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Abstract

Disruption of post-transcriptional gene regulation is a critical step in oncogenesis that can be 

difficult to observe using traditional molecular techniques. To overcome this limitation, a modified 

polyadenylation site sequencing (PAS-seq) protocol was used to generate a genome-wide map of 

alternative polyadenylation (APA) events in human primary breast tumor specimens and matched 

normal tissue. This approach identified an APA event in the PRELID1 mRNA that enhances its 

steady state level and translational efficiency, and is a strong breast cancer subtype-dependent 

predictor of patient clinical outcomes. Furthermore, it is demonstrated that PRELID1 regulates 

stress response and mitochondrial reactive oxygen species (ROS) production in a cell-type specific 

manner. Modulation of PRELID1 expression, including its post-transcriptional control, appears to 

be a common stress response across different cancer types. These data reveal that PRELID1 
mRNA processing is an important regulator of cell-type specific responses to stress used by 

multiple cancers and is associated with patient outcomes.

Implications—This study suggests that the regulation of PRELID1 expression, by APA and 

other mechanisms, plays a role in mitochondrial ROS signaling and represents a novel prognostic 

factor and therapeutic target in cancer.
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INTRODUCTION

Aberrant gene regulation plays a central role in the initiation and progression of cancer. In 

healthy cells, redundant pathways guard against unchecked proliferation and maintain 
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genomic integrity. Perturbation of normal regulatory mechanisms can cause overexpression 

of tumor-promoting oncogenes or repression of tumor suppressor genes. In many cases, 

these changes in expression are the result of genomic mutation or altered transcriptional 

regulation. Disruption of post-transcriptional regulatory mechanisms, including miRNA 

targeting, is another important mode of oncogene activation. Oncogenes may avoid 3′ UTR-

mediated repression by removing regulatory sites using alternative splicing or alternative 

polyadenylation (APA). Evidence suggests that APA may play a significant role in cancer 

(1,2) (for a review, see ref. 3). Mayr and Bartel reported that several oncogenes, including 

IMP-1 and Cyclin D1 (CCND1), have shortened 3′ UTRs in cancer cell lines relative to 

normal tissue controls. This follows similar reports that show global and coordinated 

changes in 3′ UTR length in T cell activation (shortening), neuronal activation (shortening) 

and embryonic development (lengthening) (4–6). More recent evidence suggests that an 

APA event in the PD-L1 gene (CD274) plays a direct role in PD-1/PD-L1-mediated immune 

escape in cancer development (7). While the physiological relevance of genome wide APA 

may not always be obvious (8), it is clear that individual APA events have a profound impact 

on cell biology.

Here, we provide evidence for a functional APA event in the PRELID1 mRNA. The 

PRELID1 protein, which localizes to the mitochondrial intermembrane space (IMS), exerts a 

cytoprotective effect in many cell types (9). Consistent with its well-defined, evolutionarily 

conserved cytoprotective role, PRELID1 is also linked to cellular metabolism and survival 

through its interaction with TRIAP1 (TP53 Regulated Inhibitor of Apoptosis 1) (10). The 

PRELID1/TRIAP1 complex transfers phosphatidic acid across the intermembrane space to 

the inner membrane where it is used to synthesize cardiolipin, an evolutionally conserved 

diphosphatidylglycerol lipid that is nearly exclusive to the mitochondria in eukaryotes (10–

14). Cardiolipin plays a key role in virtually all mitochondrial functions, including the 

accumulation, anchoring and stabilization of the oxidative phosphorylation and respiratory 

chain proteins (15–19), mitochondrial fission (20), formation of mitochondrial membrane 

pores and the release of cytochrome c during apoptosis (21), as well as mitochondrial 

signaling (through its translocation to the outer membrane) (22–24). Furthermore, there is 

evidence that loss of cardiolipin increases production of reactive oxygen species (ROS) in 

the mitochondria (25). Here, we present a genome-wide map of APA events in primary 

human breast tumors, including a biologically and clinically relevant APA event at the 

PRELID1 locus that influences mitochondrial ROS production and response to cellular 

stress, with clinical impact reaching across cancer types.

MATERIALS AND METHODS

Oligonucleotide Sequences

Sequences for all shRNAs and oligonucleotide primers used in this study are shown in Supp. 

Table 1.

PAS-seq

We performed PAS-seq (26,27) with extensive modifications. Total RNA was fragmented 

and DNase treated by incubating with 1.5X First Strand Buffer (ThermoFisher Scientific) 

Gillen et al. Page 2

Mol Cancer Res. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 50U/mL RQ1 RNase-free DNase (Promega) for 30 minutes at 37C, followed by 3 

minutes at 95C. The RNA was then concentrated using the RNeasy minElute kit (Qiagen) 

and reverse transcribed using SuperScript II (ThermoFisher Scientific) as follows: First, 1μg 

of RNA was mixed with 1μL each of primers 1320 UMI-DT2 (TVN primer with UMI) and 

1290 SMART-TRUSEQ (template switching primer) in 12.5μL total volume and incubated 

at 65C for 5 minutes, followed by a hold at 42C. Next, 4 μL 5X First-strand buffer, 2 μL 100 

mM DTT, 0.5 μL RNasin Plus (Promega), and 1 μL SuperScript II were added to the RNA

+primers (all pre-warmed to 42C). The reaction was held at 42C for 50 minutes, followed by 

15 minutes at 70C. The resulting cDNA was then amplified using Phusion Hot Start II 

(ThermoFisher Scientific) as follows: 4μL of cDNA and 1μL of TRU-SEQ barcoded primer 

mix (Illumina) were used in a standard 25μL reaction with the following program:

98° 2:00

98° 0:10 3x

60° 0:30

72° 0:30

98° 0:10 25x

72° 1:00

72° 10:00

Resulting PCR products were then run on a 2% SeaPlaque agarose (Lonza) gel. The region 

between 250 and 380bp was excised and the DNA purified using the minElute Gel Kit 

(QIagen). The resulting libraries were then sequenced on an Illumina HiSeq 2000 (50bp, 

single end).

After sequencing, bases were called on raw CIF image files using AYB (http://

www.ebi.ac.uk/goldman-srv/AYB/; (28)), which simultaneously removed the 14 nt poly(A) 

tail in bases 7–20, leaving the 6 bp UMI followed by the remainder of the read. Reads were 

then demultiplexed with fastq-multx (https://github.com/brwnj/fastq-multx) and the 

demultiplexed reads were processed with cutadapt (https://code.google.com/p/cutadapt/; 

(29)) to remove 3′ adaptor sequences and 3′ bases with QUAL < 10. Trimmed reads were 

aligned to the genome using NovoAlign (http://www.novocraft.com/products/novoalign/), 

and UMIs were collapsed using umitools (https://github.com/brwnj/umitools). Strand-

specific peaks were called on alignments with using MACS2 (https://github.com/taoliu/

MACS, (30)). Called peaks from all samples were then merged to create a master list of 

breast poly(A) sites. All sites with more than 6 adenosine residues in the 10 bases 

immediately downstream of the called poly(A) site were excluded from further analysis due 

to likelihood of priming on genomically encoded poly(A) tracts, and all sites within 5 nt of 

each other were merged into one site. Count tables were then generated for all samples with 

the merged, filtered poly(A) site list. Significant shifts were detected between pairs of 

samples by performing Fisher’s exact test on all pairwise sets of sites in each transcript. Raw 

sequence data and peak calls available at GSE87914.
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Ribosome Profiling

Ribosome profiling libraries were prepared using the TruSeq Ribo Profile kit 

(RPHMR12126; Epicentre) with some modifications. Specifically, after ribosome protected 

RNA was purified with an S400 column (GE Healthcare), the RNA was extracted by 

phenol:chloroform and precipitated with isopropanol instead of using an RNA clean and 

concentrator-5 column (Zymo Research). Additionally, all RNA purification steps using 

Zymo columns were performed according to manufacturer protocols. Total RNA libraries 

were also prepared using TruSeq Ribo Profile kit. All libraries were sequenced on the 

Illumina HiSeq 2000 platform (50bp, single end).

Ribosomal profiling reads were processed with cutadapt to remove 3′ adaptor sequences 

and 3′ bases with QUAL < 10. Reads originating from human rRNA sequences (nuclear and 

mitochondrial) were filtered using TagDust2 (http://tagdust.sourceforge.net/, (31)), and the 

remaining reads were aligned to the human genome (grch37 build) using hisat2 (https://

ccb.jhu.edu/software/hisat2/index.shtml, (32)). Aligned reads were assigned to features 

using the featureCounts component of the RSubread (https://bioconductor.org/packages/

release/bioc/html/Rsubread.html, (33)), and translational efficiency was calculated using 

DESeq2 (https://bioconductor.org/packages/release/bioc/html/DESeq2.html; (34)), both in R 

(35).

Analysis of TCGA RNA-seq data

All available RNA-seq V2 data and clinical annotations were downloaded from the Genomic 

Data Commons Data portal (https://gdc-portal.nci.nih.gov/). Exon and transcript level counts 

were used for differential expression testing with DESeq2, and survival curves were 

generates using the rms (https://cran.r-project.org/web/packages/rms/index.html, (36)), 

survival (https://cran.r-project.org/web/packages/survival/index.html, (37)) and dplyr 

(https://cran.r-project.org/web/packages/dplyr/index.html, (38)) packages in R. Gene 

ontology term enrichment was performed using g:Profiler (http://biit.cs.ut.ee/gprofiler/; 

(39)). To account for the disproportionate influence of the more numerous ER+ (IHC) 

tumors, we focused on genes that were differentially expressed in both ER− (IHC) and ER+ 

(IHC) tumors classified as PRELID1-associated/independent for GO term enrichment 

analysis.

Cell culture

The human cell lines MCF-10A and MDA-MB-231 were originally obtained from ATCC. 

The HEK293-FT cell line was obtained from Invitrogen. The MCF-7 cell line was obtained 

from Sam Brooks, the Michigan Cancer Foundation. Cells were maintained in DMEM with 

10% FBS (MDA-MB-231), DMEM with 10% FBS and 6 mM L-glutamine (HEK-293FT), 

MEM with 5% FBS (MCF-7), or MEGM (Lonza). Cell line authenticity was confirmed by 

short tandem repeat analyses in the University of Colorado DNA Sequencing Core 

Laboratory. Cell lines were tested for mycoplasma contamination every 6 months using the 

Universal Mycoplasma Detection Kit (ATCC). No cell lines used in this manuscript have 

ever tested positive for mycoplasma contamination in this lab (most recent test: July, 2017).
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Plasmids and transient transfections

PRELID1 expression constructs were created by reverse transcribing total RNA from the 

MCF-7 and MCF-10A cell lines with the TVN-PCRv2 RT primer using SuperScript III 

(ThermoFisher Scientific). The resulting cDNA was then amplified by PCR using the 

PRELID1-clone-F and TVN-REVv2 primers with Q5 polymerase (NEB). The products 

were run on a 1% agarose gel and excised bands at ~800 bp (proximal site) in MCF-7 lane 

and ~1100 bp (distal site) in MCF-10A lane. Purified excised bands using minElute Gel Kit 

(Qiagen) and cloned each into the pSC-B blunt cloning vector (Agilent Technologies). The 

inserts were excised from each pSC-B construct using BamHI and XhoI (NEB) and ligated 

into similarly cut pCMV-Cyclin D1 (gift from Yue Xiong; Addgene plasmid #19927) to 

create pCMV-PRELID1 and pCMV-PRELID1-Proximal. pCMV-PRELID1 and pCMV-

PRELID1-Proximal were transfected into MCF-7 cells in Lipofectamine LTX 

(ThermoFisher Scientific) according to the manufacturer’s recommendations.

Drug treatments and cell growth assays

MCF-7 cells were treated with Docextaxel or Thasigargin for 48 hours or with for 

Thapsigargin for 4.5 hours, followed by a wash in 1X PBS and 43.5h recovery. Growth was 

estimated at 0, 24 and 48 hours by total protein sulforhodamine assay (SRB). Cells were 

processed for the sulforhodamine B colorimetric (SRB) assay 48 hours after treatment. 

Briefly, culture media was removed and cells were gently washed 1X with PBS followed by 

a 30-minute incubation at 4C in 10% trichloroacidic acid. Cells were washed 5 times with 

deionized water and plates were dried for 2 hours. Sulforhodamine B (0.2%) dye was added 

for 20 minutes at room temperature, followed by 5 washes with 1% acetic acid and a 2-hour 

drying period. Each well of a 96-well plate received 0.2 mL of 10mM unbuffered tris base 

and was agitated for 10 minutes. Total protein was assessed using a BioTek (Winooski, VT) 

Synergy 2 microplate reader (565 nm – 690 nm background). Key SRB assay results were 

validated by counting viable cells with a hemocytometer following staining with trypan blue.

shRNA viral packaging, transduction and clonal selection

PRELID1, TRIAP1 and controls shRNA constructs were obtained from the University of 

Colorado Cancer Center Functional Genomics Core. The shRNAs were packaged in 

HEK-293FT and viral supernatant was collected according to standard protocols available 

from the Functional Genomics Core. MCF-7 and MDA-MB-231 were transduced with viral 

supernatant according to standard protocols, and 1 mg/mL Puromycin (ThermoFisher 

Scientific) selection was added 24h post-transduction. After 96h of selection, the cells were 

trypsinized and plated in 96-well plates at serial dilutions of 16 cells/well to 0.5 cells/well to 

obtain single clones. Wells that received exactly one cell were identified by microscopy, and 

these clonal lines were expanded and characterized. Clonal lines arising from at least two 

different shRNAs were used for each target.

RT-qPCR

Total RNA for qRT-PCR was isolated using TRIzol (ThermoFisher Scientific). PRELID1 
expression was assayed by SYBR green qPCR with the PRELID1-qRT-F and PRELID1-

qRT-R primers. 18S rRNA was used as an endogenous normalization control (18S-F and 
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18S-R primers). The transient PRELID1 overexpression experiment was also normalized to 

PRELID1 DNA content by qPCR with the PRELID1-Dq-F and PRELID1-Dq-R primers. 

All qPCRs were performed in duplicate on at least two separate occasions.

Western Blotting

Whole cell lysates were lysed in RIPA buffer (150mM NaCl, 150mM NaCl, 50mM Tris-

HCl, pH 7.5, 0.1% SDS, 0.5% Sodium Deoxycholate, 1% Triton X-100), separated by SDS-

PAGE on 4–15% gradient gels and transferred onto Immobilon-FL PVDF membranes 

(IPFL00010; EMD Millipore) using the NuPage system (ThermoFisher Scientific). After 

transfer, membranes were blocked and probed with antibodies against anti-PRELID1 

(ab174149, 1:200 dilution; Abcam), anti-GAPDH (NB300-221SS, 1:2000; Novus 

Biologicals) or anti-SDHA (A2594, 1:1000; ABclonal Biotechnology) followed by washing 

and incubating with secondary antibodies (Goat anti-Mouse IRDye 680LT, 926-68020 

1:20,000 and Goat anti-Rabbit IRDye 800CW, 926-32211, 1:20,000; LI-COR Biosciences). 

Membranes were visualized by Oddysey fluorescence imagining scanner (LI-COR 

Biosciences).

Flow Cytometry

Superoxide production was measured by staining cells with MitoSOXTM Superoxide 

Indicator (ThermoFisher Scientific) according to the manufacturer’s recommendations. 

Apoptosis was measured by staining cells with Annexin V-FITC and Propidium Iodide 

(Miltenyi Biotec) according to the manufacturer’s recommendations. Flow cytometric 

analysis was performed at the University of Colorado Cancer Center on a Gallios Flow 

Cytometer (Beckman Coulter).

RESULTS

PAS-seq reveals alternative polyadenylation events in primary breast tumors

To determine the extent of APA in human breast cancer, we mapped polyadenylation sites 

transcriptome-wide using a modified version of PAS-Seq (26,27) in 12 pairs of primary 

human breast tumor/adjacent normal samples: six estrogen receptor (ER) positive (ER+) and 

six ER negative (ER-) tumors, each with adjacent normal tissue. Participants were selected 

by consecutive sampling of consenting patients, with lack of HER2 amplification as the only 

selection criteria. In order to minimize individual variation, during analysis we created three 

pooled samples containing normalized reads from all six ER+ tumors (TS-ERP), all six ER− 

tumors (TS-ERN) and all 12 adjacent normal samples (NBT), respectively. To validate our 

primary sample results, we also used our modified PAS-seq protocol in the ER+ breast 

cancer cell line MCF-7 and the non-tumor derived, non-tumorigenic breast cell line 

MCF-10A. We identified significant APA events by comparing data among different primary 

sample pools (NBT, TS-ERN, TS-ERP) using Fisher’s exact test for pairwise combinations 

of poly(A) sites. The results of these comparisons are summarized in Table 1. The relatively 

small number of APA events between normal tissue (NBT) and tumor (11 for ER-, 46 for 

ER+ out of 45,770 total tests) demonstrate that APA events between normal breast tissue and 

breast cancer are rare. In fact, none of the events described in breast cell lines by Mayr and 

Bartel (1), such as CCND1 (Fig. 1A), are detectable by PAS-seq in our primary samples. A 
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small number of significant APA events, summarized in Supp. Table 2, are also detectable 

between ER+ and ER− tumors. Most notable among these events was a high amplitude 

proximal shift in PRELID1 (Fig. 1B) that removes 77% (290 nt) of the 3′ UTR in ER+ 

tumors relative to ER− tumors (q=0.0068) and adjacent normal tissue (q=0.012). In addition 

to validation with PAS-seq in cell lines (Fig. 1B), we also designed a multiplex RT-PCR 

assay (diagrammed at the bottom of Fig. 1B) to determine poly(A) site utilization. This 

assay confirmed that, like the ER+ tumors, the ER+ MCF-7 cell line utilizes the proximal 

poly(A) site, justifying its use as a model for the short form of PRELID1. Interestingly, all 

other cell lines tested, including the ER− MDA-MB-231 and the non-tumor derived, non-

tumorigenic (“normal”) MCF-10A, utilize the distal poly(A) site, akin to ER− tumors and 

adjacent normal tissue (Fig. 1C). The ER+ ZR-75-1 cell line uses the proximal site at a 

higher rate than any cell line tested except MCF-7, but the distal site still predominates in 

this line as well.

APA in the PRELID1 gene results in transcript stabilization and increased translational 
efficiency

To assess the functional consequences of PRELID1 APA, we measured PRELID1 

expression by RT-qPCR following transient transfection of an ER+ breast cancer cell line 

with equimolar amounts of pCMV-derived plasmids containing the PRELID1 cDNA with 

either the full 3′ UTR or the short 3′ UTR (Fig. 2A). The full 3′ UTR construct increased 

PRELID1 expression by 28-fold relative to endogenous expression (pCMV-Empty control), 

while the short 3′ UTR construct increased expression by 134-fold relative to endogenous 

expression. The 4.7-fold difference reflects substantial stabilization of the short from relative 

to the long form in breast cancer cells. In contrast, transient overexpression of PRELID1 had 

no effect on expression of the MXD3 gene (Fig. 2A, black bars), which overlaps the 3′ end 

of the PRELID1 locus and is transcribed in the opposite direction. Next, to assess the role of 

PRELID1 APA in a larger cohort of primary tumor samples, we obtained all available RNA-

Seq V2 data from the cancer genome atlas (TCGA; https://gdc-portal.nci.nih.gov/). To 

measure APA, we calculated the ratio of reads mapping to PRELID1 exon 4, which has a 

consistent length in all isoforms, to the reads mapping to exon 5, which contains the 3′ UTR 

and varies in length due to APA. We then plotted the PRELID1 exon 4/exon 5 ratio vs. 

transcript abundance (exon 4 only, to account for the 3′ bias of oligo-d(T) RNA-seq) (Fig. 

2B). Consistent with our transient transfection data, utilization of the short form of 

PRELID1 (high Exon 4/Exon 5 ratio) in all primary tumor samples found in TCGA is 

positively correlated with increased PRELID1 transcript abundance (R2 = 0.37, p < 0.0001).

To determine if PRELID1 APA influences translatability of the PRELID1 mRNA as well as 

steady state transcript level, we utilized ribosome profiling data generated in our laboratory 

from two ER+ cell lines (MCF-7 and UCD12). Using the ratio of PRELID1 exon 4/exon 5 

in the total RNA fraction as a measure of APA (as in Fig. 2B), we plotted APA vs. 

translational efficiency (Figure 2C). As with steady state transcript levels, translational 

efficiency is positively correlated with utilization of the short form of PRELID1 (R2 = 0.56, 

p = 0.012). These data suggest that the variable region of the PRELID1 3′ UTR contains 

repressive cis-elements that reduce transcript abundance and decrease translation of the 

PRELID1 mRNA, reducing the amount of PRELID1 protein produced. To further study this 
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relationship, we generated shRNA knockdowns of PRELID1 in cell line models using the 

proximal (MCF-7) and distal (MDA-MB-231) PRELID1 poly(A) sites, and isolated 

individual cellular clones. We characterized triplicate clones from each group (shRNA 

control and PRELID1 knockdown) by RT-qPCR and by western blot with antibodies against 

PRELID1, SHDA (mitochondrial complex II subunit; surrogate for functional mitochondrial 

protein) and GAPDH (Fig. 2D). We obtained significant (>60%) knockdown of PRELID1 

protein in both MCF-7 and MDA-MB-231 relative to both total cellular protein (GAPDH; 

Fig. 2F) and functional mitochondrial protein content (SDHA; Fig. 2H). Consistent with our 

ribosome profiling results, we found that PRELID1 translational efficiency was higher in 

MCF-7 (proximal poly(A) site) relative to MDA-MB-231 (distal poly(A) site) when 

comparing PRELID1 mRNA and protein levels in all 12 shRNA clones (Fig. 2E). We also 

noted that PRELID1 expression was higher per-cell in MDA-MB-231 relative to MCF-7 

(Fig. 2F, “NC” groups), but SHDA expression was proportionally higher as well (Fig. 2G), 

resulting in similar PRELID1 expression relative to functional mitochondrial protein content 

(PRELID1/SDHA ratios) in both cell lines (Fig. 2H). Further, while knockdown of 

PRELID1 had no effect on SHDA levels in MCF-7, which are known to rely heavily on 

oxidative phosphorylation (typical for ER+ tumors (40)), knockdown of PRELID1 in MDA-

MB-231 caused a significant reduction in SHDA expression (Fig. 2G).

PRELID1 expression modulates response to cellular stress in breast cancer cells

Given the known functions of PRELID1 (9,10,41,42), we hypothesized that modulation of 

its expression may play a role in breast cancer cell growth. Using our clonal MCF-7 and 

MDA-MB-231 shRNA cell lines, we determined the effect of PRELID1 loss on growth rates 

under both normal and nutrient deprived conditions by performing SRB assays to measure 

cellular protein content over 48h. Under normal growth conditions, MCF-7 grew 

significantly slower with reduced PRELID1, while MDA-MB-231 surprisingly grew 

significantly faster (Fig. 3A; validated by viable cell counts in Supp. Fig. 1A). Importantly, 

this effect was not driven by changes in the proportion of apoptotic cells in either cell line 

(Supp. Fig. 2A–D). Knockdown of PRELID1’s partner, TRIAP1, had no significant effect in 

either cell line under normal growth conditions (Fig. 3A). To determine the contribution of 

PRELID1 expression in the cellular response to stress (nutrient deprivation), we grew 

MCF-7 PRELID1 KD and MDA-MB-231 PRELID1 KD cells and controls in media 

containing either 0.5% serum or normal serum concentrations for 48 hours and again 

measured cellular protein content by SRB assay. Both cell lines grew more slowly in 

reduced serum conditions than normal growth conditions (55% of normal for MCF-7, 43% 

for MDA-MB-231). Consistent with the results in normal growth media, PRELID1 KD 

again had the opposite effect in the ER+ and ER− cell lines: in low serum conditions, 

MCF-7 grew more slowly with reduced PRELID1 than controls, while MDA-MB-231 grew 

significantly faster with reduced PRELID1 compared to controls (Fig. 3B; validated by 

viable cell counts in Supp. Fig. 1B). In this case, knockdown of TRIAP1 mirrored 

knockdown of PRELID1, suggesting that the shared role of phosphatidic acid transport 

across the mitochondrial intermembrane space becomes more important under stress 

conditions.
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Considering the impact on growth rates, especially under stress, we hypothesized that 

PRELID1 may also modulate response to other stressors. To test this, we induced 

endoplasmic reticulum stress, a common result of nutrient deprivation in cancer (43,44). We 

treated MCF-7 PRELID1 KD cells and controls with 10nM or 80nM Thapsigargin, which 

induces endoplasmic reticulum stress via inhibition of sarcoplasmic/endoplasmic reticulum 

Ca2+ ATPases [SERCAs] (45), for 4.5 h and allowed them to recover for 43.5 h. We 

performed SRB assays at 0h and 48h to measure cellular protein content, and found a 

significant difference between controls and PRELID1 KD cells at 80nM (Fig. 3C; validated 

by viable cell counts in Supp. Fig. 1C). This difference was not due to apoptosis, which was 

negligible under all conditions (Supp. Fig. 2E–H). We next treated the MCF-7 PRELID1 KD 

cells and controls with 10nM Thapsigargin or 20nM Docetaxel for 48 h and again measured 

cellular protein content by SRB assay (Fig. 3D). No significant difference was observed with 

either compound in PRELID1 KD cells relative to controls, suggesting that main function of 

the PRELID1/TRIAP complex is to buffer stress and not as a chemotherapy protective 

mechanism.

PRELID1 knockdown increases mitochondrial ROS production in ER− breast cancer cells

As PRELID1 regulates cardiolipin content in the mitochondrial membranes and cardiolipin 

content is correlated with mitochondrial ROS production, we hypothesized that PRELID1 

may influence cell growth and stress response through regulation of mitochondrial ROS 

production. To test this, we measured mitochondrial ROS production in our PRELID1 

shRNA clones. Breast cancer cell clones were treated with MitoSOX Red and analyzed by 

flow cytometry (Fig. 4). MDA-MB-231 shRNA controls had higher steady-state ROS levels 

than MCF-7 shRNA controls (Fig. 4A & 4D), consistent with increased utilization of 

mitochondrial ROS signaling in these cells. While MCF-7 did not experience a significant 

increases in mitochondrial ROS production with PRELID1 knockdown, but the increase was 

significant in MDA-MB-231 (Fig. 4B–D).

PRELID1 APA, but not expression, is correlated with a subtype-dependent effect on breast 
cancer patient survival

Based on our experimental results, we wanted to determine the role of PRELID1 APA event 

on survival among breast cancer patients. Using the TCGA RNA-seq data for breast cancer, 

we split patients by ER status and PRELID1 APA (exon 4/exon 5 ratio) and compared their 

clinical outcomes (Fig. 5). Consistent with our experimental results, in patients with ER− 

disease (Fig. 5A), increased use of the proximal site conferred a significant survival 

advantage (p = 0.041), while the opposite was true in patients with ER+ disease (Fig. 5B; p 

= 0.036). In contrast to the strong and differential effect of APA on outcomes, PRELID1 

transcript expression (measured as exon 4 expression) had no significant effect on outcomes 

in ER− or ER+ disease (Fig. 5C–D).

We hypothesized that ER status was not the only factor that determined the effect of 

PRELID1 APA on tumor response to stress and ultimately on patient survival. However, 

other clinically relevant markers, including HER2 (ERBB2), progesterone receptor (PGR), 

p53 (TP53) and cancer stage failed to correlate significantly with PRELID1-associated 

outcomes in breast cancer (data not shown). To further investigate the potential mechanism 
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of differential response to PRELID1 APA, we split all TCGA breast cancer patients who had 

died within five years of diagnosis into two groups by PRELID1 APA (median Exon 4/Exon 

5 ratio). The first group, PRELID1-associated cancers (ER+ like), consisted of deceased 

patients with predominantly proximal PRELID1 poly(A) site usage. The second group, 

PRELID1-independent cancers (ER− like), consisted of deceased patients with largely distal 

PRELID1 poly(A) site. We then performed differential gene expression analysis between the 

two groups separately in ER+ and ER− tumors to avoid confounding influence from the 

more numerous ER+ tumors, and analyzed consensus differentially expressed genes using 

gProfiler (http://biit.cs.ut.ee/gprofiler/; (39); results in Supp. Table 3). Consistent with the 

results shown in Fig. 4A and 4C, genes overexpressed in PRELID1-independent tumors 

relative to PRELID1-associated tumors were enriched for terms related to ROS signaling, 

including transcriptional targets of HIF1a and NF-kappaB and biogenesis/assembly of 

complex I (a known source of mitochondrial ROS for cellular signaling) (46–51). These 

results support the critical role of ROS signaling for PRELID1-independent breast cancer 

cell growth in the absence of mitogenic estrogen signaling (52). PRELID1 appears to play a 

central role in the regulation of ROS signaling in breast cancer.

PRELID1 APA and expression are correlated with outcomes in multiple cancers

Given the role of PRELID1 in ROS production and signaling, we hypothesized that 

modulation of PRELID1 expression is a universal mechanism of stress response control, 

common to most cancers. To test if PRELID1 APA or expression is correlated with patient 

outcomes in other tumor types, we assessed all cancers in TCGA for dependence on 

PRELID1 APA and/or transcript expression for survival. For each cancer, we split patients 

by PRELID1 APA (exon 4/exon 5) and expression (exon 4). The results are summarized in 

Supp. Table 4 and representative survival curves are shown in Fig. 6. In total, patient 

outcomes in fourteen of the cancers contained in TCGA are significantly associated with 

either PRELID1 expression or APA. Of these, nine are PRELID1-associated, with lower 

transcript expression, increased distal poly(A) site utilization, or both conferring a survival 

advantage, including Cervical Squamous Cell Carcinoma (APA), Pancreatic 

Adenocarcinoma (APA), and Acute Myeloid Leukemia (mRNA Expression) (Fig. 6A,C). 

Three were PRELID1-independent, with higher expression conferring a survival advantage, 

including Bladder Urothelial Carcinoma (Fig. 6B), and two were confounding, appearing 

PRELID1-independent by APA but PRELID1-associated by expression: Uveal Melanoma 

and Liver Hepatocellular Carcinoma.

DISCUSSION

Here, we report the first application of PAS-seq in primary human tumor samples. Based on 

our analysis, APA appears to be a rare event in breast carcinogenesis. While this result may 

be limited by the small size of our study (12 patients), we nevertheless demonstrate that 

individual APA events can be of high impact and capable of producing physiologically 

relevant changes in steady state transcript level and translational efficiency. These rare 

events, exemplified by PRELID1, cannot be simply detected in gene expression analyses, 

but can have dramatic impact on tumor cell proliferation and clinical outcomes. Our data 

demonstrate that PRELID1 is regulated both transcriptionally and post-transcriptionally. In 
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some cancers, PRELID1 expression is primarily regulated at the transcript level, as mRNA 

expression directly correlates with outcome. In many other cancers, including breast cancer, 

PRELID1 APA appears to have a greater effect on protein expression and, as a result, 

clinical outcomes. Furthermore, PRELID1 APA and mRNA expression appear to have 

opposing effects in some cancers, suggesting that regulatory elements in the PRELID1 3′ 
UTR may not always be repressive.

Remarkably, PRELID1 expression appears to have a highly context-dependent role in 

regulating cancer cell growth and response to cellular stress. In breast cancer, the PRELID1 

APA event has diametrically opposed effects on clinical outcomes in ER+ and ER− disease, 

as well as on the growth rates and stress responses of ER+ and ER− breast cancer cell lines. 

Many tumor cells, including ER− breast cancer cells, rely on supermetabolic levels of ROS 

to drive proliferation through activation of hypoxia inducible factors (HIF) and NF-kappaB, 

among others (46–49,52–54). As ROS produced by the mitochondria is known to have 

effects on cellular signaling, there may be negative pressure on PRELID1 expression in 

some contexts, despite its general pro-survival, pro-proliferation roles (51). This is 

especially likely in cells that rely upon aerobic glycolysis, as they are not dependent on 

oxidative phosphorylation for energy production and actively inhibit cytochrome c-mediated 

apoptosis through redox inactivation of cytochrome-c (55). Consistent with this, our data 

suggest that the variable impact of PRELID1 expression may be due to the context-

dependent utilization of growth factor signaling and mitochondrial ROS signaling. 

PRELID1-associated tumors, typified by ER+ breast cancers, utilize a mitogen-driven 

proliferation system that requires PRELID1 expression for efficient mitochondrial 

respiration. In contrast, PRELID1-independent tumors such as ER− breast cancers, which 

rely on ROS-mediated HIF and NF-kappaB activity to drive proliferation, require low 

PRELID1 expression to induce mitochondrial ROS signaling. These tumors accommodate 

reduced mitochondrial function and increased cytochrome c release through the use of 

aerobic glycolysis to generate ATP and inhibit apoptosis. In light of this, it is likely that 

cancers in which PRELID1 APA or expression has no apparent impact on outcome are 

heterogeneous mixtures of these metabolic subtypes and that this event becomes clinically 

relevant upon clonal selection during disease progression. Importantly, our TCGA analysis 

shows that differential response to PRELID1 APA seen in breast cancers is not solely a 

result of hormone receptor status, but underlies a more fundamental survival mechanism of 

cancer cells. While our data are consistent with known functions of ROS in breast cancer, 

further studies are needed to determine the exact role of PRELID1 in breast cancer subtypes.

In summary, we describe PRELID1 as an important switch utilized by cancer cells to 

regulate mitochondrial ROS production and cell growth in a cell context-dependent manner. 

Further research is necessary to clarify the specific mechanisms, including metabolic activity 

and signaling, that define these cellular contexts. Better understanding of these mechanisms, 

including the variable effect of PRELID1 expression, may be further exploited for 

therapeutic purposes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alternative polyadenlylation in breast cancer measured by PAS-seq
A–B. PAS-seq coverage at the (A) CCND1 and (B) PRELID1 loci for a pool of 12 normal 

breast tissue samples (NBT), the MCF-10A cell line, a pool of 6 matched ER− breast tumor 

samples (TS-ERN), a pool of 6 matched ER+ breast tumor samples (TS-ERP) and the 

MCF-7 cell line. C. RT-PCR validation of PRELID1 APA in breast cell lines. Utilization of 

the proximal site product produces a 355 bp band, while utilization of the distal site 

produces a 312 bp band. Figure based on output from http://genome.ucsc.edu (hg19 

assembly) (56,57).
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Figure 2. PRELID1 APA correlates with transcript abundance and translational efficiency
A. Relative expression of PRELID1 (white) or the adjacent MXD3 (black) measured by RT-

qPCR following overexpression of PRELID1-Dist/Prox in MCF-7. Expression is relative to 

transfection with pCMV-Empty (“Control”). RT-qPCRs were performed in duplicate on two 

separate biological replicates, and an unpaired t-test was used to assess significance. B. 
PRELID1 Exon 4 expression (y-axis) vs. PRELID1 Exon 4/Exon 5 ratio (APA; x-axis) for 

all tumors in TCGA. n=10033; Pearson coefficient (r) from least-squares fit. C. PRELID1 

ORF translational efficiency (y-axis) vs. PRELID1 Exon 4/Exon 5 ratio (APA; x-axis) for 

MCF-7 (filled circles) and UCD-12 (empty circles). n=10; Pearson coefficient (r) from linear 

regression. D. Representative Western blot showing PRELID1, SHDA and GAPDH in 

MCF-7 and MDA-MB-231 whole cell lysates. Western blot was performed twice on 

separate biological replicates. An unpaired t-test was used to assess significance of western 

blot densitometry. E. PRELID1 protein expression (western blot) relative to PRELID1 

mRNA (measured by RT-qPCR) in MCF-7 and MDA-MB-231 clonal cell lines, normalized 

to MDA-MB-231. F. Quantitation of PRELID1 relative to GAPDH in (D). G. Quantitation 

of SDHA relative to GAPDH in (D). H. Quantitation of PRELID1 relative to SDHA in (D). 
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A Two-way ANOVA (cell line x shRNA) followed by Tukey’s post hoc test was used to 

determine significance. *p<0.05, ***p<0.001
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Figure 3. PRELID1 modulates cell growth response to cellular stress in breast cancer
A. Growth rates over 48h for MCF-7 (black bars) or MDA-MB-231 (white bars) grown in 

normal growth media for (left to right) shRNA controls, PRELID1 KD cells, and TRIAP1 

KD cells. Relative growth rates are normalized to the shRNA controls. B. Growth rates over 

48h for MCF-7 (black bars) or MDA-MB-231 (white bars) grown in media with 0.5% 

serum, relative to growth rates over 48h in normal media for (left to right) shRNA controls, 

PRELID1 KD cells, and TRIAP1 KD cells. Relative growth rates are normalized to the 

shRNA controls. C. Relative cell numbers for MCF-7 PRELID1 KD cells (white bars) or 

MCF-7 with shRNA controls (black bars) at 48 h, relative to DMSO-treated controls 

following 4.5 h pulse treatments with Thapsigargin. D. Relative cell numbers for MCF-7 

PRELID1 KD cells (white bars) or MCF-7 with shRNA controls (black bars), relative to 

DMSO-treated controls following 48 h treatments with Docetaxel or Thapsigargin. SRB 

assays were performed with 8 wells/condition for three separate biological replicates. An 

unpaired t-test was used to assess significance. *p<0.05, **p<0.01, ***p<0.001
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Figure 4. PRELID1 knockdown increases mitochondrial ROS production in ER− breast cancer 
cells
A. MitoSOX Red fluorescence (x-axis) vs. proportion of gated events (y-axis) for MCF-7 

shRNA control (dark grey) vs. MDA-MB-231 shRNA control (light grey; representative 

clones). B. MitoSOX Red fluorescence (x-axis) vs. proportion of gated events (y-axis) for 

MCF-7 shRNA control (dark grey) vs. MCF-7 PRELID1 shRNA knockdown (light grey; 

representative clones). C. MitoSOX Red fluorescence (x-axis) vs. proportion of gated events 

(y-axis) for MDA-MB-231 shRNA control (dark grey) vs. MDA-MB-231 PRELID1 shRNA 

knockdown (light grey; representative clones). D. Relative MitoSOX fluorescence (per-clone 

median) by shRNA group. Flow was performed on three separate clonal cell lines per group 

on two separate occasions. Histograms are from representative runs. A Two-way ANOVA 

(cell line x shRNA) followed by Tukey’s post hoc test was used to determine significance. 

*p<0.05, **p<0.01, ***p<0.001
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Figure 5. PRELID1 APA, but not transcript abundance, influences breast cancer outcomes in a 
subtype-dependent manner
Overall survival split by median PRELID1 Exon 4/Exon 5 ratio (A–B) or median PRELID1 

Exon 4 expression (C–D) in ER− (A,C) and ER+ (B,D) patients. *p<0.05, **p<0.01, 

***p<0.001
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Figure 6. PRELID1 APA and expression influences outcomes in multiple cancers
A–B. PRELID1 APA-associated outcomes: overall survival, split by median PRELID1 Exon 

4/Exon 5 ratio in PRELID1-associated (A) and PRELID1-independent (B) tumors. C. 
PRELID1 expression-associated outcomes: overall survival, split by median PRELID1 Exon 

4 expression. Dashed grey line is “Short PRELID1” (APA; A–B) or “High PRELID1” 

(Expression; C), black line is “Long PRELID1” (APA; A–B) or “Low PRELID1” 

(Expression; C).
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Table 1

Statistically significant APA events in breast cancer (q <= 0.01, fold-change >= 2).

Comparison Proximal Shifts Distal Shifts

NBT to TS-ERN 7 4

NBT to TS-ERP 26 20

TS-ERN to TS-ERP 16 9
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