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Abstract

Pyruvate kinase muscle isozymes (PKMs) have crucial roles in regulating metabolic changes during carcinogenesis. A
switch from PKM1 to PKM2 isoform was thought to lead to aerobic glycolysis promoting carcinogenesis, and was
considered as one of the cancer signatures. However, recent evidence has argued against the existence of PKM isoform
switch and related metabolic effects during cancer progression. We compared the effects of PKM1 and PKM2 in cell
invasiveness and metastasis of pancreatic ductal adenocarcinoma (PDAC). Both PKM1 and PKM2 expression affected cell
migration and invasion abilities of PDAC cells, but only knockdown of PKM2 suppressed metastasis in a xenograft model.
By comparing the established PKM?2 mutants in the regulation of cell invasion, we found that PKM2 may control cell
mobility through its protein kinase and phopho-peptide binding abilities. Further survey for PKM?2-associated proteins
identified PAK?2 as a possible phosphorylation target in PDAC. In vitro binding and kinase assays revealed that PKM?2
directly phosphorylated PAK?2 at Ser20, Ser141, and Ser192/197. Knockdown of PKM2 decreased PAK2 protein half-life
by increasing ubiquitin-dependent proteasomal degradation. Moreover, we identified PAK2 as an HSP90 client protein and
the mutation at Ser192/197 of PAK?2 reduced PAK2-HSP90 association. Knockdown of PAK?2 diminished in vitro cell
mobility and in vivo metastatic ability of PKM?2 overexpressed PDAC cells. PKM2 and PAK2 protein expression also
positively correlated with each other in PDAC tissues. Our findings indicate that PKM2-PAK?2 regulation is critical for
developing metastasis in PDAC, and suggest that targeting the PKM2/HSP90/PAK?2 complex has a potential therapeutic
value in this deadly disease.

Introduction

The rapid proliferating property of cancer cells makes it
highly demand the glycolysis intermediates to support cell
growth and generate biomass [1]. Pyruvate kinases (PKs)
are rate-limiting glycolytic enzymes catalyzing the phos-

Electronic supplementary material The online version of this article

(https://doi.org/10.1038/s41388-017-0086-y) contains supplementary
material, which is available to authorized users.

< Kuo-Tai Hua
kthua@ntu.edu.tw

Department of Laboratory Medicine, National Taiwan University
Hospital, Taipei, Taiwan

Department of Internal Medicine, National Taiwan University
Hospital, Taipei, Taiwan

Graduate Institute of Clinical Medicine, College of Medicine,
Taipei Medical University, Taipei, Taiwan

Department of Surgery, National Taiwan University Hospital,

Published online: 16 January 2018

photransfer reaction between phosphoenolpyruvate (PEP)
and adenosine diphosphate (ADP), producing pyruvate and
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Fig. 1 PKM2 expression
promotes cell migration and
invasion abilities of PDAC cells.
a Left: Western blot analysis of
PKM1 and PKM2 in PKM1/
PKM2 knockdown Miapaca-2
or BxPC-3 cells. Right: Western
blot analysis of PKM1 and
PKM2 in HA-PKM1/PKM2
overexpressed hTERT-HPNE or
AsPC-1 cells. b Transwell
migration assays of PKM1 or
PKM2 knockdown PDAC cells.
Left: Representative
micrographs. Right: Quantitative
plot shown as % of control. ¢
Transwell invasion assays of
PKM1 or PKM2 knockdown
PDAC cells. Left:
Representative micrographs.
Right: Quantitative plot shown
as % of control. d Transwell
migration assays of HA-PKM1
or HA-PKM2 overexpressed
PDAC cells. Left:
Representative micrographs.
Right: Quantitative plot shown
as % of control. e Transwell
invasion assays of HA-PKM1 or
HA-PKM2 overexpressed
PDAC cells. Left:
Representative micrographs.
Right: Quantitative plot shown
as % of control. Scale bar, 100
pm. Statistical significance was
determined by paired, two-tailed
Student's #-test. Error bars, SD.
*p <0.05; **p <0.01

Miapaca-2

shCtrl +

shPKM1 —
shPKM2 —

GAPDH

O

BxPC-3 Miapaca-2

(@)

BxPC-3 Miapaca-2

o

hTERT- @ hTERT-
HPNE AsPC-1 1 pNE

AsPC-1

PKM1
PKM2

shCitrl

shPKM1

adenosine triphosphate (ATP). Theoretically, decrease of
PK activity could provide most abundant glycolysis inter-
mediates to supply biosynthetic pathways. Indeed, PKs
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activity was under tightly control at different levels. Four
isoforms of PKs are identified and expressed in tissues with
different metabolic demands. PKL and PKR derived from
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the PKLR gene are regulated by tissue-specific promoters
[2], while PKM1 and PKM2 derived from the PKM gene
are regulated by alternative splicing [3]. PKL has the lowest
affinity to PEP and is expressed in tissues with high rates of
gluconeogenesis, such as liver and kidney. PKR also has
low PEP affinity and is exclusively expressed in red blood
cells [2]. PKM1 is the only PK without allosteric regula-
tions, and expressed in tissues with high energy consump-
tion, such as muscle and brain. PKM2 is expressed in early
embryonic cells, normal proliferating cells, and cancer cells
[4]. Because only PKM2 can change between a highly
active tetrameric and an inactive dimeric forms during
glycolysis, PKM2 has the most complicated ways of reg-
ulation. Unique post-translational modification and allos-
teric regulation of PKM2 in cancer cells are also well-
documented [5-7].

In recent years, more and more reports have documented
the non-glycolytic functions of PKM2. PKM?2 can act as a
transcriptional coactivator of HIF-1la and P-catenin in the
nucleus to induce the expression of downstream metabolic
and proliferation-related genes [8, 9]. PKM2 can be a pro-
tein kinase in the nucleus and directly phosphorylates
STAT3 and histone H3 to promote tumor transformation
[10]. PKM2 also can phosphorylate the spindle checkpoint
protein Bub3, and regulate correct chromosome segregation
of tumor cells [11]. Besides, mitochondrial PKM?2 is cap-
able to phosphorylate Bcl-2, prevent Bel-2 degradation, and
thus inhibit apoptosis in glioblastoma [12]. Recently, we
have also identified a novel function of PKM?2, which works
together with HSP90 to stabilize mutated EGFR and con-
tribute to EGFR-dependent tumorigenesis of non-small cell
lung cancer (NSCLC) cells [13]. These findings not only
reveal the non-glycolytic functions of PKM2 but also sup-
port the roles of PKM?2 in regulating rapid cell proliferation
and promoting tumorigenesis.

Paradoxically, isoform-specific deletion of PKM2 in a
mouse model of breast cancer does not reduce or delay but
accelerates tumor formation, suggesting that PKM2 is dis-
pensable for tumor growth. Tumors from those PKM2
knockout mice express variable amounts of PKM1, which
inversely correlate with cell proliferation. Furthermore,
despite selection for PKM2 during cell line establishment,
there was no selective pressure to retain PKM2 expression
in allograft tumors [14]. Besides, both the isoform analysis
with The Cancer Genome Atlas (TCGA) data sets and
absolute quantification by mass spectrometry do not support
that PKM?2 is specific for proliferating tissue. These data
argue against the isoform switch hypothesis from PKM1 to
PKM2 during tumorigenesis [15—17].

The aforementioned contradictory results indicate that
the roles of PKM2 in cancer cells remain elusive. In this
study, we attempted to evaluate the role of PKMI1 and
PKM2 in regulating invasiveness of pancreatic ductal

adenocarcinoma (PDAC). We have found that both PKM1
and PKM2 regulate cell migration and invasion in vitro;
however, only PKM2 overexpression promotes metastasis
of PDAC cells in vivo. We further evaluated the mechan-
istic regulation of PKM2 and identified its protein kinase
substrate PAK?2 to be responsible for related PDAC cancer
invasion and metastasis. Besides, PKM2 could maintain
PAK2 stability via phosphorylation-dependent HSP90
recruitment. PKM?2 and PAK2 expression also correlate
with each other in human PDAC specimens. Our results
indicate a pivotal role of PKM2 in the regulation of PDAC
metastasis, suggesting that PKM2 overexpression may be a
more critical event during the tumor progression rather than
tumor initiation.

Results

Both PKM1 and PKM2 regulate migration and
invasion of PDAC cells

To assess the roles of PKM1 and PKM2 in PDAC pro-
gression, we first knocked down PKM1 and PKM2 with
subtype-specific shRNAs in two highly invasive PDAC
cells (Miapaca-2 and BxPC-3) (Fig. la, left panel). Both
PKM1 and PKM?2 depletion resulted in the decrease of cell
migration and invasion abilities, but the suppressive effects
were more prominent in PKM2-depleted cells (Fig. 1b and
c). We next overexpressed PKM1 and PKM2 in an
immortalized pancreatic epithelial cell ('TERT-HPNE) and
a lowly invasive PDAC cell (AsPC-1) (Fig. 1a, right panel).
In hTERT-HPNE cells, forced expression of PKM1 resulted
in an increase of cell migration ability, while invasion
ability remained unchanged. In AsPC-1 cells, forced
expression of PKM1 induced a significantly increase of
invasion ability but to a lesser extent on cell migration. On
the contrary, forced expression of PKM2 showed a more
consistent effect on increasing both migration and invasion
abilities of both hTERT-HPNE and AsPC-1 cells (Fig. 1d
and e). These results suggested a more important role of
PKM?2 in the regulation of cellular invasiveness during
PDAC progression. Consistently, results from wound
healing assays also supported a more critical role of PKM2
in regulating cell mobility (Supplementary Figure S1).

PKM2 promotes distant metastasis in a spontaneous
metastasis model

PKM2 expression was associated with survival outcome of
PDAC patients [18, 19]. However, since PDAC patients
diagnosed with metastatic disease usually did not receive
surgery, the role of PKM2 during metastasis was hard to
define by surgical specimens. We therefore examined the
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Fig. 2 PKM2 promotes metastasis of PDAC cells in an orthotopic
xenograft model. a Miapaca-2 stable clones with shCtrl, shPKM1, or
shPKM2 expression were inoculated into the pancreas of 8-week
SCID mice for 7 weeks. Left: Representative graphs show luciferase
activity taken at weeks 1 and 7. Right: Primary tumor weight was
measured immediately after sacrificed. b Top: Representative graphs
show luciferase activity in the lung between groups taken immediately
after sacrificed. Bottom: Quantification of lung metastases shown as
photon radiance (p/s/cm?*/sr). ¢ Top: Representative graphs show

possible involvement of PKM1 and PKM2 in this vital
process by using an orthotopic xenograft model. 10°
Miapaca-2 cells stably expressed luciferase and scrambled
PKM1- or PKM2-specific shRNA were injected into the
pancreas of NOD/SCID mice. After seven weeks of
inoculation, the primary tumor was slightly, but not sig-
nificantly, smaller in the group with Miapaca-2/shPKM2
cells in comparison with the control group by measuring
luciferase activity and tumor weight (Fig. 2a). In contrast to
the primary tumor, metastases in the lung, liver, and
mesentery were all significantly reduced in the group with
Miapaca-2/shPKM2 cells compared to the group with
control cells. Metastatic signals were slightly higher in mice
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luciferase activity in the liver between groups taken immediately after
sacrificed. Bottom: Quantification of liver metastases shown as photon
radiance (p/s/cm?/sr). d Top: Representative graphs show luciferase
activity in the mesentery between groups taken immediately after
sacrificed. Bottom: Quantification of mesentery metastases shown as
photon radiance (p/s/cmz/sr). e Quantification of ascites volume (pl)
taken after sacrificed between groups. Statistical significance was
determined by paired, two-tailed Student's r-test. * p < 0.05

implanted with Miapaca-2/shPKM1 cells (Fig. 2b—d). Fur-
thermore, four out of six and four out of five mice injected
with control and PKM1-depleted Miapaca-2 cells respec-
tively form detectable amount of ascites when sacrificed,
while no ascites formation was noted in the group with
Miapaca-2/shPKM2 cells (Fig. 2h). These results suggested
PKM2 as an important role in promoting metastases of
PDAC in mice.

PKM2 associates and phosphorylates PAK2

PKM?2 is a multifunctional protein with both metabolic and
non-metabolic activities [20]. To evaluate the molecular
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Fig. 3 PKM2 phosphorylate PAK2. a hTERT-HPNE (left) or AsPC-1
(right) cells were transfected with an empty vector (Ctrl vector), wild-
type PKM2 (wt), or mutant PKM2s (K433E, R399E, or K367M). Top:
Western blot analysis of HA-PKM2 expression. Bottom: Transwell
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Western blot analysis of PAKs in PKM1/2 knockdown or over-
expressed pancreatic cells. ¢ Western blot analysis of phosphorylated
PAK2 including pSer20, pSerl4l, pSer192/197 and pThr402 in
PKM1/2 knockdown or overexpressed pancreatic cells. d Lysates from
BxPC-3 cells were subjected to co-immunoprecipitation using PKM2

mechanism of PKM2-regulated cellular invasiveness and
tumor metastasis, we compared the effects of PKM2 over-
expression among wild-type and mutants by cell invasion
assay. Forced expression of PKM2R*E a dimeric mutant,
showed similar invasion-promoting effect as wild-type
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or normal IgG antibodies followed by western blot analysis of PKM?2
and PAK2. e Recombinant GST-PAK?2 and His-PKM2 were incubated
for 16 h followed by Ni-pull down and western blot analysis of PKM2
and PAK2. f In vitro kinase assay was performed using His-PKM2 and
protein phosphatase 1 (PP1) pre-treated recombinant GST-PAK2.
PAK?2 phosphorylation was detected by phospho-specific antibodies. g
Western blot analysis of Flag-PAK2 in AsPC-1 cells co-transfected
with 1 pg Flag-tagged wild-type PAK2 (wt), or mutant PAK2s (S20A,
S141A, or S192/197A) and an increasing amount (0, 1, 3 pg) of HA-
PKM2 plasmid

PKM2. Since dimeric PKM2 decreased its PK activity
and could act as a protein kinase [10], the result suggested a
non-glycolytic mechanism may exist. Moreover, a kinase-
dead mutant PKM2%*™ and a phospho-peptide binding
mutant PKM25433E suppressed invasion abilities of both
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immunoprecipitated (IP) and subjected to western blot analysis with
the anti-HA antibody. d Western blot analysis of EGFR, PAK2, or
AKT in AsPC-1 cells with or without 100 nM 17-AAG treatment for
24 or 48 h. e Recombinant His-HSP90 was incubated with or without
recombinant GST-PAK2 and pull down with Glutathione-Sepharose
beads followed by western blot analysis. f Miapaca-2 cells were
transfected with HA-PKM2, Flag-PAK?2, or Flag-PAK2-S192/197A as
indicated followed by immunoprecipitation with the anti-HA antibody.
PKM2-associated HSP90 and Flag-PAK2 were analyzed by western
blotting. Ten percent input was used as a loading control
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Fig. 5 PAK2 mediates PKM2-
enhanced metastatic abilities of
PDAC cells. a Top: Western
blot analysis of PAK2 and
PKM2 in AsPC-1 cells stably
expressed HA-PKM?2, shPAK?2,
and corresponding controls.
Bottom: Transwell migration
and invasion assays shown as %
of control. b AsPC-1 stable
clones as indicated were
inoculated into the pancreas of
8-week SCID mice for 7 weeks.
Primary tumor weight was
measured immediately after
sacrificed. ¢ Top: Representative
graphs show luciferase activity
in the lung between groups as
indicated taken immediately
after sacrificed. Bottom:
Quantification of lung
metastases shown as photon
radiance (p/s/cm¥sr). d Top:
Representative graphs show
luciferase activity in the liver
between groups as indicated
taken immediately after
sacrificed. Bottom:
Quantification of liver
metastases shown as photon
radiance (p/s/cmzlsr). e Top:
Representative graphs show
luciferase activity in the
mesentery between groups as
indicated taken immediately
after sacrificed. Bottom:
Quantification of mesentery
metastases shown as photon
radiance (p/s/cmzlsr). f
Quantification of ascites volume
(pl) taken after sacrificed
between groups as indicated.
Statistical significance was
determined by paired, two-tailed
Student's r-test. *p <0.05; **p
<0.01
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hTERT-HPNE and AsPC-1 cells, further supporting the
involvement of PKM?2 protein kinase activity in regulating

cell invasion (Fig. 3a).

For

identifying

novel

PKM?2 substrates as mediators of cell invasion, we started
with a list of 152 potential PKM?2 substrates derived from
an in vitro phosphoproteomic assessment with use of a
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human protein microarray including 9479 proteins [21].
Next, we cross-referenced the listed proteins with the
Ingenuity Pathway Analysis database and yielded 46 pro-
teins functionally annotated as “invasion of cells”. The
remaining proteins were rescreened with the overall survi-
val analysis of PDAC patients in the TCGA database. We
identified six proteins whose expression levels correlated
with decreased overall survival in PDAC patients (Supple-
mentary Figure S2a). On testing whether PKM?2 involved in
the phosphorylation process, only PAK2, one member of
p21-activating kinases (PAKs) mediating multiple onco-
genic effects including cell invasion and metastasis [22],
increased on overexpressing PKM2 and decreased on
knocking down PKM2 among the hit proteins and PAKs
(Fig. 3b, Supplementary Figure S2b). Phosphorylated
PAK2 expression levels at serine 20, 141, 192/197, and
threonine 402 changed accordingly under PKM?2 manip-
ulations in some pancreatic cell lines examined (Fig. 3c).
PKM1 expression also affected PAK2 expression and
phosphorylation, although to a lesser extent in comparison
with PKM2 (Fig. 3b and c). We next confirmed PAK2 as a
potential PKM2 substrate by examining their interaction.
Endogenous interaction between PKM?2 and PAK2 was
illustrated by co-immunoprecipitation (Fig. 3d). Both
PKM1 and PKM2 could bind to PAK2, but the
PKM1-PAK?2 interaction was much less prominent in
comparison with PKM2-PAK?2 interaction (Supplementary
Figure S3). Ni-pull down with recombinant His-tagged
PKM2 and GST-tagged PAK2 also showed a direct inter-
action between them (Fig. 3e). On examining the phos-
phorylation sites of PAK2 catalyzed by PKM2, we found
that recombinant PKM2 phosphorylated protein phospha-
tase 1 (PP1) pre-treated PAK2 at the serine 20, 141, and
192/197, but not threonine 402 sites (Fig. 3f). When co-
transfecting PAK2 or its phosphorylation mutants with the
increasing amount of PKM2 plasmids, the protein expres-
sion levels of wild-type PAK2, PAK2529A and PAK25'414
increased in accordance with increasing PKM2 levels. Only
the PAK2519%17A expression level was almost constant,
suggesting the serine 192/197 as the most important phos-
phorylation site for maintaining PAK2 protein levels on
interacting with PKM2 (Fig. 3g).

PKM2 maintains PAK2 protein stability via
phosphorylation-dependent HSP90 recruitment

Though PAK2 protein expression level would follow the
change of the PKM2 protein in the same direction, PAK2
mRNA levels remained unchanged in the absence of PKM?2
expression (Supplementary Figure S4). The estimated
PAK2 protein half-life was 4.5h after PKM2 depletion,
while the half-life was longer than 24 h in control cells (Fig.
4a). These results suggested PKM2 may modulate PAK2
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expression by post-transcriptional regulation. We attempted
to verify whether PKM?2 enhanced PAK?2 protein stability
by preventing protein degradation. Decreased PAK?2 protein
expression after knocking down PKM2 was rescued by the
proteasome inhibitor, MG132 (Fig. 4b). Consistent to the
above findings, the poly-ubiquitination of PAK2 also
increased in PKM2-depleted Miapaca-2 cells in comparison
with the control cells (Fig. 4c). Altogether, these data sug-
gested that PKM2-mediated PAK2 phosphorylation at ser-
ine 192/197 stabilized PAK2 protein by preventing
proteasomal degradation. We have previously identified
PKM2 as a co-chaperone of HSP90 to increase mutant
EGFR protein stability [13]. We found that HSP90 also
involved in PAK?2 protein stability since the PAK2 protein
expression level decreased similar to EGFR and AKT, two
known HSP90 clients, after the treatment of an HSP90
inhibitor, 17-allyl-aminogeldanamycin (17-AAG) (Fig. 4d).
Recombinant GST-tagged PAK2 could pull down His-
tagged HSP90 in an in vitro condition (Fig. 4e). Although
PKM?2 still bound to PAK25'%¥17A, the associated HSP90
in the PKM2-PAK2 immunocomplex diminished sig-
nificantly in comparison with wild-type PAK2 (Fig. 4f).
These results indicated that PKM2-PAK?2 phosphorylated
at serine 192/197 was responsible for HSP90 recruitment
and thus preventing proteasomal degradation of PAK?2.
Besides, phosphorylating serine 20 and 141 sites of PAK2
by PKM2 might further strength the association between
PKM2 and PAK?2 since the amount of PKM2 decreased on
co-immunoprecipitating ~ with  either PAK252%*  or
PAK25'A in comparison with wild-type PAK2 (Supple-
mentary Figure S5).

PAK2 is responsible for PKM2-regulated cell
invasiveness and tumor metastasis

As we confirmed PAK2 to be a PKM2 substrate, the pos-
sible role of PAK2 in mediating PKM2-regulated cellular
invasiveness of PDAC cells should be clarified. We
knocked down PAK2 in AsPC-1 cells overexpressed with
PKM?2, and the increased migration and invasion abilities
induced by PKM2 overexpression were suppressed (Fig.
5a). We then generated luciferase-expressing AsPC-1 cells
with the same grouping strategies in the orthotopic xeno-
graft model. The primary tumor weight did not reach sig-
nificant difference between groups, although PKM2
overexpression and PAK2 knockdown groups slightly
increased and decreased tumor weight respectively (Fig.
5b). Increased number of metastatic nodules in the lung,
liver, and mesentery were observed in the PKM2 over-
expressed group in comparison with the control group,
whereas few nodules were detected in the PAK2 knock-
down group. Most importantly, PAK2 depletion sig-
nificantly reduced metastasis induced by PKM2
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Fig. 6 Co-expression of PKM2 a
and PAK?2 in human PDAC. a
Representative pictures of IHC
staining with anti-PKM2 or anti-
PAK2 antibody on PDAC and
adjacent normal tissues. Scale
bars, 100 pm. b Analysis of the
correlation between PKM?2 and
PAK2 levels on the basis of
immunohistochemistry results
from 54 PDAC tissue samples.
Statistical significance was
determined by chi-squared test. ¢
A schematic diagram illustrating
the regulation of PAK?2 protein
stability via PKM2-mediated
S192/197 phosphorylation in
PDAC cells
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overexpression in the lung, liver, and mesentery (Fig. Sc—e).
We also observed one and two mice forming a detectable
amount of ascites in the control and PKM2 overexpression
group, respectively, but none in the other groups (Fig. 5%).
Collectively, these findings suggested that induction of
PAK2 expression is one important pathway by which
PKM2 exerted its pro-metastatic activity.

Co-expression of PKM2 and PAK2 in PDAC

As PAK2 mediated the pro-metastatic effect of PKM2 in
PDAC cells, we next investigated this relationship in clin-
ical samples. We examined tumor specimens from 54
PDAC patients for expression of PKM2 and PAK2, and
observed a significantly positive correlation between them
(p < 0.0005) (Fig. 6a and b). Moreover, although PKM?2 and
PAK? alone could be used as prognostic markers for PDAC
patients (p = 0.007 and 0.003, respectively), co-existence of

459"@

Cell invasion
Tumor metastasis

$192/197

PKM?2 and PAK2 showed a more significant prognostic
value (p <0.0001) in predicting overall survival of PDAC
patients (Supplementary Figure S6). These data suggested
that there is a significantly clinical association between
PKM2 and PAK2, further supporting the experimental
findings of biochemical and functional linkage between
PKM2 and PAK?2 (Fig. 6c).

Discussion

PKM2 is recognized initially as the key isoform of PK
contributing to aerobic glycolysis, the Warburg effect,
which is critical for supporting tumor growth after switch-
ing from PKM1 [23]. Recently, more and more data suggest
that the abundance of PKM?2 in cancer cells plays much
more roles in cancer initiation and progression beyond
regulating glucose metabolism [11, 20]. In this study, we
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have found PKM2 expression played an important role in
tumor invasion of PDAC. In comparison to PKM1, PKM?2
had a greater and more consistent impact to migration/
invasion abilities of PDAC cells. The metastasis promoting
effect of PDAC cells in the mice model was evident in
PKM2 but not in PKMI1. These results supported that
PKM2 was not only a regulator of glucose metabolism but
also a crucial mediator of tumor invasiveness in PDAC.

Plasma PKM?2 has been identified as a diagnostic bio-
marker with comparable sensitivity and specificity to serum
CA19-9 in PDAC [24-26]. Consistent with our findings,
Goonetilleke et al. [26] observed that elevated plasma
PKM2 strongly correlated with the metastatic disease and
strongly predicted survival in PDAC patients. However,
there are contradictory results about clinical impacts of
tissue PKM2 levels on overall survival in PDAC patients
[18, 19, 27-31]. While most clinical evaluations support
that PDAC patients with high PKM2 expression in tumors
have worse overall survival in comparison to those with low
expression [28-31], Lockney et al. [19] reported that posi-
tive PKM2 expression predicted better overall survival in
PDAC patients. Our analysis of TCGA database also sup-
ported PKM2 as a poor prognostic marker in PDAC. PKM?2
may play an important role in promoting PDAC cell inva-
siveness and consequently result in poorer overall survival.

The metastatic signals were slightly higher in mice with
PKM1-depleted cell implantation in comparison with the
control group and the PKM2-depleted cell group although it
did not reach statistical significance (Fig. 2b—d). Since the
effects after differential expression of PKM1 among in vitro
migration/invasion assays were less effective than those of
PKM2, it was possible that the migratory/invasive effects of
PKM1 were not powerful enough to increase tumor
metastasis in in vivo experiments. Besides, previous reports
have shown forced expression of PKM1 inhibits the growth
of xenograft tumors either with or without suppression of
PKM2 expression [23, 32]. Constitutively forced expression
of PKM1 in mammary tumors-derived cells with isoform-
specific deletion of PKM2 can suppress tumor formation
in vivo [14]. These data suggest that increased PKM1 levels
are detrimental for cancer cell proliferation. The slightly
increased metastatic signals in the PKMI1 depletion group
may be due to the proliferative benefit after reduced PKM1
expression in cancer cells. More sophisticated studies are
required to define the oncosuppressive role of PKM1 in the
future.

HSP90 is an important chaperone protein responsible for
regulating proteostasis under both physiological and stress
conditions [33]. Though heat-shock proteins are differen-
tially expressed in human gastrointestinal cancers, HSP90 is
constitutively expressed in these gastrointestinal cancers
including PDAC [34]. Blocking HSP90 with 17-
dimethylaminoethylamino-17-demethoxygeldanamycin
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(17-DMAG) can inhibit epidermal growth factor receptor
(EGFR)-dependent signaling in gastric cancer and reduce
the growth and vascularization of gastric cancer in a murine
xenograft model [35]. Our recent study in NSCLC cells
showed PKM?2 can interact directly with EGFR and HSP90,
and stabilize EGFR protein expression by maintaining its
binding with HSP90 and co-chaperones. The process of
stabilization relied on dimeric form of PKM2 without
phosphorylation. When PKM2 was forced to express in its
tetrameric form, the half-life of mutant EGFR decreased
[13, 27]. In this study, we have also identified HSP90 as a
stabilizer for PAK2 protein expression. In contrast to
phosphorylation-independent regulation during EGFR sta-
bilization, PAK2 needs phosphorylation by PKM2 to
facilitate the association with HSP90 and subsequent pro-
tein stabilization.

Recently, Li and colleagues also have demonstrated
that PKM2 promoted cell invasion in PDAC. However, they
concluded that PKM2 regulated PDAC cell invasion
along with survival by enhancing aerobic glycolysis, the
Warburg effect. The statement was based on the results
after 2-deoxy-p-glucose (2-DG) treatment, which dimin-
ished the difference of invasion between cells with and
without downregulating PKM2 [31]. In this study, we used
a series of PKM2 mutants to demonstrate that PKM2 may
regulate cell invasion of PDAC via its protein kinase
activity (Fig. 3a). We further demonstrated that PKM2 may
promote PDAC cell invasion through a non-metabolic
mechanism with phosphorylation and stabilization of
PAK?2. The inconsistent results may be related to the dif-
ferent strategies used between experiments. 2-DG inhibits
hexokinase and completely blocks glycolysis from the first
reaction. But 2-DG has wide-ranging pharmacological
properties in addition to metabolic blockade of aerobic
glycolysis. For example, 2-DG can interrupt the N-linked
glycosylation of proteins, which may affect the activities of
invasion-regulated molecules [36, 37]. Collectively, our
results based on PKM2 mutants and functional rescue
experiments demonstrated a novel non-metabolic mechan-
ism involving PAK?2 by which PKM2 regulated PDAC cell
invasion.

Protein kinase activity of PKM2 is well documented in
recent years. PKM2 could transfer the phosphate group of
PEP to serine, threonine, or tyrosine residues of protein
substrates. Although recent evidence provided by Hosios
et al. [38] argue against the protein kinase function for
PKM2, more and more phosphorylated protein substrates of
PKM2 have been identified by different laboratories. PKM2
can phosphorylate histone H3, Bcl-2, and SNAP-23 at their
serine or threonine residues [12, 39, 40], and phosphorylate
STAT3, Bub3, MLC2 at their tyrosine residues [10, 11, 41].
Like the tightly controlled PK activity of PKM2, the protein
kinase activity of PKM2 may also be tightly regulated.
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Yang et al. [39] showed that only the PKM2 purified from
cancer cells, but not purified from E. coli, phosphorylated
histone H3 in vitro. Phosphorylation of Bcl2 by PKM2 was
found to be stimulated by oxidative stress [12]. Keller et al.
[21] reported that the PKM2-SAICAR interaction was
necessary and sufficient to induce robust protein kinase
activity from PKM2 in vitro and in cancer cells. They also
identified more than 100 potential substrates, including
PAK2, 6, and 7, by proteomic screening with SAICAR-
associated PKM2. Thus, protein kinase activity of PKM2
may be dependent on alternative modifications or ligand
binding. Although the detailed activation process of PKM2
protein kinase activity in PDAC remains to be elucidated,
our study confirmed that PAK2 was phosphorylated by
PKM2 in PDAC cells, and the phosphorylation sites
included Ser20, Serl41, and Ser192/197.

PAK?2 is a serine—threonine kinase with a major role in
regulating cell mobility. PAK?2 is activated by binding with
the small G protein Cdc42 or Rac, leading to autopho-
sphorylation at multiple Ser/Thr sites, including Ser20,
Ser139, Serl41, Ser144, Ser192/197, Thr402, Thr421, and
Thr423 [42, 43]. PAK2 can also be activated by an alter-
native pathway to generate the constitutively active
PAK2p34 fragment through proteolytic cleavage by
caspase-3 or similar proteases. The levels of PAK2p34 are
tightly regulated through ubiquitination and proteasomal
degradation [44]. In this study, we have identified Ser20,
Serl41, and Ser192/197 of PAK2 to be phosphorylated by
PKM2 in vitro, suggesting that PKM2 is a novel regulator
of PAK2. Furthermore, we have found that PKM2-mediated
phosphorylation of Ser192/197 to be critical for maintaining
PAK2 level in PDAC cells. Ser192/197 phosphorylation
facilitated HSP90 association to PAK2 and thus prevented
ubiquitination and proteasomal degradation of PAK2. To
our knowledge, the proteasomal regulation of the full-length
PAK2 has never been reported. Besides, our data also
suggest that the phosphorylation of Serl41 and/or Ser20
may further strengthen the PKM2-PAK?2 interaction. These
results have established a novel regulatory axis that PKM?2
can regulate PAK?2 activation through control of protein
stability.

Our data have shown PKM?2 to be a critical regulator of
cell invasion and metastasis of PDAC. Through phosphor-
ylation of PAK2 and stabilization of PAK?2 by facilitating
PAK2-HSP90 association, PKM2 can increase the cell
invasion ability and promote tumor metastasis of PDAC.
All these results suggest that the regulatory interplay
between PKM isoforms contributes substantially to cancer
progression of PDAC, and targeting the PKM2/HSP90/
PAK2 complex may be beneficial for disease control of
PDAC.

Methods

Patients, specimens, and immunohistochemical
staining

This study included 54 patients with newly diagnosed
PDAC undergoing surgical resection. Patients receiving
preoperative anticancer therapies were excluded. Formalin-
fixed and paraffin-embedded tumor tissues were sectioned
and processed for standard immunohistochemical staining
procedures. The primary antibodies for PAK2 (1:150) and
PKM2 (1:400) were used to detect the expression of PAK2
and PKM2 in the tumor tissues. The results of immuno-
histochemical staining were scored by multiplying the
percentage score by the intensity score. The percentage
score 1-4 was classified using extent of tumor cells stained
(1, <25%; 2, 25-50%; 3, 50-75%; 4, >75%). The intensity
score 1-3 was classified using intensity of tumor cells
stained (1, weak; 2, moderate; 3, strong). Institutional
Review Board approval was obtained to procure and ana-
lyze the tissues used in this study.

Cell culture

Human cell lines AsPC1, Miapaca-2, BxPC-3, and hTERT-
HPNE were purchased from the American Type Culture
Collection (authenticated using STR profile analysis,
Manassas, VA, USA). These cell lines were cultured in
RPMI-1640 medium containing 10% fetal bovine serum in
a humidified atmosphere containing 5% CO, at 37 °C. All
cell lines were confirmed to be Mycoplasma negative.

Antibodies and reagents

Antibodies and reagents used were as follows: PKMI,
PKM2, PAK1/2/3/4, Ser20-/Ser141-/Thr423-/Ser192/197-
phosphorylated PAK2, and HSP90 (Cell Signaling Tech-
nology Inc., Danvers, MA), PAK6/7 (Origene Technology,
Inc., Rockville, MD).

Western blot analysis

Protein lysates were prepared as previously described [13].
Western blot analysis was performed with primary anti-
bodies for PKM1, PKM2, PAK1/2/3/4/6/7, Ser20-/Ser141-/
Thr423-/Ser192/197-phosphorylated PAK2, HSP90, and
GAPDH.

Construction of plasmids and transient transfection
Plasmids bearing HA-PKM?2, K433E-PKM2, and K367M-
PKM2 were modified from the plasmids we constructed

previously [13]. pECE-PAK2 was purchased from
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Addgene, and mutant constructs were obtained by using
QuikChange® Site-Directed Mutagenesis Kit. The shRNA
constructs against PAK2 and PKM2 were purchased from
National RNAi Core Facility. The target sequences were:
shPAK2: 5-CTC TAG GAA CCA AAG TGA TTT-3,
shPKM2: 5-CCA TAA TCG TCC TCA CCA A-,
shPKM1: 5-CGC AAG CTG TTT GAA GAA CTT-3'. The
expression vectors were transfected transiently into test cells
with Lipofectamine 2000 transfection reagents.

Two-chamber migration/invasion assay

Cell migration and invasion abilities were assessed by the
modified two-chamber migration assay. 10° cells were
seeded into the upper chamber, and migrated cells in the
lower chamber were counted after 24 h of incubation. We
used the upper chambers coated with 40 pg matrigel and
counted cells 48h after incubation for invasion assays.
Migrated cells at the bottom of the membrane were fixed
with 20% methanol and stained with 0.2% crystal violet.
Quantification analysis was done by counting those stained
cells. Each data point is derived from three independent
experiments and is shown as mean + SD.

In vitro phosphatase and PKM2 kinase assay

For in vitro phosphatase assays, 1 pg GST-PAK2 protein
(Invitrogen) was incubated in 50 ul containing 1x protein
metallophosphatases supplemented, 1 mM MnCl, and PP1
(NEB) for 1 h at 30 °C. Phosphatase reactions were stopped
with heated at 65 °C for 30 min and then GST-PAK2 were
further immunoprecipitated by glutathione-sepharose beads.
After three times wash, the protein was add with PK
enzyme mix (Sigma, MAKO072) for 15min at 25°C for
PKM2 kinase assay. All samples were analyzed by western
blotting.

In vitro binding assay

GST-PAK?2 fusion proteins were incubated with His-PKM2
or His-HSP90 proteins, in ice-cold protein binding buffer
(50 mM NaH,PO,, 500 mM NaCl, 1% NP-40) at 4 °C with
gentle rocking overnight, then add glutathione-sepharose
beads for an hour incubation. After the beads were washed
five times with 1 ml binding buffer, bound proteins were
resolved by immunoblotting with indicated antibodies.

Animal study of orthotopic implantation
Seven-week-old male SCID mice (NOD.CB17-Prkdc*“®
mice) were randomly grouped and acclimatized over 1 week

while they were caged in groups of five. After indicated
treatment, 2 x 10> cells were inoculated orthotopically into
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the pancreas of test mice. The mice were sacrificed 7 weeks
later. Primary tumors, ascites, and metastases were ana-
lyzed. All mouse studies were performed using protocols
approved by the Institutional Animal Care and Use Com-
mittee of the College of Medicine, National Taiwan
University.

Statistical analysis

The Student’s t-test was used for comparison between the
treatment group and the control group. ANOVA was used
to evaluate the statistical significance of the mean values.
Data were analyzed with the SPSS program for Windows,
version 11.0 (SPSS Inc., Chicago, IL, USA). All statistical
tests included two-way analysis of variance. Statistical
significance was assumed at p-values of less than 0.05.
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