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Abstract

Alternative polyadenylation (APA) is a process that changes the posttranscriptional regulation and
translation potential of MRNAs via addition or deletion of 3" untranslated region (3" UTR)
sequences. To identify posttranscriptional-regulatory events affected by APA in breast tumors,
tumor datasets were analyzed for recurrent APA events. Motif mapping of the changed 3° UTR
regions found that APA-mediated removal of Pumilio regulatory elements (PRE) was unusually
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common. Breast tumor subtype—specific APA profiling identified triple-negative breast tumors as
having the highest levels of APA. To determine the frequency of these events, an independent
cohort of triple-negative breast tumors and normal breast tissue was analyzed for APA. APA-
mediated shortening of NRAS and c-JUN was seen frequently, and this correlated with changes in
the expression of downstream targets. mRNA stability and luciferase assays demonstrated APA-
dependent alterations in RNA and protein levels of affected candidate genes. Examination of
clinical parameters of these tumors found those with APA of NRAS and c-JUN to be smaller and
less proliferative, but more invasive than non-APA tumors. RT-PCR profiling identified elevated
levels of polyadenylation factor CSTF3 in tumors with APA. Overexpression of CSTF3 was
common in triple-negative breast cancer cell lines, and elevated CSTF3 levels were sufficient to
induce APA of NRAS and c-JUN. Our results support the hypothesis that PRE-containing mRNAs
are disproportionately affected by APA, primarily due to high sequence similarity in the motifs
utilized by polyadenylation machinery and the PUM complex.

Introduction

Cancer genome sequencing has identified driver mutations associated with disease. In
addition, nongenetic changes such as epigenetic reprogramming and aberrant
posttranscriptional regulation also impact tumor phenotypes. Posttranscriptional controls
that affect mMRNA processing and stability include miRNAs and RNA-binding proteins
(RBP; ref. 1). These factors bind to seed sequences within the 3" untranslated region (UTR)
of transcripts (2) and are commonly misregulated in cancers (3). Tumor-specific fluctuations
in the levels of RBPs and miRNAs may be particularly important, as transcripts from
oncogenes and tumor suppressor genes contain a disproportionately high number of
posttranscriptional regulatory motifs.

In line with these ideas, we recently discovered that the expression of the human oncogene
E2F3 is posttranscriptionally controlled by the Pumilio complex (4). The Pumilio complex is
comprised of two RBPs in humans, Pumilio (PUM) and NANOS (NOS), which bind to a
conserved motif of UGUAXAUA (5-7) and a GU-rich element within the 3" UTR of their
substrates (2, 8). The Pumilio repressor has evolutionarily conserved roles in the regulation
of proliferation and differentiation (6-9). PUM complexes function to inhibit translation (10)
or induce the degradation of their substrates (4, 11-14). The PUM repressor regulates the
translation potential of hundreds of transcripts including a large number of oncogenes and
tumor suppressor genes (5).

While analyzing the role of PUM in modulating E2F3 levels in cancer cell lines, we found
the 3" UTR of E2F3 transcripts were often shortened. This change in mRNA length
removed a number of regulatory elements, including the Pumilio regulatory elements (PRE)
motifs (4). The shortened E2F3 mRNA in these cells was polyadenylated, indicating that
they were generated by alternative polyadenylation (APA). APA is a poorly understood
developmental process that leads to the use of noncanonical polyadenylation sites (15-17).
APA affects the inclusion/exclusion of regulatory elements and can alter mRNA stability and
translation potential (18). During normal development, APA is utilized to regulate
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differentiation (15, 16, 19-21). In cultured human cells, APA has been linked with genes
responsible for cell proliferation (22, 23).

APA is also a likely contributor to oncogenesis (24), as APA has been correlated with poor
patient prognosis in a variety of malignancies (25-27). Despite this, little is known about
APA in tumor development. Our finding that the E2F3 mRNA is altered by APA in cancer
cell lines, prompted us to investigate this phenomenon further. To do this, we looked for
MRNAs that are altered by APA in human breast tumor samples compared with normal
tissue. This analysis found that APA is widespread in breast tumors and that these APA
events disproportionately remove putative PUM-regulatory elements.

Breast tumor subtype—specific APA profiles were then generated and unexpectedly, this
revealed that triple-negative breast tumors have a distinct APA profile from other subtypes.
Four candidate APA events were then selected and their frequency assayed in an
independent cohort of triple-negative breast tumors. These results led us to focus on two
recurrent APA-altered mRNAs, c-JUN and NRAS, for detailed analysis. These genes were
selected as they displayed high levels of APA in tumors. Here, we show that these MRNAS
are targets of PUM-mediated repression and demonstrate that APA circumvents this
regulation. Strikingly, both c-JUN and NRAS were known to be deregulated in triple-
negative breast tumors (28, 29), but the underlying mechanism was unclear. In addition,
APA of NRAS and c-JUN altered the expression of downstream target genes. Intriguingly,
unlike previous reports, APA in this tumor cohort correlated with smaller, slower growing
but more invasive node-positive tumors. Collectively, these findings indicated that APA of
PUM substrates is a common feature of triple-negative breast tumors. These results show
that recurrent APA of PRE-containing mRNAs allows transcripts to circumvent PUM-
mediated repression and provide a mechanistic explanation for the increased activity of
NRAS and c-JUN in tumors.

Materials and Methods

Bioinformatics

We used the data from ref. 30 [Gene Expression Omnibus (31) (GSE3744)] to compare 38
tumor samples with 7 normal breast samples. Analysis of differential APA between tumors
and normal tissues was performed as described previously (26). Briefly, the method exploits
the 3" bias and probe-set organization of 3" IVT Affymetrix arrays to evaluate the relative
expression of MRNA isoforms using alternative polyadenylation sites. APA sites were
obtained from the Poly-A DB database.

RT-PCR

RNA was purified using the RNeasy Extraction Kit (Qiagen). Reverse transcription was
performed using TagMan Reverse Transcriptase and SYBR Green detection chemistry.

Cell culture, transfections, and luciferase expression constructs

Cell lines were provided and authenticated by The Center of Molecular Therapeutics,
Massachusetts General Hospital (Charlestown, MA; July 2014). c-JUN plasmids were kind
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gifts from Dr. Lily Vardimon (Tel Aviv University, Israel; ref. 32). NRAS luciferase
plasmids (33) were obtained from Addgene. Human cell lines were transfected for 48 hours
with X-tremeGENE transfection reagent or Lipofectamine 2000. CSTF3 overexpression
plasmid was a kind gift from B. Tian (34).

Antibodies

The following antibodies were used: Tubulin (DSH Bank/E7), PUM1 (Bethyl Laboratories/
A300-201A), PUM2 (Bethyl Laboratories/A300-202A), PABPN1 (Abcam/AB75855),
FOXO1 (Cell Signaling Technology/2880), JUN (Cell Signaling Technology/9165), PTEN
(Cell Signaling Technology/9552), and NRAS (Abcam/ab77392).

Luciferase assays

Cells were transfected and luciferase levels were measured 48 hours after transfection (data
are expressed as mean + SD, 7= 3). Luciferase readings were taken using the Dual-
Luciferase Reporter Assay System (Promega).

Lentiviral shRNA

The DNA preparation, transfections, and virus preparation methods have been published
elsewhere (4, 35).

siRNA transfection

Cells were transfected with siRNAs targeting PABPN1 and a scrambled control
(Dharmacon) using Lipofectamine RNAIMAX. Cells were analyzed using RT-PCR and
Western blotting 2 days after transfection. Individual siRNAs targeting PUM1, PUM2, and
CSTF3 were from Life Technologies (Sequences in Supplementary Table S2).

RNA stability assays

Cells were treated with actinomycinD (5 pmol/L) and collected every hour. Transcript levels
were assayed using RT-PCR. Cells were depleted using shRNA specific to PUM1, PUM2,
and scrambled controls and placed under puromycin selection for 4 days. Knockdown was
validated by Western blot analysis.

3’RACE RT-PCR

Cells were lysed after selection for lentiviral infection and RNA was extracted using the
Qiagen RNeasy kit. cDNA was generated using an extended oligo-dT primer (P7 oligo-dT).
This cDNA was used in a standard RT-PCR reaction using a gene and poly-A site—specific
primer as a reverse P7 primer (36).

Patients and tumor samples

All triple-negative breast cancer specimens were formalin-fixed paraffin-embedded (FFPE)
biopsy samples derived from patients diagnosed at the Massachusetts General Hospital
(Charlestown, MA). The diagnostic criteria/tumor grading were described previously (37).
The study was approved by the Massachusetts General Hospital human research committee
in accordance with the NIH human research study guidelines.
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Quantitative RT-PCR from tumor samples

Primers

Results

RNA was isolated from tumor samples isolated using the Recoverall Total Nucleic Acid
Isolation Kit. KI-67 expression level was assessed using TagMan Gene Expression Assay
(4331182), and the expression of the two reference genes was assessed using custom
primers/probes.

For primer sequences, see Supplementary Table S2.

To identify posttranscriptional regulatory motifs that were disproportionately affected by
APA in tumor samples, we analyzed breast tumor datasets for APA events. Breast tumors
were chosen for this study as APA of E2F3 was common in breast cancer cells (4) and APA
has previously been detected in this tumor type (26). Microarray data from 38 breast tumors
and 7 normal breast tissue samples were examined for APA events. As described in ref. 26,
microarray data obtained from the Affymetrix 3" IVT series were used to assess APA using
the 3" bias of their probes. This revealed mRNAs that showed a significantly different
prevalence of 3° UTR isoforms in tumors compared with normal tissue. This analysis
identified 921 shortened mRNAs and 189 lengthened mRNAs in human breast tumors at a
false discovery rate of 5% (26). To understand how APA of these transcripts changed the
capacity of the posttranscriptional regulatory machinery to target these mRNAs, an unbiased
motif mapping examination of the affected 3° UTRs was conducted. This computational
search looked for posttranscriptional regulatory motif(s) that were enriched among the 3
UTR regions that underwent shortening or lengthening in cancer. This work found that the
PRE (UGUAXAUA) was the most frequently lost motif (2= 0.01) in 3" UTR sequences
shortened in cancer (Fig. 1A; Supplementary Table S1A). In addition, the PRE was also the
motif most often gained through APA (Fig. 1B; Supplementary Table S1B). These results
suggested that PRE-containing transcripts are frequently altered by APA in tumors including
numerous genes that are known to be important for oncogenesis.

Breast tumors can be subdivided into subtypes based on distinct molecular alterations (38,
39). To understand how APA impacts these subtypes, we constructed APA profiles for each
breast tumor group. This analysis revealed that although the majority of APA events occur in
all breast tumor subtypes (821), basal-like and triple-negative breast tumors display more
extensive and exclusive patterns of APA than luminal derived tumors (Fig. 1C). Gene
ontology analysis of APA-specific events in triple-negative breast tumors showed that APA
affected mMRNAs involved in the negative regulation of apoptosis, kinase activity, and
nucleotide binding (Fig. 1C).

To determine the frequency of candidate 3° UTR alterations in tumors, an independent
cohort of 34 triple-negative breast tumors and 8 samples of control breast tissue were
examined. Triple-negative breast tumors were selected for this analysis, as this group had the
most extensive APA profiles (Fig. 1C) and exhibits the worst patient prognosis (40). RT-PCR
was used to determine the relative expression levels of each 3" UTR isoform. Five candidate
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genes were selected for this analysis. Forkhead Box O1 (FOXOL1) is the sole candidate with
an extended 3" UTR sequence in tumor samples. PTEN, Neuroblastoma RAS viral (v-Ras)
oncogene homolog (NRAS), and the Jun proto-oncogene (c-JUN), all showed recurrent 3’
UTR shortening in our database analysis. E2F4 was used as a negative control and showed
no detectable level of APA. In this cohort of tumors, E2F4 was not altered by APA
(Supplementary Fig. SIA — C) and 3" UTR extensions of FOXO1 occurred only rarely
(twice) (Fig. 2A and Supplementary Fig. S1D and S1E). In contrast, 3" UTR shortening was
much more prevalent. Using RT-PCR, we identified tumors containing short 3° UTR
isoforms of PTEN, NRAS, and c-JUN (Fig. 2B — D and Supplementary Fig. S1F — H and S2
and S3). In particular, shortening of the NRAS (16/34) and c-JUN 3" UTRs (8/34) were
frequent events (Fig. 2C - E).

Because of the frequency of these APA events, we focused on understanding how APA
changed NRAS and c-JUN mRNA regulation. We asked whether changes in 3 UTR length
of NRAS and c-JUN correlated with changes in downstream target gene expression. Tumors
expressing the shortened isoform of the NRAS 3" UTR (<50%) displayed elevated levels of
Forkhead Box Al (FOXA1) and SMG1 phosphatidylinositol 3-kinase-related Kinase
(SMG1) genes, previously shown to respond to NRAS signaling (Fig. 2F; ref. 41). Tumors
expressing the shortened form of c-JUN had higher expression of the c-JUN-activated
genes, cytokeratin 7 (KRT7) and TIMP Metallopeptidase Inhibitor 1 (TIMP1; ref. 42), and
lower levels of the c-JUN-repressed gene, Cytokeratin 19 (KRT19; Fig. 2G; ref. 42). These
results suggest that APA affects the levels and activity of its targets and leads to changes in
the patterns of downstream transcriptional programs.

To examine the possible role for PUM in regulating our candidate genes (FOXO1, PTEN,
NRAS, and c-JUN), we assayed the consequence of depleting PUM1 or PUM2 from MDA-
MB-231 triple-negative breast cancer (TNBC) cells. As a control, the length of each
candidate mRNA was measured using RT-gPCR. This analysis found that the shortened 3’
UTR isoform of c-JUN was expressed at high levels in MDA-MB-231 cells (Fig. 3A).
siRNA-mediated knockdown of PUM1 or PUM2 in MDA-MB-231 cells increased the
protein levels of PTEN, NRAS, and FOXO1 but not c-JUN (Fig. 3B). The triple-negative
breast cancer cell line with the lowest levels of c-JUN APA, CAL51 (Fig. 3C), was then used
to test how depleting PUM1 or PUM2 changed c-JUN protein levels. As shown in Fig. 3D,
reduced PUM levels modestly increased c-JUN protein levels.

To determine how PUM affected cell proliferation, the effect of PUM depletion on CAL51
cells was assayed. As shown in Fig. 3E, reduced PUM1 or PUM2 levels modestly slowed
CALS51 growth rates, suggesting that PUM regulation may help to maintain proliferation in
TNBC cells. To assay how APA-mediated shortening of c-JUN affected the invasive
potential of cells, the capacity of the c-JUN coding sequence and either the short- or full-
length 3" UTR to rescue the invasive capacity of c-JUN™~ mouse embryonic fibroblasts
(MEF) was tested. The ability of HRAS to promote cellular invasion was dependent on c-
JUN (compare wild-type vs. c-JUN™/~ MEFs + HRAS; Fig. 3F) and provided an ideal model
to evaluate APA. In this system, the overexpression of the c-JUN CDS + short 3° UTR
greatly improved the invasive capacity of cells, compared with the expression of the c-JUN
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CDS + full-length 3" UTR (Fig. 3F). These results suggest that PUM and APA regulation of
c-JUN may contribute to the proliferation and invasion potential of cells.

To examine how APA modified PUM-mediated control, the short and long 3" UTR isoform
of each candidate was cloned downstream of luciferase reporter genes. These plasmids were
then transfected into MDA-MB-231 cells depleted of PUM1, PUM2, or scrambled control
sequences (Supplementary Fig. S4A). Lengthening of the FOXO1 3’ UTR increased the
number of PRE elements to 4 (Fig. 4A). Extension of the FOX01 3" UTR decreased
luciferase levels (full-length vs. extended in Scr; Fig. 4A). This effect is partially dependent
on PUM activity (Fig. 4A). To examine how APA changes mRNA degradation, mRNA
stability assays were conducted. Cells were treated with the polymerase inhibitor,
actinomycin D, and luciferase mRNA levels measured over time. Extension of the FOXO1
3’ UTR increased the stability of the luciferase mMRNA (Fig. 4B). To determine PUM's
contribution to these effects, these experiments were repeated in MDA-MB-231 cells
depleted of PUM. Reduced PUM activity increased the mRNA stability of the full-length 3’
UTR but not the extended 3" UTR isoform (Supplementary Fig. S4B). These results show
that the PUM protein complex modulates FOXO1 levels and that APA-mediated lengthening
increased PUM regulation.

This dual approach, luciferase reporter and mRNA stability assays, was used to test how
shortening of the candidate genes might affect luciferase production. APA of PTEN removed
the sole PRE sequence from the 3" UTR (Fig. 4C) and increased luciferase levels (Fig.
4C).Knockdown of PUM1 or PUM2 modestly elevated luciferase production from the short
3’ UTR isoform (Fig. 4C). Surprisingly, APA of PTEN or PUM depletion did not change
the overall stability of the mRNA (Fig. 4D and Supplementary Fig. S4C). These results
suggested that PUM-mediated regulation of PTEN is only partially responsible for
constraining PTEN levels.

Shortening of the NRAS 3" UTR circumvents PUM repression by removing the sole PRE
(Fig. 4E) and significantly increased luciferase production (Fig. 4E). Depletion of PUM1 or
PUM2 only moderately elevated protein levels from the full-length 3° UTR (Fig. 4E, Scr vs.
PUM). This suggested that other regulatory mechanisms are also circumvented upon NRAS
3’ UTR shortening. Site-directed mutagenesis was used to inactivate the sole PRE within
the NRAS 3" UTR (UGUAXAUA-UCCAXAUA). This lucif-erase construct was then
transfected into MDA-MB-231 andMCF7 cells depleted of PUM1 or PUM2 (Supplementary
Fig. S4D). As shown in Supplementary Fig. S4E and S4F, inactivation of the PRE within the
NRAS 3" UTR only partially rescued protein levels. To examine how APA and PUM
modulate the stability of both 3° UTR isoforms of NRAS, we conducted RNA stability
assays. These results showed that the half-life of the short 3 UTR of NRAS was greatly
increased, compared with full-length (Fig. 4F) and that this increase was due to reduced
PUM regulation (Supplementary Fig. S5A). In support of this, depletion of PUM1 or PUM2
increased the stability of the NRAS full-length 3° UTR (Supplementary Fig. S5A). These
results indicate that PUM regulates the stability of NRAS mRNA.

Unlike the other shortened candidates, APA of c-JUN only removes 1 of the 4 PRE motifs
(Fig. 4G). In the luciferase assay system, shortening the c-JUN 3 UTR increased luciferase
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levels. In addition, both 3" UTR isoforms of c-JUN were sensitive to PUM activity (Fig.
4G). RNA stability assays surprisingly showed that the shortened 3 UTR was more
unstable than the full-length 3" UTR (Fig. 4H) and that this was in part PUM dependent
(Supplementary Fig. S5B). These findings suggest that PUM tightly modulates both the
stability and the translation of c-JUN mRNA.

To investigate the clinical characteristics of tumors with APA in this cohort, tumors were
subdivided on the basis of the APA status and clinical parameters. Tumors containing APA
of c-JUN and/or NRAS were split from those expressing the full-length versions. Tumors
were then divided into groups based on pathologic tumor grade. This produced 3 groups:
grade 2 tumors, all of which had APA (7= 6), and grade 3 tumors, with (n= 12) and without
APA (n=12). In these tumors, every grade 2 tumor displayed APA, and so no grade 2
without APA group was formed. This analysis revealed a number of unexpected results.
First, APA was more prevalent in smaller, lower grade tumors (Fig. 5A). Second, APA of
NRAS and c-JUN was evident in less-proliferative tumors, as measured by Ki67 RT-PCR
(Fig. 5B). Third, triple-negative breast tumors utilizing APA appear more invasive, as they
were more frequently associated with positive lymph node status, compared with non-APA
tumors (Fig. 5C). These results support the idea that APA of PUM substrates may contribute
to tumor phenotypes and demonstrate that APA in triple-negative breast tumors does not
directly correlate with proliferation.

To understand why APA disproportionately affected transcripts containing PRE motifs, we
asked whether PUM proteins have a role in regulating APA. RT-PCR was used to compare
PUM levels between tumors but showed no variation in expression (Fig. 5D). To directly
evaluate PUM's role in regulating APA, PUM1, PUM2, or the APA regulator Poly-A
Binding Protein Nuclear 1 (PABPN1) (36) were depleted from MDA-MB-231 cells and
APA levels compared. Reduced PUM levels did not modify previously characterized APA
substrates, compared with PABPN1 (Fig. 5E and Supplementary Fig. S6A-S6D). These
findings are in agreement with previous work discounting PUM as a direct regulator of APA
in cancer cell lines (36).

To investigate the molecular drivers of APA in these tumors, the expression levels of the
polyadenylation machinery was analyzed using RT-PCR. These factors represent prime
APA-regulating candidates, as they are directly responsible for poly-A site selection/
catalysis. This analysis identified elevated levels of two components of the polyadenylation
machinery in tumors with APA; cleavage stimulation factor 3 (CSTF3) and cleavage
polyadenylation specificity factor 3 (CPSF3; Fig. 5F). These observations suggested that
APA in triple-negative breast tumors may be regulated by fluctuations in the levels of the
polyadenylation machinery.

As CSTF3 levels are elevated in both tumor grades with APA, we examined its potential role
in modulating APA. To do this RPE cells (which have low levels of APA), were transfected
with plasmids expressing either CSTF3 (34) or an empty plasmid. In RPE cells, the
overexpression of CSTF3 (Supplementary Fig. S6E) was sufficient to induce APA-mediated
3’ UTR shortening of c-JUN and NRAS but not E2F4 (Fig. 5G). To ask whether the
overexpression of CSTF3 was common in triple-negative breast cancer cell lines, we
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analyzed mRNA levels of CSTF3. As shown in Fig. 6A, triple-negative breast cancer cell
lines (TNBC) express higher levels of CSTF3 than other breast cancer cell lines (non-
TNBC). To determine the contribution of CSTF3 to proliferation in breast cancer cells,
CSTF3 was depleted from SK-BR-3 (non-TNBC), BT-20 (TNBC), and BT-549 (TNBC)
cells using single siRNAs. Each of these cell lines expressed different levels of CSTF3 (Fig.
6B) however siRNA-treatment resulted in strong CSTF3 depletion (Fig. 6C). Proliferation
assays from each cell line indicated that CSTF3 silencing reduced the proliferation TNBC
but not non-TNBC cells (Fig. 6D). These results suggest that fluctuations in the expression
of CSTF3 can modify the 3" UTR length of NRAS and c-JUN and contribute to
proliferation.

Discussion

These results show that divergent patterns of APA occur in different subtypes of breast
cancers and highlight the significance of APA as a modulator of NRAS and c-JUN gene
expression in triple-negative breast tumors/cells. We propose that APA is an adaptive
mechanism that alters gene expression without requiring genetic rearrangements. In
agreement with this hypothesis, previous studies have identified aberrant c-JUN and NRAS
activity in triple-negative breast tumors without detecting a mechanism of activation (28). In
addition, the overexpression of the c-JUN and NRAS target genes, KR77and FOXA1, and
the silencing of KRT19, which is directly repressed by c-JUN, have been previously
correlated to increased local recurrence in triple-negative breast cancer patients (43, 44).
These findings suggest that nongenetic changes in c-JUN and NRAS may alter their
respective transcriptional profiles and contribute to localized tumor relapse.

The prevalence of APA in cancer cells has been linked to multiple parameters including
chromatin structure (45, 46), silencing of APA-inhibiting proteins (36, 47, 48) and the
aberrant expression of the polyadenylation machinery (25, 27). One emerging theme from
studies investigating APA, is that imbalances in the levels of the polyadenylation machinery,
such as the downregulation of CFIm25 (25) or the increased expression of CSTF2 (27),
changes the APA spectrum. In our study, APA levels in tumors correlated with the elevated
expression of polyadenylation factor, CSTF3. These results show that increased CSTF3
expression is sufficient to trigger APA shortening of both NRAS and ¢-JUN. Our results are
consistent with previous work and suggest that changes in the expression of the
polyadenylation machinery promote APA.

These findings pose the question: why are mRNAs that contain binding sites for PUM, a
cytoplasmic RBP, disproportionately affected by the nuclear process of poly-A site
selection? Insight into this relationship was provided when we compared the motifs utilized
by the PUM complex to those used by the polyadenylation machinery. This comparison
revealed that the two central polyadenylation complexes, the cleavage factor | (CFI) complex
and the cleavage stimulation factor (CSTF) complex, interact with GU-rich sequences highly
similar to the PRE and the sequence bound by the PUM-interacting protein, NANOS. The
CFI complex, which functions upstream of the Poly-A site, to mediate mMRNA cleavage,
interacts with the same RNA sequence as the PRE, CFIl: UGUA (25, 49) and PRE:
UGUAXAUA (Fig. 7A; ref. 5). In addition, the CSTF complex, which functions downstream
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of the Poly-A site, binds to a GU-rich region (49), homologous to the GUUGU repeats
favored by the PUM-interacting protein, NANOS (Fig. 7A,; refs. 2, 8). These findings
support a simple model: that changes in the expression of the polyadenylation machinery
promote APA through the preferential use of sequences that are also recognized by PUM
and the PUM-interacting protein, NANOS (Fig. 7B).

Our research reveals a surprisingly disproportionate level of APA on PRE-containing
mMRNAs in triple-negative breast tumors. It is possible that this is a unique feature of these
tumors, but given the general similarity between the motifs used by the polyadenylation
machinery and by PUM complexes, we anticipate that this association is likely to hold true
in other contexts. Indeed, we note that PUM2 motifs were present in putative APA substrates
identified in glioblastoma cells (50) and that several of the APA targets identified in
developmental studies are, in fact, PRE-containing substrates (16, 20). Thus, due to the
similarity of the sequences used by the PUM complex and by the polyadenylation
machinery, it seems likely that PRE-containing substrates are often disproportionately
affected by APA.

In summary, our results suggest that in triple-negative breast tumors, APA is reactivated by
the aberrant overexpression of the polyadenylation machinery. APA of PUM targets, NRAS
and c-JUN, leads to the removal of functional PRE motifs and the aberrant activation of
these substrates, which contributes to changes in the expression of their downstream targets.
On the basis of our findings, we propose that APA is a form of gene regulation that is
exploited by triple-negative breast tumors to promote changes in the transcriptome and
proteome that are conducive to tumor growth.
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Figure 1.
PRE-containing mRNAs are disproportionately targeted by alternative polyadenylation. A,

Percentage of the 921 mRNAs shortened by alternative polyadenylation in breast tumors that
lose PRE (PUM) or miRNA seed sequences (**, £< 0.01). B, Percentage of the 189
MRNAs lengthened by alternative polyadenylation in breast tumors that gain PRE (PUM) or
miRNA seed sequences. C, Breast tumor subtype shared and unique APA events. Table,
Gene ontology of PRE-containing mRNAs shortened in triple-negative breast tumors.
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Candidate gene alternative polyadenylation status in an independent cohort of triple-negative
breast tumors. A, RT-PCR of FOXO1 from tumor and control samples. Tumors were
subdivided on the basis of FOXO1 length at UTR (>50% or <50%), full length and 3'UTR
extended. Black bracket indicates lengthened 3" UTRs in tumors and the number represents
the number of tumors displaying this APA event. B, RT-PCR of PTEN from tumor and
control samples. Black bracket, number of shortened 3" UTRs. C, RT-PCR of NRAS from
tumor and control samples. Black bracket, number of shortened 3" UTRs. Tumors were
subdivided on the basis of 3' UTR length (>50% or <50%), short and long. D, RT-PCR of
the c-JUN from tumors and control samples. Black bracket, number of shortened 3" UTRs.
E, Percentage of tumors displaying APA of each transcript. E2F4 was used as a negative
control. F, NRAS target gene expression (FOXAL and SMG1) in tumors expressing either
the long or short 3° UTR isoform of NRAS (*, P< 0.05; **, < 0.01). G, ¢c-JUN target
gene expression (KRT7 and TIMP1, activated; KRT19, repressed) in tumors expressing
either the long or short 3" UTR isoform of c-JUN (*, P< 0.05; **, P< 0.01).
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Figure 3.
PUM regulation of candidate gene protein levels. A, RT-PCR from triple-negative breast

cancer cells MDA-MB-231 for PTEN, NRAS, c-JUN, and FOXOL1. B, Western blots from
siRNA-treated MDA-MB-231 cells. C, 3" RACE RT-PCR from CAL51 cells for ¢c-JUN. D,
Western blots of CAL51 cells transfected with individual siRNAs targeting GFP, PUML, and
PUM?2. E, Cell number assay from CAL51 cells transfected with individual siRNAs. F,
Number of HRAS-mediated invasive cells from wild-type (WT) or c-JUN-null MEFs
(JUN), infected with the c-JUN coding sequences and either 3° UTR isoform (*, P<
0.05).
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Figure 4.

The effect of APA on mRNA stability and protein production on candidate genes. A, Table,
change in PRE number (A in PRE) and total PRE after APA of FOXO1. Graph, luciferase
assays comparing FOXO1 full-length and extended 3" UTR isoforms in MDA-MB-231
cells depleted of PUM1, PUMZ, or control Scrambled sequence (Scr; **, £< 0.01). Full-
length 3" UTR isoform set to 1. B, mRNA stability assays of the FOXO1 full-length or
extended 3" UTR isoforms from MDA-MB-231 cells treated with the polymerase inhibitor,
actinomycin D (**, P<0.01; *, P<0.05). C, Table, transcript information for the shortened
3’ UTR of PTEN. Graph, luciferase assays comparing PTEN full-length and short 3" UTR
isoforms in MDA-MB-231 cells depleted of PUM1, PUM2, or Scrambled (**, < 0.01). D,
mMRNA stability assays of the PTEN short or long 3° UTR isoforms from MDA-MB-231
cells treated with actinomycin D (**, £<0.01). E, Table, transcript information for the
shortened 3" UTR of NRAS. Graph, luciferase assays comparing NRAS full-length and
short 3" UTR isoforms in MDA-MB-231 cells depleted of PUM1, PUM2, or Scrambled (*,
P<0.05). F, mRNA stability assays of the NRAS short or long 3" UTR isoforms from
MDA-MB-231 cells treated with actinomycin D. G, Table, transcript information for the
shortened 3° UTR of ¢c-JUN. Graph, luciferase assays comparing c-JUN full-length and
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short 3° UTR isoforms in MDA-MB-231 cells depleted of PUM1, PUM2, or Scrambled (*,
P<0.05; **, P<0.01). H, mRNA stability assays of the c-JUN short or long 3" UTR
isoforms from MDA-MB-231 cells treated with actinomycin D (**, < 0.01).

Cancer Res. Author manuscript; available in PMC 2017 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miles et al. Page 19
Grade 3
APA and Tumor size B Ki67 Levels C Lymph node positive D
sk 2.0 42- 25, Grade2  4ApA  Non-APA
e 5
Y 1.5 g @ 201 A gy o+ O
CA 2 2 284 S B 44
@ 34 > k] S 1.54
N o 4 X ;
3 B g °
g ] S £ 141 S 101
E) 0.5 3 ® s 4 4
- 14 5 o 054
o x o AA .
" 0.0- 00 —
¥ Q¥ ¥ N9 O &
v v X S § ¢ & »
x x * ,5" (\o(‘ Q\) QQ N) Q\) N N)
& ® & &
& & & & & & Target genes
[
Tumor grads Tumor grade Tumor grade and APA status
Triple-negative breast tumors G
. MDA-MB-231 F Grade 3 APA E2F4
A Grade 3 + non- s
. 2 Grade 3 + APA .5 NRAS c-JUN
g 201 c 357 @ Grade2 s "
] o *% -
o ol ‘% 3.0- 2
a g A { c *
= £ 25- 2 1.04
£ o0 g %% [ A
] © 2,0+ 4 **
o o S
£ _40 & 1.5- 3 | *k 5
o BN NRAS o + * $¥f 208
2 = JUN 2 104§ q, 2
—60- = s
£ B FAM110 B 05- ‘ i S e CDS1 4 UTR1
o B TMEM119 ] (4 . CDS2 v UTR2
m 00 T T T T Ll T T L) T T T T L} T T T T T T 0-0 : ! * s y
RV N \> < POy L
& Y R R OB RO X HAag® » L L&KL
NP Q DK QDK QPPN Q) Q)
AR «\%\‘%\“wcﬁcscs AR RS FeLe e
shRNA Treatment Polyadenylation machinery gene expression Expression construct
Figure 5.

APA in triple-negative breast tumors correlates with slower growth, smaller yet more
invasive tumors. A, Tumor size of triple-negative breast tumors, divided by grade and APA
status (*, £<0.05). Grade 2 tumors (7= 6), grade 3 APA tumors (n7=12), and grade 3 non-
APA tumors (n=12). B, Ki67 levels of triple-negative breast tumors, divided by grade and
APA status (*, £<0.05). C, Lymph node status (positive or negative) from patients with
triple-negative breast tumors, divided by grade and APA status. D, RT-PCR analysis of
PUM1 and PUM2 from triple-negative breast tumors, divided by grade and APA status. E,
3’ RACE experiments from MDA-MB-231 cells depleted of PUM1, PUM2, PABPN1, or
Scrambled control sequence by shRNA. Change in 3" UTR length calculated by dividing
distal values with proximal readings. F, RT-PCR analysis of the polyadenylation machinery
from triple-negative breast tumors, divided by grade and APA status (**, < 0.01). G, RT-
PCR measuring mRNA length from cells transfected with either the pPCDNA-empty vector
or pCDNA-CSTF3 (**, P<0.01; *, P<0.05).
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Figure 6.
Triple-negative breast cancer cell lines are more dependent on CSTF3. A, Expression of

CSTF3 from triple-negative breast cancer cell lines (TNBC) versus breast cancer cells from
other breast cancer subtypes. B, CSTF3 expression levels from SK-BR-3 (non-TNBC),
BT-20 (TNBC), and BT-549 (TNBC) cells. C, Relative CSTF3 depletion from the three cell
lines using independent siRNAs. D, Cell numbers from SK-BR-3, BT-20, and BT-549
depleted of GFP or CSTF3 by siRNA (**, P< 0.01; *, P<0.05).
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Figure 7.

The polyadenylation machinery utilizes GU-rich sequences of the PUM complex to catalyze
APA. A, Schematic of the positioning and sequence composition of motifs recognized by the
CFI, CSTF, and PUM complexes. B, Model describing how the CFl and CSTF complex can

use motifs of the PUM complex for APA.
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