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Genome-wide maps of polyadenylation reveal dynamic
mRNA 3’-end formation in mammalian cell lineages
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ABSTRACT

Post-transcriptional regulation, often mediated by miRNAs and RNA-binding proteins at the 3’ untranslated regions (UTRs) of
mRNAs, is implicated in important roles in the output of transcriptome. To decipher this layer of gene regulation, it is essential
to measure global mRNA expression quantitatively in a 3’-UTR-specific manner. Here we establish an experimental and
bioinformatics pipeline that simultaneously determines 3’-end formation by leveraging local nucleotide composition and
quantitatively measures mRNA expression by sequencing polyadenylated transcripts. When applied to purified mouse
embryonic skin stem cells and their daughter lineages, we identify 18,060 3’ UTRs representing 12,739 distinct mRNAs that
are abundantly expressed in the skin. We determine that ~78% of UTRs are formed by using canonical A[A/UJUAAA
polyadenylation signals, whereas ~22% of UTRs use alternative signals. By comparing to relative and absolute mRNA
abundance determined by qPCR, our RNA-seq approach can precisely measure mRNA fold-change and accurately determine
the expression of mRNAs over four orders of magnitude. Surprisingly, only 829 out of 12,739 genes show differential 3’-end
usage between embryonic skin stem cells and their immediate daughter cells, whereas the numbers increase to 933 genes
when comparing embryonic skin stem cells with the more remotely related hair follicle cells. This suggests an evolving
diversity instead of switch-like dynamics in 3’-end formation during development. Finally, core components of the miRNA
pathway including Dicer, Dgcr8, Xpo5, and Argonautes show dynamic 3’-UTR formation patterns, indicating a self-regulatory
mechanism. Together, our quantitative analysis reveals a dynamic picture of mRNA 3’-end formation in tissue stem cell
lineages in vivo.
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INTRODUCTION cancer cells (Sandberg et al. 2008; Mayr and Bartel 2009; Lin
etal. 2012). Recent studies further suggest that APA is widely
present with cell-type-specific and tissue-specific patterns (Fu
etal. 2011; Derti et al. 2012; Smibert et al. 2012; Ulitsky et al.
2012). However, most studies have focused on differences be-
tween in vitro cultured cells derived from different tissues, or
whole organ-scale comparison. To date, there is little infor-
mation about whether APA is involved in developmental
transitions among closely related cell lineages in vivo, which
is critical to understand how APA is initiated and controlled
in biological processes. In this regard, mouse embryonic skin
affords an ideal system to examine how APA is controlled in

Patterns of gene expression within a complete transcriptome
hold valuable information regarding the specific functions of
a particular tissue or cell type. The key goals of transcriptome
studies are to discover and catalog the complete set of tran-
scripts, annotate the structure of these transcripts, and accu-
rately quantify their absolute expression levels. It is widely
recognized that the 3’ UTRs of mRNAs harbor numerous
regulatory elements that are implicated in important func-
tions for mRNA metabolism (Di Giammartino et al. 2011).
Alternative polyadenylation (APA) is of special interest
because it generates 3’ UTRs with different lengths, which

provides a mechanism to control transcript stability, localiza- ~ S0Matic cell lineages. First, €mbrY0n1.c skin stem cel-ls and
tion, and translational efficiency by modulating cis-elements their daughter cells are abundantly available and functionally

on the 3’ UTR (Di Giammartino et al. 2011). APA has been distinct (Blanpain and Fuchs 2009). Second, embryonic skin
stem cells give rise to their differentiated daughter cells by

an asymmetric cell division mechanism (Lechler and Fuchs
2005). Upon cell division, the differentiating daughter cells

implicated in modulating proliferation and transformation in
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formation in mouse embryonic skin provides an opportunity
to examine APA during a developmental transition in vivo by
global transcriptome analyses.

To determine the complexity of mRNA 3’-end formation
and quantify their expression, many RNA-seq techniques
have been recently developed (Ozsolak et al. 2009; Beck
et al. 2010; Fu et al. 2011; Jan et al. 2011; Derti et al. 2012).
In general, these techniques can be divided into three catego-
ries: (1) direct mRNA sequencing based on the Helicos plat-
form (Ozsolak et al. 2009, 2010); (2) direct adaptor ligation
to capture mRNA 3’ ends followed by Illumina sequencing,
also known as 3P-Seq (Jan et al. 2011); (3) oligo(dT) prim-
ing-based mRNA 3’-end capture followed by Illumina se-
quencing, usually known as 3Seq (Beck et al. 2010; Fu et al.
2011; Shepard et al. 2011; Derti et al. 2012). Among them,
direct sequencing and 3P-Seq experimentally distinguish
mRNA 3’ ends, whereas oligo(dT) priming-based 3Seq can
prime from any A-rich region in addition to authentic
mRNA 3 ends that contain poly(A) tails. However, the quan-
titative performance in high throughput of direct sequencing
is not clear, and the Helicos platform is yet to be widely acces-
sible for extensive development. 3P-Seq requires multiple
steps of enzymatic reaction including RNA adaptor ligation,
which often yields poor quantification in deep sequencing
because of significant bias introduced by RNA ligase (Hafner
et al. 2011). In contrast, virtually all quantitative techniques
for RNA molecules, including qPCR and microarray, are based
on oligo(dT) or random priming followed by signal ampli-
fication. Therefore, oligo(dT) priming-based 3Seq has its
unique advantage in mRNA quantification. We reason that
if we can computationally distinguish authentic mRNA 3'-
end signals from internal priming events, we can develop a
tool to accurately and quantitatively measure mRNA 3’ ends
by 3Seq.

In this study, we leverage the distinct nucleotide composi-
tion patterns of mRNA 3’-end regions and establish a bio-
informatics pipeline to identify mRNA 3’ ends accurately.
When benchmarked with the direct mRNA sequencing re-
sults, we determine that the overall successful rate of our
analysis to detect authentic 3'-end signals is 88%. When ap-
plied to purified mouse skin stem cell lineages, we show that
3Seq allows accurate and cost-effective quantification of
mRNA transcriptome, spanning at least four orders of mag-
nitude. Our quantitative measurement also reveals a dynamic
pattern of APA in closely related stem cell lineages in vivo.

RESULTS

Distinct nucleotide composition patterns at mRNA
3’-end regions

Among the three current 3'-end sequencing approaches, di-
rect sequencing and 3P-Seq experimentally distinguish au-
thentic 3’-end formation (Ozsolak et al. 2010; Jan et al.
2011). Interestingly, local nucleotide composition surround-
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ing mRNA 3’-end regions determined by 3P-Seq in Caeno-
rhabditis elegans showed a distinct pattern (Jan et al. 2011).
Importantly, this nucleotide composition pattern was univer-
sally observed regardless of whether canonical or alternative
polyadenylation signals (PAS) were used or whether proxi-
mal or distal 3’ ends were analyzed (Jan et al. 2011). These
observations suggest a requirement for multiple motifs
with a specific positional distribution for 3’-end formation
in C. elegans. To determine whether this pattern is conserved
in mammals, we analyzed a previously published human data
set generated by direct RNA sequencing (Ozsolak et al. 2010).
As expected, the distinct pattern of nucleotide composition
was observed (Fig. 1A). Specifically, we observed that (1) A
is significantly enriched at +1 position; (2) an ~20-nt A-
rich region with a peak at —18 position is identified at the
—10 to —30 position, matching the position of the PAS; (3)
a short U-rich region and a short A-rich region are observed
at the —1 to —10 position; (4) an ~30-nt U-rich region is de-
tected downstream from the cleavage site. In contrast, when
we analyzed a previously published human data set generated
by 3Seq (Jenal et al. 2012), the distinct pattern was not ob-
served. Instead, the sequences downstream from the cleavage
site were dominated by A-rich sequences, indicating wide-
spread internal priming events in unfiltered 3Seq results
(Fig. 1B). Together, these results suggested that authentic
3’-end formation requires a distinct nucleotide composition
pattern, and we could develop a bioinformatics approach to
leverage this pattern to computationally distinguish authentic
mRNA 3’-end formation from the large number of internal
priming events generated by 3Seq.

To test this possibility, we performed 3Seq and developed
our bioinformatics pipeline with mouse embryonic skin lin-
eages including basal stem cells and suprabasal differentiated
cells (Supplemental Fig. S1). We also optimized experimental
parameters for more effective library construction that im-
proves cleavage site identification: (1) We fragmented RNA
molecules into <150-nt pieces with the peak at 60-80 nt;
(2) we specifically selected amplicons with <100-nt inser-
tions. As a result, although the reads were sequenced from
the 5 ends of the RNA fragments, the majority of mapp-
able reads (89.1%) contained untemplated, tandem A’s
(Supplemental Fig. S2). We uniquely mapped 7.9 million
and 7.4 million 100-mer reads for each library. Because of
our optimization in the library construction, our reads were
highly enriched around the cleavage site (nucleotide position
0) with a gradual slope from the 5 end and a sharp drop
in the 3’ end (Fig. 1C). To determine the accuracy of the
cleavage site identification, we selected peaks whose cleavage
site is followed by C, T, or G (non-A) in the genomic
sequences, and plotted the reads density of these trimmed
ends (Fig. 1D). Indeed, trimmed ends were significantly en-
riched at the defined 0 position. Thus, our optimized proto-
col has generated a very high percentage of reads with the
untemplated A’s that allows accurate determination of the
cleavage site.
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FIGURE 1. Distinct nucleotide composition patterns at mRNA 3’-end regions. Nucleotide composition plot of poly(A) site, —50 to +50 window for
Direct RNA sequencing data from human liver RNA sample in A (Ozsolak et al. 2010) and 3Seq data from human U20S cell line in B (Jenal et al.
2012). (C) 3Seq metagene analysis of —150 to +100 window centered at the cleavage site. The percent reads are calculated by dividing the read coverage
on each position by all the number of reads mapped to this window. 3Seq reads are significantly enriched in the —100 to 0 position, with dramatic drop
downstream from the 0 position. (D) Percent reads plot of 3’ ends of trimmed reads centered at the cleavage site whose +1 position is T, G, or C. (E)
H3K36me3 metagene plot centered at the cleavage site. Distal peaks (blue) are defined as the most 3’ peak assigned to a given gene. Proximal peaks
(red) are peaks mapped to RefSeq and Ensembl-annotated that are proximal in location to the distal peaks.

Because polyadenylation is a post-transcriptional process,
the poly(A) site should be located within the actively tran-
scribed region of RNA Pol II and close to the 3’ end of the
actively transcribed region of RNA Pol II (Lin et al. 2012).
To provide insights into the link between 3’-end formation
and RNA Pol II transcription, we performed ChIP-seq of
histone H3K4me3 and H3K36me3 in the basal stem cells.
The combination of these two histone methylation marks de-
fines actively transcribed regions (Barski et al. 2007; Ernst
and Kellis 2010). By matching the histone methylation marks
and mRNA 3’ ends as detected by 3Seq, we discovered
that 9726 out of 9983 (97.4%) genes with H3K4me3 and
H3K36me3 double-positive marks show 3Seq peaks in the
basal stem cells. To define the relationship between 3’-end
formation and Pol II transcription of mRNAs more accurate-
ly, we selected the most distal 3Seq peaks for all H3K4me3
and H3K36me3 double-positive genes and plotted the
H3K36me3 density from the +5 kb to —5 kb region centered
on the cleavage site. This metagene analysis revealed that the
H3K36me3 signals are enriched upstream of the cleavage site
and are weakened rapidly downstream from the cleavage site
for all distal peaks (Fig. 1E). This indicated that transcription
termination takes place shortly after the distal 3’-end cleavage
site. In contrast, the drop-off of the H3K36me3 signals for
proximal peaks was considerably milder, compared with
that of the distal peaks (Fig. 1E). Collectively, these analyses
strongly support that our optimized technique successfully

defines the 3" ends of mRNAs and provide new insights for
the relationship between Pol II transcription, as detected by
H3K36me3, and 3’-end formation.

Distinguish authentic 3’-end signals from internal
priming signals

To systematically identify authentic 3'-end signals, we de-
signed a bioinformatics pipeline to eliminate internal prim-
ing events by using a combination of motifs upstream of
and downstream from the defined cleavage site. We divided
all 3Seq peaks into four mutually exclusive categories based
on the existence of the canonical PAS and the downstream
A-rich sequences (Fig. 2A; Supplemental Fig. S3). Peaks in
category 1 contained canonical PAS (A[A/UJUAAA) and
showed no A-rich genomic sequences downstream from
the cleavage site. Thus, they represented authentic 3'-end sig-
nals. Peaks in category 2 contained both canonical PAS and
downstream A-rich sequences. Thus, some of them were de-
rived from mRNA 3’ ends, and the others were likely derived
from internal priming. Peaks in category 3 were defined by
the lack of both canonical PAS and downstream A-rich se-
quences. These peaks were likely derived from 3’-end forma-
tion using alternative PAS or sequencing artifacts as judged
by the low reads number. Peaks in category 4 contained
only downstream A-rich sequences and lacked canonical
PAS upstream of the cleavage site. They should represent
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mostly internal priming peaks and a few true 3'-end peaks
that use alternative PAS.

To remove peaks that likely arise from sequencing noise,
we first eliminated peaks from all four categories that have
less than 10 reads covering the cleavage sites. Then, we ana-
lyzed nucleotide composition around the defined cleavage
sites for peaks from all four categories. As expected, the nu-
cleotide distribution among four categories was different
from each other (Fig. 2). Notably, category 1 peaks showed
the exact pattern for authentic 3’ ends as observed in direct
sequencing data (cf. Figs. 1A and 2B). We concluded that
peaks in category 1 are derived from authentic 3'-end signals.

To analyze peaks in category 2 that contain both canonical
PAS and downstream A-rich genomic sequences, we applied
additional criteria to define high-confidence 3’-end signals.
These filters were (1) positional distribution of PAS, e.g., at
least one canonical PAS should be localized in position —10
to —30 upstream of the defined cleavage site; (2) no more
than three canonical PAS should exist in the 50-nt window
upstream of the cleavage site because multiple occurrence
of PAS is likely due to interspersed non-A nucleotide in an
A-rich sequence segment; (3) peaks should be mapped to ei-
ther annotated 3'-UTR region (Refseq and Ensembl, with 10-
kb extension in the 3’ end) or intergenic regions. With these
filters, we identified 2626 peaks in category 2 as genuine 3'-
end signals and eliminated 7483 peaks. Strikingly, the nucle-
otide distribution of the filtered peaks closely resembled the
pattern of true 3’ ends as observed for category 1 peaks, where-
as the eliminated peaks showed strong A-rich signals and
lacked any specific PAS signals (Fig. 2C). This indicated
that the eliminated peaks are characteristic of internal prim-
ing events.

We next analyzed peaks in category 3 with a focus on alter-
native PAS. We searched for enriched 10-nt motifs using
MEME (Bailey et al. 2009) from position —1 to —50 sequenc-
es of category 3 peaks. Strikingly, our 10-nt motif search
yielded results dominated by 6-nt motifs (Fig. 3A). We iden-
tified all enriched 6-nt motifs with P< 1 x 10~* and selected
6-nt motifs that significantly enriched at the —10 to —30 po-
sition (Fig. 3A; Supplemental Fig. $4), consistent with the no-
tion that the alternative PAS is also recognized and processed
by the same polyadenylation machinery as the canonical PAS
(Di Giammartino et al. 2011). Altogether, we identified 14 6-
mer motifs as candidates for alternative PAS (Fig. 3B), the
majority of which are consistent with previous studies
(Beaudoing et al. 2000; Derti et al. 2012). We then used the
presence of these 14 alternative PAS as a primary filter to
screen for authentic 3’-end signals from category 3 (P<
0.01). We extracted 2336 true 3'-end peaks and eliminated
33,231 peaks from category 3. Although the eliminated peaks
accounted for the majority of category 3 peaks, they showed
significant enrichment for peaks with very low reads counts
(less than 10 reads mapped to a peak), which is characteristic
of sequencing/mapping noise (see below for detailed analy-
sis). Importantly, when we plotted the nucleotide distribu-

tion of the filtered or eliminated peaks from category 3,
only the pattern of the filtered peaks showed a strong resem-
blance to that of category 1, whereas the eliminated peaks
showed a simple A-rich pattern without any other specific
signals (Fig. 2D). These results further validated the robust-
ness of our identification of the peaks that are derived from
alternative PAS.

Since category 4 was composed of a large number of peaks
with only A-rich sequence downstream from the cleavage site
without canonical PAS upstream, we applied more stringent
filters based on the presence of downstream U/GU-rich mo-
tifs for 3’-end identification (P < 0.01). In this manner, we
identified 651 out of 68,841 peaks that were likely derived
from authentic 3" ends. Importantly, when we plotted the nu-
cleotide distribution surrounding the cleavage site for these
651 peaks, we again observed a pattern that strongly resem-
bles that of category 1 peaks (Fig. 2E). As expected, the pat-
tern of the eliminated peaks was consistent with internal
priming events including prominent A-rich sequences down-
stream from the defined cleavage site and lacking any other
specific signals (Fig. 2E).

Together, these results validated the effectiveness of our
bioinformatics analysis to successfully distinguish authentic
3’-end signals from a large number of sequencing artifacts.
Overall, we defined 18,060 3Seq peaks as mRNA 3’ ends, cor-
responding to 12,739 genes (Supplemental Table S1). Al-
though the eliminated peaks significantly outnumbered the
retained peaks (86.4% of peaks are eliminated), the eliminat-
ed peaks only accounted for 57.5% of total mappable reads.

To further evaluate the performance of our bioinformatics
pipeline, we applied our analysis to a previously published
3Seq data set generated from human U20S cells (Jenal
et al. 2012) and compared the results with the direct RNA
sequencing (DRS) annotated 3" end generated from human
liver (Ozsolak et al. 2010). Because these two data sets were
not from the same RNA source, we only compared genes
that were detected by both 3Seq (before filtering) and DRS
(Supplemental Table S2). When a 3Seq peak intersected
with a DRS-annotated 3’-end region, it was called a match.
We defined successful classification as when the filtered peaks
match the DRS annotation and the eliminated peaks do not
match the DRS annotation, which were denoted as true-pos-
itive signals and true-negative signals, respectively. Among a
total of 95,332 3Seq peaks, 10,891 peaks (11.4%) were true-
positive signals, whereas 72,955 peaks (76.5%) were true-neg-
ative signals. This result indicated an 88% successful rate for
our pipeline. 3Seq peaks that passed our filter but did not
match the DRS annotation were classified as false positives,
which constitute 3.6% of the total peaks. However, since these
two data sets were derived from different cell types, false pos-
itives could also be derived from U20S cell-type-specific gene
expression. Finally, 8038 3Seq peaks (8.4%) were eliminated
but had the DRS match and were therefore considered as false
negatives. Despite a relative high proportion, however, 71.6%
of the false-negative peaks had less than 10 reads covering the
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identified in the —50 to 0 window upstream of the cleavage site. T is shown instead of U. (B) Genome-wide usage of PAS. All alternative PAS are
displayed in detail in a subset of the pie chart. (C) Positions of the U-rich (blue line) and GU-rich motifs (red line) are identified in the 0 to
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proximal 3" UTRs. The number of distal 3’ ends that use canonical PAS (red) is significantly larger than that of the distal 3" ends that use alternative

PAS (blue). (***) P<0.001, two-sample Z-test.

cleavage site, which resulted in the exclusion of these peaks by
our analysis (Supplemental Table S2). We expected that these
peaks should be correctly classified with a deeper sequencing
depth. Among the remaining false negatives (28.4% of the
false negatives e.g., 2.4% of the all peaks), the leading causes
for the false classification were (1) failure to detect alternative
PAS (15.8% of the total false negatives) and (2) failure to
define the cleavage site (12.6% of the total false negatives).
Thus, with the sequencing depth and stringency of filtering,
only 2.4% of 3Seq peaks were misclassified by our analysis.

Genome-wide analysis of polyadenylation signals and
downstream sequence motifs in epidermal lineages

After successfully classifying 3Seq peaks and distinguishing
authentic 3’ ends of mRNAs from sequencing artifacts, we
performed genome-wide analyses of the utilization of PAS

418 RNA, Vol. 19, No. 3

and other prominent motifs for 3’-end formation in the
skin lineages. Canonical PAS, A[A/UJUAAA, were domi-
nantly used, e.g., AAUAAA peaks count for 58.4% and
AUUAAA peaks count for 19.2% of the total peaks, and
only 22.4% of mRNAs use the alternative PAS for 3'-end for-
mation (Fig. 3B). Taken together, these results indicate that
the utilization of PAS is strongly biased toward canonical
PAS in mouse.

Next, we analyzed the sequences that are downstream from
the cleavage sites, where U/GU-rich sequences have been re-
ported as Cstf binding sites (MacDonald et al. 1994; Beyer
et al. 1997; Takagaki and Manley 1997). These U/GU-rich
motifs have been proposed to be present within 50 nt down-
stream from the cleavage site, and their positional enrich-
ment is less well defined compared with the PAS. We
searched for 10-nt motifs that are enriched in position 0 to
+100 using true 3’-end peaks in categories 1 and 3. We
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identified a U-rich motif and a GU-rich motif as shown in
Figure 3C. Furthermore, the U/GU-rich motifs also showed
significant positional enrichment at 0 to +30 nt immediately
downstream from the cleavage site (Fig. 3C). Overall, we ob-
served a strong enrichment of these motifs in 3'-end forma-
tion when examining the presence of these motifs in category
1-3 peaks. For example, 90.8% of category 1 peaks, 80.4% of
filtered category 2 peaks, and 91.4% of filtered category 3
peaks contained at least one U/GU-rich motif at the 0 to
+100 position downstream from the cleavage site (P<

0.01). These results suggest that for most genes, both up-
stream PAS and downstream U/GU-rich motifs are used to
direct 3’-end formation.

Because for many genes more than one 3" UTR is formed,
we next asked whether there is a preference for the canonical
or alternative PAS at proximal and distal ends. We identified
2022 genes using both canonical and alternative PAS. Inter-
estingly, significantly more canonical PAS were used to gen-
erate longer 3’ UTRs than alternative PAS. For example, 1530
distal ends (75.7%) were formed by using canonical PAS,
whereas 492 distal ends (24.3%) used alternative PAS (Fig.
3D). The median length for 3' UTRs formed by the canonical
PAS was 1268 nt, whereas it was 690 nt for the 3’ UTRs
formed by alternative PAS. Taken together, these results
show a strong bias toward canonical PAS by the distal peaks.

Genome-wide quantification of the transcriptome

We next benchmarked the quantitative performance of 3Seq.
We first chose a group of genes with known differential ex-
pression between E14 basal stem cells and suprabasal differ-
entiating cells including basal cell markers, e.g., transcription
factors (Lefl and Trp63), extracellular basement membrane
gene (a6 integrin), and basal structural genes (Krt14 and
Krt5), as well as a Wnt receptor (FzdI0) and suprabasal
markers, e.g., structural genes (Loricrin, Krtl, and Krt10)
and a cell cycle inhibitor (Cdknla, also known as p21). We
quantified their expression by counting reads mapped to
each gene and normalizing to the total mappable reads
from each library. Remarkably, the fold-change data deter-
mined by 3Seq measurement showed very robust correlation
with the fold-change results obtained by qPCR for all of these
genes (Pearson correlation, r=0.996) (Fig. 4A). This result
indicates that the 3Seq quantification is suitable for differen-
tial gene expression studies, and for individual genes its per-
formance is comparable to RT-qPCR quantification.

In the genome-wide analysis, we noticed that the highest
reads number for a single gene in each library was greater
than 30,000. This observation suggested that with the overall
sequencing depth at 8 million uniquely mappable reads, 3Seq
could provide a quantitative dynamic range of up to 10*. To
test this hypothesis, we first examined normalized reads
count per million mappable reads (RPM) for 12,739 genes
that showed detectable expression in the skin. The result
showed that 3Seq can detect gene RPM over four orders of

magnitude in both basal and suprabasal cells (Fig. 4B). The
distribution of mRNA expression levels is also consistent with
recent studies that suggest that the dynamic range for mRNA
copy number in a single mammalian cell is ~10* with the me-
dian expression of 17 copies per cell (Schwanhausser et al.
2011; Djebali et al. 2012). Because our analysis can simulta-
neously determine 3’-end formation and quantitative mRNA
expression, we examined the correlation between 3’-end
formation by either canonical PAS or alternative PAS and
mRNA expression level. Intriguingly, mRNAs using A[A/U]
UAAA showed considerably higher expression than mRNAs
using alternative PAS in both basal stem cells and suprabasal
differentiating cells in the global analysis (Fig. 4C). Further-
more, mRNAs using AUUAAA were generally expressed at a
lower level than mRNAs using AAUAAA. These observations
suggest: (1) canonical PAS may be processed more robustly
than alternative PAS; or (2) highly expressed mRNAs (e.g.,
structural genes) may prefer canonical PAS. To support the
second suggestion, we analyzed PAS composition for mouse
housekeeping genes (Hsiao et al. 2001). As expected, 363
genes out of 419 3" UTRs of these housekeeping genes
(86.6%) used A[A/UJUAAA as PAS, which was a significantly
higher percentage than the utilization ratio of 77.6% for all
3’ UTRs genome-wide (P< 1x 10~ hypergeometric test)
(Supplemental data set S1).

To evaluate the accuracy of absolute copy number quanti-
fication by 3Seq, we used two different sets of in vitro cul-
tured keratinocytes, which provided us an ample amount
of total RNA, to construct 3Seq libraries and cDNAs for ex-
tensive quantification. With these two different keratinocytes
samples, we uniquely mapped 1.6 million and 1.2 million
50-mer 3Seq reads, respectively. Despite the low sequencing
depth of these experiments, we still observed the dynamic
range of ~10*. We selected 16 genes whose expression
spanned the entire dynamic range for quantitative analysis.
To ensure accurate copy number quantification by qPCR,
we characterized amplification efficiency and determined
the dynamic range of linear amplification for each qPCR
primer set before calculating the copy number for each
gene. Strikingly, when we compared the normalized 3Seq
quantification for each gene with their absolute copy num-
ber, it showed a remarkable consistency between these two
measurements. In the two independent experiments, Pear-
son’s correlation coefficient is 0.8104 and 0.8227, respectively
(Fig. 4D). In general, we also observed an average of 1.48-fold
overestimation by 3Seq quantification, with a standard devi-
ation of 0.79. This was probably due to the sequencing depth,
e.g., only 1.6 million mappable reads and the short reads
length (50-mer) for these experiments. We expect that with
a depth of ~20-30 million total reads per library and longer
reads, e.g., 100-mer instead of 50-mer, we could observe
more robust absolute quantification by 3Seq. Nonetheless,
these results demonstrated that 3Seq enables highly accurate
quantification for mRNA throughout the entire dynamic
range of mRNA expression.

www.rnajournal.org 419


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on February 26, 2022 - Published by Cold Spring Harbor Laboratory Press

Wang et al.
A B
E14 Basal
mRNA Relative Enrichment 1500
r=0.9961
64.00 ®mgPCR " 3seq 1000
o 16.00 500
®
] I ] _2 —1 0 1 2 3 4
£ 100 [ g 107107 10° 10" 10° 10° 10
s i E14 Suprabasal
a 0.25
] 1500
©
[ 0.06
o 1000
0.02
500
0.00 0
Lefl Itga6 Krt14 Fzd10 Trp63 Krt5 Actb Lor Cdknla Krt1 Krt10
102107 10° 10" 10® 10° 10
Gene Abundance (RPM)
C E
98 714 Basal AAUAAA
N AUUAAA
06 - 3 _ _ _ Alternative Number of peaks detected after filtering
PAS
04 18,000
16,000
02 4 14,000
0.0 - 12,000
> T P PR P P
2 10 10 10 10 10 10 10,000
e 08 gy Suprabasal — AAUAAA 8,000
N e AUUAAA 6,000
06 - 2 _ _ _ Alternative
; PAS 4,000
04 7 2,000
0.2 0
0.1 0.2 0.5 1.0 2.0 5.0 8.0 10.0
0.0 —
P P PR P P Sample Size (Million of Uniquely Mappable Reads)
10 10 10 10 10 10
RPM
D mRNA Absolute Copy Number mRNA Absolute Copy Number
Sample 1, r = 0.8104 Sample 2, r = 0.8227
Q v §
A7 .
50.0 X e
0%&0 50.0 'O"ﬁ ®Clita &Cstd
£ o . .
CA 4 Dbi OEif3h
5.0 ' 5.0 e
Q “ * Fkbp5 BKrt16
- A
@ A . A
8 o5 k Krt17 Olgals7
v=2 .- = Cav1 AcCdkn1a
01 1 deINp63-1 ©Fzd10
Altgab OKrt14
0.0 *Krt5 @Skp2
0.01 0.1 1 10 100 ) 10 100
qPCR qPCR

FIGURE 4. 3Seq provides accurate measurement for both relative and absolute mRNA quantification. (A) Measurement of mRNA relative abun-
dance between E14 basal and suprabasal samples. The log, enrichment ratio of basal/suprabasal for selected genes is plotted. Basal markers (LefI,
Itga6, Krt14, Krt5, Fzd10, and Trp63) are significantly enriched in basal cells, and suprabasal markers (Lor, Cdknla, Krtl, and Krt10) are enriched
in suprabasal cells. Measurement by qPCR and 3Seq is highly consistent, with Pearson correlation coefficient, r = 0.9961. (B) Log;, histogram of
3Seq RPM measurement (read count per million mappable reads, RPM) for individual genes in embryonic day 14 (E14) basal and suprabasal samples.
Note that Hprt has an RPM of 137.8 in the E14 basal sample and 124.2 in the E14 suprabasal sample. (C) Smoothened log;, density plot of 3Seq RPM
measurement for individual peaks that use canonical AAUAAA (black), AUUAAA (gray dashed), or alternative PAS (gray dotted). (D) Log, ratio of
absolute copy number for 16 genes as measured by qPCR is compared with the measurement by 3Seq (normalized to Hprt). Two individual exper-
imental results are plotted. 3Seq and qPCR experiments are performed using in vitro cultured mouse primary keratinocytes. Measurement by qPCR
and 3Seq are highly consistent, with Pearson correlation coefficient, r = 0.8104 and 0.8227. (E) Impact of sequencing depth on 3’-end detection and
quantification. Subsampling of the different size of mappable reads is used to perform 3Seq peak filtering (solid line).

We then evaluated the impact of sequencing depth on the  to 10 million reads following the exact filtering analysis, we
quantification power of 3Seq. To this end, we performed sub- ~ determined that with 5 million uniquely mappable reads, it
sampling from all of our E14 basal 3Seq data (11.2 million  was sufficient to detect 90% of 3'-end events and the detec-
uniquely mappable reads). By subsampling from 0.1 million  tion of authentic 3’ ends reached a plateau with 8—10 million
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reads (Fig. 4E). Taken together, we esti-
mated that with 8-10 million mapped
reads, our experimental and bioinfor-
matics pipeline represents a robust tool
for genome-wide mRNA quantification.
With the output of Illumina HiSeq rou-
tinely approaching 250 million reads
per lane, we could profile a minimum
of 8-10 samples with a single lane for
the cost of ~$1,000.

Differential 3'-UTR usage in the
epidermal lineages

Transcriptome quantification by 3Seq
enables the detection of differential 3'-
UTR usage in a quantitative manner.
For example, if gene A forms two 3'-
UTR isoforms with a proximal and distal
PAS, respectively, it would be important
to determine if gene A prefers the proxi-
mal isoform to the distal isoform in one
cell lineage versus the other. These in-
sights may uncover a molecular basis for
dynamic regulation of mRNA, e.g., sta-
bility, localization, and translation
through differential 3’-UTR expression
in different cell lineages. Indeed, it has
been reported that differential 3’-UTR us-
age is associated with cell type specificity
(Flavell et al. 2008; Shepard et al. 2011)
and cell proliferation (Sandberg et al.
2008). However, differential 3’-UTR us-
age between closely related cell lineages
in vivo has not been well characterized
by sequencing. As a result, the dynamics
of 3’-end formation during developmen-
tal transitions remains unclear. Since
3Seq was able to quantify abundance of
each 3’-end isoform independently, we
directly examined the data to identify
3’-UTR switching events. We analyzed
3Seq data for differential 3’-end for-
mation between the embryonic day
14 (E14) basal and suprabasal cells.
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FIGURE 5. Differential 3'-UTR formation is identified in embryonic skin stem cell lineages. (A)
Histogram of the number of 3’ UTRs per gene. (B) Positional preference of PAS in splicing-in-
dependent 3'-UTR switching. The proportions of 3’ UTRs containing AAUAAA, AUUAAA, or
alternative PAS are plotted in three categories: genome-wide distribution (black), distal switching
3" UTRs (gray), and proximal switching 3" UTRs (white). (C) Examples of splicing-independent
3’-UTR switching of the Eiflad gene. (Left) 3Seq coverage with RefSeq annotation is plotted. The
positions of gPCR primers for detecting both proximal and distal 3'-end expression (gray) and
distal 3’-end only (black) are shown (arrows). Gray bars below the coverage track indicate defined
the 3Seq peak region. The proportions of each 3’ end are labeled. (Right) qPCR validation and
comparison with 3Seq measurements; (***) P<0.001, (**) P<0.01. (D) qPCR validation of
switching 3" UTRs. A universal primer (black arrows in C) is used to detect both proximal and
distal isoforms, while another pair of primers only measures the distal isoforms (gray arrows
in C). The error bar is standard deviation from biological replicates. (E) Quantification of switch-
ing 3’-UTR isoforms. The proportion of each 3" UTR (proximal or distal) is calculated by dividing
3Seq quantification of each 3" end by the whole gene quantity. The P-value is calculated using a
two-sample z-test, with multiple comparison correction (Benjamini and Hochberg).

Overall, 39.1% of genes contain more than one 3’ end
(Fig. 5A). We first asked whether differential PAS utilization
is associated with 3’-UTR switching. We studied the PAS dis-
tribution in splicing-independent, differential 3’-end forma-
tion and observed a strong preference for the alternative PAS
in these 3'-UTR switching events, compared with the
genome-wide pattern (P<0.0001) (Fig. 5B). Interestingly,
increased preference for the alternative PAS was mainly
balanced by the decreased usage of AAUAAA, but not
AUUAAA (Fig. 5B). On the other hand, the usage of alterna-

tive PAS at the distal 3’ ends for these 3'-UTR switching
events is drastically reduced (7.1%) in contrast to the ge-
nome-wide usage rate (20.3%). To systematically identify
3’-UTR switching events among these genes, we focused on
the proportion of each 3’-end isoform for a single transcript.
Overall, we identified a total of 1228 3’-end isoforms from
splicing-independent, authentic alternative polyadenylation
that are differentially enriched between the basal and supra-
basal lineages (P < 0.05, Benjiani and Hochberg correction).
These 3’ ends belong to 829 genes (Supplemental data set S2).
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To validate these 3’-UTR switching events experimentally,
we selected six genes (Ddx46, Dicer, Eiflad, Trappc5, Pcmtd2,
and Opal) that showed differential usage of 3’ ends. We per-
formed qPCR to validate the detection by 3Seq. After validat-
ing qPCR primers and expression variation between cell
sorting experiments (Fig. 5C), six out of seven genes showed
the same differential usage of the distal 3’ ends in the qPCR
analysis, consistent with the results obtained by the 3Seq
analysis (Fig. 5D,E). This result further validated the ability
of 3Seq in quantitative analysis for individual 3" ends.

To extend our study to more remotely related cell types, we
compared the E14 embryonic skin lineages with the postnatal
day 4 (P4) hair follicle lineages, which originated from
the E14 basal stem cells (Blanpain and Fuchs 2009), for 3'-
UTR switching events. We identified 1394 3’ ends that
switched independently of splicing between these two lineag-
es, corresponding to 933 genes (Supplemental data set S2).
Therefore, 3’-UTR switching was slightly more widespread
between the E14 and P4 lineages than that between the E14
basal and suprabasal lineages. We applied GO term analysis
by using Gene Set Enrichment Analysis (Subramanian et al.
2005) for the genes with switched 3’ UTRs. However, we
did not observe any strong enrichment for any particular
functional cluster with a stringent P-value cutoff (1 X
10~%). This result suggests that differential 3’-end formation
takes place in many genes with diverse
functions without any particular func-
tional enrichment. A

Dicer

—

“short-long” 3’-UTR pattern, whereas Ago3 and Tnrc6c
each showed a single 3’ end (Fig. 6C). The proportion of
genes in the miRNA biogenesis pathway containing multiple
3’ UTRs (eight out of 11, 72.7%) is significantly higher than
the genome-wide percentage (39.1%, P <0.01, two-sample
Z-test). Interestingly, the remarkable heterogeneity of 3'-
UTR formation for genes involved in the miRNA biogenesis
pathway was also observed in human cells when we examined
the direct sequencing results (Supplemental Table S3). These
3’-UTR dynamics suggested a possibility that conserved and
extensive feedback regulation exists to modulate the expres-
sion of these genes. For example, mRNAs with very short
3’ UTRs, e.g., Drosha and the short isoforms of Xpo5 and
Dicer, could be largely immune to miRNA-mediated regula-
tion, whereas mRNAs with very long 3’ UTRSs, e.g., Ago2 and
the long isoforms of Xpo5, Dicer, and Dgcr8, could be sensi-
tive to extensive miRNA-mediated regulation.

DISCUSSION

We have optimized the 3Seq technique with a bioinformatics
pipeline to identify accurately and quantitatively the 3’ end
of mRNA. By leveraging the local sequence composition
characteristic of mRNA 3’-end formation, we can accurately
distinguish “false” peaks derived from internal priming from

3’-End formation patterns for genes
in the miRNA pathway

Basal

The presence of a very short 3’ UTR (154
nt) and a long 3’ UTR (3850 nt) in Dicer
suggested a possibility of regulating Dicer

Suprabasal

mRNA by the length of the 3 UTR. B C
Indeed, a previous study suggested that Agoz kb : :
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the miRNA pathway (Krol et al. 2010).
Interestingly, we found extreme cases in
which a very long 3" UTR is used (Ago2,
11 kb) or a very short 3" UTR is used
(Drosha, 123 nt) (Fig. 6B). Seven genes
in addition to Dicer (Dgcr8, Xpo5, Agol,
Ago2, Ago4, Tnrc6a, Tnrc6b) showed the
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FIGURE 6. Dynamics of 3'-end formation for core components in miRNA biogenesis pathways.
(A) 3’-UTR switching between short (154 nt) and long (3850 nt) isoforms of Dicer is detected
between the stem cells and differentiated cells. 3Seq coverage with RefSeq annotation is plotted.
(B) Long 3 UTRs of Ago2 (8314 nt and 11,020 nt) and a very short 3 UTR of Drosha (123 nt) are
detected in the skin. Gray bars below the coverage track indicate the defined 3Seq peak region, and
proportions of each 3’ end are labeled in both A and B. (C) Table of shortest and longest 3 UTRs
for genes in the miRNA biogenesis pathway. (***) P <0.001, (ns) not significant.
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authentic poly(A) sites. The accurate annotation of 3'-end
formation for specific cell populations will provide precise
3’-UTR information for studies focusing on the regulatory
function of the 3’ UTR, e.g., cell-type-specific identification
of miRNA targets and characterization of cell-type-specific
binding motifs for RNA-binding proteins.

Our results indicate that the quantification of mRNA levels
by global 3Seq analysis has comparable accuracy as qPCR for
differential expression of individual genes. In addition, 3Seq
quantification shows robust correlation with the absolute
copy number of individual genes over the dynamic range of
~10* This accuracy was obtained by less than 3 million
uniquely mappable reads (~10 million raw reads). It should
be noted that the proportion of mappable reads could be fur-
ther increased by sequencing longer fragments or using a
paired-end strategy. Considering that the current yield for
the Illumina HiSeq platform is approaching 250 million reads
per lane, our 3Seq protocol would enable multiplexing of
more than 10 samples per lane while retaining quantification
accuracy. Practically, this significantly lowers the cost of tran-
scriptome profiling. In particular, 3Seq is suitable for tran-
scriptome profiling in gene functional studies in which
the main goal is usually global measurement of transcripts’
abundance, and detection of full-length transcripts is not
required.

The simultaneous detection of 3" ends and quantification
of mRNA expression gives us a unique opportunity to exam-
ine the dynamics of 3'-end formation in a quantitative man-
ner and reveals several hitherto unappreciated insights. For
example, we show that mRNAs using canonical PAS, espe-
cially AAUAAA, tend to express at a considerably higher level
than mRNAs using alternative PAS (Fig. 4C). Furthermore,
in 3’-UTR switching events, the distal 3’ ends are strongly bi-
ased toward AAUAAA, whereas the proximal 3’ ends are bi-
ased toward alternative PAS (Fig. 5B). These observations
suggest an intrinsic relationship between polyadenylation
and gene expression. Because of the simplicity and cost-effec-
tiveness of 3Seq, we anticipate that 3Seq, when combined
with robust bioinformatics analysis, can be widely applied
in numerous studies for gene expression.

The quantitative profiling of polyadenylated RNAs in skin
stem cell lineages yields important insights into the dynamics
of mRNA 3'-end formation in closely related somatic cells
in vivo. Among 12,739 genes that are detected in our analy-
sis, 4992 of them (39.1%) contain more than one 3’ end.
Interestingly, this percentage is comparable to the proportion
of mRNAs with alternative 3’ ends that has been detected in
C. elegans (30%) by 3P-Seq (Jan et al. 2011). Of note, our
study examined the alternative 3’ UTRs in a single mamma-
lian lineage at a specific time point, whereas the C. elegans
study used the whole organism at different developmental
stages. This result indicates that a large number of genes
use different 3’ UTRs to control their mRNAs, e.g., stability
and location as well as translation. We were particularly inter-
ested in detecting mRNA transcripts that differentially use

distinct 3’-UTR isoforms between the basal stem cells and
the suprabasal differentiating cells. It could provide critical
insights for the role of differential 3’-UTR usage during
developmental transitions. Surprisingly, we only detected
829 genes that show differential 3'-end usage between these
two lineages. It indicates that the impact of mRNA 3’-end
switch could be limited during developmental transitions.
However, we could not rule out the possibility that a few mas-
ter regulators, which use differential 3'-end formation, could
have a significant impact on the process. For example, the 3
UTR of Dicer shows one of the most dramatic shortenings
once the stem cells embark on the differentiation program
(Fig. 6A). In contrast to our findings, several previous studies
suggest that differential 3’-end formation might be a wide-
spread mechanism for cell fate specification (Tian et al.
2005; Sandberg et al. 2008; Mayr and Bartel 2009). However,
these studies used very different samples for such compari-
son, e.g., (1) a cohort of studies from a large number of
cell lines (Tian et al. 2005); (2) in vitro cultured tumor cells
(Mayr and Bartel 2009; Fu et al. 2011; Shepard et al. 2011); or
(3) a mixed cell population isolated from a large tissue or
organ (Ozsolak et al. 2010). As a result, those samples were
either heterogeneous or highly transformed, which may
not be able to reflect transcriptome diversity accurately in a
single lineage in vivo. Unlike these cells, the basal stem cells
and suprabasal differentiating cells are spatiotemporally
well defined and closely linked with a much shorter distance
in their developmental timeline. To examine if an increased
developmental gap could lead to a more dramatic change
in 3’-end usage, we also compared embryonic skin stem cells
with neonatal hair follicle lineages, which originate from the
stem cells. We found that 933 genes show 3’-end switching
among these two cell types (Supplemental data set S2).
Thus, our results indicate that differential usage of alter-
native polyadenylation could be either a specific event for a
certain type of developmental transition and cell transforma-
tion or a process that gradually takes place through in vivo
differentiation.

Finally, our results reveal a complex 3’-end formation pat-
tern for core components of the miRNA pathway (Fig. 6).
Eight out of 11 core components of the pathway contain a
short and long 3'-UTR isoforms. In particular, the short
forms of Dicer and Xpo5 and the only 3’ UTR of Drosha are
among the shortest 3’ UTRs, e.g., 154 nt, 21 nt, and 123 nt,
respectively, and are likely refractory to any miRNA-mediat-
ed regulation. In contrast, the long forms of Dicer and Xpo5
are 3850 nt and 1305 nt, respectively. It is tempting to spec-
ulate that the mRNAs with a short 3’ UTR provide a “con-
stant” output for these proteins, whereas the mRNAs with
along 3’ UTR provide a “regulated” output that is negatively
correlated with the strength of the miRNA pathway. In our
recent study, we have demonstrated that the function of the
core components of the miRNA pathway e.g., Ago proteins,
shows strong correlation to their expression level (Wang et al.
2012). Therefore, the control over the expression of these
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genes with the short-long 3" UTRs through miRNA-mediat-
ed regulation can provide a self-regulatory mechanism for the
overall function of the miRNA pathway.

MATERIALS AND METHODS

Flow cytometry

Mouse embryonic epidermis is dissected from E14 embryo, cut into
small pieces (2 mm X 2 mm), and trypsinized for 10 min at 37°C.
Digested sample is resuspended with PBS and 3% chalexed serum
and filtered to get a single-cell suspension. To isolated basal and
suprabasal populations from embryonic epidermis, transgenic
mouse line K14H2BGFP is used, and the single-cell suspension is fur-
ther stained with rat anti-human CD49f PE antibody (BD Pharmin-
gen) and then undergoes flow cytometry (Supplemental Fig. S1B).

Cell culture, RNA extraction, and cDNA construction
and quantitative PCR

Primary keratinocytes are isolated and cultured as previously de-
scribed (Yi et al. 2008). RNA from in vitro cultured cells or in vivo
sorted cells are extracted by TRIzol and precipitated with isopropa-
nol. cDNA construction is performed using the Invitrogen Super-
Script III ¢cDNA Construction Kit. Quantitative PCR is performed
using the Bio-Rad SYBR Green system. For absolute copy number
qPCR, PCR amplicons of candidate genes are gel-purified, and
concentration is measured. A standard curve of each amplicon is de-
termined by performing a series dilution of the amplicon and calcu-
lating the linear relationship of the Ct values and copy number input
per reaction. Copy number values are normalized to internal control
Hprt. The qPCR primers are listed in Supplemental Table S4.

Chromatin immunoprecipitation

ChIP experiments were performed using the ChIP-IT Express kit
from Active Motif (catalog #53008), following the manufacturer’s
suggested procedure. H3K4me3 antibody was purchased from
Active Motif (catalog #39159), and H3K36me3 antibody was pur-
chased from Abcam (catalog #ab9050).

Sequencing library preparation

For the 3Seq experiment, 0.5-2 pug of total RNA are poly(A) selected
twice using the Invitrogen Dynabeads mRNA DIRECT Kit. The
poly(A) RNA is fragmented for 5min using the Ambion RNA
Fragmentation Kit. Reverse transcription is performed using frag-
mented RNA and an anchored oligo, P7T20V (Supplemental
Methods), and second strands are further synthesized using RNase
H and DNA polymerase I. The double-strand DNA library was con-
structed following the Illumina standard dsDNA library protocol.
Briefly, the dsDNA ends were repaired using PNK and Klenow en-
zyme, followed by treatment with Klenow 3'-to-5" exo™ to generate
an A-overhang used for adaptor ligation. Ligated products are gel-pu-
rified with size selection of 150—400 bp and PCR-amplified by 18-26
cycles, depending on the resulting library quantity. Amplified librar-
ies were sequenced at the Illumina HiSeq2000 platform. For ChIP-
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Seq experiments, ChIP-ed DNA was purified and followed by the
Mumina standard dsDNA library protocol described above.

Bioinformatics analysis

Read mapping is performed using the short reads aligner Bowtie
(version 0.12.7) (Langmead et al. 2009). We trim off reads contain-
ing adapter sequences and all continuous adenosines from the 3’
end, and then align against the mouse reference genome. Aligned
reads cluster to form peaks. To define the reads-enriched region,
we use the peak calling algorithm MACS (version 1.4.0) (Zhang
et al. 2008). Peaks are further processed using PeakSplitter (version:
0.1, embedded in MACS), which separates very close peaks, and thus
called a single peak by MACS. The cleavage site of a given peak is
determined using all trimmed reads within the peak. The positions
of 3'-terminal nucleotides of all trimmed reads are intersected with
3Seq peak regions. The nucleotide position that has the maximum
count of the 3’ terminal of trimmed reads is defined as the cleavage
site. See the detailed bioinformatics pipeline in the Supplemental
Methods.

mRNA quantification and switching 3'-UTR detection

Peaks classified as authentic 3" ends are used for transcript quantifi-
cation. We use Refseq and Ensembl annotation to assign peaks to
gene symbols (database downloaded on 4 April 2012). Peaks within
10 kb downstream from an annotated 3" end and not overlapping
with any annotated gene body are assigned as an extended 3’
UTR. The expression level for a given gene is calculated by summing
the reads count of all authentic 3’-end peaks mapped to the gene
normalized to the total number of mappable reads (millions). For
absolute quantification comparison with qPCR, 3Seq quantification
is further normalized to internal control Hprt. Peak lengths are not
normalized. Lengths of 3’ UTRs are reannotated using the distance
between the stop codon and the cleavage site of 3'seq peaks, with in-
tron size subtraction. Genes with more than two major 3" UTRs
(quantity is larger than 10% of total gene quantity) are candidates
for switching 3’-UTR detection. The P-value is calculated using a
two-sample Z-test with multiple comparison correction (Benjamini
and Hochberg). Switching 3’ UTRs are defined as at least 1.5-fold
difference of proportion with P < 0.05.

DATA DEPOSITION

3Seq raw read sequences and processed data of E14 basal, E14 supra-
basal, P4 hair follicle, and in vitro cultured keratinocyte samples are
available at NCBI/GEO (study GSE37641).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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