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Ubiquitously transcribed genes use
alternative polyadenylation to achieve
tissue-specitic expression
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More than half of human genes use alternative cleavage and polyadenylation (ApA) to generate mRNA transcripts
that differ in the lengths of their 3’ untranslated regions (UTRs), thus altering the post-transcriptional fate of the
message and likely the protein output. The extent of 3' UTR variation across tissues and the functional role of
ApA remain poorly understood. We developed a sequencing method called 3'-seq to quantitatively map the 3’ ends
of the transcriptome of diverse human tissues and isogenic transformation systems. We found that cell type-
specific gene expression is accomplished by two complementary programs. Tissue-restricted genes tend to have
single 3' UTRs, whereas a majority of ubiquitously transcribed genes generate multiple 3’ UTRs. During
transformation and differentiation, single-UTR genes change their mRNA abundance levels, while multi-UTR
genes mostly change 3’ UTR isoform ratios to achieve tissue specificity. However, both regulation programs target
genes that function in the same pathways and processes that characterize the new cell type. Instead of finding
global shifts in 3’ UTR length during transformation and differentiation, we identify tissue-specific groups of
multi-UTR genes that change their 3' UTR ratios; these changes in 3’ UTR length are largely independent from
changes in mRNA abundance. Finally, tissue-specific usage of ApA sites appears to be a mechanism for changing
the landscape targetable by ubiquitously expressed microRNAs.
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Protein expression is determined by the rate of transcrip-
tion and by post-transcriptional processes that lead to
changes in mRNA transport, stability, and translational
efficiency. These post-transcriptional processes are me-
diated by RNA modifications, secondary structure,
microRNAs (miRNAs), and RNA-binding proteins that
recognize regulatory elements located in the 3’ untrans-
lated regions (UTRs) of transcripts (Bartel 2004; Sonenberg
and Hinnebusch 2009; Darnell 2010; Ascano et al. 2012;
Meyer et al. 2012; Vogel and Marcotte 2012). It was
recently discovered that a large fraction of human genes
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generate alternative mRNA isoforms that differ in the
length of their 3’ UTRs due to the recognition of alter-
native cleavage and polyadenylation (ApA) sites (Tian
et al. 2005; Flavell et al. 2008; Sandberg et al. 2008; Ji et al.
2009; Mayr and Bartel 2009). As a consequence, changes
in the relative abundance of 3’ UTR isoforms determine
whether the regulatory elements that enable post-tran-
scriptional regulation are largely present or absent from
the mRNA. It has been shown for specific genes that the
shorter mRNA isoforms escape regulation by miRNAs
and other RNA-binding proteins and can produce as
much as 40-fold more protein (Mayr and Bartel 2009).
There are reports in the literature that show that the
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longer mRNA isoforms can produce more protein or that
both mRNA isoforms produce comparable amounts of
protein (Ranganathan et al. 1995; An et al. 2008). How-
ever, in the majority of tested genes, the shorter mRNA
isoforms produce more protein (Wiestner et al. 2007;
Sandberg et al. 2008; Mayr and Bartel 2009; Singh et al.
2009; Akman et al. 2012; Martin et al. 2012; Bava et al.
2013). Thus, induction of widespread changes in the ratio
of ApA isoform abundance is a gene regulatory process
that can have extensive consequences for gene expression,
as it sets the stage for post-transcriptional regulation.

The first transcriptome-wide studies on ApA reported
that proliferation or oncogenic transformation was asso-
ciated with a shift toward generation of shorter mRNA
isoforms, whereas differentiation seemed to correlate
with lengthening of 3’ UTRs (Flavell et al. 2008; Sandberg
et al. 2008; Ji et al. 2009; Mayr and Bartel 2009; Elkon
et al. 2012, 2013; Lin et al. 2012; Tian and Manley 2013).
Furthermore, specific tissues appeared to produce overall
shorter or longer 3’ UTRs (Zhang et al. 2005; Ramskold
et al. 2009; Shepard et al. 2011; Li et al. 2012; Smibert
et al. 2012, Ulitsky et al. 2012). Recently, several 3’ end
sequencing methods were published. Whereas Derti et al.
(2012) showed that their protocol is quantitative with
respect to mRNA abundance levels, none of the protocols
was established to be quantitative with respect to 3’ UTR
isoform expression (Fu et al. 2011; Jan et al. 2011; Derti
et al. 2012; Elkon et al. 2012; Lin et al. 2012; Hoque et al.
2013). In the present study, we performed a quantitative
and statistically rigorous analysis of alternative 3" UTR
isoform expression across a large number of human
tissues as well as in isogenic cell transformation experi-
ments and uncovered a far more complex picture of ApA
than in these early reports.

Using 3'-seq, we built an atlas of human polyadenyla-
tion (pA) cleavage events that contains a large majority of
functional pA sites. We extensively validated our sequenc-
ing results and demonstrate that the number of isoforms
detected as well as the relative abundance ratio of alterna-
tive 3’ UTR isoforms is consistent with results obtained by
Northern blots. We then applied a new computational
approach to identify significant tissue- and condition-
specific differences in 3’ UTR isoform levels that takes
into account changes in mRNA level and the variation
between biological replicates. This comprehensive analy-
sis revealed that the generation of alternative 3 UTR
isoforms is a characteristic of ubiquitously transcribed
genes that are involved in diverse gene regulatory pro-
cesses and are distinct from the classical housekeeping
genes that generate single UTRs. However, like house-
keeping genes, this new class of ubiquitously transcribed
genes is less stringently regulated at the transcriptional
level. Instead, ubiquitously transcribed multi-UTR genes
use differential abundance of their 3’ UTR isoforms to
achieve tissue- and context-dependent expression. They
also have permissive proximal pA sites that enable read-
through transcription to allow inclusion of 3’ UTR regula-
tory elements. A large fraction of proximal pA sites show
awide range of usage across tissues, suggesting that they are
highly regulated to either allow or prevent post-transcrip-
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tional regulation. We also demonstrate that differentiation
or transformation leads to changes in mRNA abundance of
single-UTR genes as well as alterations in 3’ UTR isoform
levels of multi-UTR genes. These changes are specific to
the conditions analyzed, and, remarkably, both groups of
genes are involved in the pathways and processes charac-
teristic of the new cell state, even though multi-UTR genes
largely do not alter mRNA levels. If alternative 3' UTRs
indeed confer differential protein expression, alterations in
mRNA abundance and changes in 3’ UTR isoform ratios
cooperate in accomplishing the activated expression pro-
gram. Although we have been able to measure transcrip-
tome-wide mRINA expression levels for more than a decade,
deconvolving mRNA length from abundance has only
recently been made possible through directed sequencing
methods like 3’-seq. Our analysis identifies a key compo-
nent of gene expression programs—the global changes in
3’ UTR isoform expression—that has been largely invisible
until now.

Results

The 3’ cleavage events of genes are the same across
tissues

We hypothesized that the differential usage of 3" UTR
isoforms is a coordinated gene expression program to
regulate protein levels. To uncover the extent of this
potential regulatory program, we set out to quantitatively
map the 3’ ends of mRNAs in diverse human tissues and
cell lines at single-nucleotide resolution. To this end, we
developed a next-generation sequencing protocol called
3'-seq (Fig. 1A) and applied it to 14 human samples,
including testis, ovary, brain, breast, skeletal muscle,
naive B cells, embryonic stem (ES) cells, and human cell
lines (NTERA2, HeLa, MCF7, MCF10A, and HEK293)
(Supplemental Table 1). In total, we obtained 98 million
reads uniquely mapping to the genome, with the vast
majority mapping to known 3’ UTRs (Supplemental Fig.
1A). We implemented a computational pipeline (see the
Supplemental Material) to identify peaks representing
3’ ends and removed peak events due to internal priming
(Supplemental Fig. 1B). We focused our analysis on mRNA
3’ ends that mapped to annotated 3’ UTRs or were located
within 5 kb downstream from RefSeq gene annotations and
found 2187 genes to have longer 3' UTRs (>20 nucleotides
[nt]; median, 1870 nt) than annotated. For seven of these
genes, we tested by Northern blot analysis whether the
3’ ends were connected to the upstream genes and con-
firmed them for all seven genes (Supplemental Fig. 1C; data
not shown). This shows that our data can be used to
reannotate human 3’ UTRs. We used the 3’ UTR lengths
from our atlas for downstream analyses.

To identify the human genes that generate single or
multiple 3" UTRs, we generated an atlas of cleavage
events (80,371 3’ ends for 13,718 genes) from all of our
samples. In previous reports, the number of genes con-
sidered to have multiple 3’ UTRs ranged from 30% to
79% (Derti et al. 2012; Lin et al. 2012; Hoque et al. 2013;
Tian and Manley 2013). The fraction of genes with

GENES & DEVELOPMENT 2381



Lianoglou et al.

@ Reverse transcribe total RNA
A oum? T
AAAUA
@ Synthesize second strand
.'- N T ﬁ'ﬁﬁ*‘ T C mRNA abundance D 3utrisoform abundance [ 3:UTR isoform abundance
-AAAAAAAAAAAAAAAAAB AAATAA = = =
14 {n=9197 1.01n=3821 1.01n=136
Glntroduce nick at the uridine = =
.—- TTTTTTTT o 08 508
-Hmum HHHHHHHMHTTTT T °
06 gu.s
@ Translate nick 5'—3' for 50-75 bases 5 £
TTTTTTTTTTTTTTTTTVN 'f-m T— 04 20-4
NN e AN RRNNRNNNNR A4 T Z
AAAAAAAAAAAAAAAAABN —_
0.2 D02
5 @Make a blunt end at the nick
@ 7777 TTTTTTTTVN ————— TTTA’FT R=0.97 0 R=0.94 0
-HHHHHHHHHHHHHH NN — ey YIRS Y IET) 5o G g5 5 1o
AARARARAARARARARAEN LogZTPM ul Ul (3"-seq)
@ Ligate sequencing adapters & PCR amplify
TTTTTTTTTTTTTTTTTVN T e
TTTTITT1T] HHHHHHHHH?WH T
B . NFKB1 40 7 NUDT21 £150 3 PTEN 60 3 CPSF2 r8
Testis i % 1l o 14 . N | 1 1 . Fo
E Feo ] Fio 3 [15
MCF7| o 1l lg 11 s P 75 S B o,
HelLa lo. 34 1k 41 A ik 30 | o
B cell 1500 3 £80 3 E60 E6
cel E E 3 E
920 3 £920 £% 92
MCF10A o 3 E2 - !
M | 60 g F20 3 ri5 3 15
E E 3 F ] Fo =
uscle % 3 o0 3 to 3 o2
Escell g, 1. Lee, 1L o, - —— 1| 2
NTERA2 o ] N £ ] E
40 E120 J (15 3 E12
HEK293 | Ll beo” 11 . Py I E— L
Breast ‘ 920 E ‘ ggo ‘ A A ;gu E A ‘ ‘ " E\]z
Ovary i 9, E | égo A i ggo n | 1 9
Brain 18 Ak, N . 1k 1 i | )
0.5 kb —1kb —1kb 1 kb

Figure 1. 3’-Seq generates a quantitative transcriptome-wide atlas of pA cleavage events. (A) 3’-Seq protocol. Total RNA was
reverse-transcribed with an oligo(dT) primer extended at the 5’ end by a sequencing adapter bound to magnetic beads. The oligo(dT)
primer contained a uridine. After second strand synthesis, a nick was introduced at the uridine, and nick translation was used to
shift the nick ~50-75 nt away from the 3’ end. At the new position of the nick, a blunt end was created, and the second sequencing
adapter was ligated. After ~10 cycles of PCR and gel purification, the library was sequenced. (B) Atlas of pA cleavage events.
mRNA transcript abundance across human tissues and cell lines is shown; for example, genes with one, two, three, or five 3' UTR
isoforms. The peaks report the abundance of each isoform in transcripts per million (TPM). The gene model is drawn to scale and
shows the terminal exon. (C) 3’-Seq is reproducible at the level of mRNA abundance. mRNA levels of biological replicate samples
are shown in TPM. TPM is calculated using all reads that map to the 3’ UTR of a given gene. (D) 3’-Seq is reproducible at the level
of 3’ UTR isoform abundance. The UTR index (UI) of replicate samples is shown. The Ul reflects the fraction of reads mapping to
a given pA site out of all of the reads mapping to the 3’ UTR. (E) Correlation of the UI as measured by 3’-seq and Northern blot

analyses of 136 genes.

multiple 3’ UTRs highly depends on the criteria used to
count read evidence as an ApA event. To empirically
determine the appropriate stringency for filtering out
lowly expressed events, we applied different filtering
thresholds to determine the number of 3’ UTR isoforms
of each gene (Supplemental Fig. 1D; Supplemental Table
2) and compared them with the number of isoforms
obtained by Northern blot analyses for 16 randomly
chosen genes (seven single-UTR and nine multi-UTR
genes) (Supplemental Fig. 1E). Although the detection
threshold of the Northern blots can vary, we generally
detect isoforms expressed at 3 TPM (transcripts per
million). If we apply no TPM filter and count every peak
obtained by 3'-seq as a 3’ UTR isoform, we regard 10,828
out of 13,718 genes to have multiple 3 UTRs (79%),
which is consistent with previous reports (Derti et al.
2012; Hoque et al. 2013). However, all seven genes that
are defined to have single 3" UTRs as detected by
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Northern blot analysis were misclassified and would be
considered multi-UTR genes. When we require peaks to
be present at a minimum expression level of 3 TPM with
>10% of 3’ UTR reads mapping to a given ApA site in at
least a single sample, we classify 7020 out of 13,718 genes
as multi-UTR genes (51%). With this filtering threshold,
all but one gene from the Northern blot analysis are
classified correctly (Supplemental Fig. 1D,E; Supplemen-
tal Table 2).

Visualization of 3" UTR isoform expression across all
samples shows that the locations of functional pA sites
are shared across all samples, even for events expressed at
very low levels (Supplemental Fig. 1D). To identify truly
tissue-specific events, we required the event to be
expressed at a minimum of 10% of 3’ UTR reads without
any reads mapping at this position in other samples. Only
119 out of 27,932 events are flagged as truly tissue-
specific events by this criterion (0.4%). Even if we allow



up to three reads at the position in other samples, we
found only 3.1% of events to be expressed only in a single
tissue. This demonstrates that truly tissue-specific
events are rare. Thus, our atlas of cleavage events
revealed that the number of 3' UTR isoforms generated
by a gene and the locations of the corresponding cleavage
events are largely tissue-independent. However, the rel-
ative expression of the 3’ UTR isoforms varied exten-
sively across tissues (Fig. 1B; Supplemental Fig. 1D-F).

3'-Seq generates a quantitative transcriptome-wide
atlas of ApA events

Our major goal was to study differences in 3" UTR
isoform expression across tissues and in isogenic cell
transformation experiments. For our statistical analyses,
we focused on robustly transcribed protein-coding genes
(TPM > 5.5, when considering all of the reads mapping to
their 3" UTRs) and analyzed events that comprised at
least 20% of all of the reads mapping to the 3’ UTR in
a single tissue. However, we also kept events if they were
present at lower levels in the majority of tissues (=75% of
samples) analyzed. When comparing these results with
the results obtained by Northern blots for 136 genes, we
confirmed the number and locations of 3’ cleavage events
in 94% of cases. To validate that 3’-seq is quantitative at
the level of mRNA abundance, we correlated our data
with published RNA sequencing (RNA-seq) data (Pearson’s
correlation coefficient, R = 0.68-0.83) (Supplemental Fig.
1G). Using biological duplicates, we showed that our
method was highly reproducible at the level of mRNA
abundance (Pearson’s correlation coefficient, R = 0.97)
(Fig. 1C; Supplemental Fig. 1H). We observed a slightly
higher variability at the level of individual 3’ UTR
isoform abundance, which we also detected in repli-
cates using Northern blots (R = 0.94) (Fig. 1D; Supple-
mental Fig. 1H). This indicates that the greater vari-
ability does not originate from our sequencing protocol.
To validate that 3’-seq is quantitative at the level of
isoform abundance, we compared the 3’ UTR isoform
ratios of >100 genes obtained by both 3’-seq and
Northern blot analysis and found that the isoform
expression ratios correlated quantitatively (R = 0.82)
(Fig. 1E).

To assess the significant differences in 3’ UTR isoform
levels between samples, we used a generalized linear
model (GLM) for read counts mapping to cleavage events.
The model adjusts for differences in library size and
allows us to test for significant differences in isoform
abundance while taking into account differential mRNA
levels and the variation in isoform levels between bi-
ological replicates. To do so, we modified a method (see
the Supplemental Material) that was initially developed
to identify differential exon inclusion due to alternative
splicing from RNA-seq data (Anders et al. 2012). To
visualize the 3’ UTR isoform expression pattern of genes,
we calculated the fraction of reads mapping to a given pA
site out of all of the reads mapping to the 3’ UTR. This
statistic, which we call the “UTR index” (Ul), reflects the
relative abundance of a given 3’ UTR isoform.

ApA enables tissue-specific expression

The genes that change their 3' UTR isoform ratios
during transformation are specific to the pathways
activated

Our goal was to study differences in 3’ UTR isoform
expression across tissues and cell types. We used two
isogenic cell transformation experiments to examine
differences between cell types that are each induced
by a single factor. We investigated the changes in 3’ UTR
isoform expression due to oncogenic transformation by
expressing constitutively active HRAS (G12V) in the
breast epithelial cell line MCF10A. To compare the 3’
UTR isoform expression changes due to a transformation
event that does not lead to cancer, we infected naive B
cells with Epstein-Barr virus (EBV), which leads to the
generation of immortalized B lymphoblastoid cells (B-
LCLs). Naive B cells do not proliferate, whereas B-LCLs
show an activated and highly proliferative phenotype
(Carter et al. 2002). Comparing B cells before and after
EBV transformation showed that this transition is asso-
ciated with widespread changes in 3’ UTR isoform levels
(n=374, FDR [false discovery rate]-adjusted P < 0.1) (Fig. 2A;
see the Supplemental Material), with 55% of the genes
affected shifting toward expression of shorter 3 UTRs
and 45% shifting toward expression of longer 3" UTRs.
HRAS expression in MCF10A cells leads to activation of
the Ras pathway and to oncogenic transformation of these
cells (Supplemental Fig. 2A,B). Expression of activated
HRAS in MCF10A cells results in significant changes
in the 3’ UTR expression pattern (n = 252, FDR-adjusted
P <0.1) toward shortening (64 %) as well as lengthening
(36%) (Fig. 2B). Interestingly, the genes that significantly
changed the 3’ UTR isoform levels upon transformation
by EBV for the most part did not change their 3" UTR
isoform levels upon transformation by HRAS (Fig. 2C,D)
and vice versa. This suggests that the genes that signif-
icantly change their 3’ UTR isoform expression ratios
are cell type- and pathway-specific.

Changes in mRNA levels and 3' UTR length happen
in different groups of genes but function in the same
biological processes

In addition to measuring 3’ UTR isoform abundance, our
data allow us to determine mRNA levels by summing up
all of the reads that fall into the 3’ UTR of a given gene. To
identify significant changes in mRNA levels that occur
during transformation, we used DESeq, a standard method
to assess differential mRNA abundance (Anders and Huber
2010). Remarkably, in both isogenic transformation sys-
tems, the majority of genes that significantly changed their
mRNA levels (FDR-adjusted P < 0.05) were genes with
single 3’ UTRs. During EBV transformation, 831 genes
significantly changed their mRNA levels, and 540 of them
have single 3" UTRs (65%), whereas during HRAS trans-
formation, 710 genes changed their mRNA levels, with
515 of them having single 3’ UTRs (73 %) (Fig. 2G,H). The
enrichment of single-UTR genes in the group of genes that
changed mRNA abundance levels is highly significant
(Fisher’s exact test, P < 107'¢ in each comparison). Fur-
thermore, the multi-UTR genes that changed their mRNA
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Figure 2. Transformation results in alterations of mRNA levels and in changes of 3' UTR length in different groups of genes that
function in the same biological processes. (A) Difference in the relative abundance of 3’ UTR isoforms of naive B cells before and after
transformation with EBV. The plot shows the difference in the UI between two samples (the UI in B-LCLs minus the Ul in naive B cells;
Y-axis) as a function of mRNA abundance (mean log, TPM of B-LCLs and naive B cells; X-axis) for all jointly expressed multi-UTR
genes. The statistically significant ApA events based on GLM analysis (FDR-adjusted P < 0.1) are shown in color. (B) Difference in the
relative abundance of 3’ UTR isoforms of MCF10A cells before and after transformation with HRAS (MCF10A + HRAS, MCF10AR).
The plot axes are similar to those in A. (C) Plot as in A, but the statistically significant ApA events from B, which are expressed in B
cells and B-LCLs, are shown in blue. (D) Plot as in B, but the statistically significant ApA events from A, which are expressed in
MCF10A and MCF10AR, are shown in blue. (E) Changes in mRNA levels versus changes in ApA isoform abundance in naive B cells
before and after EBV transformation. The plot shows the fold change in mRNA levels (X-axis) versus the difference in the relative
abundance of 3’ UTR isoforms (Y-axis). Genes that significantly change their mRNA levels and genes that significantly change their
3’ UTR isoform levels are color-coded. The genes that change both mRNA levels and 3’ UTR length are depicted in black. (F) As in E but
for MCF10A before and after HRAS transformation. (G, top) Venn diagram showing genes that change mRNA abundance during EBV
transformation (FDR-adjusted P < 0.05). Single-UTR genes are enriched among the genes that change mRNA abundance (Fisher’s exact
test, P < 1071). (Bottom) Venn diagram showing the overlap of multi-UTR genes that change their mRNA abundance and those that
change their 3" UTR isoform expression. (H) As in G but for HRAS transformation. Single-UTR genes are enriched among the genes
that change mRNA abundance (Fisher’s exact test, P < 1071°). (I) GO analysis for genes that change mRNA levels and genes that change
3’ UTR isoform levels in naive B cells before and after EBV transformation. P-values were obtained after background correction using
the union of all genes expressed in either B-LCLs or naive B cells. The most significant GO categories are shown. All significant GO
terms are listed in Supplemental Table 3. (/) As in I but for MCF10A before and after HRAS transformation. The most significant GO
categories are shown. All significant GO terms are listed in Supplemental Table 4.



levels and the genes that changed their 3’ UTR length
upon transformation showed very little overlap (Fig. 2E~
H). The overlap of the two groups of genes is not higher
than what would be expected by chance (HRAS trans-
formation, x> = 3.2, P = 0.07; EBV transformation, x> = 0.2,
P = 0.6), which suggests that the two processes are largely
independent.

Given that the genes that change their 3’ UTR isoform
ratios and the genes that change their mRNA levels are
different, we wondered whether the gene products func-
tion in different processes. We performed gene ontology
(GO) analysis using background correction for all of the
genes expressed in the analyzed cell types. Surprisingly,
both groups of genes mostly function in the same path-
ways and cellular processes (Fig. 2I]; Supplemental Ta-
bles 3, 4). When comparing the functional categories of B
cells before and after EBV transformation, only two GO
categories were found exclusively in either group. The
genes that changed their mRNA levels are involved in
proliferation, whereas the genes that changed their 3’
UTR isoform ratios are enriched for factors responsible
for mRNA processing and splicing. All of the other
functional categories are found in both groups and con-
sisted of factors that regulate transcription, apoptosis,
ubiquitination, and protein transport. Both groups are
also enriched in members of diverse signaling pathways.
Pathways responsible for immune response, cytokine
production, and B-cell activation—specifically B-cell recep-
tor activation and NF-«B and MAP kinase signaling—were
affected (Supplemental Table 3), as was reported pre-
viously for mRNA abundance changes (Carter et al.
2002). These functional categories reflect the highly
activated and proliferative nature of B-LCL compared
with naive B cells.

Expression of active HRAS in MCF10A cells was
reported to lead to phenotypic changes resembling the
epithelial-to-mesenchymal transition (EMT) (Huber et al.
2004; Morel et al. 2008). EMT is associated with an
increase in cellular migration and activated TGF-B signal-
ing (Fuxe and Karlsson 2012). Indeed, genes that are
characteristic of EMT, such as TGFB1 or ZEB2, were up-
regulated (130-fold and sevenfold, respectively), while
CDH1 was down-regulated (sevenfold) at the transcrip-
tional level. Interestingly, the genes that changed their
UTR length are enriched in genes associated with cellular
migration. PAFAH1B1 or RAC1 did not change its mRNA
levels after HRAS activation (P = 0.7 and P = 0.3) but
showed an increase in abundance of the shorter 3’ UTR
isoforms (Supplemental Fig. 2C). Thus, these genes might
contribute to the phenotypic changes observed after onco-
genic transformation through a change in ApA. Further-
more, changes in ApA may be necessary for oncogenic
transformation. One such example is RALA, a gene that
was shown to be required for Ras-driven transformation
(Lim et al. 2005). The mRNA levels of RALA did not
change in our system (P = 0.9), but oncogenic transforma-
tion is associated with increased abundance of the shorter
3’ UTR isoform, which is associated with an increase in
RALA protein levels (Supplemental Fig. 2C,D). Besides
RALA and RACI, additional members of the Ras GTPase
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signaling pathway and genes that function in RNA
processing and splicing change their 3 UTR length
during HRAS-mediated transformation. The enrichment
of the same functional categories in the genes that change
their mRNA levels and the genes that change their
3’ UTR isoform levels was not due to the few genes
that changed both mRNA length and mRNA abundance.
When we omitted these genes from the analysis, the
majority of enriched GO categories did not change
(Supplemental Tables 3, 4).

mRNA level and mRNA length provide independent
information on gene expression

We extended our analysis to seven samples derived from
normal tissues and examined the relationship between
changes in mRNA levels and changes in 3’ UTR lengths.
We focused our analysis on the multi-UTR genes that are
expressed in at least six out of the seven tissues (n =3100).
To identify the genes that differ significantly in the 3’ UTR
isoform expression pattern across these tissues, we applied
our statistical model to all seven tissue samples (see the
Supplemental Material). We found that about two-thirds
(63.2%; n = 1958) of genes showed a significantly different
3’ UTR isoform expression pattern across tissues (FDR-
adjusted P < 0.1). We call these genes “polyadeno-modu-
lated” (pAM) multi-UTR genes (Fig. 3A). The genes whose
ApA isoform levels do not vary significantly across differ-
ent tissues we call non-pAM (NpAM) genes (FDR-adjusted
P>0.1) (Fig. 3B). We visualized the UTR expression pattern
by plotting the UI for each pAM gene in each tissue (Fig.
3C, middle panel). Plotting the corresponding mRNA
levels in the same order (Fig. 3C, left panel) suggests that
the pattern of mRNA levels and the pattern of 3’ UTR
isoform levels are independent. We then tested this
hypothesis and asked whether a gene that changes its
mRNA abundance level across our tissues has a higher
probability of also changing its 3’ UTR isoform expression
pattern. We found that this is not the case because the ApA
profile was similar in genes that change or do not change
their mRNA levels (TPM fold change = log, 2.5; Mann-
Whitney test, P> 0.1 in each tissue) (Fig. 3D). We obtained
the same result when we tested the probability of change
in mRNA levels of pAM or NpAM genes. There was no
significant difference for differential mRNA levels across
the tissue samples in pAM or NpAM genes (Mann-
Whitney test, P = 0.08) (Fig. 3E). Again, we observed that
genes with single 3’ UTRs change their mRNA levels
significantly more often than genes with multiple 3' UTRs
(Mann-Whitney test, P < 10~°) (Fig. 3E).

Ubiquitously transcribed genes that predominantly
express shorter 3' UTR isoforms in a single tissue
are involved in tissue-specific processes

Visualization of the 3' UTR expression pattern (Fig. 3C)
shows that about half of the pAM genes produce a tissue-
restricted pattern. These genes have similar 3’ UTR ratios
across the majority of tissues but show increased expres-
sion of the shorter (or longer) 3’ UTR isoforms in a single
tissue (Fig. 3C, middle panel, top half). We performed GO
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Figure 3. ApA isoform levels in ubiquitously transcribed genes are tissue-specific and independent of mRNA levels. (A) An example of
a pAM gene is shown (TRAPPC3). Details as in Figure 1B. (B) An example of an NpAM gene is shown (SUPT4H1). Details as in Figure
1B. (C, left panel) mRNA levels. Shown is the quantile-normalized mRNA abundance in TPM for all jointly expressed pAM genes (n =
1958). Each row corresponds to a gene, and each column corresponds to a tissue sample. mRNA levels are color-coded (see the legend),
with yellow corresponding to high TPM levels and purple corresponding to low TPM levels. The ordering of the rows is described in the
middle panel. (Middle panel) Ul across tissues. Shown is the UI for all the genes from the left panel in the same order. The Ul is color-
coded (see the legend), with red corresponding to a high UI (high fraction of the short isoform) and blue corresponding to a low UI (high
fraction of the long isoform). The color-coded bar to the right of the heat map indicates the tissue that shows an increased fraction of
shorter or longer 3' UTR isoforms. The color used for each tissue corresponds to the indicated tissues in the right panel. (Right panel)
Significantly enriched GO terms for genes that generate a higher fraction of the shorter 3’ UTR isoforms in a specific tissue. All
significant GO terms are listed in Supplemental Table 5. (D) The distribution of the UI in each tissue is independent of a change in
mRNA levels across all seven tissues. A change in mRNA abundance was recorded if the range in mRNA levels across the seven tissue
samples was logyTPM = 2.5. Genes were split into two groups (those with a change in mRNA abundance [n = 1853-2196] and those
without a change in mRNA abundance [n = 825-990]), and the distribution of the UI for each group was plotted. A Mann-Whitney test
was performed comparing the two groups for each tissue separately, and in each case, the distributions were not significantly different
(P > 0.1). The distribution is shown using box plots. (Horizontal line) Median; (box) 25th through 75th percentile; error bars indicate
range. The tissue samples are indicated with letters. (T) testis; (Bc) B cells; (S) skeletal muscle; (ES) ES cells; (Br) breast; (O) ovary; (Bn)
brain. (E) In genes with single 3’ UTRs, a significantly higher fraction of genes shows a change in mRNA levels [range of log, TPM = 2.5
across seven tissues] than in multi-UTR genes (Mann-Whitney test, P < 10~°). NpAM and pAM genes show a comparable fraction of
genes that change their mRNA levels across the seven tissues (Mann-Whitney test, P < 0.08). (F) Difference in abundance of 3’ UTR
isoforms between the brain and ES cells. The plot shows the difference in the UI of two samples (the Ul in the brain minus UI in ES
cells; Y-axis) as a function of mRNA abundance (mean log, TPM of brain and ES cells; X-axis) for all jointly expressed genes. The
statistically significant ApA events (FDR-adjusted P < 0.1) are color-coded. (G) Difference in the abundance of 3’ UTR isoforms between
naive B cells and ES cells. The plot is as described in F. (H) Heat map showing the significantly different ApA events (FDR-adjusted P <
0.1) between six differentiated tissues and ES cells. Shown are all jointly expressed genes. Each row corresponds to a gene. (Red) Higher
fraction of the shorter 3’ UTR isoform observed in the differentiated tissue; (blue) higher fraction of the longer 3’ UTR isoform observed
in the differentiated tissue; (white) no significant difference in 3’ UTR isoform levels between ES cells and a given differentiated tissue.



analysis to examine whether these genes are enriched in
specific functional categories. Using as background all
ubiquitously transcribed multi-UTR genes, we found that
PAM genes are highly enriched for genes that function
during diverse steps of gene regulation (see below) but were
also enriched for genes involved in tissue-specific pro-
cesses. Strikingly, the GO categories representing tissue-
specific processes were associated with the pAM genes
that show a tissue-specific 3' UTR expression pattern (Fig.
3C, right panel; Supplemental Table 5). Genes that express
a higher fraction of the shorter 3’ UTR isoforms specifi-
cally in B cells (n = 260) function during leukocyte
activation or NF-kB signaling or are involved in cytokine
production. The NF-kB signaling pathway plays a crucial
role during immune and inflammatory responses (Bonizzi
and Karin 2004; Hoffmann and Baltimore 2006). The genes
that express a higher fraction of shorter UTRs only in
skeletal muscle (n = 53) are members of the insulin
signaling pathway and are involved in vesicle-mediated
transport using SNARE interactions. These genes play
important roles in insulin-mediated glucose uptake in
skeletal muscles (Grusovin and Macaulay 2003). Genes
that express a higher fraction of shorter 3’ UTRs in ES
cells (n = 24) but not in other tissues are involved in
proliferation and transcription repression. Finally, the
genes that express a higher fraction of shorter mRNA
isoforms in the testis (n = 495) are involved in processes
that are typical for spermatogenesis, such as sexual
reproduction or gamete generation (Wrobel and Primig
2005). They also play a role in developmental signaling
pathways, including hormone-mediated signaling or
Wnt signaling, or are important for early embryogenesis
(Buechling and Boutros 2011). In the breast (n = 0), ovary
(n=3), or brain (n = 7), we only detected a few genes that
showed a higher fraction of shorter 3’ UTRs in a specific
tissue and thus did not analyze them further.

The genes that express a higher fraction of the longer
3’ UTR isoforms specifically in B cells (n = 123) or the
brain (n = 141) did not show enrichment of particular GO
terms. The other tissues had <15 genes that expressed
a higher fraction of the longer 3’ UTRs in a specific tissue
and were not further analyzed. It is remarkable that all of
the genes that were analyzed with respect to tissue-
specific 3’ UTR isoform levels are present in many tissues
(in at least six out of seven tissues). Despite their
ubiquitous transcription, we found enrichment for genes
that function in tissue-specific processes if the 3’ UTR
isoform ratio is shifted toward increased abundance of the
shorter isoform in a tissue-specific manner. These data
suggest that changing the relative abundance of 3’ UTR
isoforms is a coordinated process that may represent an
additional layer of regulation to achieve tissue-specific
protein expression of ubiquitously transcribed genes.

The genes that have significantly shorter or longer
3" UTRs in differentiated tissues compared
with ES cells are specific to each tissue

It was reported previously that differentiation is associ-
ated with general lengthening of 3’ UTRs (Ji et al. 2009;

ApA enables tissue-specific expression

Shepard et al. 2011; Elkon et al. 2013). We therefore
investigated whether there are genes that show a higher
fraction of longer 3’ UTR isoforms in the majority of
differentiated tissues compared with ES cells. We per-
formed pairwise comparisons of 3’ UTR isoform expres-
sion between ES cells and all of the other six tissues (Fig.
3F-H; Supplemental Fig. 3A-D). The majority of genes
(85%-89%) that show differences in the 3’ UTR isoform
expression pattern between ES cells and the breast (n =
47), ovary (n = 73), or brain (n = 401) (Fig. 3F) shift toward
expression of the longer isoforms in the differentiated
tissues. However, when we compared the differences in 3’
UTR isoform pattern between ES cells and the testis (n =
610), we found that 91% of the genes that showed
a significant difference in their ApA pattern had increased
levels of the shorter 3’ UTR isoforms in testis. In naive B
cells (n = 482) (Fig. 3G) or skeletal muscle (n = 147), we
observed changes toward both shortening and lengthen-
ing (59%-61% of genes that change their ApA pattern
express shorter 3’ UTRs in B cells or muscle tissue
compared with ES cells). The vast majority of genes that
changed their 3’ UTR isoform expression pattern when
we compared differentiated tissues with ES cells are
specific to the comparison analyzed and are not shared
across tissues (Fig. 3H). Only a single gene (NUFIP2) was
found to have longer 3’ UTRs in all differentiated tissues
compared with ES cells. This argues against an ApA-
based differentiation signature and highlights again the
tissue specificity of 3’ UTR isoform abundance that
seems to be a reflection of the specific gene expression
program active in a given cell type.

Progressive weakening of proximal pA sites
is associated with increased mRNA expression breadth

We then addressed whether there are global trends in the
3’ UTR isoform expression pattern in different tissue
samples. Across the seven tissue samples, 2682 genes
belonged to the pAM genes. In 89% (n = 2392), the
significant change in isoform abundance occurs at the
first functional pA site. We therefore focused our analyses
on the genes that are regulated at the first pA site in the 3’
UTR. Again, we visualized the 3’ UTR isoform expres-
sion pattern of genes by plotting the Ul However, we
altered our analysis such that we only considered the
reads that map to the first pA site out of all of the reads
mapping to the 3’ UTR. Therefore, we termed it instead
the “short UTR index” (SUI). The larger the value of the
SUI, the more the short 3’ UTR isoform is expressed.
We noticed that a large majority of genes (72 %) that are
transcribed in only a single tissue have a single 3’ UTR,
whereas the majority of ubiquitously transcribed genes
have multiple 3" UTRs (Fig. 4A). In our analyses, we
describe a gene as ubiquitous if the mRINA is present in at
least six out of the seven tissues; in contrast, we use the
term tissue-restricted if it is detectable in three or less
tissues. The fraction of multi-UTR genes (x* = 101.4; P <
107 '%) and therefore the fraction of pAM genes (x> = 175.0;
P < 1071%) are highly enriched in widely transcribed genes
compared with genes present in only a few tissues (Fig. 4A;
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Figure 4. Ubiquitously transcribed genes are enriched in multi-UTR genes and show significantly less usage of their proximal pA sites than
tissue-restricted genes. (A) Fraction of single, NpAM, or pAM genes stratified by the number of tissues in which a gene is transcribed. (B)
Cumulative distribution of the SUI of all multi-UTR genes stratified by the number of tissues in which a gene is transcribed. The
distribution of the SUI between ubiquitous and tissue-restricted genes is significantly different (Kolmogorov-Smirnoff [KS] test, P < 10716, (C)
Tllustration of the median 3’ UTR isoform expression pattern of multi-UTR genes that generate two isoforms stratified by the number of
tissues in which a gene is transcribed (expression breadth). (Left panel) Median UI for all multi-UTR genes transcribed in two, four, or seven
tissue samples. (Middle panel) Median UI for the same genes in the testis. (Right panel) Median UI for the same genes in the brain. Only
values for the most proximal and distal pA sites are shown. A gene model depicting the terminal exon is shown below. (D) Fraction of genes
with one, two, three, or more than three 3’ UTR isoforms stratified by the number of tissues in which a gene is transcribed. (E) Distribution
of 3’ UTR length stratified by the number of 3" UTR isoforms observed for a gene. Box plots were plotted as in Figure 3D. (F) Distribution of
the SUI of all multi-UTR genes expressed in a given tissue. Box plots were plotted as in Figure 3D. (G) Distribution of the SUI of ubiquitously
expressed NpAM and pAM genes. pAM genes were identified using an FDR-adjusted P < 0.1, whereas the shown NpAM genes have an FDR-
adjusted P > 0.6. (H) Distribution of the SUI of tissue-restricted and ubiquitously expressed NpAM genes. NpAM genes were identified using
an FDR-adjusted P > 0.6. The significance of the difference in the SUI distributions has P-values that range between P = 0.002 and P = 10~°
(Mann-Whitney test), depending on the tissue. Box plots were plotted as in Figure 3D.
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Supplemental Fig. 4A, contingency tables). When we
compared the average SUI of widely transcribed genes
with the average SUI of tissue-restricted genes, we found
that a substantial number of widely transcribed genes use
the first pA sites only to a small extent (Mann-Whitney
test, P < 107'®) (Supplemental Fig. 4B). We observed
progressive readthrough transcription at the proximal
PA site with increased expression breadth (Fig. 4B). This
is illustrated in Figure 4C. Moreover, we detected a cor-
relation between the number of tissues a gene is tran-
scribed in and the number of 3’ UTR isoforms (Pearson’s
correlation coefficient, R = 0.26, P < 107'%) (Fig. 4D).
Widely transcribed genes generate significantly more
3’ UTR isoforms than genes expressed in a few tissues
(Mann-Whitney test, P < 107'8). This finding is not due to
a sampling bias that might occur by counting genes more
often when they are widely expressed (Supplemental Fig.
4C). The permissive proximal pA sites are also seen in
genes with two 3’ UTR isoforms with wider expression.
When only considering genes with two 3’ UTR isoforms,
we still observed a decreased usage of the proximal pA
sites (Mann-Whitney test, P < 107'3) (Supplemental Fig.
4D). A permissive first pA site is recognized less and
results in readthrough transcription and subsequent rec-
ognition of the next functional pA site. This allows a higher
fraction of transcripts of a gene to be regulated by elements
located in the distal part of the 3" UTR. If the decrease in
recognition of the first pA site is extended to the second
PA site, readthrough transcription will also happen at the
second site, which results in genes with three or more
3" UTR isoforms. This increase in the number of 3’ UTR
isoforms is accompanied by an increase in the total 3’ UTR
length (Fig. 4E). A lower number of reads mapping to the
proximal pA site in ubiquitously transcribed genes com-
pared with more tissue-restricted genes was observed in all
samples analyzed (tissues as well as cell lines) (Fig. 4C;
Supplemental Fig. 4E,F) and suggests that the presence of
a permissive proximal pA site in ubiquitously transcribed
genes is a general phenomenon.

The ranking of tissues by their ApA profile reflects
the magnitude of escape from targeting

by post-transcriptional regulation through
elements in the distal 3' UTRs

When investigating global trends in 3’ UTR isoform
abundance, we noticed large differences in the distribution
of the SUI of all multi-UTR genes across distinct tissue
samples (Fig. 4F). When we ranked the tissue samples
according to the overall SUI, we observed “the shortest”
3’ UTRs in the testis, which means that the testis
generates the highest fraction of shorter UTR isoforms.
In the brain, we observed “the longest” 3’ UTRs. We then
asked whether these shifts in 3" UTR isoform expression
are global shifts or whether they result from larger changes
in ApA that affect a limited number of genes. To distin-
guish between the two scenarios, we plotted the distribu-
tion of the SUI for NpAM and pAM genes separately. The
ranking of tissues by their ApA profile was even more
pronounced in pAM genes, but the usage of the first pA site

ApA enables tissue-specific expression

in NpAM genes was similar across all tissues (Fig. 4G). The
SUI distribution of widely transcribed pAM genes is
significantly different (Kruskal-Wallis test, x* = 949.3; P <
1071¢). Although the SUI distribution in widely tran-
scribed NpAM genes varies slightly across the seven
tissues (Kruskal-Wallis test, x> = 16.2; P = 0.013), the
variation of the SUI in the NpAM genes appears to be
minor compared with the highly significant difference in
the ApA profile of pAM genes (Fig. 4G). This finding argues
against a “tissue factor” that would determine a tissue-
specific propensity of ApA site recognition.

The result suggests that the differences in ApA between
tissues are not due to global shifts in 3’ UTR isoform
abundance because NpAM genes were not affected. We
then tested whether the first pA sites of ubiquitously
transcribed NpAM genes are also more permissive. We
found that the proximal pA sites in NpAM genes that are
ubiquitously transcribed are used significantly less than
the first pA sites in more tissue-restricted genes (Mann-
Whitney test, P < 0.002). As can be seen in Figure 4H, the
default recognition of the first pA sites in widely tran-
scribed genes is ~0.25, which means that ~25% of the
primary transcripts from a gene recognize the first pA site
regardless of the tissue the gene is expressed in. In genes
that are more tissue-restricted, the default recognition is
~0.45. Thus, genes that are transcribed in many tissues
allow more of their primary transcripts to read through the
first pA sites to include the regulatory elements located in
the distal part of the 3’ UTR (illustrated in Fig. 4C).

pAM genes form a unique class of genes

It is not surprising that genes with single 3’ UTRs carry out
different functions than genes with multiple 3’ UTRs.
However, it is more surprising that pAM and NpAM genes
consist of different functional classes of genes. Across our
data sets, ubiquitously transcribed genes with single
3' UTRs are predominantly involved in energy metabolism,
protein biosynthesis, or cell-to-cell communication and
include extracellular and secreted proteins as well as cell
surface receptors (Fig. 5A; Supplemental Table 6). pAM
genes mostly function in protein or RNA transport and
are components of signaling pathways such as TGE-B or
MAP kinase signaling. The strongest enrichment was
found for genes that play a role in diverse aspects of gene
regulation and include factors that regulate transcrip-
tion, RNA processing, and ubiquitination (Fig. 5A; Sup-
plemental Table 7). Unexpectedly, NpAM genes are
enriched in GO categories that are mostly found in genes
with single 3’ UTRs. For example, they contain cell
surface receptors and ion channels and are involved in
protein biosynthesis. They are also enriched in transcrip-
tion factors, which is the only GO category shared with
PAM genes (Fig. 5A; Supplemental Table 8). Therefore, it
seems that NpAM genes form an intermediate category
between single-UTR and pAM genes.

NpAM genes also form an intermediate category with
respect to 3’ UTR length. Genes with multiple 3" UTRs
have longer 3’ UTRs than genes with single 3' UTRs.
Within the group of multi-UTR genes, the 3' UTR of pAM
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Figure 5. pAM genes are regulated at the post-transcriptional level by miRNAs as well as through differential ApA site usage. (A)
Enriched GO terms in ubiquitously transcribed single-UTR, NpAM, and pAM genes. All significant GO terms are listed in
Supplemental Tables 6-8. (B) 3’ UTR length in ubiquitously transcribed single-UTR, NpAM, and pAM genes. Box plots were plotted
as in Figure 3D. (C) Median 3’ UTR length in single-UTR, NpAM, and pAM genes. The horizontal bars show the median distance from
the stop codon to the distal pA sites. The red line depicts the median distance from the stop codon to the proximal pA sites. (D) Range
of the SUI at a given pA site across the seven tissue samples in NpAM and pAM genes. (E) Relative frequency of the pA hexamer
sequence in ubiquitously transcribed single-UTR, NpAM, and pAM genes at the proximal (or only) pA sites. (F) Conservation score in
the 400 nt surrounding the proximal pA site in ubiquitously transcribed NpAM and pAM genes. pAM genes with an increased fraction
of the shorter 3’ UTR isoform in a single tissue (TS short; Fig. 3C, top half) are shown separately (red). As a control, the conservation
score at a random position within the 3’ UTR is shown. Conservation was calculated using phastCons tracks from 46 vertebrates (see
the Supplemental Material). (G, left panel) Enrichment of conserved miRNA-binding sites for ubiquitously transcribed genes in the
distal compared with the proximal part of the 3’ UTR of pAM genes. Each black dot shows the negative log P-value for the enrichment
statistic for a miRNA (binomial test) (see the Supplemental Material). All broadly conserved miRNA seed families as well as miRNAs
that are expressed in the seven tissues are included in the analysis (92 miRNAs total) (Supplemental Table 9). As a control, the same
enrichment statistics are shown for conserved seed matches for 10,000 randomly generated miRNA seeds with the same nucleotide
composition as the true miRNAs (gray dots). miRNAs are ordered along the X-axis by decreasing significance of enrichment. The
dotted lines show the cutoff using an FDR = 0.1 or FDR = 0.25 (bold) relative to the empirical null model (see the Supplemental
Material). (Middle panel) As in the left panel but enrichment of conserved miRNA-binding sites for ubiquitously transcribed NpAM
genes comparing the distal and the proximal part of the 3’ UTR. In this comparison, none of the miRNAs was significantly enriched at
an FDR-corrected empirical P-value threshold of P < 0.25. Therefore, we placed a single horizontal line above the top-ranked miRNA to
indicate that all of the miRNAs fall below the 0.25 FDR threshold. (Right panel) As in Ieft panel but enrichment of conserved miRNA-
binding sites for ubiquitously transcribed genes with single 3' UTRs compared with the distal part of the 3’ UTR of pAM genes. (H)
Model for different modes of the tissue-specific miRNA/target interaction in single-UTR and multi-UTR genes (see the text). Features
are as in C.



genes (median = 2569 nt) is more than fourfold longer than
the 3" UTR of single-UTR genes (median = 596 nt),
whereas NpAM genes have an intermediate length (me-
dian = 1859 nt) (Fig. 5B). Interestingly, the median distance
from the stop codon to the first pA site is comparable in
length between single-UTR and NpAM genes (median =
618 nt) but is only half as long in pAM genes (median = 296
nt) (Fig. 5C). Thus, pAM genes have a different genomic
architecture from NpAM genes that may predispose them
to be regulated post-transcriptionally.

Not only does the location of the proximal pA site differ
between pAM and NpAM genes, but also the range of
usage across tissues (Fig. 5D). Whereas the SUI of a par-
ticular proximal pA site differs <0.2 in NpAM genes, it
differs up to 0.98 (median = 0.44) in pAM genes. In multi-
UTR genes, the difference in the SUTis independent of the
hexamer sequence of the pA site (pAM vs. NpAM, Mann-
Whitney test, P = 0.4) (Fig. 5E). However, the distribution
of the hexamers found at the end of single-UTR genes is
enriched for the canonical pA sequence and is signifi-
cantly different from the distribution at proximal pA sites
(single-UTR vs. multi-UTR, Mann-Whitney test, P < 10719)
(Fig. 5E; Tian et al. 2005). Because of the similar distribution
of the hexamer sequence in multi-UTR genes, the regula-
tory elements surrounding the proximal pA sites might be
responsible for the difference in usage between pAM and
NpAM genes. This is consistent with a higher sequence
conservation in the vicinity of the proximal pA sites of pAM
genes (Fig. 5F). pAM genes not only are more conserved
surrounding the proximal pA sites but show a higher
conservation throughout (Supplemental Fig. 5A), but
proximal 3’ UTRs are more highly conserved than distal
3’ UTRs (Supplemental Fig. 5B).

Tissue-specific miRNAS target constitutively expressed
3" UTRs, whereas ubiquitously expressed miRNAs
target regulatable 3' UTRs

Compared with NpAM genes, pAM genes have longer
3’ UTRs, are more highly conserved, and contain more
miRNA-binding sites. After correcting for length and
conservation, the distal 3’ UTRs of pAM genes are still
enriched for conserved miRNA-binding sites compared
with their proximal 3’ UTRs (Fig. 5G). This enrichment
was not seen in NpAM genes (Fig. 5G). We compared the
miRNAs that target the 3’ UTRs of single isoform genes,
which we consider to have constitutively expressed
3’ UTRs, with the miRNAs that target the distal 3' UTRs
of pAM genes, which are the regulatable 3’ UTRs (Fig. 5G).
Strikingly, seven out of eight miRNAs that preferentially
target single-UTR genes are reported to be expressed in
a tissue-restricted fashion. On the other hand, nine out of
12 miRNAs whose target sites are enriched in the distal
3' UTRs of pAM genes are considered to be widely expressed
(Supplemental Table 10; Wienholds et al. 2005; Landgraf
et al. 2007). The distinct binding pattern of tissue-specific
and ubiquitously expressed miRNAs is illustrated in our
model of miRNA/target interaction (Fig. 5H). Our data
suggest that the tissue-specific miRNA/target interac-
tion of genes with constitutively expressed 3’ UTRs is
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accomplished by the tissue-specific expression of the
miRNAs. In contrast, ubiquitously transcribed multi-UTR
genes are mostly targeted by ubiquitously expressed
miRNAs. The tissue specificity of the miRNA/target
interaction with respect to these genes seems to be achieved
through ApA, which allows either inclusion or exclusion
of the miRNA-binding sites.

Discussion

To regulate protein expression levels, single-UTR
genes typically change their mRNA levels, whereas
multi-UTR genes change their 3’ UTR ratios

We analyzed gene and 3’ UTR isoform expression in
seven samples derived from a wide range of human tissue
types and observed that about half (51%) of all human
genes generate more than one 3’ UTR isoform when
focusing on robustly expressed isoforms. We found that
the majority of genes with single 3’ UTRs are transcribed
in a tissue-restricted manner, whereas ubiquitously tran-
scribed genes typically generate multiple 3’ UTRs. Here,
we use the term “ubiquitous” if a gene is expressed in at
least six out of seven tissues. These genes may not be
truly ubiquitous but are certainly present across a wide
range of tissue types.

Classical housekeeping genes are single-UTR genes
that are ubiquitously expressed and involved in protein
biosynthesis and energy metabolism (Eisenberg and
Levanon 2003; Zhu et al. 2008). In contrast, ubiquitously
transcribed multi-UTR genes have a unique genomic
architecture and function in signaling, transport, and
diverse aspects of gene regulation. Analyzing isogenic
samples before and after transformation, we found that
the majority of genes that changed their mRNA levels
were single-UTR genes. Multi-UTR genes were signifi-
cantly less likely to change their mRNA levels but
instead changed their 3’ UTR isoform ratios. We found
that differentiation or transformation leads to changes in
mRNA levels and 3’ UTR length in different groups of
genes that nevertheless function in the same key path-
ways and biological processes. This suggests that the
changes in protein expression levels that result from the
activation of a gene expression program are accomplished
through transcriptional changes that affect mRNA abun-
dance of genes with single 3' UTRs and through ApA site
choice together with post-transcriptional regulation of
constitutively transcribed multi-UTR genes.

Ubiquitously transcribed multi-UTR genes

have permissive proximal pA sites to enable
post-transcriptional regulation by 3" UTR elements
as well as tissue-specific pA site usage

Our data suggest that instead of developing more elabo-
rate regulation at the transcriptional level, multi-UTR
genes evolved a genomic architecture to permit post-
transcriptional regulation. Multi-UTR genes have much
longer 3' UTRs than single-UTR genes. Moreover, espe-
cially in pAM genes, the proximal pA sites are located
close to the stop codon to allow a larger fraction of the
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3’ UTR to be regulated at the level of pA site usage. We
further found that with increasing breadth of mRNA
expression, proximal pA sites become progressively more
permissive to allow readthrough transcription. As a con-
sequence, regulatory elements in the distal part of the
3’ UTR are included in the message.

By default, permissive proximal pA sites enable a large
fraction of primary transcripts to undergo post-transcrip-
tional gene regulation. However, this extensive regula-
tion by 3" UTR elements might not be desired in every
gene and every cell type. Differential usage of the prox-
imal pA site may be a way to avoid this regulation. Across
different tissue samples, we observed that about two-
thirds of multi-UTR genes show significant differences in
usage of the first pA sites and thus can potentially escape
post-transcriptional regulation. There is a higher fre-
quency of noncanonical hexamer signals at the proximal
pA sites of multi-UTR genes than in single-UTR genes,
and these noncanonical signals were shown to be weaker
pA sites (Wickens and Stephenson 1984; Yoon et al. 2012).
However, the 3' UTRs of pAM genes are more highly
conserved, their distal UTR regions are enriched for
miRNA-binding sites, and the regions surrounding their
proximal pA signals are more conserved relative to NpAM
genes. This suggests a model in which multi-UTR genes
first evolved permissive proximal pA sites to allow tran-
scriptional readthrough, and then pAM genes acquired
regulatory elements near their proximal pA sites to
regulate their usage as well as miRNA-binding sites in
the distal UTR to enable post-transcriptional regulation.

However, since we analyzed steady-state levels of
mRNAs, we cannot entirely distinguish whether higher
expression of shorter 3’ UTR isoforms is due to increased
usage of the proximal pA sites or increased degradation of
the longer 3’ UTR isoforms. We found several hints that
suggest that the majority of regulation seen in our data is
due to differences in usage of pA sites and not differential
degradation by regulatory elements in the 3’ UTR. For
example, we found that the distal 3’ UTRs of pAM genes
are enriched in ubiquitously expressed miRNAs; therefore,
these transcripts have the same chance to be targeted by
miRNAs irrespective of the tissue. We also observed
tissue-specific and bidirectional changes in isoform abun-
dance of pAM genes, not unidirectional degradation of
the longer isoform. Furthermore, in the ovary or brain,
the pAM genes predominantly express the longer 3’ UTR
isoforms that are known targets for ubiquitously expressed
miRNAs or for the highly expressed brain-specific miRNA
miR-124. Despite miRNA expression, these genes are
highly abundant at the mRNA level. We speculate that
perhaps, in these tissues, miRNAs predominantly affect
translation regulation, whereas in the testis, B cells, or
muscle, they might also affect the half-life of the mRNAs.
Furthermore, it seems unlikely that the wide variation of 3’
UTR isoform expression ratios displayed by pAM genes
could be entirely explained by miRNA-mediated mRNA
degradation, whose effects on transcript levels tend to be
modest (Baek et al. 2008; Selbach et al. 2008; Loeb et al.
2012). Finally, we observed that ubiquitously transcribed
genes that express a higher fraction of the shorter 3’ UTR
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isoforms in a particular tissue are enriched in tissue-specific
pathways and processes. This suggests that the expression
program is trying to increase the protein abundance of these
genes, consistent with increased usage of the first pA sites.
This agrees with reports that demonstrate increased protein
expression associated with increased abundance of shorter
3’ UTR isoforms (Wiestner et al. 2007; Sandberg et al. 2008;
Mayr and Bartel 2009; Singh et al. 2009; Akman et al. 2012;
Martin et al. 2012; Bava et al. 2013). Although higher levels
of the shorter 3’ UTR isoforms correlate with higher
protein levels in the vast majority of genes tested, there
are exceptions. Sometimes, the alternative isoforms pro-
duce the same amount of protein, and sometimes the
longer isoform produces more protein (An et al. 2008).
BDNEF generates two isoforms that differ in length by 3000
nt but produce the same amount of protein. However, the
longer isoform was shown to be necessary for localization
of BDNF to the synapse (An et al. 2008). It is possible that
the primary function of increased expression of the longer
3’ UTR isoforms in the brain and other tissues is not the
differential regulation of protein levels but the subcellular
localization of mRNAs.

The 3’ UTR isoform expression pattern is tissue-
specific and reflects the active gene expression program

Initially, we designed our isogenic transformation sys-
tems to investigate changes in 3’ UTR isoform abundance
due to proliferation or oncogenic transformation. How-
ever, in every experimental system, the induction of
proliferation is associated with changes in activation of
signaling pathways. For example, T- or B-cell activation
leads to T- or B-cell receptor signaling accompanied by
proliferation (Carter et al. 2002; Bonizzi and Karin 2004).
Even contact inhibition or serum starvation induces
signaling pathways and is associated with metabolic
alterations and gene expression changes (Coller et al.
2006). Therefore, it is impossible to distinguish between
differences in 3’ UTR isoform expression due to pro-
liferation or due to diverse changes in signaling.

However, with our isogenic transformation systems,
we did investigate the changes in 3" UTR isoform
expression between different cell types. When comparing
oncogenic transformation with nononcogenic transfor-
mation, we did not find a higher number of differentially
regulated ApA events or the appearance of new ApA
events in the HRAS-transformed cells. Furthermore, in-
stead of finding the expected unidirectional shifts in 3’
UTR isoform levels, we found changes in both directions
and, more strikingly, that the genes that significantly
changed their 3" UTR length were specific to the condi-
tion analyzed. This specificity of the alterations in ApA
isoform expression was also observed when comparing ES
cells and several differentiated tissues.

We implemented a systematic computational approach
to build an atlas of human pA cleavage events and used
a principled statistical procedure to test for significant
differences in 3’ UTR isoform expression on a gene-by-
gene basis while taking into account the variation be-
tween biological replicates. Such an approach has not yet



been applied to the analysis of 3’-seq data. Taking into
account the variation observed in replicates reduces the
number of false positive ApA events that are regarded to
be differentially expressed. By examining only the statis-
tically significant differences in isoform abundance, our
analyses show that only a minority of genes changes their
3’ UTR isoform expression between two cell types, but
the changes in ApA occur toward shortening as well as
lengthening and are gene-specific and cell type-specific.
Within each pairwise comparison, on average, ~10% (mean,
298 genes; range, 47-610) of the genes that have the
potential to change their 3’ UTR isoform expression pattern
do so. Nevertheless, >3000 multi-UTR genes showed sig-
nificant differences in their 3’ UTR isoform expression
pattern across our samples. The set of genes that changed
their ApA isoform levels in the different tissue or cell type
comparisons was involved in the pathways specific to the
cell type analyzed. Together with the changes that happen
at the level of mRNA abundance, the changes in ApA
execute the activated gene expression program. This makes
it unlikely that the gene- and tissue-specific 3’ UTR isoform
expression changes can be explained by overexpression or
down-regulation of a single factor (Kaida et al. 2010; Berg
et al. 2012; Jenal et al. 2012; Martin et al. 2012).

When measuring the median expression of the shorter
3’ UTR isoforms across tissues, we found that the testis
overall had the shortest 3’ UTRs, whereas the brain had
the longest 3" UTRs (Smibert et al. 2012). At first glance,
it appeared as if these differences were due to global shifts
in 3’ UTR isoform expression, but we demonstrated that
the pronounced overall shortening of 3" UTRs in the
testis is due to extensive changes in 3’ UTR isoform
expression of a subset of genes. We identified about a third
of all jointly expressed genes to have very similar ratios in
3’ UTR isoform expression across all tissues. Our data
suggest that NpAM and pAM genes are different groups of
genes, and it seems that not all multi-UTR genes have yet
evolved the regulatory elements to change the usage of
their proximal pA sites.

Different mechanisms enable short-term versus
permanent changes in ApA isoform expression

Our study design and experimental approach differ from
most recently published reports regarding global changes
in ApA isoform expression. Most of these studies per-
formed acute perturbations of signaling pathways and
analyzed the changes in 3’ UTR isoform expression after
8-72 h (Flavell et al. 2008; Sandberg et al. 2008; Ji et al.
2009, 2011; Berg et al. 2012; Elkon et al. 2012; Jenal et al.
2012; Martin et al. 2012). In contrast, the changes in ApA
isoform expression in our transformation systems were
analyzed after 4-6 wk, as it takes ~6 wk to generate
B-LCLs and several weeks to fully transform MCFI10A
cells with activated HRAS. Thus, when we profiled isogenic
systems after transformation, they had achieved a new
steady state in their gene expression program, and the
permanent ApA changes that we observed appear to be
quite different from the short-term changes reported by
others, as we did not find a correlation of mRNA levels of
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PABPN1 or Ul snRNA with overall 3’ UTR isoform
expression across the tissue or cell line samples presented
here (data not shown). Nevertheless, short-term changes
in ApA isoform expression in a particular system might
well be explained largely by the up-regulation or down-
regulation of a single factor (Kaida et al. 2010; Berg et al.
2012; Jenal et al. 2012; Martin et al. 2012).

The number of 3' UTR isoforms generated from a gene
is tissue- and context-independent

Unique to our study is the extensive validation of the
results obtained by 3’-seq using an independent method.
This helped to establish evidence-based thresholds for
filtering the data to distinguish between single-UTR and
multi-UTR genes. We demonstrated that a different strin-
gency in filtering can dramatically change the number of
genes regarded as having multiple 3’ UTRs. However, for
some genes, it will be a matter of opinion whether
a cleavage event is counted if it is consistently used at
very low levels. Ultimately, the stringency of the filters
will depend on the goal of the study. Although 3’ end
sequencing is a new method to globally measure mRNA
levels and 3’ UTR isoform abundance, this study is the
first that made sure that the relative isoform expression
ratios observed by sequencing actually reflect the ratios
present in a sample. It is not guaranteed that a new
sequencing method is quantitative at the level of isoform
expression (Supplemental Fig. 1IJ). The quantitative
nature of our 3’-seq protocol revealed that the locations
of functional pA signals are largely tissue- and context-
independent, but their relative UTR isoform abundance
varies extensively. Thus, the dominant 3’ UTR isoform of
a gene is cell type-dependent.

Taken together, our data demonstrated that, in addition
to mRNA levels, 3’ UTR isoform abundance provides
independent information on gene expression. Moreover,
we found that the generation of mRNA isoforms that
differ in their 3’ UTR length is a characteristic of widely
transcribed genes. These genes are highly enriched for
members of signaling pathways and factors involved in
different gene regulatory processes. They are present in
the majority of cell types because they are involved in
general processes but are nevertheless highly regulated.
Instead of using transcriptional regulation, these genes
primarily use post-transcriptional regulation and a change
in 3’ UTR isoform ratio as an alternative mechanism to
adjust their protein levels in a tissue-specific manner. The
changes that happen at the mRNA abundance level
cooperate with the changes in ApA to accomplish the
gene expression program active in a given cell type.

Materials and methods

3'-Seq samples

The following cell lines were purchased from American Type
Culture Collection and cultured as indicated: HEK293, HelLa,
MCF10A, MCF7, and NTERA2. The RNA of the human ES cell
line H9 (SSEA4* FACS-sorted) was a gift from Lorenz Studer
(Memorial Sloan-Kettering Cancer Center). Untouched, uncul-
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tivated human naive B cells (CD27~/CD20* > 97 %) were obtained
using the naive B-cell isolation kit (Miltenyi) after Ficoll separa-
tion from buffy coats from two different healthy donors. From one
of the donors, EBV-immortalized B-LCLs were generated. Naive B
cells were infected with EBV and treated once with 1 uM cyclo-
sporin A to kill any remaining T cells. After ~6 wk, B-LCLs were
obtained that were 100% CD19*. Total RNA from the testis,
ovary, brain, breast, and skeletal muscle was purchased (Ambion).
MCFI0A cells expressing HRAS (G12V) were generated using
retroviral vectors (pMSCV; Clontech). HRAS (G12V) was PCR-
amplified (Pfu Ultrall, Stratagene) from a region spanning 18 base
pairs (bp) upstream of the start codon until the stop codon and was
cloned into pMSCVneo as described before (Mayr and Bartel
2009). The construct was transfected with Lipofectamine 2000
(Invitrogen) together with plasmids for VSV-G and MCV into
HEK293T cells. Supernatant containing viral particles was har-
vested 48 h later, and MCF10A cells were transduced. Neomycin
(400 pg/mL) was added 24 h later. Marker-selected populations
obtained after ~4 wk were sequenced (single-end 50-bp reads).

3'-Seq protocol

Total RNA was isolated using Tri-reagent (Ambion) and DNase-
treated (Ambion). An oligo(dT) primer containing a VN-anker,
a uridine, the sequence of the sequencing adapter, and biotin
(/5BiosG/CAGACGTGTGCTCTTCCGATCTTTTTTTTAUTT
TTTTTTVN) was attached to streptavidin-coated magnetic
beads (Invitrogen, M280). Total RNA was incubated for 5 min at
65°C, followed by incubation with the coated magnetic beads for
10 min at 45°C. First strand synthesis was carried out using
SuperScript III reverse transcriptase (Invitrogen) at 50°C. The
enzyme was inactivated by incubation for 15 min at 70°C. Second
strand synthesis was carried out using second strand synthesis
buffer (Invitrogen), dNTPs, DNA polymerase I (New England
Biolabs), Escherichia coli ligase (New England Biolabs), and RNase
H (Invitrogen). To exchange the buffers and remove enzymes from
the previous step, we treated the samples with Pronase (Roche).
We introduced a nick at the position of the uridine with RNase HII
(New England Biolabs). Then, nick translation was carried out
with DNA polymerase I (New England Biolabs) and dNTPs for
8 min at 8°C. The reaction was stopped by the addition of EDTA.
At the new position of the nick, we created a blunt end using T7
exonuclease, mung bean nuclease, and Klenow enzyme (New
England Biolabs). Previously annealed Illumina TruSeq sequenc-
ing adapters (Adl, 5-AATGATACGGCGACCACCGAGATC
TACACTCTTTCCCTACACGACGCTCTTCCGATCT-3'; and
Ad2, 5-AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
AGATCTCGGTGGTCGCCGTAT-3') were then blunt-end-ligated.
The magnetic beads were suspended in 39 pL of H,O. Five
microliters of beads was used in a PCR reaction. Ten to 13 cycles
of PCR were carried out with Phusion polymerase (New England
Biolabs), a forward primer (5'-AATGATACGGCGACCACCGA
GATC-3), and one of the Illumina TruSeq barcode reverse primers.
For preparation of the library, six PCR reactions were performed and
run on 8% TBE gels (Invitrogen), and the smear between 160 bp and
220 bp was cut out, gel-extracted, ethanol-precipitated, analyzed by
Bioanalyzer (Agilent), and sequenced on lllumina HiSeq machines. A
detailed protocol of 3’-seq is available on the author’s Web page
(http://www.mskec.org/research/lab/christine-mayr/protocols).

Northern blots, Western blots, soft agar assays

Northern blots, Western blots, and soft agar assays were
performed as described previously (Mayr et al. 2007; Mayr and
Bartel 2009). Northern blots were quantified using Multi Gauge
version 3.2. The antibodies used for Western blots were anti-H-Ras
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(1:500; Santa Cruz Biotechnology, sc-520), anti-RALA (1:1000;
Abcam, sc126627), and anti-B-Actin (1:10,000; Sigma, A2066).
Three independent soft agar assays, each in triplicate, were
performed for MCF10A and MCF10AR and analyzed at day 28.

3'-Seq computational analyses

A detailed description of 3’-seq computational analyses is avail-
able in the Supplemental Material. Briefly, reads were aligned,
and peaks due to internal priming (Supplemental Fig. 1B) as well
as low usage events were removed. To identify significant
changes in 3’ UTR isoform expression, we repurposed a recently
published method named DEXSeq that was originally developed
to identify differential exon usage between conditions using
RNA-seq data (Anders et al. 2012). To identify significant
changes in mRNA abundance levels from 3’-seq, we applied
the DESeq package (Anders and Huber 2010), a method widely
used for assessing differential gene expression from RNA-seq
data.

The 3’-seq data were deposited in the Sequence Read Archive
of NCBI (SRP029953). Direct links to the processed 3'-seq data
are available on our Web page (http://cbio.mskcc.org/leslielab/
ApA/atlas).
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