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Figure 1] Expression of CD44v in metastatic breast cancer cells with lung colonization potential. (a) IntegriSense fluorescence images of a
representative mouse injected with 4T1 cells (1x10%) orthotopically into the mammary gland. Left colour bar and associated numbers indicate fluorescence
intensity levels, with red and blue representing high and low fluorescence signals, respectively. LM, lung metastasis; PT, primary tumour. (b) RT-PCR
analysis of total RNA from the indicated cell lines with primers targeted to exons 5 and 16 of the mouse CD44 gene as well as to the mouse glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) gene (internal controf). M, DNA size marker. (€) Flow cytometric analysis of CD44 isoform expression on the
indicated cell lines with antibodies that recognize all isoforms of CD44 (pan-CD44) or only CD44v, Similar results were obtained in three independent
experiments. (d) IntegriSense images of primary tumours formed as a result of orthotopic injection of sorted CD44v* or CD44v™ 4T1 cells (1x105) into
the mammary gland of mice (upper). Tumour volume at 30 days after cell injection was calculated as lengthx(width)2/2 (bottom), and data are means
+s.d. for eight animals per group. NS, not significant. (e) IntegriSense images of lung metastases formed in mice injected as in (d), and quantitative
analysis of the total fluorescence intensity per [ung metastatic lesion. Quantitative data are means=s.d. for 5 animals injected with CD44v* cells or
CD44v~ cells. **P<0.01 (Student's t-test). (f) Haematoxylin-eosin staining of lung metastases formed 30 days after orthotopic injection of CD44v™*

or CD44v~ cells into the mammary gland of recipient mice. The boxed regions in the upper panels are shown at higher magnification in the lower panels.
Arrows indicate metastatic nodules in the lung; asterisks indicate blood vessels; T, tumour. Scale bars, 300 um (upper) or 100 um (lower). (g) Flow
cytometric analysis of CD44 isoform expression on tumour cells (6-TG-resistant and lineage marker-negative (Lin ™) cells) isolated from lung metastases
at 30 days after intravenous injection of CD44v ™~ 4T1 cells (1x104) or both CD44v* and CD44v™ 4T1 cells (5x103 cells each).

15/15; shESRP1 CD44v*, 15/15) and volume (Fig. 2f) of primary
tumours formed by these cells were similar, the incidence of lung
metastasis was reduced for the ESRP1-depleted cells (shC CD44v ¥,
14/15; shESRP1 CD44v™, 6/15). Furthermore, the extent of lung
metastases was reduced for shESRP1 CD44v™* cells compared with
shC CD44v* cells (Fig. 2g), suggesting that ESRP1 promotes lung
colonization by CD44v 4T1 cells.

CD44v* stem-like cells dominantly colonize and expand in the
lung. We next examined whether metastasis-associated stress results
in enrichment of ROS-resistant cells. We isolated tumour cells from
the primary lesion (4T1PT) and lung metastases (4T1LM) formed
by 4T1 cells (Fig. 3a) and evaluated their intracellular ROS lev-
els by staining with the fluorescent probe 2’,7’-dichlorofluorescein
diacetate (DCFH-DA). ROS levels of 4T1LM cells were lower than
those of 4T1PT cells in the absence or presence of hydrogen peroxide

(H,0,) (Fig. 3b; Supplementary Fig. S2), indicating that 4T1LM cells
have a higher ROS-defence capacity than 4T1PT cells. Furthermore,
flow cytometry of cells labelled with 5-chloromethylfluorescein diac-
etate (CFMDA), a fluorescent probe for GSH (Supplementary Meth-
ods), revealed that intracellular GSH abundance in 4T1LM cells was
greater than that of 4T1 or 4T1PT cells (Fig. 3¢). A luminescence-
based assay that relies on the conversion of a luciferin derivative to
luciferin in the presence of GSH'® also showed that the intracellular
GSH content of 4T1LM cells was significantly greater than that of
4T1PT cells (Supplementary Fig. $2). Together, these results indi-
cated that lung metastasis results in enrichment of ROS-resistant
cells with high GSH levels. To examine whether CD44v-expressing
cells maintain high GSH levels in vivo, we applied imaging mass
spectrometry to visualize GSH and oxidized glutathione (GSSG)
in frozen tissue samples’%°, CD44v* lung metastases formed by
4T1 cells manifested high levels of GSH but not of GSSG (Fig. 3d),
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Figure 2 | Regulation of alternative splicing of CD44 mRNA and promotion of lung metastasis by ESRP1. (a) GSEA of microarray data for CD44v™
cell/CD44v™ cell, ES cell/MEF (GSE16925 and GSE11274), and iPS cell/MEF (GSE16925) profiles. (b) Kaplan-Meier plots of overall survival according to
ESRP1(219121_s_at) expression level for a breast cancer patient set (GSE1456, n=159). (€) Quantitative RT-PCR analysis of the abundance of ESRPT mRNA

in CD44v™ 4T1 cells, shC CD44v ™ cells, shESRPT1 CD44v™ cells, and 67NR

cells relative to that in CD44v* 4T1 cells. Data were normalized by the amount

of Gapdh mRNA and are means=s.d. from three independent experiments. **P< 0.01 (Student's t-test). (d) RT-PCR analysis of splice variant mRNAs for

CD44, Mena, p120 catenin, and FGFR2 in shC CD44v* and shESRP1 CD44v™*

cells, (e) Flow cytometric analysis of CD44 expression on shC CD44v™ and

shESRPT CD44v™ cells with antibodies to pan-CD44 and to CD44v. (f) IntegriSense images of primary tumours formed in mice by orthotopically injected
shC CD44v™ or shESRPT CD44v™ cells (1x105) as well as tumour volume at 30 days after cell injection, Quantitative data are meanss.d. for five animals
per group. (g) IntegriSense images of lung metastases and quantitative analysis of the total fluorescence signal intensity per lung metastatic lesion for
mice injected as in (F). Quantitative data are means=s.d. for four animals per group. *P<0.05 (Student's -test).

suggesting that CD44v confers ROS resistance to cancer cells through
the promotion of GSH synthesis. We then examined the role of GSH
in lung colonization by CD44v™* cells with the use of L-buthionine
sulphoximine (BSO), which inhibits y-glutamylcysteine synthase®
and thereby depletes intracellular GSH (Supplementary Fig. S2).
Lung colonization by L-buthionine sulphoximine-treated CD44v™*
cells was significantly inhibited compared with that of control cells
(Supplementary Fig. 52), suggesting that a high intracellular GSH
level enhances the lung colonization potential of CD44v* cells.
Breast cancer stem cells manifest an increased ROS defence
capacity relative to their nontumorigenic progeny>”. We therefore
examined 4T1LM cells for the presence of stem-like cells with the
use of ALDEFLUOR, a fluorescent probe for aldehyde dehydroge-
nase (ALDH) activity, a marker for stem-like cancer cells®®, 4T1LM
cells contained a much larger proportion of ALDEFLUOR-posi-
tive cells compared with 4T1 or 4T1PT cells (Fig. 3e). Further-
more, most ALDEFLUOR-positive 4T1LM cells expressed CD44v

4

(Fig. 3f), suggesting that CD44v* stem-like cells may expand
during lung colonization. In contrast, the proportions of ALDE-
FLUOR-positive cells among noninjected CD44v* or CD44v ™~ 4T1
cells were similar (Fig. 3g). These results suggested that the differ-
ence in metastatic behaviour between CD44v™ and CD44v~ cells
is determined by the difference in ROS resistance rather than by a
difference in the size of the pre-existing stem-like cell population.

CD44 splicing enhances ROS defence in metastatic 4T1 cells.
We examined the role of xCT in lung metastasis and found that the
level of xCT expression on the surface of 4T1 cells was greater than
that on 67NR (nonmetastatic) cells (Fig. 4a). It was also higher on
CD44v™" cells compared with CD44v™ cells. xCT was downregu-
lated on CD44v* cells by RNA interference-mediated depletion
of ESRP1 (Fig. 4b), suggesting that ESRP1-dependent splicing of
CD44 mRNA controls the cell surface expression of xCT. Consist-
ent with these results (Fig. 4a,b), the intracellular GSH content was
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Figure 3 | Selective expansion of CDA4v™ stem-like cancer cells during lung metastasis. (a) Experimental protocol. (b) 4T1PT or 4T1ILM cells were
incubated with or without 500 uM H,0, for 20 min, stained with DCFH-DA, and subjected to flow cytometric analysis. RFl, relative fluorescence intensity.
Similar results were obtained in three independent experiments. (¢) Flow cytometric analysis of parental 4T1 as well as 4T1PT and 4T1LM cells stained
with CFMDA (upper). Meanzts.d. values for RFl from five independent experiments are also shown (lower); **P<0.01(Student’s t-test). (d) Haematoxylin-
eosin (H&E) staining and immunohistochemical staining of CD44v (upper panels) as well as imaging mass spectrometry of GSH and GSSG (lower panels)
in lung metastases formed by 4T1 cells. The colour bar indicates peak intensity levels at m/z 306.0 (GSH) or 6111 (GSSG), with red and blue representing
high and low signals, respectively. Scale bar, 500 um. (e) Flow cytometry of 4T1, 4T1PT, or 4TILM cells incubated with the ALDEFLUOR substrate (BAAA)
with or without the specific inhibitor (DEAB) to establish the baseline fluorescence and to define the ALDEFLUOR-positive region. SSC-H, side scatter.

(f) Flow cytometric analysis of CD44v expression in ALDEFLUOR-positive 4T1LM cells. Cells were stained with antibodies to CD44v after incubation with
BAAA in the absence or presence of DEAB. Similar results were obtained in three independent experiments. (g) Flow cytometric analysis of CD44v* or
CD44v~ 4T1 cells subjected to the ALDEFLUOR assay as in (e). Similar results were obtained in three independent experiments.

significantlyhigherfor4T1 cells than for 67NR cells, for CD44v * cells
compared with CD44v™ cells, and in shC CD44v™ cells compared
with shESRP1 CD44v™* cells (Fig. 4c). These findings suggested that
ESRP1-regulated CD44v expression increases the amount of xCT
at the cell surface and thereby contributes to the maintenance of
high GSH levels. To investigate whether xCT activity promotes lung
colonization by CD44v-expressing cells, we examined the effect
of the specific xCT inhibitor sulfasalazine (Supplementary Meth-
0ds)183%, Two weeks after intravenous injection of CD44v™ cells,
lung metastasis was suppressed in sulfasalazine-treated mice com-
pared with saline-treated controls (Fig. 4d), suggesting that xCT has
a functional role in lung colonization.

ESRP1 affects the splicing of mRNAs for various proteins includ-
ing FGFR2, p120 catenin, and Mena as well as CD44 (ref. 14). To
examine the contribution of CD44v to ESRPI1-dependent lung
metastasis, we introduced CD44v8-10 complementary DNA!® into
shESRP1 CD44v™ cells to generate cells that stably express CD44v8-
10 as well as ESRP1 shRNA (Fig. 4e; Supplementary Fig. $3). Cells
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expressing CD44v8-10 showed a significantly higher level of GSH
compared with cells transfected with the empty vector (Fig. 4f).
Furthermore, the increase in ROS level after exposure to H,O, was
reduced by forced expression of CD44v8-10 (Fig. 4g), indicating that
CD44v8-10 expression enhanced ROS defence in ESRP1-depleted
cells. ROS abundance in the absence of H,O, was not affected by
CD44v8-10 expression (Supplementary Fig. S3), suggesting that
CD44v8-10 protects cancer cells on exposure to excessive amounts
of ROS.

Finally, forced expression of CD44v8-10 resulted in a marked
increase in the lung metastatic potential of ESRP1-depleted cells
(Fig. 4h). Together, these data suggested that alternative splicing of
CD44 mRNA regulated by ESRP1 enhances xCT-dependent ROS
defence in cancer cells and thereby promotes efficient lung coloni-
zation.

Epigenetic regulation of ESRPI expression in 4T1 cells. ESRP1
expression was recently shown to be downregulated in cells

5
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Figure 4 | CD44 splicing enhances ROS defence and lung colonization potential. (a) Flow cytometric analysis of xCT expression on 4T1 or 67NR cells,
(b) Flow cytometry of xCT expression on CD44v* or CD44v™ 4T1 cells (upper left) and on shC CD44v* or shESRP1 CD44v™ cells (upper right). CD44v™

(Mean RFl; 6.72+0.14), CD44v* (Mean RFI; 10.06 £0.93**), shESRP1 CD44v*
+s.d. values for RF] from five independent experiments. **P<0.07 (Student's t-

(Mean RFI; 6.09£0.29), shC CD44v* ( Mean RFI; 9.41£0.44**), Mean
test). (¢) Intracellular GSH content of 4T1 or 67NR cells (left), CD44v ™

or CD44v™ 4T1 cells (middle), and shC CD44v™ or shESRP1 CD44v™ cells (right). Data are meanszs.d. from five independent experiments. **P<0.01

(Student's t-test). (&) IntegriSense images of lung metastases formed in mice
of treatment with sulfasalazine or saline. The fluorescence signal intensity of e

2 weeks after intravenous injection of CD44v* cells (1x105) and the onset
ach lung metastasis was also measured; data are means=s.d. for four

animals treated with saline and six animals treated with sulfasalazine. **P<0.01 (Student’s t-test). (e) Flow cytometric analysis of human CD44v9
expression on the surface of shESRP1 CD44v* cells stably expressing human CD44v8-10 or stably transfected with the empty vector (mock).
(f) Intracellular GSH content of cells transfected as in (e). Data are means*s.d. from five independent experiments. **P<0.01 (Student's t-test).

(g) Mock-transfected or CD44v8-10-expressing shESRPTCD44v™ cells were i
subjected to flow cytometric analysis. Mock-transfected shESRP1 CD44v* (M
160.19£8.82**). Mean=s.d. values of RFI from five independent experiments.

formed 30 days after orthotopic injection of cells (1x10°) transfected as in ()
of each lung metastasis was also measured; data are means xs.d. for five anim

undergoing the epithelial-mesenchymal transition (EMT)%0. To
investigate the relevance of EMT status to ESRP1 expression in
CD44v™* and CD44v~ 4T1 cells, we examined the expression of
EMT markers and Twist, an EMT-inducing transcription factor
that is highly expressed in 4T1 cells*L. Immunoblot analysis showed
that both CD44v* and CD44v~ cells express the epithelial mark-
ers E-cadherin and ZO-1 and that the expression level of Twist was
similar in the two cell subpopulations (Fig. 5a), suggesting that
ESRP1 expression in CD44v* and CD44v~ 4T1 cells is regulated
independently of EMT-related mechanisms.

Posttranscriptional modifications of histones that affect chro-
matin structure influence ESRP1-mediated alternative splicing#43,

NATURE COMMUN
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6
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ncubated with 500 pM H,O5 for 20 min, stained with DCFH-DA, and

ean RFI; 232.73+4.89), CD44v8-10-expressing shC CD44v* (Mean RFI;
**P< 0,07 (Student's t-test). (h) IntegriSense images of lung metastases
into the mammary gland of recipient mice. The fluorescence signal intensity
als per group. **P<0.01 (Student’s t-test).

suggesting that alternative splicing is tightly regulated at the chro-
matin level. We therefore examined whether ESRPI expression
might also be regulated epigenetically through histone modifi-
cation by performing chromatin immunoprecipitation (ChIP)
sequencing analysis of the ESRPI locus in CD44v* and CD44v~
cells. CD44v™ cells manifested a marked increase in the amount of
trimethylated lysine-4 of histone H3 (H3K4me3), which marks open
chromatin and active transcription®4, compared with CD44v™ cells
(Fig. 5b). Conversely, the amount of trimethylated lysine-27 of
histone H3 (H3K27me3), which is associated with gene sﬂe11cing45,
was increased in CD44v ™ cells (Fig. 5b). Consistent with these his-
tone profiles, RNA polymerase II was enriched at the ESRPI locus

ICATIONS | 3:883 | DOI: 10.1038/ncomms1892 | www.nature.com/naturecommunications

Limited. All rights reserved.

22 —



NATURE COMMUNICATIONS | DOI 101038 /ncomms 1892

ARTICLE

a b
4T1
& £
o Q»P" (Signal)
200 7
H3K4me3
10
< CD4dv H3K27me3 CD44v*
107
J <—CD4ds RNAP 3t § Légé Milha ééﬂééxi ' :
H3K4me3
1
; H3K27me3 1 3
E-cadherin (120 kDa) me 8 LUE JJLQ bl Chasy
ZO-1 (240 kD RNAP
( a) 0 1260000 11,280,000 11,300,000 11,320,000 —
N-cadherin (130 kDa) Chr.é
(-} strand

Vimentin (42 kDa)

ortubulin

Figure 5 | EMT marker expression and epigenetic status of the ESRPT locus in CD44v* or CD44v™ 4T1 cells. (a) Immunoblot analysis of the epithelial

markers (E-cadherin and ZO-1) and the mesenchymal markers (N-cadherin and Vimentin) and Twist expression in CD44v™ or CD44v™

4T1 cells.

o~ Tubulin was analysed as a loading control. (b) Enrichment of histone H3K4me3 and H3K27me3 as well as of RNA polymerase || (RNAP) at the ESRPT
locus on mouse chromosome 4 in CD44* or CD44~ 4T1 cells as visualized with the 390-kbp UCSC mm9 genome browser. The gene is transcribed from

right to left.

in CD44v™ cells compared with CD44v™ cells (Fig. 5b). Together,
these findings suggested that ESRP1 expression in metastatic cancer
cells is controlled at the chromatin level.

Discussion

Alternative splicing generates multiple mRNAs from a single-gene
transcript, thereby greatly expanding proteomic diversity. Although
only a small number of cell type-specific splicing regulators have
been identified in mammals, numerous additional regulators will
likely be found among the large number of uncharacterized RNA-
binding proteins. ESRPs regulate the splicing of transcripts for epi-
thelial- or mesenchymal-specific isoforms of proteins including
CD44, FGFR2, p120 catenin, and Mena!4, The expression of CD44v
but not CD44s has been shown to promote the aggressive behav-
iour in several types of cancer cells including pancreatic cancer!%46
and lymphoma®’, We have now shown that depletion of ESRP1 in
metastatic breast cancer cells changed the phenotype of these cells
from CD44v* to CD44s*, without affecting the overall level of
CD44 expression on the cell surface, and resulted in the suppres-
sion of lung metastasis. Consistent with these results, a high expres-
sion level of ESRPI in tumour specimens was associated with a poor
prognosis in breast cancer patients.

Metastasis allows cancer cells to avoid oxidative damage caused
by excess ROS in the primary tumour?®, with metastatic cancer
cells often being required to adapt to the selective pressure of the
tumour microenvironment'?, Neutrophils were recently shown to
accumulate in the lung before the arrival of metastatic cells as well
as to inhibit lung metastasis of 4T1 cells through NADPH-depend-
ent H,0, generation?!. Neutralization of such oxidative stress at
potential sites of metastasis may thus be required for cancer cells to
establish metastatic lesions.

The cystine transporter xCT promotes GSH synthesis and ROS
defence in cancer cells and thereby has a key role in resistance to
cancer therapy'®%7, and it has recently been implicated in cancer
metastasis®®. We found that ESRP1-dependent alternative splic-
ing of CD44 mRNA increases both the intracellular GSH level and
lung metastatic potential in breast cancer cells. Furthermore, forced
expression of CD44v8-10 in ESRP1-depleted cells restored GSH
content and lung metastatic ability to levels observed in ESRPI-
replete cells. ESRP1-regulated alternative splicing of CD44 mRNA
thus enhances xCT-dependent ROS defence and thereby allows
cancer cells to evade metastatic stress.

NATURE COMMUNICATICNS | 3:883 | DOL: 10.1038/ncomms1892 | www.nature.com/naturecommunications

ALDH activity, in addition to CD44 expression, has been
shown to be a marker for stem-like cells in breast cancer’®.
ALDHMEMCD447 cells among human breast cancer cell lines show
increased tumour formation and lung colonization abilities com-
pared with ALDHI®WCD441°%/~ cells®, We found that both CD44v*
and CD44v~ 4T1 cell subpopulations contain a small number of
ALDEFLUOR-positive stem-like cells but that these stem-like cells
among the CD44v™ subpopulation underwent selective expansion
in lung metastases. CD44v may therefore not be a specific marker
for stem-like cancer cells but rather may be required to protect
stem-like cells against oxidative stress.

Induction of the EMT results in downregulation of ESRP1 expres-
sion and thereby triggers a CD44 isoform switch from CD44v
to CD44s in mammary epithelial cells!#0. Given that CD44v*
and CD44v~ 4T1 cells manifest similar expression levels of both
epithelial and mesenchymal markers, the expression of ESRP1 as
well as that of CD44v in these cells do not seem to be dependent on
EMT status. ChIP sequencing analysis at the ESRPI locus revealed
that CD44v™ cells manifest H3K4me3 (a mark of active transcrip-
tion) at the transcription start site, whereas CD44v™ cells manifest
H3K27me3 (a mark of transcriptional repression). ESRP1 expres-
sion may thus be affected by the epigenetic status of the ESRPI locus
as well as by the EMT.

Chromatin modifications including DNA and histone meth-
ylation at metastasis-related genes have been considered potential
targets for the treatment of cancer metastasis®!. Therapies targeted
to the epigenetic regulation of ESRPI as well as those that target
CD44v-mediated stabilization of xCT might be expected to perturb
the ROS resistance of metastatic stem-like cancer cells and thereby
to render them susceptible to currently available cancer treatments.

Methods

Cell culture. The murine breast cancer cell line 4T1 (American Type Culture
Collection, Rockville, MD) as well as CD44v* and CD44v ™ cells sorted therefrom
were cultured under 5% CO, at 37 °C in RPMI 1640 medium (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum. 67NR, 168FARN, and 4T07 cells
(kindly provided by Link Genomics, Tokyo, Japan) were cultured under 5% CO; at
37°C in Dulbecco’s modified Eagle’s medium-F12 (Sigma)

supplemented with 10% fetal bovine serum.

Mice. Wild-type Balb/c mice were obtained from CLEA Japan or Japan SLC (Tokyo,
Japan). They were bred and maintained in the animal facility at Keio University
according to institutional guidelines. All animal experiments were performed in
accordance with protocols approved by the Ethics Committee of Keio University.

© 2012 Macmillan Publishers Limited. All rights reserved.
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Orthotopic transplantation and metastasis assay. Parental, CD44v*, or
CD44v~ 4T1 cells (1x10%) were orthotopically injected into the fourth mammary
gland of syngeneic 8-to-10-week-old female wild-type Balb/c mice. At 30 days after
transplantation, the mice were killed and the lungs removed. Quantification of lung
metastasis was performed by imaging as described below.

IntegriSense imaging. Twenty-four hours before imaging, mice were injected
intravenously with 2 nmol of IntegriSense 750 (VisEn Medical, Bedford, MA).
Fluorescence imaging was performed with a ClairvivoOPT in vivo fluorescence
imager (Shimadzu), with excitation at 785 nm with a laser diode and detection of
fluorescence with an 845/55-nm band-pass filter. For quantitative comparisons, the
total fluorescence signal intensity (pixel count) in a region of interest correspond-
ing to each lung metastasis was measured.

Tumour cell isolation and flow cytometry. 4T1PT or 4T1LM cells were isolated
from primary tumours or lung metastases, respectively, formed 30 days after
orthotopic injection of 4T1 cells (1x10°) into the mammary gland of recipient
mice. Primary tumours or lung metastases were digested for 4 to 5h at 37°C

in Ham’s F12 medium supplemented with 5% fetal bovine serum, penicillin

(100 Uml~1), streptomycin (100 ugml™~1), bovine insulin (5pgml~1), collagenase
(300 Uml~1), and hyaluronidase (100 Uml~?). Red blood cells were then lysed by
the addition of NH,Cl to a final concentration of 100 mM at room temperature,
and tissue fragments were dissociated by gentle pipetting first in the presence

of 0.25% trypsin for 1 to 2min and then in the additional presence of dispase
(5mgml~?) and DNase I (0.1 mgm! =) for 2min. All reagents were obtained from
Stemcell Technologies (Vancouver, Canada). The mixture was then filtered through
a 40-pm nylon mesh to yield a single-cell suspension, and the cells were cultured
in the presence of 0.4 UM 6-TG (Sigma) for 2 to 3 days and then subjected to FACS
to isolate Lin~ cells. Cultured cells were dissociated by exposure to enzyme-free,
Hanks-based Cell Dissociation Buffer (GIBCO-Invitrogen, Tokyo, Japan). For flow
cytometric analysis or FACS, single-cell suspensions were incubated with antibod-
ies for 20 min at 4°C. Antibodies included phycoerythrin- and Cy7-conjugated
antibodies to the lineage markers (Lin) CD31, CD45, and TER119 (BioLegend,
San Diego, CA, USA), phycoerythrin-conjugated antibodies to pan-CD44 (IM7;
eBioscience, San Diego, CA, USA), antibodies to xCT (Abcam, Cambridge, UK),
allophycocyanin-conjugated antibodies specific for mouse CD44v"? and fluores-
cein isothiocyanate-conjugated antibodies to human CD44v9 (ref. 18). Apoptotic
cells were excluded for all flow cytometric analysis and FACS by elimination of cells
positive for staining with propidium iodide. Flow cytometric analysis and FACS
were performed with a FACSCalibur instrument (BD Biosciences, Tokyo, Japan)
and either a FACSAria Cell Sorter (BD Biosciences) or MoFlo Cell Sorter (Beckman
Coulter, Tokyo, Japan), respectively. For measurement of ROS or GSH levels, cells
were incubated with 10 uM DCFH-DA or CFMDA (Invitrogen/Molecular Probes,
Tokyo, Japan), respectively, for 15 min at 37 °C, washed twice with phosphate-
buffered saline, and subjected to flow cytometric analysis.

Immunoblot analysis. Immunoblot analysis was performed, as described
previously®?, and with primary antibodies including those to pan-CD44 (IM7;
BD Pharmingen, Tokyo, Japan; 500x dilution), E-cadherin (BD Pharmingen;
1,000x dilution), ZO-1, (Invitrogen, Tokyo, Japan; 1000x dilution), Twist (H-81;
Santa Cruz Biotechnology, Santa Cruz, CA, USA; 200x dilution), N-cadherin (N-
19; Santa Cruz; 1,000x dilution), Vimentin (BD Pharmingen; 200x dilution), and
o-Tubulin (Sigma; 1,000 dilution).

ALDEFLUOR assay. An ALDEFLUOR kit (StemCell Technologies) was used to
detect cells with a high ALDH activity. Cells were suspended in ALDEFLUOR
assay buffer containing the ALDH substrate BODIPY aminoacetaldehyde (BAAA)
and incubated for 40 min at 37 °C. As a negative control, cells were incubated in
the additional presence of diethylaminobenzaldehyde (DEAB), a specific ALDH
inhibitor.

Imaging mass spectrometry. 4T1 lung metastasis tissues snap-frozen in liquid
nitrogen were dissected to prepare cryosections with 5-pm thickness by use of a
cryostat (CM 1900; Leica Microsystems, Wetzlar, Germany). The sections were
thaw-mounted on indium-tin oxide slides (Bruker Daltonik GmbH, Bremen,
Germany) and were dried in silica gel-containing plastic tubes and, then, sprayed
with 9-aminoacridine (9-AA, 20mg in 4m] 70% MeOH) by use of a 0.2-mm nozzle
calibre airbrush (Procon boy FWA Platinum; Mr Hobby, Tokyo, Japan) to conduct
matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry
in negative ion mode®#35. Adjacent sections were fixed with 4% buffered formalin
(Nacalai Tesque, Kyoto, Japan) and stained with antj-CD44v antibody®2. All the
MALDI imaging experiments was carried out in negative-ion mode using a proto-
type Mass Microscope (Shimadzu Corporation, Kyoto, Japan). The laser power was
adjusted to the desired intensities. MALDI mass spectra were acquired under the
conditions laser diameter 10 [im, 80 shots per spot, scanning pitch 10 im and
scanning mass range from m/z 260 to m/z 670. Regions of the tissue samples
exposed to the laser irradiation were determined by light microscopic observation.

GSEA. To detect overlap in gene expression profiles among multiple sets of genes,
we used GSEA with the Kolmogorov-Smirnov enrichment algorithm and 400

random permutations to determine statistical significance. We first generated
CD44v*/CD44v ™ log, ratio data from our microarray experiment and divided
genes into those whose expression was upregulated (log, ratio > 0) or downregu-
lated (log, ratio <0). Second, we collected public microarray data (GSE11274 and
GSE16925) from the GEO database and calculated the P-value (t test) and log,
ratio for ES cells/MEFs or iPS cells/MEFs with the use of the SAM R-package.

We extracted the genes with a >2.0-fold change in expression (upregulated)

or <0.5-fold change (downregulated) on average and a SAM P-value of <0.05.
Third, up- or down-regulated gene sets in our CD44v*/CD44v™ microarray
experiment were compared with the ES and iPS cell signature gene sets by GSEA.

ChiP sequencing and data analysis. ChIP was performed as previously
described®, CD44v™* or CD44v™~ 4T1 cells were fixed with 1% formaldehyde,
neutralized with 0.2 M glycine, and suspended in a lysis buffer containing 10 mM
Tris-HCl (pH 8.0), 150mM NaCl, 1% SDS, 1 mM EDTA, and a protease inhibitor
cocktail (Roche, Tokyo, Japan). The cell lysates were subjected to ultrasonic
treatment (Sonifier 250; Branson, Kanagawa, Japan) and diluted with a solution
containing 20 mM Tris-HCI (pH 8.0), 150mM NaCl, 1 mM EDTA, and 1% Triton
X-100) for immunoprecipitation with Protein A/G (Invitrogen)-bound antibedies
to H3K4me3 or to RNA polymerase II (both kindly provided by H. Kimura) or
with those to H3K27me3 (Merck, Tokyo, Japan). Precipitated DNA was prepared
according to the Ilumina/Solexa Genomic DNA protocol (Illumina, San Diego,
CA). The DNA was amplified by PCR (18 cycles) with annealing to the flow cell of
a Genome Analyzer. DNA fragments of 350 to 450 bp were purified after separa-
tion on an agarose gel and diluted to 10nM for loading on the flow cell. The DNA
Iibrary (2pM) was applied to the flow cell with the use of the Cluster Station device
(Illumina). ChIP sequencing (ChIP-seq) data were analysed, as described®. In
brief, images acquired from the Illumina/Solexa sequencer were processed through
the bundled Solexa image extraction pipeline, which identified Polony positions,
performed base-calling, and generated quality control (QC) statistics. Sequences
were aligned with the human genome in the NCBI genomic database (UCSC
mm9) as the reference genome. Sequences that mapped uniquely to the genome
with two-base mismatches were selected. Sequences from all lanes for each ChIP
sample were combined, extended 200bp (maximum fragment length accounting
for ~100bp of primer sequence), and allocated into 25-bp bins. Genomic bins
showing statistically significant ChIP-seq enrichment were identified by compari-
son with a Poissonian background model. For every 500-bp (for H3K4me3 and
RNA polymerase II) or 1,000-bp (for H3K27me3) window, the mapped tag count
for the ChIP sample (C,) and that for the ChIP input (C;) were used for calculation.
E. and E; represent the estimated counts for 500-bp windows for the ChIP sample
and ChIP input, respectively. The signal ratio was calculated as (C/E, + 1)/Max(1,
Cy/E;+1). These signals were visualized with Integrated Genome Browser software
(Affymetrix, Santa Clara, CA, USA)%S,

Statistical analysis. Data are presented as meanss.d. and were analysed with the
unpaired Student’s £ test. A P-value of <0.05 was considered statistically significant.
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Abstract

The M2 splice isoform of pyruvate kinase (PKM2), an enzyme that catalyzes the later step of glycolysis, isa
key regulator of aerobic glycolysis (known as the Warburg effect) in cancer cells. Expression and low
enzymatic activity of PKM2 confer on cancer cells the glycolytic phenotype, which promotes rapid energy
production and flow of glycolytic intermediates into collateral pathways to synthesize nucleic acids, amino
acids, and lipids without the accumulation of reactive oxygen species. PKM2 enzymatic activity has also been
shown to be negatively regulated by the interaction with CD44 adhesion molecule, which is a cell surface
marker for cancer stem cells. In addition to the glycolytic functions, nonglycolytic functions of PKM2 in
cancer cells are of particular interest. PKM2 is induced translocation into the nucleus, where it activates
transcription of various genes by interacting with and phosphorylating specific nuclear proteins, endowing
cancer cells with a survival and growth advantage. Therefore, inhibitors and activators of PKM2 are
well underway to evaluate their anticancer effects and suitability for use as novel therapeutic strategies.

Clin Cancer Res; 18(20); 5554-61. ©2012 AACR.

Introduction

Obtaining sufficient energy is a critical issue for cells to
survive. Regardless of local availability of molecular oxy-
gen, mainly cancer cells primarily use glycolysis to pro-
duce ATP. This unique feature is called aerobic glycolysis
or the Warburg effect (1, 2). Recent studies show that
pyruvate kinase M2 (PKM2) is a key glycolytic enzyme
that regulates the Warburg effect and is necessary for
tumor growth (3). Incorporated glucose is converted into
pyruvate through several steps in cytoplasm (Fig. 1).
Pyruvate can be converted to lactate or to acetyl-CoA,
and such direction is determined by the enzymatic activ-
ity of PKM2 (3-6). Low PKM2 activity promotes conver-
sion to lactate and leads to Warburg effect, whereas high
activity of both PKM2 and PKM1 promotes conversion to
acetyl-CoA (Fig. 1; refs. 3-6). Recently, not only the
glycolytic but also the nonglycolytic functions of PKM2
have attracted a great deal of attention. In this review, we
describe the functions of PKM2 in cancer cells and discuss
potential therapeutic applications.
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Four [soforms of Pyruvate Kinase

Pyruvate kinase (PK) is a glycolytic enzyme that catalyzes a
reaction generating pyruvate and ATP from phosphoenol-
pyruvate (PEP) and ADP (Fig. 1). Four isoforms of PK (L, R,
M1, and M2) are present in mammals. The L and R isotypes
are encoded by the PKLR gene. Their expression is tissue
specific and is regulated by different promoters. The Lisotype
is expressed in the liver, kidney, and intestine, and the R
isotype is expressed in red blood cells (7-10). PKM1 and
PKM2 are encoded by the PKM gene and are the products of 2
mutually exclusive alternatively spliced exons (exon 9 and
exon 10, respectively; refs. 7, 11, 12): M1 is expressed in most
adult differentiated tissues such asbrain and muscle, whereas
M2 is expressed in embryonic cells, adult stem cells, and
cancer cells (3, 8, 9, 13-15). Splicing of PKM is controlled by
the splicing repressors, heterogeneous nuclear ribonudeo-
protein (hnRNP) Al and A2, as well as polypyrimidine tract
binding protein (PTB, also known as hnRNPI), and the
expression of those repressors is upregulated by MYC onco-
protein (Fig. 2; refs. 7, 11). These proteins bind to exon 9 and
repress PKM1 mRNA splicing, resulting in the indusion of
exon 10 and thereby contributing to the high levels of PKM2
expression (7, 11, 16).

FRMZ Expression in Cancer Cells

In addition to embryonic cells and adult stem cells, PKM?2
is a major isoform expressed in cancer cells (3, 8, 9, 13-15).
The expression of PKM2 is necessary for tumor growth
(3, 15, 17-20) and a number of regulators of PKM2 expres-
sion have beenreported (7, 8,11, 16, 21-23). Arecent study
showed that PKM2 expression is induced by activated
mTOR, which transactivates hypoxia-inducible factor 1
(HIF-1) and promotes the cMyc-hnRNPs-mediated
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Figure 1. Metabolic pathway regulated by PKM2 in cancer cells. PKMZ2 exists in both a low-activity dimeric form and a high-activity tetrameric form. The less
active dimeric form of PKM2 is phosphorylated by tyrosine kinases and promotes the conversion of pytuvate to lactate. In contrast, the high-activity tetrameric
form promotes the conversion of pyruvate to acetyl-CoA. Intermediates of glycolysis can also enter other collateral pathways, where they are used to
synthesize nucleotides, glycerol, and NADPH. G6PD, glucose-6-phosphate dehydrogenase; ROS, reactive oxygen species; RTK, receptor tyrosine kinase;
TCA, tricarboxylic acid.

alternative splicing, leading to the aerobic glycolysis in serum, and stool from cancer patients (3, 9, 15, 25-27).
tumor cells (24). Given that the upregulation of PKM2, concomitant with

Enhanced expression of PKM2 is observed both in the downregulation of PKM1, is induced in skin cells
various cancer cell lines and in samples such as blood, within 24 hours of treatment with the tumor promoter,
www.aacrjournals.org Clin Cancer Res; 18(20) October 15, 2012
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Figure 2. PKM1 and PKM2 expression after alternative splicing. The alternative exons, which encode the different segments of PKM1 and PKM2, are indicated
in blue (exon 9) and red (exon 10) boxes. Mutually exclusive alternative splicing of exon 9 and exon 10 is indicated. HNRNP proteins (nRNPAT and hnRNPA2)
and PTB (also known as hnRNPI) controlled by MYC bind to exon 9 and repress PKM7 mRNA splicing, resulting in the inclusion of exon 10, forming
PKM2 mRNA. PKM2 exists in 2 oligomeric forms: a high-activity tetrameric form and a low-activity dimeric form, whereas PKM1 constitutively exists as
high-activity tetrameric form. Several factors affect the switch between the dimeric and tetrameric forms. Oncoproteins, tyrosine kinase-mediated
phosphorylation, and oxidative stress all promote the formation of the low-activity dimer. In contrast, fructose-1,6-P2 and serine promote the reverse situation.

hnRNP, heterogeneous nuclear ribonucleoprotsin.

12-O-tetradecanoylphorbol-13-acetate, PKM2 expression
might be an early event in carcinogenesis (28). Thus, PKM2
can be a useful biomarker for the early detection of tumors.

Glycolyiic Funciions of PKM2

The expression and lower glycolytic enzyme activity of
PKM2 are necessary for the Warburg effect, which provides
cancer cells with selective advantages, including tumor
growth and suppression of reactive oxygen species (ROS;
refs. 3, 4, 15, 18) for the following 2 reasons. First is that the
glycolytic pathway generates ATP more rapidly than the
oxidative phosphorylation (29), allowing faster incorpo-
ration of carbon into its biomass (4, 30). Between yield and
rate of ATP production, a trade-off has been reported to be
present in sugar degradation by glycolysis and mitochon-
drial respiration. Then, glycolysis generates ATP at a high
rate but low yield via massive consumption of glucose
(29, 31). The second reason is that lower activity of PKM2
facilitates the production of glycolytic intermediates to
enter the glycolysis branch pathways, such as glycerol syn-
thesis and the pentose phosphate pathway, which generates
NADPH to suppress ROS production and is also involved
in nudleotide synthesis (Fig. 1; refs. 4, 15, 30, 32, 33). In
other words, the increase in glycolysis induced by the lower
activity of PKM2 can supply cancer cells with varied
resources of substrates necessary for their rapid
proliferation.

PKM2 exists as either a low-activity dimeric or high-
activity tetrameric form, whereas PKM1 constantly exists
as a high-activity tetrameric form (Figs. 1 and 2; refs. 8,
9, 34). Cancer cells predominantly express the low-activity

dimeric form of PKM2 (3, 5, 6), whereas normal prolifer-
ating cells express the high-activity tetrameric form (9).
Christofk and colleagues (3) and Vander Heiden and col-
leagues (35) from Cantley’s group reported that PKM1-
expressing cells showed much higher PK activity than
PKM2-expressing cells; these cells consumed more oxygen,
produced less lactate, and were highly sensitive to the
mitochondrial ATP synthesis inhibitor, oligomycin (3). In
addition, Hitosugi and colleagues reported that tyrosine
phosphorylation (Tyr 105) of PKM2 disrupts the active
tetrameric form of PKM2, leading to the suppression of its
activity. Furthermore, PKM2-mutated cells, in which tyro-
sine residue 105 is replaced with a phenylalanine, had
increased PK activity as observed in PKM1-expressing cells
(6). Therefore, the low activity of dimeric PKM2 is a very
important driver for glycolysis. In contrast, the high activity
of PKM2 and PKM1 tetramers drives the tricarboxylic acid
(TCA) cycle (Figs. 1 and 2; refs. 3-6).

Various factors have been reported to control the switch
between the dimeric and tetrameric forms of PKM2 (5,
6, 8, 19, 36-44). For example, fructose-1,6-bisphosphate
(fructose-1,6-P,), a glycolytic intermediate, binds allosteri-
cally to PKM2 and facilitates the formation of the active
tetramer. Serine, which is produced from a glycolytic inter-
mediate 3-phosphoglycerate, is also a positive regulator of
PKM2 (Figs. 1 and 2A; refs. 8, 45-48). In contrast, tyrosine
phosphorylation of PKM?2 induces the release of fructose-
1,6-P,, which causes PKM?2 to convert from tetrameric form
to less active dimeric form (5, 6). In addition, oncoproteins
such as HPV-16 E7 and activated pp60Y*" kinase dissociate
the tetrameric form to yield the dimeric form (49).
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Furthermore, recent studies show that oxidative stress
causes dissociation of the tetramer and a subsequent reduc-
tion in PKM2 activity (Figs. 1 and 2; ref. 18), and that
acetylation of lysine residue within PKM2 suppresses its
catalyticactivity and induces the degradation by chaperone-
mediated autophagy (22). In addition, it has been reported
that mucin 1 phosphorylated by EGF receptor (EGFR)
interacts with PKM2 and suppresses its activity (50).

Nonglyecoiviic Functions of PKM2

Avariety of molecules interact with PKM2 (5, 6, 8, 14, 18,
19, 21, 23, 24, 28, 36-45, 50-65). Many of them affect the
glycolytic functions of PKM2, which directly regulate the
Warburg effect. However, an increasing number of reports
document the nonglycolytic functions of PKM2. In partic-
ular, the role of PKM2 in transcription is attracting atten-
tion. It has been reported that PKM?2 interacts directly with
the HIF-1 subunit and promotes transactivation of HIF-1
target genes (Fig. 3; ref. 21). As HIF-1 also activates the

Figure 3. Representative
nonglyclolytic functions of PKM2 in
the nucleus. PHD3-dependent
prolyl hydroxylated PKM2 interacts
with HIF-1 and p300, enhancing
HIF-1 to occupy HRE of the target
genes. Nuclear-PKM2 functions as
an active protein kinase capable of
phosphorylating STAT3.
Phosphorylated STAT3 activates
MekS transcription via increasing
its DNA-binding ability. EGFR
activation induces translocation of
PKM2 into the nucleus. PKM2-
B-catenin complex, together with
TCF/LEF, promotes expression
Cyclin D1 and c-MYC. HRE,
hypoxia response element; PDK1,
pyruvate dehydrogenase kinase 1;
PHD, prolyl hydroxylase domain.

Multiple Roles of PKM2 in Cancer Cells

transcription of the genes encoding PKM2, cancer cells may
have the positive feedback loop between PKM2 and HIF-1,
which contributes to the characteristic metabolism in can-
cer cells.

There have been several studies about PKM2 nuclear
translocation. It is induced not only by such events as
interleukin-3 stimulation and EGFR activation, which relate
to cell proliferation (19, 52), but also by apoptotic stimuli
such as somatostatin analogues, hydrogen peroxide
(H20,), and UV light (58). Nuclear PKM2 has been shown
to activate gene transcriptions and cell proliferation
(14,19-21, 52, 61). Translocation of PKM2 into the nucleus
induced by EGFR activation was reported to promote
[-catenin transactivation, leading to expression of cyclinD1
and c-Myc (Fig. 3; ref. 52). Given that ¢-Myc upregulates
transcription of hnRNPs contributing to the high PKM2/
PKM1 ratio (7, 11), and that ¢-Myc promotes glycolysis by
driving the expression of glucose transporterl (GLUT1) and
lactate dehydrogenase A (66, 67), the events induced by the
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Figure 4. Schematic diagram of
CDA44/PKM2 interaction-
regulating GSH production in
glycolytic cancer cells. The
CD44/PKM2 interaction
suppresses PKM2 activity via
tyrosine phosphorylation and
promotes glycolysis. Promotion
of glycolysis and suppression of
the TCA cycle are maintained by
the CD44/PKM2 interaction,
which is related to increased
glucose uptake mediated by
upregulated GLUT1. Increasing
glucose uptake and subsequent
PPP flux that produces NADPH
contribute to increased GSH
production and reduced ROS
accumulation. CD44s, standard
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variant exons; CD44v, splice
variant isoforms of CD44, which
contain variable exons; GSH,
glutathione; RTK, receptor
tyrosine kinase.
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translocation of PKM2 into the nucleus may be connected
with a feed-forward loop to drive glycolysis.

Nuclear PKM2 has been reported to exist as a dimeric
form, whereas cytoplasmic PKM2 exists as both dimeric
and tetrameric form (20). In addition, the nuclear PKM2
was shown to act as a protein kinase that can phosphor-
ylate STAT3 and thereby activate transcription of cancer-
relevant genes such as Mek5 (Fig. 3; ref. 20). Taking these
findings together, we speculate that PKM2 has 2 faces
for conferring great benefits on cancer cells. First is that
dimeric PKM2 in cytoplasm acts as a PK in which
enzymatic activity is low for maintaining the glycolytic
phenotype and promoting glycolytic intermediates to a
collateral pathway for biosynthesis. The second is that the
dimeric PKM2 translocated in the nucleus acts as an active
protein kinase to phosphorylate specific nuclear proteins.
Recently, many other roles of PKM2 in various condi-
tions such as immunologic responses (43, 44, 63, 64),
genomic instability (37), angiogenesis (57), pathogenesis
(36, 41, 62), and some disease (54) have been reported. It
is important to define whether those events are associated
with glycolytic or nonglycolytic functions of PKM2.

PKMZ2 and the Management of Gxddative Siress

CD44 is a major adhesion molecule and a cell surface
marker for cancer stem cells. CD44 has been shown to be

implicated in tumorigenesis as well as tumor growth and
metastasis (51, 68, 69). Recently, we found that CD44
interacts with PKM2. The CD44/PKM2 interaction sup-
presses PKM2 enzymatic activity via tyrosine phosphoryla-
tion, thereby promoting glycolysis and increasing the flux to
the pentose phosphate pathway (PPP) in glycolytic cancer
cells that are either p53 dysfunctional or hypoxic (Fig. 4;
ref. 51). CD44 ablation enhances mitochondrial respiration
through metabolic shift from glycolysis, which may sup-
press GLUT1 expression, thereby reducing glucose uptake,
and subsequent PPP flux. Such metabolic changes induced
by CD44 ablation lead to the downregulation of reduced
glutathione (GSH) synthesis in cells, along with a conse-
quent increase in ROS accumulation (Fig. 4; ref. 51). Inter-
estingly, PKM2 activity isinhibited by oxidative stress as well
as tyrosine phosphorylation (18). Oxidative stress induces
the oxidization of Cys358 within PKM2, which promotes
glycolysis and PPP flux, leading to the production of GSH
and consequent ROS depletion (18, 70, 71). Thus, cancer
cells have multiple mechanisms for avoiding ROS accumu-
lation, which gives them a survival advantage in terms of
tumor growth and therapeutic resistance (18, 51, 72).

Therapeutic Possibilities for PKM2

Cancer-specific metabolism, which is associated with
therapeutic resistance, is an attractive target for cancer
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therapy (30, 66, 67, 73-78). As outlined above, PKM2
plays many important roles in metabolism and signals in
cancer cells and, thereby, can be an ideal therapeutic
target. The RNA interference and the peptide aptamers
which ablate PKM2 have been reported to elicit anticancer
effects, such as the impairment of tumor growth, induc-
tion of apoptotic cell death, and increasing sensitivity to
chemotherapy (3, 17, 56, 79, 80). Small-molecule inhi-
bitors of PKM2 have already been identified, and these
inhibitors suppress glycolysis and cause cell death. How-
ever, therapies targeting PKM2 expression are problem-
atic. One problem is that PKM?2 is also expressed in some
normal tissues (8). The other is that PKM2 knockdown by
short hairpin RNA does not completely disrupt cancer cell
proliferation; nevertheless, it induces near-complete
depletion of PKM2 activity (77). Thus, the compounds
that activate the catalytic function of PKM2 may have a
role as therapeutic modalities (32, 33, 77, 81). Given that
the activity of PKM2 expressed in normal tissues is high,
whereas that in cancer cells is low (9), such activators may
inhibit glycolysis and proliferation in cancer cells with
less toxic effects in normal cells. PKM2 activators show a
similar effect of fructose-1,6-P,, which induces tetrameric
formation of PKM2 (33). Because nucleic PKM2 exists as a
dimer, PKM?2 activators have a potential to prevent PKM2
from moving into the nucleus and thereby suppress
functions of nucleic PKM2. In other words, PKM2 acti-
vators may be capable of inhibiting both glycolytic and
nonglycolytic functions of PKM2.

Inhibition of glycolytic function of PKM2 can suppress
glycolysis, leading to an increase in ROS production and a
decreasingsupply of varied resources of substrates necessary
for rapid cancer cell proliferation. Inhibition of nonglyco-
Iytic function of PKM2 can suppress the activation of cancer-
relevant genes such as Mek5, c-Myc, and various HIF-1 target
genes (Fig. 3). Further studies are required to ensure their
suitability for cancer therapy.

Our group reported that CD44 ablation increases the
enzyme activity of PKM2, thereby inducing metabolic
changes, including a shift from glycolysis to TCA cycle,
leading to suppression of glucose uptake mediated down-
regulation of GLUT1 expression (51). Such metabolic
changes induced by CD44 ablation reduce the flux to PPP
and consequently accumulate ROS (Fig. 4). This sensitizes
glycolytic cancer cells such as p53-mutated cells and hyp-
oxic cells to anticancer drugs. Thus, our data suggest that
indirect activation of PKM2 may have a synergistic effect
when used in combination with existing therapies.

Ceonclusions and Future Directions

Both the glycolytic and nonglycolytic functions of
PKM2 provide cancer cells with growth and survival
advantages. PKM2 expression was shown to be involved
in early tumorigenesis (28) and can be detected in the
blood and stool of cancer patients (9, 82); furthermore,
increases in PKM2 levels were reported to correlate with
tumor size and stage (9). As described in another article in
this CCR Focus section by Yang and colleagues, mutations

Muitiple Roles of PKM2 in Cancer Cells

of IDH1 and IDH2 are also reported to be easily detect-
able using small amounts of tumor samples (83). Accord-
ingly, these enzymes involved in cancer metabolism can
be useful biomarkers.

It was recently shown that the microenvironment also
confers metabolic heterogeneity on cancer tissues (15, 77).
Such metabolic heterogeneity may be caused by the differ-
ences in the supply of nutrients and oxygen because each
cancer cell is located at a different distance from the blood
vessels (77). Acetylation of PKM2, which inhibits its cata-
lytic activity, is triggered by high glucose levels (22, 30, 84).
PKM2 acts as a metabolic sensor in a manner that is
dependent upon the glucose supply (79). The regulation
of HIF-1 and PKM?2 also differs according to the degree of
hypoxia (21, 85). In addition, Hamanaka and colleagues
suggested that PKM2 inhibitors suppress ATP production
under severely hypoxic conditions; however, PKM2 activa-
tors would increase oxidative damage under moderately
hypoxic conditions (30). Interestingly, PKM2-overexpres-
sing stromal cells have been reported to supply recycled
chemical building blocks such as lipids or nucleotides via
autophagy, increase ketone body secretion, and fuel mito-
chondrial respiration of adjacent cancer cells (86).

In condlusion, the status of PKM2 is regulated by both
intrinsic and extrinsic factors. Through the glycolytic and
nonglycolytic functions, PKM2 contributes to the malig-
nant phenotype of cancer cells, suggesting it could be an
excellent target for cancer therapy. However, PKM2 has
multiple faces and the intracellular events elicited by PKM2
are far more complicated than previously assumed. Fur-
thermore, the effects of targeting PKM2 on normal cells have
not been fully assessed. Therefore, further studies are need-
ed before inhibitors and activators of PKM2 can be used as
therapeutic interventions.
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SUMRMARY

Sustained expression of CagA, the type IV secretion
effector of Helicobacter pylori, is closely associated
with the development of gastric cancer. However,
we observed that after translocation, CagA is
degraded by autophagy and therefore shori lived.
Autophagy and CagA degradation are induced by
the H. pylori vacuolating cytotoxin, VacA, which
acted via decreasing intracellular glutathione (GSH)
levels, causing reactive oxygen species (ROS) accu-
mulation and Akt activation. Investigating this
further, we found that CagA specifically accumulated
in gastric cells expressing CD44, a cell-surface
marker associated with cancer stem cells. The auto-
phagic pathway in CD44-positive gastric cancer
stem-like cells is suppressed because of their
resistance to ROS, which is supporied by increased
intracellular GSH levels. These findings provide a
molecular link between H. pylori and gastric carcino-
genesis through the specific accumulation of CagA
in gastric cancer stem-like cells.

INTRODUCTION

A possible link has been demonstrated between Helicobacter
pylori infection and development of gastric cancer by epidemio-
logical (Uemura et al., 2001) and animal studies (Suzuki et al.,
2009). Although long-term H. pylori infections of the gastric
mucosa might cause gastric cancer from severe inflammation,
no direct molecular link was demonstrated until Hatakeyama
reported that the transfer of H. pylori-derived CagA to epithelial
cells through a bacterial type IV secretion system promoted
an early event of gastric carcinogenesis (Hatakeyama, 2004).
Ohnishi et al. (2008) also demonstrated that systemic expression
of CagA in cagA-transgenic mice induced gastrointestinal malig-
nancies, indicating the oncogenic potential of bacterial CagA in
mammals. However, it was also reported that CagA, after trans-
location to gastric epithelial cells, does not persist for a long
period (Ishikawa et al., 2009).

Recently, it has been reported that autophagy—a system for
bulk protein degradation and the elimination of invaded patho-
gens (Deretic and Levine, 2009)—is induced in H. pylori-infected
cells (Raju et al., 2012; Terebiznik et al., 2009). In the present
study, we observed that intracellular CagA was degraded by
autophagy induced by the accumulation of reactive oxygen
species (ROS), suggesting that CagA may not promote carcino-
genesis. Even if CagA escapes the autophagy system, intracel-
lular CagA could never be transferred to daughter cells and
would be lost after cell division. If transiocated CagA does
indeed trigger gastric carcinogenesis, it shouid be transferred
to slow-cycling master-regulator cells and escape from auto-
phagic degradation.

CD44 is a cell-surface marker associated with cancer stem
cells in various tumors (Dalerba et al., 2007). Gastric cancer
stem-like cells expressing the variant isoform of CD44
(CD44v9) suppress ROS accumulation by control of intracellular
glutathione (GSH) levels by stabilizing xCT, a cystine transporter
(Ishimoto et al., 2011). In the present report, we used CD44v9-
expressing gastric cancer stem-like cells to study the ability of
intracellular CagA to escape from autophagy and show a direct
molecular link between H. pylori-derived CagA and gastric
cancer stem-like cells.

RESULTS

Cagh Is Degraded by Autophagy

To investigate the stability of intracellular CagA, we constructed
an in vitro H. pylori infection model using a gastric cancer cell
line (AGS). After 5 hr of H. pylori ATCC700392 infection, the
AGS cells were incubated with kanamycin to kill extracellular
bacteria. In AGS cells after H. pylori eradication, the levels of
intracellular CagA and tyrosine-phosphorylated CagA (p-Cagh)
decreased in a time-dependent manner (Figure 1A). Therefore,
intracellular CagA did not persist for a prolonged period in
gastric epithelial cells and was soon degraded by host cell
defenses.

To examine the mechanism of CagA degradation in host
epithelial cells, we used proteasome inhibitors (MG132 and lac-
tacystin [Lact]) and autophagy inhibitors (3-methyladenine [3MA]
and wortmannin [Wort]). At 24 hr after H. pylori ATCC700392
eradication, while intracellular CagA and p-CagA levels were
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Figure 1. Autophagy Induction Associated with Intracellular CagA Stability

(A) AGS cells infected with H. pylori ATCC700392 for 5 hr were incubated at indicated times in a medium containing antibiotic to kill extracellular bacteria.
Intraceliular CagA and phosphorylated CagA (p-CagA) levels were quantified. Data represent the mean of three independent assays.

(B) AGS cells infected with H. pylori for 5 hr were incubated in a medium containing antibiotic with or without a proteasome inhibitor (10 uM MG132 or 20 uM
lactacystin [Lact]} or autophagy inhibitor (6 mM 3-methyladenine [3MA] or 50 nM wortmannin [Wort]) for 24 hr. Intracellular CagA and p-CagA levels were
quantified. Data represent the mean + SD of three independent assays; *p < 0.05, **p < 0.01.

(C) AGS cells infected with H. pylori ATCC700392 for 5 hr were incubated in a medium containing antibiotic for the indicated times, and intracellular CagA and
LC3-I to LC3-Il conversion were examined.

(D) After transfection of AGS cells with the EGFP-LG3B plasmid, cells infected with H. pylori for 5 hr were incubated with a medium containing antibiotic for 24 hr
with or without an autophagy inhibitor (10 pM MG132 or 20 pM Lact), and intracellular CagA was stained. EGFP-LC3B plasmid alone indicates the absence of
H. pylori infection. Scale bar = 25 pm.

(E) AGS cells infected with H. pylori ATGC700392 for 5 hr were incubated with a medium containing antibiotic for 24 hr, and LysoTracker Red DND-99 staining was
performed. Scale bar = 50 pm.

not affected by proteasome inhibitors (10 pM MG132 or 20 pM We then examined whether autophagy was activated within
Lact), they were significantly increased by exposure of the cells  AGS cells after H. pylori ATCC700392 eradication. A hallmark
to autophagy inhibitors (5 mM 3MA or 50 nM Wort), as compared  of autophagy is the carboxyl terminus modification of microtu-
with cells not exposed to these inhibitors (None) (Figure 1B).  bule-associated protein light chain 3 (LC3), which becomes
These results indicated that autophagy contributed to CagA linked to phosphatidylethanolamine and associates with the
degradation in host epithelial cells. autophagosomal membrane. LC3-l to LC3-ll conversion was
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detected most clearly at 15 and 24 hr after H. pylori eradication
(Figure 1C). In addition, 24 hr after eradication, EGFP-LC3B-
positive puncta were clearly detected within the cytoplasm of
AGS cells transfected with the EGFP-LC3B plasmid, unlike
AGS cells exposed to autophagy inhibitors (5 mM 3MA, 50 nM
Wort) (Figure 1D), suggesting that LC3 is activated and localized
to autophagosomes. LysoTracker Red stains late autophagic
vacuoles (autolysosomes), but not early autophagosomes.
LysoTracker Red staining was clearly detected within AGS
cells at 24 hr after H. pylori eradication, consistent with the
formation of autolysosomes (Figure 1E). These results demon-
strate that autophagy was activated in AGS cells at 15 and
24 hr after eradication.

To evaluate whether autophagy was specifically associated
with degradation of intracellular CagA, CagA-expressing WT-
A10 cells—in which CagA expression was induced through the
pTet-off-cagA expression vector by the absence of doxycyciine
(Dox) for 24 hr—was used. When these cells were incubated with
rapamycin, which promotes autophagy by inhibiting mammalian
target of rapamycin (MTOR), intracellular CagA decreased in
a dose-dependent manner, and LC3-1 to LC3-l conversion
was clearly detected (Figure 2A). In addition, electron immuno-
cytochemical examination following immunogold labeling for
CagA in CagA-expressing, rapamycin-stimulated WT-A10 cells
revealed the presence of labeled CagA in autophagic vesicles
(Figure 2B). From these results, we conclude that intracellular
CagA is degraded by autophagy.

Cagh Degradation via Autophagy Is Activated

by miVacA

Although autophagy was activated in AGS cells after H. pylori
eradication (Figures 1C-1E), no LG3-I to LC3-li conversion was
detected in CagA-expressing WT-A10 cells without rapamycin
(Figure 2A; rapamycin [0 nM] lane). These results indicate that
the induction of autophagy was independent of intracellular
CagA, but was dependent on H. pylori infection. According to
Terebiznik et al. (2009), autophagy was induced by VacA in
H. pylori-infected AGS cells; therefore, we tested whether VacA
participated in induction of autophagy associated with CagA
degradation. In CagA-expressing WT-A10 cells exposed to
culture supernatant from H. pylori ATCC700392 (s1miVacA),
intracellular CagA levels were significantly decreased in the

Cell Host & Microbe
CagA Accumulation in Gastric Cancer Stem Cells

Figure 2. Degradation of Intraceliular CagA
by the Induction of Autophagy

(A) CagA expression in WT-A10 cells was inducad
by removal of Dox for 24 hr (CagA-expressing WT-
A10 cells). CagA-expressing WT-A10 cells were
stimulated with rapamycin for 24 hr, and intracel-
lular CagA and LC3-1 to LC3-Il conversion were
examined. Data represent the mean = SD of three
independent assays; *p < 0.05.

(B) CagA-expressing WT-A10 cells stimulated
with 100 nM rapamycin for 24 hr were reacted
with a 15 nm immunogold-labeled antibody; im-
munogold-labeled CagA was detected by electron
microscopy. Arrows indicate immunogold-labeled
CagA. Label is autophagolysosomal components.
Scale bar =200 nm.

culture supernatant in a dose-dependent manner with LC3-1 to
LC3-ll conversion (Figure 3A). In addition, in AGS cells at 24 hr
after H. pylori ATCC700392 (s1m1VacA) eradication, intracellular
CagA levels were significantly decreased, as compared to 15 hr
after eradication; conversion of LC3-1to LC3-ll was clearly evident
(Figure 3B). Conversely, in WT-A10 cells exposed to H. pylori F57
(VacA-negative), 01210 (s1m2VacA), or SS1 (s2m2VacA) culture
supernatant, there was no decrease in intracellular CagA levels,
and no LC3-I to LC3-1l conversion was detected (Figure S1A).
Moreover, in AGS cells at 24 hr after H. pylori F57 (VacA-negative),
ot210 (s1m2VacA), or SS1 (s2m2VacA) eradication, there was no
decrease in intracellular CagA, and no LC3-1 to LC3-Il conversion
was detected (Figure S1B). To investigate the function of CagA
from each strain, we examined the tyrosine phosphorylation level
of each CagA protein. All the CagA proteins were phosphorylated
(Figure S1C), suggesting that those CagA species behaved simi-
larly in delivered host cells.

In CagA-expressing WT-A10 cells incubated with m1VacA for
24 hr, a significant m1VacA-dependent decrease in intracellular
CagA levels was observed along with LC3-1 to LC3-il conversion
(Figure 3C). Autophagy inhibitors (6 mM 3MA or 50 nM Wort)
repressed the LC3-I to LC3-Il conversion induced by m1VacA
and significantly increased intracellular CagA levels (Figure 3D).
In CagA-expressing WT-A10 cells incubated with m2VacA, intra-
cellular CagA was not degraded and LC3- to LC3-1l conversion
was not observed (Figure S1D). In addition, at 24 hr after H. pylori
F57 (VacA-negative) eradication, there was a significant increase
in CagA, as compared with cells infected with H. pylori
ATCC700392 (s1m1VacA) (Figure S1E). The increase of intracel-
lular CagA produced by H. pylori F57 (VacA-negative) was
reduced by the addition of 60 nM m1VacA, in contrast to the
addition of 80 nM m2VacA (Figure S1E). To evaluate the biolog-
ical activity of VacA, we examined the vacuolation activity of
miVacA and m2VacA. Both proteins induced vacuolation in
CagA-expressing WT-A10 cells in a dose-dependent manner,
although m1VacA induced stronger vacuolation activity than
m2VacA (Figure S1F). Our observations demonstrate that the
autophagy responsible for CagA degradation is induced by
miVacA in gastric epithelial cells, independent of vacuolating
cytotoxicity.

We recently found that low-density lipoprotein receptor-
related protein-1 (LRP1) was one of the VacA receptors that
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Figure 3. Autophagy, Causing CagA Degradaiion, Is Induced by miVacA

(A) CagA-expressing WT-A10 cells were stimulated with H. pylori ATCC700392 (s1m1VacA) culture supernatant, and intracellular CagA and LC3- to LC3-i
conversion were examined. Data represent the mean + SD of three independent assays; *p < 0.05.

(B) AGS cells infected with H. pylori (s1m1VacA) for 5 hr were incubated in a medium containing antibiotic for 15 and 24 hr, and intraceliular CagA and 1L.C3-l to
LC83-li conversion were examined. Data represent the mean = SD of three independent assays; **p < 0.01.

(C) CagA-expressing WT-A10 cells were incubated with m1VacA for 24 hr, and intracellular CagA and LC3-I to LC3-1l conversion were examined. Data represent

the mean = SD of three independent assays; **p < 0.01.

(D) CagA-expressing WT-A10 cells, stimulated by m1VacA, were incubated with an autophagy inhibitor (5 mM 8MA or 50 nM Wort) for 24 hr, and intraceliular
CagA and LC3- to LC3-1| conversion were examined. Data represent the mean = SD of three independent assays; *p < 0.05, *p < 0.01. See also Figure S1.

mediate induction of autophagy (Yahiro et al., 2012). Then, to
examine the relevance of LRP1 for the induction of autophagy-
mediated CagA degradation, we constructed specific LRP1-
knockdown AGS cells using small interfering RNAs (siRNAs)
(Figure S1G). The LRP1 knockdown repressed the LC3-l to
LC3-1l conversion, resulting in the inhibition of CagA degradation
(Figure S1H). This result indicates that LRP1 is required for the
induction of autophagy-mediated CagA degradation in response
to m1VacA. Next, to compare the binding ability of m1VacA and
m2VacA to LRP1, we performed an immunoprecipitation assay
with anti-LRP1. An 87 kDa fragment of VacA was detected by
western blotting with an anti-VacA antibody in the anti-LRP1
immunoprecipitates from AGS cells infected with H. pylori
ATCC700392 (s1m1tVacA) (Figure S1l). In contrast, VacA was
not detected in the anti-LRP1 immunoprecipitates from AGS
cells infected with H. pylori ot210 (s1m2VacA) (Figure S1I). This
result demonstrates that m1VacA, but not m2VacA, has a binding
potential to LRP1.

P83 Downregulation via Increased MDM2-
Phospherylation Induces Autophagy, Causing

GCagh Degradation

p53 inactivation by chemical inhibition or knockdown induces
autophagy via the inhibition of mTOR. To investigate the induc-

tion of autophagy associated with CagA degradation, we
examined p53 expression in AGS cells after H. pylori infection.
In AGS cells at 15 and 24 hr after eradication of H. pylori
ATCC700392 (sim1VacA), p53 expression was significantly
decreased and LC3-1 to LC3-ll conversion was clearly de-
tected (Figure 4A). We then examined the mechanisms of
p53 downregulation, focusing on posttranslational mecha-
nisms, since H. pylori-infected AGS cells have been reported
to show no change in p53 mRNA expression (Wei et al.,
2010). It is well known that p53 can be degraded by ubiquiti-
nation and proteasomal degradation pathways and that murine
double minute 2 (MDM2) is the main E3 ubiquitin ligase that
mediates p53 degradation. MDM2 expression was unaltered
in AGS cells after H. pylori ATCC700392 (s1miVacA) in-
fection (Figure 4B). MDM2 is activated by phosphorylation at
Ser166 (pMDM2) (Zhou et al., 2001). At 15 and 24 hr after
the eradication of H. pylori ATCC700392 (s1m1VacA), pMDM2
levels were significantly increased (Figure 4B). Conversely,
in AGS cells after H. pylori F57 (VacA-negative), ot210
(sTm2VacA), or SS1 (s2m2VacA) infection, neither a decrease
in p53 expression nor an increase in pMDM2 was noted
(Figure S2).

We then examined the relationship between p53 down-
regulation and intracellular CagA stability. The specific
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