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and essential thrombocythemia, suggested a contribution of
HMGAZ2 to the development and/or progression of PMF
(Guglielmelli et al., 2007). To address this, we evaluated
the proliferative and differentiation capacity of Hmga2-
overexpressing CD347LSK HSCs. In all experiments, trans-
duction efficiency was ~90% as determined by flow cytometry
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using GFP as a marker (unpublished data). In liquid cultures
supplemented with SCF, TPO, IL-3, IL-6/IL-6 receptor
fusion protein (FP6), and EPO, HmgaZ-overexpressing
HSCs showed a growth advantage compared with the con-
trol (Fig. 4 A), and the Hmga2 culture contained signifi-
cantly more LSK cells than the control at day 10 of culture
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Figure 3. Derepression of Hmga2 in Bmii~/~Ink4a-Arf~/~ hematopoietic cells. (A} List of top 10 genes up-regulated in LSK cells and CMPs in the
absence of Bmi1. [L-7Ra LSK cells purified from BM of 4-wk-old Ink4a-Arf~/= (DKQ) and Bmi1~/~Ink4a-Arf-/~ (TKO) mice and CMPs from recipients’ BM
at 4 mo after infusion of DKO and TKO BM cells were subjected to microarray analyses and their profiles were compared. Highlighted genes were further
characterized in this study. (B) Quantitative RT-PCR analysis of HmgaZ2 expression. mRNA levels in each progenitor fraction from the recipients’ BM re-
populated by BM cells of the indicated genotype at 4 mo after transplantation were normalized to Hprt7 expression. Expression levels relative to those in
the wild-type FIt3~ LSK cells are shown as the mean + SD for triplicate analyses. The fold change in expression levels between Bmi1=/~Ink4a-Arf~/~ cells
and Ink4a-Arf-/= cells is also indicated. *, P < 0.05; **, P < 0.01. (C) Derepression of HmgaZ in Bmil-deficient hematopoietic cells. Lineage~c-Kit* cells
were purified from BM of 4-wk-old wild-type and Bmi1~/= mice. mRNA levels of Hmga2, Ink4a, and Arf were normalized to Hprt1 expression. Expression
fevels relative to those in the Bmi1~/~ cells are shown as the mean + SD for triplicate analyses. N.D. indicates not detected. **, P < 0.01. (D) ChIP analysis
at the Hmga2 promoter in wild-type Lineage~c-Kit* cells. The Hmgo2 locus indicating its genomic structure (based on the Ensemble data, transcript ID
ENSMUST00000072777) is depicted in the top panel. Exons are demarcated by black boxes. The regions 1-6 amplified from the precipitated DNA by site-
specific quantitative PCR are indicated. The binding of Bmi1 and the levels of H2Aub were determined by ChiP using control mouse lgG (migG), anti-
Bmi1, and anti-H2Aub antibodies and site-specific real-time PCR. The relative amount of immunoprecipitated DNA is presented as a percentage of input
DNA (bottom). The data are shown as the mean = SD for four independent experiments. The B-actin promoter (Actb) served as a negative control. *, P <
0.05. (E) ChIP analysis at the Hmga2 promoter in wild-type or Bmi1~/~Ink4a-Arf~/~ Lineage™ cells. The binding of Bmi1 and the levels of H2Aub were
determined by ChiP using anti-Bmi1 or anti-H2Aub antibodies and site-specific real-time PCR as in D. The data are shown as the mean + SD for triplicate
PCRs from two independent experiments. *, P < 0.05;** P < 0.01; *** P < 0.001.
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(Fig. 4 B). Morphological analysis unveiled a drastic enhancement
in production of megakaryocytes upon the overexpression
of Hmga2. The HmgaZ2 culture contained significantly more
multinucleated megakaryocytes and mononuclear micro-
megakaryocytes (Fig. 4, C and D).
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Figure 4. HmgaZ2 promotes expansion of progenitor cells and en-
hances megakaryocytopoiesis in vitro. (A) Growth of CD34~LSK HSCs
transduced with the Hmga2 retrovirus. 100 CD34~LSK HSCs were trans-
duced with either the empty vector or Hmga2 retrovirus and cultured in
the presence of SCF, TPO, IL-3, FP6, and EPO for 14 d. Numbers of cells are
shown as the mean + SD for triplicate cultures. **, P < 0.01. (B) Number of
LSK cells in culture. Flow cytometric analysis of the culture in A was per-
formed at day 10 of culture. Absolute numbers of LSK cells are indicated
as the mean + SD (n = 3).** P < 0.01. (C) Morphology of CD34~LSK HSCs
at day 12 of culture. CD34~LSK HSCs transduced with the indicated retro~
viruses in A were recovered, cytospun onto slide glasses, and subjected to
May-Griinwald Giemsa staining. The morphology of the cells was ob-
served under a light microscope. Bars, 100 pm. (D) The frequency of multi-
nucleated megakaryocytes (MgK) and mononuclear micromegakaryocytes
{microMgK) in culture. The cytospun cells on slide glasses in C were
examined under a light microscope and absolute numbers in culture are
indicated as the mean + SD. Counts of 500 cells were independently per-
formed three times. ** P < 0.01. (E) Effect of Hmga2 on CFC numbers

in culture. 100 CD347LSK HSCs were transduced with the indicated retro-
virus and cultured in the presence of SCF and TPO. At day 10 of culture,
colony assays were performed to evaluate the number of CFCs in culture.
Absolute numbers of low proliferative potential (LPP; diameter <1 mm)
and HPP (diameter 21 mm) CFCs are shown as the mean + SD for tripli-
cate cultures. *, P < 0.05; ™, P < 0.01.
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We then cultured transduced HSCs for 9 d (10 d of cul-
ture in total) in the presence of SCF and TPO, which sup-
ports the proliferation of HSCs and progenitors rather than
their differentiation (Ema et al., 2000). The total number of
colony-forming cells (CFCs) was significantly increased in
the HmgaZ2 culture (Fig. 4 E). Among CFCs, the number of
high proliferative potential (HPP)-CFCs, which generate a
colony with a diameter >1 mm, was increased with Hmiga2
compared with the control. These results indicate that over-
expression of HmgaZ promotes expansion of progenitor cells
and also facilitates the proliferation and differentiation of
megakaryocytic cells in vitro.

Forced expression of HmgaZ2 promotes megakaryocytopoiesis
and induces myeloproliferative hematopoiesis in vivo

We next examined the effect of Hmga2 overexpression on
hematopoiesis in vivo. We performed competitive repopula-
tion assays using 30 CD347LSK HSCs transduced with
Hmga2 (CD45.2) at day 3.5 of culture along with 2 X 10°
fresh unfractionated BM cells (CD45.1) for radioprotection.
HingaZ2-overexpressing cells showed a greater, albeit not sta-
tistically significant, contribution to the myeloid lineage in
peripheral blood (PB) compared with the control (Fig. 5 A).
Recipients repopulated with Hmga2-overexpressing cells had
significantly more LSK cells and myeloid progenitors in BM
compared with the control (Fig. 5 C). Furthermore, they also
had mild splenomegaly with extramedullary hematopoiesis as
evident from a marginal increase in LSK HSCs/MPPs in the
spleen and a significant increase in the PB (Fig. 5 B and C).
The recipients repopulated with Hinga2-overexpressing cells
appeared to have more megakaryocytes in the BM (not de-
picted) and platelets in the PB (Fig. 5 D). These findings in-
dicate that derepression of Hmga2 could induce an MPN-like
state with enhanced megakaryocytopoiesis and correspond
well with findings recently obtained with transgenic mice
carrying a 3’ -UTR~truncated Hmga2 cDNA (AHmga2 mice;
Tkeda et al., 2011). AHnga2 mice developed MPN-like he-
matopoiesis with an increased number of megakaryocytes in
the BM, although the number of platelets in the PB was not
described. Together, these findings implicate HimgaZ2 in the
PMF-like pathological hematopoiesis induced by Bmil™/~
Ink4a-Arf~/~ BM cells.

Given that HMGAZ is highly derepressed in CD34" stem
and progenitor cells in PMF patients, PcG function could be
compromised in PMF patients, partly by loss-of-function
mutations of EZHZ2. Indeed, we confirmed that Ezh2 also
regulates Hmga2 as Bmil does. Hmga2 was highly dere-
pressed in Ezh2-deficient progenitor cells (unpublished data).
ChIP assays demonstrated that the Hmga2 promoter is bound
by Ezh2 and marked with H3K27me3 in wild-type BM
Lineage~c-Kit* progenitors (unpublished data). Interestingly,
recipient mice repopulated with Ezh2-deficient BM cells
showed an increase in the platelet count in PB similar to re-
cipients repopulated with HSCs overexpressing Hmga2
(Mochizuki-Kashio et al., 2011). These data indicate that both
Bmi1 and Ezh2 transcriptionally repress Hinga2. However, the
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Months after transplantation

frequency of EZH2 mutations in PMF has been reported to
be only 13% (Nikoloski et al., 2010). Thus, it would be in-
triguing to examine other mechanisms that compromise PcG
function in PMF patients without EZHZ mutations.
Nevertheless, it should be noted that Hmga2 is not the
only oncogenic target of Bmil responsible for the establish~
ment of PMFE-like disease, as fibrosis was not seen in recipient
BM that was repopulated with HmgaZ-overexpressing cells
at 6 mo after transplantation (unpublished data). As evident
from the significant increase in platelet counts, overexpres-
sion of HimgaZ does not compromise the terminal differentia-
tion of megakaryocytes. It has been proposed that necrotic
megakaryocytes in BM are the main causative factor for
myelofibrosis. Although derepression of Hmga2 induces an
MPN-like state with enhanced megakaryocytopoiesis, it may
require the derepression of other Bmil targets to eventually
induce a fibrotic state after a preceding MPN-like state. Our
microarray analysis also identified Hoxc4 and Foxal as being
derepressed in Bmil™/~Ink4a-Aif '~ cells (Fig. 3 A). We
confirmed this derepression by RT-PCR. (unpublished data),
and Hoxc4 and Foxal also appeared to be direct targets of Bmil
by ChIP assays (unpublished data). We tested the effects of forced
expression of these genes in HSCs, but failed to induce an
MPN-like disease in recipient mice (unpublished data).
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. , ; . . cated retrovirus. Cell counts at 6 mo after

2 3 4 5 6 transplantation are presented for white blood

cells (WBC) and red blood cells (RBC). The time
course of the increase in platelet (PLT) counts

is also depicted. Data are presented as the
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findings indicate that

Bmi1 antagonizes the

development of MPN in the absence of its major tumor-
suppressive targets, Ink4a and Arf, and we showed the tumor
suppressive function of Bmil through epigenetic silencing of
oncogenes. Although Bmil-deficiency is self-limiting unless
Ink4a and Aif are deleted first, INK44 and ARF are fre-
quently inactivated by deletions or mutations, or transcrip-
tionally repressed by DNA methylation at their promoters in
human cancers. Therefore, the situations like the Ink4a/Arf-
null background that we used in this study also happen in the
initiation and progression of human cancers. Our findings
suggest that in such situations, the tumor cells with impaired
BMI1 function could outcompete cells with normal BMI1
function because the effects of derepressed oncogenes, such
as HMGA?2, appear to supersede the effects of derepressed
turnor suppressor genes. Corresponding to our findings, PRC1
has been reported to exert tumor suppressor activity through
epigenetic silencing of Notch and JAK-STAT signaling in
Drosophila melanogaster eyes (Martinez et al., 2009; Classen
et al., 2009). Furthenmore, mice with hypomorphic mutations
of Eed and Suz12 show enhanced hematopoiesis (Lessard et al.,
1999; Majewski et al., 2008). All of these findings support the
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tumor suppressor function of EZH2 observed in human my-
elodysplastic syndrome and MPN, and are suggestive of a
broad range of target genes of the PcG proteins, including
both oncogenes and tumor suppressor genes. Although tumor
suppressor genes have been stressed as PcG targets, our findings
shed light on the role of PcG proteins in the gene silencing of
oncogenes. Thus, the PcG proteins fine-tune the growth of
hematopoietic cells in both a positive and a negative manner
to maintain hematopoietic homeostasis.

MATERIALS AND METHODS

Mice. Bmi1*/~ mice (van der Lugt et al., 1994) and Ink4a-Arf~’" mice
(Serrano et al., 1996) that had been backcrossed at least eight times onto a
C57BL/6 (CD45.2) background were used. C57BL/6 (CD45.2) mice and
C57BL/6 mice congenic for the Ly5 locus (CD45.1) were purchased from
Japan SLC and Sankyo Laboratory Service, respectively. Littermates were
used as controls in all experiments. All mice were bred and maintained in the
Animal Research Facility of the Graduate School of Medicine, Chiba Uni-
versity in accordance with institutional guidelines. All experiments using
mice received approval from the Chiba University Administrative Panel for
Animal Care.

Competitive repopulation assay. BM cells (10%) from 4-wk-old CD45.2
mice were mixed with the same number of unfractionated BM competitor
cells (CD45.1) and transplanted into CD45.1 mice irradiated at a dose of
9.5 Gy. PB cells of the recipient mice were analyzed with a mixture of anti-
bodies that included PE-Cy7-conjugated anti-CD45.1, Pacific blue—
conjugated anti-CD45.2, PE-conjugated anti~Mac~1 and anti-Gr-1,
APC-conjugated anti-B220, and APC-Cy7-conjugated anti-CD4 and anti-
CD8a antibodies. Cells were analyzed on a FACSCanto I (BD). Donor cell
chimerism in the recipient PB cells was cvaluated as percent donor chime-
rism calculated as (percent donor cells) X 100/(percent donor cells + percent
recipient cells). PB cell counts were made using an automated cell counter
(Celltec a; Nihon Kohden).

Purification of mouse HSCs and progenitors. Mouse HSCs
(CD34~LSK cells) were purified from BM of 8-wk-old mice. Mononuclear
cells were isolated on Ficoll-Paque PLUS (GE Healthcare). The cells were
stained with an antibody cocktail consisting of biotinylated anti-Gr-1,
Mac-1, IL-7Ra, B220, CD4, CD8«a, and Ter119 monoclonal antibodies.
Lineage™ cells were depleted with goat anti~rat IgG microbeads (Miltenyi
Biotec) through an LD column (Miltenyi Biotec). The cells were further
stained with FITC-conjugated anti-CD34, PE-conjugated anti-Sca~1, and
APC-conjugated anti—c-Kit antibodies. Biotinylated antibodies were de-~
tected with APC-Cy7—conjugated streptavidin. Analysis and sorting
were performed on a FACS Ara II (BD). CMPs, GMPs, MEPs, and CLPs
were analyzed as CD34*FcyR!*“c-Kit*Sca-1"Lineage IL-7Ra~ cells,
CD34*FeyRbMc-Kit*Sca-1"Lineage IL-7Ra™ cells, CD34 FcyRlowe-Kit*
Sca-1"Lineage IL-7Ra” cells, and IL-7Ra*c-Kit™¥Sca-1'"Lineage™
cells, respectively.

Retroviral vectors expressing Hmga2 and virus production. Full-
length mouse Hinga2 cDNA in the pMY-ires-EGEP retroviral expression
vector was kindly provided by K. Nakashima (Nara Institute of Science and
Technology, Ikoma, Nara, Japan). A recombinant vesicular stomatitis virus
glycoprotein (VSV-G)-pseudotyped high-titer retrovirus was generated by a
293gpg packaging cell line that had been engineered to express the VSV-G
protein under the control of a tetracycline-inducible system. The virus in super-
natants of 293gpg cells was concentrated by centrifugation at 6,000 ¢ for 16 h.
Viral titers were determined by infecting Jurkat cells (a human T cell line).

Transduction of CD347LSK HSCs. CD34~LSK HSCs were transduced
with the indicated retrovirus, as previously described, with minor modifications
(Iwama et al., 2004). CD34"LSK HSCs were sorted into 96-well microtiter
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plates coated with the recombinant human fibronectin fragment CH-296
(RetroNectin; Takara Shuzo) at 100 cells per well, and then incubated in
a-MEM supplemented with 1% FBS, 1% r-glutamine, penicillin, streptomycin
solution (GPS; Sigma-Aldrich), 50 pM 2-mercaptoethanol (2-ME), 100 ng/ml
mouse stem cell factor (SCF; PeproTech), and 100 ng/m! human thrombo-
poietin (TPO; PeproTech) for 24 h. Next, cells were transduced with the
indicated retrovirus at a multiplicity of infection (MOI) of 1,500 in the pres-
ence of 1 pg/ml RetroNectin and 10 pg/ml protamine sulfate (Sigma-~Aldrich)
for 24 h. After transduction, cells were further incubated in the same me-
dium for 9 d, subjected to in vitro colony assays or in S-Clone SF-O3 (Sanko
Junyakn) supplemented with 0.2% BSA, 50 uM 2-ME, 1% GPS, 50 ng/ml
SCF, and 50 ng/ml TPO for 2.5 d, and then subjected to competitive
repopulation assays. The transduction efficiency was nearly 90%, as judged
from GFP expression. Colony assays were performed using a methylcellulose
medium (M3234; STEMCELL Technologies) supplemented with 20 ng/ml
mouse SCF, 20 ng/ml mouse [L-3 (PeproTech), 50 ng/ml human TPO,
and 3 U/ml human EPO (provided by Kyowa Hakko Kirin). Colony num-
bers were counted on day 10. CD34"LSK HSCs (CD45.2) transduced with
the indicated retrovirus were also transplanted intravenously into 8-wk-old
CD45.1 mice irradiated at a dose of 9.5 Gy, together with 2 X 10° BM com-
petitor cells from 8-wk-old CD45.1 mice.

Microarray analysis. IL-7Ra"LSK cells were purified from BM of 4-wk-
old Ink4a-Aif~'~ and Bmi1~/~Ink4a-Arf~'~ mice and CMPs from recipients’
BM at 4 mo after infusion of Ink4a-Arf~'~ or Bmil~/~Ink4a-Aif '~ BM
cells. Total RINA was isolated using TRIZOL LS Reeagent (Invitrogen), and
its integrity was confirmed using LabChip RNA 6000 Nano chips and a
2100 Bioanalyzer (Agilent Technologies). Target cRNA was prepared from
the total RNA equivalent to 10,000 cells (IL-7Ra LSK) or 8,000 cells
(CMPs) with a two-cycle cDNA synthesis kit and 3'-amplification reagents
for IVT labeling (Affymetrix), and then hybridized to a GeneChip Mouse
Genome 430 2.0 oligonucleotide microarray {Affymetrix) according to the
manufacturer’s instructions. The expression value of each gene was calcu~
lated and normalized using GeneChip Operating Software version 1.4
(Affymetrix). All data are MIAME compliant, and the raw data were deposited
in Gene Expression Omnibus (accession no. GSE19796 and GSE31086).

Quantitative reverse transcription (RT) PCR analysis. Total RNA
was isolated using TRIZOL LS solution (Invitrogen) and reverse transcribed
by the ThermoScript RT-PCR system (Invitrogen) with an oligo dT primer.
Reeal-time quantitative PCR was performed with an ABI prism 7300 Ther-
mal Cycler (Applied Biosystems) using FastStart Universal Probe Master
(Rooche). Hypoxanthine-guanosine phosphoribosyl transferase 1 (Hprtl) expres-
sion was used to calculate relative expression levels. The combination of primer
sequences and probe numbers are as follows: Huiga2, probe #26, 5'-AAG-
GCAGCAAAAACAAGAGC-3" and 5'-CCGTTTTTCTCCAATGG-
TCT-3"; Hprtl, probe #95, 5'-TCCTCCTCAGACCGCTTTT-3' and
5'-CCTGGTTCATCATCGCTAATC-3".

ChIP assay. Lineage™ or Lineage™c-Kit* BM cells (2 X 10° cells/antibody)
isolated by flow cytometry were cross-linked with 1% formaldehyde for 15 min
at room temperature, and incubated for 5 min at 4°C after the addition of
0.125 M glycine. Cells were washed with PBS, lysed with cell lysis buffer
(50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 150 mM NaCl, 0.5% SDS, and
protease inhibitor cocktail [PIC; Roche]) on ice, and sonicated until the
DNA fragments were 200-500 bp in mean size as measured by Bioruptor
(Cosmo Bio). After centrifugation at 15,000 rpm for 10 min, sheared chroma-
tin was diluted 10-fold in dilution buffer (50 mM Trs-HC), pH 8.0, 150 mM
NaCl, 1.1% Triton X-100, 0.11% sodium deoxycholate, and PIC), and pre-
cleared by addition of Dynabeads Protein G (Invitrogen) for 1 h at 4°C. For
anti-Bmil (clone 8A9; provided by N. Nozaki, MAB Institute, Yokosuka,
Ranagawa, Japan), precleared chromatin was immunoprecipitated overnight
at 4°C with antibody/Dynabeads Protein G mix. For anti-ubiquityl-Histone
H2A (H2Aub; clone E6CS, 05-678; Millipore), precleared chromatin was
immunoprecipitated overnight at 4°C with anti-H2Aub, followed by the
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addition of anti-mouse IgMp (12-488; Millipore)/Dynabeads Protein G
mix and incubation for 2 h at 4°C. Beads were then sequentially washed with
the following combination of wash buffers; twice each with low-salt wash
buffer (50 mM Tris-HCL, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% SDS, and 0.1% sodium deoxycholate), high-salt wash buffer
(50 mM Tus-HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% SDS, and 0.1% sodium deoxycholate), and LiCl wash buffer
(10 mM Tris-HCI, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, and
0.5% sodium deoxycholate). Bound chromatin was eluted and, together with
input DNA, cross-linking was reversed in elution buffer (50 mM Tris-HCI,
pH 8.0, 10 mM EDTA, and 1% SDS) by overnight incubation at 65°C. Im-
munoprecipitated DNA and input DNA were treated with RNaseA (Sigma-
Aldrich) and proteinase K (Roche), and extracted with phenol:chloroform.
Quantitative PCR. analysis was performed using SYBR. Premix Ex Taq IT
(Takara Bio), and the 7500/7500 Fast Real-Time PCR system (Applied
Biosystems). Primer sequences are as follows: Hmga2, region 1, 5'-GGGA-
AGCCAGCAGAGGTAAGCC-3' and 5'-CGAGCGCATTTGCACG-
GCTC-3'; region 2, 5'-CTGGCACCATCGTGTGTCTGG-3" and
5'-TGCGCGCACACACACTTCACT-3"; region 3, 5'-GGTCGCTCT-
TTTCCCGGGGC-3’ and 5'-TCCACCGAGGGTTGCCCG-3'; region 4,
5'-GCCGCCTTCGAGGCAGTTGT-3' and 5'-CAAGAGGAGGG-
GGCAGGCCA-3’; region 5, 5'-AAAACTTGGGCTCCGGGTGC-
AGA-3' and 5'-GGGCGCCCAGCTCAGCTCTAG-3'; region 6, 5'-CG-~
CTGGACGTCCGGTGTTGAT-3' and 5'-AAGAGCGGCGAGAGCAG-
GCG-3'; Actb, 5'-CCCAACACACCTAGCAAATTAGAACCAC-3' and
5'-CCTGGATTGAATGGACAGAGAGTCACT-3".

Immunofluorescence staining of spleen. Frozen spleen sections were
prepared and immunostained according to the method described by Kawa-
moto (2003). After fixation with 100% ethanol-dry ice and blocking in
MAXDblock medium (Active Motif) for 1 h at room temperature, spleen sec-
tions were incubated with an FITC-conjugated anti-CD41 antibody (BD)
for 12 h at 4°C. Spleen sections were then washed and incubated with the
DNA marker DAPI for 5 min at room temperature.
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Modulation of Glucose Metabolism by CD44 Contributes to
Antioxidant Status and Drug Resistance in Cancer Cells
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Abstract

An increased glycolytic flux accompanied by activation of the pentose phosphate pathway (PPP) is implicated
in chemoresistance of cancer cells. In this study, we found that CD44, a cell surface marker for cancer stem cells,
interacts with pyruvate kinase M2 (PKM2) and thereby enhances the glycolytic phenotype of cancer cells that are
either deficient in p53 or exposed to hypoxia. CD44 ablation by RNA interference increased metabolic flux to
mitochondrial respiration and concomitantly inhibited entry into glycolysis and the PPP. Such metabolic changes
induced by CD44 ablation resulted in marked depletion of cellular reduced glutathione (GSH) and increased the
intracellular level of reactive oxygen species in glycolytic cancer cells. Furthermore, CD44 ablation enhanced the
effect of chemotherapeutic drugs in p53-deficient or hypoxic cancer cells. Taken together, our findings suggest
that metabolic modulation by CD44 is a potential therapeutic target for glycolytic cancer cells that manifest drug

resistance. Cancer Res; 72(6); 1-11. ©2012 AACR.

Introduction

Most cancer cells depend primarily on glycolysis for their
energy production regardless of the availability of oxygen. This
unique metabolism is known as aerobic glycolysis called "War-
burg effect” (1, 2). The glycolytic energetics under mitochondrial
respiratory suppression in cancer cells reduces production of
reactive oxygen species (ROS) and thereby confers resistance to
various therapies. Indeed, interventions to tumors for switching
from glycolysis to mitochondrial respiration were found to
reduce tumor mass (3), suggesting that aerobic glycolysis is an
important feature of cancer cells distinct from normal cells.
However, precise mechanisms underlying the switch to use of
glycolysis for energy production in cancer cells remain unclear.

Dysfunction of p53, which frequently occurs in human
cancers, promotes aerobic glycolysis, because p53 positively
regulates mitochondrial respiration through inducing cyto-
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chrome c oxidase 2 expression (4). Furthermore, p53 dysfunc-
tion has recently been shown to increase metabolic flux to
pentose phosphate pathway (PPP; ref. 5).

CD44 is a major adhesion molecule and has been implicated
in varjous biologic processes including cell migration and cell
proliferation, as well as tumor growth and metastasis (6-8).
CD44 is a cell surface marker for cancer stem cells, and
CD44-expressing cancer cells are able to initiate tumors in
some types of cancer (9). We recently showed that splice
variant forms of CD44 (CD44v) inhibit ROS accumulation in
cancer cells, thereby promoting tumor growth (10). Recent
findings suggest that p53 not only regulates glucose metabo-
lism but induces CD44 expression (6). The fact raises a pos-
sibility that CD44 is involved in regulating glycolytic pathway,
whereas the functional relevance of CD44 to the characteristic
aerobic glycolysis of cancer cells remains unknown.

With the use of in vitro virns (IVV) selection screening, we
have shown that CD44 interacts with PKM2, which has been
recently implicated in Warburg effect (11-14). Expression of
CD44 enhanced the glycolytic phenotype of p53-deficient or
hypoxic cancer cells and promoted metabolic flux to PPP and
thereby increased glutathione (GSH) levels. We thus propose
that CD44 plays arole in metabolic shift via regulation of PKM2
and ROS protection in cancer cells.

Materials and Methods

Cell lines

Human colorectal cancer cell HCT116 harboring wild-type
P53 (p53WT) and its isogenic derivative lacking p53 (p53K0)
were kindly provided by Dr. B. Vogelstein (Johns Hopkins
Oncology Center, Baltimore, MD). Human glioma cell U251MG
and human lung carcinoma cell A549 were obtained from
American Type Culture Collection. The cell lines used were

www.aacrjournals.org
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tested and authenticated on the basis of an STR Multiplex
method that uses 9 different loci: D5S818, D13S317, D78820,
D168539, vWA, THOI, Amelogenin, TPOX, and CSFIPO (Power-
Plex 1.2 system, Promega Corporation). Cells were stored and
used within 3 months after resuscitation of frozen aliquots.

RNA interference
Depletion of CD44 and xCT siRNA was conducted as pre-
viously described (10).

Measurement of cell doubling time

Cells were cultured under 5% CO, at 37°C. The number of
viable cells was determined every 24 hours by staining with
trypan blue. Doubling time was calculated by using the equa-
tion shown in Supplementary Materials and Methods. Data are
means == SD from 3 independent experiments.

Cell proliferation assay

Cell proliferation was measured at 24 and 72 hours with the
use of an XTT cell proliferation assay kit (Biological Industries).
Data are means = SD from 6 independent experiments.

Measurement of ATP production, glucose consumption,
lactate production

Cellular ATP level was determined with the use of lumines-
cence-based assay (ATPlite; Perkin Elmer). ATP generation
was normalized by the cell number. Glucose and lactate con-
centrations of the cultured medium were measured by using
glucose oxidase-based assay kit (Sigma) and F-kit L-Lactate
(K. International), respectively. Glucose consumption and
lactate production were corrected by amounts of cellular pro-
tein. Data are means == SD from 6 independent experiments.

IVV screening and GST pull-down assay

IVV selection and glutathione S-transferase (GST) pull-
down assay were conducted as described previously (15-17).
The ¢DNA library for screening was obtained from U251MG
cells. The intracellular domain of CD44 (CD44ICD) was pre-
pared as a bait protein. Details are shown in Supplementary
Materials and Methods.

Immunoprecipitation and immunoblot analysis

Immunoprecipitation was conducted with the use of anti-
CD44 antibodies (F10-44-2 and IM7) or rabbit monoclonal
antibody to PKIM2, and the resulting precipitates were sub-
jected to immunoblot analysis as previously described (10).
The intensity of the band was measured using by Multi Gauge
software Ver.3.1 (FujiFilm). Data are means + SD from 3
independent experiments.

Pyruvate kinase activity assay

Pyruvate kinase activity was determined by using a pyruvate
oxidase-based assay kit (BioVision). Data are means = SD from
5 independent experiments.

Measurement of glucose metabolites
Intracellular metabolites of glucose were measured by cap-
illary electrophoresis combined with mass spectrometry

(CE/MS; Agilent Technology) as previously described (18,
19). To measure fluxes of glucose metabolites, the cells were
incubated for 10 or 30 minutes in the presence of p-(**Cg)
glucose (4.5 g/L; ISOTEC) and then lysed for determination of
the amounts of the labeled p-glucose incorporated into the
cells. Data are means &= SD from 3 independent experiments.
Details are shown in Supplementary Materials and Methods.

Measurement of mitochondrial membrane potential and
mitochondrial superoxide production

Mitochondrial membrane potential (Aym) and mitochon-
drial superoxide production were measured in live cells by using
tetramethylrhodamine methyl ester perchlorate (TMRM) or
MitoSOX Red indicator (Molecular Probes), respectively. Cells
were incubated with 200 nmol/L TMRM or 5 tmol/L MitoSOX
and subjected to quantification of the mean intensity of fluo-
rescence in more than 500 cells by using a Biorevo BZ-9000
fluorescence microscope (Keyence) and analysis software,
Nuclei were stained with Hoechst 33342 for fluorescence micro-
scopy. Data are means = SD from a representative experiment.

Measurement of glucose uptake (2-NBDG uptake)

Cells were subjected to staining with 2-(N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; Molecu-
lar Probes) as described previously (20). 2-NBDG fluorescence
intensity was determined for more than 500 cells in each
experiment. Data are means & SD from a representative
experiment.

Quantitative and semiquantitative real-time reverse
transeriptase (RT)-PCR analysis

Quantitative PCR analysis was conducted as previously
described (10). Data were normalized by the amount of HPRTI
mRNA. Data are means £ SD of 3 independent experiments.
Primer sequences are described in Supplementary Materials
and Methods.

Immunofluorescence analysis
Immunofluorescence analysis of cultured cells was con-
ducted as previously described (10).

Measurement of GSH and ROS

Intracellular levels of GSH and ROS were determined by
using GSH-Glo Glutathione Assay Kit (Promega) and 2/,7'-
dichlorofluorescein-diacetate (DCF-DA), respectively, as de-
scribed previously (10).

Drug treatment and cell death analysis

Cells were exposed to anticancer drugs for 48 hours at 37°C
under 21% O, and 5% CO, (normoxia) or under 1% O, and 5%
CO, (hypoxia). Sub-G; assessment based on cell-cycle analysis
was conducted as described previously (21). In addition, cell
death was evaluated by the trypan blue dye exclusion (22).

Statistical analysis

Data are presented as means = SD and were analyzed with
the unpaired Student ¢ test by using Excel 2007 (Microsoft). A P
value of <0.05 was considered statistically significant.
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Resulis

CD44 regulates cell proliferation and energy production
in glycolytic cancer cells

To understand roles of CD44 in cancer cell proliferation, we
examined effects of CD44 ablation by RNA interference on
proliferation in 2 human cancer cells having wild-type p53
(HCT116 p53WT and A549) and 2 p53-deficient cancer cells
(HCT116 p53KO and U251MG; Supplementary Fig. SIA and
S1B). CD44 depletion caused inhibition of proliferation of
p53-deficient cells, whereas it did not affect that of p5SWT
cells (Fig. 1A; Supplementary Fig. S1C and S1D). Trypan blue
staining confirmed that decreases in growth rates of p53-
deficient cells resulting from CD44 ablation were not attrib-
utable to the induction of apoptosis (data not shown). These

results suggest that CD44 contributes to proliferation of p53-
deficient cancer cells.

Given that energy production is necessary for proliferation,
we examined whether CD44 expression affects ATP levels.
CD44 ablation decreased in ATP contents of p53-deficient
cells but not in those of p5S3WT cells (Fig. 1B), suggesting that
CD44 regulates energy production in p53-deficient cells. The
source of ATP production in cancer cells has been found to
differ depending on p53 status (4). Consistent with previous
observations (4, 5), we found that HCT116 p53KO cells man-
ifest a glycolytic phenotype, characterized by increased glucose
consumption, lactate production, and expression of the glu-
cose transporter Glutl (Supplementary Fig. S1E and S1G).
CD44 ablation resulted in a decrease in glucose consumption

20 20
HCT116 pE3WT HCT116 pS3Ko 4= Control SIRNA
15 15 == CDi4 siRNA
£ 2
3 3
w 10 - 10
=) =3
- -
§ 5
0 0 T T T T
24 48 72 96
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Figure 1. CD44 ablation suppresses - 2
cell proliferation and decreases ATP E
production in p53-deficient cancer g
cells. A, time course analysis of cell mﬁ_‘
growth beginning after transfection E

with control and CD44 siRNAs for 48
hours. *, P < 0.005. B and C,

ATP production and glucose
consumption in cells cultured for
24 hours after transfection with
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are expressed as a percentage of the
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in p53-deficient cells but not in p53WT cells (Fig. 1C). We
therefore hypothesized that CD44 increases energy production
in p53-deficient cells by promoting glycolysis.

CD44 interacts with PKM2 and inhibits its activity to
maintain the glycolytic phenotype in cancer cells

To investigate mechanisms by which CD44 regulates glycol-
ysis, we attempted to identify CD44-interacting molecules that
participate in glycolysis by IVV screening (Supplementary Fig,
S2A). The cDNA library for screening was obtained from
U25IMG cells, which manifests the glycolytic phenotype
because of p53 mutation. The intracellular domain of CD44
(CD441ICD) was prepared as a bait protein. Among 292 candidate
CD44ICD-binding proteins identified by the IVV screening, we

focused on PKM2, a molecule regulating aerobic glycolysis and
tumor growth (11). Sequencing revealed that 2 selected PKM2
clones, designated 61-17C, encoded the 61 NHp-terminal amino
acids of PKM2 fused with 18 amino acids translated from the 5'-
untranslated region of the PKM2 gene (Supplementary Fig. S2B).
To determine whether CD44ICD interacts with the NH,-termi-
nal region or with the protein fragment encoded by the 5'-
untranslated region, we prepared 4 GST fusion proteins con-
taining full-length, the 61-17C fragment, the 61 NH,-terminal
residues (N61AA), and a deletion mutant lacking residues 1 to 61
(AN61AA; Supplementary Fig. S2C) and subjected these fusion
proteins to a pull-down assay with recombinant CD44ICD.
The assay revealed that CD44ICD bound to full-length PKM2,
to 61-17C, and to N61AA, but not to AN61AA (Fig 2A),
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indicating that CD44ICD interacts directly to the NH,-terminal
region of PKM2 encompassing residues 1 to 61. We also con-
ducted immunoprecipitation analysis to verify the interaction
between endogenous CD44 and PKM2 proteins. PKM2 was co-
immunoprecipitated with CD44 (Fig. 2B), as was the cystine
transporter xCT, which was previously shown to interact with
CD44 (10), and confirmed that both CD44v and CD44s were co-
immunoprecipitated with PKM2 (Fig. 2C).

Given that low activity of PKM2 is thought to promote
aerobic glycolysis (11, 12), we examined that whether
CD44 expression affects PKM2 activity. CD44 ablation in
glycolytic cancer cells increased the PKM2 activity (Fig. 2D
and E). In addition, the expression of siRNA-resistant
form of CD44s or CD44v in CD44-depleted cells (Supple-
mentary Fig. $2D) significantly inhibited the increase in
PKM2 activity induced by ablation of endogenous CD44
(Fig. 2D and E). Tyrosine phosphorylation (Tyrl05) of
PKM2 was reported to suppress PKM2 activity (12, 13).
We found that CD44 ablation reduced Tyr105 phosphor-
ylation of PKM2 (Fig. 2F and G). These data suggested
that the CD44/PKM2 interaction suppresses PKM2 activity
through increasing its phosphorylation and thereby pro-
motes the glycolytic phenotype in p53-deficient cancer
cells.

CD44 ablation induces a metabolic shift to
mitochondrial respiration in glycolytic cancer cells

To examine effects of CD44 expression on glucose metab-
olism, we conducted metabolomic analysis by loading the cells
with p-(**Cg)glucose. CD44 ablation increased amounts of
metabolites in tricarboxylic acid (TCA) cycle (Fig. 3A), suggest-
ing that CD44 expression limits metabolic flux to the cycle.
Furthermore, we measured the production of lactate, the final
product of glycolysis, and found that CD44 ablation reduced
lactate production in p53KO cells (Fig. 3B), Collectively, our
results suggested that CD44 ablation induces a metabolic shift
from aerobic glycolysis to mitochondrial respiration in cancer
cells.

It has been reported that the suppression of mitochon-
drial respiration is characterized by high intensity staining
of Aym-sensitive dye TMRM and low mitochondrial ROS (3).
To confirm the CD44-mediated metabolic shift, we con-
ducted cell staining with TMRM and a fluorescent probe
for mitochondrial superoxide (MitoSOX). CD44 ablation
significantly reduced the intensity of TMRM staining and
increased the mitochondrial ROS levels (Fig. 3C and D).
Effects similar to those of CD44 ablation were obtained
by treatment with dichloroacetate (DCA; Supplementary
Fig. S3A and S3B), which inhibits mitochondrial pyruvate
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dehydrogenase kinase and thereby shifts glucose metabo-
lism from glycolysis to mitochondrial respiration (3). These
data therefore suggested that, like DCA treatment, CD44
ablation promotes mitochondrial respiration in glycolytic
cancer cells.

To analyze further the metabolic shift in CD44-depleted
cancer cells, we investigated the sensitivity of the cells to
oligomycin, an inhibitor of mitochondrial ATP synthesis. Oli-
gomycin inhibited the proliferation of p53WT cells, which
depend more on mitochondrial respiration, whereas it did not
affect the proliferation of p53KO cells (Fig. 3E). However,
p53KO cells became sensitive to oligomycin by CD44 ablation
(Fig. 3E), suggesting that loss of CD44 suppresses their glyco-
Iytic phenotype and renders them more dependent on mito-
chondrial respiration.

CD44 ablation reduces glucose uptake and PPP flux

In addition to the metabolic shift, we found that CD44
ablation reduced metabolic flux to the PPP. In particular,
CD44 depletion resulted in a reduced amount of the PPP
metabolite 6-phosphogluconate (6-PG) in p53KO cells
(Fig. 4A). However, the expression of glucose-6-phosphate
dehydrogenase (G6PD), a key enzyme that catalyzes the first
step of PPP, was not affected by CD44 depletion (Supple-

mentary Fig. S4A). The data showing that CD44 ablation
reduced combined amounts of G6P and fructose 6-phos-
phate (F6P; Supplementary Fig. S4B) led us to speculate that
reduced PPP fluxes in CD44-deficient cells result from lack
of glucose. Indeed, we found that CD44 ablation led to
suppression of glucose uptake (Fig. 4B), which may contrib-
ute to reduced PPP fluxes in CD44-depleted cells.

Given that glucose uptake is mainly mediated by Glutl
in cancer cells (23, 24), we examined Glutl expression in
CD44-depleted cells. Indeed, CD44 depletion resulted in
downregulation of Glutl expression (Fig. 4C and D). Phar-
macologic inhibition of mitochondrial respiration was pre-
viously shown to increase glucose uptake potentially
through upregulation of Glutl expression (25, 26). We there-
fore hypothesized that CD44 ablation suppresses Glutl
expression as a result of the induced metabolic shift from
glycolysis to mitochondrial respiration. Consistent with this
hypothesis, the downregulation of Glutl expression induced
by CD44 ablation was reversed by treatment with rotenone,
an inhibitor of complex I of the mitochondrial respiratory
chain (Fig. 4C and D). The enhancement of mitochondrial
respiration induced by CD44 ablation may suppress Glutl
expression, thereby reducing glucose uptake and PPP fluxes
in cancer cells (Supplementary Fig. S4C).
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Reduced PPP flux by CD44 ablation depletes GSH and
increases ROS

Considering that the PPP generates NADPH which is essen-
tial for generating GSH, we measured GSH levels in CD44-
depleted cells. CD44 ablation significantly reduced GSH con-

tents of p53KO cells (Fig. 5A). We have recently found that
CD44v promotes xCT-mediated cystine uptake and thereby
increases GSH synthesis (10). The depletion of GSH apparent in
CD44-deficient HCT116 p53KO cells, which express both
CD44s and CD44v, might therefore have been attributable to
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downregulation of cystine uptake. To rule out this possibility,
we measured GSH levels in CD44-depleted U251MG cells,
which express CD44s but not CD44v (ref. 27; Supplementary
Fig, S1B). CD44 ablation in U251IMG cells also resulted in a
significant decrease in GSH levels (Fig. 5A). These findings
suggested that CD44 increases cellular GSH contents not only
through promotion of xCT-mediated cystine uptake but also by
maintenance of the PPP flux and consequent NADPH produc-
tion in cancer cells.

GSH is a major metabolite protecting against oxidative
stress. We found that intracellular ROS levels were increased
in CD44-depleted p53KO cells comparable with those in p53KO
cells treated with dehydroepiandrosterone (DHEA), a PPP
inhibitor (Fig. 5B). In contrast, although CD44 ablation
decreased in GSH levels (Supplementary Fig. S5A), it did not
affect intracellular ROS accumulation in p53WT cells (Supple-
mentary Fig. S5B). Given that CD44 ablation inhibits neither
uptake (data not shown) nor consumption of glucose (Fig. 1D)
in p53WT cells, CD44 depletion might have a less pronounced
effect on flux to the PPP in p53WT cells than it does in p53KO
cells. This hypothesis is supported by the fact that DHEA
treatment significantly conferred an additional reduction in
GSH levels in the xCT-depleted p53KO cells whereas it did not
provide the additional change in xCT-depleted p53WT cells
(Fig. 5C). Together, these results suggested that CD44 limits
ROS accumulation in glycolytic cancer cells, such as those with
dysfunctional p53, by promoting cystine uptake and metabolic
flux to PPP, leading to increase consequent GSH synthesis.

CD44 ablation sensitizes glycolytic cancer cells to
anticancer drugs

Given that aerobic glycolysis and low ROS levels are asso-
ciated with drug resistance in cancer cells (28), we examined
whether CD44 ablation enhances the sensitivity of cancer cells
to chemotherapeutic agents. Consistent with previous obser-
vations (29), cisplatin (CDDP) induced apoptotic cell death to a
much greater extent in p53WT cells (sub-G, population,
56.71%) than in p53KO cells (sub-G; population, 15.28%;
Fig. 6A). CD44 ablation was associated with enhancement of
CDDP-induced cell death in p53KO cells but not in p53WT cells
(Fig. 6A, Supplementary Fig. S6A). This increased sensitivity to
CDDP conferred by CD44 ablation in p53KO cells was inhibited
by pretreatment with N-acetylcysteine (NAC; Fig. 6A; Supple-
mentary Fig. S6A), a precursor of GSH that functions as an
antioxidant. In addition to CDDP, we obtained the similar data
using adriamycin (ADM) and 5-fluorouracil (5-FU; Supple-
mentary Fig. S6A). Furthermore, similar to the effect of CD44
ablation, the PPP inhibitor DHEA, which suppresses NADPH
production and thereby increases ROS levels, also enhanced
the sensitivity of p53KO cells to CDDP (Supplementary Fig.
$6B). Together, these results indicated that CD44 ablation
increased drug sensitivity, possibly by increasing ROS levels,
in p53-deficient cells.

Given that, like p53 deficiency, hypoxia also promotes
glycolysis and confers drug resistance in cancer cells (30,
31), we investigated whether CD44 ablation affects glucose
metabolism and drug sensitivity under hypoxia. p53WT
cells cultured under such conditions show more of a

glycolytic phenotype, including increased Glutl expression
(Supplementary Fig. S6C), glucose consumption (Fig. 6B),
and lactate production (Fig. 6C), compared with those
cultured under normoxia. The sensitivity of these cells to
anticancer drugs was also reduced on their exposure to
hypoxia (Fig. 6A and D; Supplementary Fig. S6D). CD44
ablation reduced both glucose consumption and lactate
production in hypoxic p53WT cells (Fig. 6B and C) as well
as increased their sensitivity to anticancer drugs (Fig. 6D;
Supplementary Fig. S6D), effects that were not observed
under the normoxia (Figs. 1D, 6A and C; Supplementary Fig.
S6A). These results thus indicated that CD44 plays an
important role in resistance to chemotherapeutic drugs by
maintaining the glycolytic phenotype and thereby suppres-
sing ROS production in glycolytic cancer cells, such as those
with p53 mutation or exposed to hypoxia. Metabolic mod-
ulation by CD44 ablation increases ROS production, thereby
sensitizing highly glycolytic cancer cells to conventional
chemotherapy.

Discussion

Our results indicate that the expression of CD44 affects
proliferation through regulation of energy production in
p53-deficient glycolytic cancer cells. In contrast, CD44 did
not affect it in p53WT cancer cells, which obtain most of
their energy through mitochondrial respiration. We there-
fore conclude that CD44 plays an important role in the
regulation of glucose metabolism in cancer cells that show a
glycolytic phenotype. .

IVV screening is a powerful tool for identifying biologic
macromolecules that participate in protein-protein interac-
tions (15-17). By using this approach, we identified PKM2 as a
mediator of the promotion of the glycolytic phenotype of
cancer cells by CD44. CD44 ablation suppressed Tyr105 pho-
phorylation of PKM2 and consequently increased the PKM2
activity. It is therefore possible that CD44 serves as a scaffold to
facilitate the interaction between a tyrosine kinase and PKM2
near the cell membrane, thereby resulting in downregulation of
PKM2 activity (Supplementary Fig. 57).

Consistent with the observation that CD44 ablation activat-
ed PKM2, the amounts of metabolites in the TCA cycle were
increased in CD44-depleted cells. Furthermore, the increase of
not only (*C,)malate but also (**Cs)malate by CD44 ablation
indicated the increment of TCA cycle flux. The findings sup-
port the idea that metabolic flux to TCA cycle is promoted by
lacking CD44.

‘We found that CD44 ablation not only induced this meta-
bolic shift but also reduced glucose uptake in cancer cells. It
was previously reported that inhibition of mitochondrial res-
piration increases glucose uptake potentially through upregu-
lation of Glutl expression (25, 26), indicating that mitochon-
drial respiration is a regulatory factor for Glutl expression.
Therefore, we speculated that shift from glycolysis to mito-
chondrial respiration induced by CD44 ablation suppresses
Glutl expression (Supplementary Fig. S4C).

A reduction in glucose uptake has been shown to cause
a decrease in flux to the PPP (32, 33). Accordingly, the
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Figure 8. CD44 ablation increases sensitivity to CDDP in glycolytic cancer cells. A, flow cytometric analysis of cells that had been transfected with indicated
siRNAs for 48 hours. The transfected cells were incubated for 48 hours in the absence or presence of 50 umol/L CDDP under normoxia (21% Oz). The effect of
CDDP was also assessed after pretreatment of the cells with 1 mmol/LL NAC for 1 hour. The percentage of sub-Gy cells was determined. B and C, glucose
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cytometric analysis of cells that had been transfected with siRNAs for 48 hours under hypoxia. The transfected cells were incubated for 48 hours inthe absence
or presence of 50 umol/L. CDDP under hypoxia. NS, not significant.

downregulation of glucose uptake in CD44-depleted cells CD44s and CD44v. These results indicate that GSH synthesis is
might lead to the reduced flux to the PPP. Because the PPP regulated not only by CD44v but also by CD44s. We suggest that
is a major source of NADPH which is required for regeneration CD44 maintains the GSH levels in glycolytic cancer cells
of the antioxidant GSH (34), the metabolic regulation by CD44 through the combination of 2 mechanisms: enhancement of
inp53 dysfunctional cancer cells was found to affect GSH levels. flux to the PPP by both CD44v and CD44s and promotion of
We previously showed that CD44v expression promotes xCT- xCT-mediated cystine uptake by CD44v (Supplementary
mediated cystine uptake and consequent GSH synthesis (10). In Fig. S7).

the present study, however, we found that CD44 ablation In p53KO cells, CD44 ablation increased the intracellular
reduced the GSH levels in U25IMG cells, which express only ROS levels under the basal condition. However, in p53WT cells,
CD44s, as well as in HCT116 p53KO cells, which express both which are less dependent on glycolysis, CD44 ablation
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increased the ROS levels only when the cells were treated with
H,0, (10). Given that CD44 ablation did not reduce glucose
uptake or glucose consumption in p53WT cells and that p53
inhibits the PPP (5), the depletion of GSH induced by CD44
ablation in p53WT cells might be mostly due to the suppression
of cystine uptake via the xCT transporter. )

CD44-expressing cancer cells including cancer stem cells
show chemoresistance (35, 36). Anticancer drugs, such as
CDDP, adriamycin, and 5-fluorouracil, are known to induce
ROS generation and thereby trigger cell death (29, 37-39).
Consistent with the results of previous studies (29, 31, 40-42),
we found that the sensitivity of cancer cells to anticancer
drugs is markedly affected by intrinsic and extrinsic factors
such as p53 deficiency and hypoxia. These factors render
cancer cells dependent on glycolysis. However, we further
found that CD44 ablation enhanced effect of the anticancer
drugs in p53KO cells and in hypoxic p53WT cells. We con-
firmed that the enhancement of drug semsitivity induced
by CD44 ablation in p53KO cells was inhibited by NAC treat-
ment. Furthermore, like CD44 ablation, treatment with DHEA
also increased CDDP sensitivity. Therefore, CD44 ablation
triggers a metabolic shift to mitochondrial respiration that is
accompanied by suppression of both the PPP and xCT-medi-
ated cystine uptake, leading to downregulation of GSH
synthesis and a consequent increase in ROS production. Fur-
thermore, these effects of CD44 ablation might function syn-
ergistically with chemotherapeutic drugs. The possibility that
CD44-targeted therapy may perturb the metabolism of cancer
stem-like cells and thereby impair their capacity to defend
against ROS warrants further investigation.
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Alternative splicing of CD44 mRNA by ESRP1
enhances lung colonization of metastatic
cancer cell
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In cancer metastasis, various environmental stressors attack the disseminating cells.
The successful colonization of cancer cells in secondary sites therefore requires the ability
of the cells to avoid the consequences of such exposure to the stressors. Here we show that
orthotopic transplantation of a CD44 variant isoform-expressing (CD44v™) subpopulation of
4T1 breast cancer cells, but not that of a CD44v ™~ subpopulation, in mice results in efficient lung
metastasis accompanied by expansion of stem-like cancer cells. Such metastasis is dependent
on the activity of the cystine transporter xCT, and the stability of this protein is controlled by
CD44v. We find that epithelial splicing regulatory protein 1 regulates the expression of CD44y,
and knockdown of epithelial splicing regulatory protein 1in CD44v™ cells results in an isoform
switch from CD44yv to CD44 standard (CD44s), leading to reduced cell surface expression of
xCT and suppression of lung colonization. The epithelial splicing regulatory protein 1-CD44v-
xCT axis is thus a potential therapeutic target for the prevention of metastasis.
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etastasis is the major cause of death for individuals with
solid tumours?, largely because of the ineffectiveness of
current therapies, once metastasis is established??. Metas-
tasis is an inefficient process, however, with few cells released from
a primary tumour eventually reinitiating tumour growth at distant
sites. The formation of metastases has therefore been thought to result
from the dissemination of stem-like cancer cells and their coloniza-
tion of secondary sites®5. The cell surface protein CD44 is a major
marker for stem-like cancer cells® and is also highly expressed in
metastatic cancer cells%, Although differences in CD44™ stem-like
cells between primary tumours and metastases remain ill-defined,
a subset of CD44% stem-like cells in primary tumours might pos-
sess the ability to reinitiate tumour growth at distant sites%S, It has
remained largely unknown, however, whether CD44 is functionally
associated with metastatic propagation by stem-like cancer cells.

CD44 has been implicated in a variety of physiological proc-
esses in addition to cancer cell invasion and metastasis'®~13. CD44
exists in numerous isoforms generated through alternative mes-
senger RNA splicing!, with variability in the extracellular domain
of CD44 being thought to underlie the functional diversity of this
molecule!®13. A CD44 variant (CD44v) isoform containing v3
(the sequence encoded by variant exon 3) that undergoes heparin
sulphate modification has thus been shown to interact with vari-
ous growth factors including heparin-binding epidermal growth
factor-like growth factor and basic fibroblast growth factor!S,
whereas the CD44v6 isoform has been shown to act as a co-receptor
for the receptor tyrosine kinase c-Met!”. Furthermore, we recently
showed that interaction of CD44v8-10 with the cystine transporter
xCT (SLC7A11) stabilizes the latter protein and thereby potenti-
ates the ability of cancer cells to defend themselves against reactive
oxygen species (ROS)8. The generation of CD44v isoforms might
therefore modulate the activity of various plasma membrane proteins
including receptor tyrosine kinases and transporters in cancer
cells.

Given that cancer cells are exposed to environmental stres-
sors such as oxygen or nutrient deficiency, low pH, inflammatory
mediators, and ROS during metastasis, the ability to avoid the con-
sequences of such exposure is required for successful colonization
by cancer cells!?-2L, The cystine transporter xCT functions as a
Na*-independent transporter that mediates the exchange of extra-
cellular cystine for intracellular glutamate and thereby promotes the
synthesis of reduced glutathione (GSH)?>23, a ubiquitous reducing
thiol peptide that serves asan importantintracellular redoxbufferand
is associated with resistance of cancer cells to anticancer agents®4%.
The availability of cysteine is rate-limiting for GSH synthesis26, and
the activity of xCT is therefore essential for such resistance to anti-
cancer agents?>%’. However, the functional relevance of CD44v and
xCT in the metastatic spread of stem-like cancer cells has remained
undetermined. Here we show that CD44v-xCT expression regu-
lated by ESRP1 in metastatic breast cancer cells confers the ability of
evasion from oxidative stress and thereby promotes the lung metasta-
sis. These findings suggest that CD44v may be a therapeutic target.

Results

Metastatic subpopulation in 4T1 cells expresses CD44v. To
investigate the role of CD44v in cancer metastasis, we studied the
mouse breast cancer cell line 4T1 and its isogenic sublines (4T07,
168FARN, 67NR). All of these cells form primary tumours in mice,
but only 4T1 cells give rise to visible lung metastases?® (Fig. 1a).
RT-PCR analysis revealed that the abundance of CD44v messenger
RNA was markedly greater than that of CD44s mRNA in 4T1 cells,
whereas only CD44s mRNA was detected in the nonmetastatic
sublines (Fig. 1b; Supplementary Fig. S1). Flow cytometry showed
that 4T1 cells consist of two subpopulations, CD44v™* cells (which
predominantly express CD44v) and CD44v~ cells (which express
only CD44s), whereas the nonmetastatic sublines consist only of

CD44v~ cells (Fig. 1¢), suggesting that CD44v might be associated
with the metastatic ability of 4T1 cells. We isolated the CD44v* and
CD44v~ subpopulations of 4T1 cells by fluorescence-activated cell
sorting (FACS) and subjected these cells to immunoblot analysis
and to analysis followed by direct sequencing of the PCR products?®
(Supplementary Fig. S1 and Supplementary Methods). The
predominant CD44v isoform in the CD44v™ cells was found to be
CD44v8-10. Each subpopulation was transplanted (1x10° cells) into
mouse mammary glands. The incidence (CD44v™, 13/13; CD44v ™,
11/11) and volume (Fig. 1d) of the primary tumours derived from
CD44v* or CD44v™~ cells were similar. However, the incidence
of lung metastasis by CD44v* cells was markedly higher than
that of CD44v™ cells (CD44v™, 13/13; CD44v™, 3/11), and both
IntegriSense quantitative fluorescence imaging3® and histological
analysis revealed that the extent of lung metastatic lesions derived
from CD44v™* cells was greater than that of those formed by CD44v ~
cells (Fig. le,f). The CD44v™ subpopulation was thus enriched in
highly metastatic cells compared with the CD44v~ subpopulation.

Given that 4T1 cells are resistant to 6-thioguanine (6-TG)?8,
we isolated tumour cells by 6-TG selection from lung metastases
formed after injection of CD44v™ cells into the tail vein. Small
metastatic nodules consisted mostly of CD44v™~ cells, suggesting
that CD44v ™ cells also possess metastasis-initiating ability (Fig. 1g).
However, when CD44v* and CD44v ™ cells were injected at a 50:50
ratio, lung metastases consisted mostly of CD44v* cells (Fig. 1g),
indicating that the lung colonization potential of CD44v* cells is
much higher than that of CD44v ™ cells.

ESRPI1 promotes lung metastasis of 4T1 cells. To identify the
mechanism underlying lung colonization potential, we performed
microarray analysis (Supplementary Methods) followed by gene
set enrichment analysis (GSEA)?!. The CD44v* cell/CD44v™ cell
gene set profile was similar to the embryonic stem (ES) cell/mouse
embryonic fibroblast (MEF) and induced pluripotent stem (iPS)
cell/MEEF profiles (Fig. 2a). CD44v™* cells thus manifest an ES cell-
like gene signature when compared with CD44v~ cells. The gene
for epithelial splicing regulatory protein 1 (ESRP1), which regulates
alternative splicing of CD44 mRNA'4, was highly expressed not only
in CD44v™ 4T1 cells but also in ES and iPS cells (Supplementary
Data 1). We therefore examined the role of this protein in metas-
tasis. An ES cell-like gene expression signature has been associated
with an aggressive phenotype in cancer®?, and so we examined the
relation between ESRPI expression and prognosis with the use of
gene expression profiles of breast cancer patients®>. A high level
of ESRP] expression was significantly associated with a lower rate of
overall survival (Fig. 2b), suggesting that increased ESRP1 expres-
sion is related to the malignant behaviour of human breast cancer.
The abundance of ESRP1 mRNA was significantly higher in
CD44v*t 4T1 cells than in CD44v™ 4T1 cells and 67NR cells
(Fig. 2¢), suggesting that ESRP1 regulates CD44v expression. We
established CD44v* 4T1 cells that stably express either a short hair-
pin RNA (shRNA) specific for ESRP1 mRNA (shESRP1 CD44v*
cells) or a corresponding scrambled (control) shRNA (shC CD44v*
cells) (Supplementary Methods). ESRP1 knockdown resulted in a
switch in CD44 mRNA splicing that led to the generation of the
CD44 standard isoform (CD44s) mRNA rather than CD44v mRNA
(Fig. 2d). Furthermore, the mRNAs for Mena, fibroblast growth fac-
tor receptor 2 (FGFR2), and p120 catenin, whose splicing is also
regulated by ESRP1 (ref. 14), underwent a shift in splicing pattern in
shESRP1 CD44v* cells (Fig. 2d). Flow cytometry also revealed that
ESRP1 depletion resulted in a pronounced conversion from the pro-
duction of CD44yv to that of CD44s without an effect on the overall
level of CD44 expression (Fig. 2e). To determine whether ESRP1
contributes to the metastatic behaviour of CD44v™ cells, we trans-
planted shC CD44v* or shESRP1 CD44v™ cells orthotopically into
mouse mammary glands. Although the incidence (shC CD44v™,
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