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Transcriptional repression of cancer stem cell marker
CD133 by tumor suppressor p53

EK Park'®, JC Lee?5, JW Park’, SY Bang', SA Yi', BK Kim', JH Park', SH Kwon?®, JS You®, SW Nam®, EJ Cho' and JW Han*'

Novel therapeutic strategies are needed to overcome cancer recurrence, metastasis, and resistance to chemo- and radiotherapy.
Cancer stem cells (CSCs) are major contributors to the malignant transformation of cells due to their capacity for self-renewal.
Although various CSC markers have been identified in several types of tumors, they are primarily used as cancer-prediction
markers and for the isolation of CSC populations. CD133, one of the best-characterized CSC markers in distinct solid tumor types,
was shown to be correlated with CSC tumor-initiating capacity; however, the regulation of CD133 expression and its function in
cancer are poorly understood. Here, we show that CD133 expression is negatively regulated by direct binding of the p53 tumor
suppressor protein to a noncanonical p53-binding sequence in the CD133 promoter. Binding of p53 recruits Histone Deacetylase 1
(HDAC1) to the CD133 promoter and subsequently suppresses CD133 expression by reducing histone H3 acetylation.
Furthermore, CD133 depletion suppresses tumor cell proliferation, colony formation, and the expression of core stemness
transcription factors including NANOG, octamer-binding transcription factor 4 (OCT4), SOX2, and c-MYC. Critically, the
anti-proliferative effects of p53 are antagonized by rescue of CD133 expression in a p53 overexpressing cell line, indicating that the
tumor suppressive activity of p53 might be mediated by CD133 suppression. Taken together, our results suggest that p53-mediated
transcriptional regulation of CD133 is a key underlying mechanism for controlling the growth and tumor-initiating capacity of CSCs
and provide a novel perspective on targeting CSCs for cancer therapy.
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Cancer stem cells (CSCs) are a rare population of tumor cells enriching several types of CSCs and that CD133 expression

15,20

that maintain tumor initiation and self-renewal capacity.
According to the cancer stem cell model, a subpopulation of
cells with stem cell-like characteristics exists in tumors, and
these cells give rise to the bulk of the tumor."2 Given the rapid
advances in CSC research, there is a renewed optimism for
the development of innovative cancer therapies that can target
CSCs in bulk tumors.®* Several recent studies have identified
CSC markers that are uniquely expressed in CSCs and thus
provide possible targets for CSC therapy.*®

A number of cell surface markers, CD133 (Human prominin-1,
PROM1), CD44, and CD24, have been used to isolate CSC
populations.®® CD133 is a pentaspan transmembrane cell-
surface protein that is primarily localized to the plasma
membrane.®'° Although it was originally identified as a marker
for CD34" hematopoietic progenitor cells'” and neuroepithelial
stem cells,'2 CD133 is also expressed in cancer progenitor cells
in the brain, breast, prostate, liver, ovary, lung, colon, and
pancreas.”'®"'® Furthermore, recent studies have shown that
CD133 can serve as an essential marker for detecting and

levels are correlated with CSC tumor-promoting capacity.
Although these results strongly suggested that CD133 could be
a potential marker for CSCs, its precise functions and regulation
in CSCs remained unclear.

The potent tumor suppressor protein 53 (p53) is involved
in several cellular processes including metabolic homeosta-
sis, deoxyribonucleic acid (DNA) repair, growth arrest,
senescence, and apoptosis.?'® Specifically, p53 lies at the
center of the stress response pathways that prevent tumor cell
growth and survival.?* As a key transcription factor,
p53 regulates the transcription of several target genes that
are related to various pathways.®*?> Recently, a study
demonstrated that p53 could directly suppress CD44 expres-
sion, and this suppression inhibited the growth and
tumor-initiating capacity of highly tumorigenic mammary
epithelial cells.?® Moreover, p53 could repress the expression
of various target genes such as NANOG that contribute to the
maintenance of the tumor-initiating cell pool.?>?” These
results support the idea that p53 could be a possible regulator

'Department of Biochemistry and Molecular Biology, Research Center for Epigenome Regulation, School of Pharmacy, Sungkyunkwan University, Suwon, Republic of
Korea; 2Division of Cardiology, Department of Medicine, Stanford University School of Medicine, 265 Campus Drive, Room G1120B, Stanford, CA, USA; 3College of
Pharmacy, Yonsei Institute of Pharmaceutical Sciences, Yonsei University, Incheon, Republic of Korea; “Department of Biochemistry, School of Medicine, Konkuk University,
Seoul, Republic of Korea and *Department of Pathology, College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea

“Corresponding author: JW Han, Department of Biochemistry and Molecular Biology, Research Center for Epigenome Regulation, School of Pharmacy, Sungkyunkwan
University, 300 Cheoncheon-dong, Jangan-gu, Suwon 440 746, Republic of Korea. Tel: +82 31 290 7716; Fax: +82 31 290 7796; E-mail: jhhan551@skku.edu

®These authors contributed equally to this work.

Abbreviations: CSC, cancer stem cell; HDAC, histone deacetylase; OCT4, octamer-binding transcription factor 4; DNA, deoxyribonucleic acid; TSA, trichostatin A; SAHA,
suberoylanilide hydroxamic acid; Dox, Doxorubicin; 5-FU, 5-fluorouracil; MCF-7, Michigan Cancer Foundation-7; IF, immunofluorescence; HCC, hepatocellular carcinoma;
UV, ultraviolet; mRNA, messenger RNA; qRT-PCR, quantitative reverse transcription polymerase chain reaction; siRNA, short interfering RNA; P1, promoter 1; PCR,
polymerase chain reaction; WT, wild-type; ChIP, chromatin immunoprecipitation; BrdU, bromodeoxyuridine; shRNA, short hairpin RNA; EZH2, Enhancer of zeste
homolog 2; DAPI, 4’,6-diamidino-2-phenylindole

Received 17.5.15; revised 04.9.15; accepted 21.9.15; Edited by Y Haupt


http://dx.doi.org/10.1038/cddis.2015.313
mailto:jhhan551@skku.edu
http://dx.doi.org/10.1038/cddis.2015.313
http://www.nature.com/cddis

Suppression of CD133 by p53
EK Park et al

B

of CSC tumorigenic function by modulating the expression of
CSC-specific genes.

Here we identify CD133 as a novel p53 target gene.
By directly binding to the CD133 promoter, p53 suppresses
the CD133 transcription. A putative p53-binding sequence
within the CD133 promoter is essential for p53-binding and the
subsequent recruitment of HDAC1 to facilitate epigenetic
modifications of the CD133 promoter. Ultimately, this cascade
leads to the inhibition of CD133 transcription. This p53-based
restriction of CD133 expression can be observed in several
cancer cell lines under normal and stress conditions, and
rescue of CD133 expression abolishes the tumor suppressive
effect of p53 in highly tumorigenic cancer lines. Collectively,
p53-mediated CD133 inhibition is a critical regulatory
mechanism for preventing cancer survival and tumorigenesis.

Results

Inverse correlation of p53 tumor suppressor and CD133
expression in cancer. Cell-based phenotypic assays and
pathway screening of synthetic small molecules and natural
products have historically provided useful chemical tools for
modulating and/or studying complex cellular processes.
To unravel the mechanism regulating CD133 expression,
we first screened small molecules including mTOR inhibitor
(rapamycin), I1kBa inhibitor (Bay 11-7082), Histone deacety-
lase (HDAC) inhibitors (apicidin, trichostatin A (TSA), and
suberoylanilide hydroxamic acid (SAHA)), clinical anti-cancer
agents (Doxorubicin (Dox) and 5-fluorouracil (5-FU)), and an
inhibitor of microtubule formation (vincristine) on CD133
expression in human embryonic carcinoma NTERAZ2 cells.
Among the tested molecules, Dox showed the most
significant downregulation of CD133 expression (Figure 1a).
To further characterize the effects of Dox on CD133
expression, three different cancer cell lines, NCCIT, human
embryonic carcinoma NTERA2, and colon adenocarcinoma
LoVo, were treated with varying doses of Dox. In these cell
lines, Dox treatment markedly suppressed CD133 expression
in a dose-dependent manner (Figure 1b). To test the possible
involvement of p53 in Dox-mediated suppression of CD133
expression, we examined the expression patterns of p53 and
CD138 in 28 established cancer cell lines carrying wild-type
(WT) p53 or various p53 mutants (Supplementary Table 1).
Immunoblot analysis showed that CD133 was highly
expressed in NTERA2 and NCCIT cells (Figure 1c and
Supplementary Figure 1), which are derived from poorly
differentiated germ cell tumors and utilized as CSC model cell
lines.?® Although the p53 expression levels differed greatly
among the various cancer cell lines, p53 expression was
inversely correlated with CD133 expression. In particular, cell
lines such as NTERA2, NCCIT, and LoVo, where CD133
was highly expressed, showed significantly reduced p53
expression (Figure 1c and Supplementary Figure 1). In
contrast, U20S, Michigan Cancer Foundation-7 (MCF7), and
HepG2 cells, which express low levels of CD133, had
high p53 protein levels. Consistent with this result, CD133
and p53 immunofluorescence staining (IF) confirmed their
inverse expression pattern in NCCIT, LoVo, and U20S
cells (Figure 1d). Importantly, immunoblot analysis of
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hepatocellular carcinoma (HCC) tissue samples obtained
from four different patients also revealed that patients
exhibiting high p53 protein levels had relatively low CD133
protein levels (Figure 1e), demonstrating the inverse
expression pattern of p53 and CD133 in vivo human cancer
tissues. These results indicate that p53 could regulate CD133
expression or vice versa.

CD133 downregulation by stress-induced activation of
p53. To examine the influence of p53 on CD133 expression,
we tested whether the induction of p53 affected CD133
expression. Following treatment with Dox, a potent genotoxic
agent, p53 expression levels increased and CD133 levels
decreased in a dose-dependent manner (Figure 2a).
Consistent with this data, increased p53 expression due
to ultraviolet (UV) irradiation or treatment with Nutlin-3, a
specific inhibitor of MDM2-binding to p53, known to induce
p53 stabilization, downregulated CD133 expression in
NTERA2 and NCCIT cells (Figures 2b and c). As expected,
the induction of p53 in response to Dox, UV, or Nutullin-3 led
to the expression of p53 positive target genes such as p21 or
PUMA, and the suppression of p53 repressive target gene,
NANOG (Figures 2a and c). IF assays also demonstrated the
impaired expression of CD133 in response to Dox treatment
in NCCIT and NTERAZ2 cells (Figure 2d). To further determine
whether p53 affects CD133 expression at the transcriptional
or posttranscriptional levels, we measured CD133
messenger RNA (mRNA) levels using quantitative reverse
transcription polymerase chain reaction (qRT-PCR), finding
that CD133 mRNA levels were also decreased by Dox,
UV, and Nutlin-3 treatments (Figures 2a and c¢). This result
indicates that p53 pathway activation is related to the
suppression of CD133 transcription.

Requirement of p53 for suppressing CD133 expression.
We next tested whether p53 is essential for suppressing
CD133 expression under normal growth conditions. Ectopic
expression of WT p53 but not mutant p53 (p.R175H) with
impaired DNA-binding affinity®>° decreased CD133 protein
and mRNA levels in NCCIT and LoVo cells, which had high
CD133 expression under normal culture conditions (Figures 3a
and b and Supplementary Figure 2). Moreover, the reduction in
CD133 was rescued to the baseline level as ectopic p53
expression in LoVo cells was cleared over time in culture
(Figure 3b). Furthermore, using short interfering RNA (siRNA)
targeting p53, we found that depletion of p53 in several cancer
cell lines in which p53 protein levels were relatively high (HelLa,
U20S, and MCF7), led to an increase in CD133 protein and
mRNA levels (Figure 3c). In contrast, CD133 expression was
not affected by Dox, Nutlin-3 treatment or UV irradiation in
H1299 cells possessing a homozygous partial deletion of the
p53 gene that consequently do not express the p53 tumor
suppressor protein (Figure 3d), whereas ectopic p53 expres-
sion reduced CD133 protein and mRNA levels (Figure 3e).
These results indicate that p53 is essential for the down-
regulation of CD133 expression.

Transcriptional regulation of CD133 by p53. CD133 has
five different promoters in the 5 untranslated region
(promoter 1 (P1), promoter 2 (P2), promoter 2 (P3), promoter
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Inverse correlation of p53 tumor suppressor and CD133 expression in cancers. (

a) Western blot of CD133 expression in NTERA2 cells exposed to cytotoxic drugs

(1 M of rapamycin, apicidin, vincristine, and Bay 11-7082, 10 nM of SAHA, 1 ug/ml TSA, 5 fluorouracil (5-FU) and Dox) for 24 h. (b) CD133 protein expression levels in
NTERA2, LoVo, and NCCIT cells exposed to the indicated dose of Dox. (¢) CD133 and p53 protein expression levels were determined by immunoblotting for nine cancer cell lines.
(d) Immunofluorescence detection of CD133, p53, and DAPI in NCCIT, LoVo, and U20S cell lines. Scale bar, 50 um. (e) CD133 and p53 expression levels in hepatocellular

carcinoma were determined in four patient samples by immunoblotting

4 (P4), and promoter 5 (P5)),%' resulting in alternatively
spliced CD133 variants (Supplementary Figure 3a). To
determine which promoter is active in each cancer cell line,
we examined the expression of each CD133 variants using
nested polymerase chain reaction (PCR) amplification with a
specific primer for each genomic isoform. NCCIT cells utilized
all five promoters while NTERA2 and LoVo cells employed
three promoters, P1, P2, and P3. U20S and MCF7 utilized
only one promoter each, P1 and P2, respectively. Consistent
with the promoter activity in each cell lines, CD133 was highly
expressed in NTERA2, NCCIT, and LoVo cells but relatively
less expressed in U20S and MCF7 cells (Figure 4a).

As the majority of cancer cell lines (except MCF7) utilized
promoter P1, we examined the effects of p53 on promoter
P1 using a luciferase construct containing the full-length
promoter for Exon 1A (Luc-P1). Consistent with the down-
regulation of CD133 expression by ectopic p53 expression
(Figures 3a, b and e), Luc-P1 luciferase activity was severely
impaired by ectopic p53 expression in NTERA2, NCCIT, and
H1299 cells, indicating that P1 is a p53 target (Figure 4b).

Next, we investigated whether p53-mediated CD133 inhibi-
tion resulted from direct binding of p53 to the CD133 promoter.

Sequence analysis determined that the —700bp region of
promoter P1 contained a unique sequence with strong
similarity to a noncanonical p53-binding sequence, which
consisted of four p53-binding sites in an alternating head-to-
tail arrangement (Supplementary Figure 3b).3? Interestingly,
the unique sequence found in promoter P1 is analogous to the
p53-binding sequence observed in the promoter of
another CSC marker, CD44 (Supplementary Figure 3b).2®
Using site-directed mutagenesis, we generated a mutant type
(MT) P1 promoter in which cytosine was replaced with
either adenine (C — A) or thymine (C—T) (Supplementary
Figure 3b). Luciferase assays showed that the reporter
activity of Luc-P1-MT was higher than that of Luc-P1-WT
(Figure 4c). Moreover, the reporter activity of Luc-P1-WT was
reduced by ectopic p53 expression or Dox treatment while
Luc-P1-MT luciferase activity was unaffected (Figure 4d and
Supplementary Figure 3c). These data indicate that the
putative p53-binding sequence is essential for p53-mediated
suppression of CD133.

To determine whether p53 directly binds to the P1 promoter
region containing the noncanonical p53-binding sequence, we
analyzed p53 enrichment at promoter P1. Chromatin

Cell Death and Disease
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immunoprecipitation coupled to qPCR (ChIP-gPCR) assays
showed that ectopically expressed p53 bound directly to the
P1 promoter in NTERA2, U20S, and H1299 cells (Figure 4e).
The p53 enrichment on the CD133 promoter was comparable
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Figure 2 Downregulation of CD133 by p53 activation. (a) mRNA levels and protein expression levels in cell lysates from U20S and NCCIT treated with the indicated dose of
Dox. (b) Induction of p53 protein after UV irradiation (40 J/M?) downregulates CD133 mRNA and protein levels in NTERA2 and NCCIT cells. (c) Treatment with Nutlin-3 (5 xM)
downregulated CD133 mRNA and protein expression in NTERA2 cells. (d) Immunofluorescence detection of CD133, p53, and DAPI in NCCIT and NTERA2 cells after Dox

treatment (0.5 ug/ml, 24 h). Scale bar, 25 um. The error bars represent the mean +S.D. n=3. *P<0.05, **P<0.01, and **P<0.001
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Figure 3 Requirement of p53 for suppressing CD133 expression. (a) Western blot and gPCR analyses were performed using lysates of NCCIT cells that had been
transfected with the indicated amounts of HA-p53-expressing or empty vector. (b) Western blot and gPCR analyses were performed using lysates of LoVo cells transfected with
HA-p53-expressing vector for the indicated time. (c) Western blot and gPCR analyses were performed for various cancer cell lines that had been transfected with either CD133
siRNA or scramble siRNA-expressing vector. (d) mRNA and protein expression levels of H1299 cells treated with the indicated dose of Dox (left panel), after UV irradiation (40 J/
M?; middle panel), or treatment with Nutlin-3 (5 xM; right panel). (e) Western blot and gPCR analyses were performed using lysates of H1299 cells that had been transfected with
the indicated amounts of HA-p53-expressing or empty vector. The error bars represent the mean + S.D. n=3. *P<0.05, **P<0.01, and **P<0.001; NS, not significant

of p53 to the CD133 promoter is required for p53-mediated
suppression of CD133 (Figure 4f).

As previous studies showed that recruitment of HDAC1 to
the target promoter is necessary for p53-mediated gene
silencing,*%* we tested whether HDAC1 is recruited
to the CD133 promoter with p53. ChIP-gPCR with HDAC1
revealed that ectopic p53 expression increased HDAC1
recruitment to the P1 promoter, which then in turn decreased
H3 acetylation (Supplementary Figure 4a). These results
were consistent with the co-immunoprecipitation of

endogenous p53 and HDAC1 in Hela cell line
(Supplementary Figure 4b). Furthermore, ectopic p53
expression also increased the levels of known repressive
histone marker H3K9me3 (Supplementary Figure 4a).
Taken together, these data indicate that p53 negatively
regulates CD133 transcription through direct binding to the
CD133 P1 promoter.

CD133 is required for tumor growth and survival.
Although CD133 is a putative marker for CSCs in many
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distinct solid tumor types and is associated with aggressive
cancers and poor prognosis, the precise function of CD133
in tumor formation remained unknown. We first examined
whether CD133 expression is essential for NTERA2 tumor
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incorporation in cells transfected with CD133 siRNA
(Figure 5a). Twenty-six percent of the CD133 knockdown
cells were BrdU positive while 70% of the control cells were
BrdU positive (Figure 5b); these data were corroborated in

cell growth by measuring bromodeoxyuridine (BrdU) NCCIT cells (Supplementary Figure 5a).
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(d) Soft agar colony formation by control and CD133 knockdown stable NCCIT cells. Two weeks after seeding, the number of colonies was counted (2 x 10* cells). Scale bar,
250 um. (e) Immunoblot analysis of protein samples from five patients human hepatocellular carcinoma and normal tissues to measure CD133 protein levels. (f) gRT-PCR for
NANOG, OCT4, SOX2, c-MYC, and EZH2 in NTERA2 cells transfected with CD133-specific siRNA. (g) Expression levels of CD133, NANOG, OCT4, SOX2, c-MYC, and EZH2
proteins in NTERA2 cells that had been transfected with CD133-specific sSiRNA. The error bars represent the mean + S.D. n=3. *P<0.05, **P<0.01, and **P<0.001
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Figure 6 p53-based effects on tumor growth depend on suppression of CD133. (a) NCCIT cells were stably transfected with lentivirus for stable expression of CD133 shRNA
(lane 2), retrovirus for stable expression of p53 (lane 3) or co-transfected with p53 and CD133 stable expression vector for rescue (lane 4). Expression levels were analyzed by
immunoblotting after the establishment of stable cell lines. (b) Growth of NCCIT cells that had been stably infected with lentiviral or retroviral constructs expressing CD133 shRNA,
or stably expressing p53 and the CD133 vector. (¢) Soft agar colony formation by NCCIT cells that had been stably infected with lentiviral or retroviral constructs expressing
CD133 shRNA or the p53 and CD133 vector; the number of colonies was counted. (d) Adherent colony formation assays were performed by seeding NCCIT cells that had been
stably infected with lentiviral or retroviral constructs expressing shRNA or stably expressing p53 and CD133 vector. Scale bar, 250 um. The error bars represent the mean + S.D.

n=3. *P<0.05, *P<0.01, and **P<0.001
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To further address the role of CD133 in anchorage-
independent growth, we analyzed the soft agar colony formation
efficiency of a stable NCCIT cell line that continuously
expressed short hairpin RNA (shRNA) targeting CD133.
Endogenous CD133 expression was successfully abrogated
in the CD133 stable cell line (Figure 5c), and CD133 depletion
led to a reduced efficiency of soft agar colony formation, with
93 + 4 colonies for the control line versus 39 + 0.5 colonies for
the knockdown line (Figure 5d and Supplementary Figure 5b),
indicating that CD133 might have a critical role in the malignant
transformation of cells. Consistent with this result, CD133 levels
in tumor tissue are greater than those in normal tissue from the
same liver carcinoma patients (Figure 5e).

CD133 expression is accompanied by the expression of
core stemness transcription factors such as NANOG,
octamer-binding transcription factor 4 (OCT4), SOX2,
and c¢-MYC, which have been proposed to have
important roles in cancer reoccurrence, tumor growth, and
metastasis.3> 8 Another stemness marker, Enhancer of zeste
homolog 2 (EZH2), has also been shown to promote the
neoplastic transformation of breast epithelial cells.>**° To test
whether CD133 is involved in the expression of these genes,
their mRNA and protein levels were measured in cell lines that
had been transfected with CD133 siRNA. Interestingly, CD133
depletion suppressed the expression of all of the core
stemness genes and EZH2 in NTERA2 cells (Figures 5f and
9), while the expression of other cancer-related genes such as
hTERT*'*2 and DAB21P*® was not affected (Supplementary
Figure 5c). Collectively, these results indicate that CD133
might have an essential role in the transcription of stemness
genes, and suggest that CD133 expression is responsible
for CSC growth and survival through the maintenance of stem
cell-like features.

CD133 inhibition is required for p53 tumor-suppressive
activity. To investigate whether p53-mediated inhibition
of CD133 is necessary for p53 tumor suppressive activity,
we utilized an ectopic CD133 expression construct containing
only the CD133 mRNA coding DNA sequence (CDS).
Ectopic p53 expression reduced endogenous CD133 levels
(Figure 6a, lane 3), but no differences were observed in the
expression of exogenous CD133 (Figure 6a, lane 4),
indicating that the CD133 promoter region is required for
p53-mediated inhibition of CD133 transcription. Compared
with control cells, ectopic p53 expression reduced the growth
rate of NCCIT cells to that observed for the CD133
knockdown stable cell line (Figure 6b); however, the effects
of exogenous p53 on growth rate suppression were
diminished by CD133 overexpression. These data indicate
that abrogation of CD133 is required for p53-mediated cell
cycle arrest. In accordance with this data, ectopic p53
expression or CD133 shRNA resulted in a reduced efficiency
of soft agar colony formation, while no significant decrease
was observed in the number of colonies formed by
co-overexpression of CD133 with ectopic p53 (Figure 6c).
Moreover, the results of the adherent colony formation assay
were similar, indicating that CD133 suppression is required
for p53 tumor suppressive activity under normal culture
conditions (Figure 6d).
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Discussion

CSCs have been proposed as the driving force of
tumorigenesis and metastasis as the term CSC refers to a
subset of tumor cells that possess potential for self-renewal
and multilineage differentiation. Over the past decade, several
CSC markers have been identified in a wide range of solid and
hematopoietic tumors.*** CD133 is the most well-known
marker used for CSC identification and isolation. Many studies
have shown that CD133" cells possess stemness properties
such as self-renewal, capacity for differentiation, high pro-
liferation, and capacity for forming tumors in xenografts.®”
Moreover, CD133" cells were shown to be more resistant to
radiation and standard chemotherapy than CD133" cells.*>4®
Despite these studies, the regulation of CD133 expression
and its role in tumorigenesis are still poorly understood.
Here, we demonstrate both a novel mechanism of CD133
transcriptional regulation by p53 and CD133’s role in tumor
formation and proliferation. CD133 expression was inversely
correlated with p53 expression in various cancer cell lines and
tumor tissues from cancer patients. The inverse relationship
between CD133 and p53 expression can be attributed to p53-
mediated negative regulation of CD133 transcription; the
CD