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K I D N E Y  D I S E A S E

Modeling injury and repair in kidney organoids reveals 
that homologous recombination governs tubular 
intrinsic repair
Navin Gupta1,2,3,4†, Takuya Matsumoto1,2,4†, Ken Hiratsuka1,2,4,5†, Edgar Garcia Saiz2,4, 
Pierre Galichon3,4,6, Tomoya Miyoshi4, Koichiro Susa4, Narihito Tatsumoto7, 
Michifumi Yamashita7, Ryuji Morizane1,2,3,4,5*

Kidneys have the capacity for intrinsic repair, preserving kidney architecture with return to a basal state after 
tubular injury. When injury is overwhelming or repetitive, however, that capacity is exceeded and incomplete 
repair results in fibrotic tissue replacing normal kidney parenchyma. Loss of nephrons correlates with reduced 
kidney function, which defines chronic kidney disease (CKD) and confers substantial morbidity and mortality to 
the worldwide population. Despite the identification of pathways involved in intrinsic repair, limited treatments 
for CKD exist, partly because of the limited throughput and predictivity of animal studies. Here, we showed that  
kidney organoids can model the transition from intrinsic to incomplete repair. Single-nuclear RNA sequencing 
of kidney organoids after cisplatin exposure identified 159 differentially expressed genes and 29 signal pathways 
in tubular cells undergoing intrinsic repair. Homology-directed repair (HDR) genes including Fanconi anemia 
complementation group D2 (FANCD2) and RAD51 recombinase (RAD51) were transiently up-regulated during 
intrinsic repair but were down-regulated in incomplete repair. Single cellular transcriptomics in mouse models of 
obstructive and hemodynamic kidney injury and human kidney samples of immune-mediated injury validated 
HDR gene up-regulation during tubular repair. Kidney biopsy samples with tubular injury and varying degrees of 
fibrosis confirmed loss of FANCD2 during incomplete repair. Last, we performed targeted drug screening that 
identified the DNA ligase IV inhibitor, SCR7, as a therapeutic candidate that rescued FANCD2/RAD51-mediated 
repair to prevent the progression of CKD in the cisplatin-induced organoid injury model. Our findings demonstrate 
the translational utility of kidney organoids to identify pathologic pathways and potential therapies.

INTRODUCTION
Chronic kidney disease (CKD) is a global health problem of high 
economic cost to health care systems, affecting up to 13.4% of the 
population worldwide (1). Repeated acute kidney injury (AKI) pro-
motes the onset and progression of CKD (2). Kidney tubular cells 
may undergo repair after acute injury. Injured proximal tubules are 
thought to be repaired through terminally differentiated epithelia 
reexpressing kidney developmental markers during injury-induced 
dedifferentiation and proliferation, because lineage tracing studies 
have not identified a nephron progenitor population in adults (3, 4). 
Dedifferentiation and proliferation represent intrinsic repair pro-
cesses that preserve tubular architecture. Conversely, severe or 
recurrent tubular injury induces failed repair associated with epi-
thelial G2-M cell cycle arrest, tubular atrophy, myofibroblast trans-
differentiation, and interstitial fibrosis (5–11). Animal studies have 
identified processes involved in tubular injury and repair, identifying 
potential therapeutic pathways such as bone morphogenic protein, 
Wnt, NOTCH, and hypoxia inducible factor signaling (12, 13). 
However, translating animal studies into clinical settings has been 

difficult because many treatments deemed safe and effective in 
animals have subsequently been found to be nephrotoxic or ineffec-
tive in clinical trials (14). Development of human cell-based tools 
may therefore be an important addition to current methodologies, 
including animal studies, used during drug development.

Advances in stem cell biology have enabled the generation of 
kidney organoids from human pluripotent stem cells (hPSCs) (15–17). 
Kidney organoid technology is rapidly evolving and has demon-
strated utility in simulating kidney development, nephrotoxicity, and 
kidney diseases (15, 18, 19). We and others have used kidney organ-
oids to study kidney fibrotic responses (20, 21). These studies led us 
to hypothesize that organoids may be used to study tubular inju-
ry and repair processes, including the conversion from intrinsic 
to failed repair.

RESULTS
Multicompartment kidney organoids differentiate over time 
to model AKI
Kidney organoids were generated using our previously published 
protocol that subdivided kidney organogenesis into distinct inter-
mediate stages (15, 18). The protocol simultaneously induced SIX 
homeobox 2+ (SIX2+) nephron progenitor cells (NPCs) and SIX2−

Meis homeobox 1+ (MEIS1+) stromal progenitor cells (SPCs) at 
the metanephric mesenchyme stage (Fig. 1A and fig. S1, A and B) 
(16, 22) that subsequently differentiated into nephrons and inter-
stitial cells including PDGFR-+NG2−DESM− fibroblasts and peri-
vascular PDGFR-+NG2+DESM+ pericytes (Fig. 1B and fig. S1C) 
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(23 ,  24). Immunostaining of SIX1 
demonstrated a similar distribution to 
SIX2 (fig. S1B), consistent with over-
lapping SIX1 and SIX2 activity in 
human fetal NPCs because an autoreg-
ulatory loop drives dual expression (25). 
Concurrent flow cytometric analysis 
of SIX2 and MEIS1 expression con-
firmed the induction of SIX2 in 87.7% 
of cells, whereas 22.4% of the SIX2− 
fraction expressed MEIS1, consistent 
with the simultaneous induction of 
NPCs and SPCs (fig. S1D). Our results 
indicated that >99% of hPSC- derived 
SIX2+ cells were positive for MEIS1 
(fig. S1E), consistent with human em-
bryonic kidney in  vivo (22,  26). The 
classical kidney stromal progenitor 
marker, forkhead box D1 (FOXD1), 
was apparent in the SIX2− population 
of metanephric mesenchyme (fig. S1F), 
with mRNA expression peaking on 
day 21 followed by up-regulation of the 
fibroblast marker CD73, suggesting 
maturation from an SPC pool (fig. S1G). 
Organoid development was evaluated 
for the loss of developmental genes 
and the induction of mature markers 
such as SIX1 and empty  spirac les 
homeobox 2 (EMX2) (27, 28). Bulk RNA 
sequencing (RNA-seq) of developing 
organoids demonstrated transient in-
duc t i o n  o f  kidney developmental 
markers (Fig. 1C, top), whereas up- 
regulated expression of adult kidney 
genes was consistent with proximal 
tubular and podocyte differentiation 
(Fig. 1C, middle and bottom). Compara-
tive bulk transcriptomic analysis sug-
gested that, at days 35, 49, and 63, 
organoids progressively matured and 
most closely resembled second trimes-
ter kidney (fig. S2), but discordant re-
sults between differing datasets of fetal 
9-, 16-, 18-, and 22-week human kidney 
sug gested heterogeneity arising from 
sample preparation. Loss of the cell cycle 
marker Ki67 was indicative of tu   bular 
maturation toward terminally dif fer-
entiated counterparts in vivo (3), whereas 
the Human kidney cell clone 8 (HKC-8) 
tubular epithelial cell line displayed per -
sistent cell cycle activity (Fig. 1D). Re-
duced expression of developmental genes, 
such as PAX2 (Fig. 1E), up-regulated ex-
pression of adult markers such as EMX2 
and zinc finger and BTB domain con-
tain ing 7C (ZBTB7C) (Fig. 1C, middle 
and bottom), and exit from the cell cycle 

Fig. 1. hPSC-derived metanephric mesenchyme cells contain nephron and SPCs and develop into multi-
compartment kidney organoids that mature over time. (A) Differentiation protocol for kidney organoids. (B) Im-
munostaining of markers of nephrons (PODXL, LTL, and CDH1) and stroma (CD31 and PDGFR-) markers in kidney 
organoids. Scale bar, 100 m. (C) Heatmap of bulk RNA-seq for markers of nephron progenitors (top), proximal 
tubules (middle), and podocytes (bottom) over time. (D) LTL and Ki67 immunostaining in developing and developed 
kidney organoids, as compared to immortalized proximal tubules. Scale bar, 50 m. (E) PAX2 immunostaining in LTL+ cells 
in kidney organoids over time. Scale bar, 20 m. (F) OCT2 and LTL immunostaining in developed kidney organoids, 
as compared to human nephrectomy. Scale bars, 25 m. (G) H2AX immunostaining across nephron segments. Scale 
bars, 50 m. (H) Quantification of H2AX+ in nephron segments. n = 4 sections of three independent organoids from 
two independent experiments (a total of 5166 LTL+, 5091 PODXL+, and 1854 CDH1+ cells were counted). Cisplatin 
versus control in LTL+ was P = 1.71 × 10−4, CDH1+ was P = 0.935, and PODXL+ was P = 0.454. (I) KIM-1 and H2AX 
immunostaining in LTL+ structures after cisplatin. Scale bar, 50 m. (J) KIM-1+ in LTL+ tubules after cisplatin.2- 
independent experiments each using three organoids with 52 LTL+ structures counted. Cisplatin versus control, 
P = 1.167 × 10−3. **P < 0.01 and ***P < 0.001. NS, not significant.
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(Fig. 1D) reflected maturation of kidney organoids over time. 
Because polarity is a reported sign of functional tubular matu-
ration (29), we assessed organoids to locate apical multidrug 
resistance-1, basolateral Na-K adenosine triphosphatase, and 
circumferential aquaporin-1 and organic cation transporter 2 
(OCT2) in Lotus tetragonolobus lectin+ (LTL+) proximal tubules 
(fig. S3, A to C).

AKI is a complication of cisplatin therapy for the treatment 
of solid organ tumors, occurring in 20 to 30% of patients (30). 
Cisplatin nephrotoxicity is cumulative and dose dependent (31), 
with the proximal tubule demonstrating the greatest sensitivity 
to injury because it aids in cisplatin excretion (32). OCT2 is one 
of the major transporters that mediates basolateral influx of cis-
platin (30, 33), coupled to apical efflux via multidrug and toxin 
extrusion proteins 1 and 2K (MATE1 and MATE2K) (fig. S4A). 
Greater OCT2 transport activity than MATE1/2K leads to intra-
cellular cisplatin accumulation and nephrotoxicity in vivo (34). 
hPSC-derived kidney organoids expressed the genes of OCT2, 
MATE1, and MATE2K (fig. S4B). Immunostaining of OCT2 and 
LTL, in day 50 organoids, was similar to adult human kidney 
controls (Fig. 1F). Treatment with low-concentration cisplatin 
(5 M) induced double-stranded DNA breaks (DSBs) with ex-
pression of  H2A histone family member X (H2AX) (35) in 
LTL+ tubules while sparing podocalyxin (PODXL) and E-cadherin 
(CDH1)–positive podocyte and distal tubular cells, as well as the 
collective non-LTL cells (Fig. 1, G and H, and fig. S4C). The proxi-
mal tubule–specific injury marker, kidney injury marker-1 (KIM-1) 
(2), was manifested by 83.1 ± 9.0% of LTL+ tubules after cis-
platin treatment compared to 10.3 ± 5.2% in controls (Fig. 1, I and J, 
and fig. S4D). Quantification of KIM-1 in controls did not differ 
from samples stained with the secondary antibody alone, consistent 
with nonspecific brush border staining (fig. S4, E and F). The 
specificity of the proximal tubule for cisplatin- related injury 
demonstrated the utility of stem cell–derived kidney organoids for 
modeling AKI.

Proximal tubules exhibit intrinsic repair responses 
with preserved tubular architecture over time after 
cisplatin treatment
Injured proximal tubular cells proliferate to replace injured 
counterparts and maintain tubular integrity (3,  5). Early fea-
tures of the tubular cells’ intrinsic response to injury include 
cell cycle entry and dedifferentiation with returned expression 
of developmental genes (6, 36, 37). Consistent with mammalian 
models in vivo, developing LTL+ tubules in organoids expressed 
the developmental markers SRY-box transcription factor 9 
(SOX9) and paired box 2 (PAX2), with the latter lost during 
proximal tubular maturation and reactivated after injury as de-
scendant cells regenerated functional proximal tubules (Figs. 1E 
and 2A and fig. S5, A and B) (3, 38). Injured LTL+ cells exhib-
ited vimentin (VIM), a mesenchymal marker characteristic of 
partial epithelial-to-mesenchymal transition (pEMT) (Fig. 2B) 
(9, 39). DNA-damaged proximal tubules (H2AX+LTL+) dem-
onstrated the strongest expression of VIM, consistent with 
proximal tubular DNA damage catalyzing mesenchymal trans-
form ation (6). Homology-directed repair (HDR) or nonhomol-
ogous end joining (NHEJ) is a predominant mechanism by 
which DNA is repaired (40). DNA-damaged LTL+ cells demon-
strated about threefold up-regulation in the abundance of the 

HDR protein, FANCD2, compared to controls (Fig. 2, C and D, 
and fig. S6) (41).

We presumed that resolved DNA damage, tubular cell exit from 
the cell cycle, and preservation of tubular architecture represented 
intrinsic repair. After cisplatin injury, we monitored for intrinsic 
repair (Fig. 2E). By day 7 after injury, LTL+ cells had reduced 
expression of H2AX and exited the cell cycle while retaining tubular 
morphology (Fig. 2, F to H). Similarly, quantitative polymerase 
chain reaction (qPCR) of H2AFX and Ki67 indicated resolution of 
DNA damage and reduced cell cycle activity (Fig. 2, I and J). In re-
sponse to a single treatment with low-dose cisplatin, proximal tu-
bules demonstrated intrinsic repair over time with HDR activation 
for the resolution of DNA damage.

Proximal tubules exhibit incomplete repair responses 
associated with tubular atrophy after repeated 
cisplatin treatment
Tubular incomplete repair is a consequence of failed recovery after 
repetitive AKI (42). Repeated administration of low-concentration 
cisplatin (5 M) and diphtheria toxin–targeted proximal tubular 
injury trigger incomplete repair in mice (43, 44). The induction of 
profibrotic phenotypes in proximal tubules drives kidney fibrosis in 
the absence of leukocyte infiltration or inflammation in mice (45), 
providing proof of concept to simulate incomplete repair in kidney 
organoids. Whereas a single cisplatin injury in organoids stimu-
lated intrinsic repair, we hypothesized that repeated injury may 
induce incomplete repair characterized by histologic changes 
of tubular atrophy and interstitial fibrosis. Organoids were there-
fore subjected to twice weekly cisplatin during weeks 8 and 9 of dif-
ferentiation (Fig.  3A). LTL+ tubules increasingly entered the cell 
cycle with repeated cisplatin administration (Fig. 3, B and C), with 
about 30% expressing the active cell cycle marker, Ki67 (46), after 
the third treatment. Stalling or arresting in the G2-M phase of the 
cell cycle is a well-described phenotype of tubular incomplete repair 
(8). After the fourth cisplatin treatment, flow cytometry of live LTL+ 
cells for DNA content demonstrated a 2.4-fold increase in tetra-
ploid cells, consistent with G2-M arrest (fig. S7, A and B). Tubules 
became fragmented, signifying the transition from intrinsic to in-
complete repair (Fig. 3B) (47). After the fifth cisplatin treatment, 
histologic analysis displayed organoid atrophy with >2-fold reduc-
tion in cross-sectional area and tubular number (Fig. 3, D and E). 
Pathophysiology of the human kidney in vivo has demonstrated a 
similar association between kidney size and tubular atrophy 
(48, 49). Between the fourth and fifth cisplatin treatment, PDGFR-+ 
stroma lost expression of phosphatase and tensin homolog (PTEN) 
(Fig. 3F), which protects against tubular atrophy and fibrosis during 
AKI (50), and demonstrated a 10-fold up-regulation of the myo-
fibroblast marker, –smooth muscle actin (SMA) (Fig. 3, F and G). 
The transition to incomplete repair phenotypes of tubular atrophy 
and myofibroblast activation was preceded by up-regulation of the 
proinflammatory cytokine, CTGF (fig. S7C). Upon further investi-
gation, SMA+PDGFR-+ cells surrounding tubular structures lacked 
the pericyte marker, neuron glial antigen 2 (NG2), whereas non-
peritubular SMA+PDGFR-+ cells coexpressed NG2 (Fig. 3H), 
suggesting that peritubular fibroblasts and pericytes served as 
sources of myofibroblasts in organoids, consistent with a recent 
study of human kidney samples with single-cell RNA-seq (scRNA-
seq) and assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq) (51).
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Loss of HDR gene expression 
in injured tubular cells correlates 
with the induction 
of incomplete repair
After repeated cisplatin injury, induction 
of tubular atrophy and SMA+PDGFR-+ 
myofibroblasts was associated with an 
acute reduction of the HDR protein 
FANCD2 (Fig. 4A) despite progressively 
increased tubular DNA damage (Fig. 4B). 
The expression of FANCD2 in H2AX+ 
LTL+ cells reduced from about 90 to 
<50% (Fig. 4C). Confirmatory qPCR of 
the HDR genes, BRCA2, RAD51, and 
RPA1, demonstrated increased expres-
sion during intrinsic repair and reduced 
expression below controls during in-
complete repair (Fig. 4D); conversely, 
NHEJ genes, KU80, XRCC4, and LIG4, 
displayed unchanged expression (Fig. 4E). 
Loss of HDR gene expression correlated 
with a transition from intrinsic to in-
complete repair; hence, we hypothesized 
that DNA-damaged tubules in fibrotic 
human kidney biopsy samples might 
lack FANCD2 expression. To test this 
hypothesis, we compared three groups 
of kidney diseases: minimal change dis-
ease (MCD), MCD with acute tubular 
injury (MCD w/ ATN), and diabetic 
glomerulosclerosis (DGS) with moder-
ate interstitial fibrosis/tubular atrophy 
(IFTA). MCD w/ ATN samples exhibited 
increased H2AX and FANCD2 in LTL+ 
proximal tubules, suggesting intrinsic 
repair, whereas FANCD2 was reduced in 
DNA-damaged proximal tubules in DGS 
with IFTA samples (Fig. 4, F and G). 
Analysis of biopsy samples and clinical 
data suggested an inverse correlation 
between serum creatinine and FANCD2 
abundance in injured tubules (fig. S8). 
These results suggested the importance 
of HDR for intrinsic repair after tubu-
lar injury.

Single nuclear RNA-seq reveals 
injury clusters with HDR gene 
activity during intrinsic repair
Single nuclear RNA-seq (snRNA-seq) 
of kidney organoids corresponding to 
control, cisplatin ×3, and cisplatin ×5 
was conducted to evaluate transcrip-
tional changes during the transition 
from intrinsic to incomplete repair, 
overcoming the loss of cell-specific in-
formation in prior qPCR that may ob-
scure changes in target populations. 
We chose snRNA-seq to limit RNA 

Fig. 2. Proximal tubules exhibit intrinsic repair with preserved tubular architecture over time after cisplatin 
treatment. (A) SOX9 and PAX2 immunostaining in LTL+ cells with and without cisplatin. Scale bar, 25 m. (B) VIM 
immunostaining in LTL+ cells with and without cisplatin. Scale bar, 25 m. (C) H2AX and FANCD2 immunostaining 
in LTL+ cells with and without cisplatin. Scale bars, 10 m. (D) Quantification of FANCD2+ in LTL+ cells with and without 
cisplatin. Data points reflect the mean of three organoids per sample in each of three independent experiments (a total 
of 971 cisplatin-treated LTL+ cells and 1133 untreated LTL+ cells were counted). Cisplatin versus control, P = 1.439 × 
10−3. (E) Protocol to monitor for intrinsic repair. (F) H2AX and Ki67 immunostaining in LTL+ cells over time after cisplatin. 
Scale bar, 50 m. (G and H) Quantification of H2AX+ and Ki67+ in LTL+ cells over time after cisplatin. Each data point 
reflecting results of a single organoid across three independent experiments (yH2AX: day 0 versus day 3 with P = 4.772 × 
10−6 and day 3 versus day 7 with P = 6.883 × 10−3, n = 3 to 6 organoids across three independent experiments; Ki67: 
day 0 versus day 3 with P = 2.282 × 10−14 and day 3 versus day 7 with P = 4.087 × 10−6). (I and J) Reverse transcription 
qPCR (RT-qPCR) of H2AFX and Ki67 over time after cisplatin (yH2AX: day 0 versus day 3 with P = 0.0203 and day 3 
versus day 7 with P = 0.0403; Ki67: day 0 versus day 3 with P = 0.0500 and day 3 versus day 7 with P = 7.087 × 10−3). 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. Proximal tubular cells exhibit incomplete repair associated with tubular atrophy following repeated cisplatin treatment. (A) Experimental design for 
repeated cisplatin injury. (B) Ki67 and LTL immunostaining after repeated cisplatin exposure. Scale bar, 25 m. (C) Quantification of Ki67+ in LTL+ cells after repeated 
cisplatin exposure. Each data point reflects the mean of three independent organoids in each of four independent experiments with a total of 3575 LTL+ cells counted. 
(D) Masson trichrome staining of maximal diameter sections of cisplatin ×5–treated organoid compared to untreated control organoid. Scale bars, 100 m. (E) Organoid 
size and tubular number in cisplatin ×5 compared to controls. The average horizontal and vertical measurements were averaged, radius was calculated, and cross-sectional 
area was determined by A = r2 (P = 0.0221). Number of tubular structures (right) using the average of two images per organoid and three total organoids per condition 
(P = 0.0141). (F) Immunostaining of PDGFR- with PTEN or ɑSMA in cisplatin ×4 and ×5 samples. Scale bar, 25 m. (G) SMA/DAPI area after cisplatin ×5. Each symbol 
represents the mean of 20 randomly imaged fields, taken from four to six organoids per condition, from four independent experiments. (H) Top: PDGFR-, SMA, and NG2 
immunostaining in cisplatin ×5; bottom: SMA and NG2 immunostaining in cisplatin ×5. Scale bar, 10 m. *P < 0.05 and ***P < 0.001.
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contamination from dead or dying cells while limiting stress- 
induced artifact from cellular dissociation (52). After quality 
control filtering with Cell Ranger (10X Genomics), the control 
yielded a mean of 121,557 reads from a median of 1401 genes, 
recorded in 4738 nuclei. Visualization of single-nucleus tran-
scriptomes in uniform manifold approximation and projection 
(UMAP) space defined 12 clusters (fig. S9A). The proximity 

between tubular clusters (proximal tubules, distal tubules, and 
loop of Henle), podocyte clusters, and mesenchymal clusters re-
flects distance inversely correlating with transcriptional similarity 
in UMAP space (53). As previously described, cell-specific anchor 
genes were used to identify clusters, which included most nephron 
epithelia admixed with mesenchymal cells, muscle, and neurons 
(fig. S9B) (52).

Fig. 4. Loss of HDR genes in injured 
tubular cells correlates with the in-
duction of incomplete repair. (A) Im-
munostaining of H2AX and FANCD2 in 
LTL+ cells after repeated cisplatin expo-
sure (pink circles outline double-positive 
cells, H2AX+FANCD2+, and yellow 
circles outline single positive cells, 
H2AX+FANCD2−). Scale bars, 10 m. 
(B) Proportion of LTL+ cells positive for 
H2AX after repeated cisplatin exposure. 
Each data point reflects the mean value 
of three to five images from a minimum 
of three organoids in each of four exper-
iments (2853 LTL+ cells were counted). 
Cisplatin (Cis) ×5 versus control ×5 had 
P value of 9.366 × 10−5 and cisplatin ×1 
versus cisplatin ×5 had P  value of 
0.00230. (C) H2AX+LTL+ cells positive 
for FANCD2 after repeated cisplatin 
exposure. Each data point reflects the 
mean value of three to five images from 
a minimum of three organoids in each 
of four experiments (483 H2AX+LTL+ cells 
were counted). Cisplatin ×4 versus cis-
platin ×5 had P value of 8.76 × 10−4 and 
cisplatin ×5 versus control ×5 had P value 
of 1.86 × 10−4. (D) RT-qPCR of HDR genes 
with repeated cisplatin. BRCA2: P = 3.19 × 
10−3 (cisplatin ×3 versus cisplatin ×5) 
and 0.151 (control versus cisplatin ×5), 
RAD51: P = 7.72 × 10−3 (cisplatin ×3 versus 
cisplatin ×5) and 0.221 (control versus 
cisplatin ×5), and RPA1: P = 3.20 × 10−3 
(cisplatin ×3 versus cisplatin ×5) and 
P = 0.152 (control versus cisplatin ×5). 
(E) RT-qPCR of NHEJ genes (KU80, SRCC4, 
and LIG4) after repeated cisplatin expo-
sure. (F) LTL, FANCD2, and H2AX im-
munostaining of kidney biopsies from 
patients with MCD, MCD with ATN, and 
DGS with IFTA (pink circles outline double 
positive cells, H2AX+FANCD2+, and 
yellow circles outline single positive cells, 
H2AX+FANCD2−). Scale bar, 25 m. 
(G) FANCD2+ in H2AX+LTL+ cells across 
human kidney biopsy samples. Each data 
point reflects results from the 9 to 11 in-
dependent patient samples per condition. 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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A kidney organoid molecular atlas from basal state to intrinsic 
and incomplete repair phases was generated by snRNA-seq. After 
quality control filtering, 8278 nuclei were sequenced to a median 
depth of 1382 genes, reflecting a read depth similar to the control. 
Nuclei totaled 4738 in control, 2534 in intrinsic repair, and 1006 in 
incomplete repair samples, with cell death due to apoptosis after 
cisplatin treatment confirmed by cleaved caspase-3 immunostaining 
(fig. S10). Three new clusters were identified on UMAP clustering 
in intrinsic and incomplete repair phases, defined as injury 1, 2, and 
3 (Fig. 5A). Injury clusters illustrated a gradual rightward shift in 
UMAP space and constituted the majority in both intrinsic and in-
complete repair (Fig. 5, B and C). During the transition from intrinsic 
to incomplete repair, there was a reduction in injury cluster 2, 
whereas both injury clusters 1 and 3 increased (Fig. 5D). Although 
the control clusters were identified on the basis of accepted cell- 
specific markers, identification of the injury clusters was based on 
differentially expressed genes (DEGs), pathway analysis, and Gene 
Ontology (GO) analysis. On the basis of statistical significance, the 
top 50 DEGs in each injury cluster were derived (data files S1 to S3).

DEGs in injury cluster 1 included actin alpha 2 (ACTA2), colla-
gen type I alpha 1 chain (COL1A1), and fibronectin 1 (FN1) (fig. 
S11A), whereas the top 3 GO terms reflected collagen and extra-
cellular matrix (ECM) binding, activity, and constituents (Fig. 5E). 
These findings, coupled to the proximity of injury cluster 1 to mes-
enchyme in UMAP space (fig. 11B, top), suggest that this cluster rep-
resents myofibroblasts. Unbiased analysis of injury cluster 2 
identified mouse double minute 2 (MDM2) as the top DEG. The human 
homolog of MDM2 monoubiquitinates p53, marking it for degra-
dation in unstressed or reparative cells (54). Separate from its p53- 
binding domain, MDM2 binds to and delays DNA break repair 
machinery of NHEJ (55) while inhibiting p53-mediated suppression of 
HDR (56). MDM2 expression appears to be a reparative pheno-
type with potentiated HDR. The top GO terms of injury cluster 
2 included mitotic G1 DNA damage checkpoint (Fig. 5E). Coupling 
the reduction in injury cluster 2 with the transition from intrinsic to 
incomplete repair (Fig. 5D) with DNA damage, premitotic proliferative 
response (Fig. 5E), and the reparative phenotype of MDM2 (Fig. 5G), 
injury cluster 2 likely represents cells undergoing intrinsic repair.

Injury cluster 2 is composed of two subclusters, referred to as 
subcluster 2_1 and 2_2 hereafter (Fig. 5A). Despite disparate loca-
tions, the subclusters shared GO terms for “ECM,” “ECM organiza-
tion,” “proteinaceous ECM,” and “cell adhesion” in their top 
annotation cluster, underscoring their common designation. How-
ever, GO terms were attributed to COL1A1 and ACTA2 expression 
in subcluster 2_1 and CTGF and TGF- expression in subcluster 2_2. 
On the basis of GO terms and location along the continuum from 
mesenchyme to myofibroblasts (fig. S11B, top), subcluster 2_1 was 
suggestive of activated stromal cells, including up-regulated PTEN 
expression consistent with our immunostaining (Fig. 3F). A feature 
plot of ACTA2 reflects a continuum from low expression in mesen-
chyme 1 that increases to overlap with injury population 2, which 
further increases to manifest high expression in injury population 1 
(fig. S11B, bottom). These findings suggested that peritubular fibro-
blasts of mesenchyme 1 transdifferentiate into myofibroblasts 
of injury 1 through a PTEN+ intermediate of injury population 
2_1. On the basis of continued expression of tubular epithelial 
solute transporters, SLC3A2 and SLC25A37, coupled to its 
GO terms and location along the continuum from control 
proximal tubules to arrested cells manifesting incomplete repair 

(fig. S11B, top), subcluster 2_2 was suggestive of tubules under-
going intrinsic repair.

In injury cluster 3, the top two DEGs included cyclin-dependent 
kinase inhibitor 1A (CDKN1A; or p21) whose expression induces 
G2-M arrest, an incomplete repair phenotype, in tubular cells (57). 
GO and BioCarta pathway analysis identified this population at the 
G2-M checkpoint, while Kyoto Encyclopedia of Genes and Genomes 
pathway analysis revealed activation of the phosphoinositide 3-kinase/
AKT pathway known to be activated by proximal tubular cells sub-
ject to cisplatin (58). Pathway analyses further demonstrated active 
p53 signaling based on CDKN1A and Bcl-2–associated X protein 
(BAX) expression. p53 induces apoptosis to protect against the 
propagation of cells carrying damaged DNA with potential onco-
genic mutations (54), suggesting that injury cluster 3 represented 
cells injured beyond repair. In addition, the transforming growth 
factor– and tumor necrosis factor pathways were active on GO 
analysis, indicating a proinflammatory phenotype. Injury cluster 3 
therefore appeared to be composed of cells manifesting incom-
plete repair.

After putative identification, we determined HDR gene expres-
sion in the injury clusters. Bulk analysis of the snRNA-seq dataset 
demonstrated induction of HDR genes—FANCD2, RPA1, RAD51, 
and BRCA2—at the intrinsic repair phase, which reduced to below 
controls during incomplete repair (Fig. 5F). Meanwhile, the NHEJ 
genes of Ku80, XRCC4, and LIG4 remained largely unchanged 
between intrinsic and incomplete repair (fig. S11C). Both the trend 
and magnitude of HDR gene expression support the reverse tran-
scription qPCR results (Fig. 4D). Single cellular resolution reflected 
that injury cluster 2 was the primary driver of the changes in HDR 
genes (Fig. 5H). Subclustering demonstrated FANCD2 and BRCA2 
expression localized to injury cluster 2_2 (Fig. 5I and fig. S11D). 
These data, along with the immunostaining of FANCD2 in LTL+ 
tubules (Fig. 2, C and D), further identified the FANCD2-expressing 
injury cluster 2_2 as proximal tubules manifesting intrinsic repair 
(Fig. 5I).

Single cell transcriptomics confirms tubular HDR gene 
expression during intrinsic repair after hemodynamic, 
obstructive, and immune-mediated mammalian 
kidney injury
We next sought to determine whether the association between HDR 
gene expression and intrinsic repair was a generalizable finding be-
yond cisplatin-induced tubular damage. We therefore interrogated 
snRNA-seq datasets from mammalian kidney disease models. Uni-
lateral ureteral obstruction (UUO) and ischemia-reperfusion injury 
are two common methods to model obstructive and hemodynamic 
mammalian kidney injury and identify intrinsic and incomplete 
repair phenotypes (59). A scRNA-seq dataset of rejecting human 
kidney transplant further permitted analysis of immune-mediated 
kidney injury (27).

The mouse UUO dataset included five distinct proximal tubular 
clusters, which included the S1, S2, and S3 segments seen in un-
injured kidney and two UUO-induced clusters identified as prolif-
erative and dedifferentiated proximal tubules (Fig. 6A). Proliferating 
proximal tubule characteristic of intrinsic repair exhibited the highest 
expression of Mdm2 and associated genes of the homologous re-
combination complex, namely, Fancd2, Brca2, Rad51, and Rpa1 
(Fig. 6B). This proliferative population was termed the cycling 
proximal tubule cluster whose top DEGs of Top2a and Cdca2 are 
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Fig. 5. snRNA-seq reveals injury clusters with HDR gene activity during intrinsic repair. (A) UMAP projection of superimposed 4738 control nuclei, 2534 cisplatin ×3 
nuclei, and 1006 cisplatin ×5 nuclei. PCT, proximal convoluted tubule; LoH, loop of Henle; DCT, distal convoluted tubule; Podo, podocyte. (B) Differential contributions of 
control, intrinsic, and incomplete repair samples to the overall UMAP in (A), noting injury clusters 1, 2_1, 2_2, and 3. (C) Control, cisplatin ×3, and cisplatin ×5 samples by 
representation from each primary cellular cluster. (D) Representation of injury clusters in control, cisplatin ×3, and cisplatin ×5, standardized to cisplatin ×3. (E) Top 3 GO 
terms from injury clusters. (F) Bulk analysis of snRNA-seq for expression of HDR genes in control, cisplatin ×3, and cisplatin ×5. (G) MDM2 expression in UMAP space from 
control, cisplatin ×3, and cisplatin ×5. (H) Single cellular resolution of HDR genes (FANCD2, BRCA2, RPA1, and RAD51). (I) UMAP projection of FANCD2 expression, noting 
injury cluster 2_2 outlined by red circle.
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critical for the cellular division required for intrinsic repair (52), 
and transcriptional profiling of the two new injury clusters reflect-
ed derivation from proximal tubular cells. The transcriptome of new 
PT1 reflected intrinsic repair with concurrent expression of the 
tubular injury marker, Hacv1, and the reparative marker, Bmp6 
(27, 60, 61). New PT2, whose top DEGs included the incomplete 
repair marker Vcam1 (13), was identified as the proinflammatory 

and profibrotic proximal tubular cell. 
Along a continuum from the basal state 
(PT3) to intrinsic repair (new PT1) and 
incomplete repair (new PT2), the ex-
pression of HDR-related genes was pro-
gressively reduced (Fig. 6D).

The human-rejecting kidney trans-
plant dataset was generated from a pa-
tient with biopsy-proven mixed acute 
cellular rejection (ACR; Banff 1B) and 
acute antibody-mediated rejection in 
the setting of positive donor-specific 
antibodies. The rejecting proximal tu-
bule cluster displayed a reduction of 
terminal differentiation markers and 
up-regulation of genes related to pro-
inflammatory cytokines (27). In the 
setting of acute kidney rejection, as-
sociated with an injured proximal tu-
bular phenotype, a proliferative cluster 
was identified and termed cycling (Fig. 6E). 
The cycling cluster expressed markers 
of active proliferation with TOP2A, 
CENPF, and MKI67 as its top 3 DEGs, as 
well as VIM, consistent with an intrin-
sic repair phenotype that was associ-
ated with up- regulation of HDR-related 
genes (Fig. 6F). VCAM1+ was used as an 
anchor gene to identify an incomplete 
repair cluster and so was not identified 
in an unbiased fashion. Despite this se-
lection, VCAM1 demonstrated its high-
est expression in the parietal epithelial 
cell (PEC) cluster in this human data-
set, as well as in human snRNA-seq 
datasets of healthy kidney (n = 3), AKI 
(n = 6), and CKD (n  =  10) from the 
kidney precision medicine project 
(https://atlas.kpmp.org/explorer/). 
Vcam1 is poorly expressed in PECs in 
the mouse (fig. S12A), which signifies 
cross-species differential expression that 
may limit targeting VCAM1+ cells for 
therapeutic purposes in humans. In both 
control and incomplete repair phase 
kidney organoids, VCAM1 expression 
was limited to the parietal epithelial 
layer surrounding PODXL+ cell clusters, 
consistent with PECs (fig. S12B).

FANCD2/RAD51-mediated DNA 
repair is a critical mediator of 

tubular intrinsic repair whose loss instigates tubular 
atrophy and myofibroblast activation
After confirming that HDR gene expression correlated with in-
trinsic repair across obstructive, hemodynamic, and immune-mediated 
kidney injury, we hypothesized that FANCD2/RAD51- mediated 
repair represented a mechanism governing intrinsic repair after 
kidney injury. To test this hypothesis, the repeated cisplatin injury 

Fig. 6. Single-cell transcriptomics confirms tubular HDR gene expression during intrinsic repair after hemo-
dynamic, obstructive, and immune-mediated mammalian kidney injury. (A) t-Distributed Stochastic Neighbor 
Embedding (tSNE) plot of a snRNA-seq dataset of mouse kidney 14 days after unilateral ureteral obstruction (UUO) 
identifying 17 separate cell clusters (58). (B) Gene expression of HDR-related genes across clusters in the mouse UUO 
dataset. (C) tSNE plot of an integrated snRNA-seq dataset of mouse kidney over time after ischemia-reperfusion injury (IRI) 
identifying five proximal tubule clusters (13). (D) Gene expression of HDR-related genes across clusters in the inte-
grated mouse IRI dataset. (E) tSNE plot of a snRNA-seq dataset of human rejecting kidney transplant identifying 16 distinct 
cell clusters, PT is proximal tubule, DL is descending limb, AL is ascending limb, CD is collecting duct, and EC is endo-
thelial cell (27). (F) HDR-related gene expression across clusters in the human rejecting kidney transplant dataset.
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Fig. 7. Homologous recombination is a critical mediator of tubular intrinsic repair whose loss instigates tubular atrophy and myofibroblast activation. (A) Immuno-
staining of SMA and LTL following cisplatin ×5 with inhibition of LIG4 compared to cisplatin alone. Scale bar, 25 m. (B) Quantification of SMA immunostaining after 
cisplatin ×5 with LIG4 inhibition compared to cisplatin alone. Ctl, control. (C) Quantification of LTL+ tubules across samples. Each dot reflects the average of three images 
per organoid, from a minimum of three organoids, in four experiments. Cisplatin ×5 versus cisplatin ×5 + LIG4i had P value of 2.11 × 10−3 and LIG4i versus cisplatin ×5 had 
P value of 4.26 × 10−7. Each dot reflects the average of three images per organoid, from a minimum of three organoids, in four experiments. Cisplatin ×5 versus cisplatin 
×5 + LIG4i had P value of 0.0224 and LIG4i versus cisplatin ×5 had P value of 0.0143. (D) Immunostaining of nephron markers and COL1A1 in whole organoids. Scale bars, 
200 m. (E) Quantification of LTL+ tubular basement membrane thickness across samples. n = 2 to 4 measurements in each of five LTL+ tubular structures from four organoids 
per conditions. (F) FANCD2 and yH2AX immunostaining after cisplatin with and without LIG4 inhibition (pink circles outline double-positive cells, H2AX+FANCD2+, and 
yellow circles outline single-positive cells, H2AX+FANCD2−). Scale bar, 20 m. (G) Quantification of FANCD2 in H2AX+LTL+ cells in cisplatin ×5 with and without LIG4 
inhibition. Each data point represents the mean of three organoids in each of three independent experiments (P = 0.0430). *P < 0.05, **P < 0.01, and ***P < 0.001.
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protocol (Fig. 3A) was performed under continuous inhibition of 
key HDR or NHEJ proteins. The strand exchange protein, RAD51, 
plays a central role in HDR. A 5′ degradation of DSBs generates 3′ 
overhangs flanking each side of the double-stranded defect. RAD51 
binds the 3′ overhangs, forming a protein complex with FANCD2, 
BRCA1 DNA repair associated (BRCA1), and BRCA2 that facili-
tates the search for homologous sequences and, on identification, 
coordinates strand invasion for HDR (fig. S13A) (62). Down- 
regulation of FANCD2-RAD51 is associated with decreased HDR 
events, suggesting that the FANCD2-RAD51 complex is essential 
for genomic preservation during DSB repair (63). After the third 
cisplatin injury in hPSC-derived kidney organoids, the presence of 
continuous RAD51 inhibition potentiated tubular atrophy and 
myofibroblast activation (fig. S13, B to D). In addition, inhibiting 
RAD51 exacerbated peritubular collagen type 1 (COL1) deposition 
(fig. S14, A and B), further indicating that loss of HDR for DSB 
repair potentiates incomplete repair processes. On the other hand, the 
blunt end ligation process of NHEJ is catalyzed by DNA ligase type IV 
(LIG4) (64). Proinflammatory cytokines have been demonstrated to 
induce DNA ligase type IV, thereby promoting the error- prone, DNA 
repair process of NHEJ (65, 66). Unlike HDR, inhibition of LIG4 to 
prevent NHEJ did not exacerbate tubular atrophy, myofibroblast acti-
vation, or peritubular COL1 deposition (Fig. 7, A to E, and fig. S14C). 
Rather, LIG4 inhibition partially reversed kidney organoid atrophy 
(fig. S15, A and B) and rescued FANCD2 expression in DNA-damaged 
tubular cells (Fig. 7, D to G), consistent with previous work (67). 
The FANCD2/RAD51 complex therefore governed intrinsic repair 
in injured proximal tubules and preserved expression abrogated de-
velopment of tubular atrophy and fibrosis characteristic of CKD.

DISCUSSION
Human stem cell–derived kidney tissue represents an emerging 
technology that may improve our understanding of pathophysiologic 
mechanisms for therapeutic development. The translational power 
of human kidney organoids will depend on their fidelity in approx-
imating their in vivo counterparts and simulating diseased states. 
We have previously identified the epithelial derivatives of NPCs in 
kidney organoids, with functional demonstrations of nephrotoxicity 
testing and developmental modeling (15, 19). Here, we identified 
the coinduction of a stromal progenitor pool with NPCs at the 
metanephric mesenchyme stage, which differentiate to form multi-
compartment kidney organoids that mature over time. Given the 
presence of tubular epithelial structures juxtaposed to stromal fibro-
blasts and pericytes, we sought to model epithelial and stromal in-
complete repair processes known to induce irreversible derangement 
of tissue structure. Our results indicated that loss of HDR is a 
molecular switch that contributes to the transition from intrinsic to 
incomplete repair. Specifically, the degree of tubular atrophy, myo-
fibroblast activation, and collagen deposition in the tubular base-
ment membrane was inversely related to the abundance of tubular 
FANCD2 after tubular injury.

Animal models of incomplete repair in the kidney often incor-
porate an instigating epithelial injury that results in DNA damage, 
either through direct DNA toxicity (for example, cisplatin or aristo-
lochic acid) or through the generation of genotoxic reactive oxygen 
species (aminoglycoside administration, ischemia reperfusion injury, 
or UUO) (30, 68–70). The DNA damage response (DDR) mechanisms 
of cisplatin nephropathy may therefore extend to other causes of 

kidney injury. Diabetic kidney disease (DKD) is the most common 
etiology for end-stage renal disease (71), and biopsy samples of 
patients with DGS associated with IFTA have reduced tubular 
FANCD2, suggesting the generalizability of our finding beyond direct 
chemotherapy-induced DNA damage. The pathologic link between 
kidney organoids and patients’ biopsy samples suggests the ability 
of hPSC-derived kidney tissue to model common clinical forms of 
nongenetic kidney disease. Recent work that has generated a model of 
diabetic vasculopathy in blood vessel organoids (72), which coupled 
with our group’s vascularization of kidney organoids (29), may permit 
modeling of DKD (73). By comparing to scRNA-seq from patients 
with early evidence of DKD (74), the reliability of the transcriptome 
in an organoid model may be interrogated at the cellular and com-
partmental levels. Similarly, the chromatin histone modifications, 
DNA methylation, and noncoding RNAs that represent epigenetic 
mechanisms governing DKD (75) may be compared. Using kidney 
organoids, genetic manipulations may enhance our understanding 
of pathophysiologic mechanisms, and platform screening may aid 
in the development of therapeutics.

Limitations of the work presented here include the implementation 
of a fibrotic kidney model that is based on proximal tubular DNA 
damage, namely cisplatin treatment, noting a animal fibrotic model of 
UUO is not possible in kidney organoids. To address this limita-
tion, we cited literature regarding proximal tubular DNA damage 
seen in various kidney injury models and used human kidney biopsy 
samples from the most common kidney injury, DKD, which reflected 
that loss of tubular FANCD2 is inversely correlated with kidney 
fibrosis. Although this correlation was made between kidney organ-
oids and native human kidney tissue, functional studies such as 
glomerular filtration rates were limited with kidney organoids, 
suggesting the necessity of future studies to develop more advanced 
human kidney models and in vitro functional assays.

Processes of intrinsic and incomplete repair that follow proximal 
tubule injury were validated against published works. However, most 
of the previous literature was performed in animal models that may 
not translate to human disease. Whereas merely 3% of the 3.1–billion 
base pair (bp) human genome corresponds to coding regions, it 
shares only 85% sequence homology compared to mice (76). The 
resultant 14-million bp difference in coding regions, coupled to 
variability in noncoding areas, may contribute to the multitude of 
drugs deemed safe and efficacious during preclinical testing in 
mice, only to fail at a rate of 92% during clinical trials in humans 
(77). Tissue generated from hPSCs may not need to be identical to 
their in vivo equivalent, merely more reliable than current tools in 
reproducing human physiology. Here, we leverage kidney organoids 
to identify loss of FANCD2 in injured tubules as a molecular mech-
anism governing the transition from intrinsic to incomplete repair 
and demonstrate that FANCD2 rescue limits irreversible destruction 
of kidney tissue in response to severe injury.

MATERIALS AND METHODS
Study design
The overall objective and design of our study involved cisplatin 
treatments and observations of reversible and irreversible kidney 
injury in kidney organoids, with findings correlated to human kidney 
biopsy specimens and mouse snRNA-seq datasets. Kidney organoids 
were assigned randomly to experimental and control groups. No 
samples were excluded for sample analyses. Predefined study components 
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of sample size (power analysis) and rules for stopping data collec-
tion were not applicable. Replication was conducted on biologic 
replicates as written.

Cell culture
H9 (WiCell) human embryonic and BJFF.6 human-induced PSCs 
(Washington University) were maintained on hESC-qualified Geltrex- 
coated (Thermo Fisher Scientific) plates using StemFit Basic02 
(Ajinomoto Co. Inc.) supplemented with FGF2 (10 ng/ml; PeproTech), 
as previously reported (19). hPSC lines were passaged weekly using 
Accutase (STEMCELL Technologies) for dissociation and Y27632 
(Tocris) for adhesion.

Kidney organoid generation
Directed differentiation of hPSCs into kidney organoids has been 
published elsewhere (18). Briefly, hPSCs were differentiated into 
metanephric mesenchyme cells on day 8 by a three-step directed 
differentiation protocol. Metanephric mesenchyme was transferred 
into suspension culture in 96-well ultralow adhesion plates (Corning) 
and further differentiated into kidney organoids, as previously re-
ported (18). Quality control measures of SIX2 immunostaining on 
day 8 of differentiation and CDH1, LTL, and PODXL immunostain-
ing on day 21 were performed on all batches of kidney organoids to 
limit batch-to-batch heterogeneity. Kidney organoids were main-
tained in 200 l of basal media consisting of Advanced RPMI 
(Thermo Fisher Scientific) and GlutaMAX (Thermo Fisher Scientific) 
in 96-well plates, as previously reported. Media changes were con-
ducted three times weekly with removal of 90 l and addition of 100 l 
of fresh basal media until day 49. Thereafter, full exchanges occurred 
in all samples with the timing of cisplatin.

Supplemented factor exposure
Cisplatin
Cisplatin (Sigma-Aldrich, catalog no. 232120) was supplemented in 
basal media at a concentration of 5 M when used.
B02
The RAD51 inhibitor, B02 (Millipore, catalog no. 553525), was sup-
plemented in Advanced RPMI (ARPMI) at a concentration of 5 M 
when used.
SCR7
The DNA ligase type IV inhibitor, SCR7 (Sigma-Aldrich, catalog 
no. SML1546), was supplemented in ARPMI at a concentration of 
1 M when used.

Bulk RNA-seq and data analysis
Total RNA was isolated from hPSCs (day 0), hPSC-derived NPCs 
(day 8), and organoids on days 21, 35, and 49 of differentiation. 
RNA integrity was assessed (RNA Nano 6000 Assay Kit, Bioanalyzer 
2100, Agilent Technologies). Total RNA (400 ng) was used for library 
preparation using the NEBNext Ultra II RNA Library Prep Kit for 
Illumina (New England BioLabs, #E7775). Libraries were quantified 
using Qubit for mass concentration, LabChip for fragments distri-
bution, and qPCR for molar concentration. The qualified RNA-seq 
libraries were run on NovaSeq 6000 S4 sequencers (Illumina). 
Downstream analysis was performed using Spliced Transcripts 
Alignment to a Reference (STAR) (v2.5), HTseq (v0.6.1), Cufflink, 
and our wrapped scripts. Differential expression was determined 
through DESeq2/edgeR. Reference genome and gene model anno-
tation files were downloaded from genome website browser (National 

Center for Biotechnology Information/University of California Santa 
Cruz/Ensembl). Indices of the reference genome were built using 
STAR, and paired-end clean reads were aligned to the reference 
genome using STAR (v2.5). STAR used the method of maximal 
mappable prefix to generate precise mapping of junction reads. 
HTSeq v0.6.1 was used to count the reads mapped to each gene. 
Fragments per kilobase of transcript per million mapped reads 
(FPKM) of each gene, which assumes that the relative expression of 
a transcript is proportional to the number of complementary DNA 
fragments that originate from it, was calculated on the basis of the 
length of the gene and read counts mapped to this gene.

Transcriptome data from each sample were compared with tran-
scription factors, as previously reported (www.informatics.jax.org/
go/term/GO:0061005). Transcriptomic data obtained from each 
population were also compared with developing human kidney 
datasets (GSE66302). Heatmap was made by ExAtlas software 
(https://lgsun.irp.nia.nih.gov/exatlas/index.html). We clustered dif-
ferent samples using expression level FPKM to see the correlation 
using hierarchical clustering distance method with the function of 
heatmap, self-organization mapping, and k-means using silhouette 
coefficient to adapt the optimal classification with default parame-
ters in R.

Immunostaining of kidney organoids
Organoid samples were washed with phosphate-buffered saline (PBS) 
and fixed for 1 hour in 250 l of 4% paraformaldehyde (PFA; Electron 
Microscopy Sciences). Samples were washed with 1 ml of PBS three 
times and placed in 500 l of 30% sucrose in PBS at 4°C overnight. 
The following day, organoids were placed in tissue- embedding molds 
(Polysciences Inc.) and embedded in optimal cutting temperature 
(Tissue-Tek), and frozen blocks were created using liquid nitrogen. 
Next, frozen sections (8 m) were cut using a cryostat and stored 
at −20°C. Frozen sections were thawed to room temperature, washed 
with PBS three times, blocked using 5 weight % (wt %) donkey serum 
in PBS containing 0.3 wt % Triton X-100 for 1 hour, washed with 
PBS three times, and incubated with primary antibodies in antibody- 
diluting buffer [ADB; 1% bovine serum albumin (BSA), 1× PBS, and 
0.3% Triton X-100] at room temperature for 2 hours. Samples were 
washed with PBS three times, incubated with Alexa Fluor secondary 
antibodies in ADB for 1 hour at room temperature, and washed 
with PBS three times. Samples were counterstained, mounted with 
VECTASHIELD with or without 4i,6-diamidino-2-phenylindole 
(DAPI) (Vector Laboratories), and sealed using a cover slip. When 
staining with LTL-biotin, a streptavidin/biotin blocking kit (Vector 
Laboratories, SP-2002) was used as per the manufacturer’s protocol.

Single-nuclei preparation and sequencing
Nuclei were isolated with Nuclei EZ Lysis buffer (NUC-101, Sigma- 
Aldrich) supplemented with protease inhibitor (5892791001, Roche) 
and ribonuclease (RNase) inhibitor (N2615, Promega and AM2696, 
Thermo Fisher Scientific). Organoids were homogenized using a 
Dounce homogenizer (885302-0002; Kimble Chase) in 2 ml of ice-cold 
Nuclei EZ Lysis buffer and incubated on ice for 5 min with additional 
2 ml of lysis buffer. The homogenate was filtered through a 30-mm 
strainer (43-50030-03; pluriSelect) and centrifuged at 500g for 5 min 
at 4°C. The pellet was resuspended, washed with 4 ml of buffer, and 
then incubated on ice for 5 min. After centrifugation, the pellet was 
resuspended in nuclei suspension buffer (1× PBS, 0.04% BSA, and 
0.1% RNase inhibitor), filtered through a 5-m strainer (43-50005-03; 
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pluriSelect), and counted. RNA from single nuclei were encapsulated, 
barcoded, and reverse-transcribed on a 10× Chromium Single Cell 
Platform (10× Genomics). The library was sequenced in NovaSeq 
SP-100. The Cell Ranger v3.0.1 pipeline (https://support.10xgenomics.
com/single-cell-gene-expression/software/downloads/latest) per-
formed sample demultiplexing, alignment (based on GRCh38 human 
genome assembly), filtering, unique molecular identifier (UMI)  
counting, single-cell 3′ end gene counting, and quality control using 
the manufacturer’s parameters. Loupe browser was used to analyze 
and visualize the data. GO enrichment was analyzed using the 
DAVID Functional Annotation Tool v6.8 on DEGs. By applying 
Monocle3 and Seurat, pseudotime trajectories were unsuccessful 
in linking injury and control clusters.

snRNA-seq analysis
Top 50 DEGs in the three injury clusters were input into 
http://geneontology.org/, and GO enrichment analysis was per-
formed for biological function and molecular function.

Statistical analysis
Box and whiskers plots were generated by the standard convention. 
Bar graphs are expressed as means ± SE. ImageJ was used for SMA 
and DAPI areas. Quantification of H2AX and FANCD2 was de-
pendent on five discrete foci representing a positive cell (78). Quan-
tification of Ki67 was based on speckled nuclear pattern constituting 
a positive cell. Quantification of KIM-1 was based on presence of 
luminal stain. Statistical analysis was performed in Excel and statis-
tical significance by two-tailed Tukey’s pairwise comparison tests. 
Significance (P value) is indicated with asterisks by the standard 
convention. Graphs are presented in GraphPad Prism.
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Modeling injury and repair in kidney organoids reveals that homologous
recombination governs tubular intrinsic repair
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TatsumotoMichifumi YamashitaRyuji Morizane

Sci. Transl. Med., 14 (634), eabj4772. • DOI: 10.1126/scitranslmed.abj4772

Fingering FANCD2 in tubular repair
The transition from acute kidney injury, characterized by intrinsic repair, to incomplete repair and chronic damage has
been difficult to study. Here, Gupta and colleagues modeled the transition from intrinsic to incomplete repair using
human kidney organoids. A single exposure to cisplatin resulted in intrinsic repair, with preserved tubular architecture
and up-regulation of genes associated with homology-directed repair, including Fanconi anemia complementation
group D2 (FANCD2). However, with repeated cisplatin exposure, FANCD2 and RAD51 recombinase (RAD51) were
down-regulated, leading to incomplete repair. The DNA ligase IV inhibitor SCR7 increased FANCD2-mediated repair
and ameliorated progression to chronic injury in the organoids, suggesting that targeting the FANCD2/RAD51 pathway
may have potential to treat kidney disease.
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