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ABSTRACT

The function of each renal tubule segment depends on the genes expressed therein. High-throughput

methods used for global profiling of gene expression in unique cell types have shown low sensitivity and

high false positivity, thereby limiting the usefulness of thesemethods in transcriptomic research. However,

deep sequencing of RNA species (RNA-seq) achieves highly sensitive and quantitative transcriptomic

profiling by sequencing RNAs in a massive, parallel manner. Here, we used RNA-seq coupled with classic

renal tubule microdissection to comprehensively profile gene expression in each of 14 renal tubule

segments from the proximal tubule through the inner medullary collecting duct of rat kidneys.

Polyadenylated mRNAs were captured by oligo-dT primers and processed into adapter–ligated cDNA

libraries that were sequenced using an Illumina platform. Transcriptomes were identified to a median

depth of 8261 genes in microdissected renal tubule samples (105 replicates in total) and glomeruli (5

replicates). Manual microdissection allowed a high degree of sample purity, which was evidenced by

the observed distributions of well established cell–specific markers. The main product of this work is an

extensive database of gene expression along the nephron provided as a publicly accessible webpage

(https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/index.html). The data also provide genome-

wide maps of alternative exon usage and polyadenylation sites in the kidney. We illustrate the use of the

data by profiling transcription factor expression along the renal tubule and mapping metabolic pathways.
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The mammalian kidney is made up of thousands of

individual nephron units that consist of a glomer-

ulus that generates an ultrafiltrate of blood followed

by a long epithelial tubule that modifies the ultra-

filtrate by transporting substances into and out of it

to form the final urine. The renal tubule is com-

prised of many segments, each with distinct cell

types and functions. Beginning with the work by

Burg et al.,1 physiologists have investigated the ag-

gregate function of the kidney by microdissection

and study of its component renal tubule segments.

Most studies have produced targeted readouts (e.g.,

transport rates for particular substances, enzyme

activities, and content of individual mRNA spe-

cies). A broader goal, identification of all genes ex-

pressed in each cell type, has been pursued with

serial analysis of gene expression (SAGE) to identify

mRNA transcripts in microdissected tubules.2,3

This method, however, has limited sensitivity, re-

quiring very large numbers of tubules per sample

and limiting the transcriptomic depth (i.e., the

number of genes identified per sample). The advent

of deep-sequencing (next generation sequencing)

technology has provided a quantum leap in sensi-

tivity.4 This technology, when used for deep se-

quencing of RNA species (RNA-seq),5 is sensitive

enough to allow large-scale mRNA identification
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and quantification in a small number of cells.6,7 In this study, we

have used RNA-seq for comprehensive, multireplicate identifi-

cation of transcriptomes in each of 14 renal tubule segments

from rat. These data have been used to create an online resource

(https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/

index.html). Using this database, we identified unique pat-

terns of distribution of region–specific transcription factors,

G protein–coupled receptors, and metabolic enzymes along

the renal tubule.

RESULTS

We dissected 14 different renal tubule segments from rat

kidneys (Figure 1A). Preliminary RNA-seq runs confirmed

successful dissection of specific segments without significant

contamination by other cell types (Supplemental Figure 1).

However, for a significant number of genes, reads continued

beyond the annotated 39 ends of Ref-seq transcripts (Supple-

mental Figure 2). To correct these annotations, baseline stud-

ies were carried out to map polyadenylation sites in kidney

using polyadenylated mRNA sequencing (PA-seq)8 (Supple-

mental Datasets 1 and 2).

We analyzed a total of 105 replicates from 14 renal tubule

segments (Supplemental Dataset 1). Gene expression levels of

all genes determined by median reads per kilobase of exon

model per million mapped reads (RPKM)9 are provided as a

publicly accessible webpage (https://helixweb.nih.gov/ESBL/

Database/NephronRNAseq/All_transcripts.html) and spread-

sheets (Supplemental Dataset 1). Table 1 summarizes selected

characteristics of the data relevant to data quality. The high

percentage of mapped reads and the depth of the transcrip-

tomes obtained are consistent with what would be expected

for high-quality datasets.9,10 Reproducibility was documented

by hierarchical clustering of all replicates (Figure 2, Supple-

mental Figure 3). Replicates from the same tubule segment

clustered more closely with each other than with those from

other segments.

Although not the focus of this study, data from micro-

dissected glomeruli are also provided as a webpage (https://

helixweb.nih.gov/ESBL/Database/NephronRNAseq/glomeru-

lus.html) and spreadsheets (Supplemental Dataset 1). Classic

glomerular markers, such as nephrin (Nphs1) and podocin

(Nphs2), were found to have high RPKM values in all repli-

cates from glomeruli.

For renal tubule samples, RPKM values ranged over at least

four orders of magnitude. For example, in the cortical

collecting duct, the water channel aquaporin-2 (Aqp2) has a

median RPKM of 6776, b-actin (Actb) has a median RPKM of

724, and protein kinase A catalytic subunit-b1 (Prkacb) has a

median RPKM of 11. All of these gene products have impor-

tant functional roles, despite the wide range of expression

levels.

Figure 1B showsmedian RPKMs of several water and solute

transporters plotted as a function of the position along the

renal tubule. The distribution of RPKMs of each transcript

exactly matched prior knowledge.11,12 These data provide fur-

ther documentation for the precision of the technique and the

accuracy of segment identification. The renal tubule distribu-

tions obtained using RNA-seq showed a high degree of con-

cordance with distributions found using single-tubule RT-PCR

for several targets (viz., all three subunits of the epithelial sodium

channel [Scnn1a, Scnn1b, and Scnn1g], the basolateral chloride

channel ClC-K2 [Clcnkb], the urea channel UT-A [Slc14a2], and

the parathyroid hormone receptor [Pth1r]) (Supplemental

Material, Supplemental Figure 4).

The single–tubule RNA-seq data provide valuable qualita-

tive information by mapping alternative exon usage for many

genes. Figure 3 shows two physiologically important exam-

ples. Figure 3A depicts differential use of 59-end exons be-

tween two isoforms of Fxyd2 that encode the g-subunit of

Figure 1. The distribution of RPKM values for several marker genes
match prior knowledge, documenting the precision of the technique
and the accuracy of segment identification. (A) Nomenclature for renal
tubule segments. (B) Median RPKMs for segment-specific markers.
Aqp1, aquaporin-1; Aqp2, aquaporin-2; Slc4a1 (AE1), anion exchanger
1; Slc12a1 (NKCC2), bumetanide–sensitive Na+-K+-2Cl2 cotransporter;
Slc12a3 (NCC), thiazide–sensitive Na+-Cl2 cotransporter; Slc14a2
(UT-A), urea transporter A; Slc22a6 (OAT1), organic anion transporter 1;
Slc34a1 (NaPi-IIa), sodium-phosphate cotransporter IIa.

2670 Journal of the American Society of Nephrology J Am Soc Nephrol 26: 2669–2677, 2015

BASIC RESEARCH www.jasn.org

https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/index.html
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/index.html
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/All_transcripts.html
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/All_transcripts.html
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/glomerulus.html
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/glomerulus.html
https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/glomerulus.html
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2014111067/-/DCSupplemental


the Na+/K+-ATPase. The Na+/K+-ATPase drives most of the

active transepithelial transport across renal tubule segments.

The g-subunit modulates the affinity of the pump for Na+, K+,

and ATP.13 The data show that all the segments that display

regulated Na+-Cl2 transport against significant transepithelial

gradients (mTAL, cTAL, DCT, CNT, and CCD) use the first

alternative initial exon (Fxyd2b). In contrast, the segments

that do not carry out substantial transepithelial Na+-Cl2 trans-

port (thin limbs of Henle and IMCD) or carry out unregulated

isosmotic Na+-Cl2 transport (proximal tubule segments) tend

to use the second alternative initial exon (Fxyd2a). This alter-

native use offirst exons has been suggested to play a role in post-

transcriptional regulation of Fxyd2b transcripts.14

Figure 3B shows two glutaminase (Gls) isoforms with alterna-

tive carboxyl–terminal amino acid sequences and 39-untranslated

regions. The short isoform predominates in segments down-

stream from the proximal tubule, but the long isoform is more

abundant in proximal tubule. In rats, the 39-untranslated region

of the long isoform contains an AU-rich, pH-responsive element

that destabilizes the transcript in the absence

of acidosis in some cell types,15 consistent

with the idea that glutaminase enzyme activ-

ity is present throughout the renal tubule but

regulated only in the proximal tubule.16

Table 2 provides a thumbnail view of

gene expression along the renal tubule,

showing only the transcripts with the high-

est median RPKM values for each segment

in specific gene categories. In addition to

water channels and transporters with dis-

tributions that are highly consistent with

prior knowledge, Table 2 contains a few

genes that have no known roles in renal

physiology. For example, there are no known roles for the

growth hormone–releasing hormone receptor (Ghrhr). Ghrhr

is strongly expressed in the thin descending limb of Henle (SDL

and LDLOM). Another example is found among transcripts

coding for secreted proteins, namely the abundant expression

of defensin-b1 (Defb1) in collecting duct segments. Defb1 is an

antibacterial protein that is part of the innate immune system.17

Cell Type–Specific Transcription Factors

Cell type–specific gene expression depends largely on what

combinations of transcription factors are expressed in the

cell. For this study, we defined transcription factors as proteins

that bind to DNA through a sequence–specific DNA–binding

domain and regulate transcription.18Of 456 Ref-seq–annotated

transcription factors expressed in at least one segment, a subset

of highly abundant transcription factors showed distinct patterns

of distribution along the renal tubule (Figure 4, Supplemental

Figure 5). Several of these showed region-specific expression

(Figure 4A), including hepatocyte nuclear factor 4a (Hnf4a) in

Table 1. General characteristics of RNA-seq experiments in microdissected renal tubule segments

Segment No. of Replicates Dissected Lengths (mm) Reads Mapped (%)
Ref-Seq Transcripts with

RPKM>0 (without PA-Seq)a
Ref-Seq Transcripts

with RPKM>0 (with PA-Seq)a

G 5 20b 89.0–91.8 11,860 12,141

S1 7 0.6–11.8 74.2–93.3 7323 8238

S2 7 2.2–13.0 74.9–90.5 7375 8261

S3 7 1.8–23.6 77.1–91.8 7705 8502

SDL 10 0.8–10.8 77.7–91.2 6305 6995

LDLOM 9 2.6–12.8 75.2–91.7 6125 6933

LDLIM 4 1.4–5.1 83.9–89.1 9005 9649

tAL 7 0.6–8.4 70.0–91.3 8757 9600

mTAL 7 2.6–9.5 83.7–92.5 5895 6659

cTAL 7 1.2–12.2 72.3–92.1 11,146 11,653

DCT 8 2–23b 76.9–92.9 9453 10,219

CNT 6 1.2–11.8 70.0–91.1 7573 8409

CCD 11 1.6–12.4 81.5–91.5 8302 9119

OMCD 7 0.8–14.4 82.6–92.3 6880 7601

IMCD 8 0.8–6.7 73.0–92.7 8966 9581

Nomenclature of tubule segments is shown in Figure 1A.
aMedian numbers.
bNumber of dissected structures.

Figure 2. A dendrogram created by hierarchical clustering of 105 replicates of mi-
crodissected renal tubule segments demonstrates reproducibility among replicates
from the same segment. (Supplemental Figure 3 shows the full heat map represen-
tation). Replicates from 14 different renal tubule segments were found to form six
distinct clusters according to their anatomic and functional organization. Terminology
is the same as in Figure 1A.
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proximal tubule segments; Iroquois homeobox 5 (Irx5) in thin

limbs of the loop ofHenle; Irx2 in the thick ascending limbs; and

forkhead box i1 (Foxi1), H6 homeobox 2 (Hmx2), and GATA-

binding protein 2 (Gata2) in collecting duct segments. Other

transcription factors were expressed in two contiguous regions

(Figure 4B), including three that had been implicated in cell

type–specific gene expression, namely spalt–like transcription

factor 1 (Sall1), homeobox D10 (Hoxd10), and homeobox B7

(Hoxb7). The pattern seen forHoxb7 is interesting, because this

gene is widely considered to be expressed only in the collecting

duct system.19 In fact, the Hoxb7 promoter is used to target

expression to ureteric bud–derived segments in mice. Other

transcription factors showed a bimodal pattern, in which there

was a skipped region between two regions of high expression

(Figure 4, C and D). Most often, these were expressed in thin

limbs and collecting ducts. Some of these showed expression in

thin limbs and all parts of the collecting duct, including those

in the cortical region (Figure 4C). Others showed expression in

thin limbs, but collecting duct expression was limited to the

inner medullary collecting duct (Figure 4D). This last group

has a plausible connection to physiologic factors related to the

countercurrent mechanism, namely high osmolality and low

oxygen tension.

Critical Enzymes in Metabolic Pathways
Another class of genes for which a deeper analysis of transcript

distribution is worthwhile is metabolic enzymes. Although

energy metabolism is well understood in proximal tubule

segments, few studies have been done in the other renal tubule

segments, especially the thin limbs of Henle and the distal

convoluted tubule. In a heat map showing the expression of

critical enzymes for selectedmetabolic pathways (Figure 5), the

proximal tubule segments stand out as having a unique profile.

As is generally accepted, key glycolytic enzymes (hexokinase

Hk1; phosphofructokinases Pfkm, Pfkl, and Pfkp; and pyruvate

kinase Pkm) are missing in the proximal tubule, consistent

with the view that the proximal tubule does not use glucose

Figure 3. Mappingofdeep sequencing reads togene structure reveals
alternativeexonusage indifferent renal tubule segments for somegenes. (A)
Alternative initial (59 end) exon usage in the g-subunit of Na+-K+ ATPase
(Fxyd2). (B) Alternative terminal (39 end) exon usage in glutaminase (Gls).

Table 2. Transcripts with the highest expression levels in specific categories

Segment All Nonhousekeeping Genesa Transporters G Protein–Coupled Receptors Protein Kinases Secreted Proteins

S1 Gpx3 Slc34a1 Pth1r Map3k7 Sepp1

S2 Kap Slc34a1 Pth1r Pink1 Kap

S3 Kap Slc7a13 Pth1r Pim3 Kap

SDL Spp1 Aqp1 Ghrhr Tgfbr2 Spp1

LDLOM S100a6 Aqp1 Ghrhr Tgfbr2 Spp1

LDLIM Spp1 Aqp1 Gprc5a Map3k7 Spp1

tAL Akr1b1 Cldn4 Gprc5c Pim3 Clu

mTAL Umod Slc12a1 Ptger3 Map3k7 Umod

cTAL Umod Clcnkb Casr Map3k7 Umod

DCT Map3k7 Slc12a3 Ptger3 Map3k7 Defb1

CNT Aqp2 Aqp2 Avpr2 Map3k7 Defb1

CCD Aqp2 Aqp2 Avpr2 Map3k7 Defb1

OMCD Aqp2 Aqp2 Avpr2 Sgk1 Defb1

IMCD S100a6 Aqp2 Avpr2 Sgk1 Guca2a

Highest RPKM values in each segment. See https://helixweb.nih.gov/ESBL/Database/NephronRNAseq/index.html for a full report of all categories.
aHousekeeping genes are those with expression of RPKM.1 in all segments.
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for energy metabolism.20 Also consistent with the generally

accepted view, the proximal tubule strongly expresses mRNAs

for enzymes that are critical for gluconeogenesis. Glycogen

synthase (Gys1) was absent, and the enzyme complex that

dephosphorylates glucose (G6pc and Slc37a4) was present, in-

dicating that gluconeogenesis likely results in net glucose pro-

duction rather than glycogen accumulation. In contrast to the

lack of glycolytic enzymes, the key enzymes for fructolysis,

namely ketohexokinase (fructokinaseKhk) and dihydroxyacetone

kinase 2 (triokinase Dak), are strongly expressed in the proximal

tubule. The expression of carnitine palmitoyltransferases was par-

ticularly high in the thick ascending limb and distal convoluted

tubule, suggesting that fatty acid oxidation may be important in

these segments. In addition, argininosuccinate synthase (Ass1),

necessary for arginine synthesis, was expressed chiefly in the

proximal tubule, suggesting that the proximal tubule is responsible

for arginine synthesis by the kidney, themajor producer of arginine

in the body.21 Little or nothing is known aboutmetabolic processes

in thin limb segments. The data suggest that ATP production in

the thin limbs, like the more distal segments, is based on glu-

cose metabolism. Hexokinase 1 and phosphofructokinases,

critical for glycolysis, are expressed in all segments beyond

the proximal tubule. Lactate is also an important substrate in

the kidney.22–24 Isoforms of lactate dehydrogenase showed dis-

tinct patterns of expression along the renal tubule (Supplemental

Figure 6). The so-called heart isoform, Ldhb, that is generally

associated with lactate use25 predominates in the proximal tu-

bule, the thick ascending limb of Henle, and the distal convo-

luted tubule. The skeletal muscle isoform, Ldha, associated with

lactate production25 predominates in all thin limb segments and

all collecting duct segments, consistent with the observation that

lactate accumulates in the renal medulla.26 In addition, the

Figure 4. Transcription factors show distinct patterns of expression along the renal tubule. The distributions can be mapped to general
regions (proximal region [S1, S2, and S3], thin-limb region, thick-limb/DCT region [mTAL, cTAL, and DCT], and collecting duct region [CNT,
CCD, OMCD, and IMCD]). (A) Transcription factors specific to a renal tubule region. (B) Transcription factors expressed in two contiguous
regions. (C) Transcription factors with bimodal pattern of expression. (D) Transcription factors with bimodal pattern but expression only in the
inner medulla.
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adjacency of the lactate–producing thin descending limbs in the

outer medulla to lactate–using medullary thick ascending limbs

may be critical to the maintenance of the high rates of active

sodium chloride transport in themedullary thick ascending limb

needed to drive the countercurrent multiplier mechanism.27

Genes Specific to the Nephron and Collecting Duct

The renal tubule is classically divided into two regions on the

basis of their developmental origins, namely the nephron

(metanephric mesenchyme derived) and the collecting duct

(ureteric bud derived). Hierarchical clustering (Concise

Methods) identified nephron- or collecting duct–specific

transcripts (Figure 6A, Supplemental Dataset 3). One impor-

tant group of proteins that discriminates between the two

regions is secreted proteins. Several secreted proteins seemed

to be selectively expressed in the collecting duct segments,

namely Defb1, glycoprotein hormone-a2 (Gpha2), gremlin-1

(BMP antagonist 1 Grem1), and guanylate cyclase activator

2a (guanylin Guca2a). Each of these has a plausible functional

role (Supplemental Dataset 3). Nephron-specific transcripts

include a number of abundant secreted proteins, including

osteopontin (Spp1), kidney androgen–regulated protein

(Kap), clusterin (Clu), activin-binding protein (Fst), and trefoil

factor 3 (Tff3). Interestingly, among nephron-specific transcripts,

there were several transcripts for proteins involved in glutathione

metabolism and oxidation using molecular oxygen, reflecting

known proximal tubule functions (Supplemental Dataset 3).

Genes Enriched in the Medulla

The renal medulla has a parallel structure involving loops of

Henle and collecting ducts that is important in the urinary

concentrating mechanism. Transcripts enriched in the renal

medulla were identified by hierarchical clustering (Figure 6B).

In addition to markers of specific cell types (the urea channel

Slc14a2 in thin limbs and IMCD23 and sodium– and chloride–

dependent betaine transporter Slc6a12 in thin limbs28), this

heat map shows less well known genes, such as G protein–

coupled receptors (Ghrhr andGprc5a) and extracellular region–

associated proteins (Fst, Ccl7, and Cxcl1). Gene-enrichment

analysis (DAVID)29,30 using 928 genes selectively expressed in

the medulla revealed several Gene Ontology (GO) terms (Sup-

plemental Dataset 4), including the extracellular region group.

Genes in this group (n=45) included cytokines/chemokines,

growth factors, extracellularmatrix–associated proteins, proteases,

protease inhibitors, ligand antagonists, and hormones (Figure 7).

Among these, Wnt7b is of particular interest, because it plays a

crucial role in the development of the corticomedullary axis and

the elongation of the loop of Henle.31 In our dataset, Wnt7b was

virtually exclusively expressed in the thin limbsof the loopofHenle

and inner medullary collecting ducts.

DISCUSSION

Here, we report the transcriptomic profiling of 14 different

renal tubule segments using a combination of classic manual

microdissection and RNA-seq. The resulting online database

and thedatadeposited in theGeneExpressionOmnibus (GEO)

provide useful resources for future studies of renal systems

biology,physiology,anddevelopment.Forexample, it canpredict

labeling patterns for new, previously uncharacterized antibodies,

it can provide information about alternative exon usage, it can

predict roles for previously unstudied proteins, and it can help us

to understand an unexpected phenotype of a transgenic animal.

In separate studies, we have reported genome-wide mapping of

polyadenylation sites for genes expressed in thekidney, providing

reference data for future RNA-seq studies in the kidney.

RNA-seq offers important advantages over other approaches

to kidney transcriptomics, such as DNA microarrays using

biochemically isolated segments32,33 or SAGE of microdissected

renal tubule segments.2,3 Compared with biochemical isolation

techniques,34–36 manual dissection virtually eliminates contam-

ination from neighboring segments. RNA-seq does not depend

on hybridization and therefore, eliminates false positivity caused

by cross-hybridization in microarray studies. Compared with

SAGE, RNA-seq offers an approximately two orders of magni-

tude increase in sensitivity, allowing deep profiling in a few mil-

limeters of microdissected tubules.

This paper provides a limited number of examples of

bioinformatic analyses to illustrate some uses of the database.

Of particular interest were the profiles of transcription factor

expression along the nephron and expression profiles of genes

coding for metabolic enzymes. These examples show how

transcriptomic profiling along the nephron can fill in the gaps,

providing comprehensive information in renal tubules segments

that are poorly studied, including the thin limb segments of

Henle’s loop and the distal convoluted tubule. Also of interest was

Figure 5. Genes coding for metabolic enzymes are expressed in
patterns along the renal tubule that correlate with function. Expression
of metabolic enzymes critical for specific metabolic pathways are
presented as a heat map showing specific metabolic pathways.
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the identification of genes specific to the renal medulla, genes

specific to segments derived from the ureteric bud, and genes

specific to segments derived from the metanephric mesenchyme.

The data can potentially provide useful information for develop-

mental studies, because the adult kidney is the end point of the

developmental process.

CONCISE METHODS

Microdissection of Renal Tubule

Segments
We followed the standard protocol for microdis-

sectionof renal tubule segments fromratkidney.37

Male Sprague–Dawley rats weighing 200–250 g

(Animal Study ProtocolNo.H-0110R2; approved

by the AnimalCare andUseCommittee, National

Heart, Lung, and Blood Institute) were eutha-

nized and processed for microdissection as de-

scribed in Supplemental Material.

RNA-Seq
Reversetranscriptionwithanoligo-dTprimerand

cDNAamplificationweredone following the single–

cell RNA-seqprotocol.38 cDNAswere sonicated into

approximately 200-bp fragments (Covaris) and

made into adapter–ligated cDNA libraries using an

Ovation Ultralow Library System (NuGen). cDNAs

ranging from200 to 400 bpwere selected on 2%aga-

rose gel and sequenced on a HiSeq2000 platform

(Illumina) to generate 50-bp paired-end FASTQ se-

quences. The raw FASTQ sequences were mapped

to the rat reference genome (rn5) using STAR

2.3.0.39Only uniquely mapped reads were included

in the downstream analysis. RPKMs for Ref-seq

transcripts were calculated using the HOMER soft-

ware.40Mapped reads were visualized on the UCSC

Genome Browser. RNA-seq library quality was as-

sessed as described by Adiconis et al.41 Basically,

RNA-seq library quality in small samples is assessed

in terms of the fraction ofmapped reads versus total

numberof reads and the fractionof readsmapped to

genomic features (in our case, exons). We used a

threshold of 70% of total reads mapped to the ref-

erence genome (Supplemental Dataset 1). In this

study, 110 of 134 samples met this criterion and

are reported in this paper.

PA-Seq
Polyadenylation sites of renal tubule transcripts

were identified using a PA-seq protocol reported

previously.8 Ten micrograms DNA–free total

RNA prepared from a rat kidney were made

into cDNA libraries and sequenced using an

Illumina HiSeq2000 platform. RNA-seq reads

mapped to the interval between the Ref-seq–

annotated 39 end of the transcript and the tallest

PA-seq peak within 5,000 bp downstream from the Ref-seq–annotated

39 end were included in the calculation of revised RPKM values.

Data Analyses
To identify region–specific gene expression, we calculated the vari-

ance of log-transformedRPKMs across the renal tubule segments that

Figure 6. Some transcripts are selectively expressed in developmentally or anatomically
defined renal elements. (A) Transcripts selectively expressed in nephron- and collecting duct–
derived segments. (B) Transcripts selectively expressed in the cortex and the medulla.
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we intended to cluster. Transcripts with the highest variances were se-

lected for hierarchical cluster analysis. Euclidian distances were calcu-

lated between log2-transformed RPKMs, and the complete clustering

methodwasused. For transcription factor analysis, we downloaded a list

of rat transcription factors from an online resource (available at http://

www.bioguo.org/AnimalTFDB/index.php)18 and analyzed only Ref-seq–

annotated transcription factors (n=456).Graphsandheatmapsweredrawn

using R (http://www.r-project.org) packages ggplot2 and pheatmap.GO

term analysis was performed using DAVID.29 For DAVID analysis of

nephron/collecting duct– and cortex/medulla-enriched genes, tran-

scripts at least moderately expressed in either compartment (i.e.,

mean of RPKMs.10 in either compartment) were used as background

(n=3339 for nephron versus collecting duct in Supplemental Dataset 3;

n=6943 for cortex versusmedulla in Supplemental Dataset 4). In cortex

versus medulla, transcripts enriched in GO terms related to the extra-

cellular region (n=91; e.g., ‘extracellular region’, ‘extracellular space’,

‘extracellular matrix’, etc.) were further inspected to remove redundant

or misannotated transcripts.

Data Availability
The FASTQ sequences and metadata have been deposited in NCBI’s

GEO (accession no. GSE56743; http://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE56743).
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