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Background: The acquisition of anoikis resistance (AnR) is an important mechanism in metastasis.
Results: AnR requires the up-regulation of the B isoform of CPEB2 via alternative RNA splicing (AS).
Conclusion: CPEB2 AS is a key mechanism in both AnR and the metastasis of breast cancer (BC).
Significance: Understanding the regulation of CPEB2 AS may lead to new targets for treatment of metastatic BC.

Triple negative breast cancer (TNBC) represents an anoma-
lous subset of breast cancer with a greatly reduced (30%) 5-year
survival rate. The enhanced mortality and morbidity of TNBC
arises from the high metastatic rate, which requires the acquisi-
tion of AnR, a process whereby anchorage-dependent cells
become resistant to cell death induced by detachment. In this
study TNBC cell lines were selected for AnR, and these cell lines
demonstrated dramatic enhancement in the formation of lung
metastases as compared with parental cells. Genetic analysis of
the AnR subclones versus parental cells via next generation
sequencing and analysis of global alternative RNA splicing iden-
tified that the mRNA splicing of cytoplasmic polyadenylation
element binding 2 (CPEB2), a translational regulator, was
altered in AnR TNBC cells. Specifically, increased inclusion of
exon 4 into the mature mRNA to produce the CPEB2B isoform
was observed in AnR cell lines. Molecular manipulations of
CPEB2 splice variants demonstrated a key role for this RNA
splicing event in the resistance of cells to anoikis. Specifically,
down-regulation of the CPEB2B isoform using siRNA re-sensi-
tized the AnR cell lines to detachment-induced cell death. The
ectopic expression of CPEB2B in parental TNBC cell lines
induced AnR and dramatically increased metastatic potential.

Importantly, alterations in the alternative splicing of CPEB2
were also observed in human TNBC and additional subtypes of
human breast cancer tumors linked to a high metastatic rate.
Our findings demonstrate that the regulation of CPEB2 mRNA
splicing is a key mechanism in AnR and a driving force in TNBC
metastasis.

Breast cancer is the second leading cause of cancer-related
deaths in the United States. Although the 5-year survival rate
for breast cancer is �90%, triple negative breast cancer
(TNBC;3 i.e. cancers that are negative for the estrogen, proges-
terone, and EGF receptors) has a dramatically reduced (30%)
5-year survival rate. In addition, the secondary metastases char-
acteristic of triple negative disease, not primary tumors, are the
main cause of mortality. Hence, identification of novel targets,
which play a role in the generation of circulating tumor cells, is
of great importance for the development of new therapies to
treat TNBC (1–3).

Regarding the mechanisms leading to cancer progression, a
large number of processes are necessary and/or sufficient for
the formation of distant metastases. These include invasion,
epithelial to mesenchymal transition (EMT), anoikis resistance,
intravasation, extravasation, arrest, and survival/proliferation
in a distant organ (4). AnR, the process whereby cancer cells
become desensitized to anchorage-dependent cell death, is an
early and necessary step in the metastatic process for TNBC
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(3–5). Anoikis-resistant cells detach from the primary tumor
and become circulating tumor cells, which arrest in a foreign
organ and give rise to distant metastases. Indeed, a number of
laboratories have used this process to study the mechanisms
leading to metastasis (6, 7). Anoikis has also been linked by
multiple groups to autophagy as well as multiple other signaling
pathways including the EMT pathway, Notch signaling path-
ways, and STAT3 signaling pathways (8 –12). Furthermore, cell
signaling pathways regulating cell migration (ephrins; Ref. 13)
and energy metabolism (osteopontin-c; Ref. 14) have also been
linked to anoikis.

Some seminal studies have also been performed characteriz-
ing the influence of alternative splicing events in cancer devel-
opment, cancer cell signaling, and EMT pathways. For example,
CD44 alternative splicing, which has been linked to many can-
cers including breast cancer, has been shown to be regulated by
splicing factors heterogeneous nuclear ribonucleoprotein M
and ESRP1 (15–18). In another recent study, osteopontin-c and
osteopontin-b isoforms were shown to be important in tumor
progression (19). We have also demonstrated that caspase-9
alternative splicing (an event controlled by splicing factors het-
erogeneous nuclear ribonucleoprotein (hnRNP) L and hnRNP
U) is integral to tumor formation/maintenance in lung cancer
(20, 21). Regardless of these links between alternative splicing
and cancer phenotypes, the role of alternative RNA splicing
(AS) in the acquisition of AnR by TNBC cells has been
overlooked.

In this study a novel link was discovered between the AnR of
TNBC cells and the AS of cytoplasmic polyadenylation element
binding protein 2 (CPEB2), a stress-activated regulator of pol-
yadenylation, via the inclusion/exclusion of exon 4. This novel
dysregulation of RNA splicing led to the increased expression
of the functionally uncharacterized CPEB2 splice variant,
CPEB2B, which we demonstrate is required for AnR, and thus,
the metastatic capacity of TNBC cells. Therefore, this study has
identified a new mechanism required for AnR that provides
new insight into mechanisms associated with the metastasis of
TNBC.

Experimental Procedures

Cell Culture and Reagents—The MDA-MB-231, MDA-MB-
468, and BT549 cell lines (validated and purchased from Amer-
ican Type Culture Collection) were maintained in RPMI (Life
Technologies). All cell lines were supplemented with 10% fetal
bovine serum (Life Technologies) and 1% penicillin/streptomy-
cin (Life Technologies). All cell lines were maintained in a 95%
air, 5% CO2 incubator at 37 °C. Cells were passaged once every
3–5 days (�90% confluence), and all experiments were per-
formed during the first 12 passages. Antibodies were purchased
from Cell Signaling with the exception of anti-CPEB2 (Santa
Cruz Biotechnologies). Water soluble tetrazoium salt (WST)
assay kits were purchased from Roche Applied Science.
Annexin-V 7-aminoactinomycin D assay reagents were pur-
chased from SouthernBiotech.

Selection of AnR Subpopulation of TNBC Cell Lines—To
select for cells resistant to anoikis, poly(2-hydrocyethylmethac-
rylate) (poly-HEMA)-coated dishes (10 cm) were manufac-
tured as in Sun et al. (9). Briefly, 4 ml of poly-HEMA (10 mg/ml)

dissolved in 95% methanol, 5% sterile H2O was allowed to evap-
orate from 10-cm dishes. Two coatings of poly-HEMA were
applied. 1 � 107 MDA-MB-231 or MDA-MB-468 cells were
then added to the poly-HEMA-coated dishes in normal media
for a period of 3–5 weeks. Cell debris and cells killed by the
detachment were eliminated by centrifugation every 3 days.

Plasmids and siRNA—Custom CPEB2A (NM_182646.2) and
CPEB2B (NM_182485.2) constructs were made to our specifi-
cations using Celtek Genes service and then subsequent clon-
ing into pcDNA3.1(�) vector. Custom siRNA molecules
designed to down-regulate CPEB2A (5�-ACCCUUACAGGA-
UCGAAGUAGAAUGUAU-3�) or CPEB2B (5�-CAGCCGGA-
ACAUCCAGAAUAGACCA-3�) were purchased from Sigma.

Transfection (Plasmid)—Plasmid transfections were accom-
plished using the Effectene system (Qiagen) according to the
manufacturer’s instructions. Briefly, plasmid DNA was incu-
bated in the presence of DNA condensation buffer (EC buffer,
supplied with the kit) and a 150:18 dilution of the Enhancer
reagent for 10 min followed by the addition of the Effectene
reagent (at a 168:20 dilution). Plasmid samples were incubated
for a further 10 min then diluted to 1 ml with complete medium
and added by single drops to the sample. Cells were allowed to
accumulate the recombinant proteins for 24 – 48 h.

Transfection (RNAi)—Transfections were undertaken using
the Amaxa Nucleofector kit V or Dharmafect reagent accord-
ing to the manufacturer’s instructions and as described previ-
ously (20 –22).

Western Blotting—Total protein (10 –20 �g) was electropho-
retically separated on 7.5–10% polyacrylamide gels. Samples
were transferred electrophoretically to PVDF membranes, then
probed with the appropriate antibody as described previously
(21, 22).

Quantitative Reverse Transcriptase-Polymerase Chain
Reaction-PCR—Primer/probe sets were designed for CPEB2A
(forward, 5�-GTGTTCAGAACAGACAACAATAG-3�; re-
verse, AATATCGATAAGGGAATTTTCC; Probe, 5�-CCCT-
TACAGGATCGAAGTAGAATGTATGACAG-3�) and CP-
EB2B (forward, 5�-CCTGGTCTATTCTGGATGTTCC-3�;
reverse, 5�-ACCCTTACAGGTGAGATCTAGT-3�; probe, 5�-
TCACTCCAAGATAGTTGGTGCACTGC-3�) and purchased
from Integrated DNA Technologies. Quantitative reverse
transcriptase-PCR was performed as described (20). cDNA was
synthesized using the Superscript III kit (Life Technologies)
and the manufacturer’s instructions. Samples were then
amplified using a Bio-Rad CFX Connect quantitative PCR
machine and calculated using the standard curve method.

Quantitative Competitive RT-PCR—cDNA was synthesized
using the Superscript III kit (Life Technologies) and the man-
ufacturer’s instructions. cDNA samples were subjected to tra-
ditional PCR as described (20 –22) using the following primers
located on either side of exon 4 of CPEB2B (forward, 5�-GTC-
CACAGAAGATGTTTATTTGATG-3�; reverse, 5�-CAATA-
TCTGGAGGAAGACCACC-3) and an annealing temperature
of 57 °C for 25 cycles. The resulting PCR samples were elect-
rophoresed on 3.5% polyacrylamide gels in a Tris borate EDTA
buffer system and stained with SYBR Gold according to the
manufacturer’s instructions. Gels were then imaged using a
Typhoon 7000 imager (GE Healthcare). Densitometry was
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performed using Image J, and ratios were determined for each
sample. This ratio-based method is considered quantitative, as
each splice variant acts as a competitive internal standard to the
other variant (21, 22).

Survival Assays—Survival assays were undertaken as
described previously (22). Briefly, single cells (150 –300 cells per
well) were plated onto 6-well plates. Plates were incubated
10 –14 days to allow colonies to form. Colonies were stained
with crystal violet, and colonies with �50 cells were counted.

Anoikis Resistance Assays—Cells were treated as indicated,
then trypsinized, washed, and plated onto either normal (poly-
lysine-coated) or poly-HEMA-coated plates. Cells were incu-
bated an additional for 24 h and then stained with Annexin
V-phycoerythrin and 7-aminoactinomycin D using the Apo-
Screen Annexin V Apoptosis kit (Southern Biotech) according
to the manufacturer’s instructions. Cells were detected using a
BD Biosciences FACSCanto II and analyzed using the accom-
panying FACSDIVA software as in West et al. (22).

Proliferation Assays—Proliferation was determined using a
traditional WST assay (Roche Applied Science) according to
the manufacturer’s instructions. Briefly, cells (1 � 103) were
plated onto each well of a 96-well plate. WST dye was added at
0-, 3-, and 5-day intervals and measured on a PerkinElmer Life
Sciences Victor X3 plate reader at an absorbance of 450 nm.

Affymetrix Exon Array—The Affymetrix Expression Console
software version 1.1 was used to evaluate the quality of the
hybridizations and to process .CEL_les files. The robust multi-
array average method for extended probe sets was used to
obtain the probe set expression summary. For each probe set, a
moderated t test was used to compare AnR versus parental sam-
ples using the limma Bioconductor package in the R program-
ming environment. Probe sets having an false discovery rate �
0.10 were considered significant.

Next Generation Sequencing—FASTQ files used in this
experiment can be found in the SRA database (Short Read
Archives: PRJNA278375). The CLC Genomics Workbench was
used to calculate transcript-level expression, which uses gene
and mRNA-specific annotation for mapping reads against the
gene and all known transcripts. Transcript-level expression val-
ues were reported as reads per kilobase per million (RPKM).
Subsequently a linear regression model was used to regress the
log transformed RPKM and identify differentially expressed
transcripts as those outside the 95% prediction interval. All
transcripts within the 95% prediction interval were retained as
having equivalent expression. All transcripts with an RPKM �
1 were removed. To identify transcripts differentially expressed
when comparing parental versus AnR samples, for each gene we
summed the RPKMs over all transcripts to represent gene-level
RPKM, which was used in calculating the proportion of tran-
script-specific expression, as the RPKM transcript/RPKM
gene. The difference in proportion of transcript-specific
expression was calculated. For each transcript included in the
final analysis, a one-sample t test was performed to determine
whether the difference in proportion of transcript-specific
expression differed significantly from zero. A conservative p
value of 0.05 was used in identifying transcripts having differ-
ential expression.

In addition to transcriptomic analysis, a secondary analysis
was performed as follows (CASPER); TopHat version 2.0.9, in
conjunction with Bowtie2 version 2.1.0, was used to align the
four paired-end RNA-seq data to the human reference tran-
scriptome and genome (UCSC hg19). Using the resulting bam
files, cufflinks version 2.1.1 was used to assemble transcripts
and estimate their abundances where we excluded reads from
rRNAs and tRNAs by creating a mask file using UCSC Genome
Browser. To identify differences between the AnR and parental
samples, we tested for differential isoform expression in the two
paired samples independently using Cuffdiff. The resulting iso-
form_exp.diff files that include transcript expression compari-
sons were read into the R programming environment. For
within cell line comparisons, the p values were used to estimate
the false discovery rate using the q-value method. Additionally,
Fisher’s method for combining p values was used to combine
the p values across the two independent comparisons.

Analysis of Samples from The Cancer Genome Atlas (TCGA)
Database—First, all breast cancer sample metadata were down-
loaded from the TCGA website (cancergenome.nih.gov). Sam-
ples were then divided into three categories (control, triple neg-
ative, and HER2-overexpressing). Samples not corresponding
to either TNBC or HER2-overexpressing breast cancer were
discarded. Samples were considered to be triple negative if they
scored negative for estrogen, progesterone, and HER2 recep-
tors and HER2 overexpressing if the samples scored a 2� or
above as determined by an in situ hybridization assay. Tran-
script-level text files were downloaded for the selected samples,
and CPEB2A/CPEB2B ratios were determined using the RPKM
values for these transcripts. Outliers and samples that had
RPKM values of 0 for both CPEB2A and CPEB2B were
discarded.

Murine Model of TNBC Metastasis—Female NOD scid
gamma were allowed to acclimatize for 1–2 weeks. After accli-
matization, 1 � 106 cells were resuspended in 10 �l of matrigel:
collagen (1:1) and injected into the upper mammary fat pad of
NOD scid gamma mice (The Jackson Laboratory) as in Rashid
et al. (23, 24). Tumors were allowed to form for a period of
50 – 60 days. At morbidity (or after 60 days), mice were sacri-
ficed, and both lungs and primary tumors were harvested for
analysis. Animals that failed to develop primary tumors after 50
days were sacrificed and excluded from the study.

Biostatistics—Biostatistical analyses were performed using
either SPSS or R. Statistical tests used include Student’s t test (in
the case of only two test conditions), ANOVA (in the case of
multiple test conditions), the Mann-Whitney rank sum test
(when normality fails, as in Fig. 2D), and an false discovery
rate-adjusted p value (Benjamini-Hochberg correction) calcu-
lation (Cuffdiff).

Human Declaration of Approvals—All human tumor sam-
ples were de-identified and procured from the VCU Tissue and
Data Acquisition and Analysis Core (TDAAC) under the
approved IRB protocol number HM12702_Ame2. This
resource has been approved by the VCU IRB in accordance to
all United States rules and regulations and is housed in a Clin-
ical Laboratory Improvement Amendments of 1988 (CLIA
1988) certified Molecular Diagnostics Laboratory in the VCU
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Department of Pathology and the Virginia Commonwealth
University Massey Cancer Center.

Animal Declaration of Approvals—Animal experiments
were conducted at Virginia Commonwealth University. The
research protocol was approved by the VCU IACUC involving
animal care in accordance with the United States Department
of Agriculture Animal Welfare Regulations, the Public Health
Service Policy on the Humane Care and Use of Laboratory Ani-
mals, and the United States Government Principles for the Uti-
lization and Care of Vertebrate Animals Used in Testing,
Research, and Training (#AD10000529). VCU is in compliance
with all provisions of the Animal Welfare Act and other federal
statutes and regulations relating to animals. VCU is registered
under the Animal Welfare Act as a class R research facility with
the United States Department of Agriculture Animal and Plant
Health Inspection Service (APHIS) Animal Welfare (registra-
tion number 52-R-0007). The Office of Laboratory Animal
Welfare (OLAW) approved the VCU Animal Welfare Assur-
ance in compliance with the Public Health Service Policy
(assurance number A3281-01).

Results

Anoikis Resistance Enhances the Transformative Potential of
Triple Negative Breast Cancer Cells—To examine the possible
role of RNA splicing in AnR and the metastasis of TNBC, we
first constructed AnR models of TNBC by isolating subclones
of the TNBC cell lines MDA-MB-231 and MDA-MB-468. Spe-
cifically, MDA-MB-231 and MDA-MB-468 cells were chroni-
cally cultured on poly-HEMA-coated dishes. Poly-HEMA is a
Teflon-like polymer that when applied to tissue culture dishes
prevents cells from adhering to the surface. Exposing cells to
dishes coated with this polymer, therefore, led to the selection
of cells resistant to anoikis, which propagated independent of
attachment (Fig. 1A). These AnR subclones of MDA-MB-231
and MDA-MB-468 demonstrated significant enhancement of
cellular phenotypes associated with higher tumorigenic capac-
ity and metastatic potential. Specifically, these AnR subclones
demonstrated dramatically increased phosphorylated focal
adhesion kinase (FAK, Fig. 1B), enhanced cell survival/colony
formation (Fig. 1C), and enhanced proliferation (Fig. 1D).
Although the survival/colony formation and proliferation
assays are indicators of transformation/metastatic potential, a
more accurate assessment of metastatic potential requires an
animal model. We, therefore, injected cells into the upper
mammary fat pad of NOD scid gamma mice and observed met-
astatic tumor formation in the lungs of these mice. Importantly,
the AnR subclones, when implanted into the upper mammary
fat pad, formed dramatically higher numbers of lung metastases
as well as larger primary tumors than the parental control cell
lines (Fig. 1, E and F). Taken together, these results demonstrate
that the sensitivity of TNBC cells to anoikis is linked to meta-
static ability.

Next Generation Deep RNA Sequencing Identifies a Common
Dysregulated Splicing Event Associated with AnR—Recently,
mRNA processing via alternative RNA splicing has been impli-
cated as an important set of events in tumor progression (16, 17,
20, 21). Therefore, we used both next generation RNA sequenc-
ing (using both MDA-MB-231 and MDA-MB-468 parental

(Par) and AnR cell lines) and traditional exon array (using
MDA-MB-231 Par and AnR only) technologies to first interro-
gate the global set of AS events dysregulated during the acqui-
sition of AnR (Fig. 2A). A total of 268 AS events were identified
as altered using a combination of transcriptomic and CASPER
analysis in AnR MDA-MB-231 and AnR MDA-MB-468 cell
lines as compared with their respective Par cell lines. Compar-
ing these 268 AS events to the 1931 AS events altered in AnR
MDA-MB-231 cells versus Par, as determined via traditional
exon array, alterations in 62 AS events were identified by both
approaches as linked to AnR. A Venn diagram of genes found to
be differentially regulated using both technologies and in both
cell lines is shown in Fig. 2B. The list of 62 genes was further
revised by first determining which genes had isoforms that were
oppositely regulated as an indication of an alternative splicing
event instead of the entire gene being up- or down-regulated
(Fig. 2C). These data indicate that a subset of 18 AS events are
altered in an opposing fashion in AnR TNBC cells.

To determine AS events to further interrogate for a mecha-
nistic role in AnR, two criteria were required: 1) the alteration
in AS is confirmed by competitive RT-PCR in AnR TNBC cells
versus parental, and 2) the altered AS event is observed in
human TNBC. In this regard the AS of CPEB2 was the only AS
event confirmed under these criteria (data not shown). For this
AS event, next generation RNA sequencing demonstrated that
AnR TNBC cells demonstrated a significant loss in the CPEB2A
variant (�exon4) with a concomitant increase in CPEB2B
(�exon4) as compared with parental TNBC cells (Fig. 3A).
Thus, PCR primers surrounding exon 4 were designed, and Par
and AnR cDNA was further analyzed using competitive RT-
PCR (Fig. 3B) to confirm splicing dysregulation by AnR devel-
opment, and a significant decrease in the ratio of CPEB2A/B
mRNA, corresponding to an increase in the CPEB2B isoform,
was observed in AnR TNBC cell lines as compared with paren-
tal TNBC cell lines (Fig. 3B). Fig. 3B also demonstrated that
CPEB2 is not aberrantly spliced in the non-tumorigenic cell line
MCF10A, as the only band visible corresponds to CPEB2A. Fur-
thermore, parental MDA-MB-468 cells, which already pos-
sessed moderate AnR and enhanced metastatic potential (Fig.
1E), demonstrated dysregulated CPEB2 RNA splicing in favor
of CPEB2B expression as compared with MCF10A and MDA-
MB-231 parental cells (Fig. 3B). The identity of the CPEB2 iso-
forms was confirmed by gel extraction of the PCR fragments
followed by DNA sequencing, which verified that CPEB2A
excludes 90 nucleotides corresponding to exon 4 of the
CPEB2B gene (nucleic acids 1944 –2034; data not shown and
Refs. 25–28). The CPEB2B isoform is a recently discovered one
that was partially characterized in murine models earlier this
year (25–28). These data demonstrate that aberrantly spliced
CPEB2 pre-mRNA produces the splice variant of CPEB2,
CPEB2B, which is strongly associated with AnR in TNBC.

To validate our second criterion for CPEB2 AS, a panel of 15
breast cancer tumors with patient-matched control (tumor
adjacent) breast tissue was examined for CPEB2 mRNA splic-
ing (Fig. 3C). Indeed, human breast cancer tumors patient-
matched to control tissues demonstrated a dramatic decrease
in the CPEB2A/B ratio similar to the CEPEB2A/B mRNA ratio
observed in the AnR cell lines. Because these tumor samples
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were not confirmed TNBC, but may have represented other
subtypes, we then analyzed a larger set of 45 TNBC-specific
tumor tissues. We compared the CPEB2A/B ratio of the TNBC
tissues to the control tissues analyzed in Fig. 3C (Fig. 3D).

Finally, an experiment was undertaken to query the results
from The Cancer Genome Atlas (TCGA) database (cancer-
genome.nih.gov). Next generation sequencing results were
downloaded along with clinical data. The levels of CPEB2A and

FIGURE 1. Development of anoikis resistance models of metastasis for TNBC. A, the AnR populations of MDA-MB-231 and MDA-MB-468 cells were isolated
by selection on poly-HEMA-coated plates and micrographed (scale bar 	 1 �m). B, total protein was isolated from Par and AnR MDA-MB-231 and MDA-MB-468
cells and subjected to SDS-PAGE followed by analysis by Western immunoblot for phosphorylation of focal adhesion kinase (FAK) on Tyr-576/577, a cellular
marker of AnR. C and D, cell survival (C) and proliferation (D) of Par and AnR cells were determined via clonogenic assay and MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay as described (20 –22) (n 	 6). E and F, TNBC cells (1 � 106) were injected into the T1 fat pad of NOD scid gamma mice
(n 	 6). After 50 – 60 days, primary tumors were measured via caliper (F), and lungs (pictured in E, top pictures) were harvested and analyzed for weight (Wt) and
number of metastases (Nr) and stained with H&E (bottom micrographs). Arrows indicate lung metastases. * indicates a statistically significant difference from
control/parental (ANOVA or t test, p � 0.05).
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CPEB2B in normal control samples and samples that scored
negative for the estrogen, progesterone, and HER2 receptors
were analyzed (Fig. 3E), and a statistically significant decrease
was observed for the CPEB2A/B mRNA ratio in TNBC versus
normal tissue. To determine whether the dysregulation of
CPEB2 AS translates to additional subtypes of breast cancer
with high metastatic rates, next generation sequencing data
from Her2-overexpressing breast cancer were analyzed for
CPEB2 RNA splicing and found to be significantly different
from control samples. In sum, these results demonstrate that a
low ratio of CPEB2A/CPEB2B mRNA is linked to AnR and
observed in human TNBC as well as additional subtypes of
breast cancer linked to higher mortality and metastatic rates
(i.e. Her2-overexpressing breast cancers).

Human CPEB2 Splice Variants Have Opposing Effects on
Anoikis Resistance and Metastasis—In the next set of studies,
we first confirmed that the isoforms of CPEB2 were translated
to the protein level. Using a CPEB2 antibody raised against the
entire protein, a significant increase in the �75-kDa band (i.e.
CPEB2B), and a decrease in the �65-kDa form of CPEB2 (i.e.
CPEB2A) was observed in both AnR MDA-MB-231 and AnR
MDA-MB-468 cells versus parental cell lines (Fig. 4, A and B).
Because these isoforms have never been systematically studied,
we needed to ensure that these protein bands correspond to
CPEB2A and -B. Therefore, siRNAs specific to each CPEB2
splice variant were designed. siRNA sequences specific to the
exon3-exon5 junction (CPEB2A-specific) and siRNAs specific
to the internal exon 4 sequence (CPEB2B-specific) were
designed and tested using quantitative PCR. Indeed, both quan-
titative reverse transcriptase-PCR and immunoblotting indi-

cated that the appropriate CPEB2 splice variant was specifically
down-regulated by this siRNA approach (Fig. 4, C and E). These
data further demonstrated that the expression of CPEB2B pro-
tein is greatly enhanced in AnR TNBC cells along with a con-
comitant reduction in CPEB2A as compared with parental
controls.

Using this molecular approach to specifically manipulate the
expression of the CPEB2A and -B splice variants, the function
of the individual splice variants on AnR was then examined.
The “gold standard” for assaying AnR is to plate the cells of
interest onto an attachment-resistant surface and measure apo-
ptosis. We used poly-HEMA-coated plates to achieve an
attachment-resistant surface and used polylysine-coated sur-
faces as a control. Down-regulation of CPEB2B (�exon4) in the
AnR MDA-MB-231 cells alleviated the AnR phenotype of these
cells with the percentage of cell death via anoikis similar to
parental cells. Interestingly, the down-regulation of CPEB2B in
Par MDA-MB-231 cells increased cell death via anoikis an addi-
tional 25%. (Fig. 4, D and F). Intriguingly, specific down-regu-
lation of CPEB2A (�exon4) enhanced resistance to anoikis in
Par MDA-MB-231 cells (Fig. 4, D and F) but not AnR MDA-
MB-231 cells. These effects were also observed in MDA-MB-
468 cells (Fig. 4, E and G).

Using a contrasting molecular approach, parental cell lines
that stably express either CPEB2A or CPEB2B were developed
(Fig. 5, A and B). Ectopic expression of CPEB2A decreased AnR,
and in stark contrast, ectopic expression of CPEB2B induced
AnR in parental TNBC cells (Fig. 5C). siRNA targeted against
the ectopically expressed isoform “rescued” the observed
effects demonstrating phenotypic specificity for the ectopically

FIGURE 2. Alternative RNA splicing is altered in AnR TNBC cells versus Par TNBC cells. A, overview of double RNA sequencing and exon array screen for
alternative RNA splicing variations during the selection of TNBC cells for AnR. B, Venn diagram showing the overlap between the two types of screen (nextgen
sequencing (purple) and exon array (blue)). 62 genes were found to be dysregulated. C, heatmap of the 18 alternatively spliced variants (36 transcripts in all)
identified in both MDA-MB-231 and MDA-MB-468 Par versus AnR cell lines from the 62 AS events identified in B. Data represent the average difference between
the MDA-MB-231 cell lines.
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expressed cDNA (Fig. 5D). Importantly, the BT549 TNBC cell
line, which failed to acquire AnR after Poly-HEMA selection,
was able to survive independently of attachment after forced
expression of CPEB2B (Fig. 5, E and F). These data show that AS
of CPEB2 plays a major role in AnR with the splice variants of
the CPEB2 gene, CPEB2A and -B, having opposing roles in the
sensitivity of TNBC cells to anoikis.

Based on the above findings with anoikis, we next examined
the role of these CPEB2 splice variants in enhancing/decreasing
the metastatic capacity of MDA-MB-231 parental cells. Par
MDA-MB-231 cells stably overexpressing CPEB2A or CPEB2B
were implanted into the upper mammary fat pad of NOD scid
gamma mice as in Fig. 1. Sixty days later, lung metastases and
primary tumor size were assessed. Stable overexpression of
CPEB2B induced a dramatic increase in lung metastases (Fig. 5,
G and H). To further confirm the role of CPEB2B in driving
TNBC metastasis, we stably expressed CPEB2B shRNA in the
AnR MDA-MB-231 cell line. Intriguingly, specific down-regu-
lation of CPEB2B led to complete loss of clonogenicity for these
AnR cell lines (data not shown). Taken together, these data
demonstrate that CPEB2 splice variants have major roles but
opposing functions in both AnR and TNBC metastasis. In par-

ticular, CPEB2B expression is a requirement for the acquisition
of AnR, survival of AnR TNBC cells, and the subsequent effi-
cient metastasis of these TNBC cells. Overall, our data have
identified a novel and important splicing event in the metastatic
process.

Discussion

A full understanding of the metastatic process is crucial to
the future eradication of lethal TNBC via a new generation of
therapeutics. In this regard we have discovered a previously
undescribed mechanism driving the acquisition of AnR and
subsequent metastasis of TNBC cells. Specifically, we found
that an alteration in the alternative RNA splicing of CPEB2 to
express the CPEB2B splice variant coincides with the pheno-
type of AnR. More importantly, we showed that this event was
required for selection of AnR TNBC cells, and thereafter the
expression of the CPEB2B isoform was shown to be sufficient to
induce AnR in TNBC cells as well as dramatically enhance the
metastatic potential of these cells. This altered mRNA splicing
was also observed in human TNBC as well as in an additional
subtype of breast cancer associated with higher mortality and
metastatic rates, ErbB2-overexpressing breast cancer. Hence,

FIGURE 3. CPEB2 splicing is altered in AnR TNBC cells and in human breast cancer tissues. A, schematic representation of the experimentally confirmed
CPEB2 splice variants associated with AnR in TNBC cells. B, RNA was isolated from the cell lines indicated, then first-strand cDNA synthesis was performed. cDNA
samples were subjected to quantitative competitive RT-PCR and electrophoresed on a 5% acrylamide gel to determine the CPEB2A/B ratio (the presented gel
is a representative of at least three different experiments; # indicates a statistically significant difference between parental and AnR cell lines (MDA-MB-468 and
MDA-MB-231, t test, p � 0.05)). C, human breast tumor (Tr) and patient-matched normal control (Nl or Ctr) tissue was harvested, and RNA was isolated by the
TDAAC. cDNA was synthesized, and samples (n 	 15 for both control and tumor) were subjected to first strand cDNA synthesis and then quantitative PCR (top
graph; Sqrt Ratio A/B, the square root of the ratio of the A isoform divided by the B isoform). A subset of three patient samples with matched controls was
subjected to competitive RT-PCR (bottom gel). D, confirmed human TNBC tumor tissues (n 	 45) obtained by the TDAAC were compared with the control
patient tissues described in C using quantitative reverse transcriptase-PCR. E, transcript RPKM data for control samples (n 	 4), HER2-overexpressing samples
(n 	 94), and TNBC samples (n 	 78) were downloaded from the ATLAS cancer genome archive. The ratio of CPEB2A/CPEB2B was determined as described
under “Experimental Procedures.” Outliers and samples for which CPEB2A and -B mRNA levels were both 0 were not considered. CPEB2A/B ratios from
competitive RT-PCR experiments were determined using ImageJ. * indicates a statistically significant difference from non-tumor cells (Mann-Whitney, p �
0.05).
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these findings lead us to speculate that CPEB2B expression is
crucial for a highly aggressive phenotypes observed for these
subtypes of breast cancer. Thus, this study has identified a com-

pletely novel mechanism driving metastasis of breast cancer
cells.

As for the function of CPEB2 in regulating the resistance of
TNBC cells to anoikis, McKnight and co-workers (29) have
shown that CPEB2 is a regulator of cellular stress responses.
Specifically, this group showed that CPEB2 is localized to RNA
stress granules via a “low complexity sequence” where the fac-
tor binds to the mRNA of specific transcripts. This interaction
of CPEB2 maintains these transcripts in an inactive state and is
not translated until a stress is encountered. In response to
stress, CPEB2 dissociates from the target transcript and allows
the polyadenylate tail to elongate and/or alternative poly-
adenylation sites to be used followed by subsequent translation
of the mRNA by the ribosomal complex (29 –33). Two such
mRNA transcripts reported to be regulated by CPEB2 are
HIF1� and TWIST1 (25–28), factors strongly associated with
cancer progression and the EMT. As we show that CPEB2A
sensitizes TNBC cells to anoikis, one can hypothesize that
CPEB2A is the specific isoform of CPEB2 acting as an inhibitor
of HIF1� and TWIST1 polyadenylation and translation, As we
also observed a previously unknown antagonism between the
two CPEB2 splice variants, CPEB2A and -B, we can further
hypothesize that CPEB2B has the opposing function. Indeed,
before this study, a functional role specifically for any CPEB2
splice variant/isoform had not been shown or surmised. Thus,
these hypotheses warrant future investigation, and it is enticing
to surmise that the regulation of this splice mechanism is a key
mechanism in regulating cellular stress responses in general.

If CPEB2A and -B play antagonistic roles in regulating the
polyadenylation and translation of the same RNA transcripts,
several possible mechanisms can be postulated. For example,
both CPEB2A and -B retain their RNA binding domains, and
thus, a simple, competition-based antagonism for the interac-
tion of these factors with specific RNA cis elements is a likely
possibility (34, 35). What is less clear is how the inclusion of 30
amino acids in full-length CPEB2B upstream of one of the RNA
binding domains would completely alter the regulatory func-
tion of this factor. Indeed, we do not know whether one or both
splice variants are localized to stress granules, but CPEB2B may
simply function to bind specific mRNAs and block them from
associating with CPEB2A and stress granules, which thereby
allows alternative polyadenylation and translation. Another
mechanistic explanation may be that the inclusion of the addi-
tional 30 amino acids changes the structure of CPEB2B so that
the factor now presents the bound RNA for efficient poly-
adenylation versus inhibiting the polyadenylation when bound
to CPEB2A. Regardless, additional cellular and structure/func-
tion studies are required to elucidate this exciting new mecha-
nism. This study may pave the way for novel discoveries deter-
mining how RNA splicing is a key upstream regulator of stress
pathway by affecting the ability of CPEB2 factors to inhibit
polyadenylation.

Because CPEB2 RNA splicing can be postulated to act as an
upstream regulator of stress responses, the temporal nature and
specificity of the mechanisms regulating this splicing event also
become important. There are a number of reports over the last
two decades demonstrating that alternative RNA splicing can
be regulated in a rapid and acute manner in response to extra-

FIGURE 4. CPEB2 isoforms have opposing functions in AnR. Total protein
from MDA-MB-231 (A) and MDA-MB-468 (B) cells was subjected to Western
immunoblotting for CPEB2. C and E, siRNA was designed against either the
CPEB2 exon 4 splice junction (CPEB2A-specific siRNA) or internally to exon 4
of CPEB2 (CPEB2B-specific siRNA) and tested in MDA-MB-231 Par and AnR
cells via quantitative PCR (C) or both MDA-MB-231 and MDA-MB-468 Par and
AnR cells via Western immunoblotting (D and E). Of note, Par MDA-MB-231
cells do not express CPEB2B at high levels. Therefore, a high exposure of
CPEB2B was required (labeled CPB Hi exp)) to observe the effect of CPEB2B-
specific siRNA. F and G, MDA-MB-231 or MDA-MB-468 Par (left) or AnR (right)
cells were assayed for anoikis (detachment-induced apoptosis) after “knock-
down” of the indicated CPEB2 isoform. Anoikis was assayed using the Apo-
Screen Annexin V Apoptosis kit and a BD Biosciences FACSCanto II. * indicates
a statistically significant difference from control/parental cells (ANOVA, p �
0.05). # indicates a statistically significant difference from the parental cells
cultured under the poly-HEMA-coated condition (ANOVA, p � 0.05).
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FIGURE 5. CPEB2B expression induces AnR and enhances TNBC metastasis. A and B, Western immunoblots of Par MDA-MB-231 genetically manipulated to
ectopically express either CPEB2B (A) or CPEB2A (B). C, CPEB2A (left graph) or CPEB2B (right graph) overexpressing MDA-MB-231 Par cells were plated onto
poly-HEMA-coated plates, and 24 h later these cells were assayed for detachment-induced cell death (i.e. anoikis) as in Fig. 4, F and G. D, CPEB2A (left graph) or
CPEB2B (right graph) overexpressing cells were subjected to siRNA rescue of CPEB2A or CPEB2B levels as indicated. After 48 h exposure to siRNA (lower blots),
cells were plated onto poly-HEMA-coated plates and assessed for anoikis (upper graphs). IB, immunoblot. E and F. BT549 cells were stably transfected with
CPEB2B (F) and subsequently assayed for AnR. G and H, MDA-MB-231 cells stably expressing the indicated isoform of CPEB2 (1 � 106) were injected into the
upper mammary fat pad of NSG mice as described in Fig. 1. 40 –50 days later lungs (G) were harvested, and the weight (Wt) and number (Nr) of visible
metastases were determined. Primary tumor volume was determined and are presented in H. I, structure of the CPEB2 protein. Amino acids numbered from the
N terminus are indicated (upper), and the outline of hypothetical CPEB2 A and B function (lower) is shown. Arrows indicate lung metastases. * indicates p � 0.05
compared with polylysine-coated conditions or control cells (ANOVA or Mann-Whitney). # indicates p � 0.05 compared with stable overexpression of vector
control (ANOVA).
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cellular agonists. For example, both the alternative splicing of
the insulin receptor and protein kinase C� (PKC�) are manip-
ulated within minutes by growth factors, which for PKC� alter-
native splicing was functionally significant in terms of insulin-
stimulated glucose uptake (37, 38). Hence, it is possible that an
external stress can induce a rapid change in CPEB2 RNA splic-
ing and thereby induce the expression of CPEB2B and acutely
drive stress responses. Thus, this study may have defined a key
“upstream” regulatory mechanism in regard to stress responses
such as the hypoxic response, which may be “hijacked” by onco-
genic factors linked to metastasis.

In relation to oncogenic factors, there are a number of
reports on RNA splicing factors acting as oncogenes via either
increased expression or via post-transcriptional modifications.
For example, SRp30a (SRSF1) was shown to be a proto-onco-
gene and up-regulated in a large percentage of breast cancers
(39 – 41). This factor has also been shown to be hyperphosphor-
ylated in lung cancer cells, which is linked to the alternative
splicing of caspase 9 and cancer phenotypes such as anchorage-
independent growth, chemotherapy resistance, and tumor for-
mation (42, 43). The expression of a number of RNA splicing
factors is also linked to tumor progression in various cancers
and cancer phenotypes. For example, Carstens and co-workers
(15) have also linked the expression of two RNA trans-factors,
ESRP1 and -2, in driving the EMT in cancer cells. Whereas
preliminary studies via a small scale siRNA screen suggest that
ESRP1 is not mediating the alternative splicing of CPEB2 (data
not shown), we have not “ruled out” SRSF1 or ESRP2 in driving
AnR via CPEB2 RNA splicing.

In relation to the regulatory mechanism for CPEB2 RNA
splicing, it was intriguing that we were unable to select a sub-
population of BT549 that was AnR via poly-HEMA, whereas
forced expression of CPEB2B readily induced AnR in these
cells. Although there may be a number of possible explanations,
our study suggests that the RNA trans-factors or upstream cell
signaling pathways driving the inclusion of exon 4 into the
mature CPEB2 transcript is not activated by detachment-in-
duced cell stress or dysfunctional in these cells. Supporting this
supposition, BT549 cells, although triple negative, are molecu-
larly and functionally distinct from other TNBC cell lines used
in this study. For example, BT549 cells overexpress androgen
receptor and hyperphosphorylate both Akt and EGFR, in con-
trast to MDA-MB-231 cells (35). In addition, these cells do not
seem to form tumors in mice (36), suggesting that a particular
signaling pathway required for this cancer phenotype is not
active, which may also be required to induce the inclusion of
exon 4 into the CPEB2 transcript. Hence, the identification of
the RNA splicing mechanism or oncogenic mutations linked to
CPEB2 expression may provide insight into how AnR is
acquired by TNBC and possibly other aggressive subtypes of
breast cancer.

In conclusion, we have identified an important splicing event
linked to AnR, a necessary first step in the metastatic process of
TNBC. The ability of CPEB2 expression to induce AnR in
TNBC broadly translated to additional TNBC cell lines. Alter-
ations in CPEB2 RNA splicing were also observed in human
TNBC. Although future mechanistic and preclinical studies are
required, this study suggests that direct inhibition of CPEB2B

or inhibition for the RNA splicing factor regulating the inclu-
sion of exon 4 may suppress the metastasis of TNBC.
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