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SUMMARY

The underlying cellular events driving kidney fibrogenesis and metabolic dysfunction are
incompletely understood. Here, we employed single-cell combinatorial indexing RNA-sequencing
to analyze 24 mouse kidneys from two fibrosis models. We profiled 309,666 cells in one
experiment, representing 50 cell types/states encompassing epithelial, endothelial, immune and
stromal populations. Single-cell analysis identified diverse injury states of the proximal tubule,
including two distinct early-phase populations with dysregulated lipid and amino acid metabolism,
respectively. Lipid metabolism was defective in the chronic phase but was transiently activated in
the very early stages of ischemia-induced injury, where we discovered increased lipid deposition
and increased fatty acid p-oxidation. Perilipin 2 was identified as a surface marker of intracellular
lipid droplets and its knockdown in vitro disrupted cell energy state maintenance during lipid
accumulation. Surveying epithelial cells across nephron segments identified shared and unique
injury responses. Stromal cells exhibited high heterogeneity and contributed to fibrogenesis by
epithelial-stromal crosstalk.
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In brief

Li et al. profile the full-time courses of mouse kidney fibrogenesis using single-cell combinatorial
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indexing RNA-sequencing. They describe diverse injury states of proximal tubular cells, including

one cell state with enhanced lipid metabolism at an early phase of ischemia-induced injury. This

single-cell atlas defines kidney epithelial injury responses in fibrosis.
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INTRODUCTION

Chronic kidney disease (CKD) affects ~10% of the population worldwide and ultimately

can lead to kidney failure (Hill et al., 2016; Kalantar-Zadeh et al., 2021). With no cure

and relatively few therapies that slow progression, people with CKD suffer considerable
morbidity and mortality. Across all CKDs, regardless of the underlying cause, dysregulated
epithelial metabolism is increasingly recognized as an important pathological feature that

drives interstitial fibrosis (Kang et al., 2014; Slee, 2012; Tran et al., 2016; Zhu et al.,

2021). Understanding the earliest cellular events driving kidney fibrogenesis will improve
our knowledge of CKD pathophysiology and may identify new, effective therapeutic targets.
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Single-cell RNA sequencing (scRNA-seq) allows for the unbiased characterization of cell
transcriptomics and has been widely applied to decipher cell fate dynamics and metabolic
heterogeneity (Evers et al., 2019; Kuppe et al., 2021; Park et al., 2018; Stuart and

Satija, 2019). The most commonly used platform for scRNA-seq is based upon droplet
microfluidics, but due to several technical limitations including low throughput, difficulty
in analyzing multiple samples or timepoints, batch effects and incompatibility with fixed
samples, many studies analyze a limited number of samples, providing only a “snapshot” of
a specific biological condition (Li and Humphreys, 2021; Stoeckius et al., 2018; Weinreb et
al., 2018). Previous work has characterized CKD and kidney fibrosis at single cell resolution
(Dhillon et al., 2021; Lu et al., 2021; Wu et al., 2019; Zhang et al., 2021), but these

studies typically lack multiple timepoints especially in early stages. Even though sample
multiplexing approaches exist (e.g., CITE-seq (Stoeckius et al., 2017)), this method does
not easily scale up, which is detrimental for analysis of the kidney due to diversity of cell
types and states that arise during injury and progression of fibrosis (Balzer et al., 2021;
Gerhardt et al., 2021; Kirita et al., 2020; Wu et al., 2019). As an example, proximal tubule
(PT) cells constitute ~50% of the total kidney cell number, so rare cell types and states may
be underrepresented in a lower complexity sScRNA-seq dataset. While multiple scRNA-seq
experiments and large-scale data integration could resolve these limitations, batch effect
correction would be required (Tran et al., 2020).

Here, we optimized single-cell combinatorial indexing RNA-seq (sci-RNA-seq) (Cao et

al., 2020, 2019) in order to decipher the molecular events driving kidney fibrogenesis.

We leveraged the high throughput, high sample multiplexing capacity, and low costs of
sci-RNA-seq to characterize two mouse models of kidney injury and fibrosis, unilateral
ischemia-reperfusion injury (uni-IRI) and unilateral ureteral obstruction (UUOQ), at multiple
time points. sci-RNA-seq is compatible with tissue fixation, which stabilizes RNA
immediately after tissue collection preventing degradation, allowing multi-site sample
acquisition and facilitating storage of samples from multiple timepoints prior to processing.
We have generated an atlas of kidney fibrogenesis (data visualizer available at http://
humphreyslab.com/SingleCell/) from a single experiment with 11 biological conditions

and 24 samples. This approach enabled the elimination of batch effects and profiling of
309,666 cells. We report that uni-IRI and UUO induced two distinct PT cell states after
injury with unique transcriptomic signatures and fate outcomes. Further investigation of
these two cell states highlighted their distinct mechanisms of metabolic regulation, including
activated lipid metabolism in the earliest stages of uni-IRI where we identified PLIN2+ lipid
droplets. Additionally, we describe both shared and unique epithelial responses to injury and
repair across nephron segments, as well as kidney stromal heterogeneity and intercellular
communication dynamics during kidney fibrosis. This atlas of kidney fibrogenesis serves as
a unique resource, and reveals previously unappreciated epithelial cell states.

Generation of two mouse models of kidney fibrogenesis

We performed uni-IRI and UUO surgeries on 8-9 week old adult male C57BL6/J mice and
collected samples at multiple timepoints during disease progression (0, 6 hours and 2, 7, 14,
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28 days post uni-IR1 or 0, 2, 4, 6, 10, 14 days post UUO; n = 2 for each timepoint) (Figure
1A). To validate each sample prior to sScRNA-seq, we first stained kidney injury and fibrosis
markers by immunofluorescence (Figure 1B). In mice with uni-IRI, the kidney injury marker
HAVCR1 was strongly upregulated after 2 days post injury (uni-IRI D2) and its expression
gradually decreased during the repair phase after uni-IR1 D7. The fibrosis marker Collagen
Type | (COL1) started to accumulate at uni-IR1 D2 and was highly abundant at uni-IRI D14.
By uni-IRI D28, the expression of HAVCR1 was close to baseline while COL1 expression
was only partially resolved, suggesting the acute kidney injury (AKI) to CKD transition
(Figure 1B). By contrast, UUO kidneys had sustained HAVCR1 expression and increased
upregulation of COL1 over the full time course (Figure 1B), reflecting the more aggressive
fibrotic burden in this model. Successful induction of injury and fibrogenesis on mouse
kidneys was also confirmed by quantitative PCR (qPCR) where we measured Havcr and
myofibroblast marker genes ActaZand Collal and observed similar expression patterns
(Figure S1A).

Characterization of kidney fibrogenesis with sci-RNA-seq3

Nuclear suspensions were prepared from each sample, fixed, and snap-frozen. This enabled
us to process all 24 samples simultaneously in a single experiment to achieve sample
multiplexing using the sci-RNA-seq3 protocol (Cao et al., 2020, 2019), which employed a
combinatorial indexing strategy based on reverse transcription (RT), hairpin ligation, and
indexed PCR. In sci-RNA-seq3, the nuclei from each sample were divided into several
wells of four 96-well plates, and thus the first barcode introduced by RT allowed sample
identification (Figure 1A). In addition to the multiplexing capacity, high throughput, and
relatively low cost of sci-RNA-seq3, common laboratory supplies could be used and the
protocol was modifiable. Early results revealed several challenges in applying the original
sci-RNA-seq3 protocol to kidney, including low nuclei extraction yield, nuclei aggregation
in the suspension, reduced library quality due to non-uniform transposase activity and
incomplete purification. We therefore separately optimized each of these steps in our
modified protocol, including performing a Tn5 transposase activity test which significantly
improved library yield and quality. The changes to the original protocol are summarized in
Table S1 and in more detail in Methods. We included a species-mixing control with nuclei
harvested from human HEK-293T and mouse C3H/10T1/2 cultured cells in order to evaluate
doublet frequency.

We sequenced the entire sci-RNA-seq3 library on one NovaSeq 6000 flow cell. Over half
of the reads (60.4%) mapped to intronic regions, as expected for single-nucleus sequencing
(Wu et al., 2019). After demultiplexing, we first assessed doublets by analyzing the species
mixing samples. This revealed a very low cell collision rate of 1.3% (Figure S1B). For the
remaining mouse kidney samples, we generated a total of 413,681 raw cell transcriptomes at
a minimum threshold of 200 uniform molecular identifiers (UMI) per cell. We detected an
average of 1165 UMIs/cell (Table S1). After quality control procedures including removal
of predicted doublets and artifacts (see Methods), we proceeded to analyze 309,666 high-
quality cells. We first projected the pseudobulk transcriptomes of all 24 samples into two
dimensions in an unsupervised fashion. This revealed clearly distinct trajectories between
the uni-IR1 and UUO samples and low variation between biological replicates. The uni-IRI
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6hrs and UUO D2 samples were similar, but later samples diverged substantially (Figure
1C). Even though uni-IRI and UUO are both models of kidney fibrosis, the distinct
trajectories suggested quite different cellular mechanisms.

The large size of this ScRNA-seq dataset allowed for a detailed characterization of cellular
heterogeneity in healthy and fibrotic kidneys. Cell clustering of the 309,666 cells revealed
19 major cell clusters, including cells of the proximal tubule (PT), loop of Henle, and
podocytes (Figure 1D). We performed subclustering analysis on all major cell clusters,
which identified a total of 50 cell types or states (summarized in Table S2) including

low abundance cell types such as juxtaglomerular apparatus (JGA), dendritic cell subtypes
(Figure S1C), and vascular cells (Figure S1D). The 19 major clusters were annotated based
on expression of known marker genes (Figure 1E) and data integration with previous cell
atlas resources such as our bilateral IRI (bi-IRI) scRNA-seq dataset (Kirita et al., 2020)
(Figure S1E). Correlation analysis across cell types indicated high transcriptomic similarity
between fibroblasts (Prkg1/Gpcé high) and myofibroblasts (Collal/CollaZhigh) and across
distal nephron epithelia (TAL, DCT, CNT, PC, ICA, ICB) (Figure S1F). We next identified
cells according to sample condition (health, uni-IRI or UUO) which revealed that nearly all
cells from disease timepoints distributed distinctly from the healthy cells — reflecting that
fibrosis affects the entire organ (Figure S1G-H). Myofibroblasts and immune cells were
quite sparse in health but underwent proliferative expansion during disease (Figure S11-J).

Diverse Proximal Tubule Injury States

Our initial clustering suggested considerable heterogeneity in PT cell states during fibrosis
(Figure 1D). We therefore performed unsupervised subclustering on PT cells alone (130,503
cells after quality control; Figure 2A). This revealed the expected healthy S1/S2/S3 PT
clusters, as well as multiple injury states (high expression of Haverl and Nrgl), including
acute injury (PT-Aclnj), repairing (PT-R), a state we have previously characterized as failed
repair proximal tubule cells (FR-PTC) (Kirita et al., 2020; Muto et al., 2021) and two
apparent intermediate PT injury states, located between healthy cells and FR-PTC in the
UMAP space, which we annotated as Typel and Type2 injured PT cells. All injured PT

cell states were also characterized by downregulation of healthy PT marker genes such as
solute-linked carriers (e.g., Slc34al, Slc5a12, Slc7al3), suggesting cell dedifferentiation.
The significances of PT-Aclnj, PT-R and FR-PTC have been described in previous SCRNA-
seq studies (Gerhardt et al., 2021; Kirita et al., 2020; Lu et al., 2021; Rudman-Melnick

et al., 2020) and were benchmarked in our large-scale dataset. Specifically, PT-Aclnj cells
expressed genes encoding heat-shock proteins (e.g., Hspalb, Hsp90aal) and showed high
activity of HsfIin the transcription factor activity analysis (Figure 2B—C and S2A). The
PT-R cluster strongly expressed genes associated with cell proliferation (e.g., TopZa, Mki67,
LmnbI) and scored highly by cell-cycle scoring analysis (Figure S2B). FR-PTC were
characterized by expression of known marker genes Vcam and Kcnip4. Smadl, an essential
component of TGF-p signaling (Zhang et al., 2015), exhibited high transcription factor
activity in FR-PTC (Figure 2C-D) and single-cell pathway activity analysis revealed that
NF-xB and TNF-a pathways were also highly active (Figure 2D), indicating that these

cells were proinflammatory and profibrotic, confirming prior results (Marko et al., 2016;
Ramseyer and Garvin, 2013; Shimizu et al., 2011; Zager et al., 2005).
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By contrast, we struggled to annotate the Typel and Type2 PT cell clusters to previously
published work, possibly because these cells were enriched in early and middle stages of
kidney fibrogenesis (7.e., IRl 6hrs, UUO D2-D4) that have not been previously analyzed in
scCRNA-seq studies. Surveying the proportion of each PT cell type across conditions (Figure
2E and S2C) revealed that Typel injured PT was primarily found in uni-IRI (occurrence
frequency in uni-IRI: UUO ~ 11:1) and Type2 injured PT was more specific to UUO
samples (abundance of Typel: Type2 injured PT ~ 10:1). More specifically, in uni-IRI,
Typel injured cells comprised 80% of all PT cells at 6 hrs after injury, with this proportion
falling rapidly to 5% of the total by D2. In UUO, Type2 injured cells also appeared in the
early timepoint (D2) and dominated the PT population (62% of the total cells), but their
frequency did not fall as quickly as Typel injured cells in uni-IRI (Figure 2E). This analysis
also highlighted distinct outcomes of PT successful repair vs. failed repair in the two mouse
models: the frequency of healthy PT cells was reduced remarkably by both uni-IRI or UUO
surgeries, but only in uni-IRI did these cells return to their prior uninjured state (Figure 2E).
While a small percentage of FR-PTC (~4%) remained at -IR1 D28, FR-PTC constituted a
large and increasing proportion of all cells as the time course proceeded in UUO (~55% at
UUO D14) (Figure 2E).

Two Types of Cell States of Injured Proximal Tubule

We next asked whether the ability of PT to successfully repair in uni-IRI but not in UUO
might be related to Typel vs. Type2 injury. Gene ontology (GO) enrichment analysis

on differentially expressed genes (DEGSs) for the two populations highlighted wound
healing, cell junction organization and cell-cell adhesion in Typel injured PT and epithelial
morphogenesis and MAPK signaling in the Type2 group (Figure S2D). Regulation of cell
motility was a shared term in both groups (Figure S2D). Typel injured PT cells were
primarily observed early — at 6hrs post uni-IR1 with defining DEGs such as P/in2and
Col27al (Figure 2B and S2E). We found that £/73, a transcription factor that has been
reported to be upregulated in both mouse and human AKI samples (Famulski et al., 2012;
Rudman-Melnick et al., 2020), showed high gene activity in Typel injured PT cells (Figure
2C and S2F). This PT subpopulation also exhibited activated EGFR signaling (Figure
S2F), a pathway known to promote PT recovery after AKI (Tang et al., 2013). For Type2
injured PT, we observed some cluster-specific DEGs including S/c6a6, Bcatl and Slc7a12,
but others that were in common with the FR-PTC cluster (e.g., Semaba, Dcdca, Ypel2)
(Figure S2E), hinting at a lineage relationship between Type2 PT and FR-PTC. Correlation
analysis confirmed high similarity between Type2 PT and FR-PTC compared with the other
cell states (Figure S2G). Mapping the Typel and Type2 subclusters back onto the entire
dataset revealed that they constituted the major cluster annotated as “PT-Inj” (Figure S2H).
Collectively, these results led us to hypothesize that the Typel PT injury state is protective
while the Type2 state leads to FR-PTC driving fibrogenesis.

To better characterize potential lineage relationships between Typel/Type2 injured PT and
other PT subpopulations, we leveraged single-cell trajectory inference analysis (Qiu et

al., 2017) and identified two major trajectories starting from Typel injured PT in uni-IRI
(Figure 2F, left panel): these cells first became repairing cells and then either differentiated
into healthy PT cells (successful repair trajectory) or FR-PTC (failed repair trajectory).
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Consistent with this result, the successful repair trajectory upregulated healthy PT marker
genes but the FR-PTC lineage failed to do so (Figure S2I). By contrast only one major
trajectory was observed in UUO: it started from healthy cells and ended at FR-PTC with
Type2 injured PT cells located in between (Figure 2F, right panel). In this UUO trajectory,
expression of FR-PTC markers gradually increased over pseudotime (Figure S2I). This
analysis suggested that the Typel injury state was a bipotential one with the ability to
become either healthy cells or FR-PTC, whereas the Type2 category was unipotential with
the ability only to differentiate into FR-PTC. We also performed trajectory analysis on
dataset combining uni-IRI and UUO cells, which presented consistent results (Figure S2J).
To further support this hypothesis, we conducted a computational cell fate mapping analysis,
which simulated a birth-death process based on the Markov chains model (Lange et al.,
2022) (see Methods). We observed that in uni-IRI, Typel injured PT cells showed the
highest probability of contributing to the repairing cell lineage (Figure 2G, left panel), which
could further develop into either healthy cells or FR-PTC (Figure S2K). By contrast, the
majority of Type2 injured PT cells in UUO differentiated into FR-PTC (Figure 2G, right
panel). Even though a small proportion of Type2 injured PT cells were predicted to acquire a
repairing cell state, most of these ultimately adapted the FR-PTC phenotype (Figure S2K).

Dysregulated Proximal Tubule Lipid Metabolisms during Fibrogenesis

Next, we aimed to explore metabolic mechanisms underlying the distinct fate outcomes

of Typel and Type2 injured PT cells. Protein-protein interaction enrichment analysis

on the top DEGs for Typel injured PT cells highlighted terms associated with lipid
metabolism, including mitochondrial long chain fatty-acid p-oxidation (FAO), regulation

of lipid transport and lipid localization (Figure 3A). Previous studies have demonstrated
defective FAO metabolism of PT cells in CKD, which could be reversed by restoring the
capacity of FAO (Kang et al., 2014; Pei et al., 2020; Stadler et al., 2015; Wu et al., 2020).
Consistently, by scoring genes involved in FAO across all PT cells, we observed a reduced
FAO activity in the middle stages of uni-IRI (/.e., D2/7/14) and all UUO samples (Figure 3B
and S3A). FR-PTC exhibited the lowest FAO score when compared with healthy PT (Figure
3B) and the proportion of FR-PTC correlated negatively with FAO activity (Figure S3B),
highlighting the central role of this population in CKD.

By contrast, we noticed an unexpected increase in the FAQO score at uni-IRI 6hrs

(Figure 3B), which implied activated lipid metabolism in Typel injured PT cells at this
early phase. In addition, we observed activated peroxisome proliferator-activated receptor
signaling, reflected by significantly increased expression of FAO rate limiting genes such as
Cptla, Acox1, Hadhaand Hadhb (Figure S3A) (Mann-Whitney-U test with the Benjamini-
Hochberg correction).

We hypothesized that the upregulated FAO gene expression at uni-IRI 6hrs would

be accompanied by increased lipid deposition. A variety of proteins are required for
maintenance of cytoplasmic lipid droplets, so we examined the expression of genes involved
in formation and maintenance of lipid droplets. Consistent with this hypothesis, the lipid
droplet score was significantly increased at uni-IR1 6hrs but returned to baseline for all
subsequent timepoints (Figure 3C). The expression of lipid droplet genes Plin2, Fabp4,
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Acsl4and Ehdl were upregulated in the Typel injured PT cells compared to the healthy
(Figure S3A).

Next, we analyzed lipid content at multiple timepoints identifying a striking increase in

Oil Red O-positive lipid droplets throughout both cortical and medullary tubules at uni-IRI
6hrs compared to healthy kidney (Figure 3D). Interestingly, at uni-IRI D2, most lipids were
cleared from cortical tubular cells though we also observed mild persistence of intraluminal,
extracellular lipids in outer medullary casts (Figure 3D). Oil Red O-positive lipid droplets
were undetectable at uni-IRI D7 and later timepoints (Figure 3D and S3C). On the other
hand, UUO lacked the early lipid droplet accumulation but gradually accumulated tubular
lipids over time (Figure 3D and S3C).

To quantitatively determine this transient lipid accumulation, we measured the abundance
of triglycerides (TAGS), free fatty acids (FFAs) and cholesterol in uni-IRI mouse kidney
tissues from multiple timepoints with mass spectrometry. With a total of 47 TAG species
analyzed, this lipidomics analysis revealed a ~6-fold increased abundance of total TAGs
at uni-IRI 6hrs compared to healthy tissues (Figure 3E). ~70% of the accumulated TAGs
were a combination of palmitate (16:0), oleate (18:1) and linoleate (18:2). Consistent with
our Oil Red O staining, TAG was still abundant at uni-IR1 D2, but it decreased nearly

to baseline by uni-IRI D7 and D14 (Figure 3E). We also observed a 1.8-fold increased
abundance of total FFAs at uni-IRI 6hrs compared to healthy (Figure 3F). Among the 16
FFA species analyzed, palmitic acid (16:0) and oleic acid (18:1) were the two major FFAs
in both healthy and diseased mouse kidneys, constituting ~50% of total FFAs (Figure 3F).
Lipidomic analysis was also performed on UUO D10 and UUO D14 samples, where we
identified ~2-fold increased TAG abundance but almost no differences in FFA abundance
(Figure S3D). In addition, we did not identify obvious changes in cholesterol abundance
across samples (Figure S3E).

Therefore, our results suggested a transient upregulation of genes involved in FAO and lipid
metabolism, accompanied by cytoplasmic lipid accumulation, at the earliest timepoints after
uni-IRI.

Fatty acid exposure in vitro leads to lipid accumulation and FAO burst

To study how PT cells respond to short-term lipid accumulation, we established an /n vitro
model by treating primary human renal proximal tubule epithelial cells (RPTECSs) with oleic
or palmitic acids for 6 hours. Oil Red O and BODIPY 493/503 staining confirmed a striking
increase in intracellular lipid deposition after 6-hour exposure of oleic or palmitic acids
(Figure 3G). A longer exposure (2—6 days) to fatty acids resulted in an increased size of

Oil Red O+ lipid aggregates (Figure S3H). We also treated RPTECs with fluorescently
labeled palmitic acid (BODIPY Cyg) for 6 hours and validated that RPTECs actively
transported fatty acids leading to intracellular lipid accumulation (Figure S3F). Both 6-hour
oleic and palmitic acid exposure led to significant upregulation of CD36, which encodes a
plasma membrane receptor for long-chain fatty acid transport and CP71A, which encodes a
mitochondrial membrane enzyme for long-chain fatty acyl-CoA transport (Figure S3G).
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Previous studies reported mitochondrial dysregulation in PT cells in kidney diseases (Chung
etal., 2019; Mori et al., 2021; Zhan et al., 2013). We stained for mitochondria and

observed that most mitochondrion had a thread-like appearance in the steady state, but

an increased fraction of mitochondria became fragmented into a sphere-like appearance (/.e.,
mitochondrial fission) after 6-hour oleic or palmitic acid treatment (Figure S3I). On the
other hand, we did not observe significant changes in reactive oxygen species, a feature of
mitochondrial damage, after the 6-hour fatty acid treatment (Figure S3J).

Next, to answer whether the accumulated lipid droplets could be oxidized later, we exposed
RPTEC:s to lipids for 6 hours then washed them away and replaced with normal culture
medium (without fatty acid supplements) for 2 days. We observed very little Oil Red O
staining at 2 days post culture medium renewal (Figure 3H), indicating that the deposited
lipids induced by 6-hour fatty acid treatment were largely cleared from cells by this
timepoint. We asked whether this lipid clearance was the consequence of oxidation or due to
other mechanisms such as lipid secretion. The presence of the lipolysis inhibitor Atglistatin
during the two day chase prevented clearance of lipid droplets for both palmitic and oleic
acids (Figure 3H), while 2-day treatment of Atglistatin alone did not induce significant lipid
accumulation (Figure S3K). These results strongly suggest that RPTEC clearance of lipid
accumulation occurs through FAQ.

To directly measure FAO and determine whether a dysregulation of glucose metabolism
might also be involved, we measured the real-time oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) on RPTECs after 6-hour fatty acid treatment, in a
similar approach as described before (Kang et al., 2014). We identified a significantly higher
OCR in cells pretreated with oleic or palmitic acids than control cells (Figure 31 and S3L),
suggesting enhanced FAQ activity. Injection of etomoxir, a CPT1 inhibitor, and oligomycin,
an ATP synthase inhibitor, both reduced OCR, confirming that the increased OCR observed
was the consequence of increased FAO (Figure S3L). In addition, an increased ECAR was
also identified in cells pretreated with fatty acids (Figure 31 and S3L). These results suggest
that 6-hour fatty acid exposure increases both FAO and glycolysis activity, characteristics of
an energetically active cell state (Hocaoglu et al., 2021).

Next, to study cellular responses to lipid accumulation at the gene expression level, we
performed bulk RNA-seq on RPTECs treated with oleic acids for 6 hours (Ole_6hrs). We
also sequenced cells that were exposed to medium without fatty acid supplements for 2 days
after the 6-hour treatment (Ole_6hrs+2d) to study the long-term effect of lipid accumulation.
GO analysis indicated that the upregulated DEGs of the Ole_6hrs group compared to control
cells were enriched in intracellular lipid droplets (FDR = 3.84x1073). Consistently, genes
associated with FAO and lipid metabolism were significantly upregulated in the Ole_6hrs
group (GO term FDR = 7.94x107%), including CPT1A and genes encoding Long-chain acyl-
CoA synthetases (ACSLs) (Figure 3J). Glucose metabolic process was also an upregulated
GO term in the enrichment analysis (FDR = 5.88x1073), supporting our ECAR measurement
mentioned above. Interestingly, we found that genes involved in DNA replication and cell
cycle regulation were significantly upregulated in the Ole_6hrs+2d group (GO term FDR =
6.36x10714), including MK/67, TOP2A and genes encoding minichromosome maintenance
(MCM) proteins (Figure 3J). Thus, our results suggested that fatty acid exposure and lipid
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accumulation in RPTECs promotes cell proliferation, consistent with our single-cell fate
mapping analysis identifying that Typel injured PT cells (enriched at uni-IRI 6hrs) were
precursors of Mki67-expressing Repairing PT cells (enriched at uni-IRI D2) (Figure 2F-G).

PLIN2 marks lipid droplets in Typel injured proximal tubular cells and maintains cell

energy state

PLINZ2, also known as perilipin 2 or adipose differentiation-related protein, is a lipid droplet
surface protein and an essential component of the PPAR signaling pathway (Kimmel and
Sztalryd, 2016). Our scRNA-seq data identified P/in2as a marker gene of Typel injured

PT cells (Figure 2B and 4A). Reanalyzing a recently published spatial transcriptomic
analysis of mouse kidney bi-IRI (Dixon et al., 2021) revealed the transiently increased
expression of PlinZthroughout the kidney cortex at 12hrs post-surgery (Figure 4B). To
further validate P/in2as a marker gene for Typel injured PT cell state, we performed
immunofluorescence and identified that PLINZ2 localized to intracellular basolateral droplets
at uni-IRI 6hrs but no other timepoints (Figure 4C-D). PLIN2 expression was absent in

the time course of UUO, including at UUO 6hrs (Figure 4C). To further validate that
PLIN2 expression co-localized with lipid compounds, we stained PLIN2 with lipid probe
BODIPY 493/503 on the uni-IRI 6hrs tissue and found that PLIN2 coated the surface of
BODIPY+ lipid particles (Figure 4E). PLINZ2 also co-localized with oxidized low-density
lipoprotein (oxLDL) (Figure 4F). Together, our results identified PLIN2 as a marker Typel
injured PT cells and a surface protein of intracellular lipid droplets. Surveying a previous
RNA-seq study on folic acid-induced mouse nephropathy (Craciun et al., 2016) identified
upregulation of P/in2at one day post injury and then gradual decreased expression (Figure
S4A), suggesting that increased P/in2 expression could be induced by other types of kidney
injury.

Next, we sought to investigate the mechanism of P/in2 upregulation in Typel injured PT
cells. Previous studies have reported that PLIN2 expression can be increased either by
cellular uptake of fatty acids or ER (endoplasmic reticulum) stress (Chen et al., 2017; Dalen
et al., 2006; Gao and Serrero, 1999). Therefore, we exposed free fatty acids or chemical

ER stress inducers on RPTECs. We observed ~ 10-fold increased expression of PL/NZ after
a 6-hour treatment of oleic or palmitic fatty acids by gPCR analysis (Figure 4G). PLIN2
expression was significantly reduced when cells were exposed to culture medium without
fatty acid supplements for 2 days (Figure 4G), suggesting a positive correlation between
PLINZ expression level and abundance of lipids. 6-hour treatment of ER stress inducers
including Tunicamycin and Thapsigargin could also increase PL/NZ2expression, but the

fold change (~ 1.5-fold) was much lower than observed with fatty acid treatments (Figure
S4B). We also performed immunofluorescence on fatty-acid-treated RPTECs and confirmed
strongly upregulated PLIN2 protein expression in almost all cells (Figure 4H). With the bulk
RNA-seq data on RPTECs mentioned above, we surveyed the gene expression of all PLIN
family members (Figure SAC) and found that PL /N4 was another significantly upregulated
gene (1.9-fold) after 6-hour oleic acid treatment but it was much more lowly expressed
compared to PL/NZ (average transcript per million (TPM) of PL/NZ. 1104.90; average TPM
of PLIN4 0.93). Therefore, /n vitro modelling of PLIN2 activation was consistent with our
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/n vivo observation in uni-IRI mouse surgery, indicating that fatty acid exposure is sufficient
to induce PLIN2 upregulation in PT cells.

To further investigate the functional significance of PLIN2 in response to lipid accumulation,
we performed PL/N2 gene knockdown with small interfering RNA (siRNA) on RPTECs.
Successful gene knockdown was validated with gPCR analysis, revealing ~15-20 folds
decreased expression of PL/NZin cells treated with PL/INZ2 siRNA (siPLINZ) both with

and without fatty acid exposure compared with corresponding controls (Figure S4D).
Importantly, siPL/NZtreatment did not significantly alter fatty acid uptake and lipid
accumulation as demonstrated by Oil Red O staining (Figure S4E). Next, to ask whether
PLIN2 was important for cellular metabolic activities, we imposed 6-hour fatty acid
treatment on RPTECs with or without siPL/N2and measured real-time OCR and ECAR. In
the absence of fatty acid pretreatment, we observed a significantly reduced OCR and ECAR
in cells treated with siPL/N2 compared with cells treated with non-targeting control SiRNA
(SiNT) (Figure 41 and S4F). With 6-hour oleic or palmitic acid pretreatment, both OCR

and ECAR were significantly increased in siNT-treated cells (Figure 41 and S4F), consistent
with our results presented in Figure 31. By contrast, for cells treated with siPL/NZ, the
decreased OCR was only partially reversed by 6-hour palmitic acid pretreatment and

could not be increased by oleic acid exposure (Figure 41 and S4F), implying defective

lipid metabolism after PL/N2knockdown. Both decreased OCR and ECAR suggested that
siPLIN2knockdown drove a metabolically quiescent cell state.

Next, we exposed siPL/INZ-treated RPTECs to oleic acids for 6 hours (siPL/N2+0le6hrs)
and performed RNA-seq to determine the transcriptomic variations caused by gene
knockdown. Compared with the siNT+Ole6hrs group, the siPL/N2-treated cells upregulated
genes associated with autophagy and reticulophagy (GO term FDR = 4.28x1073) such as
genes encoding autophagy activating kinases ULK1/2 (Figure 4J). Previous studies have
reported autophagy can induced by cell stress and nutrient deprivation in kidney and
persistent activation of autophagy after kidney injury leads to maladaptive repair (Tang et
al., 2020), implying that normal PLIN2 function could be essential for successful repair of
Typel injured PT cells. We also identified a decreased glucose metabolism gene profile and
increased expression of genes involved in amino acid transport in siPL/N2+Ole6hrs cells
compared to siNT+Ole6hrs (Figure 4J). The reduced expression of genes responsible for
glycolysis (GO term FDR = 4.22x1073) such as ENO1/2and HK1/2was consistent with our
observation of decreased ECAR after PL/N2knockdown (Figure 41).

In the above analysis, we found that genes associated with DNA replication and cell cycle
regulation were upregulated in Ole_6hrs+2d cells compared to control (Figure 3J). We
wondered whether PL/NZknockdown undermined this cellular event as it disrupted the
metabolic cellular response after 6-hour fatty acid exposure. Thus, cells exposed to normal
culture medium for 2 days after the 6-hour oleic acid treatment (si PL/N2+Olebhrs+2d) were
analyzed by RNA-seq. Compared with siNT+0Ole6hrs+2d, we found that DNA replication
was a downregulated GO term in siPL/N2+Ole6hrs+2d cells (FDR = 7.72x107°), reflected
by decreased expression of genes associated with DNA primase activity (e.g., GINS1/2and
PRIM2), DNA polymerase regulation (e.g., RFC2/5and PCNA) and genes encoding MCM

Cell Metab. Author manuscript; available in PMC 2023 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 12

proteins (Figure S4G). Therefore, this RNA-seq analysis indicated that PL /N2 knockdown
reduced activities of DNA replication and cell proliferation after 6-hour fatty acid uptake.

Taken together, our results highlight PLIN2 as a marker of intracellular lipid droplets
in Typel injured PT cells and knockdown studies show that PL/AZ regulates energy
homeostasis in PT cells.

Metabolic Variations in Type2 Injured Proximal Tubule Cells

To better characterize the metabolic consequences of Type2 injured PT, we performed
protein-protein interaction enrichment analysis and identified amino acid metabolism as a
downregulated pathway compared to healthy PT (Figure S5A), consistent with previous
studies reporting defective amino acid metabolisms in CKD (Garibotto Giacomo et al.,
2010; Kang et al., 2014). We also identified several genes associated with amino acid
transport and catalysis that were among top upregulated markers of S3 segment cells of
Type2 injured PT, including Bcatl, Slc6a6and Slc7a12 (Figure 5A). A survey of the Human
Protein Atlas (Uhlén et al., 2015) confirmed that the proteins encoded by these genes
were expressed in the renal tubule. Revisiting a published RNA-seq work on PT-enriched
transcripts of UUO mice (Wu et al., 2020) further validated increased expression of Bcat1,
Slc6a6 and Slc7a12, as well as other DEGs of Type2 injured PT, in UUO D5/10 mouse
kidneys than contralateral control kidneys (Figure S5B).

Bcat1 is branched chain amino acid transaminase 1 and it is responsible for transamination
of branched chain amino acids (BCAAs, including leucine, isoleucine and valine) resulting
in production of branched chain keto acids (BCKAs) and glutamate (Adeva et al., 2011).
Immunostaining results verified that the expression of BCAT1 was specific to PT cells and
mostly limited to UUO (Figure 5B), where Type2 injured cells were highly abundant. The
upregulation of BCAT1, compared to healthy controls, was also observed in UUO D10/14
(Figure 5B and S5C), in which the Type2 state still existed. In addition, we found that
genes that are responsible for BCKA catalysis, including Bckdha, Beckdhb and Pomlk, were
downregulated in injured PT compared to healthy PT (Figure S5D), confirming a recent
report (Piret et al., 2021). Next, we measured the concentration of BCAAS in mouse kidney
cortical tissues across multiple timepoints. We identified an increased BCAA accumulation
during the UUO time course and the concentration in the uni-IRI time course was not
changed too much (Figure 5C). Re-analyzing a previous human dataset (Nakagawa et al.,
2015) confirmed a significantly increased BCATI expression in patients with CKD than
controls (Figure 5D).

SLC6AG, also known as TauT, is a transporter of the sulfur-containing amino acid

taurine, and the accumulation of taurine has been described in patients with kidney failure
(Mozaffari, 2003; Suliman et al., 2002). We found the expression of SLC6A6 was also
significantly elevated in patients with CKD than healthy controls (Figure 5E). Next,

we validated the increased expression of S/c6a6in Type2 injured PT by RNA /n situ
hybridization (RNA ISH), in which the expression of S/c6a6 was not observed in healthy
and uni-IRI samples, but was upregulated as early as at UUO D2 in outer stripe of the
outer medulla of kidney, where S3 segment of PT cells are supposed to locate, (Figure 5F).
We also co-stained S/c6a6 with Haver and validated the expression of S/c6a6in Haverl-
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expressing injured PT (Figure S5E). S/c7a12encodes a transporter for cationic amino acids
and recent work demonstrated that S/c7a12was present in kidney PT in disease and the
upregulation was accompanied by emergence of Vcami-expressing FR-PTC (Gerhardt et
al., 2021), concordant with our analysis identifying the high probability of Type2 injured PT
differentiating into FR-PTC (Figure 2F-G). Taken together, these results suggest that Type2
PT cells are characterized by dysregulated amino acid metabolisms.

Shared and Unique Cellular Response of Tubular Epithelia in Fibrogenesis

Our analysis revealed that most injured PT cells in uni-IRI repair (Figure 2E, left panel),
whereas they do not in UUOQ (Figure 2E, right panel). We next sought to compare shared
and unique responses to injury across tubular epithelial cell types. We identified multiple
subtypes of loop of Henle (LoH) (Figure 6A) and cells of the distal nephron, including distal
convoluted tubule (DCT), connecting tubule (CNT) and principal cells (PC) of collecting
duct (Figure 6B) and Type A and Type B intercalated cells of collecting duct (Figure S6A).
Subclustering of LoH showed thick ascending limb (TAL) to be the abundant population,
and it expressed marker genes such as S/c12a1 and Umod (Figure 6C). TAL cells could

also be stratified by their cortical (Kng2/Thsd4 high) or medullary (Mrps6/TmemZ207 high),
as could principal cells of the collecting duct (medullary PC2: Pcdh7high; cortical PC3:
Magat4c high) (Figure S6B). Interestingly, we found another group of TAL expressing
healthy marker genes at a lower level and showing enhanced expression of a well-known
injury marker LcnZ (also known as Agal) that we annotated as injured TAL (TAL-inj). TAL-
inj also showed upregulation of KctdZ, a gene that regulates reabsorption of paracellular
urinary Ca2*/Mg?2* and performs a protective role in kidney fibrosis (Marneros, 2021, 2020).
Compared to healthy TAL, cells of TAL-inj showed increased expression of genes associated
with profibrotic and proinflammatory signaling, such as 7gfbr1, Map3k1, Stat3and Myh9
(Figure S6C). GO enrichment analysis presented terms that also appeared in injured PT,
such as cell junction organization, actin cytoskeleton regulation, cell migration and epithelial
cell differentiation (Figure S6D). Using a similar approach, we identified injured DCT
(DCT-inj) and CNT (CNT-inj) both of which showed downregulated healthy marker genes
(e.g., Slc12a3for DCT and S/c8al for CNT) and increased expression of fibrotic genes
(Figure 6D and S6E). We identified 7rpv5, a gene encoding a calcium channel essential for
Ca?* reabsorption in kidney (De Groot et al., 2008), as upregulated in both DCT-inj and
CNT-inj.

We next surveyed the transition between these epithelial cells in health and disease across
the full time course of either uni-IR1 and UUO. We found that injury cell states (/.e.,
TAL-inj, DCT-inj and CNT-inj) were largely absent in healthy kidneys (Figure 6E), but as
expected, their numbers increased after either insult. Similar to PT, injured TAL, DCT and
CNT took on a transient injury state but then repaired at later timepoints, whereas these
same cell types remained injured through the UUO time course (Figure 6E).

We examined the DEGs for each injured subtype compared to its healthy state and identified
those that were common to all injury states (Figure 6F, left panel). For example, Spp1
encodes osteopontin, a pleiotropic glycoprotein, which is induced in both AKI and CKD
and is important for tubulogenesis (Kaleta, 2019; Khamissi et al., 2022; Wu et al., 2022).
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Here, its upregulation was observed not only in TAL/DCT/CNT, but also in PT, though

the expression is more increased in Type2 injured PT than the Typel state. We also
identified NrgZ, which modifies EGFR signaling, as a gene that co-varied across injury
states (Harskamp et al., 2016). Some identified genes have poorly understood functions

in epithelia, such as SyneZ which contributes to maintenance of the nuclear envelope
structure, though its role in cell proliferation in skin wound healing has also been noted
(Rashmi et al., 2012). We also identified WiwvcI and its protein product (also known as
KIBRA, kidney and brain expressed protein) as an upstream regulator of Hippo pathway and
KIBRA overexpression can disrupt cytoskeleton of podocytes via inhibiting YAP signaling
(Meliambro et al., 2017). Each injured nephron segment also expressed transcripts unique
to that segment (Figure 6F, right panel), such as upregulation of Rbms3 (encoding a c-Myc
single-strand binding protein (Penkov et al., 2000)) in TAL-inj and decreased expression of
Plc/1 (encoding a regulator of GABA(A) receptors (Kanematsu et al., 2007)) in CNT-inj.

Heterogeneity of Kidney Stroma

In response to injury, kidney resident pericytes and fibroblasts proliferate and differentiate
into myofibroblasts with increased cell motility and extracellular matrix (ECM) deposition,
contributing to kidney fibrosis (Kuppe et al., 2021; Sato and Yanagita, 2017). But it
remains unclear whether the fibroblasts or myofibroblasts are homogenous populations or
heterogeneous groups with subtypes performing distinct functions (Humphreys, 2018). We
therefore next aimed to characterize kidney stromal cell heterogeneity.

Subclustering of fibroblasts and myofibroblasts led to identification of multiple subtypes
of kidney stroma including Reni-expressing JGA cells (Figure 7A and S7A). Three
clusters showed elevated expression of ActaZand Collal, classic myofibroblast marker
genes (Myo-2/3/4) (Figure 7A and S7A). One subpopulation (Myo-1) exhibited high
transcriptomic similarity with Myo-2/3/4 and showed increased expression of multiple
myosin genes (Figure S7B), suggesting an enhanced capacity for cell migration and
contraction, so we considered this a myofibroblast subtype as well. We annotated the
remaining clusters as fibroblasts (Fib-1/2/3) due to presence of fibroblast marker genes
and their high abundance in healthy kidneys (Figure 7B). Time course analysis revealed
that in uni-IRI, the total number of (myo)fibroblasts peaked at Day2 and was then
decreased moderately with time (Figure S7C, left panel), whereas in UUO, myofibroblasts
accumulated across the time course accounting for over 30% of the total kidney cells at D14
(Figure S7C, right panel).

Kidney stromal heterogeneity included differences in regional localization. We identified
Fib-1/2 as cortical fibroblasts (/&5 high) and Fib-3 and Myo-4 as medullary (Sponl/
Bmpr1bhigh) (Figure STA). We found that Myo-4 specifically expressed Pricklel (Figure
S7A), which encodes a nuclear receptor that regulates cell polarity and is involved in

Whnt signaling (Yang et al., 2013). Immunofluorescence analysis on UUO D10 tissues
confirmed that PRICKLE1 was specifically expressed on nuclear membranes of a-SMA+
myofibroblasts in the inner medulla, but not in cortical regions (Figure 7C). The regional
heterogeneity of stromal cells was further confirmed by spatial transcriptomic analysis of an
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existing dataset (Dixon et al., 2021), which indicated a higher expression of /t/A5in cortex
than medulla and medulla-specific expression of Sponi and Bmpr1b (Figure 7D and S7D).

Next, we assessed functional differences between myofibroblast subtypes. In addition to
high expression of myosin genes (Figure 7E and S7B), Myo-1 cells showed increased
expression of //34 and components of the ERK/MAPK pathway (Figure S7A and S7E),
indicating their inflammatory properties (Bostrom and Lundberg, 2013; Pat et al., 2003;
Shoji et al., 2016). For Myo-2 cells, we observed upregulation of //31ra (Figure S7A),

a gene that is crucial for IL-31 signaling and has been found overexpressed in dermal
fibroblasts of patients with systemic sclerosis (Kuzumi et al., 2021). Importantly, Myo-2
cells exhibited significantly enhanced activity of the mitochondrial respiratory chain as
indicated by gene module scoring analysis (Mann-Whitney-U test) (Figure 7E), including
subunits of NADH:ubiquinone oxidoreductase, ubiquinol-cytochrome ¢ (CYC) reductase,
CYC oxidase and ATP synthase (Figure S7F). A majority of heat shock protein-encoding
genes were also upregulated in Myo-2 (Figure 7E and S7G), indicating that these cells
performed highly active metabolic activities and stress response. In addition, even though
all these myofibroblast subtypes had increased expression of Acta?and Collal compared
with the other kidney cell types, we noticed that one myofibroblast cluster, Myo-3, exhibited
the highest expression of these genes and extracellular matrix deposition score (Figure
7E), including elevated expression of various glycoproteins, collagens and proteoglycans
(Figure S7H). Therefore, we annotated myofibroblast (Myo-3) as the major population
responsible for ECM synthesis in kidney fibrosis. Although highly abundant collagens
(7.e., collagen types | and 111) were mostly detected in Myo-3, we found that genes
encoding rare collagens, such as Col6a3, Col6a4, Col7aland Col9al, were produced

in myofibroblast group Myo-4 (Figure S71), highlighting potential functional differences
within myofibroblast subtypes.

Dynamics of Cell-cell Interactions in Kidney Fibrogenesis

Intercellular communication drives kidney fibrosis. We analyzed cell-cell interaction (CCI)
activity across all major cell types based on their ligand-receptor transcriptomic signature
and identified that fibroblast and myofibroblast displayed the strongest capacity to interact
with other cell types (Figure 7F). We also observed higher CCl activity in diseased PT cells
(e.g., Typel/2 injured PT and FR-PTC) compared to healthy PT (Figure 7F). We calculated
CCI scores across the uni-IRI and UUO time courses and found that the total number of
significant CCls was low in health but increased after injury (Figure 7G). Specifically, in
uni-IRI, the number of interactions peaked at Day2 and then gradually decreased, and in
UUO, we observed an increasing activity of CCI which reached highest level at around
Day10 (Figure 7G).

We next characterized proximal tubule and myofibroblast cross-talk. Fibroblasts and
myofibroblasts were grouped together and CCI scores were calculated with healthy PT,
FR-PTC and injured PT. We found that interactions between FR-PTC and fibroblasts (FR-
fibroblast) had the most robust CClI score (Figure 7H). In uni-IRI, we observed a strong FR-
fibroblast interaction beginning at Day2 when FR-PTC started to expand, and interestingly,
the interaction was still active at Day28 (Figure 7H), even though FR-PTC only constituted
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< 5% of the total proximal tubule cells at this point (Figure 2E). In UUO, a similar pattern
was evident beginning at Day 6 (Figure 7H). The importance of FR-fibroblast interactions
encouraged us to identify molecule pairs responsible for the communication between the
two cell types. In addition to strong interactions between fibroblast integrins and VCAM1/
COL18A1/SPP1 expressed by FR-PTC (Figure S7J), we identified CD44-FGFR2 as a
significantly dysregulated receptor-receptor pair in both uni-IRI and UUO (Figure S7J).
The CD44-FGFR2 interaction was highly specific to the FR-fibroblast CCI as its activity
was not statistically significant in interactions between fibroblasts and other PT subtypes
(Figure S7K). CD44 is a receptor for hyaluronic acid and its upregulation in injured PT cells
has been well characterized (Lewington et al., 2000; Schiessl et al., 2018), and FGFR2 is
known to be essential for kidney development and its ablation ameliorates kidney fibrosis
(Hains et al., 2008; Xu and Dai, 2017). In our dataset, Cad44 was specifically expressed

in FR-PTC and Fgfr2 could be detected in multiple (myo)fibroblast subtypes with highest
expression in Myo-1 (Figure S7L), which reinforced the critical role of CD44-FGFR2
interaction in FR-fibroblast intercellular communication. In addition, we also examined
communications between fibroblasts and loop of Henle cells, identifying enhanced activity
of EPHB2-EFNADS interaction in kidney fibrogenesis (Figure S7TM). The expression of
Ephb2 (encoding Ephrin Type-B Receptor 2) was specific to loop of Henle cells and was
upregulated in TAL-inj compared with its healthy state (Figure S11F), which was supported
by several previous studies (Huang et al., 2021; Ogawa et al., 2006), suggesting that Eph/
Ephrin signaling axis may be a mediator of kidney fibrogenesis.

DISCUSSION

Our dataset has been deposited into an online interactive ScRNA-seq data analyzer (http://
humphreyslab.com/SingleCell/), which allows researchers to visualize expression of any
gene of interest among different cell types or disease groups. We specifically profiled
samples of uni-IR1 and UUO, two well-characterized models of kidney injury and fibrosis,
and present a computational workflow (see Methods) for integrating our dataset with other
scRNA-seq atlases so comparative and joint analysis can be performed with batch effects
removed. For example, we integrated our previous sSCRNA-seq dataset on bi-IRI mouse
kidneys (Kirita et al., 2020) with this uni-IRI subset, and found that all major cell states
could be identified in both models (Figure S1E).

Our scRNA-seq library was generated with the sci-RNA-seq3 protocol, a technology based
on single-cell combinatorial indexing (sci; also known as split-pool barcoding). sci-RNA-
seq3 differs from widely adopted droplet microfluidic solutions, such as 10X Chromium,
by marking each cell with a unique combination of several barcodes (instead of one
barcode). Though still early in development, sci-based approaches have been applied to

a growing number of studies in recent years, due to its high throughput capabilities,
sample multiplexing capacity and utilization of common laboratory equipment (Li and
Humphreys, 2021). Here, we demonstrated its applicability in solid tissues collected from
disease models. The high-throughput and highly multiplexed dataset enables identification
of rare cell types in the time course of disease progression, such as the Typel/2 injured PT
cells described here. sci-based methods also provide a cost-effective solution to constructing
comprehensive human cell atlases by profiling multiple samples in parallel to minimize
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batch effects, and recent improvements have been made to achieve higher gene detection
sensitivity and co-measurement of multiple modalities (Ma et al., 2020; Martin et al., 2021).

Our results have been comprehensively validated through reanalyzing existing mouse and
human datasets on relevant disease models. For example, we observed upregulation of P/in2
(or human APL/NZ2) in the folic acid-induced mouse nephropathy model (Craciun et al.,
2016) (Figure S4A) and in a human renal IRl model (Park et al., 2020) (Mendeley Data).
Our characterization of Type2 injured PT cells was supported by a previous dataset which
profiled PT-enriched transcripts in UUO mice (Wu et al., 2020) (Figure S5B). We also
surveyed a prior work on biopsy samples of patients with CKD (Nakagawa et al., 2015) and
validated increased expression of Type2, but not Typel, injured PT marker genes in patients
with CKD compared to control (Figure 4D-E and Mendeley Data). An interesting and open
question is whether the abundance of either injured PT state in the early stages of human
kidney disease correlates with long-term patient outcomes.

PT cells have high baseline energy demands and preferentially utilize lipids to generate
ATP. Accumulation of lipids in PT is dependent on uptake of serum free fatty acids (Zeng
etal., 2017) and defects in lipid metabolism are a well-recognized defect of CKD (Kang

et al., 2014; Stadler et al., 2015; Tran et al., 2016). A recent study demonstrated that
long-term fatty acid uptake (10-day palmitic acid administration) promoted inflammation
and fibrogenesis of mouse PT cells (Mori et al., 2021). Here, we identified an unexpected,
transient lipid accumulation and enhanced expression of FAO-related genes in Typel injured
PT cells (Figure 3A-F). Three experimental observations led to the conclusion that the
increased expression of FAO genes contributed to an increased FAO phenotype: 1) Cells
had very low content intracellular lipids at uni-IRI D2 (Figure 3D), implying the deposited
lipids in the first 6 hours were utilized over the next day; 2) In vitro modeling of lipid
accumulation, in combination with the use of a lipolysis inhibitor revealed that clearance
of lipid droplets was through FAO (Figure 3H); 3) Direct metabolic measurement identified
an increased OCR after 6-hour fatty acid treatment (Figure 31 and S3L). Interestingly, in
our bulk RNA-seq analysis of cells harvested at 2 days after 6-hour oleic acid treatment,
we found upregulation of genes involved in DNA replication, cell cycle regulation and

cell proliferation (Figure 3J), which are high energy-demand cellular events. This was

also consistent with our observation that Mki67-expressing Repairing PT cells were most
abundant at uni-IR1 D2 (Figure 2E). Therefore, the deposited lipids in 6 hours may serve
as an essential energy source for injured epithelia following injury, promoting tubular repair
through proliferative expansion.

Lipid droplets, also known as lipid vacuoles, are organelles whose phospholipid monolayer
is decorated with lipid binding proteins and containing a hydrophobic core consisting of
neutral lipids. Here, we identified a ~10-fold increased PL/NZ expression after a 6-hour
fatty acid stimulus /n vitro, with resolution of expression two days after removal of fatty
acids from the media (Figure 4G), implying that PLIN2 plays a key role in how the cell
responds to intracellular lipid accumulation. Further, PL/NZ2 gene knockdown caused a
decrease in OCR and ECAR activities (Figure 41 and S4F), suggesting that PLIN2 regulates
cellular metabolism. Although a reduced OCR may be expected to reflect a downregulation
of FAO genes, we did not identify decreased expression of genes encoding mitochondrial
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FAO components such as CPT1A and CPT2. Instead, we observed significantly decreased
expression of ACSL3, ACSL4and ACSL5, which encode cytosolic proteins that convert
lipolysis-derived free fatty acids into fatty acyl CoA (Li et al., 2010). These results
indicate that PLIN2 regulates acyl CoA generation by lipolysis but does not directly affect
mitochondrial p-oxidation. Overall, we propose the model presented in Figure 4K: after
IRI, Typel injured PT cells rapidly accumulate lipid droplets, inducing PLIN2 expression,
leading to enhanced PLIN2-dependent FAQ activity with subsequent consumption of
these lipids, promoting epithelial proliferation and tubule regeneration. Why this lipid
accumulation and consumption process does not occur in Type2 injured PT (or in UUO),
and whether lack of lipid acquisition in early stages is responsible for the poor fate outcome
of kidney fibrogenesis, requires further investigation.

We highlighted two dysregulated pathways, lipid and amino acid metabolism, in diseased
PT cells, but we also acknowledge that kidney fibrogenesis affects many other metabolic
networks. For example, SLC5AZ2 (the target of SGLT2 inhibitors) is responsible for ~90%
of tubular glucose transport (Wen et al., 2021). As a consequence of cell dedifferentiation in
both uni-IRI and UUO, we observed a remarkable reduction in expression of S/c5a2in PT.
We also identified decreased expression of genes encoding phosphofructokinase, glucose-6-
phosphatase, and isocitrate dehydrogenase, which could be recovered in late timepoints of
uni-IRI1 but remained at low levels in UUO, suggesting disrupted glucose metabolism in
kidney fibrogenesis. In addition, we found that the two genes encoding subunits of lactate
dehydrogenase, Ldhaand Ladhb, were dysregulated with patterns consistent with a recent
report (Osis et al., 2021) (Mendeley Data), indicating off-balance interconversion between
lactate and pyruvate. Interestingly, we identified Hmox1, which encodes heme oxygenase-1
(HO-1, an essential modulator of glucose metabolism), and its transcription factor Aife2/2 as
two upregulated markers of early IRI injury (Z.e., uni-IRI 6hrs) distributed in Typel Injury
and Acute Injury PT cells (Mendeley Data). Previous studies have demonstrated a protective
role of HO-1 against kidney injury and exhibited significant elimination of tubular injury
and interstitial fibrosis in UUO mice following treatment with an HO-1 inducer (Bolisetty
etal., 2017; Kim et al., 2006). Understanding the specific role of HO-1 in maintaining renal
glucose metabolism in disease states will require further investigation.

This high-throughput dataset enabled us to discover a shared injury response of all major
TEC structures including PT, TAL, DCT, and CNT. Although TAL-inj, DCT-inj and CNT-inj
were described as populations covering injured cells from both uni-IRI and UUO in this
analysis, we could not exclude the possibility that they were heterogenous groups composed
of multiple injury states, as characterized in injured PT. For example, we found that Gent2,
whose deficiency can cause abnormal morphology of tubule epithelium (Chen et al., 2005),
was upregulated in TAL-inj specifically at uni-IRI 6hrs, but not in UUO (Figure S6F).
Higher detection resolution will be needed for this additional subclustering analysis.

This single-cell atlas of kidney fibrogenesis also serves as a unique resource to study fibrotic
responses of other non-epithelial cells such as stromal cells (Figure 7A-E), immune cells
(Figure S1C) and endothelial cells (ECs) (Figure S1D). We have performed subclustering
analysis on all these populations to illustrate the complexity of the dataset. For example, we
identified a group of macrophages (M¢—2) marked by elevated expression of a lysozyme
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gene Lyz2, Tgfbi, and various genes encoding heat-shock proteins (Figure S1C and
Mendeley Data). M¢—2 showed high abundance at uni-IRI 6hrs/D2, but was low abundance
in UUO (Mendeley Data). It has been reported that TGFBI+ macrophages can capture
apoptotic cells and induce fibrotic responses (Nacu et al., 2008), and our results indicate
that Mg—2 could be an essential population initiating immune response against kidney
injury. In the subclustering of endothelial cells, we found that a subgroup of EC (Activated
EC) exhibited upregulated expression of Rapgef5and Magil, genes involved in abnormal
angiogenesis and endothelial activation (Abe et al., 2019; Hong et al., 2007) (Figure S1D).
This cell type was rarely observed in healthy, but could proliferate rapidly in disease,
particularly after UUO D6 (Mendeley Data), and it would be interesting to learn its lineage
progenitors and functional importance in kidney fibrogenesis in future studies.

In summary, we leveraged sci-RNA-seq3 to generate a high-throughput single-cell
transcriptomic landscape of kidney fibrogenesis. PT cell dedifferentiation was a shared
injury response in both uni-IRI and UUO models, but unique cell states existed in each
model, such as the Typel and Type2 injured PT, characterized by dysregulated lipid and
amino acid metabolism, respectively. We also identified both shared and unique injury

and repair responses in epithelial cells across nephron segments and demonstrated the
heterogeneity of kidney stromal cells. Since kidney fibrosis affects nearly all renal cell types
encompassing epithelia, stroma, endothelia and the immune system, it is critical to construct
a comprehensive network of cell-cell communications for translational studies. Our work
highlights the utility of analyzing detailed time courses of kidney fibrogenesis and validates
sci-RNA-seq3 as a powerful method for analyzing multiple samples at once.

Limitations of study

Our work employs two widely adopted mouse kidney fibrogenesis models, uni-IRI and
UUO, but how generalizable our findings are to other forms of kidney injury is unresolved.
This version of sci-RNA-seq3 is technically limited in gene detection sensitivity. Also, it is
challenging to assess the significance of Typel injured PT in humans because this cell state
only transiently appears ~ 6 hours after AKI, and few if any such early AKI human samples
are available. Finally, our transcriptomic characterization is unimodal. Future multi-modality
measurements such as combined transcriptomic and epigenomic readouts will be needed to
depict a complete cell atlas of kidney fibrosis.

STAR METHODS

Resource Availability

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Benjamin D. Humphreys
(humphreysbd@wustl.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Raw (fastq) and pre-processed data (count matrix) and
metadata of the sci-RNA-seq3 dataset have been deposited in NCBI’s Gene Expression
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Omnibus and are available through GEO Series accession number GSE190887. Raw and
processed bulk RNA-seq data on RPTECs are available through GEO Series accession
number GSE206084. All additional data are available at Mendeley Data (http://dx.doi.org/
10.17632/hd3j7mdm2p.1).

Scripts for a pipeline of single-cell clustering and visualization and generation of all major
figures in this study were written mostly in Python and R with code available at https://
github.com/TheHumphreysLab/sci-RNA-seq-kidney. Data S1 - Source Data, containing
values used to generate graphs related to Figures 3-5, 7 and S3-7, is also presented.

Experimental model and subject details—All mouse experiments were conducted

in accordance with the guidelines of the Institutional Animal Care and Use Committee

at Washington University in St. Louis. C57BL/6J mice were obtained from The Jackson
Laboratory (000664, JAX). Both uni-IRI and UUO surgeries were performed as previously
described (Clef et al., 2016; Wu et al., 2019). Briefly, 8- to 9-week-old male mice were
anesthetized with isoflurane and buprenorphine Sustained-Release was administered for
analgesia. Body temperature was monitored and maintained at 36.5-37.5°C throughout both
procedures. After flank incision, in uni-IRI, ischemia was induced on the left kidney by
clamping the renal pedicle with a nontraumatic micro aneurysm clamp (RS-5420, Roboz)
for 22 minutes, and the clamp was subsequently removed. The 22-min clamping time

was determined with a titration test before the experiment where we confirmed successful
induction of tissue injury, fibrosis and repair. In UUO, irreversible obstruction was induced
by ligating the left ureter twice with nonabsorbable silk suture (468782, McKesson) between
the bladder and renal pelvis.

Mouse kidney sample processing—Mice were euthanized with isoflurane and the
left ventricle was perfused with phosphate-buffered saline (PBS). Left kidneys were
subsequently harvested. For tissues used in sci-RNA-seq3 library generation, a piece

of cortical tissue was dissected from each kidney for subsequent qPCR analysis and

the remaining tissue were snap-frozen with liquid nitrogen for nuclei preparation. For
immunofluorescence, kidneys were fixed with 4% paraformaldehyde (PFA) (15713,
Electron Microscopy Sciences) at 4°C for 2 hours, immersed in 30% sucrose at 4°C
overnight and embedded in optimum cutting temperature compound (4583, Sakura) to cut
sections.

Cell culture—HEK-293T cells (CRL-3216, ATCC) and C3H/10T1/2 cells (CCL-226,
ATCC) were cultured in DMEM (11965, Gibco) supplemented with 10% Fetal Bovine
Serum (F4135, Sigma) and 1x penicillin-streptomycin (15140122, Gibco). Primary human
renal proximal tubule epithelial cells (RPTECs) (CC-2553, Lonza) were cultured in Renal
Epithelial Cell Growth Medium (CC-3190, Lonza) with supplements provided in the Kkit.
Primary RPTECs were used in early passage. All cells were maintained in a humidified 5%
CO5, atmosphere at 37°C unless otherwise specified.

Quantitative polymerase chain reaction (QPCR) analysis—~For each kidney

sample, tissue was homogenized in TRIzol reagents (15596026, Invitrogen) on ice and
RNA was extracted with the Direct-zol RNA Miniprep Kit (R2072, Zymo) following

Cell Metab. Author manuscript; available in PMC 2023 December 06.


https://github.com/TheHumphreysLab/sci-RNA-seq-kidney
https://github.com/TheHumphreysLab/sci-RNA-seq-kidney

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 21

the manufacturer’s instructions. Complementary DNA (cDNA) was obtained by reverse
transcribing the extracted RNA (~1.5 ug) with the High-Capacity cDNA Reverse
Transcription Kit (4368813, Life Technologies), and then processed for qPCR using the

iTaq Universal SYBR Green Supermix (1725125, BioRad). Gene expression was normalized
to Gapdh or Actb expression and quantified with the 222Ct method. For cultured human
RPTECs, we performed cell lysis in TRIzol reagents and followed a similar procedure as
mentioned above. Primer sequences can be found in Mendeley Data.

Immunofluorescence—6-um tissue sections were fixed with 4% PFA for 5 minutes,
washed with PBS and blocked with blocking buffer (1% Bovine Serum Albumin (BSA),
1% goat serum, 0.3% Triton X-100 in PBS) for 20—40 minutes at room temperature. For
each target, sections were stained with the desired primary antibody for 45-90 minutes

at room temperature or overnight at 4°C. Sections were washed with PBS (three times; 5
minutes each) and stained with the desired secondary antibody for 45-60 minutes at room
temperature. After three washes with PBS for 5 minutes each, sections were counterstained
with DAPI and mounted with Prolong Gold. Images were captured and processed with a
confocal microscope (Eclipse Ti, Nikon) and examined in a blinded fashion.

Lipid staining—For Oil Red O staining, Oil Red O Stain Kit (ab150678, Abcam) was
used. We incubated 6-pm fixed frozen tissue sections (formalin-fixed paraffin-embedded
sections are not recommended) or fixed cells on a slide with Oil Red O Solution overnight
at room temperature and followed the other procedures with the manufacturer’s instructions.
Images were captured with a Zeiss Axio Scan Z1 light microscopy and examined in a
blinded fashion.

BODIPY 493/503 (25892, Cayman Chemical) was used to label cellular lipid contents.
Briefly, 6-um fixed frozen tissue sections or fixed cells on a slide were incubated with
7.5-15 yM BODIPY 493/503 for 15 minutes at room temperature and washed with PBS.
The sample was counterstained with DAPI and then processed for confocal imaging.

RNA in situ hybridization (ISH): RNA ISH was performed as previously described
(Chang-Panesso et al., 2019; Liu et al., 2017). Briefly, the cDNA used in gPCR was
amplified by PCR with primer sequences described in Mendeley Data. Probes were
transcribed /n vitroby T7 (for antisense probes) (10881767001, Roche) or SP6 (for sense
probes) (10810274001, Roche) RNA polymerases in the presence of DIG RNA Labeling
Mix (11277073910, Roche). The reaction was performed at 37°C for 2 hours. Then, the
reaction was supplemented with DNase (79254, Qiagen), incubated at 37°C for 15 minutes
and stopped by adding EDTA pH 8.0. Probes were purified and eluted in hybridization
buffer (50% formamide, 5x SSC, 1% SDS, 50 pg/mL yeast tRNA (15401011, Invitrogen)
and 50 pg/mL heparin (H3393, Sigma)). Next, 15-um sections were fixed with 4% PFA
overnight, washed with PBS and incubated with 10 pg/mL Proteinase-K (25530049,
Invitrogen) in PBS for 20 minutes. Sections were washed with PBS and incubated with
acetylation solution (533 pl triethanolamine (T58300, Sigma), 70 pl 37% HCI and 150

ul acetic anhydride (320102, Sigma) in 40 mL H,0) for 10 minutes. Sections were then
washed with PBS, H,0, 70% ethanol and 95% ethanol. Probes were added at a final
concentration of 500-1000 ng/mL in hybridization buffer and the reaction was performed
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at 68°C overnight. After hybridization, sections were washed with 5x SSC, 1x SSC
supplemented with 50% formamide, 2x SSC and 0.2x SSC at 68°C, and then washed

with TBST buffer at room temperature. Sections were blocked with 2% blocking reagent
(11096176001, Roche) for 1-2 hours at room temperature and 1:4000 diluted anti-DIG-AP
Fab fragments antibody (11093274910, Roche) was added and incubated at 4°C overnight.
Then, sections were washed with TBST and NTMT (100 mM NacCl, 100 mM Tris pH

9.5, 50 mM MgCl,, 0.1% Tween 20 and 2 mM Tetramisole (L9756, Sigma)) buffers and
incubated with BM-Purple solution (11442074001, Roche) at room temperature. Sections
were fixed again, washed with PBS and mounted with Prolong Gold. Images were captured
with a Zeiss Axio Scan Z1 light microscopy and examined in a blinded fashion. To validate
successful development of RNA ISH, we stained S/c22a7, a well-described gene expressed
in S3 segment of PT in health (Chang-Panesso et al., 2019), and confirmed that it was
highly expressed in healthy kidney tissues and was not observed at UUO D2 in antisense
probe hybridization, and could not be detected in both conditions by sense probes (Mendeley
Data).

For dual RNA-ISH, the aforementioned procedure was used with minor changes. Briefly,
probes were transcribed in either DIG RNA Labeling Mix or Fluorescein RNA Labeling
Mix (11685619910, Roche). The two probes were mixed and incubated on the slide at 68°C
overnight. After hybridization, the Fluorescein-labelled probe was used to develop a blue
color with anti-Fluorescein-AP Fab fragments (11426338910, Roche) coupled with NBT/
BCIP solution (11681451001, Roche). The AP substrate was removed by incubating the
slide at 68°C for 30—60 minutes. Then, the section was blocked again and the DIG-labelled
probed was used to develop a brown color with anti-DIG-AP Fab fragments coupled with
INT/BCIP solution (11681460001, Roche).

In vitro fatty acid exposure, ER stress induction and lipolysis inhibition—When
human primary RPTECs reached 70%-80% confluence, cells were starved overnight by
culturing in Renal Epithelial Cell Growth Medium without growth supplements. Then,
cells were switched to complete growth medium and treated with BSA-conjugated oleate
fatty acid (29557, Cayman Chemical), palmitate fatty acid (29558, Cayman Chemical)

or ER stress inducers, Tunicamycin (SML1287, Sigma) or Thapsigargin (10 mM stock
concentration) (T9033, Sigma) at desired concentrations, where BSA or DMSO treatments
were used as control groups. To analyze the long-term effect of 6-hour fatty acid stimulus,
cells were washed to ensure complete removal of fatty acids and incubated in complete
growth medium with or without 10 pM Axtglistatin (15284, Cayman Chemical), a lipolysis
inhibitor, for 40-48 hours. Cells were then harvested for downstream analysis.

Fatty acid internalization assay—Human primary RPTECs were starved overnight and
treated with green fluorescent fatty acid BODIPY FL Cqg (D3821, Thermo Scientific) in
complete growth medium for 6 hours. Cells were then washed with PBS and fixed with 4%
PFA for 15 minutes. Cells were washed again, counterstained with DAPI and processed for
confocal imaging.

Mitochondria staining on cultured cells—Human primary RPTECs were starved
overnight and then exposed to complete growth medium with or without fatty acid treatment.
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Cells were incubated with MitoTracker Red CMXRos (9082S, Cell Signaling) at a final
concentration of 200 nM for 30 minutes in the 37°C CO5 incubator before harvested. Then
cells were washed with PBS and fixed with ice-cold methanol for 15 minutes at —20°C.
Cells were washed again, counterstained with DAPI and processed for confocal imaging.

In vitro gene knockdown—PL /N2 expression in human primary RPTECs was

knocked down with lipid-based siRNA transfection method. Briefly, Lipofectamine
Reagent (13778150, Thermo Scientific) and PL/NZ2 Smartpool siRNA (L-019204-01-0010,
Dharmacon) were mixed for 5 minutes and added to cells following the manufacturer’s
instruction. ON-TARGETplus Non-targeting Control Pool (siNT) (D-001810-10-20,
Dharmacon) was as control. Both siRNA molecules were used at a final concentration of 10
nM. Cells were examined or processed for subsequent treatments at 1-2 days after SiRNA
transfection.

ROS staining—2,7-Dichlorodihydrofluorescein diacetate (85155, Cayman Chemical) was
added to cell culture medium at a final concentration of 50 UM and incubated with RPTECs
for 45 minutes at 37°C. Cells were then washed and fixed with 4% PFA. Cells were
counterstained with DAPI and processed for confocal imaging.

Metabolic measurement—Metabolic measurement of human primary RPTECs was
performed as previously described (Kang et al., 2014) with minor changes. Briefly, a
Seahorse XFe96 Analyzer (Agilent) was used to measure real-time oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR). 10,000-20,000 cells were seeded
into each well of a XF96 cell culture microplate (102416-100, Agilent). Cells were

starved overnight in Renal Epithelial Cell Growth Medium without growth supplements.
Cells were then treated with oleate or palmitate fatty acids in complete growth medium

for 6 hours. The culture medium was switched into Seahorse XF DMEM assay medium
(103680-100, Agilent) supplemented with 2 mM glucose and 0.5 mM L-carnitine (C0283,
Sigma) at one hour before the real-time measurement. Oleate or palmitate fatty acids,
etomoxir (11969, Cayman Chemical) and oligomycin (04876, Sigma) were injected during
the analysis at a final concentration of 100 uM, 40 uM and 1 uM, respectively.After the
Seahorse measurement was completed, the number of cells per well was counted for data
normalization. Briefly, cells were washed with PBS, fixed in ice-cold methanol at —20°C
for 15 minutes and then stained with DAPI for 10 minutes. Cell counting was performed on
the Lionheart FX Automated Microscope (Agilent) and the estimated mean number of cells
was used to normalize the OCR and ECAR readouts. The four cell energy states (quiescent,
aerobic, glycolytic, energetic) were defined according to existing publications (Hocaoglu et
al., 2021) and the manufacturer’s instruction.

Nuclei isolation and fixation (mouse kidney)—Nuclei isolation from mouse kidney
tissues was performed as previously described (Kirita et al., 2020) with minimal changes.
Briefly, Nuclei EZ Lysis Buffer (NUC101, Sigma) was used and supplemented with
EDTA-free protease inhibitor tablets (5892791001, Roche) and RNase inhibitors (N2615,
Promega; AM2696, Thermo Scientific). Tissues were minced with a razor blade and
homogenized with Dounce Tissue Grinders (885303-0002, Kimble) in ice-cold lysis
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buffer. The homogenate was filtered through a 200-um strainer (43-50200-03, pluriSelect),
incubated in the buffer for 5 minutes and then filtered again through a 40-um strainer
(43-50040-51, pluriSelect). The homogenate was centrifuged at 500xg for 4 minutes and the
pellet was resuspended in the lysis buffer with gentle pipetting. After 5-minute incubation,
the suspension was centrifuged at 500xg for 4 minutes and the nuclei pellet was resuspended
with Nuclei Suspension Buffer (NSB), which was freshly prepared by supplementing nuclei
buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3mM MgCl,) with 1% RNase inhibitor
(AM2696, Thermo Scientific) and 2% BSA (B9000S, NEB). All procedures were performed
at 4°C to protect RNA integrity.

Then, the nuclei were fixed with PFA (15713, Electron Microscopy Sciences) at a final
concentration of 2.4% and incubated for 10 minutes on ice. The suspension was centrifuged
at 500xg for 5 minutes at 4°C to remove supernatant and washed with NSB for 1-2

times. The nuclei were resuspended in NSB, snap-frozen in a cryotube and stored in liquid
nitrogen for the sci-RNA-seq3 experiment. All centrifugation steps were performed using a
centrifuge with a swinging bucket to reduce cell loss. In total, we generated 25 fixed frozen
single-nuclei suspensions from 24 mouse kidney tissues and one mixture of cultured human
and mouse cell lines (see below).

Nuclei isolation and fixation (cultured cells)—HEK-293T cells and C3H/10T1/2
cells were trypsinized at approximately 70% confluence, centrifuged at 300xg for 5 minutes
at 4°C and washed twice with ice-cold PBS. Cell concentrations were measured, and equal
number of cells from each cell line were pooled into a total of 5 million cells. The cell
mixture was centrifuged at 300xg for 5 minutes at 4°C and the pellet was resuspended

with 1 mL ice-cold cell line lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM
MgCls, 0.1% NP-40, 1% SUPERaseln RNase Inhibitor (AM2696, Thermo Scientific) and
2% BSA (B9000S, NEB)). Cells were incubated on ice for 4 minutes. Then, nuclei were
filtered through a 40-um Flowmi cell strainer (H13680-0040, Bel-Art), centrifuged at 500xg
for 5 minutes at 4°C and washed with 1mL cell line lysis buffer. The nuclei pellet was
resuspended with 1 mL PBS and PFA (15713, Electron Microscopy Sciences) was added

to a final concentration of 3.2%. Fixation was performed on ice for 10 minutes. The fixed
nuclei were centrifuged at 500xg for 5 minutes at 4°C, washed twice with cell line wash
buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 1% SUPERaseln RNase
Inhibitor and 2% BSA) and snap-frozen in a cryotube and stored in liquid nitrogen.

sci-RNA-seq3 library generation—Generation of the sci-RNA-seq3 library was
performed following a previously described protocol (Cao et al., 2019) with minor

changes. In sci-RNA-seq3, both indexed reverse transcription (RT) and hairpin ligation were
performed on 384 wells. Each of these wells contains a uniquely indexed oligo (a poly-T

or ligation primer) with sequences described before (Cao et al., 2019). The two types of
oligo-containing wells are referred to RT wells and ligation wells, respectively. Each RT
well contains 2 pl poly-T primers (100 uM) and each ligation well contains 8pl hairpin
ligation primers (100 uM). All RT wells and ligation wells were pre-prepared and stored at
—20°C before use. All oligos used in this study were ordered from IDT.
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Fixed frozen nuclei suspensions were thawed in a 37°C-water bath and then centrifuged at
500xg for 5 minutes at 4°C. For each sample, the nuclei were resuspended with freshly
prepared NSB, permeabilized with Triton X-100 at a final concentration of 0.2 % for 5
minutes on ice and washed with NSB. Then, sonication was performed with a Bioruptor
Pico sonication device (Diagenode) lightly (10 seconds) to reduce nuclei clumps. For each
sample, the nuclei suspension was filtered through a 40-um Flowmi cell strainer and nuclei
concentration was measured.

Approximately 80,000 nuclei in 22 ul NSB and 2 pl 10 mM dNTP (639125, Clontech)
were added into each RT well. The well IDs into which each sample was deposited were
recorded for downstream sample demultiplexing analysis. In total, we deposited the mixed
human/mouse cells into 2 wells and mouse kidney cells from the 24 samples into the other
382 wells (15 or 16 wells per sample). Then, all RT wells were incubated at 55°C for 5
minutes and 14 pl RT reaction mix, containing 2 pl SuperScript IV reverse transcriptase
(18090050, Thermo Scientific), 8 pul 5x RT buffer, 2 ul 100 mM DTT and 2 pl RNaseOUT
RNase inhibitor (10777019, Thermo Scientific), was added into each well. The RT reaction
was performed by incubating all RT wells at 4°C, 10°C, 20°C, 30°C, 40°C and 50°C (2
minutes each) and then 55°C for 15 minutes. Then 60 ul NBB (nuclei buffer supplemented
with 1.5% BSA) was added into each well and the nuclei suspensions from all RT wells
were pooled. The pooled nuclei suspension was centrifuged at 500xg for 10 minutes at
4°C. The nuclei pellet was resuspended with 4.3 mL NSB and 10 pl was added into each
ligation well supplemented with 2 ul ligase (M2200L, NEB) and 20 pl 2x ligation buffer.
The ligation reaction was performed by incubating all ligation wells at 25°C for 10 minutes.
Then, 60 ul NBB was added to each well and the nuclei suspensions from all ligation wells
were pooled. The pooled suspension was centrifuged at 600xg for 10 minutes at 4°C and
washed with NBB at 600xg for 10 minutes again. The pellet was gently resuspended with 4
mL NBB and filtered through a 40-um Flowmi cell strainer. Then, we measured the nuclei
concentration and distributed approximately 4,000 nuclei in 5 pul NBB into each well of
several 96-well plates, which were stored at —80°C for further use.

Before sublibrary generation, we first prepared the transposome needed in the tagmentation
step. Two lyophilized adapter oligos, ME_R ([PHO]JCTGTCTCTTATACACATCT) and
ME_A (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) were reconstituted to 100
UM with annealing buffer (40 mM Tris-HCI pH 8.0, 50 mM NacCl). Then, 5 pl ME_R and 10
ul ME_A were mixed and incubated in a thermocycler. The oligo mixture was incubated at
95°C for 5 minutes, cooled down to 65°C at —0.1°C/second, incubated at 65°C for 5 minutes
and finally cooled down to 4°C at —0.1°C/second. Then, 12.5 ul annealed oligos were added
into 10 pl naked (unloaded) Tn5 transposase, and the mixture was incubated at 23°C for

30 minutes. Then, 12.5 ul glycerol was added and the loaded Tn5 was stored at —20°C for
further use.

For sublibrary generation, one of the aforementioned plates was thawed in room temperature
and 5 pl reaction mix, containing 0.67 pl second strand synthesis enzyme (E6111L, NEB),
1.33 ul reaction buffer and 3pl elution buffer, was added into each well. The plate was
incubated at 16°C for 3 hours. For tagmentation, 2x TD buffer, containing 20 mM Tris-HCI
pH 7.5, 10 mM MgCl, and 20% (v/v) dimethylformamide (20673, Thermo Scientific),
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was added to the pre-prepared loaded Tn5 to a final concentration of 20 nM. Then, 10 pl

20 nM transposase was added into each well. Tagmentation was performed at 55°C for 5
minutes. Then, we added 20 pl DNA binding buffer (D4004-1-L, Zymo) into each well

and incubated the reaction mix at room temperature for 5 minutes. Then, 40 ul Ampure XP
beads (A63881, Beckman Coulter) were added into each well and the mixture was incubated
at room temperature for 5 minutes. The supernatants were removed by placing the 96-well
plate onto a magnetic stand. After washing with 80% ethanol twice, beads of each well were
resuspended with 10 pl USER reaction mix, containing 1 ul enzyme (M5505L, NEB), 1 pl
10x buffer and 8 pl H,O. The plate was sealed and incubated at 37°C for 15 minutes. Then,
7 ul elution buffer was added into each well. The plate was placed onto a magnetic stand and
16pl supernatant was transferred to a new 96-well plate.

For indexed PCR reaction, the plate was first incubated at 80°C for 10 minutes. Then, 20

pl NEBnext 2x master mix (M0541L, NEB), 2 pl 10 uM P5 primer and 2 pl 10 pM P7
primer were added into each well. Primer sequences can be found in Mendeley Data. PCR
was performed by incubating the plate at 72°C for 5 minutes, 98°C for 30 seconds, 15 cycles
of [98°C 10 seconds, 66°C 30 seconds, 72°C 30 seconds] and 72°C for 5 minutes. Finally,
PCR products from all wells were pooled together, purified with 0.7x Ampure XP beads
and eluted with 100 ul elution buffer. The library was further purified with 0.7x Size-Select
beads (D4084, Zymo) and visualized on a Bioanalyzer 2100 instrument.

Next-generation Sequencing for sci-RNA-seq3—In this study, a total of 8 sci-RNA-
seq3 sublibraries were generated and pooled for sequencing. The pooled library was
sequenced on the NovaSeq 6000 platform (Illumina) using a paired-end 200-cycle S4 kit
(Readl: 34bp; Index1: 10bp; Index2: 10bp; Read2: 100bp).

sci-RNA-seq3 data pre-processing—Pre-processing sci-RNA-seq3 sequencing data
was performed as previously described (Cao et al., 2019). Briefly, sequencing .fastq files
were demultiplexed based on their i5 and i7 barcodes using deML (Renaud et al., 2015)
with default settings. Then, unique molecular identifiers (UMIs), RT and ligation barcodes
were extracted from the demultiplexed reads. RT and ligation barcodes were filtered with
an edit distance (ED) < 2 and adapter-clipped with TrimGalore v.0.6.6 (https://github.com/
FelixKrueger/TrimGalore). Trimmed reads were split into two modules based on their RT
barcodes: the mouse kidney nuclei module (382 barcodes) and HEK-293T and C3H/10T1/2
mixed nuclei module (2 barcodes). Each module was mapped to its corresponding reference
genome, mm210 or combined mm10 and hg19, using STAR v.2.7.7a (Dobin et al., 2013)
(GENCODE vM11 for mouse and v19 for human). Low-quality aligners were filtered using
samtools (Li et al., 2009) and reads with identical UMI, RT and ligation barcodes (ED < 2)
were annotated as duplicates and removed. As recommended in the prior study (Cao et al.,
2019), we performed UMI error correction (ED < 2) on a subset of our data and observed
that 96.1% of reads remained after UMI error correction compared to skipping this step,
suggesting good data quality. Next, mapped reads were split based on their combinatorial
indexing barcodes and barcodes with at least 200 reads identified were processed for the
next step. Finally, HTSeq v.0.12.4 (Anders et al., 2015) was used to generate a gene count
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matrix by calculating the number of strand-specific UMIs for each cell mapping to the
exonic and intronic regions of each gene.

For species-mixing analysis, cells with over 85% of UMIs assigned to one species were
annotated as species-specific cells and the other cells were annotated as cell collisions.
Predicted doublet rate was calculated by dividing the number of cell collisions by total
number of human and mouse cells after quality control. We performed ambient RNA
removal with CellBender (Fleming et al., 2019) on the species-mixing data subset and
observed similar doublet rates before and after data correction.

Pseudobulk trajectory ordering—rFirst, each cell in the cell-by-gene count matrix
(413,681 cells x 48,795 genes) was assigned to its original mouse kidney sample (n=24)
based on its RT barcode. Then, a sample-by-gene count matrix was generated from the
cell-by-gene count matrix by aggregating cells that originate from the same sample. Then,
gene counts were normalized by the total number of reads per sample.

Pseudobulk trajectory analysis was performed using Monocle2 (Qiu et al., 2017). Briefly,
the sample-by-gene count matrix was converted into a CellDataSet data class with

the newCellDataSet function and size factors and dispersions were estimated with the
estimateSizeFactors and estimateDispersions functions. Then, genes expressed in at least
2 samples were selected. Differentially expressed genes across the 24 mouse kidneys
were identified with the differentialGeneTest function and top 5000 significant genes were
selected as the ordering genes. Samples were ordered along a pseudo-trajecotry using

the reduceDimension function (method = ‘DDRTree’) and the orderCells function. Data
visualization was enabled with the plot_cell_trajectory function.

Doublet estimation, quality control and cell clustering—The gene count matrix
generated above was converted into a data format (AnnData) compatible with the Scanpy
v1.7.2 (Wolf et al., 2018) platform. Protein-coding genes, pseudogenes and genes encoding
lincRNAs were maintained in further analysis. Estimation of cell doublets was implemented
on Scrublet v.0.2.1 (Wolock et al., 2019) using the scrublet.Scrublet function with the
expected overall doublet rate set as 0.06 and the number of neighbors set as 30. Then, a
doublet score was calculated for each cell with the scrub_doublets function (min_counts = 3,
min_cells = 3, min_gene_variability _pctl = 85, n_prin_comps = 30). Cells with the doublet
score over 0.2 were annotated as expected doublets.

Only cells with less than 5% of counts derived from mitochondrial genes were

processed. Cells with less than 80 genes detected and genes present in less than 30

cells were removed from the gene count matrix. Then, data was normalized and log-
transformed. The top 5000 genes were selected with the highest variance using the
scanpy.pp.highly_variable_genes function. The data was scaled and Principal Component
Analysis (PCA) was performed for dimensionality reduction using the scanpy.tl.pca function
(svd_solver = ‘arpack’, n_comps = 50). Next, a neighborhood graph of cells was computed
using the scanpy.pp.neighbors function with the number of neighbors set as 50 (metric =
‘cosine’). Next, the neighborhood graph was embedded in two dimensions using Uniform
Manifold Approximation and Projection (UMAP) with the scanpy.tl.umap function, in
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which the effective minimum distance between embedded points set as 0.01. Leiden
clustering was performed (resolution = 2) and marker genes of each Leiden cluster was
identified using the scanpy.tl.rank_genes_groups function (method = ‘wilcoxon’). One
cluster showed significantly elevated mitochondrial gene counts and no expression of
other cluster-specific genes, and therefore, annotated as an artefact cluster. Two minor
clusters showed co-expression of well-known marker genes of PT and LoH cells or PT
and DCT cells, and therefore, annotated as doublet clusters. These clusters were not
specific to a kidney sample or disease condition and therefore removed. The remaining
309,666 cells were re-analyzed following a similar approach as described above (see

Code Availability). For customized UMAP visualization used in Figure 1, we utilized a
computational framework (https://github.com/TheHumphreysLab/plotlcell) described in a
recent study (Wu et al., 2022). Individual clusters were annotated by manually inspecting
the expression of lineage-specific genes and comparison with existing cell atlas datasets. For
cell type subclustering, cells annotated as the subtype in the above analysis were extracted
and re-analyzed following the similar procedure. Quality control was performed again, and
low-quality cells may be further removed, and the effects of total counts per cell may be
regressed out using the scanpy.pp.regress_out function to improve single-cell visualization
and cell type annotation (see Code Availability).

Due to the unique sample multiplexing capacity of sci-RNA-seq3, all samples were
expected to have very minimal technical batch effects since they were processed in one
experiment and sequenced in one flow cell concurrently, and therefore, all presented data
were analyzed without the use of batch effect removal tools, in a similar approach as
described before (Cao et al., 2019). However, we compared our clustering results before
and after batch effect correction with Harmony (Korsunsky et al., 2019). Briefly, the
RunHarmony function was used and the 24 mouse kidney samples were considered as
batch variables. Downstream analysis was performed on Seurat (Stuart et al., 2019). The
RunUMAP function was used with [n.neighbors=40,dims = 1:40,min.dist=0.01] for global
cell clustering and [n.neighbors=40,dims = 1:15,min.dist=0.1] for PT cell subclustering.
Overall, we found the use of Harmony on our dataset resulted in impaired identification of
sample-specific cell populations such as the uni-IRI 6hrs-specific Typel injured PT cells,
suggesting batch overcorrection.

Gene module scoring—Cell cycle scoring was performed with the
scanpy.tl.score_genes_cell_cycle function with a list of genes associated with S-phase and
G2M-phase. In addition, marker genes of cell cycle arrest and senescence were manually
checked to verify the proliferate state of cells with high cell cycle scores. Scoring analysis
of the other gene modules was performed with the scanpy.tl.score_genes function. The gene
set used for ECM scoring was obtained from the Matrisome Project (Shao et al., 2020). The
gene sets used for scoring of lipid droplet, heat shock proteins, mitochondrial respiration and
myosin were obtained from the database of Harmonizome (Rouillard et al., 2016). All gene
lists and their references can be found in Mendeley Data.

Single-cell trajectory inference—Single-cell pseudotemporal ordering was
implemented on Monocle2 (Qiu et al., 2017). After single-cell clustering and sample
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demultiplexing, PT cells were downsampled for the Monocle analysis due to significant
computation time required. Briefly, after size factors and dispersions were estimated,
expressed genes were defined as genes that were identified in at least 30 cells. Then,
highly variable genes were selected, and dimensionality reduction was performed using the
reduceDimension function and cells were ordered along a pseudotemporal trajectory. The
aforementioned analysis was performed in a semi-supervised manner with a few marker
genes of health and injury selected. A similar unsupervised analysis was also performed,
and no significant difference was identified. We also performed the analysis with Monocle
v.3.alpha and obtained similar results. To compare the difference of gene expression
signature between successful repair and failed repair branches, the branched expression
analysis modeling (BEAM) was used. Genes with g values < 10730 were processed and the
two clusters were cataloged in a pseudotime manner. For analysis where cell downsampling
was performed, the scanpy.pp.subsample function was used.

Single-cell fate mapping on time-series datasets—To infer the temporal couplings
of the injury and repairing process of PT cells, which were sampled from various
independent timepoints, we performed single-cell fate prediction analysis on the Cellrank
(Lange et al., 2022) (development version of 1.3.2) platform which incorporates the
Waddington Optimal-Transport (Schiebinger et al., 2019) modeling approach. Briefly, a
subset of PT cells was selected to accelerate computation, and dimensionality reduction and
UMAP embedding were conducted. Initial growth rates were estimated with default settings.
Then, a cell-cell transition matrix was calculated using the compute_transition_matrix
function (growth_iters = 3, last_time_point = “connectivities”), which uses a birth-death
prediction process based on the Markov chains model. Then, the mass flow probabilities

of the Typel and Type2 PT injury states were computed and visualized using the
plot_single_flow function.

Gene enrichment analysis—All gene enrichment analysis and protein-protein
interaction enrichment analysis were performed on the Metascape v3.5 (Zhou et al., 2019)
platform with default settings. Top differentially expressed genes of a cell type were selected
and g-values were log-transformed and used for data visualization.

Single-cell pathway and transcription factor (TF) activity prediction—Progeny
(v1) (Holland et al., 2020; Schubert et al., 2018) was used to analyze activities of key
biological pathways in individual cells. Briefly, gene weights for each pathway were defined
which considered top 2000 significant genes per pathway. Then, the dataset was normalized
and scaled, and 100 permutations were conducted to calculate p-values of random activities.

For TF activity prediction in sScRNA-seq data, DoRothEA (v1) (Garcia-Alonso et al., 2019;
Holland et al., 2020) was used. Briefly, a TF-target network matrix was first defined in the
package with confidence levels setas ['A’, ‘B’, ‘C’]. TFs with less than 5 targets identified
in the dataset were ignored and 100 permutations were performed on normalized and scaled
data. The rank_tfs_groups function was used to identify genes that showed differential
activities in each cell type.
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Cell-cell interaction analysis—Cell-cell interaction analysis was performed using
CellPhoneDB (v2.1.7) (Efremova et al., 2020) on all cells used in single-cell clustering.
Cell subtypes with high transcriptomics similarity (e.g. Typel Injured S1/2 and S3 cells of
PT) were combined for the convenience of data visualization. For the use of CellPhoneDB,
all genes were converted to human orthologues according to the Homology database of
Mouse Genome Informatics. The analysis was implemented with the statistical method of
CellPhoneDB (--iterations = 2000). For analyzing the dynamics of cell-cell interactions
across multiple timepoints, data was demultiplexed and the same analysis was performed
on each condition. Significantly dysregulated ligand-receptor pairs were identified based on
their p-values and activity scores.

Comparison and integration with other datasets—For integration with a previous
scCRNA-seq dataset (Kirita et al., 2020) (126,578 cells) generated by 10X Chromium
technologies, we first extracted cells originated from healthy and uni-IRI kidney samples
(206,681 cells) from our sci-RNA-seq3 data. Then, the two datasets were combined using
the AnnData.concatenate function, and then normalized and log-transformed. The top
3000 genes were selected as the highly variable genes. The data was scaled and PCA

was performed using the scanpy.tl.pca function (svd_solver = ‘arpack’, n_comps = 30).

A neighborhood graph was calculated (n_neighbors = 20, metric = ‘cosine’) and further
embedded into a 2D UMAP graph using the scanpy.tl.umap function. Then, Batch Balanced
K Nearest Neighbours (BBKNN) (Polanski et al., 2020) was used with default settings

to correct batch difference. For visualization of the combined dataset, UMAP space was
computed again with the effective minimum distance between embedded points set as 0.1.

Spatial transcriptomics analysis was performed by revisiting a recent dataset (Dixon et

al., 2021) generated with the 10X Genomics Visium System (PN-1000185, Lot No.
155614, Rev D). Quality control of spatial sequencing libraries was performed according
to manufacturer’s instructions. Resulting Visium libraries were processed and aligned using
the countand agg function of 10X Genomics SpaceRanger (v1.2.1). Analysis files were
loaded into Seurat or Giotto (Dries et al., 2021) for normalization and plotting of spatial
expression for genes of interest.

In addition, we compared our results with a few bulk RNA-seq datasets on kidney injury
and fibrosis, which include a human renal IRl model (Park et al., 2020), folic acid-induced
mouse nephropathy (Craciun et al., 2016) and UUO induced on S/c34al1GCE-eGFPL10a
mice (PT-enriched transcripts) (Wu et al., 2020). Previous datasets generated by microarray
approaches were also examined by surveying publicly available database collections (http://
v5.nephroseq.org/). Protein expression of genes of interest was examined in The Human
Protein Atlas (Uhlén et al., 2015).

Bulk RNA-seq—Human primary RPTECs were harvested at five different conditions for
bulk RNA-seq with three biological replicates per group: (1) siNT treatment (control);

(2) siNT and 6-hour 100 uM oleic acid exposure (siNT+Ole6hrs); (3) PLINZ2siRNA
treatment and 6-hour 100 pM oleic acid exposure (siPLIN2+Oledhrs), (4) siNT and 2-day
normal medium exposure after 6-hour 100 uM oleic acid exposure (SiNT+Ole6hrs+2d);
and (5) siPL/N2+Olebhrs+2d. RNA was extracted with RNeasy Kits (74104, Qiagen)
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following the manufacturer’s instruction. Libraries were generated with the poly-A selection
method (MRNA Direct kit, Life Technologies) and sequenced with the NovaSeq 6000

S4 platform (2x150 bp) at a target of 30 million reads per library. RNA-seq reads were
aligned and quantitated to the human reference genome Ensembl GRCh38.101 with an
Illumina DRAGEN Bio-IT on-premise server running version 3.9.3-8 software. Differential
expression analysis was performed with the exactTest function of edgeR v3.34.1 (Robinson
et al., 2010). Genes with FDR < 0.01 were processed for GO enrichment analysis.

Lipidomics analysis—Triacylglycerol (TAG), free fatty acid (FFA), and cholesterol in
mouse Kidney tissues were analyzed with mass spectrometry-based lipidomics. Briefly,

the mouse kidney samples were homogenized in water (1:4, w/v) using Omni Bead

Ruptor. A modified Bligh and Dyer method was used to extract TAG, FFA, and

cholesterol from 50 pL of homogenate. Internal standards of TAG (Nu-Chek Prep #T404),
FFA (Cambridge Isotopes #DLM-2893-0.5) and cholesterol (Toronto Research Company
#C432503) were added to the samples before extraction. The FFA was derivatized with
4-aminomethylphenylpyridium to improve mass spectrometric sensitivity. Measurement of
TAG, FFA and cholesterol was performed with a Shimadzu 20AD HPLC system coupled to
a 4000QTRAP mass spectrometer operated in positive multiple reaction monitoring mode.
The electrospray ionization was used for TAG and FFA, and air pressure chemical ionization
was used for cholesterol. Data processing was conducted with Analyst 1.6.3. Quality control
(QC) samples were prepared by pooling the aliquots of the study samples and were used to
monitor the instrument stability. Only the lipid species with CV < 15% in QC sample were
reported. The data were reported as the peak area ratios of the analytes to the corresponding
internal standards.

Measurement of BCAA concentration—Branched Chain Amino Acid Colorimetric
Kit (MAKO003, Sigma) was used to determine the concentration of BCAA in mouse
kidneys. Briefly, mouse kidneys were completely perfused with PBS before dissection.
For each sample, 10-20 mg tissue was dissected from mouse kidney cortex, weighted and
homogenized in cold BCAA Assay Buffer. After centrifugation, supernatant was obtained
and processed for the colorimetric detection with the manufacturer’s instructions. Leucine
standards were used to generate the standard curve.

Statistical analysis—Unless otherwise specified, p values presented in tissue culture
and biochemical assays were generated by unpair two-tailed Student’s t-tests and FDR
values presented in bulk RNA-seq differential expression analysis were generated by exact
tests on two groups of negative binomial random variables. Unless otherwise specified,
Mann-Whitney-U test with the Benjamini-Hochberg correction was used for differential
expression analysis of sScCRNA-seq data.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. sci-RNA-seq3 transcriptionally profiles 309,666 cells from 24 kidneys
without batch effects

. Two injured proximal tubule cell states with distinct metabolic profiles
revealed

. Transiently activated lipid metabolism and PLIN2+ lipid droplets appear in
early IRI

. Nephron epithelia possess both shared and segment-specific injury and repair
responses
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Figure 1. A single-cell transcriptomics landscape of mouse kidney fibrogenesis profiled with

sci-RNA-seq3.

(A) Summary of experimental methodology. n = 2 per timepoint. Nuclei were extracted
from all kidney samples and profiled with a three-level combinatorial indexing sequencing
strategy. Cells were demultiplexed based on 15t indexing barcodes to identify sample origins
in data analysis. Figure created with BioRender.com.
(B) Immunofluorescence staining of HAVCRL (red), Collagen Type | (green), Lotus
Tetragonolobus Lectin (LTL; white) and DAPI (blue) on tissue sections collected from all
healthy and diseased conditions of our study cohort. Scale bar: 50 pm.
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(C) Pseudobulk trajectory projection (using Monocle2) of all sample conditions in the study
cohort revealing distinct transcriptomic signature of uni-IRl and UUO. Each dot represents a
sample (n = 24 in total).

(D) An atlas of mouse kidney fibrogenesis. A UMAP presentation (center) shows 309,666
cells profiled from 24 individual mouse kidneys of 11 healthy or diseased conditions. The
surrounding circular layouts indicate the cell number of each population (logso-transformed
scale bar), 19 major cell types (outer layout) and distributions of 11 group conditions in
each cell type (inner layout; color legend same as Figure 1C). PT, proximal tubule; PT-In;j,
injured PT; PT-R, repairing PT; FR-PTC, failed repair PT cells; PT-Aclnj, acute injury PT;
DTL, descending limb of loop of Henle (LoH); ATL, thin ascending limb of LoH; TAL,
thick ascending limb of LoH; DCT, distal convoluted tubule; CNT, connecting tubule; PC,
principal cell of collecting duct; ICA, type A intercalated cell of collecting duct; ICB, type
B intercalated cell of collecting duct; Pod, podocyte; EC, endothelial cell; Fib, fibroblast;
Myofib, myofibroblast; Ma, macrophage (Mg); B/T, immune cell; Uro, urothelium.

(E) Dot plot showing expression pattern of cluster-specific marker genes and bar plot
showing the number of cells of each cluster. In the dot plot, the diameter of the dot
corresponds to the proportion of cells expressing the indicated gene and the density of the
dot corresponds to average expression relative to all cell types.
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Figure 2. Diverse cell states of injured proximal tubule.

(A) UMAP plot of all PT cells after quality control in subclustering analysis. S1, S2 and S3
indicate the three anatomical segments of PT.

(B) Dot plot showing expression of marker genes of each PT cell clusters, including 3
clusters in healthy states and 7 injured cell states expressing Havcrl.

(C) Heat map showing cluster-specific transcription factor activity predicted by gene
regulatory network analysis. Color density corresponds to average activity of the indicated
gene relative to all PT cells.

(D) Transcription factor activity and single-cell pathway analysis showing activities of
Smadl and NF-xB/TNF-a pathways are enriched in the FR-PTC cluster.
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(E) Connected bar plots displaying the proportional abundance of each cell cluster in each
disease condition. Injured S1/2 and S3 cells are combined for the convenience of data
visualization.

(F) Pseudotemporal ordering of cells sampled from uni-IRI and UUO subsets colored by
cluster identity (color legend same as Figure 2E), using Monocle2.

(G) Single-cell fate mapping of Typel and Type2 injured PT cells (color legend same as
Figure 2E), using CellRank. Flows connecting two cell types describe lineage transition and
the flow width indicate predicted probability. See also Figure S2K.
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Figure 3. Dysregulated lipid metabolism in proximal tubule cells during fibrogenesis and
activated fatty acid oxidation after short-term lipid deposition.

(A) Protein-protein interaction (PPI) enrichment analysis on upregulated differentially
expressed genes of Typel injured PT cells showing terms associated with lipid metabolism.
(B-C) Gene module activity scores of FAO (B) and lipid droplets (C) in different PT clusters
(all time points) (left panels) and across the time courses of uni-IRI and UUO (right panels),
where each dot indicates mean score of two samples of a group condition and data are
shown as the mean + SEM.

(D) Oil Red O staining on multiple group conditions identifying transient accumulation of
lipids at uni-IRI 6hrs, clearance of lipids after uni-IR1 D2 and lipid accumulation at late
stages of UUO. Regions of inner cortex or outer medulla (IC/OM) and outer cortex (OC) are
shown. Red color indicates lipids and blue indicates cell nucleus. See also Figure S3C.
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(E) Relative quantity of triglyceride (TAG) species in mouse kidney tissues of different
group conditions. The most abundant 8 TAG species are presented and the other species are
combined and annotated as ‘Other TAGs’. See also Figure S3D.

(F) Relative quantity of free fatty acid (FFA) species in mouse kidney tissues of different
group conditions. The most abundant 7 FFA species are presented and the other species are
combined and annotated as ‘Other FFAS’. See also Figure S3D.

(G) Oil Red O staining (upper panels) and BODIPY493/503 staining (lower panels) on
RPTEC:s after 6-hour treatment of 100 uM BSA-conjugated oleate (Ole) or palmitate (Pal)
fatty acids. Scale bars: 50 um. Zoom-in figures of a single cell are also presented for Oil Red
O staining, which demonstrates accumulation of lipid droplets after treatment.

(H) Oil Red O staining on RPTECs which were exposed to culture medium without fatty
acid supplements after 6-hour of 100 uM oleate or palmitate fatty acid treatment, with (w/)
or without (w/o) Atglistatin (Atg) treatment. Scale bars: 50 um. Zoom-in figures of a single
cell are also presented.

(I) Energy map presenting an increased OCR and ECAR at the basal condition after 6-hour
100 pM oleate or palmitate fatty acid pretreatment on RPTECs. OCR and ECAR readouts
are normalized by cell numbers. Data are shown as the mean = SEM. The four energy states
were annotated as previously described. **p < 0.01, ****p < 0.0001 and n.s (not significant)
by Student’s t test.

(J) Heat map showing expression of genes involved in lipid metabolism & FAO regulation
and DNA replication & cell cycle regulation in RPTECs with control and 6-hour 100

UM oleic acid (Ole 6hrs) treatments and harvested at 2 days after the 6-hour treatment

(Ole 6hrs+2d). Each group has three biological replicates. Transcript per million (TPM) is
normalized for visualization.
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Figure 4. PLIN2 marks lipid droplets in Typel injured proximal tubule and maintains cell
energy state.

(A) Specific expression of P/inZin Typel injured PT cells.

(B) Revisiting a spatial transcriptomics dataset on female bi-IRI kidneys identifying
transient upregulation of A/in2 at kidney cortex in early stages. Each spot of a tissue section
is colored by gene expression.

(C) Specific upregulation of PLIN2 in PT at uni-IRI 6hrs validated by immunofluorescence
staining of PLIN2 (red), LTL (green) and DAPI (blue) on multiple group conditions. Scale
bars: 50 pm.
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(D) Immunofluorescence staining of PLIN2 (red), LTL (green) and DAPI (blue) on a tissue
section collected from uni-IRI 6hrs showing presence of intracellular PLIN2+ droplets.
Scale bar: 10 um.

(E) Immunofluorescence staining of PLIN2 (red), BODIPY493/503 (green) and DAPI (blue)
on a uni-IRI 6hrs tissue section showing localization of PLIN2 at the surface of lipid
droplets. Scale bar: 10 um. A single droplet was encircled and presented in the top-right
panel.

(F) Immunofluorescence staining of PLIN2 (green), oxidized low-density lipoprotein
(oxLDL; red) and DAPI (blue) on a uni-IRI1 6hrs tissue section showing PLIN2 colocalizes
with oxLDL. Scale bar: 10 pm.

(G) Relative expression of PL/N2in RPTECs after 6-hour oleate (Ole) or palmitate (Pal)
fatty acid exposure or at 2 days after removal of the fatty acids from culture medium,
measured by gPCR. Data are shown as the mean + SEM. ****p < 0.0001 by Student’s t test.
(H) Immunostaining of PLIN2 (green) and DAPI (blue) on RPTECs after 6-hour oleate or
palmitate fatty acid treatment. Scale bar: 100 pm.

(1) Energy map presenting an increased OCR and ECAR after 6-hour fatty acid pretreatment,
as well as a decreased OCR and ECAR after PL/N2knockdown on RPTECs. OCR and
ECAR readouts are normalized by cell numbers. Data are shown as the mean + SEM.
Comparisons were made between No treatment and combined oleate & palmitate fatty
acid-pretreatment (Control siRNA), and between No treatment with Control siRNA and

No treatment with PL/NZsiRNA. The four energy states were annotated as previously
described. ****p < 0.0001 by Student’s t test.

(J) Heat map showing expression of genes involved in autophagy, amino acid transport and
glucose metabolism in RPTECs with non-targeting siRNA (control) and 6-hour 100 uM
oleic acid (siNT+Ole 6hrs) treatments and in cells treated with PL/N2siRNA and 6-hour
100 uM oleic acid (siPL/N2+Ole 6hrs). Each group has three biological replicates. TPM
expression is normalized for visualization.

(K) Proposed model of activated lipid metabolisms in Typel injured PT cells. CD36 is

a transporter of long-chain fatty acids. Intracellular fatty acids aggregate and form lipid
droplets with PLINZ as a surface protein. Fatty acyl-CoA (Coenzyme A) is converted

from lipids through ACSL-mediated lipolysis or lipophagy and used in ACOX1-mediated
peroxisomal B-oxidation or CPT-mediated mitochondrial B-oxidation, which can generate
acetyl CoA, the substrate of tricarboxylic acid (TCA) cycle to produce energy. PPAR
signaling is the main regulator of the lipid metabolism pathway and mitochondrial fission is
involved in lipid accumulation. Figure created with BioRender.com.
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Figure 5. Dysregulation of genes involved in amino acid metabolisms in Type2 injured PT cells.
(A) Dot plot showing that three amino acid metabolism-associated genes, Bcatl, Slc6a6 and

Slc7a12, were specifically upregulated in Type2 injured PT.

(B) Specific upregulation of BCAT1 in PT after UUO validated by immunofluorescence

staining of BCAT1 (red), LTL (green) and DAPI (blue) on multiple group conditions. Outer
medulla regions are presented. Scale bars: 50 pm.
(C) Concentrations of branched-chain amino acids (BCAA) measured in mouse cortical

tissues across all group conditions of this study cohort showing significantly increased

BCAA concentration in UUO kidneys. Data are shown as the mean £ SEM. ****p < 0.0001
by Student’s t test.
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(D-E) Violin plots showing increased expression of BCAT1 (D) and SLC6A6 (E) in biopsy
samples of patients with CKD than controls.

(F) Representative images of RNA /n situ hybridization staining of S/c6a6 on multiple group
conditions revealing gene upregulation in UUO. Scale bars: 200 um for the upper panel

and 50 um for the lower panel. Cortical (C), outer stripe of the outer medulla (OSOM) and
medullary (M) regions were highlighted. See also Figure S5E.
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Figure 6. Shared and unique injury responses of renal tubular epithelial cells.
(A-B) UMAP plots of cells of LoH (A) and DCT, CNT and PC (B) in subclustering analysis.

Abbreviations of cell types have been described in Figure 1D.

(C-D) Dot plots showing expression of genes specific to cell clusters identified in Figure
6A-B. Visualization was performed on dataset combining both uni-IR1 and UUO subsets.
(E) Connected bar plots displaying the proportional abundance of healthy and injured TECs
(including TAL, DCT and CNT) in each group condition, which identifies a shared injury
response of TECs in an insult-dependent manner.

(F) Heat maps presenting expression of genes that are either co-varied across all injured
TECs or dysregulated in a cell-type-specific manner compared to the healthy state of each
TEC.
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Figure 7. Heterogeneity of kidney stromal cells and cell-cell communications in kidney
fibrogenesis.
(A) UMAP plot of all stromal subtypes identified in subclustering analysis. Fib, fibroblast;

Myo, myofibroblast; JGA, juxtaglomerular apparatus. See also Figure S7A.

(B) Condition map showing unique distribution of stromal cells in different experimental
groups.

(C) Immunofluorescence staining of DAPI (blue), a-SMA (7.e., ACTA2) (green),
PRICKLEL (red) and LTL (white) on a tissue section collected from UUO D10 identifying
PRICKLEZ1 expression on nuclear membranes of myofibroblasts in kidney medulla. Scale
bars: 50 pm.

(D) Expression of two region-specific genes in a spatial transcriptomics dataset on female
bi-IR1 kidneys. Each spot of a tissue section is colored by gene expression. See also Figure
S7D.
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(E) Gene module activities on myosin, mitochondrial respiratory chain reactions,
extracellular matrix (ECM) and heat-shock proteins (HSP) in each stromal subtype. Gene
module scores are shown as means. For the convenience of data visualization, normalization
is performed by adjusting the lowest score of each module as 0.

(F) Heat map showing the number of significant ligand-receptor pairs in cell-cell

interaction (CCls) analysis, predicted by CellPhoneDB, between major kidney cell types.
Log-transformed data are shown. Populations with similar transcriptomics are combined for
the convenience of data visualization.

(G) Numbers of significant CCls identified by CellPhoneDB across the time courses of
uni-IRI and UUO.

(H) Connected bar plots displaying the number of significant CCls between (myo)fibroblasts
and PT cells in each group condition. Fibroblast and myofibroblast are combined to increase
robustness of data analysis. PT_injury combines PT-Aclnj, PT-R and Typel/2 injured PT
cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rat anti-KIM-1 R&D Systems MAB1817
Rabbit anti-PLIN2 Abcam ab108323
Rabbit anti-BCAT1 Proteintech 13640-1-AP
Rabbit anti-PRICKLE1 BiCell Scientific Cat#50621
FITC-conjugated mouse anti-ACTA2 Sigma Cat#F3777
FITC-conjugated Lotus Tetragonolobus Lectin (LTL) | Vector Laboratories FL-1321-2
Biotinylated LTL Vector Laboratories B-1325-2
Rabbit anti-oxLDL Bioss bs-1698R
Anti-DIG-AP Fab fragments Roche Cat#11093274910
Chemicals, peptides, and recombinant proteins

NaCl 5M Invitrogen AM9I759
MgCl, 1M Invitrogen AM9I530G
Tris-HCI pH 7.5 1M Invitrogen Cat#15567-027
Tris-HCI pH 8.0 1M Invitrogen Cat#15568-025
Triton X-100 Sigma T8787
Paraformaldehyde Electron Microscopy Sciences | Cat#15713
DMEM Gibco Cat#11965
Fetal Bovine Serum Sigma F4135
Penicillin-streptomycin Gibco Cat#15140122
Renal Epithelial Cell Growth Medium Lonza CC-3190
TRIzol Invitrogen Cat#15596026
iTag Universal SYBR Green Supermix BioRad Cat#1725125
BODIPY 493/503 Cayman Chemical Cat#25892

DIG RNA Labeling Mix Roche Cat#11277073910
Proteinase-K Invitrogen Cat#25530049
BM-Purple solution Roche Cat#11442074001
Oleate fatty acid Cayman Chemical Cat#29557
Palmitate fatty acid Cayman Chemical Cat#29558
Atglistatin Cayman Chemical Cat#15284
BODIPY FL Cyq Thermo Scientific D3821
MitoTracker Red CMXRos Cell Signaling 9082S
Lipofectamine Reagent Thermo Scientific Cat#13778150
2,7-Dichlorodihydrofluorescein diacetate Cayman Chemical Cat#85155

Seahorse XF DMEM assay medium Agilent Cat#103680-100
Etomoxir Cayman Chemical Cat#11969
Oligomycin Sigma 04876
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nuclei EZ Lysis Buffer Sigma NUC101
EDTA-free protease inhibitor tablets Roche Cat#5892791001
RNasin Ribonuclease Inhibitor Promega N2615
SUPERase+In RNase Inhibitor Thermo Scientific AM2696
RNaseOUT RNase inhibitor Thermo Scientific Cat#10777019
BSA NEB B9000S

dNTP Clontech Cat#639125
SuperScript 1V reverse transcriptase Thermo Scientific Cat#18090050
Quick Ligase NEB M2200L
Second strand synthesis enzyme NEB E6111L
Dimethylformamide Thermo Scientific Cat#20673
USER enzyme NEB M5505L
NEBnext 2x master mix NEB MO0541L
DNA binding buffer Zymo D4004-1-L
Critical commercial assays

Oil Red O Stain Kit Abcam ab150678
Branched Chain Amino Acid Colorimetric Kit Sigma MAKO003
Seahorse XFe96 FluxPaks Agilent Cat#102416-100
Deposited data

Raw and processed sci-RNA-seq3 data This study GSE190887
Raw and processed RNA-seq data This study GSE206084

Kidney Interactive Transcriptomics

The Humphreys Lab

http://humphreyslab.com/SingleCell/

Mendeley Data This study http://dx.doi.org/10.17632/hd3j7mdm2p.1
Data S1 — Source Data This study N/A

Experimental models: Cell lines

HEK-293T ATCC CRL-3216

C3H/10T1/2 ATCC CCL-226

Primary human renal proximal tubule epithelial cells | Lonza CC-2553

Experimental models: Organisms/strains

C57BL/6J The Jackson Lab Cat#000664

Software and algorithms

Scanpy

(Wolf et al., 2018)

https://scanpy.readthedocs.io/en/stable/

Seurat

(Stuart et al., 2019)

https://satijalab.org/seurat/

sci-RNA-seq3 preprocessing

(Caoetal., 2019)

https://github.com/JunyueC/sci-RNA-seq3_pipeline

deML (Renaud et al., 2015) https://github.com/grenaud/deML

TrimGalore N/A https://github.com/FelixKrueger/TrimGalore
STAR (Dobin et al., 2013) https://github.com/alexdobin/STAR

samtools (Li et al., 2009) http://www.htslib.org/

HTSeq (Anders et al., 2015) https://htseq.readthedocs.io/en/master/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

CellBender (Fleming et al., 2019) https://github.com/broadinstitute/CellBender

Monocle2 (Qiuetal., 2017) http://cole-trapnell-lab.github.io/monocle-release/

Scrublet (Wolock et al., 2019) https://github.com/swolock/scrublet

ploticell (Wu et al., 2022) https://github.com/TheHumphreysLab/plotlcell

Harmony (Korsunsky et al., 2019) https://portals.broadinstitute.org/harmony/articles/
quickstart.html

Cellrank (Lange et al., 2022) https://cellrank.readthedocs.io/en/stable/

Metascape (Zhou et al., 2019) https://metascape.org

Progeny (Holland et al., 2020) https://github.com/saezlab/progeny-py

DoRothEA (Holland et al., 2020) https://github.com/saezlab/dorothea-py

CellPhoneDB (Efremova et al., 2020) https://github.com/Teichlab/cellphonedb

BBKNN (Polanski et al., 2020) https://github.com/Teichlab/bbknn

SpaceRanger 10X Genomics https://support.10xgenomics.com/spatial-gene-
expression/software/pipelines/latest/installation

Giotto (Dries et al., 2021) https://rubd.github.io/Giotto_site/

edgeR (Robinson et al., 2010) https://bioconductor.org/packages/release/bioc/html/

edgeR.html
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