administration. Saline (72 h): ATR®! (n = 3), ATRRP"“/~ (n = 4); cisplatin (72
h): ATR®" (n = 18), ATRR?™™/~ (n = 18). Saline (96 h): ATR®" (n = 3), ATRRPT/-
(n = 4); cisplatin (96 h): ATR" (n = 9), ATRR"'™/~ (n = 10). (F) Representative
kidney histology as shown by PAS staining 96 hours after saline or cisplatin
injection. Scale bar: 50 um. Dot plot shows the corresponding quantification
of tubular injury score. Saline: ATR®! (n = 3), ATRRP™“/~ (n = 4); cisplatin:
ATR® (n = 9), ATRR"™/~ (n = 10). (G) Representative images of KSP-stained
sections of injured kidneys from ATR® and ATRRP™“/- mice 96 hours after
cisplatin injection. Scale bar: 50 um. Dot plot shows the corresponding
quantification of KSP* areas. Saline: ATR®" (n = 3), ATRR"™/~ (n = 4); cispla-
tin: ATR® (n = 9), ATRR"™/~ (n = 10). (H) Representative images of KIM-1-
stained sections of injured kidneys from ATR®" and ATRR*"®/~ mice 96 hours
after cisplatin injection. Scale bar: 50 um. Dot plots shows the correspond-
ing quantification of KIM-1* areas. Saline: ATR™ (n = 3), ATRR"™™/~ (n = 4);
cisplatin: ATR® (n = 9), ATRRP™™/~ (n = 10). (I) Coimmunostaining for KIM-1
and DAPI in kidneys from ATR®" and ATRR"™™/~ mice 96 hours after saline or
cisplatin injection. Top panels: Stitched images of whole kidney cross-sec-
tional area (original magnification, x200). Bottom panels: Higher-magni-
fication images from the boxed regions in the stitched images. Scale bars:
500 um. (J) Quantification of KIM-1 staining in cortex or outer medulla
from whole kidney section images in I, normalized to control LTL staining.
Saline: ATR®™ (n = 4), ATRRP™™/- (n = 4); cisplatin: ATR®"! (n = 6), ATRRPT/-
(n =10). Data are presented as the mean + SEM. Kaplan-Meier method
with comparison using the log-rank test (B), a 2-tailed, unpaired t test
(C-H, cisplatin ATR®! vs. cisplatin ATR**™®/), and 1-way ANOVA followed
by Tukey's post hoc test (J) were used to determine statistical significance.
*P < 0.05, **P < 0.01, and ***P < 0.001, ****P < 0.0001.

PT Atr gene deletion exacerbates cisplatin-induced AKI. To
evaluate whether ATR plays a role in cisplatin-induced RPTEC
injury in vivo, we depleted the Atr gene specifically from mouse
RPTECs. Atr conditional-knockout mice were generated by
crossing Atr"# mice with Atr heterozygous Slc34al-GFPCreERT?
(Atr- Slc34a1°°%*) mice (19, 39). The resulting At~ Slc34al®ct+
mice were bred together to generate Atr"~ Slc34al®°¥/+ or Atr/f
Slc34al°* mice, in which Atr was deleted in a tamoxifen-
dependent manner (ATR®'¢/). These mice were compared
with littermate controls, which carried the ATR-floxed allele but
did not carry the Cre transgene (ATR) (19, 39). We confirmed
decreased total kidney Atr mRNA by quantitative real-time PCR
(gPCR) in the ATR®™/" mice 96 hours after cisplatin injection
(Figure 2A). Kaplan-Meier survival analysis demonstrated that
cisplatin administration (20 mg/kg i.p.) to ATR*"C/~ mice led to
significantly increased mortality by day 7 when compared with
ATR® mice (Figure 2B). In addition, although there were no sig-
nificant differences in body weight between ATR®'¢/~and ATR®"!
mice after saline vehicle treatment, following cisplatin treatment,
ATR®T/" mice lost significantly more weight when compared
with their ATR® littermates (Figure 2C). Serum creatinine and
blood urea nitrogen (BUN) levels in response to cisplatin-induced
tubular injury were significantly higher in ATR®/~ mice com-
pared with levels in ATR® mice (Figure 2, D and E). Consistent
with greater kidney dysfunction, ATR®'®/~ mice had higher tubu-
lar injury scores (composite of necrotic tubules, cast formation,
and dilated tubules) when compared with scores for ATR®™ mice

RESEARCH ARTICLE

96 hours after cisplatin injection (Figure 2F). Ninety-six hours
after cisplatin injection, kidney cortex kidney-specific protein-
positive (KSP*) areas (KSP is expressed in all tubular segments in
mice; refs. 40-42) in ATR®/" mice were significantly reduced
(Figure 2G), and KIM-1 staining was significantly greater (Figure
2H) in ATR®™®/ mice compared with that seen in ATR®™ mice.
KIM-1 expression was higher in the outer medulla than in the cor-
tex in both ATR® and ATRR™®/- mice; however, ATRR*T¢/~ mice
had higher expression of KIM-1 in both regions than did ATR®
mice (Figure 2, Iand J). This observation is consistent with previous
reports that the S3 segment of the PT is most sensitive to cisplatin
injury (43). Thus, RPTEC Atr gene depletion results in enhanced
cisplatin-induced RPTEC injury 96 hours after treatment.

Atr gene deletion in RPTECs enhances DNA damage and leads
to more apoptosis after cisplatin injection. yH2AX localizes to the
sites of DNA single-strand breaks and functions to recruit repli-
cation protein A (RPA) and ATR to sites of DNA damage (44, 45).
The nucleus-wide yYH2AX response represents an apoptotic signal
that is mediated by p53 and pan-caspases (45, 46). Nucleus-wide
yYH2AX* and yH2AX" foci were quantitated separately to evalu-
ate the relationship between ATR, DNA damage, and apoptosis
in more detail. We detected significantly increased numbers of
total yYH2AX-labeled RPTECs (nucleus-wide and foci) after cis-
platin injury in ATR®T¢/- mice when compared with numbers
in ATR®! mice, 96 hours after cisplatin administration (Figure
3A). The number of YH2AX" foci was significantly increased in
ATR®*T®/~ mice, whereas the number of nucleus-wide yH2AX*
cells trended toward an increase (Figure 3A). The outer medulla
had a higher concentration of yYH2AX" cells compared with the
cortex, again suggesting that this region had the most injury (Fig-
ure 3A). In addition, we found that RPTECs had increased labeling
for cleaved caspase 3 staining in ATR*®/~ mice when compared
with ATR®" mice (Figure 3B). Caspase 3 activation was higher
in the outer medulla than in the cortex in ATR®" mice, whereas
ATR®C/- mice showed increased caspase 3 activation in both
regions of the kidney, with a greater increase in the outer medulla
(Figure 3C). Ninety-six hours after cisplatin exposure, we observed
no difference in the number of Ki67* tubular or interstitial cells
between ATR®* and ATR*'/~ mice (Figure 3D). As shown in Fig-
ure 3E, the majority of the Ki67* cells did not stain for F4/80 or
a-smooth muscle actin (0-SMA), indicating that the majority of
cells were tubular cells and not macrophages or myofibroblasts.

Ninety-six hours following cisplatin injection, we evaluated
the p53/p21 signaling pathway, an effector pathway of the DDR
that is downstream of ATR and known to initiate G,/M cell-cycle
arrest. We detected higher p53 protein expression in ATRRFTC/-
mice than in ATR® mice. This increase in p53 in the absence of
adequate ATR-mediated DNA repair could have activated G,/S
and/or G,/M cell-cycle checkpoints in the ATR**"®/~mice. mRNA
and protein levels of p21, a transcriptional target of p53, were
also significantly higher in ATR®'¢7/~ mice (Figure 3F). ATRRTC-/-
mice had greater numbers of RPTECs that stained positive for
phosphorylated histone H3 (pH3) at Ser10, indicating that more
RPTECs were in the G,/M phase of the cell cycle (Figure 4A).
ATRR?TC/~ mice tended to have more F4/80-labeled interstitial
macrophages than did ATR®* animals, but the difference was not
statistically significant (Figure 4B).
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Figure 3. ATR?"™/- mice have enhanced DNA damage and apoptosis
after cisplatin injection. (A) Representative images of yH2AX-stained
kidney sections from ATR®" and ATRRP™®/- mice 96 hours after saline or
cisplatin injection. Scale bars: 50 pm. Dot plots show quantification of
yH2AX* cells, percentage of cells with nucleus-wide yH2AX* staining or
yH2AX* foci, and yH2AX" cells in cortex versus outer medulla. Saline:
ATR® (n = 3), ATRRP™/~ (n = 4); cisplatin: ATR® (n = 9), ATRR*™/~ (n = 11).
(B) Representative images of cleaved caspase 3-stained kidney sections
from ATR®" and ATRRP™/~ mice 96 hours after saline or cisplatin injection.
Scale bar: 50 um. Dot plot shows corresponding quantification of cleaved
caspase 3* cells. Saline: ATR®™ (n = 3), ATRRP™™/~ (n = 4); cisplatin: ATR®
(n =9), ATRRPT™/- (n = 11). (C) Immunostaining for cleaved caspase 3 and
DAPI in kidneys from ATR® and ATR®™“/~ mice 96 hours after saline or
cisplatin injection. Upper panels: Stitched images represent approximately
25% of the kidney cross-sectional area (original magnification, x200).
Lower panels: Higher-magnification images from the boxed regions in
the stitched (upper) images (scale bar: 500 um). Dot plot shows quan-
tification of cleaved caspase 3 staining from the whole kidney section
images in C relative to the LTL* area of uninjured kidney tissue. Saline:
ATR®! (n = 4), ATRRP™S/- (n = 4); cisplatin: ATR® (n = 6), ATRR*™™/~ (n = 8).
(D) Representative images of Ki67-stained kidney sections from ATR"
and ATRR"™™/~ mice 96 hours after saline or cisplatin injection. Scale bar:
50 um. Dot plot shows corresponding quantification of Ki67* cells. Saline:
ATR®" (n = 3), ATRR"TC/~ (n = 4); cisplatin: ATR®! (n = 7), ATRR"™“/- (n = 9).
(E) Representative images of F4/80- and Ki67-stained and a-SMA- and
Ki67-stained sections of injured kidneys from ATRR"™™/~ mice 96 hours
after cisplatin injection. Scale bar: 50 um. (F) Representative Western blot.
Each lane represents 1 sample from an individual mouse. Dot plots show
quantification of Western blot band intensity for p53 and p21, 96 hours
after cisplatin injection. ATR®" (n = 6), ATRR"™“/~ (n = 6). Also shown is a
dot plot of quantitative RT-PCR analysis of p21 mRNA levels in ATR®" and
ATRRPTC/- kidneys. Saline: ATR® (n = 3), ATRRP™™/~ (n = 4); cisplatin: ATR®™"
(n = 6), ATRRP™™/- (1 = 7). Data are presented as the mean + SEM. Statistical
significance was determined by 2-tailed, unpaired t test (A, B, D, and F,
for cisplatin ATR®" vs. cisplatin ATRRP™“/-) and 1-way ANOVA followed by
Tukey's post-hoc test (C). *P < 0.05, **P < 0.01, ***P <0.001, and ****P <
0.0001. See the complete unedited blots in the supplemental material.

We complemented the in vivo experiments with studies in
cultured mouse RPTECs, pig kidney LLC-PK1 cells, and human
kidney organoids. RPTECs and LLC-PK1 cells treated with cis-
platin plus the ATR inhibitor VE-821 had significantly higher
caspase 3 activation compared with cisplatin treatment alone (Fig-
ure 4, C and D). Next, we tested the effect of ATR inhibition on
cisplatin-induced injury in human kidney organoids. Organoids
treated with cisplatin plus VE-821 had a significant reduction in
the number of LTL* tubules and an increased percentage of LTL*
cells double-positive for pH3 and Ki67 (Figure 4, E-G). These data
demonstrate that deletion of ATR in RPTECs, LLC-PK1 cells, and
human kidney organoids significantly worsens cisplatin-induced
kidney injury and increases the number of cells in the G,/M phase
of the cell cycle.

Atr gene deletion promotes G,/M arrest in cisplatin-injured
RPTECs. The results in Figure 4A suggest that there was an accu-
mulation of cell-cycle-arrested RPTECs following injury in the
ATR®T/~ mijce. To determine whether RPTECs were arrested in
G,/S or G,/M, the cell cycle was analyzed using the fluorescence
ubiquitination-based cell-cycle indicator (FUCCI) (47). In primary
RPTECs isolated from FUCCI2a mice, cisplatin treatment result-
ed in a marked increase in G- and a reduction in S/G,/M-phase
cells, suggesting activation of the G,/S checkpoint. When the ATR
inhibitor VE-821 was added with cisplatin, we observed a marked
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increase in S/G,/M-phase cells (Figure 5A). Live microscopy
cell-cycle assessment of HK-2 cells expressing FUCCI revealed
that inhibition of p53 by pifithrin-a resulted in an increase in mKO-
Cdt1* G,-phase cells, with a corresponding decrease in mAG-gem-
inin S/G,-phase cells. By comparison, incubation with rigosertib,
a G,/M arrest inducer, increased the number of cells in the G,/M
phase of the cell cycle (Figure 5, B and C). After establishment
in primary culture, under basal conditions, we noted increased
numbers of primary RPTECs from ATR*"®/" mice in G,/M rela-
tive to cells from WT mice, indicating an increased sensitivity of
ATRRPTC/- cells to the stresses of isolation and culture, activating
the G,/M checkpoint (Figure 5, D-F). These findings indicated
that ATR inhibition leads to increased G,/M cell-cycle arrest,
which our laboratory and others have linked to maladaptive repair
and fibrosis, and that p53 inhibition reduces G,/M arrest.

Atr gene depletion in RPTECs results in increased profibrotic
changes after ischemia-reperfusion injury. ATR is upregulated fol-
lowing bilateral ischemia-reperfusion injury (IRI) in mice (Figure
6A). To investigate the role of Atr deletion in the transition from
AKI to CKD after IRI, ATR®'/~ and control mice were subjected
to 28 minutes of bilateral IRIL. Decreased total kidney Atr mRNA
was confirmed by qPCR in ATR®™7/" mice on day 28 after IRI
(Figure 6B). We observed no differences in serum creatinine or
BUN at 24 hours, indicating similar degrees of initial injury in the
ATRRTC/-and ATR® animals. However, 3 and 7 days after IRL, we
observed delayed recovery among the ATR*™/~ mice (Figure 6,
C and D), as reflected by persistent elevations in serum creatinine
levels in ATR®"¢/~mice compared with those in ATR®*! mice. The
differences in creatinine levels persisted for at least 7 days, and dif-
ferences in BUN persisted up to day 21 after IRI in ATR®'C/~ mice
when compared with ATR®™ mice (Figure 6D). Kidney histologic
examination revealed substantially greater tissue damage (tubular
dilation and loss of brush border) in ATR®®/~ mice on day 7 after
ischemic injury (Figure 6E). Twenty-eight days after IRI, when
compared with ATR®" mice, the ATR*®/~ mice had significant-
ly more extracellular matrix collagen deposition, as quantified by
Masson’s trichrome (MT) staining (Figure 6F). Immunofluores-
cence (IF) staining of kidney cortices for a-SMA expression was
also greater in ATR®'C/" mice, reflecting an increase in myofi-
broblast activation when compared with ATR®" mice that had
similar amounts of tubular injury at onset (Figure 6G). To quan-
tify tubular cell loss, we measured the extent of KSP expression.
ATR®'¢/-mice had a greater reduction in KSP* tubular cell areas
when compared with ATR®" animals, which was consistent with
increased tubular atrophy (Figure 6G). In addition, real-time PCR
analysis of kidney samples 28 days after IRI showed increased,
or a tendency toward increased, mRNA levels of genes related
to interstitial fibrosis (TGF-B, a-SMA, collagen type 1al [Collal])
and the DDR (p21) in ATR®'®”/~ mice compared with mRNA lev-
els in ATR®™ mice (Figure 6, H-K). Twenty-eight days after IRI,
more RPTECs were colabeled for both Ki67 (a marker of cell pro-
liferation) and the pH3 (Ser10) among the ATR®'®/~ mice when
compared with ATR®™ mice (Figure 7A), suggesting more RPTECs
arrested at the G,/M phase of the cell cycle (48). Furthermore,
RPTEC senescence-associated B-galactosidase (SA-B-gal) activity
(a marker of secretory senescent cells) was increased to a great-
er degree in ATR®'C/~ mice following IRI when compared with
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Figure 4. Atr gene deletion in RPTCs leads to increased cleaved caspase 3 and G,/M-phase cells after cisplatin injection. (A) Representative images
of pH3-stained kidney sections from ATR®" and ATRR"™™/~ mice 96 hours after saline or cisplatin injection and the corresponding quantification of pH3*
nuclei. Scale bar: 50 um. Saline: ATR®! (n = 3), ATRR""™“/- (n = 4); cisplatin: ATR®™! (n = 6), ATR®"™“/- (n = 6). (B) Representative images of F4/80-stained
kidney sections from ATR®" and ATRRP™™/- mice 96 hours after saline or cisplatin injection. Scale bar: 50 um. Dot plot shows corresponding quantification
of F4/80" area. Saline: ATR®" (n = 3), ATRR"'®/~ (n = 4); cisplatin: ATR®" (n = 5), ATRR"'®“/~ (n = 5). Representative Western blots of cleaved caspase 3 expres-
sion in mouse RPTCs (C) and LLC-PK1 cells (D) treated with cisplatin, VE-821, or a combination of both. n = 3 independent experiments. (E) Representative
images of H9 cell-derived day-64 organoids treated with either cisplatin (5 uM) or vehicle (DOMSO) for 24 hours, with or without 10 pM VE-821 pretreat-
ment. Sections of the organoids were stained for LTL, pH3, Ki67, and DAPI. Scale bar: 50 um; inset shows a high-power magnification of a triple-positive
tubule. (F) Quantitation of LTL* tubules and (G) percentage of pH3*, Ki67*, and LTL" cells to LTL* cells (n = 2 x10 high-power fields [HPF] in each treatment
group). Data are presented as the mean + SEM. Statistical significance was determined by 2-tailed, unpaired t test (A and B, cisplatin ATR"vs, cisplatin
ATRR"™/) and 1-way ANOVA followed by Tukey’s post-hoc test (C, D, F, and G) *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 5. Atr deletion promotes G,/M arrest in cisplatin injured RPTECs. (A) Schematic diagram showing the timing of the FUCCI2a fluorescence
reporters. Red indicates mCherry; green indicates mVenus. Dot plots show the cell-cycle profile and proportion of FUCCI RPTECs in G, early S, and S/G,/M
phases, as analyzed by flow cytometry. Primary RPTECs from FUCCI2a-gGT-Cre mice were synchronized in 1% FBS PTC media and then treated with cispla-
tin, with or without VE-821, or were left untreated for 48 hours. Cells were then fixed and analyzed by flow cytometry. Red and green colors in the graph
indicate C.1 and S/GZ/M phases, respectively, and double-positive cells were considered to be in the early S phase. RFP, red fluorescent protein; GFP, green
fluorescent protein. (B and C) Cell-cycle assessment by live microscopy of HK2 cells expressing the FUCCI system in control conditions (Ctrl, n = 4),

or incubated with 50 nM pifithrin-a (PF50, n = 2) or 10 nM rigosertib (RG10, n = 2). (B) Representative images of the cells at 1 hour and 24 hours after
incubation are shown. Images on the left show overlays of bright-field, monomeric Kusabira-Orange (mKO), and monomeric Azami-Green (mAG) channels.
Images on the right show mKO and mAG channels (original magnification, x10). (C) Graph shows the quantification over time of the cells in G, (mKO-Cdt1,
red), G, (mAG-geminin, green), and S (mKO-Cdt1* mAG-geminin, orange) phases of the cell cycle. (D) Cell-cycle analysis by propidium iodide staining and
flow cytometry of mouse primary cells at baseline (top 2 graphs) and after treatment with cisplatin at 0.2 pg/mL for 48 hours (bottom 2 graphs). (E and F)
Results of the cell-cycle analysis for 3 independent experiments. Data are presented as the mean + SEM. Statistical significance was determined by 1-way
ANOVA followed by Tukey’s post hoc test. *P < 0.05 and **P < 0.01.
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Figure 6. Atr gene depletion in RPTECs results in increased profibrotic changes after IRI. (A) Representative images of ATR-stained sections of kidneys
48 hours after IRl or sham operation. Scale bar: 50 pm. (B) Real-time PCR analysis of Atr mRNA levels in ATR®! and ATRR"™“/~ kidneys on day 28 after IRI.
ATR® (n = ), ATRRP™™/~ (n = 6). (C and D) Changes in serum creatinine and BUN following IRI. Sham operation: ATR®" (n = 3), ATRR"™®/~ (n = 3); IRl: ATR®"
(n = 8), ATRR"T™/~ (n = 8). (E) Representative images of PAS-stained kidneys from ATR®" and ATR®""™/- mice on day 7 after IRI. Scale bars: 300 um (top) and
50 um (bottom). (F) Representative images of MT-stained kidneys from ATR®! and ATR®"™™/~ mice on day 28 after IRl or sham operation. Dot plot shows
the quantification of the MT* area. Scale bar: 100 um. (G) Representative images of KSP- and a-SMA-stained kidney sections from ATR®" and ATRRPTc-/-
mice 28 days after IRl or sham operation. Dot plots show the quantification of KSP* and o-SMA* areas. Scale bar: 50 um. (F and G) Sham: ATR™" (n = 3
mice, 6 kidneys), ATRR"'/~ (n = 3 mice, 6 kidneys); IRl: ATR®" (n = 8 mice, 16 kidneys), ATRR’™™/~ (n = 8 mice, 16 kidneys). (H-K) RT-PCR analysis of TGF-B,
a-SMA, Col1a1, and p21 mRNA levels in ATR®" and ATRR"'®/~ kidneys on day 28 following IRI. Sham operation: ATR®" (n = 3), ATRR"™™/~ (n = 3); IRI: ATR®"!
(n = 8), ATRR"T™/~ (n = 8). Data are presented as the mean + SEM. Statistical significance was determined by 2-tailed, unpaired t test (IRl ATR®" vs. IRI
ATRRPTC/-), *P < 0.05 and **P < 0.01.
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Figure 7. Atr gene depletion in
RPTECs results in G,/M arrest and
cellular senescence after IRI. (A)
Representative images of coimmuno-
staining with antibodies against

Ki67 and pH3 in cells from ATR®" and
ATRR"™“/~ mice on day 28 following IRI
and the corresponding quantification
of Ki67* and pH3* nuclei. ATR®" (n = 7),
ATRRP™e/~ (n = 5). Scale bar: 50 um. (B)
Representative images of SA-B-gal-
stained kidney sections from ATR®"
and ATRRP™™/~ mice 28 days after IRI
or sham operation. Scale bar: 50 um.
Dot plots shows the quantification

of SA-B-gal* areas. IRl: ATR®™" and
ATRRPT¢/~ mice (n = 5 mice and 10
kidneys). Data are presented as the
mean + SEM. Statistical significance
was determined by 2-tailed, unpaired t
* test (IRI ATR®"vs. Rl ATRRPT¢-/),
*P<0.05and **P < 0.01.
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activity in ATR®" animals (Figure 7B). Taken together, these data
suggest that a lack of ATR in RPTECs predisposes kidneys to mal-
adaptive repair, with increased numbers of RPTECs in the G,/M
cell-cycle phase, increased senescence, and increased fibrosis fol-
lowing tubular injury.

Deletion of the RPTEC Atr gene results in more severe kidney inju-
1y, increased DNA damage, apoptosis, G,/M-phase cells, and fibrosis
after UUO. As the third model of kidney injury, we investigated the
role of RPTEC ATR in the development of kidney fibrosis after
UUO. DNA damage and DNA repair activity are related to the pro-
gression of kidney fibrosis after UUO (49, 50). ATR®'®/~ mice had
a higher histological tubular injury score 7 days after UUO com-
pared with ATR® mice (Figure 8A). In addition, KIM-1 was more
highly expressed at the protein level 7 days after UUO in ATR®*™¢/-
mice (Figure 8, B and C). Coincident with enhanced kidney injury,
we found that the number of yH2AX" cells on day 7 after UUO was
significantly increased in ATR®'¢/~ mice when compared with
ATR® animals exposed to UUO. Both the number of cells with
nucleus-wide yYH2AX expression and the number of yH2AX foci
were significantly increased in ATR®™C/~ mice when compared
with ATR®* animals (Figure 8D). Furthermore, apoptosis, as mea-
sured by cleaved caspase 3 staining, was also significantly great-
er in ATR®'/~ mice (Figure 8E). These results indicated that the
lack of ATR in RPTECs leads to an increase in the amount of DNA
damage and apoptosis after UUO.

MT staining revealed greater collagen content in ATRRTC7/-
mice compared with ATR®® mice in the UUO model (Figure
9A). Moreover, ATR®™/" mice had a significant increase in kid-
ney a-SMA" area after UUO and a decrease in KSP* tubular cells

AT IRCQH ATRRIPTCfIf

compared with ATR®™ mice (Figure 9B). The contralateral kid-
ney (CLK) was used as a control for the obstructed kidney. We
noted no significant differences between the CLKs of ATR®" and
ATR®T¢/" mice in terms of mRNA expression levels of kidney
fibrosis markers including TGF-B, connective tissue growth fac-
tor (CTGF), a-SMA, COL1al, fibronectin, and PDGFR-f. By con-
trast, mRNA levels of all these fibrotic markers, with the excep-
tion of PDGFR-B, which showed a definite trend toward higher
expression (P = 0.079), were more significantly upregulated in
ATR®T/~ mice in response to UUO than in ATR®* mice (Figure
9, C-H). There were no differences in the number of Ki67+* cells
between ATR®'¢/- and ATR®" kidneys following UUO (Figure
91), and the majority of the Ki67* cells did not stain with F4/80
or a-SMA (Figure 9]). Similar to the results we observed with
cisplatin-induced kidney injury (Figure 4A) and IRI (Figure 7A),
ATR®'/" mice had increased numbers of cells in the G,/M
phase of the cell cycle (pH3*) 7 days after UUO compared with
ATR® mice (Figure 9K), a finding consistent with enhanced
G,/M arrest. We detected a tendency toward increased mRNA
expression of p53 and a significant increase in its direct target p21
in ATR®'® mice compared with expression levels in littermate
controls after UUO (Figure 9, L and M). These results indicate
that RPTEC Atr deletion leads to increased kidney fibrosis and
numbers of RPTECs in the G,/M phase following UUO.

ATR inhibition or deletion increases the formation of TASCCs in
RPTECs in human kidney organoids and mice after injury. Recent
studies have identified the formation of target of rapamycin-auto-
phagy spatial coupling compartments (TASCCs) as key compo-
nents of the senescence-associated secretory phenotype (25, 51).
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Figure 8. Deletion of RPTEC Atr results in more severe kidney injury and
increased DNA damage and cleaved caspase 3 after UUO. (A) Represen-
tative kidney histological images of PAS-stained kidney sections 7 days
after UUO. Scale bar: 50 pm. Dot plot shows quantified tubular injury
score. ATR™ (n = 4), ATRR"™/~ (n = 5). (B) Representative images of KIM-1-
stained kidneys from ATR®" and ATRR"™™/~ mice 7 days after UUOQ. Scale
bar: 50 um. (C) Western blotting was performed on UUO-injured kidney
lysates to determine KIM-1 expression. Each lane represents 1sample
from an individual mouse. Dot plot shows the corresponding quantifica-
tion of band intensity. ATR®" (n = 3), ATRR""“/~ (n = 5). (D) Representative
images of yH2AX-stained sections of CLKs and injured kidneys from ATR®"
and ATRRP™™/- mice 7 days after UUO. Dot plots show the corresponding
quantification of yH2AX* cells and of nucleus-wide yH2AX* and yH2AX*
foci. ATR®™ (n = 4), ATRRPT/- (n = 5). Scale bars: 50 um. (E) Representative
images of cleaved caspase 3-stained sections of CLKs and injured kidneys
from ATR®" and ATRR"™®/~ mice 7 days after UUO. Scale bar: 50 um. Dot
plot shows the corresponding quantification of cleaved caspase 3* cells.
ATR® (n = 4), ATRRP™“/- (n = 5). Data are presented as the mean + SEM.
Statistical significance was determined by 2-tailed, unpaired t test (UUO
ATR®ys., ATRRPTC/), *P < 0.05 and **P < 0.01. The complete unedited
blots are provided in the supplemental material.

We identified TASCC formation in humans and animal models
with CKD and linked it to the progression of kidney fibrosis in
CKD (25). TASCC formation is critical for the AKI-to-CKD tran-
sition, since inhibition of TASCCs after the injury phase of AKI
prevents CKD (25). To evaluate whether ATR inhibition increased
TASCC formation, we treated kidney organoids with cisplatin.
TASCC formation was significantly elevated 24 hours after cis-
platin exposure and remained elevated over the long term (120
hours) (Figure 10A). We also examined TASCC formation in
ATR®T¢~mice. Following UUO, we found that TASCC formation
was significantly increased in ATR®® mice compared with litter-
mate controls (Figure 10B and Supplemental Video 1), as evaluat-
ed by super-resolution structured illumination microscopy (SIM).
These data suggest that ATR inhibition or deletion promotes fibro-
sis in part by inducing the formation of TASCCs.

Discussion

This study reveals, for the first time to our knowledge, the impor-
tance of a DDR protein in post-injury repair in RPTECs, which
comprise approximately 80% to 90% of the kidney cortex. Our
previous study, as well as subsequent studies by other investiga-
tors, demonstrated that maladaptive DNA repair, with RPTECs
arrested in the G,/M phase of the cell cycle, is an important
mechanism underlying the progression from AKI to CKD (7, 52).
We hypothesized that RPTEC-specific deletion of a DDR media-
tor would cause a reduction in DDR signaling, decrease adaptive
repair after injury, and hasten chronic fibrotic changes to the kid-
ney due to dysfunctional DNA repair. We found that ATR, a sensor
of DNA damage and an initiator of the DDR signaling cascade (53,
54), was activated in patients with CKD and in mice with differ-
ent models of CKD. We studied the role of RPTEC ATR in 3 dif-
ferent mouse models of tubular injury: cisplatin nephrotoxicity,
ischemia-reperfusion, and UUO, as well as in RPTECs in culture
and human kidney organoids. Each type of tubular insult has been
shown to cause DNA damage in RPTECs through alkylation, oxi-
dative stress, or oxygen free radical release (7, 9, 25, 55). Atr con-
stitutive gene loss results in embryonic lethality (56), making it
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essential to use a conditional inducible system in mouse models
of disease. At baseline, we found that similar levels of acute tubu-
lar injury were generated in either ATR®¢/~ or ATR®" mice after
ischemia. Despite the similar degree of injury during the acute
phase of injury, we observed a difference in the repair and chron-
ic phases of injury in the ATR®®/~ mice, which developed more
maladaptively injured cells in the G,/M phase and more fibrosis
compared with ATR® mice. In the UUO model, which is char-
acterized by greatly accelerated fibrosis, we observed increased
tubular injury and fibrosis in ATR®¢/~ mice. With cisplatin inju-
ry, the maladaptive repair in ATR*™®/" mice was associated with
increased apoptosis, markers of kidney injury, and cell death when
compared with ATR® mice. Experiments in both human kidney
organoids and RPTEC lines confirmed that ATR inhibition pro-
moted caspase activation and resulted in more cells in the G,/M
phase of the cell cycle in response to cisplatin injury.

Previous studies by our group and others have shown that sur-
viving TECs are stimulated to proliferate in order to replace lost
RPTECs after AKI, and the severity of the injury determines the
long-term outcome (3, 21-24). Maladaptive repair associated with
G,/M arrest can lead to senescence and fibrosis. In the DDR path-
way, ATM, ATR, and p53 play critical roles in regulating the bal-
ance between cell survival and death (24, 57). When DNA damage
is relatively mild, the DDR can repair the DNA and prevent cell
death. On the other hand, when the damage is severe, the DDR
can induce tubular cells to go into cell-cycle arrest or apoptosis.
In this study, we showed that, compared with WT mice, inhibi-
tion of the DDR in kidney RPTECs by genetic inactivation of Atr
expression led to increased expression of markers of DNA damage
and kidney injury as well as greater functional impairment follow-
ing kidney injury. In effect, we reduced the number of cells that
could contribute to recovery. In addition, deletion or inhibition of
ATR also resulted in an increase in maladaptive repair, cell-cycle
arrest at the G,/M checkpoint, and subsequent fibrosis and CKD.
Thus, the maladaptive response includes inadequate salvaging of
sublethally injured cells to replace lost cells as well as cell-cycle
arrest, i.e., G,/M arrest, in surviving cells, which contributes to
longer-term tissue injury and CKD (7, 57).

Following injury and induction of DNA damage, ATR-defi-
cient cells have been shown to bypass the G,/M checkpoint first
and undergo mitosis, but with daughter cells that have persistently
unrepaired DNA damage that undergo more G,/M arrest (20, 48).
Cumulative unresolved DNA damage can cause cells to undergo
permanent cell-cycle arrest and senescence or, alternatively, may
cause cell death through apoptosis (15, 56). We confirmed that
G,/M arrest occurred in our models by performing flow cytometric
analysis of primary RPTECs expressing FUCCI2a, using recently
published methods that rule out other sources of >2n DNA such
as polyploidy (58), which recent data suggest is not as prominent
as had been previously reported (58). Thus, pathways such as the
DDR that control the fate of cells can determine the outcome of
kidney injury and provide important clues to therapeutic targets.

The DDR is a cellular mechanism that has evolved over time
for the detection and repair of DNA strand breaks resulting from a
myriad of endogenous and exogenous factors. Although the DDR
generally protects against disease, hypo- or hyperactivation can
result in a less efficient DDR that contributes to human patholo-
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Figure 9. The increase in fibrosis and G,/M phase cell cycle is greater in
ATR®™/- mouse kidneys after UUO. (A) Representative kidney histolog-
ical images of MT-stained sections 7 days after UUO and corresponding
quantification of MT* areas. ATR®" (n = 4), ATRR"™™/- (n = 5). Scale bar: 50
um. (B) Representative images of KSP- and a-SMA-stained sections of
CLKs and injured kidneys from ATR®" and ATRR""/- mice on day 7. Scale
bar: 50 um. Dot plots show quantification of KSP* and a-SMA* areas.
ATR® (n = 4), ATRR"T/~ (n = 5). (C-H) Quantitative RT-PCR analysis of
TGF-B, CTGF, a-SMA, Col1al, fibronectin, PDGFR-B, p53, and p21 mRNA
levels in kidneys from ATR®" and ATR®*™“/- mice on day 7. ATR®" (n = 3),
ATRRPTC/- (n = 5). (1) Representative images of Ki67-stained sections of
CKLs and injured kidneys from ATR®" and ATR?""“/~ mice on day 7. Scale
bar: 50 um. Dot plot shows the corresponding quantification of Ki67*
cells. ATR®™ (n = 4), ATRR"'/~ (n = 5). (J) Representative images of F4/80-
and Ki67-stained and a-SMA- and Ki67-stained sections of injured kid-
neys from ATRRP™“/~ mice on day 7. Scale bars: 50 um. (K) Representative
images of pH3-stained sections of CLKs and injured kidneys from ATR®"
and ATRR"™“/~ mice on day 7. Scale bar: 50 um. Dot plot shows the corre-
sponding quantification of pH3* nuclei. ATR®" (4), ATRR"™“/- (n = 5). (L and
M) Quantitative RT-PCR analysis of p53 and p21 mRNA levels in kidneys
from ATR®" and ATRR"™™/~ mice on day 7. ATR®" (n = 3), ATRR"™¢/~ (n =

5). Data are presented as the mean + SEM. Statistical significance was
determined by 2-tailed, unpaired t test (UUO ATR®"vs. UUQ ATRRPTE/-),
*P<0.05and **P < 0.01.

gy (59, 60). Mutations of the DDR pathway in humans have been
associated with progeroid-like syndromes with clinical features of
early-onset aging, such as Werner syndrome, Cockayne syndrome,
and ataxia-telangiectasia (61). CKD can be considered a state of
accelerated aging of the kidney (62), and aging is also a significant
risk factor for worsening renal function (62). Senescence is thought
to be a major contributor to the aging process (63) through telomer-
ic attrition during the normal cell replication process, eventually
leading to a state of permanent cell-cycle arrest (64, 65). Maladap-
tive DNA repair with arrest of kidney epithelial cells in the G,/M
phase of the cell cycle, leading to kidney fibrosis after tubular injury
(7), is similar to what is often observed in aging in the kidney (62).
More severe or repeated kidney injury, each a feature of CKD and
aging, leads to more DNA damage, more cell-cycle arrest, gener-
ation of profibrotic cytokines, and acceleration of kidney fibrosis
(8, 62). Loss-of-function mutations in DDR signaling lead to pre-
mature aging in animal models (19, 20, 66). In the current study,
deletion of the Atr gene in RPTECs resulted in phenotypes similar
to those seen in aged kidneys, including increased susceptibili-
ty to fibrosis, accumulation of DNA damage, and cellular senes-
cence. RPTECs lacking ATR also have increased expression of
genes encoding CTGF, TGF-B, COL1al, and fibronectin, which
likely reflects the senescence-associated prosecretory phenotype
(SASP), a characteristic of cellular senescence(67).

Atr deletion after birth leads to premature aging and sponta-
neous fibrosis in multiple organs in mice (19). In humans, reces-
sive mutation of FANCD2/FANCI-associated nuclease 1 (FANI,
a major component of DDR signaling) results in chronic intersti-
tial nephropathy (68, 69). Furthermore, in experimental models,
global deletion of the component of the DDR protein ATM or
FAN1 resulted in increased DNA damage and/or organ injury and
fibrosis in heart and liver (60, 68-72). As such, we designed our
experiments to specifically explore the role of ATR in PT injury,
avoiding the global effects of loss of ATR activity. Furthermore, we
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sought to avoid any effects of long-term ATR knockout by induc-
ing deletion of the Atr gene shortly before injury. In many forms
of human kidney injury, as well as in animal models, RPTECs are
the cell type that sustains the most injury, including DNA damage.
Although it remains possible that loss of ATR in other tubule seg-
ments might further worsen the injury, these effects will likely be
limited in the IRI and cisplatin models, since the majority of the
DNA damage occurred in the PT in the models tested.

In 2011, Narita et al. demonstrated that senescent cells formed
a structure in the cytosol consisting of components of the mTOR
and autophagy pathways, which are normally counter-regulatory
(51). These TASCCs were found to be unique in senescent cells
and critical for the enhanced secretion found in these cells (51).
Recently, we demonstrated that TASCC formation is a critical
step in the AKI-to-CKD transition (25). Inhibition of RAPTOR, a
necessary factor for TASCC formation 3 weeks after injury, was
sufficient to prevent TASCC formation and fibrosis (25). Here, we
demonstrate for the first time to our knowledge that TASCCs are
present in injured PT-like cells in human kidney organoids. We
also found that ATR®'®"mice had increased numbers of TASCCs
following injury, which correlated with increased fibrosis in these
mice. These data suggest that TASCC formation serves as a mech-
anistic link of RPTEC-reduced ATR activity and fibrosis. This
probably occurs through upregulation of the p53/p21 pathway,
which we have shown induces TASCCs through the G,/M arrest
inducer cyclin G, (25).

In addition to understanding the role of the DDR in regu-
lating kidney injury and repair, a better understanding of this
pathway will be particularly relevant to therapeutic approaches
directed toward malignancy. Inhibitors of molecules involved
in DNA repair and the cell cycle, such as ATM, ATR, CHK1, and
WEEI], are being tested as cancer therapeutics (73). Cancer cells
are known to rely on cell-cycle and DNA damage checkpoints to
counteract replication stress (74). DDR inhibitors act by releasing
these checkpoints and driving the cells toward cell death. These
DDR inhibitors are often given in combination with known neph-
rotoxic drugs, such as cisplatin, and our data indicated that these
anti-ATR therapeutics could have unintended side effects that
increase injury to the kidney, especially in the setting of well-
known nephrotoxicants (75).

Given our results, it is important to recognize that anti-ATR~
directed therapies may lead to chronic fibrotic damage in the
kidney and potentially other organs. The clinicaltrials.gov global
database shows 12 registered ongoing ATR inhibitor studies, used
either as single agents or in combination with cisplatin and oth-
er chemotherapeutic compounds (75). Previously, our laborato-
ry demonstrated that repetition of mild renal impairment caus-
es CKD (8). Since ATR inhibition may amplify otherwise minor
endogenous or exogenous stresses to the kidney, our results indi-
cate that patients treated with these ATR inhibitors may develop
adverse kidney consequences.

In conclusion, we have demonstrated that RPTEC ATR, a
sensor of DNA damage, is crucial for adaptive repair and that, in
its absence, there is enhanced maladaptive kidney repair with an
increased number of senescent cells in the G,/M phase of the cell
cycle and an increased profibrotic secretory phenotype with con-
sequent development of kidney tissue fibrosis.
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Figure 10. Atr deletion increases the formation of TASCCs in RPTECs in human kidney organoids exposed to cisplatin and mice after UUO. (A) Repre-
sentative images of H9 cell-derived day-64 organoids treated with either cisplatin (5 uM for 24 hours and analyzed 24 hours or 120 hours after cisplatin
removal [long term]) or vehicle (DMSO). Sections of the organoids were stained for LC3, mTOR, and DAPI. Arrowheads point to TASCCs. The right 6 panels
are enlarged images of the boxed areas. n = 2x 8-11 HPF in each treatment group. Scale bars: 10 um. (B) Super-resolution SIM images of kidney tissue from
ATR®" and ATRRP™“/- mice 7 days after UUO, stained for LC3, mTOR, and DAPI. Shown are representative single-plane and 3D reconstruction images. Scale
bars: 2 um (all panels). Dot plot shows the quantification of TASCCs. ATR®™! (n = 4), ATR®"™/~ (n = 4). Data are presented as the mean + SEM. Statistical
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significance was determined by 1-way ANOVA with Tukey's post hoc test (A) and 2-tailed, unpaired t test (B). **P < 0.01.

Methods

For additional information see Supplemental Methods.
Patient samples. Human kidney samples were obtained from
clinically indicated kidney biopsies from the Tokushima Universi-
ty Hospital (Tokushima, Japan). As a test group, we analyzed kidney
tissue from 11 patients with clinically diagnosed CKD (eGFR <60
mL/min/1.73 m?) that showed chronic kidney tissue damage on his-
tological examination. As a control group, we analyzed kidney tissue
from 9 patients with MCD. These subjects with MCD had nephrotic
syndrome or persistent proteinuria with an eGFR of 60 mL/min/1.73
m? or greater. Kidney fibrosis was quantitated as follows: 0, no kidney
fibrosis; 1,<10%; 2, 11%-25%; 3, 26 %-45%; 4, 46 %-75%; and 5, >76%.
We stained and counted all KIM-1* and yYH2AX" or KIM-1* and pATR
double-positive tubules in the entire section of each CKD and MCD
kidney tissue sample. Clinical information is listed in Supplemental
Table 1. eGFR was calculated using a formula based on creatinine lev-
els, age, and sex (76).
Volume 123 Number 11
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Kidney organoids. Nephron organoids were generated from the H9
hESC line (WiCell; originally from James Thomson, University of Wis-
consin, Madison, Wisconsin, USA) as previously described (37, 38, 77,
78). Kidney organoids were maintained in ultralow adhesion, 96-well
plates (Corning) in 200 uL Advanced RPMI (Life Technologies, Ther-
mo Fisher Scientific) supplemented with 1x GlutaMAX (Life Technol-
ogies, Thermo Fisher Scientific) and sustained with half exchanges
(100 uL) of fresh media 3 times per week at regular intervals. Neph-
ron organoids were treated with cisplatin (MilliporeSigma) (5 uM in
Advanced RPMI/1x GlutaMAX) or vehicle (Advanced RPMI/1x Gluta-
MAX alone) for 24 hours, beginning on day 49 after induction of
directed differentiation to the kidney cell lineages.

Kidney organoid tissue preparation. Nephron organoid samples
were fixed with 4% paraformaldehyde for 1 hour at room tempera-
ture. Fixed samples (3 organoids per condition) were subsequently
immersed in 30% (w/v) sucrose and then embedded in O.C.T. (Sakura
FineTek), and 10-um frozen sections were cut.
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Kidney organoid IF analysis. Cryosections of 10-um thickness were
mounted onto Denville white-frosted, positively charged (Denville)
microscope slides, air dried, and treated for IF analysis as described
previously (79). Primary antibodies against the following proteins
were used: ATR (goat polyclonal, 1:100, catalog sc1887, Santa Cruz
Biotechnology); pATR (Ser428) (rabbit polyclonal, 1:100, catalog
2853, Cell Signaling Technology); pH3 (rabbit, 1:100, catalog 06-570,
MilliporeSigma); H2AX (Ser139) (yH2AX) (mouse monoclonal, 1:250
catalog 05-636, MilliporeSigma); Ki67 (Abcam ab15580); mTOR
(7C10, Cell Signaling Technology); and LC3 (Nanotools, 5F10). Stain-
ing of biotinylated lotus lectin (1:200 , catalog B-1325, Vector Labora-
tories) required the use of a Streptavidin/Biotin Blocking Kit (Vector
Laboratories, SP-2002). FITC-, Cy3-, or Cy5-conjugated secondary
antibodies (Life Technologies, Thermo Fisher Scientific) were used
according to the manufacturer’s instructions. Nuclei were counter-
stained using VECTASHIELD with DAPI (catalog H-1200, Vector
Laboratories). Images were obtained by confocal microscopy (Nikon
C1 Eclipse, Nikon).

Kidney organoid experiment with cisplatin and VE-821. Kidney
organoids on day 64 were treated with 10 puM VE-821 or control
DMSO in advanced RPMI for 6 hours (pretreatment). A 5-uM final
concentration of cisplatin or control saline was added to the media.
After 24 hours of exposure to cisplatin, media were replaced with
new advanced RPMI. Twenty-four hours after changing media or
120 hours later (long term), the organoids were fixed and prepared
as described above.

Genetically modified mice. To inactivate Atr in a tissue-specific
fashion, mice carrying the PT-specific promotor Slc34al driving the
eGFPCreERT? fusion protein (Slc34a1°°F) (The Jackson Laboratory;
originally from Benjamin Humphreys, Washington University, St.
Louis, Missouri, USA)(39) were crossed with mice carrying only 1
normal Atr allele (Atr*/- mice). The use of Atr-floxed/-null alleles has
previously been shown to enhance the phenotype of Atr tissue-spe-
cific knockouts (19). The Atr*/- Slc34al°CE/* progeny were mated with
Atr"" mice to generate At¥"" Slc34al°°*/+ mice. At~ Slc34a1°°F mice
were crossed to produce At~ Slc34a1°¢F/+ and At Slc34a1°C%/* mice,
which were used for experiments (ATRY*"°/). Mice carrying the floxed
allele but lacking Cre, Atr"f Slc34a1°CE/~, or Atr"- Slc34a1°C*/-were used
as controls (ATR®"). The A#*/~ and As#" mice were provided by Eric
J. Brown (Perelman School of Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania, USA).

Animal experiments. To upregulate Slc34al°“® expression, mice
were fed a low-phosphorus (0.06%) diet (TestDiet) (39). For Atr dele-
tion in RPTECs, adult mice (8-10 weeks of age) were i.p. administered
every other day 3 doses (3-mg) of tamoxifen (MilliporeSigma) dis-
solved in 3% (vol/vol) ethanol-containing corn oil (MilliporeSigma),
and cisplatin was injected 1 week after the last dose. For IRI and UUO,
the mice were treated with 3 doses of tamoxifen by oral gavage (10 mg
every other day), and surgery was performed 1 week after the last dose.
In all cases, littermate control phenotypes were compared.

IRI. Ischemia for 28 minutes at 37°C was induced in both kidneys
using a bilateral flank approach as previously reported (80). Warm
saline (1 mL at 37°C) was injected i.p. after surgery for volume supple-
mentation. The technical success of ischemia-reperfusion was moni-
tored by checking the kidney color after clamping and after removing
the clamps. Sham operations were performed with exposure of both
kidneys, but without induction of ischemia.
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Cisplatin administration to mice. Mice were administered cisplatin
(MilliporeSigma; 1 mg/mL solution in sterile normal saline) or vehicle
(normal saline) at 20 mg/kg in a single i.p. injection. Mice were sacri-
ficed 96 hours after administration of cisplatin, and tissue and blood
were collected for further analysis.

UUO. Mice were anesthetized and the left kidney exposed by
flank incision. The ureter was ligated with 6-0 silk at 2 points, close to
the renal pelvis (81).

Renal function. Serum creatinine was measured with a Beckman
Creatinine Analyzer 2 using the Jaffe rate method. Serum BUN was
measured using the Infinity Urea Kit (Thermo Fisher Scientific).

SIM. Paraffin-embedded tissue was sectioned at 4- to 6-um
thickness and mounted onto (3-aminopropyl) trimethoxysilane-treat-
ed coverslips (mounting the tissue to the coverslip is necessary,
as super-resolution microscopes have limited working distances).
Antigen retrieval was performed by incubating the sections under
high temperature (120°C) and high pressure in citrate buffer using
a pressure cooker. Sections were then blocked with BSA and normal
donkey serum, followed by staining with anti-mTOR (Cell Signaling
Technology, 7C10) and /or anti-LC3 (Nanotools, 5F10) antibodies and
the corresponding secondary antibodies (Jackson Immunoresearch).
Tissue sections were imaged on a Nikon structured illumination
microscope (N-SIM) as a Z-stack at 0.12-um thickness using a x100
TIRF objective. The resulting Z-stack was rendered in 3D in NIS-
Elements (Nikon) for image analysis. The movie was generated with
Imaris software (Bitplane). SIM imaging was performed at the Nikon
Center of Excellence at Vanderbilt University and the Vanderbilt Cell
Imaging Shared Resource.

Primary RPTECs from FUCCI* mice. FUCCI is a technology that
visualizes the cell cycle by labeling distinct fluorescence — Kusabira-
Orange2 in the G, phase and Azami-Greenl during the S/G,/M
phase — which allows for determination of G,, early S, and S/G,/M
phases of the cell cycle. To generate RPTEC-specific FUCCI* mice,
we crossed B6;129-Gt (ROSA)26Sor<tm1(Fucci2aR) Jkn> mice (pro-
vided by Ian Jackson, University of Edinburgh, Edinburgh, United
Kingdom) with yGT-Cre mice [obtained from The Jackson Labora-
tory, stock Tg(Ggtl-cre)M3Egn/J]. RPTECs were harvested from the
mice as described previously (82). Briefly, kidney cortex was minced
into small pieces, incubated with collagenase (1 mg/mL) and trypsin
inhibitor (1 mg/mL) in oxygenated media at 37°C with vigorous shak-
ing, and then centrifuged in 32% Percoll and diluted in DMEM/F-12
to isolate RPTECs from other fractions. These isolated tubules were
plated on collagen-coated dishes and then maintained in RPTEC
media (DMEM/F-12 medium supplemented with 5 pg/mL transfer-
rin, 5 pg/mL insulin, 0.05 uM hydrocortisone, and 50 pM vitamin
C). After expression of fluorescence was confirmed, isolated RPTECs
were synchronized by incubation in RPTEC media containing 1% FBS.
Cells were pretreated or not with VE-821 (10 uM) for 2 hours and then
incubated with PBS or cisplatin (0.1 pg/mL) in the presence or absence
of VE-821 (10 uM). After a 48-hour exposure to cisplatin, FUCCI
RPTECs were harvested with 0.25% trypsin and 2.21 mM EDTA
(Corning, 25-053-Cl), fixed with BD Cytofix/Cytoperm (BD, catalog
554714), and stained with DAPI at a concentration of 1 pg/mL. The
cell cycle was examined by flow cytometry using a 4-laser LSRFortes-
sa (BD) and analyzed with Flow]Jo software (BD).

In vitro FUCCI cell analysis. HK2 (American Type Culture Col-
lection [ATCC]) cells expressing FUCCI (47) were obtained by suc-
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cessive transduction with lentiviral vectors expressing mKO-Cdtl
and mAG-geminin, respectively. Cells were imaged using a Nikon
TE2000-S live microscope at 37°C in an ambient atmosphere in phe-
nol red-free L15 Leibovitz’s medium supplemented with 10% FBS.
Pifithrin-o (Selleckchem, $2929) was used at 50 nM for p53 inhibi-
tion and the PLK1 inhibitor rigosertib (Selleckchem, §1362) at 10 nM
for induction of G,/M arrest. Triple acquisition for bright-field, mKO
(excitation 550/20, emission 585/20), and mAG (excitation 495/10,
emission 540/40) was achieved every 30 minutes. Background sub-
traction and correction of the fluorescence spill from mKO in the mAG
channel was performed using Fiji (83), and the fluorescence signals
were then quantified for each individual cell in every field for every
time point using the TrackMate plug-in (84). M-phase cells (defined by
cytodieresis) were excluded from analysis.

Statistics. Statistical analyses were performed using Graph-
Pad Prism 6.07 (GraphPad Software). All results are reported as the
mean * SEM. Statistical significance was determined using a 2-tailed,
unpaired  test or 1-way ANOVA followed by Tukey’s post hoc test. Sur-
vival curves were derived using the Kaplan-Meier method and com-
pared using a log-rank test. Correlations were determined by Pear-
son’s correlation analysis. A P value of less than 0.05 was interpreted
as statistically significant.

Study approval. The studies in animals were reviewed and approved
by the IACUC and the Harvard Medical Area Standing Committee on
Animals (protocol 03602). Human studies were approved by the IRB of
the Ethics Committee of Tokushima University Hospital in Tokushima,
Japan (protocol 680). All patients provided written informed consent.
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