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Proximal Tubule Translational Profiling during Kidney
Fibrosis Reveals Proinflammatory and Long Noncoding
RNA Expression Patterns with Sexual Dimorphism
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ABSTRACT

Background Proximal tubule injury can initiate CKD, with progression rates that are approximately 50%
faster in males versus females. The precise transcriptional changes in this nephron segment during fibrosis
and potential differences between sexes remain undefined.
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Methods We generated mice with proximal tubule-specific expression of an L10a ribosomal subunit pro-
tein fused with enhanced green fluorescent protein. We performed unilateral ureteral obstruction surgery
on four male and three female mice to induce inflammation and fibrosis, collected proximal tubule-specific
and bulk cortex mRNA at day 5 or 10, and sequenced samples to a depth of 30 million reads. We applied
computational methods to identify sex-biased and shared molecular responses to fibrotic injury, including
up- and downregulated long noncoding RNAs (IncRNAs) and transcriptional regulators, and used in situ
hybridization to validate critical genes and pathways.

Results We identified >17,000 genes in each proximal tubule group, including 145 G-protein—-coupled
receptors. More than 700 transcripts were differentially expressed in the proximal tubule of males versus
females. The >4000 genes displaying altered expression during fibrosis were enriched for proinflam-
matory and profibrotic pathways. Our identification of nearly 150 differentially expressed proximal
tubule IncRNAs during fibrosis suggests they may have unanticipated regulatory roles. Network analysis
prioritized proinflammatory and profibrotic transcription factors such as Irf1, Nfkb1, and Stat3 as drivers
of fibrosis progression.

Conclusions This comprehensive transcriptomic map of the proximal tubule revealed sexually dimorphic
gene expression that may reflect sex-related disparities in CKD, proinflammatory gene modules, and
previously unappreciated proximal tubule-specific bidirectional IncRNA regulation.
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less well understood but are of considerable interest because
such pathways represent potential therapeutic targets. Increas-
ing evidence implicates epithelial cells, in particular those of the
proximal tubule (PT), as fibrosis-initiating cells. More expres-
sion quantitative trait loci for CKD are expressed in the PT than
any other epithelial cell type.* Both ischemic and toxic insults to
the kidney primarily affect the PT and these insults—whether
genetic, ischemic, toxic, or otherwise—lead to adaptive and
maladaptive cellular responses including cell cycle arrest, met-
abolic reprogramming, and secretion of profibrotic and proin-
flammatory factors leading to myofibroblast activation.>~7
Both PT dysfunction and the secreted factors that are a conse-
quence of the response to epithelial injury represent logical
therapeutic targets to slow progression in CKD.

In part because they are unbiased, transcriptomic studies rep-
resent a powerful approach to better understand kidney disease.
Bulk kidney transcriptional profiling has revealed core gene ex-
pression signatures in diabetic kidney disease, AKI and transition
to chronic disease, unilateral ureteral obstruction (UUQO), and
new roles for B lymphocytes in dysfunctional kidney repair.8-11
Cell-specific transcriptomic studies are increasingly favored over
bulk approaches. Fluorescence-activated cell sorting can gener-
ate cell-specific transcriptome data, but is limited by the require-
ment for surface antibodies and the cellular dissociation and
FACS procedure itself, which induces transcriptional stress re-
sponses.!2 Recently, single cell RNA-sequencing (scRNA-seq)
approaches have been applied to understand mammalian kid-
ney development and adult kidney in health and disease.13-16
Although these are very powerful approaches, they still detect
only the more highly expressed genes in a cell and may miss low
to midlevel gene expression compared with cell-specific bulk
RNA sequencing (RNA-seq).

The aim of our study was to generate a comprehensive and
unbiased inventory of gene expression changes in the PT during
fibrosis to serve as a scientific resource. We have previously vali-
dated translating ribosome affinity purification (TRAP) as a pow-
erful means to generate cell-specific transcriptional profiles from
podocytes and myofibroblasts in health and disease as well as the
transcriptional response of all nephron epithelia to acute injury and
repair.17-19 We applied TRAP to the cortical PT in health, fibrosis,
and between sexes, and compared it to whole cortex mRNAs. We
report substantial differences in gene expression between male
and female mice exist in healthy PT. We also define major proin-
flammatory gene modules upregulated in the PT after injury,
implicating this cell type as a key driver of fibrosis. Finally, we
report that over 143 long noncoding RNAs (IncRNAs) undergo
both up- and downregulation in the PT, suggesting unappreciated
cell-specific regulatory roles for IncRNAs in renal fibrosis.

METHODS
Animals

Sle34a1-GFPCreERT2 and R26-EGFP-L10a mouse lines were
generated as described.!®20 All animal care and experimental
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Significance Statement

Having a comprehensive transcriptional profile of the proximal tu-
bule in health and fibrosis would likely enhance understanding of
fibrosis and perhaps help explain why CKD progresses more quickly
in males versus females. To obtain a more complete picture of gene
expression in the proximal tubule, the authors performed deep
translational profiling of this segment in a mouse model of kidney
fibrosis. Their findings demonstrate substantial sex differences in
transcripts expressed in proximal tubule cells of males versus fe-
males, and indicate that the proximal tubule drives fibrosis through
inflammatory and profibrotic paracrine signaling. The study also
identified 439 long noncoding RNAs expressed in the proximal
tubule, 143 of which undergo differential regulation in fibrosis,
suggesting that this type of RNA has unanticipated regulatory roles
kidney fibrosis.

protocols were conducted in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the
Washington University in St. Louis (number 20180070). We
crossed homozygous Sic34al-GFPCreERT2 against homozy-
gous R26-EGFP-L10a mice to generate compound heterozy-
gous Slc34al-GFPCreERT2; R26-EGFP-L10a mice (hereafter
referred to as SLC34al-eGFPLI10a. Adult mice (8—12 weeks old)
were used for all experiments. Tamoxifen (Sigma-Aldrich,
St. Louis, MO) was dissolved in 3% (vol/vol) ethanol contain-
ing corn oil at a concentration of 10 mg/ml. To activate expres-
sion of eGFP-L10a in PT, mice received two doses of 3 mg of
tamoxifen gavage over 3 days. This achieved >90% recombi-
nation in the cortical PTs.20 Ten days after the last dose of
tamoxifen, mice underwent left UUO surgery, as previously
described.!> Mice were euthanized and UUO and contralateral
kidney (CLK) were harvested at 5 or 10 days after the surgery.
Each group included three female and four male mice.

TRAP and RNA-Seq

Purification of polysome-bound RNA from kidneys was per-
formed according to our published reports!®19 and the orig-
inal publication.?! RNA integrity was assessed using an RNA
PicoChip (catalog number 5067—1513; Agilent Bioanalyzer).
The Clontech SMARTer library kit (Takara Bio USA, Mountain
View, CA) was used for cDNA library construction. Seven
libraries were prepared in each group (three from female
and four from male mice) and sequenced by HiSeq3000 to a
depth of 30 million reads per sample. Reads were aligned to
mm1l0 (Ensembl release 76) with STAR version 2.0.4b.22
Gene counts were derived from the number of uniquely
aligned unambiguous reads by Subread:featureCount ver-
sion 1.4.5.23 Transcript counts were produced by Sailfish
version 0.6.3. Sequencing performance was assessed by
measuring the total number of aligned reads; total number
of uniquely aligned reads, genes, and transcripts detected;
ribosomal fraction known junction saturation; and read
distribution over known gene models with RSeQC version 2.3.%
Bioinformatic analyses were carried out as described in
Supplemental Methods.

JASN 31: 23-38, 2020


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019040337/-/DCSupplemental

In Situ Hybridization

For each gene of interest, 400- to 800-bp DNA fragments were
synthesized by PCR of cDNA with a 5" SP6 promoter and a
3’ T7 promoter. Primer sequences are in Supplemental Meth-
ods. In situ hybridization (ISH) was performed in RNase-free
conditions according to a published protocol® with modifica-
tions. Briefly, 15 um frozen tissue sections were fixed in 4%
paraformaldehyde/PBS overnight at 4°C, permeabilized with
Proteinase K (10 pg/ml) for 20 minutes, postfixed, and incu-
bated in acetylation solution (0.375% acetic anhydride) for
10 minutes. Slides were then incubated with digoxigenin-
labeled sense or antisense riboprobes (0.5 ug/ml riboprobes
in hybridization buffer of 50% formamide, 50 wg/ml yeast
transfer RNA, 1% SDS, 50 ug/ml heparin, and 5X SSC) at 68°C
overnight. Hybridization was followed by stringency washes,
blocking (2% blocking reagent in PBS; Roche), and incubation
with anti—digoxigenin-alkaline phosphatase antibody (catalog
number 11093274910, 1:4000; Roche) overnight at 4°C. After
washing, sections were treated with NTMT solution (100 mM
sodium chloride, 100 mM Tris pH 9.5, 50 mM magnesium
chloride, 0.1% Tween 20, 2 mM tetramisole) for 10 minutes.
The final reaction was developed by adding chromogenic
substrate (BM Purple, catalog number 11442074001; Roche)
for 1-7 days until sufficient staining intensity was reached
or signals started to appear in the negative control sections
incubated by sense riboprobes. Sections were fixed by 4%
paraformaldehyde/PBS again and then mounted by mounting
medium (ProLong gold; ThermoFisher). Images were captured
with a 20X objective on a Zeiss Axio Scan Z1.

Immunofluorescence Staining

After fixation in 4% paraformaldehyde/PBS for 90 minutes,
kidney specimens were immersed in 30% sucrose/PBS overnight
at 4°C, embedded in Tissue-Tek optimal cutting temperature
compound (Miles Inc., Elkhart, IN) in liquid nitrogen, and
stored at —80°C until cryostat sectioning.

Cryopreserved sections (6 um) were subsequently washed
in PBS for 10 minutes, permeabilized by 0.25% Triton X-100/PBS
for 10 minutes, and blocked with 5% BSA for 60 minutes
at room temperature. Sections were incubated with chicken
anti-GFP antibodies (catalog number GFP-1020, 1:300; Aves,
Tigard, OR) at 4°C overnight. On the next day, the sections
were washed twice in 0.1% Tween 20/PBS for 5 minutes each
and then incubated with Alexa Flour 488—conjugated donkey
anti-chicken antibody (catalog number 703-545-155, 1:200;
Jackson ImmunoResearch) and Cy3-conjugated anti-mouse-
aSMA antibody (catalog number C6198, 1:400; Sigma-Aldrich)
for 1 hour at room temperature. After three washes in 0.1%
Tween 20/PBS for 5 minutes each, sections were colabeled
with 4’,6-diamidino-2-phenylindole (1:1000; Invitrogen)
and mounted with ProLong Gold. The primary antibodies
were omitted in sections as negative controls. Images were
captured and processed using a confocal microscope
(Eclipse Ti, Nikon). Sections were examined in a blinded
fashion.
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Real-Time PCR

c¢DNA was synthesized by reverse transcription from extracted
RNA by iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA). Expression of target genes was determined
by real-time quantitative PCR using the iTag SYBR Green
Supermix and the iQ5 Multicolor Real-Time PCR Detection
System (Bio-Rad). Glyceraldehyde-3-phosphate dehydroge-

nase was used as the internal control.

Data Availability

RNA-seq data for all samples have been deposited in the Gene
Expression Omnibus (GSE125015). To increase rigor and re-
producibility, the raw sequencing data as well as analysis files
generated as part of this study were also uploaded into the (Re)
Building a Kidney consortium database and are fully accessible
at https://doi.org/10.25548/16-E08W.2>

RESULTS

Translational Profiling of the PT during Fibrosis

We generated Slc34al-eGFPL10a mice, performed UUO sur-
gery, and euthanized mice at day 5 or 10 (Figure 1, A and B).
eGFP-L10a expression was exclusively localized to the PT in
a typical ribosomal nucleolar pattern (Figure 1C). At day 10
of UUQ, Acta2 («SMA) expression was dramatically induced
in the interstitium as expected (Figure 1D). RNA quality from
TRAP was excellent among all groups (average RNA integrity
score of more than nine, Supplemental Figure 1A). We se-
quenced each sample to a depth of 30 million reads, enabling
detection of >17,000 genes per sample (Supplemental Table 1
and Supplemental Figure 1A). This is more than twice the gene
detection at less than half the sequencing depth compared
with a recent report of bulk RNA-seq of microdissected
PT which could detect approximately 7300 transcripts in
the S1 and S2 segments (Supplemental Figure 1B and C).2¢
There was a strong correlation between the biologic replicates
in each group (Supplemental Figure 1D), suggesting high
reproducibility across experiments.

Multidimensional scaling (MDS) analysis did not distin-
guish between sex or disease time points (day 5 UUO and
day 10 UUO), whereas robust differences were detected be-
tween the sample types (PT or total cortex) and disease state
(CLK and UUO; Figure 1E). As shown by the scatterplot of
the whole translatome (Figure 1F) and quantitative PCR of
selected genes (Figure 1G), PT samples were appropriately
enriched for PT markers as expected (Slc34al, Slc5a2, and
Slc2a2) but not other kidney-type markers (e.g., Nphsl and
Synpo for podocytes, Agp2 and Aqp4 for collecting duct,
Collal and Acta2 for myofibroblasts, Slc12al and Umod for
loop of Henle, and Pecaml and Emcn for endothelial cells).
Compared with total cortex, 119 transporters and ion channels
were significantly enriched in the PT samples (false discovery
rate [FDR] <0.05, Supplemental Table 2), consistent with the
physiologic role of the PT in the kidney.
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Figure 1. Successful translational profiling of PT using the SLC34a1-eGFPL10a line. (A) Schematic illustrating the experimental work
flow. (B) Trichrome stain showing collagen deposition in the kidney interstitium (male mice) after day 5 (D5UUQ) and 10 (D10UUO)
UUO. (C) Perinuclear and nucleolar expression of eGFP in PT (male mice), a pattern consistent with ribosomal location. Scale bar,
50 um. (D) Immunofluorescence staining shows a strong induction of interstitial «SMA in the UUO kidney (male mice) and no
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TRAP Reveals Sexually Dimorphic

Gene Expression in PT

MDS analysis on the PT samples showed no difference between
day 5 and 10, so we combined those time points. The combined
PTsamples were separated based on both healthy versus disease
and male versus female (Figure 2A). A total of 1013 genes were
differentially expressed between male and female in healthy
PT (FDR<0.05), and the number of differentially expressed
genes (DEGs) was linearly correlated with the cutoff set for
fold change (R°=0.97; Supplemental Figure 2A). When log,
fold change was set to >1 and less than — 1 for up- and down-
regulated genes, we detected 748 genes were differentially
expressed between sexes (Supplemental Figure 2B). The vast
majority of these sex-specific genes (approximately 95%) were
located in autosomes rather than sex chromosomes (Figure 2B).
In addition, 64.8% of these genes were also differentially
expressed during UUO (Figure 2C, Supplemental Table 2).
We validated two of these genes by ISH (male, Cndp2; female,
Hao2) (Figure 2D) and additionally by reanalysis of published
scRNA-seq data sets (female, Kynu and Rdh16; male, Ceslf,
Cyp4bl, Slc22a30, and Cyp2el; Figure 2E, Supplemental
Table 3).151627 These expression differences may reflect some
of the known sex-related disparities in CKD epidemiology?®
and progression.?®

PT Gene Signatures of Fibrosis

There were >4000 genes with altered PT expression after ob-
struction (Figure 3A). About 80% of the DEGs were shared
between day 5 and 10 UUO versus CLK (Supplemental Figure
3A), suggesting most of the transcriptional changes occurring
in this model of fibrosis happen by day 5, although we cannot
exclude the contribution of changes in RNA stability. We
observed a very similar trend when comparing day 5 versus
day 10 whole cortex (Supplemental Figure 3B).

We validated expression of four upregulated genes (Cstb,
§100a10, Carhspl, and RhoC) in fibrotic PT by ISH (Figure
3B). None of these genes have known roles in the kidney. CstB
encodes cystatin B, a protease inhibitor of lysosomal cathep-
sins with antiapoptotic and anti-inflammatory actions in the
brain and immune system.3° S100a10 encodes a plasminogen
receptor that binds to plasminogen and facilitates its activa-
tion to plasmin, a protease that regulates matrix remodeling.
Intriguingly, S$100a10 has been shown to promote mesenchy-
mal transition of epithelial cells in cancer models.3! Carhspl
encodes calcium-regulated heat stable protein 1 containing a
cold-shock domain and two RNA-binding motifs.3? It binds to
the 3" untranslated region of TNF-a mRNA, doubling transcript
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t1/, and increasing TNF-« proinflammatory signaling.33 Finally,
RhoC encodes Ras homolog family member C, a small GTPase
that regulates cell motility, cell division, and protein trafficking.
Although RhoC has never been described in the kidney, Rho-
kinase inhibitors are known to be antifibrotic.>* We observed
strong downregulation of genes expressed in differentiated ep-
ithelia. Slc22a8, also known as organic anion transporter 3, is
strongly expressed in cortical PT, but after UUO it was almost
undetectable (Figure 3B).

We next quantified the added specificity that PT TRAP
provides compared with profiling of whole cortex. We com-
pared the DEGs identified in the PT to those identified in the
whole cortex. Of the DEGs from fibrotic PT, 22.7% were not
differentially expressed in whole cortex (Figure 3C, Supplemental
Figure 3C). By contrast, 26.3% of the DEGs from whole cortex
did not change in PT (Figure 3D, Supplemental Figure 3C). Thus
PT-specific profiling by TRAP is both more sensitive and more
specific than bulk cortex profiling, despite the fact that PT
makes up the majority of cortical cell mass.

We then compared the disease genes identified in this study
to the disease signature identified in our prior TRAP data using
a Six2-eGFPL10a line. Although this comparison was limited
because these two data sets were generated from different Cre
driver lines (Slc34a1-CreER™ versus Six2-Cre), different animal
models (UUO versus ischemia reperfusion injury [IRI]), and
different profiling platforms (RNA-seq versus microarray);
we found 64.9% of disease DEGs identified in the Six2 data
set (IRI versus sham) were detected by this study (UUO versus
control) (Supplemental Figure 4A). We then performed gene
ontology (GO) analysis separately on the upregulated DEGs
unique to Six2 TRAP, unique to Sic34al TRAP, and shared by
both (Supplemental Figure 4B). Interestingly, the top enriched
terms for the Six2 DEGs, Slc34al DEGs, and shared DEGs were
apoptosis, inflammation, and fibrosis, respectively (Supple-
mental Figure 4C). These results are consistent with the tubular
disease phenotypes we expect for IRI and UUO.

PT Gene Signatures for Epithelial-to-Mesenchymal
Transition, Fatty Acid Metabolism, Hedgehog
Signaling, and G protein—coupled receptors

Our comprehensive data set can be used to assess the role of
the PT in fibrogenesis. Tubular epithelia were once thought
to directly contribute to the interstitial myofibroblast pool in
fibrosis through a process of “full epithelial-to-mesenchymal
transition” (full EMT). Lineage tracing data have disproven
that hypothesis, although epithelia do take on a mesenchymal
phenotype within the tubule.3>-3¢ We selected candidate

expression in eGFP-positive proximal tubular cells. (E) Sample clustering in MDS plot. Scale bar, 50 um. (F) Robust enrichment of PT-specific
genes through scatterplot of normalized expression values in bound RNA (PT) versus unbound RNA (whole cortex). (G) Validation of cell
type specificity of the SLC34a1-eGFPL10a line using quantitative PCR. PT markers, Slc34a1, Slc5a2 (Sglt2) and Slc2a2 (Glut2); podocyte
markers, Nphs1 and Synpo; loop of Henle markers, Slc12a1 and Umod; collecting duct markers, Agp2 and Agp4; endothelial markers,
Emcn and Pecam1; myofibroblast markers, ColTaTand ActaZ. Statistical analysis was performed using one-way ANOVA to compare data
among groups (four male mice per group). Ab, antibody; CPM, count per million; DAPI, 4’,6-diamidino-2-phenylindole.
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Figure 2. TRAP reveals sexually dimorphic gene expression in PT. (A) MDS plot shows separation of the PT TRAP samples by disease
and sex. (B) Chromosomal distribution of sexually dimorphic genes (FDR<0.05, log fold change >1 or less than —1). (C) Heatmap
visualizing the sex-specific genes that are differentially expressed in UUO kidney. (D) Sex-specific expression pattern of Cndp2 and
Hao2 validated by RNA ISH. Red boxes indicate region enlarged. (E) Reanalysis of published scRNA-seq data sets confirms the specific
expression of Kynu and Rdh16 in female PT, and Ces1f, Cyp4b1, Slc22a30, and Cyp2eT in male PT. Statistical analysis was performed
using the Welch t test to compare data between sexes. D5, day 5; D10, day 10.
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Figure 3. Validation of PT-specific injury signature in fibrosis. (A) Volcano plots revealing widespread gene expression changes in PT
beginning at UUO day 5 (DSUUO). Longer kidney obstruction time (day 10 [D10UUQ]) altered the PT transcriptome only minimally. (B)
RNA ISH of select PT injury responsive genes identified from TRAP analysis. Representative images were obtained from female kidneys.
Red boxes indicate region enlarged. (C) Heatmap illustrating genes whose expression are altered in fibrotic PT but not detected in
whole cortex. (D) Heatmap of expression profiles in all samples for DEGs that are changed during UUO in whole cortex but not in the

PT. FDR<O0.05, log fold change >1 or less than —1.

EMT markers, including Snail, Snai2, Twist, and various
matrix metalloproteases and collagens and visualized their
expression in PT versus whole cortex. UUO significantly
altered the expression of these EMT markers in both PT and
whole cortex (Supplemental Table 2), but the expression level
of these genes in the UUO kidney was much lower in PT than

JASN 31: 23-38, 2020

in whole cortex (Figure 4A, Supplemental Figure 5A),
suggesting a trivial contribution of tubular EMT to kidney
fibrosis. Concordant with this result, reanalysis our UUO
scRNA-seq data revealed that fewer than 3% of PT cells ex-
pressed the EMT markers (Acta2, Collal, Col3al, Fnl, and
Mmp2) in the UUO kidney compared with the healthy control
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Figure 5. A strong proinflammatory gene expression signature is detected in PT during kidney fibrosis. (A) Pathway analysis using the DEG
lists from PT (day 5 UUO [D5UUQ] versus CLK and day 10 UUO [D10UUQ] versus CLK). (B) Ligand-receptor analysis illustrating the interaction
between PT and other cell types in the cortex. Heatmap showing the expression of cytokines/growth factors in PT (left) and their cognate
receptors in the whole cortex (right). Straight lines connect the ligand-receptor pairs. (C) Reclustering of proximal tubular cells from day 14 UUO
scRNA-seq data set identifies five PT subtypes including a subcluster expressing inflammatory markers. (D) Pathway analysis using the marker
gene list from the inflammatory PT cluster. (E) Deconvolution of the subtype composition in the PT TRAP samples using the molecular signature
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(Supplemental Figure 5B), and no mesenchymal transition state
was identified in the PT subtypes of the day 14 UUO kidney.
We then tested if our TRAP data supported defective fatty
acid metabolism in PT during UUO, because this has recently
been shown to contribute to fibrosis progression.>3” Gene set

JASN 31: 23-38, 2020

enrichment analysis using DEGs revealed the majority of fatty
acid metabolism-related genes were enriched in the CLK group
(Figure 4B), with 83.3% of the genes in this GO term (60 of 72)
significantly downregulated in the tubular fraction of the UUO
kidney (Figure 4C).

31

Proximal Tubule Transcriptomics


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019040337/-/DCSupplemental

| BASIC RESEARCH | www.jasn.org

A @ AllIncRNA (439) Other genes Log2FC =1 or -1 B
@ UpIncRNA (79) @ Down IncRNA (64) Log2FC =0 Multi-dimensional scaling (MDS) using IncRNA
8 [ ]
- PT UUO vs CLK ®
. e )
[ ]
ol 0.5 A 0... Group
o o e PT.CLK
£ _ . o Total.CLK
z " g o e PT.D5UUO
2 04 5 T 0.0 $ ,° | e TotalD5UUO
§, o ’. “ e PT.D10UUO
© Total.D10UUO
-4 s ° ®
-0.5
.Qo‘ ®
[ ]
0 5 10 15 -1.0 -0.5 0.0 0.5 1.0
Average expression (log2RPKM) Dim1
c Control uuo
anti-sense probe sense probe anti-sense probe sense probe
f00pm | | Z00pm T00pm TR A To0pm
© i i
T R
<
=y B
w
‘lmm- 1mm
200pm ~100pm
L
Ty
[s2] bt
- 2 vy e
3L : o
Y}
£ ~
(O] .
Bs) s
Sliect 4 4l :,___i.&-
S Amm

IrXSAI‘;knoXZ{\IOXSap Dig4 Grk5 Maccl Rnf150 Fegr2b Kenji5 Nr2fl Ptgfrn Cx3cr1 Wdr6 Fgd3 Xaft Isoc2a Lpl  Trimi2c

CLK (M)
CLK (F)
D5UUO (M)
D5UUO (F)
D10UUO (M)

Figure 6. Many IncRNAs are detected and undergo differential regulation in PT during fibrosis. (A) MA plot displaying the differentially
expressed IncRNAs in PT (UUO versus CLK). (B) MDS plot for the PT TRAP samples according to INcRNA expression profiles alone. (C)
ISH validates two PT IncRNAs selected from the DEG list (UUO versus CLK). Data were obtained from male kidneys. Red boxes indicate
region enlarged. (D) Network approach to show the protein coding mRNAs that might be targeted by Snhg18 and Gm20513. Nodes
are IncRNAs (circle) and their target mRNAs (square). Edge sizes are determined by the energy (absolute log scale) required for

32 JASN JASN 31: 23-38, 2020



There is controversy within the literature regarding whether
PT upregulates Indian hedgehog (Ihh)3® or sonic hedgehog
(Shh) after injury. We clearly identified upregulation of PT
Ihh,38 whereas Shh was expressed at almost undetectable levels
at baseline and subsequently underwent downregulation after
UUO, despite reports to the contrary (Figure 4, D and E).39:40

G protein—coupled receptors (GPCRs) constitute the larg-
est family for approved drugs, with a third of the 364 human
endo-GPCRs serving as targets for approved drugs.4! We ex-
amined GPCR expression in PT and identified 132 GPCRs
expressed at baseline. Of these GPCRs, 91 underwent up- or
downregulation during fibrosis, and 13 additional GPCRs
were expressed de novo during fibrosis (Supplemental Table 2).
Of these 13 de novo upregulated GPCRs, four of them send
proinflammatory signals in response to their ligands, including
the formyl peptide receptor Fpr2, the chemokine receptor
Cxcr3, the free fatty acid receptor Ffar2, and the sphingosine-
1-phosphate receptor Sipr4. Intriguingly, Ffar2 also regulates
energy metabolism as does another of these upregulated recep-
tors, the chemokine-like receptor 1 Cmklr1, suggesting possible
mechanisms underlying the metabolic switch in PT during
fibrosis (Figure 4C).

PT Acquires a Proinflammatory Phenotype

during Fibrosis

Previous studies implicate immune cell infiltration in the pro-
gression of kidney fibrosis in the mouse UUO model.42-44
Consistent with these studies, analysis of the total cortex sam-
ples detected a variety of markers for various immune cell
types (B cells, CD4" T cells, CD8" T cells, CD14" monocytes,
dendritic cells, CD16" monocytes, megakaryocytes, and natural
killer cells) that were all upregulated during UUO (Supplemental
Figure 6C). We hypothesize proximal tubular cells play an
important role in recruiting the immune cells to the fibrotic
kidney by secretion of cytokines and chemokines. To test this
hypothesis, we performed pathway enrichment analysis on the
upregulated DEGs identified from UUO versus CLK using the
ToppFun Suite. This highlighted differential regulation of two
key pathways in PT during fibrosis: immune response and
inflammation (Figure 5A). Receptor-ligand analysis re-
vealed very robust proinflammatory (Ccl2, -5, -7, -8, -12,
IL34) and profibrotic (Pdgfa, Pdgfb, Pdgfd, Tgfb) ligand up-
regulation in PT (Figure 5B), with their cognate receptors
expressed in whole kidney, implicating PTas a central driver
of the inflammatory and fibrotic cascade.

Integrative analysis of our previously published scRNA-seq
of PT in UUO!'> confirmed the strong induction of 1134 and
Pdgfd during kidney fibrosis (Supplemental Figure 6A).
Furthermore, a separate cluster in the day 14 UUO data set
was classified as a PT subtype that acquired a proinflammatory
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transitional state based on the expression of unique signatures
identified from unsupervised clustering analysis (Figure 5C).
Very similar pathways were identified in this proinflammatory
PT cluster (Figure 5D) compared with the pathways we have
observed to be enriched in the UUO TRAP (Figure 5A). To
validate the existence of these PT subtypes in our TRAP
samples, we applied the BSEQ-sc algorithm to estimate cell
heterogeneity within each TRAP group from the UUO kidneys,
based on the PT-subtype signature identified from scRNA-seq
analysis of the day 14 UUO kidney. This revealed a consistent
fraction of these subpopulations in the PT from scRNA-seq and
TRAP (Figure 5E, Supplemental Figure 6B).

Identification of Differentially Expressed IncRNAs
during Fibrosis

IncRNAs are a very large (up to 30,000 different IncRNAs in
humans) and diverse class of transcribed RNAs of longer than
200 nucleotides. They do not encode known proteins, and
regulate gene expression through diverse mechanisms.
IncRNA expression is regulated developmentally, in a tissue-
and cell-specific fashion as well as in disease. In a bulk kidney
transcriptomic survey, Arvaniti et al.4> found that UUO al-
tered the expression of 126 IncRNA genes, 77 of which were
intergenic IncRNAs. We could reproduce 63.6% of these inter-
genic IncRNAs when we compared the mRNA expression in
whole cortex between UUO and control using the same sig-
nificance threshold (FDR<C0.05). But we also identified an
additional 183 differentially expressed IncRNAs not identified
by Arvaniti and colleagues (Supplemental Figure 7A). Because
recent studies have reported that IncRNAs can be pulled down
by TRAP,4%47 we examined IncRNA expression in PT. A total
of 439 IncRNAs were identified in our PT data set (Figure 6A).
Differential gene analysis revealed 79 upregulated and
64 downregulated IncRNAs in PT during UUO compared
with control (Figure 6A). Strikingly, MDS analysis using
the IncRNAs grouped the samples in the same way as when
using the whole translatomes (Figures 1E and 6B), suggest-
ing the ribosome-bound IncRNAs are expressed in a highly
cell-specific fashion both in health and fibrosis.

RNA ISH analysis of Snhgl8 (average reads per kilobase
of transcript per million mapped reads, 87.1) and Gm20513
(average reads per kilobase of transcript per million mapped
reads, 1.0), two representative IncRNAs with high expression
and low expression, respectively, confirmed the expected
UUO-induced expression patterns (Figure 6C, Supplemental
Figure 7B). Because a major role of ribosome-bound IncRNA
is regulation of mRNA translation,*® we next determined the
potential target mRNAs that were regulated by Snhgl8 and
Gm20513. Using a computation prediction tool (http://
rtools.cbrc.jp/LncRRIsearch/), we were able to rank the target

IncRNA-mRNA interaction (LncRRI tools). Heatmap showing the target genes that are differentially expressed in PT during UUO. D5UUQO,
5 days after UUO; D10UUO, 10 days after UUO; F, female; log2FC, log, fold change; M, male; RPKM; reads per kilobase of transcript per

million mapped reads.
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mRNAs that interacted with Snhgl8 and Gm20513 based on
their known expression in PT, although it should be empha-
sized that these tools can be inaccurate and should be viewed
as a means to generate hypotheses. The expression of some of
these target genes were also altered by UUO (Figure 6D), sug-
gesting but not proving the possibility that translation of these
genes might be regulated by IncRNA during fibrosis. Detailed
annotations for putative target genes for Snhgl8 and Gm20513
revealed that some of these genes were related to proinflam-
matory responses such as Fcgr2b, Cx3crl, Lpl, and Alox5ap
(Supplemental Table 4). Lpl was also involved in fatty acid me-
tabolism; Fcgr2b and Lpl were also members of the profibrotic
GO terms including extracellular region and extracellular space
(Supplemental Table 4).

Data-Driven Analysis Identifies Key Transcription
Factors that Drive Disease Progression in Kidney
Fibrosis
We next sought to identify the key drivers controlling disease
progression in kidney fibrosis. We implemented a data-driven
approach, Monocle,* to order the TRAP samples in pseudo-
time based on global gene expression changes rather than time
point. In this analysis, samples were not ordered according to
time point or sex, revealing heterogeneity between samples
from the same time points (Figure 7A). We could validate
the pseudotemporal ordering of the global gene expression
by examining expression of known fibrosis regulators on the
pseudotime trajectory (Stat3°° and NfkbI;>! Supplemental
Figure 8, A and B). We then performed a differential gene
test across pseudotime and highlighted the top transcription
factors derived from the DEG list (Figure 7B). We then used a
regulatory network approach, the Mogrify algorithm (http://
www.mogrify.net),>2-53 to rank these transcription factors
according to importance. This implicated a number of pre-
viously unrecognized transcription factors such as Maff, KIfe,
and Creb5 as well as a variety of transcription factors known
to play roles in kidney injury, such as Stat3,°° Nfkb2,>! Irfl1,>*
Egr1,55 and Jund>® (Figure 7C). Notably, the top transcrip-
tional regulators control inflammation (e.g., Stat3, Nfkbl,
Nfkb2, and Irfl), whereas transcription factors that regulate
EMT did not increase in expression (Bach1, Prrx1, Tcf12, Nfix,
and Zeb1) as predicted by the Mogrify algorithm (Figure 7D).
In addition, we identified 150 NF-«B target genes that were
markedly upregulated in PT after UUO (Supplemental Table 2).
Finally, we performed motif enrichment analysis in the
*+10-kbp region surrounding the transcription start site of
the DEGs (see Methods) to identify candidate transcription
factors that might be driving differential expression. The
three binding motifs significantly enriched in 527, 178,
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and 87 DEGs, respectively, were for Nfkbl, Runxl, and
Irfl (Figure 7E, Supplemental Table 5). These three motifs
were also identified by the Mogrify algorithm, providing
independent confirmation for their potential importance
in regulating fibrosis.

DISCUSSION

In this study, we tested the hypothesis that TRAP could
provide enhanced sensitivity and specificity for PT gene
expression detection to better define the role of this cell
type in renal fibrosis. The results demonstrate that TRAP
outperforms bulk as well as microdissection approaches.
Whole-cortex profiling will miss about a quarter of the
DEGs in PT, while also identifying another quarter of genes
that are differentially expressed but are not expressed in PT.
Thus TRAP improves both sensitivity and specificity, even
for the most abundant kidney cell type. Although laser cap-
ture microdissection or tubule segment microdissection
certainly improves specificity, when we compared our data
set to those generated by such approaches, TRAP identified
at least twice as many total genes at half the sequencing
depth.

Although scRNA-seq is a powerful and increasingly adopted
transcriptomic technology in kidney studies, bulk cell-specific
approaches like TRAP offer complementary advantages in cer-
tain applications. Our PT molecular map identified about
17,000 genes expressed in PT, whereas scRNA-seq has more
limited gene detection sensitivity. Regulatory genes may be
expressed at lower levels, so sensitive gene detection may be
required to measure those transcripts. Our ability to define
145 GPCRs illustrates this point. Overall these results sug-
gest TRAP can be a good option when (1) an appropriate Cre
driver line is available to activate eGFP-L10a expression in
the desired cell types; (2) cell-specific but not single-cell
transcriptomics is desired; (3) the translatome is of more
interest than the transcriptome; and (4) a simple, relatively
inexpensive method that does not require any specialized
equipment is optimal.

This molecular map of PT in fibrosis also provided impor-
tant biologic insights concerning kidney fibrosis. A finding of
central importance from our study is that the PTactively drives
fibrosis through activation of proinflammatory and profibrotic
pathways. This is consistent with a model whereby nephron
epithelia are the first cells to sense and react to damage, whether
from albuminuria, genetic, toxic, or immune causes. These
findings are consistent with Beckerman et al.>” whose tran-
scriptome analysis of microdissected tubulointerstitium also

factorsthatare related to inflammation (solid lines) and EMT (dashed lines). (E) Motif analysis on the list of upregulated genes identified in PT
after UUO. Three representative motifs that are significantly enriched within 10 kbp upstream and downstream of the transcription start site
(TSS) for the DEGs are shown. D5UUOQ, 5 days after UUO; D10UUO, 10 days after UUO; DE, differentially expressed; NES, normalized

enrichment score.
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identified strong proinflammatory gene modules that corre-
lated with estimated glomerular filtration loss.

Several large observational studies have shown differing
rates of progression in CKD between men and women, but
the molecular explanation for this epidemiologic observation
remains unknown. Recently, using data from the Chronic Renal
Insufficiency Cohort Study, Ricardo and colleagues reported
that women in this cohort had both a lower risk of CKD pro-
gression, ESKD, and death, compared with men.?® Although
there may be many potential reasons for this disparity, our
finding that a substantial number of genes exhibit sexually
dimorphic expression both at baseline and during fibrosis
suggests gene expression differences may be at least partly
responsible. The McMahon group (A. Ransick, N. O. Lindstrém,
J. Liu, Z. Qin, J.-J. Guo, G. E. Alvarado, et al., unpublished ob-
servations) has recently also reported that the PT, among all
nephron segments, displays a large degree of sexually dimorphic
gene expression, confirming our results.

Finally, a recent estimate suggested >98% of transcribed
RNAs are not translated to protein in eukaryotic cells and
most of these noncoding transcripts are classified as IncRNA.>8
It is increasingly clear that IncRNA may participate in the path-
ogenesis of many kidney diseases, through the mechanisms
of chromatin modification, transcriptional regulation, post-
transcriptional control, or by functioning as decoy or molecu-
lar sponges.>®-¢! Many IncRNAs have recently been reported
to contain functional small open reading frames that may
be translated into peptides.”62:63 We identified many IncRNAs
differentially expressed during renal fibrosis by TRAP sequencing
(Figure 6, A—E, Supplemental Table 2), presumably indicating that
these IncRNAs are bound by mRNA undergoing translation con-
sistent with other recent analyses.#>47 It should be noted that
functional IncRNAs may not require a poly-A tail, and whether
we isolated such IncRNAs is not clear from our analysis.

In conclusion, this article provides an unbiased and deep de-
scription of PT gene expression in health, during fibrosis and
across sexes. Our study highlights the power of the TRAPapproach
to provide high-quality, cell-specific mRNA and reinforces the
concept that the PT is a critical, active driver of cortical fibrosis
through regulation of proinflammatory and profibrotic pathways.
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