Method

Differential genome-wide profiling of tandem 3’ UTRs
among human breast cancer and normal cells
by high-throughput sequencing

Yonggui Fu,' Yu Sun,’ Yuxin Li," Jie Li, Xinggiang Rao, Chong Chen, and Anlong Xu?

State Key Laboratory for Biocontrol, Guangdong Province Key Laboratory of Pharmaceutical Functional Genes, Department
of Biochemistry, College of Life Sciences, Sun Yat-sen University, Higher Education Mega Center, Guangzhou, 510006, P.R. China

Tandem 3’ UTRs produced by alternative polyadenylation (APA) play an important role in gene expression by impacting
mRNA stability, translation, and translocation in cells. Several studies have investigated APA site switching in various
physiological states; nevertheless, they only focused on either the genes with two known APA sites or several candidate
genes. Here, we developed a strategy to study APA sites in a genome-wide fashion with second-generation sequencing
technology which could not only identify new polyadenylation sites but also analyze the APA site switching of all genes,
especially those with more than two APA sites. We used this strategy to explore the profiling of APA sites in two human
breast cancer cell lines, MCF7 and MB23l, and one cultured mammary epithelial cell line, MCFIOA. More than half of the
identified polyadenylation sites are not included in human poly(A) databases. While MCF7 showed shortening 3’ UTRs,
more genes in MB231 switched to distal poly(A) sites. Several gene ontology (GO) terms and pathways were enriched in
the list of genes with switched APA sites, including cell cycle, apoptosis, and metabolism. These results suggest a more
complex regulation of APA sites in cancer cells than previously thought. In short, our novel unbiased method can be
a powerful approach to cost-effectively investigate the complex mechanism of 3’ UTR switching in a genome-wide fashion
among various physiological processes and diseases.

[Supplemental material is available for this article. The sequencing data from this study have been submitted to the NCBI

Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no. SRA023826.]

The complexity of the eukaryotic transcriptome is greatly ex-
panded by alternative splicing of pre-mRNAs, the use of alternative
transcription start sites, the use of alternative polyadenylation
(APA) sites, and other processes (Nilsen and Graveley 2010). It has
been shown that more than half of human and mouse genes
have multiple poly(A) sites (Tian et al. 2005; Lutz 2008), which
could generate multiple mRNA isoforms from a single gene. APA
sites may impact the protein sequences if the cleavage sites are
located in the intron or internal exons. Another kind of APA site
(herein called tandem APA sites), located in the last exon, results in
tandem 3’ UTRs with variable lengths (Tian et al. 2005). Tandem 3’
UTRs play an important role in regulating the gene expression
network because they may lead to the loss of regulatory elements,
especially microRNA binding sites (Sandberg et al. 2008) in the 3’
UTR. Recent studies have shown that the cells in various physio-
logical states, such as activated T lymphocytes (Sandberg et al.
2008) and neurons (Flavell et al. 2008), tumor cells (Mayr and
Bartel 2009), and embryonic cells (Ji et al. 2009; Mangone et al.
2010), are inclined to use the shorter 3’ UTR, benefiting from the
increased stability due to the loss of microRNA binding sites. These
studies (Sandberg et al. 2008; Ji et al. 2009) were based on the prior
knowledge of APAs inferred from the EST database or only focused
on some candidate genes (Mayr and Bartel 2009). Moreover, only
genes with two known APA sites could be investigated, and some of
these genes may harbor other unknown APA sites, which may
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severely reduce the power of the conventional methods used in
these studies.

Recently, second-generation sequencing technology has
largely improved our understanding of the prevalence of alter-
native splicing (Castle et al. 2008; Kwan et al. 2008; Pan et al.
2008; Sultan et al. 2008; Wang et al. 2008) and alternative tran-
scription start sites (Ni et al. 2010). Transcriptome sequencing can
identify not only alternative splicing events but also APA sites
(Pickrell et al. 2010). However, transcriptome sequencing is a very
expensive but ineffective method for the study of APA sites be-
cause only a very small number of the reads are tagged with
poly(A) tails.

To date, there is still no comprehensive method to analyze
APA site switching, including genes with multiple APA sites, in
a genome-wide fashion. Here, we describe a novel strategy of se-
quencing APA sites (SAPAS) with second-generation sequencing
technology and a bioinformatic pipeline to analyze the sequenc-
ing data. By directly sequencing the 3’ ends of mRNA, our method
has the potential to complete genome-wide profiling of APA sites
and to identify new poly(A) sites. To apply this new method, we
conducted Illumina GA IIx sequencing to conduct genome-wide
profiling of APA sites of two human breast cancer lines (MCF7 and
MB231) and one cultured human mammary epithelial normal cell
line (MCF10A). MCF7 expresses the estrogen receptor (ER) and is
an estrogen-sensitive breast cancer line, but MB231 is estrogen-
independent and highly invasive. MCF10A is a nontumorigenic
epithelial cell line and is frequently used as a normal control in
breast cancer research. The proliferation rate of MCF10A is com-
parable to that of the cancer cell lines and is higher than that
of other nontumorigenic epithelial cell lines, such as HMEC
(Ramljak et al. 2005) and 184A1 (Bhaskaran et al. 2009). We found
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a completely opposite pattern of tandem 3’ UTR length between
MCF7 and MB231, suggesting a more complex regulation of APA
sites in cancer than previously thought. The global matched en-
richment of gene ontology terms and pathways in the genes with
switched tandem 3’ UTRs indicate the importance of APA site
regulation in cancer transformation. Furthermore, we also found
some motifs that may contribute to switching.

Results

Deep sequencing of 3’ ends of nRNA

Briefly, in this SAPAS method (Fig. 1A), the total RNA is first frag-
mented by heating, and then a template switch reverse transcrip-
tion (RT) reaction is carried out to generate first strand cDNA. The
RTreaction is optimized to improve the anchoring effect, which can
reduce the proportion of cDNA with long poly(A) tails. After PCR
with modified oligo d(T) tagged with sequencing primers, size-
selection of fragments of 200-300 bp is performed. The fragments
can be sequenced from the 5’ end with 454 Life Sciences (Roche)
pyrosequencing technology or from the 3’ end with Illumina GA IIx.

We used the SAPAS strategy to profile the APA sites of two
human breast cancer lines and one cultured human mammary
epithelial cell line. In total, we obtained 31 million raw reads with
lengths of 75 bp from Illumina sequencing; a statistical summary
of the data is shown in Table 1. A process of poly(A) site identifi-
cation was employed (see details in Methods). The modified an-
chor oligo d(T) was detected in about 28.5 million (91.8%) reads, of
which about 13 million reads uniquely mapped to the human
nucleus genome (hgl9). After filtering the reads with internal
priming, we obtained 12.3 million reads that could be used directly
to infer transcript cleavage sites.

The majority of the filtered reads (89.3%) from our experi-
ments mapped to known poly(A) sites listed in the UCSC tran-
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scripts ends database and Tian’s database (Tian et al. 2005), and
an additional 2.4% and 0.5% reads mapped to the 3’ UTR and 1 kb
downstream from the UCSC canonical genes, respectively (Fig.
1B). Additionally, 16,156 UCSC canonical genes were sequenced
by at least one read, representing 60% of all canonical genes. These
results suggest that our SAPAS method can effectively extract the
3’ ends of mRNAs.

Importantly, as a special RNA-seq method, the SAPAS method
could also be used to measure the gene expression level in a ge-
nome-wide fashion. Since it only sequences the 3’ ends of mRNAs,
we do not need to consider the problem of the mapped length of
genes. The distribution of the number of reads is shown in Figure
1C. We compared our results for MCF7 and MB231 with previous
microarray data (Li et al. 2009). The Spearman correlations were
0.77 and 0.80 for the two cell lines, respectively (Supplemental Fig.
1A,B). Furthermore, for the MCF7 cell line, our result is also highly
correlated to previous RNA-seq data (Wang et al. 2008) (R =0.73)
(Supplemental Fig. 1C). Pairwise comparisons of gene expression
among the three cell lines were done. It is very interesting that the
cell cycle-related GO categories are enriched in the genes with
differential expression levels (Supplemental Tables 1-3).

We also sequenced the 3" UTRs of MCF10A and MCF7 with the
SAPAS method using 454 pyrosequencing technology (Supple-
mental Table 4). However, the data generated via 454 was limited
compared with that obtained via Illumina technology; therefore, we
only focused on the Illumina GA IIx data for the following analysis.

Characterization of poly(A) sites

Due to the heterogeneity of the cleavage sites at poly(A) sites, we
performed a modified snowball-like clustering (Tian et al. 2005)
and took the cleavage clusters with more than one read as poly(A)
sites. In total, we identified 89,211 poly(A) sites from the three cell
lines, and we found only 30.7% of them in the UCSC and Tian's
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Figure 1. SAPAS strategy. (A) Experiment outline. (B) Genomic locations of reads that were uniquely mapped to the nuclear genome after internal
priming filtering. (C) Histogram of the number of reads for UCSC canonical genes.
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Table 1. Summary statistics of SAPAS data from lllumina GA lix sequencing

MCF10A MCF7 MDA231 Combined
Raw reads 8,319,588 6,755,371 15,951,810 31,026,769
With poly(A) tail: 7,618,789 6,101,181 14,760,402 28,480,372 (91.8%)
Mapped to genome: 6,759,636 5,125,356 8,709,895 20,594,887 (66.4%)
Uniquely mapped to genome: 4,254,699 3,449,838 5,868,830 13,573,367 (43.7%)
Mapped to nuclear genome: 4,148,718 3,155,534 5,731,698 13,035,950 (42.0%)
Passed Internal Priming filter: 3,911,119 2,970,311 5,397,866 12,279,296 (39.6%)
Genes sampled by reads: 13,138 13,695 14,097 16,156
Poly(A) sites 39,246 41,184 61,812 89,211
Known poly(A) sites sampled: 19,349 19,244 23,117 27,428
Putative novel poly(A) sites: 19,897 21,940 38,695 61,783
Genes sampled by poly(A) sites: 12,119 12,359 12,767 14,857
Mapped to mitochondrial genome: 105,769 294,154 136,876 536,799 (1.7%)
Passed Internal Priming filter: 105,695 294,104 136,831 536,630 (1.7%)
Cleavage clusters: 161 187 191 138

databases (Fig. 2A), suggesting that the SAPAS method could
identify the new poly(A) sites much more effectively, even though
the expression levels of these new sites are lower than those of the
known sites (Fig. 2B). We also noticed that 5776 genes had more
than one tandem APA site, among which 3635 genes harbored
more than two tandem APA sites. For the 3443 genes that had two
tandem APA sites in Tian’s database, we found new tandem APA sites
in 1248 (36%) of them. We did 3’ RACE on seven novel APA sites,
and all of them were confirmed. One-quarter of the poly(A) sites are
located in intergenic regions; this result is not unexpected because
transcripts were already observed in the intergenic region (Bertone
et al. 2004). Consistently, most of these poly(A) sites were located
within 5 kb downstream from the RNA-seq data (Supplemental
Table 5), which suggested that these poly(A) sites were real.

The width of the cleavage clusters shows a positive skewed
distribution (Supplemental Fig. 2). Most of cleavage clusters have
narrow read distributions, whereas some of them have relatively
wide and uniform read distributions. To investigate effects of the
polyadenylation signals on this difference, we focused on the
poly(A) sites with more than 30 reads. For this purpose, we first
classified the poly(A) sites into three types: (A) a strong peak
cleavage cluster with more than half of the reads falling within
3 nt, (B) a weak peak cleavage cluster with more than one-third of
the reads falling within 3 nt, and (C) other cleavage clusters (Fig.
2C). In total, we found 16,127, 2475, and 276 poly(A) sites of type
A, B, and C, respectively.

Previously, twelve variant polyadenylation signals including
the hexamer AAUAAA were identified, and their efficiencies were
determined (Beaudoing et al. 2000). Here, we analyzed the distri-
bution difference of these polyadenylation signals on poly(A) sites
corresponding to the three types. As shown in Supplemental Fig-
ure 3, the hexamers AAUAAA and AUUAAA were more common
than the others, especially for the type A sites, which is consistent
with the results of previous studies (Beaudoing et al. 2000; Tian
et al. 2005). The polyadenylation signals of the type C sites have
a flatter position distribution than the other types, suggesting
a higher heterogeneity of type C sites. The distributions of the
number of polyadenylation signals are shown in Figure 3. The
average numbers of polyadenylation signals of the three types were
1.432, 1.610, and 2.006, respectively, and the differences were
statistically significant, according to bootstrap tests. Furthermore,
it should be noted that the number of signals for type C sites was
severely underestimated because of their heterogeneity and
broader read distribution.

Differential usage of poly(A) sites among the three cell lines

Several previous studies discovered that shortened 3’ UTRs are
associated with elevated cell proliferation rates (Sandberg et al.
2008; Ji et al. 2009) or transformation (Mayr and Bartel 2009).
Here, we compared the tandem 3’ UTR length of the two cancer
cell lines MCF7 and MB231 to that of the normal cell line MCF10A.
Because some genes have more than two APA sites and the tandem
3" UTR length is a quantitative variable, we performed the test of
linear trend alternative to independence (Agresti 2002) instead of
a normal chi-squared (x?) test. We denoted the normal cell line
MCF10A as 1 and the cancer cell lines as 2. As a result, a positive
Pearson correlation r indicates that the cancer cell line harbors
longer tandem 3’ UTRs than the normal cell line, and a negative
Pearson correlation r indicates that the cancer cell line harbors
shorter tandem 3’ UTRs than the normal cell line. Here, we defined
this Pearson correlation r as the cancer tandem 3’ UTR length in-
dex (CTLI). We found 489 genes [false discovery rate (FDR) =0.01]
with a significant difference in the tandem 3’ UTR length be-
tween MCF7 and MCF10A4, and the CTLIs of 88% (P <2.2x1071°
with a binomial test) of these genes were negative (Fig. 4). The
switching to shorter 3" UTRs in MCF7 is consistent with the hy-
pothesis that transformed cells or highly proliferative cells tend
to use shortened UTRs. However, among the 977 genes (FDR =
0.01) with a difference in the 3’ UTR length between MB231 and
MCF10A, opposite trends of switching were found (only 32% of
the genes had negative CTLIs, P < 2.2X10~'® with the binomial
test) (Fig. 4). We also compared the 3’ UTR length between MCF7
and MB231. The result showed that, among 1262 genes (FDR =
0.01) with significantly different 3’ UTR lengths, 1122 genes
switched to longer 3" UTRs in MB231. The details of the genes
with significant differences among the three cell lines are shown
in Supplemental Tables 6-8.

The trend of 3’ UTR switching in the MB231 cell line was so
disparate that we were very careful to validate the results. First, we
performed quantitative RT-PCR to validate our SAPAS method.
Eight genes of MCF7 and MB231 with extreme 3’ UTR length
differences relative to MCF10A were chosen. The PCR of one gene
failed. Among the remaining seven genes, six of them were con-
firmed (Supplemental Figs. 4-5). Second, we compared our SAPAS
results with Mayr and Bartel’s results on MCF7 and MB231 (Mayr
and Bartel 2009). They used Northern blotting to measure the
expression of different isoforms of six genes with various APA sites.
As for the MCF7 and MB231 cells, they successfully quantified
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Figure 2. Poly(A) site characteristics. (A) Genomic locations of poly(A) sites. (B) Distribution of poly(A) site expression levels. (C) Examples of type A, B,

and C poly(A) sites, which are strong peak, weak peak, and no peak sites, respectively.

three and five genes, respectively (Supplemental Table 9). All of the
genes had shorter 3’ UTRs relative to the MCF10A cell line, except
for the RAB10 gene in MB231. Our results covered three of these
five genes in both MCF7 and MB231. Among the six pairwise
comparisons of our results with Mayr and Bartel’s, only two genes,
DICERI and RABI10, in MB231 showed a different trend. DICER]1,
which had a shorter 3" UTR in MB231 in Mayr and Bartel’s data,
was not different between MB231 and MCF7, according to our
data. The cause of this conflicting result may be that only the
shortest and longest isoforms were used in Mayr and Bartel’s re-
sults, and no intermediate isoforms were considered. When we
only took the shortest and longest isoforms into consideration,
the result of the shorter 3" UTR of DICERI in MB231 appeared. We
performed qRT-PCR on these two genes, and the results revealed
that both DICERI and RAB10 were prone to use distal APA sites
(Supplemental Fig. 5). In the end, we compared the CTLI values
of the genes between the Illumina GA IIx and 454 data sets. A
positive correlation was observed (R = 0.243), though it was weak
(Supplemental Fig. 6).

One of the obvious effects of 3’ UTR switching may be the
gain or loss of miRNA binding sites, which may impact the stability
of mRNA and translation. Flavell and coworkers (Flavell et al. 2008)
found shorter 3" UTRs in MEF2-activated genes in neurons, sug-
gesting a correlation between the 3’ UTR length and the gene ex-
pression level. For the genes with switched APA sites according
to our data, we did not observe a negative correlation between the
3" UTR length and gene expression (Fig. 4). This result is consistent
with those of a previous study on the expression of miRNAs and
their target genes (Wu et al. 2009). Another possible consequence
of the APA site switching may be changes in protein production,
which is of particular interest to be investigated further.

Functional annotation analysis of the genes with switched
APA sites

To further understand the biological significance of such switching
of APA sites, we conducted a functional annotation of the above
genes with DAVID Bioinformatics Resources (Supplemental Tables
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Figure 3. Histogram of the signal number of poly(A) sites. Motifs were searched in the upstream 50
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10, 11; Huang et al. 2009). In the list of genes with longer 3’ UTRs
in the MB231 cell line, 30 genes are associated with apoptosis or
programmed cell death, leading to the significant enrichment of
cell death-related GO terms. More interestingly, the genes in-
volved in the caspase pathway were found to be enriched ( P=0.08;
Supplemental Fig. 7), with four downstream genes (Caspase 6,
DFFA [ICAD], DFFB [CAD], and PARPI) switched to distal APA sites
in MB231. The lengthening 3’ UTRs of these genes might con-
tribute to the escape of apoptosis of the MB231 cell line.

Cyclin D1 (Rosenwald et al. 2003; Mayr and Bartel 2009) and
cyclin D2 (Mayr and Bartel 2009), two members of cyclin-CDK
complexes that control passing through the cell cycle, were iden-
tified as having shortened 3’ UTRs in cancer cells. Here, we also
observed the enrichment of mitotic cell cycle-related GO terms in
the list of genes with switched APA sites in both the MCF7 and
MB231 cell lines (Supplemental Tables 10-11). Cyclin D1 and
CDK6 in MCF7 and cyclin D1 and cyclin A2 in MB231 are switched
to shorter 3’ UTRs. Moreover, the CDK
inhibitor CDKN2C (p18) gene is prone to

found that metabolic-related GO terms
were enriched in the genes with short-
ened 3’ UTRs in the MCF7 cell line. The
most interesting finding is the GO terms
related to the regulation of glucose im-
port and transport. The switching to
proximal APA sites in these genes may be
related to the Warburg effect in cancer
cells.

Another noted pathway is the anti-

s gen processing and presentation path-

number of canonical PAS hexamer (AATAAA/ATTAAA)

way; seven genes from this pathway were
found to be switched to shorter 3’ UTRs in
the MCF7 cell line (P = 0.007; Supple-
mental Fig. 8). The down-regulated ex-
pression of HLA class I genes has been
widely reported in many kinds of cancer
cells or tissues. This down-regulation
could help the cancer cell to escape elimination by cytotoxic
T cells, though complete loss of HLA class I molecules could also
induce NK cell lysis (See reviews in Aptsiauri et al. [2007a];
Aptsiauri et al. [2007b]). Moreover, the up-regulation of HLA-G
(a nonclassical class I gene) has also been reported, and this up-
regulation may contribute to the escape from NK cell lysis (Rouas-
Freiss et al. 2003). Our results indicate that 3" UTR switching in
cancer cells may contribute to the regulation of the expression of
HLA class I genes, which may then result in escape from immune
surveillance.

3 4 S+

Discussion

Here, we developed a SAPAS strategy to study the APA sites with
second-generation sequencing technology. Our method has sev-
eral advantages over previous methods. It can not only detect APA
switching between samples but also identify new poly(A) sites in

use the distant APA sites in MB231 cells. A
The APA site switching of these genes 10 7
might promote the cell cycling of the two
cancer cell lines. However, the ANAPCS5
and ANAPC13 genes encoding subunits
of APC, an ubiquitin ligase, are, respec-
tively, switched to shorter and longer 3’
UTRs in MB231 cells. Additionally, the
CDC25B and CDC25C genes, which acti-
vate cyclin-CDK (Karlsson-Rosenthal and
Millar 2006), are prone to use the longer
3" UTR in MB231 cells. These data in-
dicate the complexity of APA site switch-
ing in cell transformation.

One of the characteristics of the
cancer cells is their preference for aerobic
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B
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glycolysis instead of the mitochondrial
tricarboxylic acid (TCA) cycle, which is
usually called the Warburg effect (Warburg
1956). Vander Heiden and coworkers
(Vander Heiden et al. 2009) proposed
that the Warburg effect promotes “the
uptake and incorporation of nutrients
into the biomass (e.g., nucleotides,
amino acids, and lipids).” Here, we also
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Figure 4. APA site switching and gene expression levels of normal and cancer cell lines. Cancer
tandem 3’ UTR length index (CTLI) is plotted against the logarithm of the expression level ratios be-
tween the cancer ([A] MCF7 and [B] MB231) and normal (MCF10A) cell lines. The x-axis denotes CTLI;
a larger positive value indicates that longer tandem UTRs are prone to be used in the cancer samples.
Genes with significant switching to longer (blue) or shorter (red) tandem UTRs in cancer samples (FDR =
0.01; see Methods) are colored. The y-axis denotes the logarithm of the expression level of genes from
the cancer sample relative to the normal sample.
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a genome-wide fashion, while microarray techniques can only
analyze known sites. In addition, we can use this new method to
quantify the expression levels of mRNAs with various 3’ UTRs.
By simultaneously measuring the expression and position of APA
sites, our method can efficiently analyze genes with multiple APA
sites. Exon array (Sandberg et al. 2008) and transcriptome se-
quencing (Wang et al. 2008) can only study genes with two known
APA sites, and complex statistical tools must be implemented to
analyze these data. Although the reads with poly(A) from tran-
scriptome sequencing can also be used to identify novel APA sites
(Pickrell et al. 2010), the cost is much higher. Northern blotting has
traditionally been used to identify APA switching (Chuvpilo et al.
1999; Mayr and Bartel 2009), but it can only take the shortest
and longest isoforms into consideration (Mayr and Bartel 2009),
leading to some bias (for example, the DICER1 gene between MB231
and MCF10A). While we were preparing our manuscript, another
group published a different 3’ end-capturing method based on
454 sequencing technology (Mangone et al. 2010). They used the
4-bp recognition enzyme Dpnll to release the 3’ end of the cDNA,
which is also used in the SAGE method. However, the SAGE
method has been found to have some bias because of incomplete
digestion and enzyme site location (Zaretzki et al. 2010). Torres
et al. (2008) also showed the lack of short (less than ~80 bp) and
long (more than ~300-400 bp) fragments with enzyme digestion
compared with nebulization. Thus, our new SAPAS method may
be more powerful in a genome-wide study of APA sites, including
genome annotation and the regulation of APA site switching in
association with many biological processes and diseases.

We also first implemented the test of linear trend alternative
to independence in the analysis of UTR length difference between
samples. Considering both the proportion of reads in APA sites and
their positions, this method is more conservative than the Fisher
exact test or x* test. For example, assume there are three sites in
a gene, and the lengths of 3’ UTRs are 300, 320, and 800. If the
numbers of reads are 20, 50, and 30 for sample A, and 50, 20, and
30 for sample B, it is obvious that the 3’ UTR length of this gene
between the two samples is not significantly different. However,
the P-value from the yx? test is 2.067 X 107°, while it is not signif-
icant in our linear model (P = 0.85). If we only consider the first
and last APA sites in performing the Fisher exact test or x” test, the
power would be dramatically reduced due to the loss of infor-
mation of the middle sites.

The global functional enrichment indicates the importance
of 3" UTR switching in cancer cell transformation and pro-
liferation. The different trends of APA site switching between
MCF7 and MB231 cells compared to MCF10A cells suggest that
cancer cells may not have a simple trend of shortening 3’ tandem
UTRs. Although both of the cancer cell lines showed shortened 3’
UTRs in some cell cycle-related genes, different enrichments of
GO terms and pathways were found in the APA-switched genes.
The differences could be explained by shifting balance or adap-
tive landscape theory (Wright 1988). Under the adaptive landscape
theory, transformation of a normal cell to a cancer cell is an evo-
lutionary, dynamic process driven by some driver-mutations under
various environmental selection forces. The cells may transit from
one state of gene expression to another on the adaptive landscape
by some gene mutation or by responding to changes in its mi-
croenvironment (Demicheli and Coradini 2010). The mutations
and the changes in microenvironment may only destabilize
the present state of gene expression, and natural selection will
drive the cells to another adaptive state. MCF7, which is estrogen-
sensitive, and MB231, which is estrogen-independent and highly

invasive, were isolated from different individuals. These observa-
tions indicate that the two cell lines may be at different states on
the adaptive landscape. Therefore, it is not surprising that the
two cell lines showed different profiles of APA sites and enriched
GO terms.

Methods

Cell cultures

Two breast cancer cell lines, MCF7 and MB231, were cultured in
Dulbecco’s modified Fagle’s medium (DMEM), and a human nor-
mal mammary epithelial cell line (MCF10A) was cultured in
monolayers in DMEM/F12.

SAPAS library preparation

Total RNA was extracted from cells using QIAGEN RNeasy Mini
kits, and ~10 ng total RNA was randomly fragmented by heating
(Cloonan et al. 2008). A template switch reverse transcription (RT)
reaction was carried out to generate first strand cDNA with Super-
Script II from Invitrogen using an anchored oligo d(T) primer and
a 5’ template switching adaptor. The 5’ ends of the primers were
tagged with 454 or Illumina adaptors. PCR was then performed to
amplify the cDNA and to introduce mutations in the poly(A), and
the number of cycles was determined to ensure that the ds cDNA
remained in the exponential phase of amplification. After PCR with
sequencing primers, size-selection of fragments of 200-300 bp with
PAGE gel-excision was performed. The final pooled fragments were
sequenced from the 5’ end with 454 or from the 3’ end with Illumina
GA IIx. All of the primers are listed in Supplemental Table 13.

3’ RACE and qRT-PCR

Five novel APA sites with relative higher expression levels were
chosen, and 3' RACE was done. The PCR products were sequenced
with ABI3730. Five genes with extreme 3’ UTR length differences
between MCF10A and the two cancer cell lines were chosen. The
poly(A) sites of these genes were divided into two supersites (the
proximal and distal sites), and the region upstream of the super-
sites was targeted for qRT-PCR. All of the primers are listed in
Supplemental Table 14.

Data analysis

Filtering and trimming of the reads was performed with Perl
scripts, and the trimmed reads were mapped to the human genome
(hg19) with Bowtie (Langmead et al. 2009). Cleavage sites were
clustered into poly(A) sites as described previously (Tian et al.
2005). 3" UTR switching for each gene between the cancer cell lines
and the normal cell line was detected by a test of linear trend al-
ternative to independence (Agresti 2002). The false discovery rate
(FDR) of BH was estimated with R software. Functional analysis of
the genes with switched 3’ UTRs was performed by DAVID Bio-
informatics Resources (Huang et al. 2009).
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