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ABSTRACT
Inhibition of apoptosis is one of the hallmarks of cancer and is a target of various therapeutic interven-
tions. BIRC5 is an inhibitor of apoptosis that is aberrantly expressed in cancer leading to sustained 
growth of tumours. Post-transcriptional control mechanisms involving RNA-binding proteins and AU-rich 
elements (AREs) are fundamental to many cellular processes and changes in the expression or function 
of these proteins can promote an aberrant and pathological phenotype. BIRC5 mRNA has an ARE in its 3’ 
UTR making it a candidate for regulation by the RNA binding proteins tristetraprolin (TTP) and HuR 
(ELAVL1). In this study, we investigated the binding of TTP and HuR by RNA-immunoprecipitation assays 
and found that these proteins were associated with BIRC5 mRNA to varying extents. Consequently, 
BIRC5 expression decreased when TTP was overexpressed and apoptosis was induced. In the absence of 
TTP, BIRC5 mRNA was stabilized, protein expression increased and the number of apoptotic cells 
declined. As an ARE-mRNA stabilizing protein, recombinant HuR led to upregulation of BIRC5 expression, 
whereas HuR silencing was concomitant with downregulation of BIRC5 mRNA and protein and increased 
cell death. Survival analyses demonstrated that increased TTP and low BIRC5 expression predicted an 
overall better prognosis compared to dysregulated TTP and high BIRC5. Thus, the results present a novel 
target of ARE-mediated post-transcriptional regulation.
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Introduction

Breast cancer has been reported to be the highest in estimated new 
incidence among females in the United States, comprising 30% of 
all new cancer cases. However, breast cancer has been estimated to 
rank fourth in deaths among females in the US, an improvement 
from previous years when it came in second place as the leading 
cause of death from cancer [1]. One of the hallmarks of cancer is 
the evasion of programmed cell death (apoptosis) [2]. Apoptosis is 
an important physiological process for removal of unhealthy and 
damaged cells. On the other hand, disproportionate cell death, 
such as that occurs with certain chemotherapeutic agents, can 
destroy vital non-renewable cells. Therefore, maintaining 
a proper balance is crucial for sustaining cellular and tissue homo-
eostasis. Aberrant apoptosis mechanisms are increasingly being 
recognized as major targets of therapy, in conjunction with efforts 
to decelerate proliferation and abnormal growth of tumour masses 
by means of targeting the cell cycle. Thus, selective induction of 
apoptosis has become the focus of recent clinical approaches [3–5]. 
However, in order to be selective, in that only tumour cells are 
targeted and not normal cells, the approach should focus on 
normalizing overexpression or under expression of key factors 
involved in apoptosis [6].

BIRC5 (also called survivin) is a member of the Inhibitors of 
Apoptosis Protein (IAP) family that inhibits apoptosis by interfer-
ing with the caspase cascade. BIRC5 is overexpressed in many 

cancers including breast, colon, cervical, and prostate cancers, and 
is associated with a poor prognosis [7–11]. In addition to the 
inhibition of cell death, BIRC5 is involved in other aspects of 
mitosis and cell division, such as regulation of chromosome- 
microtubule attachment and cytokinesis [12].

Transcriptional regulation of BIRC5 occurs via p53 and 
PTEN [13, 14] and several signalling pathways such as the 
PI3/Akt and Stat3 pathways [15, 16]. BIRC5 is post- 
translationally modified by acetylation [17], ubiquitylation 
[18], and phosphorylation, the latter being a requirement for 
its function in apoptosis inhibition [19, [20].

Post-transcriptionally, BIRC5 has been reported to be 
targeted by a number of microRNAs in bladder, colorectal, 
and breast cancers [21–24]. AU-rich elements (AREs) are 
well-characterized cis-acting elements present in the 3′ 
UTR of many mRNAs. AREs are recognized by various 
RNA binding proteins (RBPs) that bind to the ARE and 
elicit several regulatory functions, such as mRNA decay, 
stabilization, and translational control. Tristetraprolin 
(ZFP36, TTP) is a well-known ARE-binding protein that 
induces the mRNA decay of inflammatory cytokines such 
as TNF, IL-8, GM-CSF, and IL-10 [25], [26] and cancer 
genes involved in mitosis, invasion and metastasis such as 
NEK2, TOP2A, PLAU, MMP1, PLAUR, VEGF, and CXCR4 
[27–30]. TTP is the product of an early response gene that 
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is downregulated in cancer [28,31]. On the other hand, the 
RBP Human antigen R (ELAVL1, HuR) is an ARE mRNA 
stabilization factor that is upregulated in cancer [32,33].

BIRC5 mRNA contains an ARE at its 3′ UTR that can 
subject it to regulation by the RBPs TTP and HuR. In this 
study, we present a detailed characterization of ARE-mediated 
regulation of BIRC5 expression. We demonstrate that TTP 
and HuR interact with BIRC5 mRNA and regulate its stability 
and protein expression. We also show that modulation of TTP 
and HuR expression resulted in downstream effects on induc-
tion or inhibition of apoptosis via regulation of BIRC5 
expression.

Materials and methods

Cell culture

The breast cancer tumorigenic cell lines MDA-MB-231, MCF- 
7, and T47D, the normal-like mammary cell line MCF10A, 
and the kidney cancer cell line HEK293 were obtained from 
ATCC (Rockville, MD). MDA-MB-231, MCF-7, T47D, 
HEK293 cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, ThermoFisher Scientific) supplemented 
with 10% Foetal Bovine Serum (FBS, Invitrogen) and 1% 
penicillin–streptomycin (100 units/mL penicillin and 100 µg/ 
mL streptomycin) antibiotics and 2 mM L-glutamine. 
MCF10A cells were cultured in a 1:1 mixture of Ham’s F12 
and DMEM fortified with HuMEC supplement (Life 
Technologies), 10% FBS and antibiotics. TTP/zfp36+/+ and 
TTP/zfp36−/− mouse embryonic fibroblasts (MEFs) were 
obtained as previously described [28] and were grown in 
DMEM supplemented with 10% FBS and antibiotics. 
HEK293 Tet-On Advanced cells (Clontech, Mountain View, 
CA) were used in Tetracycline-induced expression experi-
ments and were cultured in DMEM supplemented with 10% 
Tet System-Approved FBS (Clontech), 100ug/ml G418 
(Sigma), and 5% Penicillin–Streptomycin (Invitrogen, 
Carlsbad, CA). Cells are routinely tested for mycoplasma 
contamination.

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was extracted using Trizol (ThermoFisher) as per 
manufacturer’s instructions. A DNAse treatment step is 
included during RNA preparation to avoid contamination 
with genomic DNA. The reverse transcription (RT) reaction 
was performed using M-MLV reverse transcriptase 
(Invitrogen) and 5 µg RNA. Quantitative PCR (qPCR) was 
performed as multiplex reactions in a C1000 Touch thermal 
cycler (Bio-Rad, Hercules, CA) using FAM-labelled gene- 
specific TaqMan probes (ThermoFisher Scientific) and VIC- 
labelled endogenous control probes (ThermoFisher Scientific). 
Samples were amplified in triplicate, and quantification of 
relative expression was performed using the ΔΔCt method. 
For the reporter mRNA stability assay, Fluor® Universal qPCR 
Master Mix (New England Biolabs, MA) was used to detect 
amplification of reporter products.

Plasmids and ARE-reporter constructs

The pCR3.1-TTP and pcDNA3.1-HuR plasmids used are as 
described previously [34]. BIRC5 Human-tagged ORF clone 
(NM_001168) was purchased from OriGene. RPS30 promo-
ter-linked reporter expression constructs containing BIRC5 3’ 
UTR, BIRC5 ARE, BIRC5 mutated ARE (NM_001168.3) and 
TNF 3’ UTR sequences were synthesized by ligating two 
annealed synthetic complimentary oligonucleotides with 
BamHI and XbaI overhangs as previously described [35]. 
Annealed oligos were cloned into the 3’ UTR of a RPS30- 
NanoLuciferase vector. Tet-ON TTP inducible constructs 
were described previously [36]. A list of primers and plasmid 
constructs used is available in Supplemental Material.

RNA interference

RNA interference was performed using siRNA duplexes 
against TTP (NM_ 003407, TTP siRNA-1 sense 5′- 
GACGGAACUCUGUCACAAG–3′ and antisense 5′– 
CUUGUGACAGAGUCCGUC–3′ and TTP siRNA-2 sense 
5′–GUUGUGGAUGAAGUGGCAG-3′ and anti-sense 5′– 
CUGCCACUUCAUCCACAAC-3′) and HuR (NM_001419) 
(HuR siRNA-1, sense, 5′-GCCUGUUCAGCAGCAUUGG-3′ 
and antisense, 5′-CCAAUGCUGCUGAACAGGC-3′ and HuR 
siRNA-2, sense 5′-UGUGAAAGUGAUCCGCGAC-3′ and 
antisense, 5′-GUCGCGGAUCACUUUCACA-3′). TTP and 
HuR siRNAs, including non-specific controls, were custom- 
made by Metabion (Germany). BIRC5 siRNA was purchased 
from Santa Cruz Biotechnology (sc-29499, Santa Cruz, CA, 
USA). The efficiency of siRNA silencing was determined by 
immunoblotting. After transfection of siRNA, cells were har-
vested for flow cytometry, or for measurement of BIRC5 
protein in addition to full-length and cleaved caspase 3 and 
caspase 7 protein levels.

Transfection and reporter activity assessment

Transfections were performed using Lipofectamine 2000 or 
Lipofectamine LTX transfection reagent (ThermoFisher 
Scientific) to transfect HEK293 cells or MDA-MB-231 cells, 
respectively, in reduced serum media. For TTP overexpres-
sion, MDA-MB-231 cells were transfected with pCR3.1-TTP 
plasmid or empty vector control. HuR and BIRC5 overexpres-
sion was carried out in MCF10A cells. For silencing experi-
ments, MCF-7 cells were transfected with 100 nM of TTP 
siRNA. Similarly, 50 nM of HuR siRNA or BIRC5 siRNA 
were transfected into MDA-MB-231 cells. For reporter experi-
ments, HEK293 cells or HEK293 Tet-On Advanced cells were 
seeded in 96-well plates and transfected with 25 ng of reporter 
alone (HEK293 cells) or co-transfected with 10 ng Tet-ON 
TTP inducible constructs (HEK293 Tet-ON). Induction of 
TTP expression was achieved with doxycycline (0.25 µM), 
luciferase activity was assessed 24 h after transfection using 
Nano-Glo® Dual-Luciferase® Reporter Assay (Promega), and 
detection was performed using the Varioskan Flash multi-
mode plate reader (Thermo Fisher Scientific). For the reporter 
mRNA stability assay, HEK293 cells were transfected with 
RPS30M1-Nluc-DU reporter for 24 h then treated with 
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ActD (5ug/ml) for 1 h, 2, 4, and 7 h followed by RNA 
extraction with Trizol for RT-qPCR as indicated earlier.

Immunoprecipitation of RNP complexes

For TTP-IP, MDA-MB-231 cells were transfected with TTP, 
C124R, or PCR3.1 empty vector plasmid for 24 h. The immu-
noprecipitation procedure was carried out as described pre-
viously [28]. TTP-associated mRNA was subjected to RT- 
qPCR, as described above, using FAM-labelled probes for 
BIRC5 and normalized to a VIC-labelled probe for GAPDH 
(Applied Biosystems).

In an alternative method, HEK-293 cells (10 cc plates) were 
transfected with pcDNA3.1 vectors expressing HA-tagged 
TTP or myc-tagged HuR along with 100 ng of RPS30-SGFP- 
BIRC5-ARE (details on the reporter constructs were pre-
viously described in [35]). To immunoprecipitate HA-tagged 
TTP, Protein G Sepharose 4-Fast Flow (GE Healthcare, 
Cat#17-0618-01), beads coupled to either monoclonal anti- 
HA or anti-myc antibodies as the negative control were used. 
Anti-myc antibody was used to immunoprecipitate HuR pro-
tein, and anti-HA antibody was used as a negative control. In 
a third experiment, HEK293 cells were transfected with myc- 
tagged HuR alone or co-transfected with TTP plasmid as 
a competing RNA-binding protein. Anti-myc antibody was 
used to precipitate HuR protein in HuR- and TTP-transfected 
samples and IgG was used as a control. RT-qPCR for the 
transfected reporter gene was performed using a FAM- 
labelled probe for RPS30-SGFP-BIRC5-ARE and normalized 
to VIC- labelled RPLPO.

mRNA stability

The mRNA stability assay was done by seeding TTP/zfp36+/+ 

and TTP/zfp36−/− MEFs in 6-well plates in regular serum 
conditions. The following day, media was replaced with 
0.5% serum for 18 h then re-stimulated with 10% serum for 
2 h followed by the addition of Actinomycin D (ActD, 5 µg/ 
ml) to the cells. Total RNA was extracted at 0, 2, 4, 8 and 24 
h for RT-qPCR using TaqMan expression assays for mouse 
Birc5 and β-actin as the endogenous control. Similarly, 
mRNA stability assays were performed in MDA-MB-231 
cells transfected with 0.1 ug TTP plasmid or MCF10A cells 
transfected with 1 ug of HuR plasmid. ActD (5 ug/ml) was 
added the next day for 0, 2,4, 8, and 24 h and total RNA was 
extracted for RTqPCR. The reporter mRNA stability assay has 
been described above.

Immunoblotting

Immunoblotting was performed as described previously 
[28]. Primary antibodies used were as follows: rabbit anti- 
BIRC5 (# 2803, Cell Signaling Technology, Danvers, MN, 
USA), goat anti-TTP (sc-8458, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), goat-anti HuR (sc-5483, Santa Cruz 
Biotechnology), rabbit anti caspase 3 (#9665, Cell Signalling 
Technology), rabbit anti-cleaved caspase 3 (# 9664, Cell 
Signaling Technology), rabbit anti-caspase 7 (#12817, Cell 
Signalling), rabbit anti-cleaved caspase 7 (# 8438, Cell 

Signaling Technology), rat anti-HA (Roche, USA), rabbit 
anti-tubulin (Cell Signaling # 2125) and rabbit anti β-actin 
(Cell Signaling # 4970), and rabbit anti-GAPDH (Cell 
Signaling #2118).

Flow cytometry

Apoptosis was assessed by flow cytometry using the Dead Cell 
Apoptosis Kit with Annexin V Alexa Fluor® 488 & Propidium 
Iodide (PI) (Life Technologies). Cells were harvested and washed 
in cold PBS, centrifuged and re-suspended in 100 µL of 1X 
annexin-binding buffer at a density of 1 × 10[6] cells/mL. Alexa 
Fluor® 488 annexin V (5 µL) and PI working solution (1uL 100 µg/ 
mL) were added to the 100 µL suspension and incubated at room 
temperature for 15 min. Four hundred-microliter 1X annexin- 
binding buffer was added to the cell suspension, mixed and ana-
lysed by flow cytometry at 530 nm and 575 (or equivalent) using 
488 nm excitation. Cells were analysed on an LSR II flow cyt-
ometer (Becton Dickinson, Mountain View, CA, USA), and data 
was acquired using BD FACSDiva software.

Apoptosis-associated caspase 3 and caspase 7 levels were 
assessed by flow cytometry. Harvested cells were centrifuged, 
fixed with 400 µL 4% formaldehyde, permeabilized with per-
meabilization buffer (BD Biosciences), incubated with anti- 
cleaved caspase 3 or caspase 7 antibody (Asp175), (Asp198), 
Cell Signaling, dilution 1:100) on ice for 1 h, then washed 
twice with FACS buffer (2% FBS in distilled H2O). Cells were 
then incubated with FITC-conjugated goat anti-rabbit IgG 
(ab6717, Abcam, 1:400) for 30 min in the dark, washed 
twice and resuspended in FACS buffer. Fluorescence was 
analysed on an LSR II flow cytometer as indicated above.

Cancer patient data

BIRC5, TTP and HuR mRNA expression levels for 389 
Invasive Ductal Breast Cancer (IDBC) patients and 61 corre-
sponding normal-matched samples were downloaded from 
The Cancer Genome Atlas (TCGA) database through the 
Oncomine web-based platform. Log2 median-centred inten-
sity ratios were used, and an expression of 1.7-fold of normal 
was the determining criterion for upregulation.

Kaplan–Meier survival analysis was performed using the 
Kaplan-Meier Plotter portal (kmplot.com) for breast cancer. 
Overall survival (OS), relapse-free survival (RFS), and distant 
metastasis-free survival (DMFS) data were used and split into 
high and low BIRC5 mRNA expression groups based on the best 
cut-off option. The BIRC5 probe selected was 202095_s_at and all 
available data sets were used for the survival analysis. Similarly, OS, 
RFS, and DMFS survival curves were generated for TTP with 
inverted BIRC5 mRNA expression in addition to HuR and non- 
inverted BIRC5 mRNA expression. Survival curves were generated 
with their associated log rank p-values and hazard ratios (HR) 
from the portal. A p-value of < 0.05 was considered statistically 
significant.

Statistical analysis

Statistical analysis was performed using Prism 6 (GraphPad 
Software, La Jolla, CA, USA). Data were presented as mean ±  
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SEM. Statistical analyses were performed using two-tailed 
unpaired Student’s t-test when comparing two columns, 
while one-way ANOVA was used to analyse three or more 
data columns with Dunnett's post-hoc multiple comparison 
test when comparing breast cancer cells to MCF10A as the 
control. P-values < 0.05 were considered statistically signifi-
cant, and experiments were repeated at least three times 
unless stated otherwise in the figure legends. Quantification 
of immunoblots was performed using Image J software, and 
normalization was performed using the internal control.

Results

BIRC5 overexpression in invasive breast cancer patients 
and prognostic significance

We examined BIRC5 mRNA expression in a study cohort 
consisting of 389 invasive ductal breast cancer (IDBC) patient 
samples and 61 corresponding normal-matched samples from 

TCGA database. Based on a differential expression fold of 1.7 
or greater, IDBC samples demonstrated significantly higher 
expression levels of BIRC5 mRNA (~2.6-fold, P < 0.0001) 
compared to normal patient samples (Figure 1A).

Similarly, BIRC5 mRNA and protein expression were ele-
vated in several human breast cancer cell lines, triple negative 
(ER, PR, and Her2 receptor-negative) MDA-MB-231 cells, ER 
(+) MCF-7 and T47D cells compared to the normal-like ER (-) 
mammary cell line, MCF10A (Figures 1 B,C). BIRC5 mRNA was 
upregulated at least 15-fold in MCF-7 cells (P < 0.0001) and 
greater than 20-fold in T47D (P < 0001) and MDA-MB-231 
cells (P < 005) compared to normal-like MCF10A cells. BIRC5 
mRNA demonstrated slightly increased expression in T47D cells 
compared to MDA-MB-231 cells, whereas an almost twofold 
increase was evident compared to MCF-7 cells. BIRC5 protein 
was clearly upregulated in all three breast-cancer cell lines com-
pared to MCF10A with a somewhat greater band in MDA-MB 
-231 cells (Figure 1C). For comparison, TTP and HuR protein 
levels were examined as well. MCF10A cells demonstrated 

Figure 1. BIRC5 expression in breast cancer. (A) BIRC5 mRNA expression in invasive ductal breast cancer patients compared with normal patients. (B and C) BIRC5 
mRNA and protein expression in the breast cancer cell lines MDA-MB-231, MCF-7, and T47D and the normal mammary cell line MCF10A. TTP and HuR protein levels 
were also examined in these cells. Cells were seeded in 6-well plates overnight. RNA and protein were extracted the following day for RT-qPCR and immunoblotting. 
BIRC5 mRNA was quantified using TaqMan specific primers and normalized to endogenous RPLPO. Protein levels were detected using anti-BIRC5, anti-TTP, and anti- 
HuR antibodies and normalized to GAPDH as the endogenous control. Results are from one experiment representative of three independent experiments. Statistical 
significance was achieved by one-way ANOVA with Dunnett's post-hoc multiple comparison test using MCF10A as the control, ****P < 0.0001.
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a clear single lower band demonstrating un-phosphorylated 
active TTP protein. MCF-7 cells displayed a lighter band, indi-
cating less overall TTP protein, but at the same time, one that is 
gradually being phosphorylated as evident by the spread-out 
band. T47D and MDA-MB-231 cells displayed two bands for 
TTP protein, a lower un-phosphorylated one, which is obviously 
less dense than that in MCF10A, and a higher molecular weight 
band representing phosphorylated and inactive TTP protein. 
HuR displayed a similar pattern of expression to BIRC5, 
which, as an RBP known to stabilize BIRC5, explains higher 
BIRC5 protein expression.

In order to investigate the prognostic significance of BIRC5 
expression in breast cancer patients, we examined the effect of 
high and low BIRC5 mRNA expression on overall survival 
(OS), relapse-free survival (RFS), and distant metastasis-free 
survival (DMFS) in breast cancer patients using the KM plotter 
portal. As shown in Figures 2 A-C, the results indicate that high 
BIRC5 expression correlated poorly with OS (HR = 1.8, logrank 
P = 1e-06), RFS (HR = 1.92, log rank P < 1e-16) and DMFS 

(HR = 1.88, logrank P = 2.7e-15) compared to low expression. 
This demonstrates that the upregulation of BIRC5 in breast 
cancer patients is associated with decreased survival and overall 
poor prognosis.

Post-transcriptional regulation of BIRC5

In order to understand the mechanisms behind BIRC5 over-
expression in breast cancer, we decided to focus on ARE- 
mediated post-transcriptional regulation. A characteristic fea-
ture of AREs in the 3′ UTR is that their presence confers an 
instability phenotype to the mRNA. Examination of human 
BIRC5 3' UTR sequence showed two putative TTP binding 
sites in the region 1975–1993 (NM_001168). Therefore, in 
order to test the functionality of BIRC5 ARE, we transfected 
HEK293 cells with RPS30 promoter-driven nano-luciferase 
reporter constructs containing either BIRC5 ARE, BIRC5 3′ 
UTR, BIRC5 mutant ARE, TNF 3′ UTR, or a non-ARE- 
containing control 3′ UTR (BGH) (Figure 2D). A statistically 

Figure 2. Breast cancer patient survival curves for high and low BIRC5 mRNA expression. (A-C) Kaplan–Meier curves for overall survival (OS), relapse-free survival 
(RFS), and distant metastasis-free survival (DMFS) were obtained from the KM-plotter portal. (D) assessment of BIRC5 are reporter activity. HEK293 cells were 
transfected with 25 ng of RPS-30 promoter-linked Nano-luciferase reporters containing BIRC5 ARE, BIRC5 3' UTR, BIRC5 mutated ARE, or TNF 3' UTR as a positive 
control. BGH 3' UTR was used as the negative control. Luciferase activity was measured after 24 h of transfection and presented as percent of control. Results are from 
one experiment representative of three independent experiments, *** P < 0.001, **** P < 0.0001 (Student’s t-test). (E) assessment of reporter mRNA stability. Cells 
were transfected with RPS30M1-nluc-DU reporters containing BIRC5 ARE, BIRC5 3' UTR, BIRC5 mutated ARE, or TNF 3' UTR as a positive control. BGH 3' UTR was used 
as the negative control. Cells were treated with ActD (5 ug/ml) for the times indicated and RNA was extracted for RT-qPCR. Results are from one representative 
experiment of two independent experiments.
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significant reduction (25%) in expression of BIRC5 ARE was 
detected, whereas the entire 3′ UTR resulted in a stronger 
(~50%) reduction in luciferase reporter activity compared to 
the non-ARE control 3′ UTR. No significant destabilizing 
effect was detected with BIRC5 mutant ARE reporter as 
well. This indicates that, while BIRC5 ARE is functional as 
a destabilizing factor, the entire length of the 3′ UTR or other 
regions present in the complete 3′ UTR are required for 
enhanced mRNA destabilizing activity. We also examined 
the mRNA stability of the reporters by means of 
Actinomycin D chase experiment. Cells were transfected 
with the reporter constructs as indicated for Figure 2D and 
then treated with ActD for the indicated times. RNA was then 
extracted for RT-qPCR. The mRNA stability of the reporters 
shows that both TNF 3′ UTR and BIRC5 3′ UTR were less 
stable than the control 3′ UTR (0.5 and 0.25 compared to 
greater than 1 h, respectively). BIRC5 WT ARE mRNA stabi-
lity was greater than the control (~2.5 h) and BIRC5 mutant 
ARE demonstrated the highest reporter mRNA stability of all.

This indicates the importance of BIRC5’s entire 3’ UTR for 
destabilization to occur.

Correlation of BIRC5 expression with the RNA-binding 
proteins TTP and HuR

Since AU-rich mRNAs (ARE-mRNAs) are regulated by the RNA 
binding proteins, tristetraprolin (TTP, ZFP36) and HuR, which 
promote mRNA decay and stability, respectively, we examined 
their interrelationships with BIRC5 expression. We used the fit 
model to examine the correlation of mRNA expression of BIRC5 
with that of TTP and HuR for the TCGA IDBC patient data. 
A significant negative correlation was found with TTP 
(Figure 3A, P < 0.0001, r =- 0.53) indicating that BIRC5 mRNA 
increases as TTP is downregulated. However, HuR correlated 
positively with BIRC5 (Figure 3B, P < 0.0001, r = 0.49), demon-
strating a parallel pattern of expression for HuR and BIRC5.

Association of BIRC5 mRNA with TTP and HuR

The presence of an active ARE in BIRC5 3’ UTR and the results of 
the correlation studies prompted a close examination of the asso-
ciation of TTP and HuR proteins with BIRC5 mRNA. Therefore, 
we performed RNA-IP experiments to determine if the RNA 
binding proteins were bound to BIRC5 mRNA. In one experiment 
MDA-MB-231 cells were used due to the abundant expression of 
BIRC5. However, due to low TTP expression, the cells were 
transfected with wild-type or non-binding mutant TTP plasmid 
constructs. Overexpressed TTP protein was immunoprecipitated 
with anti-TTP antibody or normal IgG as a negative control. 
Associated BIRC5 mRNA was then assessed by RT-qPCR. As 
demonstrated in Figure 3C, BIRC5 mRNA was clearly associated 
with wild-type TTP compared to the control and the non-binding 
mutant (~3.5-fold increase in associated BIRC5 mRNA, P < 0.01).

In an alternative method, HEK293 cells were transfected 
with HA-tagged TTP plasmid and co-transfected with an 
RPS30 promoter-driven SGFP reporter construct containing 
BIRC5 ARE 3' UTR. TTP protein was immunoprecipitated 
with anti-HA or anti-myc as a negative control. In agreement 
with the previous IP experiment, SGFP reporter mRNA 

containing BIRC5 ARE 3' UTR was enriched nearly threefold 
(Figure 3D, P < 0.0001) in the sample precipitated with anti- 
HA compared to that with anti-myc antibodies.

Similarly, we investigated HuR binding to RPS30-SGFP-BIRC5 
-ARE by immunoprecipitation of overexpressed myc-tagged HuR 
protein in HEK293 cells using anti-myc antibody with anti-HA as 
a control. BIRC5 ARE mRNA was enriched nearly 20-fold in the 
anti-myc sample compared to the control, clearly demonstrating 
that HuR indeed binds to BIRC5 mRNA (Figure 3E). This 
prompted us to examine the extent of binding competition 
between HuR and TTP, so we transfected HEK293 cells with 
HuR plasmid alone or with TTP plasmid. HuR protein was then 
precipitated with anti-myc or IgG as a control antibody. BIRC5 
ARE mRNA was enriched more than 30-fold in the HuR sample 
and 15-fold when TTP was co-transfected compared to the control 
(Figure 3F). Enrichment of BIRC5 ARE mRNA was reduced by 
50% when TTP was co-transfected compared to the samples 
transfected with HuR alone (P < 0.0001). These findings indicate 
that TTP and HuR proteins compete to physically associate with 
BIRC5 mRNA with HuR showing greater affinity than TTP for 
BIRC5 mRNA.

TTP overexpression triggers apoptosis by downregulating 
BIRC5

We were interested in the functional effect of TTP binding to 
BIRC5 mRNA on the regulation of expression and the down-
stream consequences on apoptosis. Therefore, we overex-
pressed TTP protein by transfecting MDA-MB-231 cells with 
increasing amounts of HA-tagged TTP plasmid. Then, we 
looked at endogenous BIRC5 and caspase 3 protein levels as 
a result of TTP overexpression. The dose-dependent increase in 
recombinant TTP is demonstrated in Figure 4A as well as 
endogenous TTP protein levels. BIRC5 protein expression 
decreased as a result of TTP overexpression in a dose- 
dependent manner (Figure 4A). Full-length caspase 3 protein 
level decreased in the same manner as BIRC5, while that of 
cleaved caspase 3 increased in parallel with increasing amounts 
of TTP recombinant protein. Indeed, this effect was present 
with the lowest amount of plasmid transfected (0.1 µg). 
Examination of apoptosis by Annexin V also showed an 
increase in the number of apoptotic cells with increased TTP 
expression (Figure 4B). Caspase 3 staining by flow cytometry 
confirmed immunoblotting findings, demonstrating a dose- 
dependent increase as well (Figure 4C). Additional confirma-
tion of TTP regulation of BIRC5 mRNA was achieved by 
performing reporter experiments using a tetracycline- 
inducible system for TTP expression. TTP induction led to 
a significant decrease in BIRC5 3’ UTR (>25%, P < 0.0001) 
and BIRC5 ARE (~50%, P < 0.0001) compared to BIRC5 
mutant ARE and the non-ARE control (Figure 4D). TNF 3’ 
UTR was used as the positive control and showed more than 
90% reduction in luciferase activity when doxycycline was 
added. BIRC5 mRNA stability as a result of TTP overexpres-
sion using the lowest amount of TTP (0.1 ug) was also per-
formed (Figure S4-A) showing a reduction in BIRC5 mRNA 
half-life when TTP was overexpressed compared to the control. 
The results show that TTP does indeed regulate BIRC5 mRNA 
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and that the presence of an ARE in its 3’ UTR is sufficient for 
destabilization.

In parallel, we knocked down BIRC5 expression in MDA-MB 
-231 cells using small interfering RNA (siRNA) against BIRC5 
and analysed cleaved caspase 7 levels and apoptotic activity. 

Immunoblotting confirmed knockdown of BIRC5 protein and 
showed a corresponding increase in cleaved caspase 7 level 
(Figure 4E). Consequently, the number of apoptotic cells has 
nearly doubled (Figures 4F,G, P < 0.05) upon silencing of BIRC5. 
The findings demonstrate that upregulation of TTP expression 

Figure 3. BIRC5 correlation with TTP and HuR. (A and B) Pearson correlation plots of BIRC5 and TTP mRNA expression levels or BIRC5 and HuR for invasive ductal 
breast cancer patients obtained from the oncomine portal. Linear regression and R values were generated and are shown. Immunoprecipitation of TTP-associated 
BIRC5 mRNA, in MDA-MB-231 cells. (C) Cells were seeded and transfected the following day with TTP or mutant TTP (C124R) plasmid (2 ug/100 cm plate). TTP protein 
was immunoprecipitated using anti-TTP or IgG as a negative control and associated BIRC5 mRNA quantification was done by RT-qPCR and normalized to RPLPO. Data 
are from two independent experiments. **P < 0.005, ****P < 0.0001 (Student’s t-test) (D) HEK293 cells were transfected with HA-tagged TTP plasmid (2 ug/100 cm 
plate) and TTP protein was immunoprecipitated using anti-HA-coupled beads or anti-myc-coupled beads as a negative IP control. BIRC5 mRNA binding enrichment 
was assessed by RT-qPCR using a FAM-labelled probe for BIRC5 and normalized to VIC-labelled RPLPO. Data are from two independent experiments. ****P < 0.0001 
(Student’s t-test). Immunoprecipitation of HuR-associated BIRC5 mRNA, (E) HEK293 cells were transfected with myc-tagged HuR plasmid (2 ug/100 cm plate) and HuR 
protein was immunoprecipitated using anti-myc-coupled beads or anti-HA-coupled beads as a negative IP control. BIRC5 mRNA binding enrichment was assessed by 
qPCR and normalized to RPLPO. Data are from two independent experiments. ***P < 0.005 (Student’s t-test). (F) competitive binding immunoprecipitation assay. 
HEK293 cells were transfected with myc-tagged HuR plasmid alone or co-transfected with HA-tagged TTP plasmid. Anti-myc antibody was used to precipitate HuR 
protein in HuR and TTP transfected samples and IgG was used as the control. BIRC5 mRNA binding enrichment was assessed by RT-qPCR using a FAM-labeled probe 
for BIRC5 and normalized to VIC-labeled RPLPO. Data are from two independent experiments. ****P < 0.0001 (Student’s t-test).
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triggers apoptosis in breast cancer cells as a result of BIRC5 
downregulation in a manner similar to silencing of BIRC5 
expression.

Prognostic relevance of TTP and BIRC5 expression

To evaluate the prognostic significance of TTP and BIRC5 
expression in breast cancer patients, we analysed survival 
curves in patients with high TTP and low BIRC5 versus low 
TTP and high BIRC5 expression using the Kaplan Meier 
plotter database [37]. To accomplish this, we looked at high 
and low TTP mRNA expression levels and inverted BIRC5 
in order to reflect accurately the relative expression patterns 
of TTP and BIRC5. Patients with high TTP and low BIRC5 
had a better prognosis as they were associated with better 

RFS (HR = 0.63, P < 1e-16), OS (HR = 0.66, P = 8.9e-05), 
and DMFS (HR = 0.67, P = 5.5e-07) than low TTP and 
high BIRC5 expression levels, which is similar to what is 
seen in cancer (Figure 5A-C). We also examined RFS and 
DMFS in ER/PR positive patients who had high TTP and 
low BIRC5 (Figures 5 D,E). The plots indicated an even 
better prognosis (HR = 0.56, 0.44, respectively). However, 
the number of patients was much less, resulting in lower, 
but statistically significant, P values (P < 0.0001, < 0.005, 
respectively). In addition, RFS, OS, and DMFS survival 
curves were performed using the expression of TTP with 
inverted BIRC5 and HuR and mutant p53 (Figure S3 A-C, 
Supplementary Material). The findings show that high TTP 
and low BIRC5 mRNA expression predicts an overall good 
prognosis in breast cancer patients.

Figure 4. TTP regulation of BIRC5 expression and apoptosis. (A) MDA-MB-231 cells were transfected with increasing amounts of HA-tagged TTP plasmid. Total protein was 
extracted after 24 h for immunoblotting using anti-HA, anti-BIRC5, anti-full-length and cleaved caspase 3, and anti-β-actin as the loading control. (B and C) MDA-MB-231 cells 
were transfected as in (A) and after 24 h, cells were harvested and fixed for Annexin V or cleaved-caspase 3 staining, *P < 0.05, **P < 0.01 (Student’s t-test). Results are from one 
experiment representative of three independent experiments. Reporter assessment of TTP induction. (D) HEK293 Tet-ON cells were transfected with 25 ng of RPS-30 promoter- 
linked Nano-luciferase reporters containing BIRC5 ARE, BIRC5 3' UTR, BIRC5 mutated ARE, or TNF 3' UTR as a positive control and co-transfected with a Tet-O-inducible TTP 
expression plasmid (10 ng) as described in materials and methods. BGH 3' UTR was used as the negative control. To induce TTP, doxycycline (0.25 µM) was added and luciferase 
activity was measured after 24 h, *P < 0.05, ****P < 0.0001 (Student’s t-test). Effect of BIRC5 knockdown on apoptosis. (E & F) MDA-MB-231 cells were transfected with siBIRC5 or 
control siRNA for 24 h. Cells were harvested for immunoblotting or fixed for Annexin V assay, *P < 0.05 (Student’s t-test). Immunoblotting was performed using anti-BIRC5, anti- 
full-length and cleaved caspase 7, or anti-β-actin as the loading control.
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Loss of TTP expression increases BIRC5 mRNA stability 
and expression

We then examined BIRC5 mRNA and protein expression in 
TTP knockout mouse embryonic fibroblasts (MEFs, zfp36 +/+ 

and zfp36 −/−). Birc5 mRNA expression increased almost 
threefold in cells lacking TTP (Figure 6A, P < 0.0001). 
A definite increase in Birc5 protein expression was observed 
as well in TTP knockouts compared to the wild-type MEFs 
(Figure 6B). Furthermore, we examined Birc5 mRNA half-life 
in the presence and absence of TTP by performing mRNA 
stability experiments. Actinomycin D (5 µg/ml) was added to 
TTP wild-type and knockout MEFs for 2, 4, 8, and 24 h after 
which total RNA was extracted for RT-qPCR. Birc5 mRNA 
was definitely more stable in the absence of TTP (half-life in 
TTP WT = 2.67 h ±1.15 SD and in TTP KO = 9.3 h ±2 SD, 
Figure 6C) demonstrating an almost 3.5-fold increase in 
mRNA half-life compared to TTP expressing cells.

We wanted to find out if a similar increase in BIRC5 expres-
sion would be achieved by siRNA knockdown of TTP in breast 
cancer cells that express the RNA-binding protein. Therefore, we 
chose the ER+ MCF-7 cell line in which TTP is fairly abundant 
[28] (Figure 1C). MCF-7 cells were transfected with two types of 
siTTP or a control siRNA for 24 and 48 h. Total protein was 
extracted for immunoblotting to confirm TTP silencing and to 
examine BIRC5 expression. Figure (6D) shows a reduction in TTP 
protein at 24 h, while BIRC5 protein showed an obvious increase 
after 48 h of transfection with both siRNAs. siTTP 1 caused 
a somewhat greater reduction in TTP protein at 24 h than 

siTTP 2, whereas BIRC5 expression was clearly affected and 
a definite increase was demonstrated with both siRNAs. 
Apoptosis decreased significantly with TTP silencing, demon-
strating a 40% to 50% reduction (Figure 6E) as did cleaved caspase 
7 staining showing a similar pattern of reduction (Figure 6F). The 
reduction in apoptosis and cleaved caspase 7 staining appeared 
slightly greater with siTTP 2 than siTTP 1. These reductions are in 
accord with BIRC5 upregulation and inhibition of apoptosis.

To validate these findings, we attempted to rescue cells 
from apoptosis by forced expression of BIRC5 and compare 
that to TTP silencing. To that end, MCF10A cells were trans-
fected with increasing amounts of BIRC5 plasmid for 24 
h and the cells were then harvested for immunoblotting or 
apoptosis analysis. All transfected amounts of BIRC5 plasmid 
led to dramatic reductions in the number of apoptotic cells 
(Figure 6G) and BIRC5 protein overexpression was confirmed 
by immunoblotting (Figure 6H). Although not as dramatic as 
BIRC5 overexpression, the findings clearly suggest that TTP 
siRNA knockdown leads to an upregulation of BIRC5 expres-
sion and a corresponding decrease in apoptosis.

HuR upregulates BIRC5 and downregulates cleaved 
caspase 3

We demonstrated earlier elevated levels of BIRC5 mRNA bound 
to immunoprecipitated HuR protein, indicating that the RNA- 
binding protein is associated with BIRC5 mRNA to a large 
extent (Figure 3E). We decided to investigate the effect of 

Figure 5. Survival analysis of TTP and BIRC5 co-expression. (A-C) Kaplan-Meier survival curves were generated using the KMplot portal. OS, RFS, and DMFS survival 
curves were generated in which expression levels were split into high and low TTP, based on the best cut-off option, with inverted BIRC5 mRNA expression (e.g. high 
TTP, low BIRC5). (D and E) RFS and DMFS survival curves were generated as in (A-C) using only ER/PR positive data.
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recombinant HuR expression in MCF10A cells on BIRC5 upre-
gulation. BIRC5 mRNA showed a modest yet statistically sig-
nificant upregulation (Figure 7A). BIRC5 protein levels 
demonstrated an almost twofold increase compared to the vector 
control 48 h post-HuR plasmid transfection during which HuR 
protein increased as well (Figure 7B). A possible explanation for 
the modest upregulation in BIRC5 levels is that MCF10A cells 
express wild-type p53 and, according to a previous study in 
oesophageal cells [38], overexpression of HuR stabilizes p53 
mRNA, which in turn leads to a downregulation of BIRC5. Full- 
length Caspase 3 increased slightly at 24 h, whereas cleaved 
Caspase 3 protein levels declined steadily upon HuR overexpres-
sion, suggesting inhibition of apoptosis (Figure 7B). 
Furthermore, BIRC5 mRNA stability increased with HuR over-
expression (Figure S4-B). Conversely, silencing HuR in MDA- 

MB-231 cells with two different siRNAs led to reductions in 
BIRC5 mRNA (Figure 7C) and protein (Figure 7D) and to 
a greater extent with siRNA 2 (P < 0.05). Full-length Caspase 3 
decreased with HuR silencing and a corresponding increase in 
cleaved caspase 3 with siHuR 2. The number of apoptotic cells 
also increased with siHuR 2 (Figures 7D,E). These results point 
to a stabilizing effect of HuR on BIRC5 mRNA and subsequent 
inhibition of apoptosis.

HuR and BIRC5 expression correlate poorly with patient 
survival

As indicated in the survival analyses presented earlier, BIRC5 
upregulation by itself is a negative predictor of overall patient 

Figure 6. Birc5 mRNA expression in the absence of TTP. (A and B) zfp36+/+ and zfp36−/− MEFs were seeded at 70% confluency overnight then total protein or RNA were 
extracted for immunoblotting or RT-qPCR. Birc5 mRNA expression was measured with TaqMan specific primers for mouse Birc5 and normalized to mouse β -actin. Data are from 
one experiment representative of three independent experiments, *** P < 0.0001 (Student’s t-test). Birc5 protein expression was assessed by probing with anti-mouse Birc5 
antibody and anti-mouse β-actin as the loading control. Data are from one experiment representative of two independent experiments. (C) BIRC5 mRNA stability in TTP wild- 
type and knockout MEFs. Cells were seeded in 6-well plates in incubated in regular serum overnight. Cells were serum-starved the next day by replacing media with low-serum 
media (0.5% FBS) for 18 h then re-stimulated with 10% serum for 2 h followed by addition of Actinomycin D (ActD, 5 µg/ml) to the cells. Total RNA was extracted at 0, 2, 4, 8, and 
24 h for RT-qPCR using TaqMan expression assays for mouse Birc5 and β-actin as the endogenous control. The one-phase decay model was used to estimate BIRC5 mRNA half- 
life. The data are from one experiment representative of two independent experiments.
TTP silencing upregulates BIRC5 and inhibits apoptosis. (D) MCF-7 cells were transfected with two siRNAs against TTP or a control siRNA and incubated for 24 
and 48 h. Total protein was extracted for immunoblotting and probed with anti-TTP, anti-BIRC5, and anti-Tubulin antibodies as the endogenous control. Image 
is from one experiment representative of three independent experiments. (E and F) MCF-7 cells were transfected with two siRNAs against TTP or a control 
siRNA for 24 h after which the cells were harvested and fixed for Annexin V assay or cleaved caspase 7 staining. Data represent the mean of three 
independent experiments, *P < 0.05, **P < 0.005, ***P < 0.0005 (Student’s t-test). BIRC5 overexpression inhibits apoptosis. MCF10A cells were transfected with 
increasing amounts of BIRC5 plasmid and incubated for 24 h. (G) Cells were harvested and fixed for Annexin V assay. Data represent the mean of three 
independent experiments, **P < 0.005, ***P < 0.001 (Student’s t-test). (H) immunoblotting confirmation of BIRC5 overexpression.
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survival. Given the fact that HuR is an mRNA-stabilizing protein 
that we have demonstrated to bind to BIRC5 mRNA and upre-
gulate expression, we predicted that increased expression of both 
HuR and BIRC5 would also indicate an even worse prognosis 
than that with BIRC5 alone. Indeed, survival analysis using the 
KM plotter portal showed poor OS, RFS, and DMFS when both 
HuR and BIRC5 are upregulated compared to low expression 
(Figure 5 F-H). The hazard ratios for OS and RFS were 2 or 
greater compared to 1.9 or less for BIRC5 alone. RFS, in particular, 
demonstrated a poorer prognosis with an HR = 2.34 (P = 7.3e-16, 
n = 2032) compared to HR = 1.92 (P < 1 e-16, n = 4929) for BIRC5 
alone. This indicates that the upregulation of both HuR and 
BIRC5 correlate poorly with patient survival and suggest a poor 
prognosis for breast cancer patients.

Discussion

Post-transcriptional control of gene expression is increasingly 
becoming the focus of many studies, particularly due to its 
aberrant nature in many types of cancer as opposed to normal 
cells where it is tightly maintained and controlled. ARE- 
mediated mechanisms of post-transcriptional regulation 
represent important means for controlling the mRNA stability 
of many genes that are active in inflammation and cancer. 
TTP and HuR are among the most characterized ARE- 
interacting RNA binding proteins (RBPs), which have been 
estimated to be over 1000 in number [39]. TTP binds to AREs 
located in the 3’ UTR by means of two tandem zinc finger 
domains and subsequently recruits a deadenylase complex of 
proteins that ultimately degrade the ARE-mRNA. HuR, on 

Figure 7. HuR regulation of BIRC5 expression. (A) MCF10A cells were transfected with HuR plasmid or empty vector for 24 h. Total RNA was then extracted for RT-qPCR using 
BIRC5 TaqMan expression assay and normalized to human RPLPO. The data are from one experiment representative of three independent experiments, **P < 0.005 
(Student’s t-test). (B) MCF10A cells were transfected as in (A) for 24 and 48 h. Total protein was extracted for immunoblotting with anti-HuR, anti-BIRC5, anti- full-length and 
cleaved caspase 3 and anti- β-actin as the loading control. MDA-MB-231 cells were transfected with two siRNAs against HuR or a control siRNA for 48 h and either; (C) total 
RNA was extracted for RT-qPCR using a BIRC5 TaqMan probe and normalized to human RPLPO, **P < 0.005 (Student’s t-test), or (D) total protein was extracted for 
immunoblotting and probed with anti-HuR, anti-BIRC5, anti-full-length and cleaved caspase 3, and anti-tubulin as the loading control, or (E) cells were fixed for Annexin 
V assay. Survival analysis of HuR and BIRC5 co-expression. (F-H) Kaplan-Meier survival curves were generated using the KMplot portal. OS, RFS, and DMFS survival curves were 
generated wherein expression levels were split into high and low HuR and BIRC5 (co-expression, non-inverted) based on the best cut-off option, (e.g. high HuR, high BIRC5).
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the other hand, contains three RNA recognition motifs 
(RRMs) whereby two of them interact with AREs [40] and 
the third RRM binds to the poly(A) tail [41]. This interaction 
eventually leads to the stabilization of ARE-mRNAs by 
HuR [42].

Many targets of TTP have been identified, especially in 
inflammation wherein it was first identified as a protein that 
destabilizes TNF-α [25] and other cytokines as well [43, 44]. 
TTP role as a tumour suppressor was later demonstrated with 
the identification of target cancer genes that play active roles 
in invasion, metastasis and angiogenesis. Our previous find-
ings [27, 28, 30] and those of others [45–47] have uncovered 
targets of post-transcriptional control, specifically TTP regu-
lation, that have various roles in the progression of cancer. In 
this study, we have identified a novel target of TTP that 
inhibits apoptosis and is upregulated in cancer. We have 
substantiated, by multiple levels of evidence, that TTP directly 
targets BIRC5 mRNA and that HuR competes for binding to 
BIRC5 3’ UTR. We demonstrated that TTP downregulates 
BIRC5 endogenous expression in breast cancer cells. As 
a result, proliferation is controlled by means of induction of 
apoptosis. Furthermore, RNA-IP experiments demonstrated 
the association of TTP with BIRC5 mRNA and TTP wild-type 
and knockout MEFs showed BIRC5 upregulation and 
increased mRNA stability in the absence of TTP.

It has been reported that both HuR and TTP share similar 
binding preferences in the 3' UTR and that TTP has equal 
inclination towards binding to AU-rich and U-rich regions 
[48]. While BIRC5 ARE demonstrates overlapping ARE 
sequences within a G-rich region typical of class I AREs, it 
does not conform entirely to this classification, whereas, 
within the same 15 nt region, a typical HuR binding site is 
present upstream of the TTP binding site. This might explain 
the much greater enrichment of BIRC5 mRNA with HuR IP 
compared to that with TTP.

The association of TTP with BIRC5 mRNA has functional 
significance in cancer, which is illustrated by the downregu-
lation of BIRC5 expression and the subsequent induction of 
apoptosis. In fact, the least amount of TTP transfected into 
MDA-MB-231 cells (0.1 µg) induced apoptosis to a degree 

similar to the silencing of BIRC5 (Figure 4), despite the fact 
that BIRC5 protein abundance appeared greater with TTP 
overexpression. As a result, a reduced level of apoptosis 
would be assumed when recombinant TTP was used than 
that with BIRC5 silencing. A possible explanation would be 
that TTP induces apoptosis by targeting other ARE-mRNAs 
involved in induction of cell death and not only by regula-
tion of BIRC5 expression. Johnson et al. [49] reported TTP 
induction of apoptosis by sensitizing cells to TNF-α at spe-
cific TTP expression levels. They also alluded to the possi-
bility of TTP/TIS11 interacting with mRNAs involved in the 
apoptotic pathway. They demonstrated later that multiple 
sequences in the TTP protein are required for this function 
to take place [50]. To our knowledge, this is the first report 
of TTP’s association with BIRC5 mRNA leading to its ARE- 
mediated destabilization and subsequent induction of 
apoptosis.

TTP expression has been demonstrated to be higher in 
normal cells than in tumours where it is suppressed [28, 31]. 
We have shown here that BIRC5 expression displays an 
opposing pattern of expression where it is downregulated in 
normal breast cells compared to cancer cells. We attempted to 
mimic the relationship between TTP and BIRC5 expression in 
normal conditions in our KMplot survival analysis by invert-
ing BIRC5 expression. This showed a good prognosis for 
breast cancer patients and supports our findings as well.

In contrast, HuR upregulated BIRC5 expression and, sub-
sequently, cleaved caspase 3 protein level was reduced. 
Donahue et al. [38] had previously reported an HuR- 
mediated increase in BIRC5 expression by binding to 
a region in the 3’ UTR, but the stabilization only occurred 
in the absence of p53 in oesophageal epithelial cells. Here we 
show by RNA-IP in HEK293 cells, which express wild-type 
p53, that HuR is highly associated with BIRC5 mRNA, and to 
a much greater extent than that with TTP. Both RNA-binding 
proteins appear to compete with each other for the ARE 
region. Furthermore, HuR is upregulated in cancer, which 
reflects favourably on BIRC5 expression by promoting upre-
gulation of BIRC5 mRNA. Considering the fact that both 
HuR and BIRC5 are upregulated in cancer and TTP is not, 

Figure 8. Schematic illustration of TTP and HuR regulation of BIRC5 and apoptosis. The RNA binding proteins TTP and HuR both bind to BIRC5 mRNA. TTP binding 
leads to ARE-mediated destabilization of BIRC5 mRNA and reduced expression. This eventually induces apoptosis in cells resulting in less proliferation and, thus, 
predicts a good prognosis. On the other hand, HuR stabilizes BIRC5 mRNA, increasing its expression leading to the inhibition of apoptosis and supporting cell 
proliferation. Upregulation of both HuR and BIRC5 results in a worse prognosis than BIRC5 alone.
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this tips the balance in favour of inhibition of apoptosis in 
cancer cells and stimulating their proliferation. This positive 
correlation and reciprocal expression are also reflected in the 
patient survival data analysed here in which high expression 
of both HuR and BIRC5 predicted a poorer prognosis than 
that with BIRC5 alone.

Chemoresistance to cancer drugs is a major problem in the 
treatment of cancer leading to its recurrence and poor patient 
prognosis. Increased expression of BIRC5 has been implicated in 
the chemoresistance of several cancers, including breast cancer 
[51–54] subsequently affecting patient survival prognosis as 
alluded to earlier. Numerous therapeutic approaches have been 
attempted to downregulate BIRC5 and enhance sensitivity to 
cytotoxic medications [51, 55, 56]. On the other hand, TTP dysre-
gulation in cancer has been attributed to a variety of mechanisms. 
One is its phosphorylation by several kinases such as ERK2 [57], 
p38 MAPK [58], JNK [59], MK2 [60] and PLK1 [61] leading to 
increased stability and, at the same time, reduced destabilizing 
activity [62, [63]. Kinase activity is upregulated in tumours making 
kinases important targets for cancer treatment [64, [65]. Indeed, 
inhibition of PLK1 using volasertib resulted in decreased TTP 
phosphorylation, decreased stability of the protein, and subse-
quently reduced tumour growth in mice [61]. Further elucidation 
of the role of PLK1 inhibition on BIRC5 expression and apoptosis 
in cancer cell lines may provide useful information on enhancing 
TTP regulation of BIRC5 and other ARE-cancer gene targets.

To conclude, we have demonstrated regulation of BIRC5 
expression post-transcriptionally via the RNA-binding proteins 
TTP and HuR through control of mRNA stability. Figure 8 illus-
trates the relationship between TTP, HuR, and BIRC5 and the 
effect it has on apoptosis and cancer cell survival. On the one hand, 
TTP induces apoptosis by binding to BIRC5 3’ UTR, promoting 
mRNA decay and downregulating the expression of BIRC5. The 
end result is reduced proliferation of cancer cells and better patient 
survival. On the other hand, HuR binding to BIRC5 3’ UTR 
stabilizes its mRNA and upregulates its expression leading to 
inhibition of cell death and poor patient prognosis.
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