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Abstract Metastasis is one of the main causes of breast can-
cer (BCa)-related deaths in female. It has been reported that
cancer stem cell played an important role in metastasis. Here
we first revealed a specific role of pyruvate kinase isozymes
M2 (PKM2) in the stemness of breast cancer cells. Breast
cancer tissue analysis confirmed the upregulation of PKM2
in breast cancer, and high PKM?2 levels were associated with
poor prognosis of breast cancer patients. Holoclone assay and
colony formation assay significantly elucidated the role of
PKM?2 in the self-renewal of breast cancer cells. Moreover,
PKM?2 elevated the proportion of stem cell and the ability of
sphere formation in breast cancer cells. PKM2 played its func-
tional role in stemness by regulating (3-catenin. Collectively,
we identified critical roles of PKM2 in the stemness of breast
cancer cells which may elevate the therapeutic effect on breast
cancer patients.
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Introduction

Breast cancer (BCa) is one of the most common malignancies
around females in the world. As shown in reports, it is roughly
55 % in women with BCa metastasis [1, 2]. At the initial
period of BCa metastasis, cells of solid tumors changed to
cancer stem-like cells (CSCs) which could permit these cells
to leave the tissue parenchyma and enter the systemic circula-
tions [3]. Of note, the existence of CSCs was first proved in
the studies on acute myeloid leukemia [4], and subsequent
studies demonstrated that CSCs were also present in solid
tumors [5—8]. CSCs are intrinsically resistant to therapy [9,
10], so tumor recurrence may happen because of the unaffect-
ed CSCs [11, 12].

In recent years, some specific surface and intracellular bio-
markers have been elucidated to distinguish CSCs from other
tumor cells and normal stem cells. Fluorescence-activated cell
sorting (FACS) is the most common method used to identify
CSCs. Breast cancer stem cells (BCSC) have been identified
as CD44", CD24°% and ESA" (epithelial specific antigen)
as well as lacking expression of specific lineage markers
(ESACD44"CD24 Y Lin") [13]. Upon the specific bio-
markers, we could identify BCSC and further study the regu-
latory network of self-renewal, pluripotency, highly tumori-
genic potential, and resistance to therapy of BCa cells.

In few years, several mechanisms that control the survival
and proliferation of CSC have been elucidated. As shown in
reports, the Wnt/3-catenin [14, 15], Hedgehog [15], and
Notch [16] pathways have all been identified in normal stem
cell and cancer stem cell biology. In the Wnt/f3-catenin signal-
ing pathway, 3-catenin functions as a key signaling mediator.
When the canonical Wnt signaling is activated, levels of (3-
catenin both in the cytoplasm and the nucleus can increase and
ultimately activate target genes such as cell cycle regulators
Cyclin DI [17] and ¢-MYC [18], stem cell gene Bmi-1 [19],
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4 Fig. 1 Elevated PKM2 levels were examined in BCa and related with
metastasis. a Quantification of PKM2 RNA in human breast tumors
(Tumor) and adjacent breast tumor tissues (Adjacent). b
Quantificational analysis of PKM2 levels in human breast tumors
(Tumor) and adjacent breast tumor tissues (4djacent). ¢ Quantificational
analysis of PKM2 levels in non-metastatic breast tumors (No-met tumor)
and metastatic breast tumor tissues (Met fumor). d Western blot for PKM2
in breast cancer cell lines. e Quantificational analysis of protein levels of
PKM2 in breast cell lines. f Quantificational analysis of RNA levels of
PKM?2 in breast cell lines. **p<0.01 based on the Student’s 7 test. Error
bars, SD

and the Wnt pathway component Axin2 [20]. In other words,
[3-catenin plays a critical role in the proliferation and stemness
of cancer cells.

Here we focused on pyruvate kinase isozymes M2 (PKM2)
which has been proven to be overexpressed in some tumor

cells [21, 22]. PKM2 was reported to be associated with cel-
lular proliferation and apoptosis, tumor metastasis, and immu-
nological responses [23]. In this report, overexpression of
PKM2 was discovered in BCa and acted as a transcriptional
factor to activate 3-catenin. Collectively, PKM2 is possibly
essential for the stemness of the BCa cell.

Results

Overexpression of PKM2 in BCa is positively correlated
with metastasis and poor prognosis

To confirm whether PKM2 has been overexpressed in BCa,
we examined PKM2 levels in 96 BCa samples. We found that
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Fig. 2 Elevated PKM2 levels were related with prognosis of BCa. a
Immunohistochemistry of PKM2 in BCa tissue array. Scale bars:
100 um in top, 20 um in bottom. b Quantification of PKM2 in non-
metastatic breast tumors (No-met tumor), metastatic breast tumor tissues

(Met tumor), and normal breast tissues (Normal). ¢ Correlation analysis of
expression data and patient survival data from BCa tissue array showing
that PKM2 levels are a risk indicator for survival. **¥p<0.01 based on the
Student’s ¢ test. Error bars, SD
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significantly elevated PKM2 levels were discovered in 81
BCa samples (84.375 %) compared with those in adjacent
tissue samples (Fig. la, b). Moreover, we identified that
PKM2 was expressed significantly higher in metastatic BCa
samples than in non-metastatic BCa samples (Fig. 1c). These
results revealed that higher levels of PKM2 were correlated
with metastasis of BCa. In order to confirm whether PKM2
promotes metastasis of BCa, we examined PKM2 levels in
multiple BCa cell lines. As shown in Fig. 1d, PKM2 was
expressed higher in invasive BCa cell lines than in non-
invasive BCa cell lines. Quantification analyses of protein
levels (Fig. 1e) and RNA levels (Fig. 1f) of PKM2 further
confirmed the PKM2-induced invasion of BCa cells.
Moreover, we also confirm the ectopic PKM2 levels in a
BCa tissue chip by immunohistochemistry. As shown in
Fig. 2a, in normal breast tissue, PKM2 expression was hardly
detectable, but PKM2 was overexpressed in BCa tissue and
was most highly expressed in metastatic BCa tissue.
Quantification analyses of PKM2 expression levels showed
significant differences among different statuses of BCa
(Fig. 2b).

To evaluate whether PKM2 was associated with prognosis
of BCa patients, we carried out the bioinformatics analysis of
the data from the BCa tissue chip. We found that fewer pa-
tients with high PKM2 expression survived than did those

Fig. 3 PKM2 promoted self-
renewal of BCa cells. a Western
blot for PKM2 in BT20
overexpressing PKM2. pBabe:
BT20 cell transfected with vector
pBabe used as a control. b
Western blot for PKM2 in MDA-

with low PKM2 levels (Fig. 2c). These data suggested that
PKM?2 levels were significantly associated with prognosis of
BCa patients.

PKM2 is essential for stemness of BCa cells

CSCs play an important role in BCa metastasis. To confirm
whether PKM2 was related with CSCs, we examined the abil-
ity of BCa cells to form holoclones. We first retrovirally
established BCa cell lines overexpressing or silencing
PKM2. The expression levels of PKM2 in subsequent cells
were examined by Western blot (Fig. 3a, b). Then, we exam-
ined the abilities of holoclone formation in indicated cells. As
shown in Fig. 3c, PKM2 overexpression significantly in-
creased the numbers of holoclones in three consecutive exper-
iments while silencing PKM2 decreased the numbers of
holoclones (Fig. 3d). In order to further confirm the ability
of holoclones to self-renew, we carried out colony formation.
As shown in Fig. 3e, overexpression of PKM2 significantly
increased the numbers of colonies in two consecutive experi-
ments while silencing PKM2 decreased the numbers of colo-
nies (Fig. 3f). These results suggested that PKM2 promoted
self-renewal of BCa cells.

To further confirm the role of PKM2 in CSCs, we exam-
ined the proportion of stem cells by FACS. As shown in
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Fig. 4 PKM?2 increased proportion of stem cell in BCa. a Analysis of
stem cell with CD44"¢"/CD24'*" in BT20-PKM2 cell. b Analysis of
stem cell with CD44"€"/CD24"°Y in MDA-MB-231-shPKM2 cell. ¢
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Fig. 4a, overexpression of PKM2 significantly increased the
proportion of stem cell while silencing PKM2 decreased this
proportion (Fig. 4b). Moreover, in the sphere formation assay,
PKM?2 significantly increased the numbers of spheres both in
primary and secondary sphere formation assays (Fig. 4c),
while silencing PKM?2 inhibited the ability of sphere forma-
tion (Fig. 4d). Results above revealed that PKM2 played an
important role in the self-renewal of CSCs in BCa.

PKM2 activates expression of (3-catenin in BCa

To better understand the mechanisms by which PKM2 en-
gaged in CSCs, we performed gene expression profiling on
BT20-PKM2 and its control cells. Microarray analysis identi-
fied numbers of genes significantly differentially expressed
after PKM2 overexpression (Fig. 5a). Moreover, gene set en-
richment analysis indicated that cell movement, cell invasion,
cancer metastasis, and [3-catenin targets were significantly
enriched in the cell with an overexpression of PKM2
(Fig. 5b). Moreover, expression levels of 3-catenin were pos-
itively correlated with PKM2 expressions in a linear correla-
tion analysis (Fig. 5c). To further confirm whether 3-catenin
was regulated by PKM2, we examined [(3-catenin levels in
BT20-PKM2 and MDA-A-231-shPKM2 cells. As shown in
the results, both the protein level (Fig. 5d) and the RNA level
(Fig. 5e) of 3-catenin were elevated in the cell with an over-
expression of PKM2, while [3-catenin expression was
inhibited in the PKM2-silencing cell (Fig. 5f, g).
Furthermore, we examined the downstream targets of [3-
catenin including c-MYC and Cyclin D1. As shown in
Fig. 6, both the protein levels (Fig. 6a) and RNA levels
(Fig. 6b) of C-MYC and Cyclin D1 were significantly elevat-
ed in BT20-PKM2 cell while downregulated c-MYC and
Cyclin D1 were examined in MDA-MB-231-shPKM2 cell
(Fig. 6c, d), suggesting that PKM2 transcriptionally regulated
[3-catenin.

We then elucidated how PKM2 regulated [3-catenin. We
tested whether PKM2 occupied the promoter of (3-catenin in
the BCa cell. A quantitative chromatin immunoprecipitation
(qChIP) assay was performed in BT20-PKM2 and MDA-
MB-231-shPKM?2 cells. We found that overexpression of
PKM2 was associated with increased [3-catenin levels at re-
gions —410-180 and —2250-2000 in BT20-PKM2 cell
(Fig. 7a—c). Less occupancy of those [3-catenin gene promoter
regions by PKM2 was detected in MDA-MB-231-shPKM2
cell (Fig. 7d, e). These results clearly indicated that PKM2
induces transcriptional activation of S-catenin.

Silencing 3-catenin in BT20-PKM2 cell restrains
the proportion of CSCs

In order to confirm whether (3-catenin is essential for PKM2-
induced CSCs, we silenced 3-catenin in BT20-PKM2 cell. As
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shown in Fig. 8a, downregulated c-MYC and Cyclin D1 were
examined in BT20-PKM2 cell with a silent expression of [3-
catenin suggesting that (3-catenin was successfully silenced.
We then examined the proportion of stem cell in the BCa cell
by FACS. We found that silencing (3-catenin significantly re-
duced the proportion of stem cell in BT20-PKM?2 cell
(Fig. 8b, c). To further confirm whether (3-catenin was essen-
tial for stemness, we tested the ability of spheres’ formation in
BT20-PKM2 cell with silent expression of 3-catenin. As
shown in Fig. 8d, silencing (3-catenin significantly decreased
the number of spheres of BT20-PKM2 cell (Fig. &d, ¢).
Moreover, we found that XAV939 (inhibitor of (-catenin)
also significantly inhibited the proportion of CSCs (Fig. 8f,
g) and the number of spheres (Fig. 8h, 1) in BT20-PKM2 cell.
These data revealed that [3-catenin was essential for the
stemness of BCa cells induced by PKM?2.

Discussion

PKM?2 is one isoenzyme of the pyruvate kinase family. In this
study, we first indicated that PKM2 played a critical role in the
stemness of BCa cells. We found that PKM?2 was elevated in
BCa, especially in metastatic BCa, and high PKM2 levels
were associated with poor prognosis of BCa patients.
Overexpression of PKM2 significantly promoted the abilities
of holoclone formation and sphere formation. Of note, we
found that PKM2 transcriptionally activated {3-catenin.
Silencing {3-catenin in the BCa cell with an overexpression
of PKM2 could suppress the functional ability of PKIM2.
The Wnt-signaling pathway is an evolutionarily conserved
and complex signaling cascade with important functions in
both development and disease [24]. (3-Catenin, as the core
mediator of the canonical Wnt pathway, could translocate to
the nucleus where it forms a transcriptionally active complex
and drives the expression of Wnt target genes including CSC
genes [25, 26]. Of note, self-renewal is the classical character-
istic of CSCs [27, 28] which actively express telomerase and
activate antiapoptotic and multidrug resistance pathways [29].
CSCs are considered to play an essential role in tumor initia-
tion, progression, and relapse as well as metastasis and drug

Fig 5 PKM2 was correlated with 3-catenin. a Supervised hierarchical P>
clustering of the genes differentially expressed after PKM2
overexpression. b Gene set enrichment analysis was carried out using
ConceptGen. Edge indicates significant overlap between two gene sets.
The p values for enrichment between PKM2 signature and others
determined with ConceptGen are shown. ¢ [3-catenin expression was
positively correlated with PKM2 expression in BCa samples assay. d
Western blot for (3-catenin in BT20-PKM2 cell. e Quantification of (3-
catenin in BT20-PKM2 cell. f Western blot for (3-catenin in MDA-MB-
231-shPKM2 cell. g Quantification of (3-catenin in MDA-MB-231-
shPKM2 cell. ¥*¥p<0.01 based on the Student’s ¢ test. Error bars, SD
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Fig. 6 PKM2 activated (3-
catenin signaling pathway. a
Western blot for Cyclin D1 and c-
MYC in BT20-PKM2 cell. b
Quantification of Cyclin D1 and
¢-MYC in BT20-PKM2 cell. ¢
Western blot for Cyclin D1 and c-
MYC in MDA-MB-231-
shPKM2 cell. d Quantification of
Cyclin D1 and ¢-MYC in MDA-
MB-231-shPKM2 cell. **p<0.01
based on the Student’s ¢ test. Error
bars, SD

resistance [10], suggesting that CSCs were related with poor
outcome [30]. In this study, we found a novel regulator of (3-
catenin. PKM2 could directly activate expression of 3-catenin

and promote self-renewal of CSCs.

Fig. 7 PKM2 directly combined
to the promoter of (3-catenin. a
Schematic presentation of three
regions relative to the 3-catenin
transcriptional start site used as
primers to test PKM2 occupied
abundance. b, ¢ qChIP was
performed to assess PKM?2
occupancy in BT20-PKM2 cells.
IgG was used as negative control.
d, e qChIP was performed to
assess PKM2 occupancy in
MDA-MB-231-shPKM2 cells.
IgG was used as negative control.
**p<(0.01 based on the Student’s ¢
test. Error bars, SD
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Western blot for indicated proteins in BT20-PKM2 cell with silencing
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PKM2 cell with silencing (-catenin by FASC. ¢ Quantificational
proportion of stem cell. d Sphere formation assay of BT20-PKM2 cell
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Analysis of stem cell with CD44"€%/CD24'°% in BT20-PKM2 cell
treated with XAV939 by FASC. g Quantificational proportion of stem
cell. h Sphere formation assay of BT20-PKM2 cell treated with
XAV939. i Quantificational analysis of spheres. **p<0.01 based on the
Student’s ¢ test. Error bars, SD
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survival of cancer cells [31]. Of note, most of the antidrugs are
small molecule inhibitors, and monoclonal antibodies are de-
signed to target cells with rapid proliferation but not CSCs.
Due to the limitation above, some anticancer biological agents
are failing to treat cancer. It has been reported that sorafenib
fails to eradicate acute myeloid leukemia (AML) stem cells
and primitive progenitors [32]. Moreover, trastuzumab has
been shown to be ineffective in CSCs [33]. In this report, we
revealed that PKM2 was a direct regulator of (3-catenin which
was important in CSCs, and anti-PKM2 biological agents may
be effective in CSCs.

In summary, higher levels of PKM2 were examined in BCa
and related with poorer prognosis of BCa patients. Ectopic
PKM2 expression significantly elevated the proportion of
CSCs in BCa. We also revealed that PKM?2 directly regulated
[3-catenin and activated the Wnt/{3-catenin signaling pathway.
Together with all results, PKM2 may be a novel therapeutic
target in BCa.

Materials and methods
Clinical specimens and cell culture

A total of 92 BCa specimens and their adjacent tissue samples
frozen in liquid nitrogen were obtained from the First Affiliated
Hospital of Medical College, Xi’an Jiaotong University. No
patients had received any antitumor treatments before biopsy.
All cell lines are cultured in an adaptive culture medium ac-
cording to ATCC and are cultured at 37 °C in 5 % CO..

Establishment of cell lines

A human gene PKM2 was cloned into a pBabe-puro vector, and
shRNAs of PKM2 and [3-catenin were cloned into a pSuper-
puro vector. Retrovirus supernatants containing pBabe, pSuper,
pBabe-PKM2, pSuper-sh. PKM2 and pSuper-sh. [3-catenin were
produced in Phoenix packaging cells. We respectively
transfected indicated cell lines with these different viral superna-
tants containing 4 pg/ml of polybrene (Sigma). Then, cells were
selected by puromycin (2 pg/ml).

RNA extraction, reverse transcription, and real-time
RT-PCR

Total RNA was extracted from freshly frozen samples or cells
with TRIzol reagent (Invitrogen). Total RNA was reverse-
transcribed with the First Strand cDNA Synthesis Kit
(Invitrogen). Real-time PCR reactions were conducted using
Platinum SYBR Green qPCR SuperMix-UDG reagents
(Invitrogen) on the PRISM 7900HT system (Applied
Biosystems). All reactions were done in triplicate, and reac-
tions without reverse transcriptase were used as negative
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controls. The GAPDH were used as the endogenous controls
and the 2-AACT equation was used to calculate the relative
expression levels.

Western blot analysis

A Western blot analysis was conducted using anti-PKM2,
anti-3-catenin, anti-C-MYC, anti-clyclin D1, and anti-{3-ac-
tin. All antibodies were purchased from Cell Signaling
Technology.

Holoclone assay

A single human BCa cell was inoculated onto 96-well plates
in a culture medium. During 10-12 days, primary colonies
were counted. Each colony was then removed by
trypsinization, and cells were transferred to 60-mm dishes
with culture medium. After 12—14 days, secondary colonies
were counted. Each colony was thirdly removed by
trypsinization, and cells were transferred to 100-mm dishes
with culture medium. After 12—14 days, secondary colonies
were counted. Each plate was photographed, and the identity
of the cell that founded each primary colony was determined
as holoclone, meroclone, or paraclone, based on previously
described methods [34].

Colony formation assay

Holoclones were plated at low density (1x10° cells seeded in
a 60-mm dish) to achieve an initial density of 50 to 200 cells
per cm?. After 6-21 days, colonies were counted under a light
microscope. Each colony was secondly removed by
trypsinization, and cells were transferred to 100-mm dishes
(8x10° cells per dish) with cultured medium. After 6-21 days,
colonies were counted under a light microscope.

Sphere formation assay

Cells were seeded in a 96-well low adhesion plate (Corning) at
a density of 1000 cells/well and an initial volume of 200 pl.
Spheres were grown in a DMEM F12 medium (Gibco) sup-
plemented with 20 ng/ml of FGF and 4 pg/ml of heparin.
Spheres were counted and photographed after 2 weeks.
Spheres were monitored under the microscope daily to ensure
that they were derived from single cells and that they did not
become confluent during the experiment.

Isolation of stem cells

Cells were isolated using the Aldefluor kit (StemCell
Technologies, Durham, NC, USA) according to the manufac-
turer’s instructions. Cells isolated with the Aldefluor kit were
used for genetic and epigenetic analysis. Flow cytometry sorting
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was performed by FACS, and acquired data were analyzed using
the Diva software (BD Bioscience).

Immunohistochemical analysis

Following deparaffinization, samples were immunohisto-
chemically analyzed using antibodies for PKM2, respectively,
and subsequently were pathologically confirmed for the tumor
phenotype and specific immunostaining. The positive cells were
counted and analyzed. The BCa tissue chip is purchased from
Alenabio Company (BR2085¢).

ChIP-qPCR

The ChIP kit was purchased from Millipore, and ChIP exper-
iments were carried out essentially as described [35].
Immnuoprecipitated DNA was analyzed on the ABI PRISM
7900HT sequence detection system. The primers used for de-
tection of promoters after ChIP are available upon request.

Statistical analysis

Statistical analysis data were described as the mean+SD.
Survival percent was estimated using the Kaplan—-Meier meth-
od. The relationship between survival period and each of the
variables was analyzed using the log-rank test for categorical
variables. Comparisons between different groups were under-
taken using the Student two-tailed ¢ test. The criterion of sta-

tistical significance was p<0.05. Statistical analysis was done
with SPSS/Win11.0 software (SPSS Inc.).
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