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PKM2 (pyruvate kinase M2), a critical regulator of glycolysis, is phosphorylated by numerous growth factor receptors and
oncogenic tyrosine kinases including NPM-ALK which is expressed in a subset of aggressive T-cell non-Hodgkin
lymphomas known as anaplastic large cell lymphoma, ALK-positive. Our previous work demonstrated that
phosphorylation of Y105-PKM2 by NPM-ALK regulates a major metabolic shift to promote lymphomagenesis. In addition
to its role in metabolism, recent studies have shown that PKM2 promotes oncogenesis by phosphorylating nuclear STAT3
(signal transducer and activator of transcription 3) and regulating transcription of genes involved in cell survival and
proliferation. We hypothesized that identification of novel PKM2 interactors could provide additional insights into its
expanding functional role in cancer. To this end, immunocomplexes of FLAG-tagged PKM2 were isolated from NPM-ALK-
positive ALCL (anaplastic large cell lymphoma) cells and subjected to liquid chromatography tandem mass spectrometry
(LC–MS/MS) which led to the identification of polypyrimidine tract-binding protein (PTBP1) as a novel interactor of PKM2.
The interaction between PTBP1 and PKM2 was restricted to the nucleus and was dependent on NPM-ALK mediated Y105
phosphorylation of PKM2. Stable shRNA-mediated silencing of PTBP1 resulted in a marked decrease in pY105-PKM2 and
pY705-STAT3 which led to decreased ALCL cell proliferation and colony formation. Overall, our data demonstrate that
PTBP1 interacts with PKM2 and promotes ALCL oncogenesis by facilitating PKM2-dependent activation of STAT3 within
the nucleus.
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A subset of anaplastic large cell lymphoma (ALCL) harbors the
chromosomal translocation t(2;5)(p23;q35)1,2 that results in the
expression of nucleophosmin (NPM)-anaplastic lymphoma
kinase (ALK).3 The constitutively active tyrosine kinase (NPM-
ALK) promotes oncogenesis by phosphorylating proteins that
regulate cell survival, invasion, and proliferation.4–9 Currently,
selective inhibition of ALK has shown to be effective for tumors
that are dependent on ALK signaling including ALCL, lung
adenocarcinomas, and inflammatory myofibroblastic tumors.10–14

NPM-ALK promotes a metabolic shift towards biomass
production that favors cell proliferation(4), an emerging
cancer hallmark that was initially described by Warburg
et al.15 In ALCLs, this is in part a result of inactivation
of the enzyme, pyruvate kinase M2 (PKM2) by tyrosine

phosphorylation (Y105-PKM2).4,16,17 In its active tetrameric
state, PKM2 converts phosphoenolpyruvate (PEP) to pyruvate
in the final step of glycolysis.18 Phosphorylation of PKM2 by
NPM-ALK favors the inactive dimeric isoform of PKM2
which predominates over the active tetrameric isoform,19–21

favoring biomass accumulation.16,17

Interestingly, recent studies indicate that PKM2 may have a
broader role in oncogenesis as dimeric PKM2 in the nucleus
can function as a protein kinase22 and phosphorylate STAT3
(signal transducer and activator of transcription 3) which
subsequently promotes gene transcription promoting enhanced
cell proliferation.22–24

To elucidate novel functional roles of PKM2, we used liquid
chromatography tandem mass spectrometry (LC–MS/MS) to
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establish a PKM2 ‘interactome’ which led to the identification
of polypyrimidine tract-binding protein 1 (PTBP1). PTBP1
functions primarily as a splicing factor in the nucleus and has
been implicated in cancer cell growth and tumorigenesis.25,26

However, its expression and functional role in lymphomagen-
esis has not been previously described. Our studies demon-
strate that the interaction of PKM2 and PTBP1 occurs
predominantly in the nucleus and is dependent on
NPM-ALK mediated phosphorylation of Y105-PKM2.
Deregulation of the PKM2-PTBP1 complex is associated with
decreased pY705-STAT3. Furthermore, knockdown of PTBP1
led to decreased pY705-STAT3 levels, cell proliferation and
colony formation indicating that the interaction of
PKM2-PTBP1 regulates the nuclear activation of STAT3.

MATERIALS AND METHODS
Cell Culture
NPM-ALK-positive ALCL-derived cell lines (DEL, SUPM2,
SUDHL1) were maintained in RPMI-1640 with 10% fetal
bovine serum in humidified incubators containing 5% CO2.
Stable cell lines were generated by lentiviral transduction.
Transduced cell lines were selected with puromycin.

Compounds
The 7-amino-1,3,4,5-tetrahydrobenzoazepinone derivative
selective ALK inhibitor CEP26939 (CEP) was acquired from
Cephalon.27 The ALK inhibitor Crizotinib was purchased
from Sigma-Aldrich.

Antibodies and Immunoprecipitation
Protein from cell lysates were analyzed via sodium dodecyl
sulfate polyacrylamide gel electrophoresis. Immunoprecipita-
tion was performed using a FLAG-M2 peptide. Antibodies
used include ALK (Invitrogen, Carlsbad, CA, USA), pY1604-
ALK, PKM2, pY105-PKM2, PTBP1, STAT3, and pY705-
STAT3 (Cell Signaling Technologies, Danvers, MA, USA).

Cytoplasmic/Nuclear Fractionation
ALCL cells were collected, washed, and re-suspended in 1x
hypotonic buffer (20 nM Tris–HCL pH7.4, 10 mM NaCl,
2 mM MgCl2) and set on ice for 15 min. A 10% NP4O
detergent was added and vortexed for 10 s before centrifuga-
tion. The resulting supernatant was used as the cytoplasmic
fraction. The pellet was re-suspended in Cell Extraction
Buffer (ThermoFisher Scientific, Waltham, MA, USA) and set
on ice for 30 min while vortexing at 10 min intervals. The
resulting solution was centrifuged and the supernatant was
used as the nuclear fraction.

Protein Identification by Mass Spectrometry
Purified immunocomplexes were resolved on a SDS-PAGE
gel and proteins were visualized using Colloidal Coomassie
stain. Whole lane was cut into 14 pieces each and de-stained
with 30% methanol for 4 h. Upon reduction (10 mM DTT)
and alkylation (65 mM 2-Chloroacetamide) of the cysteines,

proteins were digested overnight with sequencing grade,
modified trypsin (Promega). Resulting peptides were resolved
on a nano-capillary reverse phase column (Picofrit column,
New Objective) using a 1% acetic acid/acetonitrile gradient at
300 nl/min and directly introduced into a linear ion-trap mass
spectrometer (LTQ Orbitrap XL, ThermoFisher). Data-
dependent MS/MS spectra on the 5 most intense ions from
each full MS scan were collected (relative CE ~ 35%). Proteins
were identified by searching the data against the human
protein database (Uniprot, release 2011-05) appended with
decoy (reverse) sequences using the X!Tandem/Trans-Pro-
teomic Pipeline (TPP) software suite. All peptides and
proteins with a PeptideProphet and ProteinProphet prob-
ability score of 40.9 (fdr o2%) were considered positive
identifications and potential candidates for verification.

WST-1 and Colony Formation Assays
Cell proliferation was assessed via the WST-1 assay over a
72-h period in 3 ml of RPMI-1640 with 1% fetal bovine
serum (Roche Applied Science, Indianapolis, IN, USA).
Colony formation assays were performed with Methocult
H4230 (Stemcell Technologies, Vancouver, British Columbia,
Canada). Colonies were grown for 14 days before staining
with p-iodonitrotetrazolium chloride (Sigma-Aldrich, St.
Louis, MO, USA).

Immunohistochemical Studies
Tissue samples were obtained from the archives of the
Hematopathology Section, Department of Pathology, Uni-
versity of Michigan, with institutional approval
(HUM00023256). IHC staining was conducted with the
following antibodies: ALK (mouse, 1:100, Dako, Carpinteria,
CA, USA), PTBP1 (goat, 1:200, Abcam, Cambridge,
MA, USA).

Statistical Analysis
Statistical significance was assessed using a two-tailed
Student’s t-test after appropriate transformations were
applied to account for normality and equality of variances.
Values lower than 0.05 were considered significant. Unless
otherwise specified, data are represented as mean± s.e.m.

RESULTS
PTBP1 Interacts with PKM2 and the Interaction is
Dependent on NPM-ALK Mediated Phosphorylation of
Y105-PKM2
In order to gain a better understanding of PKM2’s role in
ALCL oncogenesis, we used mass spectrometry to identify
proteins that interact with PKM2. An ALCL cell line (DEL)
was stably transduced with FLAG-tagged PKM2 (both wild-
type (WT) PKM2 and non-phosphorylation mutant Y105F-
PKM2) (Supplementary Figure 1A). Immunoprecipitation of
PKM2 using a FLAG-M2 peptide was performed using 25 μg
of protein lysate from each cell line. Non-transduced DEL
cells were used as a negative control. Analysis of the mass
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spectrometry data revealed 63 candidate interacting proteins
for WT-PKM2 and 70 for Y105F-PKM2 after subtracting
those identified in the negative control (non-transduced
DEL). These proteins included B-catenin and fructose 1,
6-bisphosphate (FBP) (Supplementary Table 1), both known
interactors of PKM2.28,29 The candidate list also included

several nuclear proteins such as HMGA1 and HNRNPU.
Interestingly, most of these were identified predominantly in
the WT-PKM2 immunocomplex and not in the Y105F-PKM2
immunocomplex (Supplementary Table 1).

Notably, PTBP1 (Figure 1a) was identified in the
WT-PKM2 immunocomplex with two unique spectral

Figure 1 PTBP1 (polypyrimidine tract-binding protein 1) interacts with PKM2 (pyruvate kinase M2), and this interaction is dependent on NPM-ALK
(nucleophosmin-anaplastic lymphoma kinase) phosphorylation at Y105-PKM2. (a) Identification of PTBP1 as a potential PKM2 interactor using LC–MS/MS
(liquid chromatography tandem mass spectrometry) analysis: MS/MS spectra of 326IAIPGLAGAGNSVLLVSNLNPER348 (precursor [MH] +2 = 1138.49 m/z)
derived from PTBP1 (SwissProt # P26599) is shown. Observed b- and y-ions are indicated. (b and c) PKM2 and its phosphorylated pY105-PKM2 isoform
specifically interacts with PTBP1. Lysates from ALCL (anaplastic large cell lymphoma)-derived DEL cell lines were immunoprecipitated with anti-PKM2 (b)
or anti-PTBP1 (c) antibodies before immunoblot with PTBP1, PKM2 or phosphorylation specific antibody against Y105-PKM2. Immunoprecipitation with
isotype IgG controls (IP IgG) was used as negative control. The first lane represents whole-cell extract from DEL cell lines (input control). (d) PTBP1
specifically interacts with phosphorylated Y105-PKM2. Lysates from DEL cell lines with ectopic stable expression of recombinant FLAG-tagged WT-PKM2
or phosphorylation mutant Y105F-PKM2, were immunoprecipitated with anti-FLAG antibody before immunoblot with PTBP1, PKM2 or anti pY105-PKM2
antibodies. Parental DEL cell lines with no expression of FLAG-tagged vectors were used as negative controls. (e) NPM-ALK kinase activity is required for
PTBP1 and PKM2 interaction. Lysates from DEL cell lines were immunoprecipitated with anti-PKM2 antibody after inhibition of NPM-ALK kinase activity
with 300 nM of CEP compound or DMSO (control). The immunoprecipitates were immunblotted with antibodies against PTBP1, pY105-PKM2 and PKM2.
Successful inhibition of NPM-ALK kinase activity was confirmed with specific antibodies against pY1604-ALK, the total levels of NPM-ALK were not
modified during the inhibition treatment (6 h). Figures are representative pictures from at least three independent experiments.
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counts but not in the Y105F-PKM2 immunocomplex
(Supplementary Table 1). Because of its known role in PKM1
and PKM2 splicing30 as well as its overexpression in several
types of cancers,31–33 we hypothesized that its interaction with
PKM2 may have a role in the pathogenesis of ALCL.

In order to validate the interaction between PTBP1 and
PKM2, immunoprecipitation of endogenous PKM2 was
performed in ALCL cell lines (DEL and SUPM2) using an
anti-PKM2 antibody and probed for PTBP1 by western blot
analysis. PTBP1 is pulled down by PKM2 but not by the IgG
control pull down (Figure 1b; Supplementary Figure 1B).
Reciprocal immunoprecipitation with anti-PTBP1 antibody
and western blot analysis (Figure 1c; Supplementary
Figure 1C) further demonstrates that PTBP1 interacts
with PKM2.

In order to determine whether phosphorylation of Y105-
PKM2 is necessary for its interaction with PTBP1, FLAG-
tagged WT-PKM2 and Y105F-PKM2 were overexpressed in

DEL cells and lysates were subjected to immunoprecipitation
with a FLAG-M2 peptide. Immunoprecipitation with IgG and
non-transduced DEL cells acted as negative controls. As
shown in Figure 1d, PTBP1 is pulled down by WT-PKM2 but
not by Y105F-PKM2. These data are consistent with the
results of our mass spectrometry experiments (Supplementary
Table 1) and suggests that the phosphorylation of PKM2 at
Y105 is important for its interaction with PTBP1.

As phosphorylation of PKM2 at Y105 is regulated by NPM-
ALK,4 we hypothesized that NPM-ALK activity regulates the
interaction of PKM2 with PTBP1. To investigate this, lysates
from DEL cells subjected to either a small molecule inhibitor
of ALK (CEP) or DMSO (control) for 6 h were immunopre-
cipitated with PKM2 and analyzed by western blot. As shown
in Figure 1e and Supplementary Figure 1D, inhibition of
NPM-ALK activity in both cell lines (DEL and SUDHL1)
led to significant ablation of the interaction of PTBP1
with PKM2. This observation supports the hypothesis that

Figure 2 PTPB1 (polypyrimidine tract-binding protein 1) interacts with PKM2 (pyruvate kinase M2) preferentially in the nucleus over the cytoplasm.
(a and b) PTBP1 and PKM2 predominantly interact in nuclear fractions of ALCL (anaplastic large cell lymphoma)-derived cell lines. Nuclear and
cytoplasmic fractions of ALCL-derived DEL cell lines were immunoprecipitated with anti-PKM2 (a) or anti-PTBP1 (b) antibodies, before immunoblot with
PKM2, phosphorylation specific antibody against Y105-PKM2 and PTBP1 antibodies. Successful nuclear/cytoplasmic fractionation was confirmed by
selective expression of HSP70 and LaminB2 in cytoplasmic and nuclear fractions, respectively. Immunoprecipitation with isotype IgG antibody was used
as non-specific binding control. (c) Interaction between phosphorylated Y105-PKM2 and PTBP1 predominantly occurs in nuclear fractions of
ALCL-derived cell lines. Nuclear and cytoplasmic fractions from lysates of DEL cell lines with ectopic stable expression of recombinant FLAG-tagged
WT-PKM2 or phosphorylation mutant Y105F-PKM2, were immunoprecipitated with anti-FLAG antibody before immunoblot with PTBP1, PKM2 or anti
pY105-PKM2 antibodies. Figures are representative pictures from at least three independent experiments.
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NPM-ALK-dependent phosphorylation of PKM2 at Y105
regulates its interaction with PTBP1.

PTBP1 Interacts with pY105-PKM2 in the Nucleus
To further understand the functional significance of our
observations, we assessed the subcellular location of the
interaction between PTBP1 and PKM2. Cytoplasmic and

nuclear subfractions of ALCL cell lines (DEL, SUPM2, and
SUDHL1) were enriched and HSP70 and LaminB2 western
blots were used to assess the efficiency of cytoplasmic and
nuclear enrichment, respectively. PKM2 is localized predo-
minantly in the cytoplasm with low levels found in the
nucleus (Figure 2a). In contrast, PTBP1 localization is
abundant within the nuclear subfraction with lower amounts
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in the cytoplasm (Figure 2a). The isolated subcellular
fractions were then subjected to immunoprecipitation with
anti-PKM2-antibody and analyzed by western blot analysis
(Figure 2a; Supplementary Figure 1E). Interestingly, the
interaction of PTBP1 with PKM2 was detected in the nuclear
fraction and not in the cytoplasmic fraction (Figure 2a;
Supplementary Figure 1E). To confirm this finding, reciprocal
immunoprecipitation using an anti-PTBP1-antibody was
performed (Figure 2b; Supplementary Figure 1F). Analysis
of the PTBP1 immunocomplex corroborated the previous
observations and showed that the interaction of PKM2 and
PTBP1 occurs predominantly in the nuclear fraction
(Figure 2b). Interestingly, pY105-PKM2 was not detected in
the immunoprecipitation of the cytoplasmic fraction suggest-
ing that PTBP1 preferentially interacts with pY105-PKM2
within the nucleus.

To provide additional evidence that PTBP1 interacts with
pY105-PKM2 preferentially in the nucleus, the interaction
was evaluated in subcellular fractions of DEL cell lines stably
expressing either FLAG-tagged WT-PKM2 or Y105F-PKM2.
Consistent with previous observations, the interaction of
PTBP1 and pY105-PKM2 was only detected in the nuclear
subfraction (Figure 2c). Furthermore, the interaction was
abolished in cells expressing Y105F-PKM2. Overall, these data
indicate that PTBP1 interacts with pY105-PKM2 in the
nucleus, and suggests that the PTBP1-PKM2 complex may be
relevant to a nuclear function of PKM2.

PTBP1 Regulates PKM2-Dependent Phosphorylation of
Y705-STAT3 in the Nucleus
PKM2 has been reported to exhibit protein kinase activity
against STAT3 in the nucleus in several types of cancers.22 To
determine whether the interaction of PTBP1 with Y105-
PKM2 affects its ability to regulate STAT3 activation, we
assessed the levels of Y705-STAT3 in ALCL-derived DEL cells

in the presence or absence of CEP, a selective inhibitor of
ALK as well as in DEL cells stably expressing either WT-
PKM2 or Y105F-PKM2. As seen in Figure 3a, pY1604-ALK
and pY105-PKM2 levels decreased upon ALK inhibition (CEP
treatment). Analysis of the subcellular fractions showed that
nuclear levels of phosphorylated PKM2 were completely
abolished upon NPM-ALK inhibition. Interestingly, expres-
sion of pY705-STAT3 in the nucleus was abolished in cells
expressing Y105F-PKM2 (Figure 3b). This provides evidence
that Y105-PKM2 has an important role in regulating the
phosphorylation of Y705-STAT3.

The localization of NPM-ALK within the nucleus has been
previously described,34 however its role in regulating the
phosphorylation of PKM2 and STAT3 within the nucleus has
not been addressed. In order to determine whether NPM-
ALK phosphorylates Y105-PKM2 within the nucleus, nuclear
subfractions of DEL cell lysates were treated with an ALK
inhibitor (Crizotinib) which exhibits similar level of ALK
inhibition as CEP26939 (CEP).4,35 As shown in Figure 3c,
inhibition of NPM-ALK kinase resulted in decreased levels of
total PKM2, pY105-PKM2, and pY705-STAT3. Total levels of
NPM-ALK and STAT3 remained unchanged.

To determine whether PTBP1 regulates the kinase activity
of PKM2, we assessed Y705-STAT3 in DEL cells after stable
expression of shRNA against PTBP1 using scramble shRNA as
a negative control. As shown in Figure 3d, stable knockdown
of PTBP1 (79% of control) did not affect the expression of
endogenous PKM2 and PKM1 (Figure 3d). However, a
significant reduction of pY105-PKM2 (57%) and pY705-
STAT3 (46%) was observed after PTBP1 knockdown
suggesting that PTBP1 may regulate the levels of Y105-
PKM2. These data suggest that PTBP1 regulates PKM2-
dependent phosphorylation of Y705-STAT3. Notably, this is
independent of ALK activity as the levels of Y1604-ALK were
not affected.

Figure 3 PTBP1 (polypyrimidine tract-binding protein 1) regulates the PKM2 (pyruvate kinase M2)-dependent phosphorylation of Y705-STAT3 (signal
transducer and activator of transcription 3) in the nucleus. (a) Nuclear pY105-PKM2 and pY705-STAT3 decrease upon selective inhibition of NPM-ALK
(nucleophosmin-anaplastic lymphoma kinase) kinase activity. Lysates from nuclear and cytoplasmic fractions of DEL cell lines with selective NPM-ALK
inhibition (CEP) or control (DMSO) were immunblotted with antibodies against PTBP1, pY105-PKM2, PKM2, STAT3, and pY705-STAT3. Successful
inhibition of NPM-ALK kinase activity was confirmed with specific antibodies against pY1604-ALK, the total levels of NPM-ALK, STAT3, PTBP1, and PKM2
were not modified during the inhibition treatment (300 nM CEP for 6 h). Successful nuclear/cytoplasmic fractionation was confirmed by selective
expression of HSP70 and LaminB2 in cytoplasmic and nuclear fractions, respectively. (b) Nuclear pY705-STAT3 decreases upon inhibition of Y105-PKM2
phosphorylation. Nuclear and cytoplasmic fractions from lysates of DEL cell lines with ectopic stable expression of recombinant FLAG-tagged WT-PKM2
or phosphorylation mutant Y105F-PKM2, were immunoblotted with antibodies against PTBP1, pY105-PKM2, PKM2, STAT3, and pY705-STAT3. Total levels
of STAT3, PTBP1, and PKM2 were not modified upon ectopic expression of WT-PKM2 or Y105F-PKM2. (c) Inhibition of nuclear NPM-ALK kinase activity
decreases the nuclear localization of pY105-PKM2 and pY705-STAT3. The nuclear fractions from DEL cell lines were treated with the specific NPM-ALK
kinase inhibitor Crizotinib (300 nM - Criz) or DMSO for 6 h, before immunoblot with antibodies against PTBP1, pY105-PKM2, PKM2, STAT3, and pY705-
STAT3. (d) PTBP1 regulates the phosphorylation pY105-PKM2 and pY705-STAT3. Lysates from DEL cell lines with stable expression of PTBP1 shRNA
(PTBP1 KD) or scramble shRNA were immunoblotted with antibodies against PTBP1, pY105-PKM2, PKM2, PKM1, STAT3, pY705-STAT3, NPM-ALK, and
pY1604-ALK. Numbers indicate integrated signal density of overlying western blot signal bands, stable shRNA against PTBP1 decreased its protein
expression by ~ 80% in comparison with scramble controls. Cell lines with stable expression of PTBP1 shRNA show decreased expression of pY705-
STAT3 (~50%) and pY105-PKM2 (~60%). No significant modification in the expression of WT-PKM2, WT-PKM1, WT-STAT3, NPM-ALK, or pY1604-ALK was
identified. Anti-ACTIN was used as loading control. (e) PTBP1 regulates the nuclear localization of pY105-PKM2 and pY705-STAT3. Nuclear and
cytoplasmic lysates from DEL cell lines with stable expression of PTBP1 shRNA (PTBP1 KD) or scramble shRNA were immunoblotted with antibodies
against PTBP1, pY105-PKM2, PKM2, STAT3, and pY705-STAT3. Total levels of WT-PKM2 and WT-STAT3 were not modified in the nuclear or cytoplasmic
fractions upon selective knockdown or PTBP1. Figures are representative pictures from experiments performed more than 3 times.
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To determine whether PTBP1 affects PKM2-dependent
phosphorylation of STAT3, we analyzed subcellular fractions
of DEL cells after shRNA-mediated knockdown of PTBP1. In
contrast to the control (scramble shRNA) in which levels of
pY705-STAT3 were higher in the nucleus than in the
cytoplasm, cells transduced with PTBP1 shRNA, showed
complete abolishment of phosphorylated Y705-STAT3 speci-
fically in the nucleus (Figure 3e). Total STAT3 levels were
relatively equivalent in both fractions (Figure 3e). These

observations support the hypothesis that PTBP1 modulates
the levels of Y105-PKM2 and Y705-STAT3 within the
nucleus.

PTBP1 Promotes cell Growth and Proliferation
STAT3 is an important oncogenic mediator of ALCL.6 Our
results indicate that pY105-PKM2 and PTBP1 both modulate
the levels of Y705-STAT3 in the nucleus. Thus, we
hypothesized that PTBP1 may have a role in oncogenesis of
ALCL. Evaluation of cell proliferation and colony formation
capacity of DEL cells with stable knockdown of PTBP1
(Figure 3d) showed significant decrease in the number of
colonies relative to the scramble expressing control cells
14 days post-seeding (Figure 4a). Cellular proliferation was
also significantly decreased after 24 h in cells in which PTBP1
was knocked down in comparison to the scramble control
(Figure 4b). These data provide evidence that PTBP1 has a
significant role in promoting oncogenesis. To further support
the functional role of PTBP1 in ALCLs, we carried out
immunohistochemical studies for PTBP1 in formalin fixed
paraffin-embedded tissue biopsies of ALK-positive ALCLs. As
shown in Supplementary Figure 2, we observed strong nuclear
PTBP1 in 8/8 cases (100%) of ALK-positive ALCLs providing
support for a functional role in these neoplasms.

DISCUSSION
Recent studies have shown that the enzymatically inactive
isoform of PKM2 has an oncogenic role in the cell nucleus,
activating downstream targets involved in survival and
proliferation. Phosphorylation of PKM2 at Y105 by NPM-
ALK defines a dual oncogenic role for PKM2; generating
biomass in the cytoplasm and upregulating gene transcription
in the cell nucleus. Prior studies22 have demonstrated that the
homodimeric isoform of PKM2 predominantly localizes to
the cell nucleus. Nuclear expression of PKM2 is also observed
in ALCL cell lines, however further biochemical studies are
required to determine whether it exists in a homodimeric
conformation in ALCL cells. Importantly, this is the first
study to show that expression and interaction of PTBP1 with
PKM2 in the nucleus has an oncogenic role in lymphomas.

Analysis of the proteomic and biochemical data identified
PTBP1 as a key partner for PKM2 in the nucleus. The
interaction of PTBP1 and PKM2 in the nucleus regulates the
phosphorylation and activation of STAT3, which is a key
mediator of oncogenesis in ALCL. As this interaction is
restricted to the nucleus, proper translocation of PKM2 from
cytoplasm to the nucleus is a key step for the oncogenic role
of PKM2. Moreover, our data indicate that the nuclear kinase
activity of NPM-ALK regulates the pY105-PKM2 in the nucleus
and thus PKM2-dependent phosphorylation of STAT3.

The molecular mechanism by which PTBP1 potentiates
PKM2 kinase activity in the nucleus stills remains to be
elucidated. Previous reports have shown that PTBP1 pro-
motes transcription of PKM2 over the less oncogenic splice
isoform PKM1.25 Downregulation of PTBP1 could prevent

a

b

Figure 4 PTBP1 (polypyrimidine tract-binding protein 1) promotes cell
growth and proliferation. (a) PTBP1 regulates anchorage-independent
growth of ALCL (anaplastic large cell lymphoma)-derived cell lines. ALCL-
derived DEL cell lines with stable expression of PTBP1 shRNA or scramble
shRNA were allowed to grow in methycult media for 14 days, and
subsequently were stained with iodonitrotetrazolium chloride (INT dye).
The number of colonies in each group was counted; bar graphs represent
mean± standard error mean (SEM) from at least three independent
experiments. T-test statistical analysis was performed with *P-valueo0.01.
(b) PTBP1 regulates the proliferation of ALCL-derived cell lines.
Proliferation rate of ALCL-derived DEL cell lines with stable expression of
PTBP1 shRNA or scramble shRNA was measured in 24 h intervals for a
total of 72 h. Line graph represent mean± s.e.m. of WST-1 reagent
absorbance (viability) at each time point, from at least three independent
experiments. T-test statistical analysis was performed with *P-valueo0.05.

PTBP1, PKM2, and ALCL oncogenesis
SR Hwang et al

968 Laboratory Investigation | Volume 97 August 2017 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


the transcription of PKM2 and therefore decrease its kinase
activity in the nucleus. Another possible explanation to
consider would be that the PKM2-PTBP1 protein complex
may enhance the kinase activity of PKM2 secondary to
conformational changes. Future studies to elucidate the role
of the interaction between PTBP1 and PKM2 are warranted.

Our findings show that in ALCL cells, PTBP1 is critical for
the activation of STAT3 in the nucleus (Figure 5), which is
highly active in many cancers and an emerging therapeutic
target.36 PTBP1 has also been found to be upregulated in
several types of cancers, and our findings suggest that it may
be used as a potential therapeutic target.25 Further explora-
tions into the potential therapeutic advantages of targeting
PTBP1 are warranted.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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