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Abstract

Diabetic kidney disease is the leading cause of impaired kidney function, albuminuria, and renal replacement therapy
(dialysis or transplantation), thus placing a large burden on health-care systems. This urgent event requires us to reveal the
molecular mechanism of this disease to develop more efficacious treatment. Herein, we reported single-cell RNA sequencing
analyses in kidneys of db/db mouse, an animal model for type 2 diabetes and diabetic kidney disease. We first analyzed the
hub genes expressed differentially in the single cell resolution transcriptome map of the kidneys. Then we figured out the
communication among the renal and immune cells in the kidneys. Data from this report may provide novel information for
better understanding the cell-specific targets involved in the aetiologia of type 2 diabetic kidney disease and for cell com-
munication and signaling between renal cells and immune cells of this complex disease.

Keywords Diabetes - Diabetic kidney disease - End-stage renal disease - Proximal epithelial tubularcells - Single-cell RNA
sequencing
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PTCs Proximal epithelial tubular cells
D4 Jie Wu RAAS Renin-angiotensin—aldosterone system
wujie@cpu.edu.cn RSCEP Renal stromal cells except PTCs
< Harvest F. Gu scRNA-seq Single-cell RNA sequencing
feng.gu@cpu.edu.cn SNN Shared nearest neighbor
. STZ Streptozotocin

Laboratory of Molecular Medicine, School of Basic

Medicine and Clinical Pharmacy, China Pharmaceutical T1D Type 1 d¥abetes
University, Nanjing 210009, China T2D Type 2 diabetes
2 Laboratory of Minigene Pharmacy, School of Life Science tSNE T'(.hStnbUted St.OCh'aSUC neighbor embedding
and Technology, China Pharmaceutical University, UA Urinary albuminuria
Nanjing 211198, China UAER Urinary albumin excretion rate

Department of Endocrinology, Jiangsu Province Hospital

of Traditional Chinese Medicine, The Affiliated Hospital

of Nanjing University of Chinese Medicine, Nanjing 210029,
China

@ Springer


http://orcid.org/0000-0003-4578-5449
http://crossmark.crossref.org/dialog/?doi=10.1007/s12079-022-00685-z&domain=pdf

C.Wuetal.

170

UMAP Uniform manifold approximation and
projection

UMI Unique molecular identifiers

Introduction

Diabetes mellitus (DM) is approaching epidemic proportions
globally. According to the latest report from the Interna-
tional Diabetes Federation (IDF), approximately 463 million
adults (2079 years) were living with diabetes in 2019, while
this will rise to 700 million by 2045 (https://www.idf.org/).
Of DM, type 2 diabetes (T2D) is the most common form
(more than 90%) and characterized by insulin resistance and
abnormalities in insulin production. Diabetic kidney dis-
ease (DKD, previously named as diabetic nephropathy) is a
microvascular complication and progresses gradually over
many years in approximately 50% of patients who are T2D
(Thomas et al, 2016). T2D is the leading cause of impaired
kidney function, albuminuria, and renal replacement therapy
(dialysis or transplantation) worldwide, thus placing a large
burden on health-care systems (Thomas et al, 2016, 2015;
Doshi & Friedman, 2017). Currently, intensive management
of patients with DKD includes controlling blood glucose lev-
els and blood pressure as well as blockade of the renin—angi-
otensin—aldosterone system (RAAS). Such approaches might
show the delayed onset of renal failure, but many patients
still progress to end-stage kidney failure (ESKF, also known
as end-stage renal disease) despite optimal therapy with the
current state of medical care (Thomas et al, 2015; Doshi
& Friedman, 2017; Anders et al, 2018). This urgent event
requires us to reveal more accurate molecular mechanism of
DKD to develop more efficacious treatment in this disease.

Single-cell RNA sequencing (scRNA-seq) analysis can
redefine cell types in tissues and identify the cell-type specific
changes of gene expression (Tang et al, 2009; Macosko et al,
2015; Zheng et al, 2017). By using this revolutionary tech-
nique, the first scRNA-seq analysis in kidneys of C57BL/6
mouse is performed and has generated a comprehensive cell
atlas and identified 19 distinct cell types from normal murine
kidneys. Approximately 80% of all captured cells are proximal
and collecting tubule origin, which highlights the role of the
renal tubular system in health and disease (Park et al, 2018).
Another scRNA-seq analysis is carried out with glomerular
cells isolated from kidneys of streptozotocin (STZ)-induced
diabetic endothelial nitric oxide synthase-deficient (eNOS™)
mice and provided the information of the genes expressed dif-
ferentially in glomerular cells with early DKD (Fu et al, 2019a,
b). STZ mouse is widely considered as an animal model for
type 1 diabetes (T1D, Furman et al., 2015). In the kidneys of
T2D-DKD, however, knowledge of changes of specific cells,
particularly in renal tubular cells is still unknown. Herein, we
report a scCRNA-seq map of kidneys in db/db mice, which
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is widely accepted as an animal model for T2D and DKD
(Sharma et al, 2003). We first identified plenty of markers in
proximal tubular cells (PTCs) and other cell clusters in isolated
kidney tissues of db/db mice. We then analyzed the hub genes
expressed differentially in kidneys of db/db mice in compari-
son with non-diabetic control mice. Finally, we demonstrated
the effect of immune cells, especially T cells, on the whole
kidney through cell communication during the DKD process
of db/db mice. Thus, the current study may provide novel
information for better understanding the cell-specific targets
involved in the aetiologia of T2D-DKD.

Results
Cell clusters in kidney tissues of db/db mice

In the isolated kidney tissues from db/db mice, the aver-
aged visible living cells were 841/pul (372-1260/ul). Based
upon Findclusters function in Seurat, the clusters of cells
were identified by a shared nearest neighbor (SNN) modu-
larity optimization, and the averaged survival rate of all cell
clusters was 85.1% (82.0-87.7%). Three-dimension (3D)
t-distributed stochastic neighbor embedding (tSNE) maps
of PTCs and the rest renal cell types in kidney tissues of
db/db mice were severally represented in File S1 and S2.
In these 3D interactive HTML images, each cell cluster
can be selected by simply clicking the symbol(s) in figure
legend. The proportions of all these cell clusters are sum-
marized in Fig. 1A. As you see, the identified cell clusters
included ascending loop of Henle (ALH), collecting duct
intercalated cell (CD-IC), collecting duct principal cell (CD-
PC), distal convoluted tubule (DCT), descending loop of
Hence (DLH), endothelial cell (EnC), proximal tubule cells
(PTCs), macrophage (Mac), dendritic cell (DC), B and T
cells. PTCs were found to be majority of all the cells and
proposed by 77.6%. Therefore, PTCs were deservedly sin-
gled out and grouped as S1, S2 and S3 according to their
segmental regions in proximal tubules of kidneys. To better
view the unification of image, PTCs of S1, S2 and S3 seg-
ments were selected to be presented in Fig. 1B, while the
same image at 3D interactive HTML format was attached
in File S1. Except PTCs, the images of other renal cells,
including ALH, CD-IC, CD-PC, DCT, DLH and EnC were
showed in Fig. 1C, and they were proposed by 13.0%. Fur-
thermore, immune cells, such as Mac, DC, B and T cells
were all together occupied by 9.4% (Fig. 1D).

Markers in proximal epithelial tubular cells isolated
from kidneys of db/db mice

PTCs in S1, S2 and S3 segments were proportionally
grouped and highlighted in orange, green and blue, respec-
tively (Fig. 1B). By using Findmarker function in Seurat,
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Fig.1 A pie chart of clusters and proportions of renal and immune
cells isolated from kidneys of db/db mice. A. Cell clusters and the
proportions of each cell cluster are summarized in pie chart. B-D.
Uniform Manifold Approximation and Projection (UMAP) map of
PTCs (B), renal stromal cells except PTCs (C) and immune cells (D).
Identify clusters of cells by a shared nearest neighbor (SNN) modu-
larity optimization based clustering algorithm. UMAP dimensional

we further identified 39 markers in PTCs and data were
summarized in Fig. S2. To affirm the segmental markers
in PTCs, highly specific markers and their expression pat-
terns in PTCs of S1, S2 and S3 segments were represented
in Fig. 2A—C. Gene expression patterns in PTCs of S1 and
S3 segments were clear and highly separated. Six genes,
including Sic5a2, Slc5al2, Spp2, Sic6al9, Gatm and Slc7a7
were located in S1 segment i.e. early proximal convoluted
tubule (PCT). These genes were then considered as markers
for PTCs in S1 segment. Another 6 gene, including Azp!a,
Ceslf, Slc6al8, Cyp4al0, Utp20 and Slc5a8 were found to
be highly expressed as markers in late PCT (S3 segment).
In PTCs of S2 segment, however, no high-separation marker
was observed because the gene expression patterns in PTCs
of S2 segment were similar with what in S1 and S3 segments
(as seen in Fig. 2B). Biological function of markers in PTCs
of S1 and S3 segments and their pathophysiological effects
in DKD were summarized in Table 1.

reduction technique was performed for cell classification and identifi-
cation. ALH: Ascending loop of Henle; CD-IC: Collecting duct inter-
calated cell; CD-PC: Collecting duct principal cell; DCT: Distal con-
voluted tubule; DLH: Descending loop of Hence; EnC: Endothelial
cell; Mac: Macrophage; PTCs: Proximal tubule cells; S1, S2 and S3
are segments of proximal tubule

Markers in other cell clusters isolated from kidneys
of db/db mice

Except PTCs, the rest cells isolated from kidney tissues of
db/db mice (22.4% of all) were identified by SNN modu-
larity optimization based upon clustering algorithm and
uniform manifold approximation and projection (UMAP)
approach. They were eventually classified as ALH, DCT,
CD-IC, CD-PC, Mac, EnC, B and T cells, DLH, DC. Violin
plots of top 3 marker genes in these 10 cell clusters were
represented in Fig. 2D. The marker gene expression levels
in each cell cluster were shown in the violin plots along
with no limitation of the same values in horizontal axis,
which derived from scale normalized matrix of read counts.
Heatmap of marker genes in these cell clusters was dem-
onstrated in Fig. S3. All marker genes of 500 cells (if they
are sufficient) of all cell clusters were plotted. High gene
expression levels were indicated with yellow while purple
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Fig.2 Marker genes of 13 renal cell types in kidneys of db/db
mice. A-C. The expression of marker genes in S1 (A), S2 (B) and
S3 (C) of PTCs was demonstrated in violin plots. D. Stacked violin
plots represent top 3 marker genes in 10 cell clusters, including T
cell, ALH, DCT, CD-IC, CD-PC, Mac, EnC, B cell, DLH and DC.

conversely represents low expression. A list of marker genes
of each cell cluster was summarized in Table 2. Information
concerning the location of these markers for each cell type
may allow us to ensure the accuracy of annotation results
and to explore the knowledge for better understanding the
molecular mechanisms of DKD.

Genes expressed differentially in renal PTCs
between control and db/db mice

Differentially expressed genes (DEGs) in the cell clusters
of kidneys between db/db mice with DKD and control
mice (Ctrl) were further analyzed. At the same time, we
introduced a published data of renal single nuclear RNA
sequence (SnRNA-Seq) from early DKD patients and control
with three each [Wilson PC et al., 2019]. After processing
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ALH: Ascending loop of Henle; CD-IC: Collecting duct intercalated
cell; CD-PC: Collecting duct principal cell; DCT: Distal convoluted
tubule; DLH: Descending loop of Hence; EnC: Endothelial cell; Mac:
Macrophage; B- and T-cells; DC: Dendritic cells

in cell ranger and Seurat similar with the data of mice we
produced, a total of 12 cell types including PTC, comple-
ment factor H expressing cell (CFH), ALH, DCT, CD-PC,
CD-IC, podocyte (PODO), EnC, mesangial cell (MES),
T Cell, Mac and B Cell were observed (Fig. S4A-D). We
selected cell types that contained more than a hundred cells
in both groups for DKD and Ctrl group difference analy-
sis and combined with our mouse data to investigate the
linear relationship (Pearson correlation coefficient) of
homologous genes in DEG (with significance) according to
log,FC (P adjustment <0.05 & express percentage >20%
& llog,FCI>1). Among them, PTC, DCT, CD-IC and EnC
showed significant correlation (R >0, P <0.05) in the data
of the two species (Fig. S4E). In the data of mice, DEGs
in PTCs of S1, S2 and S3 segments with significance were
represented in the following heatmaps (Fig. 3A—C). In the
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figures, a list of genes was found to be up- or down-regu- 13, 14, and 21, while the decreased ones are 9, 11, and 8.

lated in PTCs of the desired segments consistently within ~ Most of DEGs are newly identified, while several reports
the group. As you see, in PTCs of S1, S2 and S3 segments,  have evidenced that increased expression of dual specific-
respectively, the numbers of increased desired DEGs were ity phosphatase 1 (Duspl, Fig. 3A and C) and G0s2 (GO/

@ Springer



Prediction of cellular targets in diabetic kidney diseases with single-cell transcriptomic... 177

«Fig.3 Genes expressed differentially in PTCs of kidneys between
db/db and control mice and their biological pathways. A-C. Genes
expressed differentially in PTCs of kidneys between db/db and con-
trol mice are summarized. Heatmap depicted DEGs average expres-
sion of each sample scaled by rows to display significant difference
between two groups PTCs. D. The bubble map of enrichment analysis
of up-regulated DEGs in S1-3 segments of PTCs in group of DKD
showed significant (false discovery rate <0.05) GO pathway of bio-
logical process and KEGG pathway. E. It was consistent with the
content in D except that the object of enrichment analysis was down-
regulated genes. F. Top 5 DEGs of each segmented PTCs according
to absolute value of fold change. G. Heatmap displayed the expres-
sion genes scaled by rows in different groups and cell types

G1 switch 2, Fig. 3C) are involved in the pathogenesis of
DKD (Sheng et al, 2019; Zhang et al, 2020; Bai et al, 2019;
Ma et al, 2014; Matsunaga et al, 2016). In addition, eight
genes including Pckl, Atplal, Gm42418, Cox6al, Rpl31,
Rpl36al, Ftll and mt-NdI showed the same difference trend
in S1, S2 and S3.

To further explore the function of DEGs set, we achieved
KEGG and GO enrichment annotation of up- and down-
regulated DEGs, separately (Fig. 3D, E). Biological pro-
cess pathways obtained from the enrichment of up-regulated
genes were mainly concentrated in the response to oxygen-
containing compound, steroid hormone, organonitrogen
compound and metabolism-related pathways like organic
substance metabolic process, metabolic process, and small
molecule metabolic process. The most significant KEGG
pathway with the highest enrichment factor was PCT bicar-
bonate reclamation, which is consistent with the main func-
tion of PTCs. Moreover, the genes and their related meta-
bolic, glucagon signaling, and glycolysis/gluconeogenesis
pathways were also detected (Fig. 3D). Data implicated that
three segmented PTCs may fluctuate in material transporta-
tion, glucose metabolism and immunological stress. In term
of down-regulated gene enrichment analysis, the ribosomal
related pathways, including Rpl31, Rpl41, Rps17 etc., were
annotated in both GO and KEGG enrichments (Fig. 3E).

We selected top 5 DEGs of each segmented PTCs with
the largest value according to absolute value of fold change
between two groups and they were shown in the violin plots
(Fig. 3F). Kap and Pckl had the same tendency of differ-
ence in all three segments of PTCs (Fig. S5A), them are also
found to be associated with DKD.

In RSCEP, CD-PC played a dominant role
in the pathogenesis of DKD

PTCs, which occupy the largest renal population, has been
proved to be involved in the process of DKD above. To
clarify whether renal stromal cells except PTCs (RSCEP)
is also involved, based upon the predecessors (Park et al,
2018), we collated cell-specific gene sets associated with
DKD, metabolite, nephrotic syndrome, and renal tubular

acidosis, and then filtered the genes that were significantly
different (P adjustment <0.05) between all cell types of
Ctrl and DKD groups. Expression of eligible DEGs in the
corresponding cell types between Ctrl and DKD are sum-
marized in Fig. 3G and the multiples, proportions, and sig-
nificance of genes expression in DKD groups were shown
in Table S1 compared with what in Ctrl group. The amount
of DEGs in CD-PCs was found to be the highest among
all RSCEP (Fig. 4A). To elucidate the dynamic changes of
RSCEP in the process of pathology, we conducted trajec-
tory inference (TI) analysis by RNA velocities and results
were shown in trajectory profiles, cell accumulation bars,
and gradient heat maps (Fig. 4B—K). It can be inferred from
TI profiles and cell accumulation bars that the distribution
of all types of renal stromal cell types in different pseudo-
time states with the significant imbalance. Moreover, DEGs
expression of renal stromal cell types exhibited in heatmap
was changed with the passage of pseudotime and divided
into two major clusters. One cluster changed from high to
low, while another one went conversely, suggesting that they
may embody dynamic damage process during the develop-
ment of DKD.

We further figured out the top 5 up- and down-regulated
DEGs each in CD-PC according to the absolute value of
fold changes and the violin figure is shown in Fig. 4L. These
10 genes with the transition of pseudotime changes were
also summarized in Fig. 4M. Among them, expression
levels of Atplal, Sppl, Gm42418, Calbl, and Wnkl were
higher while Rpl13a, Apela, Fxyd4, Ly6e, and mt-NdI were
lower in DKD compared with Ctrl. Some of these ten genes
play their roles in ion transport (eg: Wnkl, Wkn4, Fxyd4),
energy production (eg: Atplal, mt-Nd1) and cellular oxida-
tive stress (eg: Apela) respectively. Not limited to PTCs, all
these gene expression changes suggest that DKD may be a
disaster for RSCEP, especially CD-PC.

Cell communication of multiple cell types in kidneys
of db/db mice

Traditional bulk RNA-Seq could not explore the interac-
tion of different cell types of kidneys in DKD process. To
figure out the potential cellular communication involved in
DKD, we used CellChat Packages to calculate the theorical
cell communication probability of sScRNA-Seq data (Figs. 5
and 6). In the renal cell communication pathway predic-
tion, a total of 2527 interactions were found, among which
DKD (2277) contained significantly more than Ctrl (250)
contained (Fig. 5A), even considering the difference in the
number of cells between groups, the weighted cell communi-
cation strength still maintained the same trend. A total of 54
pathways showed significant differences in communication
intensity between the two groups. Among them, MK, KIT,
CDHS5 and PECAMI1 pathways, which accounted for a small
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«Fig. 4 The cells of DKD group and Ctrl group showed significant dif-
ferences in Pseudotime analysis. A. The table recorded the distribu-
tion of both up-regulated and down-regulated DEGs in all renal cells.
B-K. Trajectory inference obtained by Monocle using RNA velocities
method. These graphs contain three forms of results severally. The
first being, cells were displayed in trajectory dimensionality reduction
colored by group. Second, distributions of renal stromal cells in dif-
ferent states among each sample were shown in a percentage bar chart
respectively. Third, the heatmap showed gene expression (evaluated
by Z-value) as the transition during time dynamics of pseudotime. L.
Top5 up-regulated DEGs and down-regulated DEGs were selected
according to the absolute value of fold change generated by the com-
parison of expression levels between group DKD and group Ctrl in
CD-PC. M. Expression of DEGs in Fig. 4E varied during transition
with pseudotime states of CD-PC

number of pathways, overpowered DKD in Ctrl. However,
the remaining 50 pathways had higher activity in DKD and
contain a large number of immune-related pathways such as
MHC-I [Jiang NM et al., 2018], CCL [Seo W et al., 2020],
IL1 [Mantovani A et al., 2019], IFN-II [Piaszyk-Bory-
chowska A et al., 2019]. Correspondingly, among the four
types of immune cells, we found that the incoming intereac-
tion strength of T Cell and the outgoing intereaction strength
of Mac increased significantly in DKD, and we have found
that these two types of cells were involved in the process of
DKD in the difference analysis. Besides, 25 of them have
been documented to have explicit relationships with DKD.
To verify this result, a similar phenomenon was observed in
a previously published human DKD data set, that is, a large
number of pathways are activated in DKD and associated
with immunity (Fig. S6C). In the human snRNA-Seq data,
pathways LAMININ, SPP1, GDF, VISFATIN, CALCR,
SEMA3, VCAM and EGF show exactly the same trend on
relative information flow as our data (Fig. 5C and Fig. S6C).

Seven communication pathways, including DEGs of
the corresponding cell types, were APP, MHC-1, MHC-II,
SEMA3, SEMA4, SPP1 and VEGEF signaling pathways.
The expression levels of DEGs included in signaling path-
ways among corresponding cell types and groups are rep-
resented in Fig. 6B. Sppl and H2-Q7 were up-regulated
in DKD, while the others were higher in Ctrl. These cell
types involved in the communication pathway of kidneys
(Fig. 6C) revealed that these cell types played specific roles
(e.g., sender, receiver, mediator) in intercellular information
exchange and the color depth of blocks is positively corre-
lated with their importance in cell communication. Chord
chart of these pathways widely presented who and how
these cell types are connected in cellular communication
in Fig. 6D (Only showed the signaling pathways with cor-
responding DEGs. For example, H2-Q7 as a ligand in DEGs
of T Cell, so we only display the corresponding MHC-I path-
way exported by T Cell).

Cd74 appeared in APP and MIF pathway as the DEGs
of Mac, this gene is upregulated in the renal tubules while

the experiment diabetic nephropathy and glomerulonephritis
occur (Valifio-Rivas et al, 2015). Cd74 is positively corre-
lated with inflammatory response and regulates Mac activity
by interacting with MHC proteins for antigen presentation.
Subsequently, Cd44 and Cd74 are combined to activate a
range of immune responses include the secretion of pro-
inflammatory cytokines IL-1, IL-2, IL-6, IL-8, INF-C and
TNF-a increased by CXCR4 (Su et al, 2017), which is a
marker of MIF pathway activation, was also found to be
significantly increased in T cell, B cell and Mac of DKD
group (Fig. 6F).

Spp1 encodes secreted phosphoprotein 1, which is a kind
of Osteopontin (OPN). OPN are usaully expressed in ALH
and DLH, but are highly expressed in PTCs under pathologi-
cal conditions. Sppl is also associated with inflammation
(Mihai et al, 2019), glomerulosclerosis, tubulointerstitial
fibrosis, and nephron loss. In the current study, we found that
Spp1 was one of the five genes that were most up-regulated
in CD-PC in DKD. We further analyzed the SPP1 pathway
and found that Spp/ and related genes were up-regulated
in all of the cell types in DKD (Fig. S4B). Moreover, the
expression levels of Sppl were significantly increased in
CD-IC, CD-PC, DLH and S2 of PTCs (Fig. 6B). Cd44, as
areceptor of Sppl, was found up-regulated in Mac of DKD
(Fig. 6B). Generally, the expression of Cd44 is low in kid-
neys of healthy individuals, but high in the subjects with
renal diseases (Crisi et al, 2009). Furthermore, the activation
of Cd44 can cause the recruitment, invasion and phagocyto-
sis of Mac and neutrophils (Patouraux et al, 2017). Thereby,
Mac may extensively infiltrate and attack the kidney due to
the increased expression of Spp! in renal stromal cells, and
eventually cause nephritis injury.

Mac is generally regarded as the etiological core of
many inflammatory diseases including DKD (Fu et al,
2019a, b). In the current study, we found that Mac and
T cells were involved in MHC I and II communications,
respectively. To a large extent, the inflammatory charac-
teristics of Mac come from their plasticity in different
stages of the inflammatory response, resulting in different
phenotypes and specificity in the diverse stimulation, dis-
ease, tissue and inflammation (Stables et al, 2011). From
Fig. 6D (MHC I and II signaling network), we can roughly
see that Mac had an effect on all renal cells by acting on
T cells. I11b, NfkbI and Nirp3 can be used as biomarkers
for Mac activation, so the expression of these activation
signals was higher in group DKD (Fig. 6E) also showed
that Mac initiated inflammatory response in DKD. Moreo-
ver, I11b is a marker for M1 cells, suggesting M1 is the
dominant subtype of Mac in DKD (there are two subtypes
of Mac in total: M1 and M2. M1 primarily act as a pro-
inflammatory role and M2 play an anti-inflammatory role).
APP, MIF, SPP1, MHC I and II pathways all proved that
Mac, in particular, is the culprit of immune cells in the
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inflammatory response of DKD and may play the role of
initiator in DKD-inflammation rather than B and T cells.
This conjecture is intuitively drawn in the schematic dia-

gram (Fig. 6H).
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We found that down-regulation of Nrpl was extensively
involved in the communication of renal cells (Fig. 6A). This
mechanism may be related to the binding of Nrpl to Vegfa
and the affinity of Vegfr2 (Kdr), the receptor of Vegfa, in
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«Fig.5 Global differences in cell communication pathways were
observed between Ctrl and DKD groups. A. Histogram of the number
and the weighted strength of cell interactions calculated by Cellchat
in Ctrl (blue) and DKD (yellow). B. The bubble diagram showed the
outgoing and incoming interaction strenth comparison of 13 renal
cell types in Ctrl and DKD respectively. C. All significant cell com-
munication signaling pathways were ordered based on differences of
relative information flow between Ctrl and DKD. Blue represents the
Ctrl-riched pathway and yellow represents the DKD-riched pathway.
Black and gray represent whether there is direct documentary evi-
dence of immunity and DKD. D-E: Identify signals contribution of
outgoing and incoming signaling pathways within Ctrl (D) and DKD
(F) groups were depicted by complex heatmap

EnC (Fig. 6G). Data from the current study clearly shown
that Nrpl was lost in EnC of DKD group (Fig. 6B). At the
same group, Vegfa levels in many cell types were increased
(Fig. 6G) and all of them acted on EnC by Kdr (Fig. 6D).
In other words, even though the ligand (Vegfa) and receptor
(Kdr) expression of the VEGF pathway was high in DKD
group, the signaling pathway could not be activated effec-
tively because of the lack of Nrpl.

Variation of DKD in the perspective of gene sets

To better understand the changes of related gene sets rather
than individual gene in kidney cell types and immune cells
of DKD, we performed Gene Set Variation Analysis (GSVA)
based upon the expression matrix of each cell type. Accord-
ing to KEGG, GSEA and PubMed, the 52 gene sets related
to DKD are summarized in Table S2. The GSVA scores for
each sample were presented in the Table S3. A total of 34
gene sets including lysine degradation, oxidative phospho-
rylation, TGF-f and ROS generation etc. were found to have
significant differences among various cells between DKD
and Ctrl groups (Fig. 7A). On one hand, T Cell, ALH and
DCT cells contained the largest number of differential gene
sets among 13 cell types (Fig. 7B-D). On another hand,
lysine degradation, oxidative phosphorylation, TGF-f,
and valine, leucine and isoleucine biosynthesis gene sets
appeared most frequently with significance in various cell
types (Fig. 7E-H).

From the cellular point of view, we found that ALH had
13 different gene sets (Fig. 7C). Significantly, this largest
number of gene sets was related to amino acid metabolism
such as valine, leucine, isoleucine, and scored higher in
DKD. Moreover, the scores of TCA cycle, ROS generation
and hypoxia gene sets were both higher in the pathological
condition, which indicated that ALH in DKD was subjected
to more severe oxidative stress state and there might be oxi-
dative phosphorylation coupling disorder. Hyperglycemia-
related advanced glycation end products (AGEs) can activate
the AGE/RAGE pathway and further induce oxidative stress,
chronic inflammation, and nitrogen production. Data from
the current study implicated that activation of the AGE/

RAGE gene set of T cell was accompanied by activation of
the PI3K/Akt/mTOR, Nitrogen metabolism and Autophagy
gene set of DCT. On the other hand, the activation of Notch
signaling pathway can induce the differentiation fate of CD
cells, and ultimately lead to the increase in CD-PC in CKD.
This is consistent with what T cell could accelerate the dis-
ease course (Figs. 5B and 6D and H).

The gene sets in relation with Lysine degradation, Oxida-
tive phosphorylation, TGF-f, and Valine, leucin and isoleu-
cine biosynthesis showed the most significant occurrences
in various cell types (Fig. 7E-H). TGF-f is an important
factor reflecting the level of inflammation and fibrosis in
DKD (Du et al, 2020). TGF-$ gene set had higher GSVA
score in T cell, B cell, Mac, S1 and EnC of DKD group
(Fig. 7G). In the metabolism-related pathways, biosynthesis
of valine, leucine, and isoleucine has higher scores in six
types of DKD cells, and in our unpublished metabolomic
data, the content of these three branched-chain amino acids
(BCAA) has indeed increased significantly in the DKD
group. Elevated BCAA levels may indicate higher levels of
insulin resistance and dysoxidation of fatty acids.

Discussion

We have used scRNA-seq to analyze transcriptome differ-
ences in db/db mice with DKD compared with non-diabetic
control mice from the cell image at single cell resolution.
In bioinformatics analyses, we made cell annotation based
upon the previous studies. Results from the current study
provides several markers available for renal cell identifica-
tion and clustering. Researchers are welcomed to use the
TransferData function in Seurat to classify your query cells
based upon our Seurat object as reference data.

In further analyses, our data demonstrate that the expres-
sion matrix of PTCs is changed in a specific pattern, includ-
ing inflammatory response, substance metabolism, oxida-
tive stress, hormone regulation and material transport during
the DKD process. KEGG and GO enrichments of DEGs
in PTCs suggest that PPAR (Kim & Park, 2019), MAPK
(Yang et al, 2016), PI3K-AKT (Wang et al, 2019), TNF and
Toll — like receptor signaling pathways may be involved in
the pathogenesis of DKD (Fig. 3D-E). What has long been
overlooked is that disruption of ribosomal gene expression
(Fig. 3E) may cause the compensatory renal hypertrophy
(Northrup et al, 1977) and this phenomenon was observed in
HE stained sections of kidney tissues (Fig. S1C-D). Moreo-
ver, we found eight genes are similarly altered in the course
of disease in all three PTCs, for instance, kidney androgen-
regulated protein (KAP) is a proximal tubule androgen-reg-
ulated gene. Up-regulation of Kap could maintain glucose
metabolism homeostasis, improve hypertension, proteinuria,
and focal segmental glomerulosclerosis (de Quixano et al,
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2017). Pckl encodes cytosolic isozyme of phosphoenolpyru-
vate carboxykinase (PEPCK-C), and this gene is associated
with T2D (Beale et al, 2007). Kap expression was found to
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be consistently increased in 3 segmented PTCs (Fig. 3F),
while Pckl was decreased in 3 segmented PTCs (Fig. 3F).
This finding suggested that Kap and Pckl dysfunction may
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«Fig.6 Cell communication in kidneys of db/db mice. A. The table
shows the names of cell signaling pathways, source cell types and
roles that DEGs participated in cell communication. B. The expres-
sion levels of DEGs involved in cell communication in corresponding
cells between the two groups. C. Calculative contribution and impor-
tance of each ligand-receptor pair to the overall communication,
which reflect the total communication role of every cell type in these
signaling pathways by heatmap. D. Intercellular signaling pathways
of these DEGs were displayed in chord chart. E-G. Violin diagram
of genes related to upstream or downstream of DEGs. F. Schematic
diagram of T Cell and Mac participating in Cell communication in
DKD process

be involved in pathogenesis of kidney injury in DKD. This
also indicates that the cells of these three segments of PTCs
are similarly affected in the process of DKD.

Besides PTCs, we have analyzed other cells and TI data
showed dynamic changes in all renal stromal cells during the
development of DKD (Fig. 4). This may not only contribute
to the discovery of cell-specific predictors in DKD, but also
help us to determine the predictor thresholds. In this process
the DEGs of CD-PC reveals that it has been subjected to
drastic effects, for example, With-no-lysine kinases (WNKs)
regulate electrolyte transport in renal tubules to maintain
potassium homeostasis. Wnkl and Wnk4 are key regula-
tory factors of NCC (Slcl2a3), which can increase sodium
reabsorption in kidneys and lead to the decrease of potas-
sium transport in downstream nephritic units. One previous
study has demonstrated that expression of WNKI, WNK4
and ATPIAI is increased in human CD-PC with terminal
DKD, which is accompanied by an increase in potassium
secretion, an increase in serum creatinine and proteinuria
(Boyd-Shiwarski et al, 2017). Another study with microarray
approach has revealed up-regulated inclusion of Calbl in
the kidneys of mice with DKD (Zhang et al, 2020). The key
gene Calbl, together with Kim-1, Cystatin C and albumin,
covers the most severe injury sites in kidneys and is recom-
mended as a marker of renal injury (Fuchs & Hewitt, 2011).
FXYDs are single span membrane proteins (Sweadner et al,
2003) and five members of this family can regulate the affin-
ity between Na—K-ATPase and sodium ions. Fxyd?2 increases
the affinity of Na—K-ATPase (eg, Slcl2al and Slc12a3) to
potassium ions on the surface of the cell, conversely, Fxyd4
helps the sodium ions bond (Crambert & Geering, 2003).
Loss of Fxyd?2 could further lead to increased glucose toler-
ance, incremental circulating insulin levels and the absence
of IR. Reduction of Fxyd4 in mRNA level reflects the rapid,
dramatic appearance of impaired kidney function. Expres-
sion levels of Fxyd4 in Ctrl group were significantly higher
(4.00 times, Fig. 4L) and the expression level of Fxyd2 in
DKD group was significantly higher (1.8 times, Table S1).
Thus, there may be a disruption of the natrium-potassium
transport balance in CD-PC when the kidney is exposed to
DKD. In an in vitro study, apoptosis, inflammatory response,
mitochondrial ROS, DNA damage in NRK-52E renal tubular

epithelial cells accompanied by decreased expression level
of Apela which encodes a renal petide hormone (ELAB-
ELA). However, the addition of exogenous ELABELA can
inhibit DNA damage and apoptosis, especially the regulation
of C-caspase-related pathways (Li et al, 2020). In another
in vivo trial of mice, 5 consecutive days of Lipopolysac-
charides (LPS) administration resulted in a decrease in
Apela levels and impaired renal function as indicated by an
increase in serum creatinine and an increase in proteinuria
levels (Xu et al, 2020). From another point of view, treat-
ment with ELABELA can reverse these changes by reduc-
ing nephritis, ROS, and apoptosis. All these data indicate
that the expression of Apela in CD-PC is crucial for the
maintenance of normal kidney function. In the current study,
we found that this gene was down-regulated in group DKD
(Fig. 4L), which is a pessimistic signal for CD-PC in DKD.
Briefly, DEGs of CD-PC between DKD and Ctrl groups are
mainly manifested as the disruption of the balance of sodium
and potassium transport and the increase of the production
of pro-inflammatory factors and ROS. These demonstrate
that CD-PC was the cell type most affected by DKD except
for PTCs.

About cell communication in DKD process, the SPP1
pathway was found to be widely activated in CD-IC, CD-PC,
DLH and S2 of PTCs (Fig. 6B—D). High expression of OPN
is known to be associated with proteinuria, reduced creati-
nine clearance rate, fibrosis, macrophage and T cell infiltra-
tion, as one of them, Spp! is no exception (Kaleta, 2019). In
addition to immune factors, the activation of Spp/ in high
glucose environments leads to the transformation of renal
energy source from p-oxidation to glycolysis pathway, which
ultimately leads to ROS production and renal tubulointer-
stitial fibrosis (Shirakawa & Sano, 2020). In another path-
way, balance of the VEGFA/VEGEFR system in EnC cells is
necessary for normal glomerular development and mature
renal homeostasis. The upregulation of this inversely cor-
related marker with albuminuria is associated with vascular
rarefication and renal fibrosis. It has been found that the
activation of this pathway in DKD in EnC is caused by the
communication with neighboring EnC and podocytes (Fu
et al, 2019a, b). In current study, we also found that all renal
stromal cells expressed high levels of Vegfa in DKD and
acted on Vegfr (Kdr) of EnC to achieve abnormal activation
of this pathway (Fig. 6D and G), but immune cells were not
involved at all. In terms of angiogenesis, we found that the
ligand (Vegfa) of VEGF pathway was increased in the DKD
group and the receptor (Kdr) was increased in EnC. Through
cellular communication analysis, we revealed that there is
a strong interaction between Nrpl, Vegfa and Vegfr2. Nrpl
can combine with Vegfa-|¢,/Vegfa-, 45 to increase the affin-
ity between Vegfa and Vegfr2, so Nrpl is a necessary con-
dition for the activation of angiogenesis signaling pathway.
The reduced expression of Nrpl may directly reduce the
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adhesion ability between cells, leading to the destruction of
the glomerular filtration barrier (Bondeva & Wolf, 2015).
Considering that vascular tissues are rich in kidneys, the
blocking of this angiogenesis and cell adhesion pathways is
undoubtedly devastating.

Among immune cells, cellular communication pathways
such as SPP1, MIF, MHC-I and MHC-II well charge with
the role of Mac especially M1 in immune attack on renal
stomal cells. Under the DKD condition, the dominant M1 in
Mac can not only directly attack renal stromal cells through
the SPP1 pathway, but also activate T cells through the
MHC-II pathway, which in turn can further identify other
renal cells through the MHC-I pathway. We indeed observed
a significant increase in the intensity of outgoing pattern of
Mac and incoming pattern of T Cell in DKD in global cell
communication (Fig. 5B).

Limitations

ScRNA-seq is an intricate technique, and there are limita-
tions, such as sequencing coverage bias and low capture effi-
ciency. During the preparation of single-cell suspension, cell
breakage, loss of cytoplasmic RNA and contamination of
mitochondrial DNA may occur in the experiments. In the
current study, we failed to capture and isolate the podocytes
from kidneys of db/db mice because the number of podo-
cytes is small. Thereby, there is no information concerning
podocytes in this report. To fully dissect the complexity of
DKD, further investigation of podocytes by using appropri-
ate research approach has been taken into our consideration.
Due to differences in species, trial batches, and techniques,
there is no complete agreement on gene expression and cell
type between our data of mice set and publicly available
human data set (Fig. S4 & Fig. S6).

In conclusion, the current study of scRNA-seq with db/
db mouse kidneys expands our understanding of renal cells
in DKD in terms of oxidative stress, metabolism, immune
homeostasis, and material transport and provides a large
number of hub DEGs and pathways, which can be used for
further investigation of the pathophysiological process in
DKD.

Material and methods
Animals

BKS.Cg-Dock7m *'* Leprdb/J (db/db) mice (group DKD)
aged 6 weeks were obtained from Cavens Laboratory Ani-
mal Co. Ltd, China. All experiments with the mice were
performed in accordance with the guideline of, and were
approved by, the Institutional Animal Care and Use Commit-
tee at China Pharmaceutical University. All mice were male

and housed in plastic cages with a controlled environment
(22-25°C; 40-50% humidity; and 12-h light/dark cycle)
and free access to regular chow and water. Body weight and
blood glucose levels of the mice were monitored weekly by
glucometer readings. DM was confirmed with blood glu-
cose levels greater than 16.7 mmol/L (Fig. S1A). After then,
mice were placed in metabolic cages weekly to collect urine
for 24 h. Concentrations of urinary albuminuria (UA) were
detected with ELISA quantitative kits (Elabscience Bio-
technology, USA). Urinary albumin excretion rates (UAER)
values in DKD mice from 11 to 21 week were significantly
higher than what in Ctrl (Fig. S1B).

Animal experiment procedures were approved by the
Experimental Animal Ethical Committee of China Phar-
maceutical University, and in accordance with the criteria
described in the NIH Guide for the Care and Use of Labora-
tory Animals.

Preparation of kidney RNA library

The left kidneys of 4 db/db mice were harvested for single-
cell sequencing analyses. To avoid the damage of renal cells
caused by the lysis of red blood cells, a cardiac perfusion
protocol was used to remove red blood cells before kidney
extraction during the preparation of single-cell suspension.
The harvested kidneys were dissociated to single-cell sus-
pension with multi-tissue dissociation kit 1 (Miltenyi Bio-
tec, Germany) and examined with a microscope after 0.4%
Trypan blue coloring. Samples with a survival rate of more
than 80% were selected and the cell concentrations were
adjusted to 1000/pl for RNA library preparation with Chro-
miumTM controller and ChromiumTM single-cell 3’ reagent
version 2 kits (10xGenomics Inc., USA).

Histological analysis of kidneys

The specimens of right kidneys of mice for light microscope
assessment were fixed in 10% neutral buffered formalin,
embedded in paraffin, and cut into 4-pm-thick sections and
stained with H&E reagent. Histology of diabetic kidneys was
examined with a light microscope (Olympus, Japan). We
randomly selected 5 fields from renal HE sections of each
mouse for semi-quantification of glomerular area, interstitial
area of glomerulus, and ratio of vacuolar and staining area
(Fig. S1E-G) using Image-Pro Plus (Version 6.0.0.260).

ScRNA-seq analyses

After reverse transcription in single-cell gel bead in emul-
sions, cDNA library including barcode, unique molecular
identifiers (UMI) and sample index was stored in drikold.
ScRNA seq analyses were completed with DNBseq platform
(BGI, Wuhan Technology Center, China).
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The current scRNA-Seq analyses generated 169 GB
of data. An average of 31,510.14 reads in each cell were
detected, while 2,196.45 genes examined. A minimum cell
survival rate coloring with 0.4% Trypan blue is summarized
in Table S4. According to the cell survival rate, the mito-
chondrial filtration parameter was determined to be 22% for
quality control. After then, 58,259 cells were divided into 13
clusters by Findclusters function for the downstream visu-
alization. High-quality marker genes belong to each cluster
were completed as shown in Fig. S2-3.

Bioinformatics

FASTAQ files of scRNA-seq data were split according to
sample index. Barcode filtering was used to obtain RNA
reads (cDNA insert). RNA reads were then projected onto
the mouse genome from NCBI (assembly GRCm38.p5)
using STAR (Version 2.4.2a) during the construction of 10X
genomic standard output file produced by the Cellranger
(Version 5.0.1) in Ubuntu (16.04.6 LTS). Seurat (Version
3.0.2) were used to process the downstream data (8) and the
followed visualization process in R (Version 4.0.2) was per-
formed. The regression of mitochondrial RNA (mtRNA) was
performed after dimensionality reduction analysis and visu-
alization of clusters was done by using the UMAP method.
In addition, scRNA-seq data of 4 male C57BL/6 mice kid-
neys were adopted from NCBI GEO database (GSE107585)
for no batch effect integration as a control group. In the
process of de-batching, after our and reference data were
processed into normalized expression matrix, the Find Vari-
ableFeature function is used to figure out the top 2000 vari-
able genes for anchor calculation between data sets. Finally,
de-batch integration of data is achieved through the canonic
correlation analysis using Integrate Data function in Seurat.

Subset function to control the quality of each cell (nFea-
ture_RNA >200 & nFeature_RNA <6000 & percent.
mt <22) was then used. After processing the data by Log-
Normalize and ScaleData algorithm, the FindVariableFea-
ture function was applied to screen out feature gene for
subsequent Principal Component Analysis (PCA). The first
20 PCAs were selected to find Cluster function. Dimension-
ality reduction analysis and visualization of clusters were
carried out with the UMAP method. FindAllMarkers func-
tion was further used for identification of the cell types of
clusters. The top high-quality marker gene of each cluster
was selected with VInPlot function analysis, and annotated
through capturing from two databases, mouse cell atlas (9)
and cell marker (10). The annotated clusters were re-named,
and all cells were re-clustered after isolation of PTCs.

To profile detailed cell numbers and the differentially
expressed genes (DEGs) between three groups, some kinds
of cells, such as immune cell, PTCs were selected out in
Subset for re-analysis. DEGs of corresponding cluster
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between three groups were filtered by Findmarker func-
tion while screening criteria were cell expression percent-
age >20% and adjustment P value < 0.05. Subsequently,
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) enrichment information of DEGs
obtained by clusterProfile (Version 4.0.5). After that,
KEGG and GO enrichment bubble diagram was prepared
using ggplot2 packages in R. Pseudotime analysis of Ctrl
to DKD was done through Monocle (Version 2.0.1) so that
the TI results were obtained. The cell communication is
done by referring to the entire CellChatDB.mouse via a
function in CellChat (Version 1.0.0). Finally, GSVA was
be handled by the R package GSVA (Version 1.36.3). The
mouse DEGs were converted by the convert_mouse_to_
human_symbols function in nichenetr (Version 1.1.0), and
the linear relationship between the mouse DEGs and the
human DEGs was fitted by Im function, at the same time
the Person coefficient was calculated. The computation of
human cell communication is consistent with the partial
processing of mice except that the database is CellChat.
human.

Materials and methods

Reagent/Resource  Reference or source Identifier or catalog

number

Experimental models

Mouse: C57 Jackson Lab C57BL/6 J; Cat#
JAX:000,664,
RRID:IMSR_
JAX:000,664
Mouse: db/db Cavens Laboratory BKS.Cg-
Animal Co. Ltd, Dock7m+/+ Leprdb/J
China (db/db); Cati#
2,669,928,
RRID:MGI:2,669,928
Reagent kit
MAU ELISA Kit  Elabscience Bio- E-EL-M0792c
technology
Cr ELISA Kit Elabscience Bio- E-EL-0058c¢

technology

multi-tissue dis- Cat# 130-110-203

sociation kit 1

Miltenyi Biotec

BL707A
PN-1000075

Trypan blue

ChromiumTM
single-cell 3’
reagent version
2 kits

Software/Package

Biosharp

10xGenomics Inc
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Reagent/Resource  Reference or source Identifier or catalog

number

RRID:SCR_021002;
https://github.com/
10X Genomics/cellr
anger

RRID:SCR_007322;
https://satijalab.org/
seurat/

https://github.com/
YuLab-SMU/clust
erProfiler

RRID:SCR_016339;
http://cole-trapnell-lab.
github.io/monocle-
release/docs/

Cellranger 10X Genomics

Seurat satijalab

clusterProfile YuLab-SMU

Monocle2 cole-trapnell-lab

CellChat sqjin https://github.com/sqjin/

CellChat

RRID:SCR_014601;
https://cran.r-proje
ct.org/web/packages/
ggplot2/index.html

RRID:SCR_021058;
https://www.bioco
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