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Abstract

Understanding the mechanisms that sustain pluripotency in human embryonic stem cells (hESCs)

is an active area of research that may prove useful in regenerative medicine and will provide

fundamental information relevant to development and cancer. hESCs and cancer cells share the

unique ability to proliferate indefinitely and rapidly. Because the protein survivin is uniquely

overexpressed in virtually all human cancers and in hESCs, we sought to investigate its role in

supporting the distinctive capabilities of these cell types. Results presented here suggest that

survivin contributes to the maintenance of pluripotency and that post-transcriptional control of

survivin isoform expression is selectively regulated by microRNAs. miR-203 has been extensively

studied in human tumors, but has not been characterized in hESCs. We show that miR-203

expression and activity is consistent with the expression and subcellular localization of survivin

isoforms that in turn modulate expression of the Oct4 and Nanog transcription factors to sustain

pluripotency. This study contributes to understanding of the complex regulatory mechanisms that

govern whether hESCs proliferate or commit to lineages.
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INTRODUCTION

Pluripotent human embryonic stem cells (hESCs) and cancer cells both have the ability to

rapidly and continuously proliferate, including in harsh environments. In addition, they

share common transcriptional regulatory networks (Kim et al., 2010) which may contribute

to their rapid, unrestricted, proliferative phenotype. In hESCs, the cell cycle is characterized

by a short G1 phase, which promotes rapid proliferation and is tightly regulated (reviewed in

(Kapinas et al., 2013). Given the similarities between hESCs and cancer cells, understanding

the mechanisms that control proliferation and differentiation in hESCs is instructive for

identifying potential molecular targets for cancer treatment.

Survivin is abundantly expressed in cancer, embryos, and hESCs, but not in differentiated
cells

In this context, survivin protein (BIRC5) can be particularly informative because it exhibits

high expression levels almost exclusively in hESCs and cancer cells; it is a member of the

baculovirus inhibitor of apoptosis containing repeat (BIRC) family of proteins (Ambrosini et

al., 1997; Vaux and Silke, 2005). To date, survivin has been largely studied in the context of

cancer, where it is involved in control of mitosis, apoptosis regulation, and stress responses.

Overexpression of survivin is a hallmark of virtually every human tumor, and is prognostic

for poor outcomes and disease recurrence (Altieri, 2013). Survivin expression is nearly

absent from normal differentiated cells, but is high in proliferative areas of normal tissues

(Ambrosini et al., 1997; Conway et al., 2003; Fukuda and Pelus, 2002; Pennartz et al.,

2004).

Survivin is also abundantly expressed in embryonic tissues and hESCs (Adida et al., 1998;

Filion et al., 2009). In hESCs, survivin and its two major splice variants exhibit differential

cellular localization, and survivin inhibition using shRNAs results in decreased levels of

OCT4 and NANOG pluripotency markers (Mull et al., 2014). These results, in the context of

earlier results showing that survivin is downregulated during embryoid body (EB) formation

(Blum et al., 2009), suggest that survivin and/or its variants have a role in maintaining

pluripotency in hESCs. Homozygous knockout of the survivin gene in mice results in

embryonic lethality (Conway et al., 2002; Uren et al., 2000) with embryos exhibiting

morphological abnormalities as early as embryonic day 2.5. Note that, since the blastocyst

develops on embryonic day 5 in mice and ESCs are derived from the inner cell mass of the

blastocyst, this survivin-null embryo lethality suggests that survivin expression is necessary

for, and precedes, the development of ESCs.

Survivin function is correlated to its cellular location

Five survivin isoforms have been identified. Most of what is known about the expression,

localization, and functions of survivin isoforms comes from studies conducted in cancer cell

lines. For example, in HeLa cells, 80% of the survivin pool is cytoplasmic and 20% is

nuclear. Cytoplasmic and nuclear survivin are immunochemically distinct, independently

modulated during cell cycle progression, and have different binding partners (Fortugno et

al., 2002). Numerous studies propose that the functions of survivin isoforms in cancer are

dependent on the subcellular localization (Colnaghi et al., 2006; Fortugno et al., 2002;
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Knauer et al., 2007; Mahotka et al., 1999). Isoforms with a nuclear export signal (NES) are

actively transported to the cytoplasm by Crm1. Canonical survivin and survivin-2B contain

NESs and are primarily expressed in the cytoplasm (Colnaghi et al., 2006; Mahotka et al.,

2002). In contrast, the ΔEx3 isoform lacks a specific NES and is localized in the nucleus

(Mahotka et al., 2002).

Overall the data suggest that, in the nucleus, survivin promotes mitosis and in the cytoplasm,

it prevents apoptosis. It has been observed that nuclear survivin associates with a protein

complex at centromeres and is necessary for mitosis, whereas cytoplasmic survivin prevents

apoptosis in most cases. Canonical survivin (cytoplasmic) and the ΔEx3 isoform (nuclear)

have typically been shown to prevent apoptosis. In contrast, survivin-2B typically increases

apoptosis (Mahotka et al., 1999; Zhu et al., 2004). Notably, selective overexpression of

survivin isoforms in different types of cancers has been observed (Altieri, 2013; Coumar et

al., 2013).

Although survivin isoforms have been intensely studied in cancer, little is known about the

expression, localization, and functions of survivin isoforms in hESCs. However a recent

report confirms that all survivin isoforms are more highly expressed in hESCs than in

differentiated cell types, with canonical survivin showing the highest expression levels

(Mull et al., 2014).

Tight control of survivin expression could be facilitated by miRNAs in hESCs

In cancer cells, regulation of survivin expression is complex and occurs at the

transcriptional, post-transcriptional, and post-translational levels (Altieri, 2013; Coumar et

al., 2013). This multimodal control of expression is likely important in embryonic

development, which requires rapid, tight regulation of survivin expression. Survivin RNA is

very stable (Donahue et al., 2011; Ezponda et al., 2010; Vaira et al., 2007), therefore

transcriptional regulation, though it plays a key role, is insufficient for the rapid survivin

down-regulation required during critical stages of development.

Previous studies have shown that microRNAs are critical for the maintenance of

pluripotency, differentiation, and function of hESCs (Altieri, 2003; Lian et al., 2012; Melton

and Blelloch, 2010). Recent work documents that microRNA-203 (miR-203) post-

transcriptionally regulates survivin in cancer cell lines, suppressing cell proliferation and

suggesting that, in some cancer cells, miR-203 acts as an anti-oncomir (Wang et al., 2012;

Xu et al., 2013). In this study, we examined whether survivin isoform expression in hESCs

is likewise regulated by miR-203. In cancer, miR-203 expression is typically lost or

downregulated (Ju et al., 2014; Taube et al., 2013; Wang et al., 2012; Zhao et al., 2013).

One study found that a miR-203 feedback loop regulates the epithelial to mesenchymal

transition, which contributes to epithelial cell plasticity during differentiation and tumor

progression (Moes et al., 2012). Further, miR-203 expression is upregulated during

mesenchymal stem cell differentiation (Nissan et al., 2011), suggesting a role for miR-203 in

the normal differentiation process of adult stem cells. Given the shared properties of hESCs

and tumor cells, and the reported role of miR-203 in differentiation, we hypothesized that

miR-203 could functionally contribute to hESC differentiation. Consistent with this

hypothesis, miR-203 targets survivin in cancers that include breast, pancreatic, prostate, and
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laryngeal carcinoma (Bian et al., 2012; Saini et al., 2011; Wang et al., 2012; Xu et al.,

2013).

Here, we demonstrate that miR-203 regulates the expression of the ΔEx3 survivin isoform

and that survivin knockdown decreases levels of pluripotency markers. Taken together,

these findings suggest that miR-203 selectively regulates survivin isoform expression to

sustain pluripotency of hESCs. Our results support a novel mechanism for the regulation of

hESC pluripotency.

METHODS

Cell culture

H9 human embryonic stem cells (hESCs) were obtained from WiCell (Madison, WI). They

were grown on Matrigel (BD Biosciences, San Jose, CA) and maintained in pluripotent

conditions in mTeSR1 (Stem Cell Technologies, Vancouver, BC, Canada) at 37°C and 5%

CO2, according to WiCell protocols.

For in vitro differentiation, H9 cells were subject to differentiation medium approximately 2

days post-plating (30% confluence). Differentiation medium consisted of DMEM/F12 (I :I),

1% non-essential amino acids (NEAA), 2 mM L-glutamine, 0.1 mM beta-mercaptoethanol,

and 1 μM all-trans retinoic acid (RA, all from Sigma-Aldrich, St. Louis, MO).

Constructs

BIRC5 isoform 1 (canonical survivin, NM_001168.2) and BIRC5 isoform 2 (survivin-ΔEx3,

NM_001012270.l) 3′ untranslated regions (UTRs) were amplified by PCR, using H9

genomic DNA as a template. UTR fragments were subcloned into the cytomegalovirus

promoter-luciferase reporter, pMIR-REPORT (Ambion, Austin, TX) using Mlu1 and Sac1

restriction enzyme (New England Biolabs, Ipswich, MA) sites.

Transfections

H9 cells were transiently transfected 2 days post-plating (30% confluence) in 24-well cell

culture plates. X-tremeGene siRNA transfection reagent (Roche, Nutley, NJ) 5 μL per well

was used to co-transfect luciferase-3′UTR constructs and a constitutively active Renilla

luciferase construct (Promega, Madison, WI) as a control for transfection efficiency. H9

cells were co-transfected with luciferase-3′UTR constructs, Renilla luciferase construct, and

100 nM Anti-miR miRNA inhibitors (Ambion) or 50 nM LNA inhibitors (Exiqon, Woburn,

MA) using 6 μL X-tremeGene siRNA transfection reagent per well. 24 h post-transfection,

cultures were either maintained in pluripotent conditions (mTeSR1 medium) or in

differentiation conditions (RA medium) for 24 h. Cultures were harvested in 1X Reporter

Lysis Buffer (Promega), according to the manufacturer’s instructions. All transfection

experiments were performed at least 6 times, using n=3–4 for each experiment. Equal

aliquots of cell lysate were used to determine luciferase activity (Dual Luciferase Assay

System, Promega). To control for transfection efficiency, firefly luciferase activity was

normalized to that of Renilla luciferase.
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siRNAs

H9 cells were transiently transfected 2 days post-plating (30% confluence) in 12-well cell

culture plates with 5 μL X-tremeGene siRNA transfection reagent (Roche) per well and

survivin siRNA (Beltrami et al., 2004), SI: ggaccaccgcaucucuaca, S4:

gagccaagaacaaaauugc.

Western blotting

After H9 cells reached ~30% confluence, they were cultured for up to 5 days under

pluripotency or differentiation conditions. In some experiments, H9 cells in 12-well plates

were transiently transfected with 100 nM Anti-miR miRNA inhibitors or 50 nM LNA

inhibitors using 5 μL of X-tremeGENE siRNA Transfection Reagent per well, and then

cultured for 48–72 h. Cells were harvested in IX Cell Culture Lysis Buffer (Promega),

according to the manufacturer’s instructions. Protein content was measured using the Bio-

Rad (Hercules, CA) DC protein assay kit, according to the manufacturer’s instructions.

Equal amounts of lysate were electrophoretically separated through a 15% SDS-

polyacrylamide gel under reducing conditions and transferred to a polyvinylidene difluoride

membrane (Thermo Fisher Scientific, Waltham, MA) using semi-dry transfer conditions.

Membranes were blocked with 5% nonfat milk powder in PBST (phosphate-buffered saline,

0.1% Tween-20) and incubated with anti-survivin (NB500-201, NB500-205, Novus

Biologicals, Littleton, CO), anti-Oct3/4 (sc-8628, Santa Cruz Biotechnology Inc., Santa

Cruz, CA), anti-Nanog (#3580, Cell Signaling, Danvers, MA), anti-CDK2 (sc-163, Santa

Cruz), or anti-actin (sc-1615, Santa Cruz) primary antibody. Appropriate secondary-HRP

antibodies were used (Santa Cruz). Bands were visualized by chemiluminesence (Perkin

Elmer, Waltham, MA) and fluorography. Blots were stripped and reprobed as necessary.

RT-PCR

RNA was isolated from H9 cells using TRizol reagent (Life Technologies, Carlsbad, CA)

and quantified spectroscopically (NanoDrop, Thermo Fisher Scientific). Equal amounts of

RNA were treated with RQl DNase I (Promega) to remove DNA. To detect mRNA levels in

total RNA, DNase-treated RNA was reverse-transcribed with Moloney murine leukemia

virus-reverse transcriptase (MMLV-RT, Invitrogen), followed by PCR amplification. The

primer sets were based on those described previously (Mahotka et al., 1999; Zhu et al.,

2004).

Real-time PCR (qPCR)

miRNA levels were quantified in total RNA by real-time PCR using the TaqMan miRNA

qPCR Kit and primer/probe sets (Life Technologies), following the manufacturer’s

instructions. Results were normalized to U6, using the relative quantitation (RQ) method.

Immunofluorescence

Cells were grown on Matrigel-coated coverslips and immunofluorescence microscopy

analysis was carried out as described previously (Ghule et al., 2007); cells were fixed with

3.7% formaldehyde for 30 min, permeabilized with 0.25% Triton X-100 for 20 min, and
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then incubated with primary antibody for 1 h at 37°C, followed by detection using the

appropriate fluorescence dye–tagged secondary antibody. The nuclei were counterstained

with DAPI (4′,6-diamidino-2- phenylindole). Cells were viewed under an epifluorescence

Zeiss Axioplan 2 microscope, and images were captured using a Hamamatsu (C4742-95)

charge-coupled-device (CCD) camera and analyzed using Metamorph imaging software

(Universal Imaging, West Chester, PA). The following antibodies were used: anti-survivin

(NB500-201, NB500-205, Novus Biologicals) at 1:250 and appropriate secondary antibodies

conjugated with Alexa Fluor dyes at 1:800.

Data analysis

The data were represented as mean ± S.E. and analyzed by one-way analysis of variance

(ANOVA) with Bonferroni post-hoc test, or by Student’s t test (KaleidaGraph, Synergy

Software, Reading, PA).

RESULTS AND DISCUSSION

Human embryonic stem cell differentiation has been extensively studied in the context of

generating specific lineage-committed cells. However, the regulatory processes that

maintain pluripotency are not fully understood. Our results support the hypothesis that

survivin is functionally linked to sustaining hESC pluripotency and survivin isoform

expression is selectively regulated by miR-302.

Characterization of culture conditions on hESC differentiation and pluripotency

We characterized pluripotency and differentiation markers in H9 hESCs to confirm that our

culture conditions successfully maintain hESC pluripotency or trigger the onset of

differentiation. Using brightfield microscopy, we found the expected cellular morphology

and colony structure differences between cells cultured in mTeSR1 to maintain

pluripotency, compared those treated with RA to induce differentiation (data not shown).

Cells grown in differentiation culture-conditions became elongated, appeared to have an

increased cytoplasmic to nuclear ratio, and established a monolayer rather than growing in

colonies.

Biochemically, the pluripotency markers, Nanog and Oct3/4, were found to be abundantly

expressed in cells grown in pluripotency medium for the entire time course of up to 5 days

(Fig. 1A). Conversely, cells cultured in the presence of RA did not express detectable levels

of Nanog and Oct3/4 protein after 3 days of culture. As expected, the differentiation markers

Pax6 and Gata4 were more highly expressed in cells grown in RA-containing medium

compared to those cultured to retain pluripotency (Fig. 1B). These data demonstrate that, as

expected, H9 cells lose characteristics associated with pluripotency upon treatment with RA.

Selective expression and subcellular localization of survivin isoforms in pluripotent cells

To address the role of survivin in maintenance of pluripotency, it is important to characterize

expression of survivin isoforms in hESCs. In an initial experiment, we used RT-PCR to

determine which survivin isoforms, if any, were expressed in H9 cells. The PCR primers

were designed to amplify and resolve canonical survivin, and ΔEx3 and survivin-2B
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isoforms. Bands representing canonical survivin (380 bp) and ΔEx3 (240 bp) were detected

in cultures grown in either pluripotency or differentiation culture conditions (Fig. 2A).

Canonical survivin mRNA was not detected until 3 days of culture, whereas isoform ΔEx3

expression was seen on each day assayed. Survivin-2B was not detected. We also detected

expression of BIRC4 (XIAP), another member of the BIRC family of proteins involved in

inhibition of apoptosis (data not shown).

Next, we examined survivin protein levels in H9 cells in pluripotency or differentiation

culture conditions. To discriminate nuclear and cytoplasmic survivin isoforms, we

characterized two commercially available survivin antibodies in H9 cells, using

immunofluorescence. We first established that the two antibodies recognize distinct nucleus-

or cytoplasm-localized survivin protein (Fig. 2B). We then used these antibodies to quantify

nuclear and cytoplasmic survivin protein levels using Western blotting (Fig. 2C). We found

that cytoplasmic survivin protein expression increased over time in pluripotent and

differentiating culture conditions. The nuclear survivin-protein level also increased in

pluripotency medium, however, it decreased over time in differentiation medium (Fig. 2D).

A recent study found that all survivin isoforms decrease rapidly in hESCs cultured in

conditions that promote differentiation (Mull et al., 2014) and a separate previous study

showed canonical survivin expression is downregulated in embryoid bodies compared to

ESCs (Blum et al., 2009). These published results contrast with those presented here, which

show selective expression of survivin isoforms at the onset of hESC differentiation and

suggest that nuclear survivin is associated with pluripotency.

Based on the known subcellular localization of canonical and ΔEx3 survivin isoforms to

cytoplasm and nucleus, respectively, and our own results showing that these isoforms were

easily detectable, we infer that the cytoplasmic survivin antibody primarily detects canonical

survivin and the nuclear survivin antibody primarily detects ΔEx3 survivin in these

experiments. Interestingly, there was a discrepancy between the relative expression levels of

the survivin isoforms at the mRNA and protein levels. Cytoplasmic/canonical survivin

mRNA and protein levels were comparable. mRNA and protein expression were very

low/not detectable at day 1, then increased over time in both media. Nuclear/ΔEx3 survivin

protein levels did not correspond directly with mRNA levels. mRNA was detected in all

cultures; protein levels increased over time in pluripotency medium and decreased at day 5

in differentiation medium.

3′ UTR control of survivin isoform expression

To gain insight into how selective expression of survivin isoforms in hESCs is mediated, we

focused on post-transcriptional regulation by miRNAs. This mechanism is consistent with

the data in Fig. 2 that show a discrepancy between mRNA and protein expression of the

nuclear/ΔEx3 isoform. It also is indicated as a possibility by the unique 3′ end of the ΔEx3

survivin isoform. The mRNA does not include exon 3; exon 4 is present, but is frameshifted

relative to the other isoforms. Because of this frameshift, ΔEx3 survivin lacks one of BIR

domains present in canonical survivin. It also includes additional 3′ coding sequence that

corresponds to 3′ UTR in the other isoforms. Canonical survivin has a longer 3′ UTR due to

an earlier stop codon, compared to the ΔEx3 survivin transcript—this adds 104 bp at the
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proximal 3′ UTR (Fig. 3). The 3′ UTRs of both canonical and ΔEx3 survivin contain the

same poly(A) signals, which confer the potential to express 3 different 3′ UTRs (short,

medium, and long) for each isoform (Fig. 3A).

We used RT-PCR to amplify the three 3′ UTRs (Fig. 3B). We were able to detect all 3′

UTRs in hESC cultures at day 1 and day 3. It appears that medium and long 3′ UTRs were

expressed at lower levels in cells grown in differentiation medium (containing RA).

To determine whether isoform-specific 3′ UTRs could differentially regulate gene

expression at the onset of cell fate commitment, we cloned the six potential 3′ UTRs into a

luciferase reporter vector and transiently transfected the resulting reporter constructs into

hESCs grown in either pluripotency or differentiation culture conditions (Fig. 3C). The short

survivin (1.1 kb) and short ΔEx3 (1 kb) 3′ UTR constructs showed significantly increased

luciferase expression when transfected cells were cultured in differentiation conditions (RA

present), rather than in pluripotency media. With the medium-length constructs, this sharp

difference in expression was seen only with the survivin construct (1.8 kb), not with the 3′

UTR from the ΔEx3 isoform (1.7 kb) (which showed no significant difference in luciferase

expression when cells were cultured in differentiation medium). The long survivin 3′ UTR

(2.1 kb) also increased luciferase expression in differentiation medium, while the long (2 kb)

ΔEx3 3′ UTR did not. This finding suggests that there is a regulatory element present within

both medium-length 3′ UTRs. The regulatory element was found to be repressive

exclusively in the context of the ΔEx3 3′ UTR when hESCs are treated with RA to induce

cell fate commitment. A mechanism for involvement of 3′ UTRs in regulation of survivin

isoform-specific expression during hESC differentiation is proposed.

miRNAs selectively regulate survivin isoform expression

Recently, miRNAs have been implicated in the maintenance of pluripotency (Anokye-Danso

et al., 2011) and have been shown to target survivin (Bian et al., 2012; Saini et al., 2011;

Wang et al., 2012; Xu et al., 2013). We proposed miRNA-mediated control as a mechanism

of regulation because the survivin 3′ UTR constructs in this study showed differential

regulation of gene expression. We used TargetScan software to predict possible miRNA

binding sites in the 3′ UTRs of survivin and its ΔEx3 isoform, then selected six potential

miRNA candidates based on their validated expression during H1 hESC differentiation (Bar

et al., 2008), (Fig. 4A). Some of these miRNAs have been shown to mediate gene

expression during hESC differentiation. For example, miR-218 negatively regulates survivin

and other genes to suppress nasopharyngeal cancer progression (Alajez et al., 2011).

miR-542 negatively regulates survivin to induce growth arrest in A549 cells (Yoon et al.,

2010). As mentioned previously, miR-203 targets survivin in diverse cancer cells.

We used qRT-PCR to quantitate expression levels of selected miRNAs (Fig. 4B). miR-203,

-218, -542, and -335 levels were significantly higher in H9 ESCs cultured in differentiation

medium, compared to in cells cultured in pluripotency medium: 20- 10-, 8-, and 3-fold,

respectively. This suggests that these miRNAs may be generally involved in the

differentiation process. miR-338 expression was equivalent in the two media and miR-135a

expression was 3-fold lower in the presence of RA. These miRNA expression patterns were

largely comparable to those seen in H1 cells at the onset of differentiation. A slight
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discrepancy is the behavior of miR-338, which did not significantly change in our

experiments with H9 cells, but was downregulated in a published characterization of H1

differentiation. This suggests that miR-338 may not be directly involved in controlling

general differentiation processes—we did not include miR-338 in further experiments. To

determine if these miRNAs could regulate endogenous survivin protein levels, H9 cells were

transiently transfected with miRNA inhibitors (some were Anti-miRs and others were LNA

miRNA inhibitors). Compared to the negative control inhibitor, cells transfected with the

miR-203 inhibitor had increased levels of nuclear survivin, but not cytoplasmic survivin

(Fig. 4C). Moreover, these cells also showed increased levels of Nanog protein. Importantly,

miR-203 is not predicted to directly target Nanog. No effects were seen on survivin or

Nanog protein levels in cells transfected with miR-218 and -335 inhibitors. Compared to the

negative control LNA, cells transfected with the miR-135a LNA showed decreased levels of

nuclear survivin, cytoplasmic survivin, and Nanog. Like miR-203, miR-135a is not

predicted to target Nanog. We also tested overexpression of miR-203 by transfecting cells

with miR-203 precursor; this resulted in a decrease in nuclear survivin levels, but no change

in cytoplasmic survivin quantity (Fig. 4D). In these cells, Nanog protein levels also

decreased, but Oct4 expression levels were not affected.

To determine if miR-203 can regulate survivin isoform expression mediated by the 3′UTR,

we transiently co-transfected H9 cells with the luciferase-3′ UTR constructs and specific

miRNA inhibitors. In agreement with the Western blots, the miR-203 inhibitor increased

gene expression mediated by the ΔEx3 survivin isoform, but did not affect expression of the

canonical survivin isoform, when compared to the negative control inhibitor (Fig. 4E).

These data demonstrate that miR-203 negatively regulates the nuclear/ΔEx3 survivin

isoform, which may contribute to the maintenance of pluripotency. This suggests a post-

transcriptional mechanism for regulation of survivin isoform–specific expression during

hESC differentiation.

Survivin knockdown results in decreased levels of key pluripotency markers

With data indicating that miR-203 selectively regulates survivin isoform expression and that

survivin isoforms are differentially expressed during hESC differentiation, we conducted

survivin knockdown experiments using siRNA to examine the contribution of survivin in the

expression of core pluripotency transcription factors, Oct4 and Nanog. We transiently

transfected H9 cells with survivin isoform-specific siRNAs: S1 targets ΔEx3 and S4 targets

canonical survivin. Under brightfield microscopy, cultures transfected with survivin siRNAs

exhibited morphological changes indicative of differentiation (e.g., larger cytoplasm and less

structured colonies, data not shown). In pluripotency culture media, compared to the

nontargeting control siRNA, cultures transfected with the S4 survivin siRNA had reduced

levels of both nuclear and cytoplasmic survivin (Fig. 5). Importantly, S4-transfected cultures

also showed dramatically reduced Oct4 and Nanog levels. The S1 siRNA had a similar

effect, but to a much lesser extent.

These results suggest that survivin is necessary to maintain pluripotency. Knocking down

survivin caused morphological and growth habit changes indicative of a loss of pluripotency

or the onset of differentiation. In addition, the levels of pluripotency markers Oct4 and
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Nanog were reduced. Nanog is not predicted to be a direct target of miR-203. Therefore,

miR-203 may inhibit pluripotency by negatively regulating survivin expression.

Possible mechanisms

The most apparent mechanism by which miR-203 and survivin could affect pluripotency is

through control of the cell cycle and proliferation. Survivin expression is necessary for cell

cycle progression, thus positioning the cancer cell for proliferation (Altieri, 2008). In cancer

cells, miR-203 expression generally results in cell cycle arrest, decreasing proliferation (Ju

et al., 2014; Miao et al., 2014; Taube et al., 2013; Tian et al., 2014; Zhu et al., 2013).

However, this has not been reported in hESCs and preliminary data from our laboratory

indicates that miR-203 overexpression or survivin knockdown in hESCs has no observable

effect on the cell cycle or parameters of proliferation. Therefore, in hESCs, miR-203 and

survivin may not influence the cell cycle or proliferation.

Another possibility is that survivin functions as a transcription factor or co-regulatory

protein to regulate pluripotency markers Oct4 and Nanog—this role for survivin has been

recently described (Tang et al., 2012). Our findings provide a novel dimension to survivin-

mediated control. The selective regulation of survivin isoform expression by miR-203 may

contribute to mechanisms that maintain pluripotency of human embryonic stem cells and

support fidelity of the abbreviated pluripotent cell cycle.
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Fig. 1. hESC pluripotency is maintained in mTeSR1 culture medium and treating with retinoic
acid triggers differentiation
A: Western blot showing the presence of pluripotency markers, Oct4 and Nanog, in H9

hESC cultures grown for 1, 3, and 5 days in medium designed to maintain pluripotency,

mTeSR1. The right side of the figure shows that Oct4 and Nanog protein expression is lost

at 3 and 5 days in culture medium that contains retinoic acid, indicating that cells have

begun to differentiate. B: RT-PCR for differentiation markers Gata4 and Pax6 shows that

these genes are much more highly expressed in cells grown in RA-containing medium

compared to those cultured to retain pluripotency.
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Fig. 2. Selective expression and subcellular localization of survivin isoforms shows discrepant
mRNA and protein levels of nuclear/ΔEx3 survivin
A: RT-PCR of RNA from H9 hESCs cultured in pluripotency or differentiation media for

the indicated number of days, with PCR primers designed to differentiate canonical and

ΔEx3 isoforms based on amplicon size. B: Fluorescence images of H9 hESCs cultured in

pluripotency media for 0 days; top, DAPI nuclear staining; middle/bottom,

immunofluorescence using with primary antibodies for cytoplasmic and nuclear survivin,

respectively, detected with Alexa-fluor conjugated secondary antibodies. C: Western blot

showing cytoplasmic and nuclear isoforms of survivin in H9 hESCs cultured as in panel A.

D: Densitometric analysis of blot shown in panel C. Cytoplasmic/canonical survivin mRNA

levels increased in pluripotency medium, but mRNA was not detected in cells grown in

differentiation medium until day 3. Protein was likewise very low/not detectable at day 1,

then levels increased over time in both media, with a more dramatic increase seen in

pluripotency medium. Survivin ΔEx3 isoform protein levels did not correspond directly with

mRNA levels. mRNA was seen in all cultures; levels decreased over time in cells grown in

pluripotency medium and remained constant in differentiation medium. Nuclear/ΔEx3

survivin protein increased in pluripotency medium and decreased at day 5 in differentiation

medium.
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Fig. 3. 3′UTR control of survivin isoform expression
A: Canonical and ΔEx3 survivin mRNA isoforms showing exons, possible polyadenylation

sites, 3′ UTR lengths. B: RT-PCR showing RNA corresponding to all three survivin

polyadenylation sites are detected in H9 cells cultured for 1 and 3 days in both media.

Expression of medium- and long-poly(A) tail mRNAs is lower at day 1 in differentiating vs.

pluripotency media. At day 3, only expression of the long-poly(A) tail mRNA is reduced in

differentiation medium compared to in pluripotency medium. C: Luciferase reporter (pMIR-

Report) constructs containing 3′ UTR sequences from canonical and ΔEx3 survivin isoforms

(left). Normalized luciferase signal in cells transiently co-transfected with the constructs

shown at left and a Renilla luciferase construct, cultured for 24 h post-transfection in either

pluripotency or differentiation medium (right). Short 3′ UTR constructs from both survivin

isoforms showed increased expression regardless of culture media, whereas constructs

containing only medium and long poly(A) tail 3′ UTR constructs from canonical survivin

showed upregulation in the presence of RA (differentiation medium). ΔEx3-derived medium

and long poly(A) tail 3′ UTRs were not upregulated in the presence of RA.
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Fig. 4. miRNAs selectively regulate survivin isoform expression
A: Selected, predicted miRNA-binding sites in survivin isoform 3′ UTRs. B: qRT-PCR for

selected microRNAs in H9 cells shows that miR-203, -218, -542-5p, and -335 are more

highly expressed in h9 cells grown in differentiation medium compared to in pluripotency

medium. miR-338 expression was equivalent in the two media and miR-135a expression

was lower in differentiation vs. pluripotency medium. C: Western blot showing the effects

of miRNA inhibitors on survivin isoforms and the pluripotency marker Nanog in cells

grown in differentiation medium. Cells transfected with the miR-203 inhibitor displayed

increased levels of nuclear, but not cytoplasmic survivin, relative to control-transfected

cells; Nanog levels were also higher. Inhibition of miR-135a resulted in decreased levels of

both nuclear and cytoplasmic survivin, as well as Nanog. D: Western blot showing that cells

grown in pluripotency medium and transfected with miR-203 precursor, to mimic miR-203

overexpression, showed decreased levels of nuclear survivin and Nanog, but no change in

cytoplasmic survivin levels. E: Normalized luciferase signal in cells transiently co-

transfected with short- and medium-length 3′ UTR luciferase constructs and miR-203

inhibitor. Show that only the medium-length 3′ UTR from the ΔEx3/nuclear survivin

isoform is affected by mir-302 inhibitor.
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Fig. 5. Survivin knockdown results in decreased levels of key pluripotency markers
Western blot showing the effects of survivin knockdown using siRNA. Cells cultured in the

indicated medium were either mock transfected (M), transfected with nontargeting siRNA

(C), or transfected with siRNA targeting survivin exon 1 (S1) or exon 3 (S4). Knockdown of

survivin resulted in reduced levels of pluripotency markers Oct4 and Nanog.
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