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PKM2 uses control of HUR localization to regulate p27 and cell
cycle progression in human glioblastoma cells

Joydeep Mukherjee, Shigeo Ohba, Wendy L. See, Joanna J. Phillips, Annette M. Molinaro,
and Russell O. Pieper

The Department of Neurological Surgery and the Brain Tumor Research Center, Helen Diller
Family Comprehensive Cancer Center, University of California-San Francisco, San Francisco, CA
94158

Abstract

The M2 isoform of pyruvate kinase (PK) is upregulated in most cancers including glioblastoma.
Although PKMZ2 has been reported to use dual kinase activities to regulate cell growth, it also
interacts with phosphotyrosine (pY)-containing peptides independently of its kinase activity. The
potential for PKM2 to use the binding of pY-containing proteins to control tumor growth has not
been fully examined. We here describe a novel mechanism by which PKM2 interacts in the
nucleus with the RNA binding protein HuR to regulate HuR sub-cellular localization, p27 levels,
cell cycle progression and glioma cell growth. Suppression of PKM2 in U87, T98G and LN319
glioma cells resulted in increased p27 levels, defects in entry into mitosis, increased centrosome
number, and decreased cell growth. These effects could be reversed by shRNA targeting p27. The
increased levels of p27 in PKM2 knock-down cells were caused by a loss of the nuclear interaction
between PKM2 and HuR, and a subsequent cytoplasmic re-distribution of HUR, which in turn led
to increased cap-independent p27 mRNA translation. Consistent with these results, the alterations
in p27 mRNA translation, cell cycle progression and cell growth caused by PKM2 suppression
could be reversed in vitro and in vivo by suppression of HUR or p27 levels, or by introduction of
forms of PKMZ2 that could bind pY, regardless of their kinase activity. These results define a novel
mechanism by which PKM2 regulates glioma cell growth, and also define a novel set of potential
therapeutic targets along the PKM2-HuR-p27 pathway.
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pyruvate kinase; HUR; p27; cell cycle; metabolism

Pyruvate kinase (PK) is an enzyme that catalyzes the conversion of phosphoenolpyruvate
(PEP) to pyruvate in the final and rate-limiting step of glycolysis.! PK is expressed in four
isoforms, L, R, Ml and M2.2 PKML and PKMR have a limited, tissue-specific pattern of
expression, being expressed in liver and erythrocytes, respectively. PKML1 in contrast is
expressed in tissues thought to have high energy requirements such as skeletal muscle and
brain.3 PKM1 forms homotetramers, which have a high affinity for PEP and generate high
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levels of pyruvate,? which in turn is funneled into the citric acid cycle for further production
of energy.2 PKM2 in contrast, is expressed in many differentiated tissues as well as in cells
with a high rate of nucleic acid synthesis such as stem cells and many (but not all) tumors,
including gliomas.*® In these tissues PKM2 exists in both tetrameric and monomeric/
dimeric forms.® The tetrameric form of PKM2 is the most active with regard to PK activity.2
In tumors, however, growth-related signaling events lead to phosphorylation of PKM2 at
Y105,” and increased binding of PKM2 to phospho-tyrosine (pY)-containing proteins.®
These events, along with low levels of the PKM2 allosteric activator fructose 1,6 -
bisphosphate, limit tetramer formation, limit PK activity, and in turn are associated with
increased tumor growth.247:8 Consistent with this idea, the complete deletion of PKM2 in
models of breast cancer results in increased tumor growth.10 In its dimeric form as is found
in tumors, however, PKM?2 has been reported to display a second distinct kinase activity?
that phosphorylates molecules that directly or indirectly promote cell cycle entry10.11
facilitate chromosomal segregation,12 and promote cellular proliferation.13 In this manner
the protein kinase functions of PKM2 have been suggested to contribute to tumor growth
independently of the PK activity of the enzyme.8:9:11.12

Although PKM2 uses kinase-dependent mechanisms to alter cell behavior, PKM2 also
interacts with a variety of metabolites and pY-containing proteins independently of its kinase
activity.2*8 Furthermore, although the kinase-dependent activities of PKM2 have been
defined in cell lines with extremely high growth factor pathway activation,11.13-15 the
potential for PKM2 to use its pY-binding ability to control basal states of tumor growth has
not been fully examined. In this report we show that PKIM2 uses its pY-binding ability to
reduce cytoplasmic levels of HUR, a master regulator of RNA metabolism. Loss of PKM2
limits the binding to HUR and leads to a cytoplasmic re-distribution of HuR. This in turn
leads to increased cap-independent p27 mRNA translation, increased levels of p27 and a
variety of cell cycle defects associated with high p27 levels. These results define a new HUR-
and p27-mediated pathway by which PKM2 controls RNA metabolism and regulates glioma
cell growth.

Material and Methods

Cell culture

U87MG, T98G and LN319 human glioma cells were provided by the UCSF Brain Tumor
Center Tissue Core and were cultured as described.16

Modulation of PKM2, p27 and HUR expression

Nontargeted, or one of two different lentiviral PKM2 shRNAs were used to transduce U87,
T98G and LN319 cells as described.16 Parental and PKM2 knock-down cells were also
either transiently transfected (Fugene 6) with one of the two different siRNA targeting p27
or HUR, transduced with shRNAs targeting p27 or HuR, or transduced with lentiviral
constructs encoding human HuUR or one of four different forms of mouse PKM2 (WT, pY
binding-deficient K433E1®, kinase-dead K367M17 or R399E10). In each case the appropriate
scrambled siRNA, scrambled shRNA or blank vector control was also used.
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Cell synchronization and analysis of cell cycle and centrosome number

Cells were synchronized by incubation (48 hr) in serum-free DMEM-H21 media, released
into 10% serum-containing media, collected at the indicated time points, fixed and stained
with phospho (Ser 28) histone H3.3 antibody (Cell Signaling), and analyzed by FACS. For
BrdU incorporation analysis, released cells were incubated with BrdU (10 uM, 30 min),
fixed, and stained in PBS containing 20 pg/ml anti-BrdU (Roche). Cell cycle distribution
was assessed in fixed, propidium iodide-labeled cells by FACS in combination with Flowjo
software (Treestar). DNA content was measured by DAPI staining and quantitative FACS
analysis. Bright field microscopy was performed to monitor the cell size. Centrosome
number was assessed using a pericentrin-specific antibody (Abcam) followed by a
fluorescent secondary antibody (anti rabbit Alexa 488, Invitogen) and 40 x
immunofluorescence microscopic analysis of >400 cells per group.

Translation assays

Control and PKM2 knock-down cells were transiently transfected with a full length or a 71
bp deleted 5 UTR of p27 bicistronic ()CMV-Myc-RL—p27 5 UTR —FL) expression
construct. p27 cap-independent translation analysis was performed using a Dual Luciferase
kit (Promega). p27 IRES bicistronic mRNA expression levels were determined by
quantitative PCR and were used to normalize luciferase activities.

Sucrose density gradient fractionation and RNA analysis

Cells (5 x 107) were incubated with cycloheximide (15 min, 100 mg/ml). Cytoplasmic
lysates (500 pl, NE-PER Extraction Kit, Pierce) were subjected to linear sucrose density
gradient (10-50%) centrifugation!® and divided into 10 fractions of increasing density. RNA
was extracted (Trizol LS, Invitrogen), dissolved in nuclease-free water, and analyzed
(Agilent 2100 Bioanalyzer) to identify the polysome fractions with a 285/18S rRNA ratio
equal to 2.19 Relevant fractions were analyzed in triplicate for p27 and B-actin mRNA levels
by real time PCR.16 For p27, the primers were 5- CGCTTT GTTTTGTTCGGTTT-3 and 5-
TCGCACGTTTGACATC TTTC-3. For B -actin the primers were 5-GATGAGATT
GGCATGGCTTT-3 and 5- CACCTTCACCGTTCCAGTTT -3. Thermal cycling conditions
consisted of an initial 958C for 3 min followed by 40 cycles at 95°C for 15 sec, 60°C for 15
sec and 72°C for 30 sec (Rotor Gene, Qiagen).

Cell fractionation, protein extraction, cross-linking, immunoprecipitation and western blot

analysis

Protein lysates from control, rapamycin (100 nM, 18 hr) or leptomycin B (0 or 5 ng/ml, 16
hr) treated cells or cell sub-fractions (NE-PER Extraction kit, Pierce) were prepared in lysis
buffer supplemented with protease and phosphatase inhibitors (Roche). For
immunoprecipitation, protein lysates were precleared with protein A/G-agarose beads (Santa
Cruz, 3 hr, 4°C), then incubated with primary antibody (16 hr, 4°C). Immune complexes
were precipitated (2 hr, 4°C) with protein A/G-agarose beads. In control samples, the
primary antibody was substituted with control 1gG. Immunoprecipitates were washed four
times with RIPA buffer containing 0.5 M NaCl and 2% SDS, three times with PBS, then
resuspended in Laemmli buffer. Proteins were separated on 4-20% gradient polyacrylamide
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gels and transferred onto Immuno-Blot PVDF membranes (Bio-Rad Laboratories).
Membranes were then incubated in blocking buffer (1X TBS containing 5% milk and 0.05%
Tween-20, 2 hr), probed overnight with antibodies specific for the cytoplasmic marker (-
tubulin (1:1000), the nuclear marker histone H3 (1:1000), PKM2 (1:1000), p-actin
(1:20,000), pS6 (1:1000), 4E-BP1,(1:1000), cyclin B (1:1000), pY (1:2000), pY15 Cdkl
(1:2000), (all Cell Signaling), PKM1 (Proteintech, 1:1000), p27 (1:500)(Santa-Cruz),
phospho (T187) p27 (1:500)(Abcam), HuR (1:500, Santa Cruz) or FLAG (1:1000, Sigma),
washed, then incubated with appropriate horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology). Antibody binding was detected by incubation with
ECL reagents (Amersham Pharmacia Biotech).

Cyclin B/Cdk1 activity assays

Cyclin B/Cdk1 activity was determined using a cyclinB/Cdk1 activity assay (MBL
International Corp.)

Immunofluorescence staining of cells, xenografts and primary human GBM sections

Cultured cells grown overnight in four-well-chambered slides overnight were fixed in
paraformaldehyde (4%, 10 min). Formalin-fixed, paraffin-embedded 5 um sections of
intracranial U87 xenografts and primary human GBM (obtained from the UCSF Brain
Tumor Center Tissue Core using protocols approved by the UCSF Institutional Review
Board and neuropathologically verified as grade 1V based on the WHO classification
scheme) were mounted on slides, deparafinized, washed and rehydrated in graded alcohol.
For antigen unmasking, slides were placed in 1 mM EDTA pH 8 (10 min, 100°C under
pressure) followed by 15 min at a sub-boiling temperature. After rinsing twice in PBST, all
slides were blocked (3% normal goat serum and 0.2% triton X-100 in PBS, 30 min, room
temperature), then incubated with PKM2 (1:200), p27 (1:100), FLAG (1:300) and/or HUR
(1:100) primary antibodies in 1% goat serum and 0.2% triton X-100 in PBS (18-20 hr, 4°C).
After washing, slides were incubated with fluorescent-tagged secondary antibodies (647,
588, 546, 1:200, 2 hr, Invitrogen) appropriate for the host species of the primary antibody.
Following washing (PBS, 3 x 5 min each), sections were incubated with DAPI, washed and
mounted. Negative controls for antibody labeling were performed by omitting primary or
secondary antibodies.

Image acquisition and analysis

Confocal laser scanning fluorescence microscopy was performed on a Zeiss LSM 510
equipped with violet 405 nm, argon 488 nm, helium-neon 543 nm and helium-neon 633 nm
lasers for excitation (DAPI, HUR, PKM2 and p27 imaging, respectively). Images were
obtained using a 63 x objective. Random fields (15-18, 4-6 cells per field) were chosen
from tissue sections from each of three GBM exhibiting low or high nuclear PKM2 staining.
The absolute amount of PKM2 and HuR fluorescence localized to the nucleus or cytoplasm
in each cell was calculated using ZEN software (Zeiss), and expressed as a percentage of the
total cellular fluorescence. The total p27 cellular fluorescence was calculated and expressed
as a percentage of the average p27 fluorescence noted in five positive control, p27-
expressing, immune-infiltrated cells in each section.

Int J Cancer. Author manuscript; available in PMC 2019 July 09.
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In vivo studies

Immunodeficient mice (nu/nu; Charles River) (7= 7 in each group) were injected
intracranially with 4 x 10° luciferase-expressing U87 cells containing blank lentiviral
constructs or constructs encoding p27 or HuR, as well as lentiviral constructs encoding
scrambled shRNAs or shRNAs targeting PKM2, p27 or HuR. Tumor growth was monitored
weekly by treating mice with D-luciferin (150 mg/kg IP, Gold-Bio-technology) and
measuring bioluminescence using a Xenogen IVIS Bioluminescence imaging station
(Caliper). Tumor growth was calculated by normalizing luminescence measurements to Day
1 postinjection values. The guidelines of the UCSF Institutional Animal Care and Use
Committee were followed for all animal work.

Statistical analysis

Results

The unpaired Student’s #test was applied (p values) for comparing two groups while a one-
way ANOVA test with post hoc Turkey-Kramer multiple comparisons test was used for
multiple groups. A k-means test was used to define cutpoints of high and low nuclear
PKM2, cytoplasmic HUR and p27 expression, while a x2 goodness of fit test was used to
determine if values displayed a random uniform distribution.

PKM2 knock-down causes defects in entry to mitosis

We and others have shown that sShRNA-mediated suppression of PKM2 decreases tumor cell
proliferation in vitro and in vivo.19:15.16 The growth suppression we noted in PKM2 knock-
down glioma cells /n vitro, however, was not associated with decreased cyclin D1 protein
levels (Fig. 1a, Supporting Information Fig. S1a), decreased cyclin D1 mRNA levels
(Supporting Information Fig. S1b), increased PKM1 levels (Fig. 1a, Supporting Information
Fig. S1a) or an accumulation of cells with a sub GO, GO/G1 or S phase DNA content (Fig.
1b). Rather, cells accumulated with a greater than 2N DNA content (G2/M, Fig. 1b). Serum-
starved control or PKM2 knock-down cells re-entered the cell cycle 4-6 hr after releasing
into serum-containing media, and displayed comparable percentages of cells entering S
phase (BrdU + cells, Supporting Information Fig. S1c). Significantly fewer PKM2-knock-
down cells, however, progressed into mitosis (phospho-histone H3.3+ cells) over the first 12
hr following release compared to control cells (Fig. 1c, Supporting Information Fig. S1d).
Strikingly, cells expressing either of two shRNAs targeting PKM2 also exhibited increased
DNA content (Supporting Information Fig. S1e), increased cell size (Supporting Information
Fig. S1f) and an increased percentage of cells with >2 centrosomes (Fig. 1d). Although the
PKM2 knock-down cells did not exhibit increased p-galactosidase staining associated with
senescence (not shown), their phenotype resembled that of Skp2-deficient cells, which have
high levels of p27 and similar difficulties progressing into mitosis.2 We therefore
considered the possibility that PKM2 uses control of p27 to regulate mitotic progression and
tumor cell growth.

Int J Cancer. Author manuscript; available in PMC 2019 July 09.
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PKM2-mediated effects on growth and cell cycle progression are p27 dependent

p27 is a repressor of cyclin A/Cdk2 complexes and the G1/S transition.2! p27-mediated
inhibition of cyclin A/Cdk2, however, also limits the movement of cells through the G2-M
transition by indirectly increasing Cdkl pY15 inhibitory phosphorylation and decreasing
Cdkl/cyclin B activity.29 Consistent with this observation, cells expressing either of two
PKM2 shRNAs had significantly higher levels of p27 and pY15 Cdkl (Figs. 1e, Supporting
Information Fig. Slg), significantly less Cdkl activity (Fig. 1f Supporting Information Fig.
Slh), and accumulated in the G2/M phase of the cell cycle (Fig. 1g, Supporting Information
Fig. Sli) relative to their nontargeted controls. Additional introduction of either of two
SiRNAs targeting p27 decreased p27 and Cdkl pY 15 levels by >90%, and reversed the
decrease in cyclinB/Cdkl activity and the accumulation of cells in G2/M, all without
changing levels of PKM2 (Figs. 1e—g, Supporting Information Figs. Slg-Sli). Furthermore,
siRNA-mediated suppression of p27 reversed the suppressive effects of PKM2 knock-down
on colony growth /n vitro (Supporting Information Fig. Slj) and restored the ability of cells
to retain a normal cell cycle distribution and centrosome number (Fig. 1g, Supporting
Information Fig. SIk). The phenotypic changes and growth suppression noted following loss
of PKM2 expression were therefore dependent on increased p27 expression.

PKM2 loss increases p27 mRNA cap-dependent translation

To understand how PKM2 influences expression of p27 and cell cycle progression, we first
determined how p27 expression was altered in PKM2 knock-down cells. Control and PKM2
knock-down cells had comparable levels of p27 mRNA (Supporting Information Fig. S2a),
suggesting that the higher p27 levels noted in the PKM2 knock-down cells were not a result
of the ability of PKM2-mediated Stat3 activation to transcriptionally up-regulate p27.2 p27
levels can also, however, be regulated translationally, and the p27 mRNA contains a 5’UTR
with an internal ribosome entry site that allows for cap-independent, as well as cap-
dependent translation.22 The incubation of control or PKM2 knock-down cells with
rapamycin, which blocks mTOR signaling and cap-dependent translation,23 did not,
however, block the increase in p27 levels caused by PKIM2 knock-down (Supporting
Information Fig. S2b). The effects of PKM2 knock-down on cap-independent translation of
the p27 mRNA were therefore examined in cells transiently transfected with a bicistronic
expression construct that yielded a transcript that could be translated in both a cap-
dependent manner to generate both Renilla and Firefly luciferase, and in a cap-independent
manner (by virtue of an intervening p27 5° UTR) to yield additional £ luciferase. Control
and PKM2 knock-down cells exhibited similar cap-dependent expression of the R. luciferase
(Fig. 2a). PKM2 knock-down cells, however, exhibited significantly increased expression of
F. luciferase expression when the intact p27 5’UTR was included in the expression construct
(Fig. 2a) but not when cells contained a 71 bp deleted 5’UTR construct (data not shown),
indicative of increased cap-independent translation. Polysome analysis also showed that
although the amount of B-actin mMRNA in monosomal and polysomal fractions was similar in
control and PKM2 knock-down cells, significantly more p27 mRNA was in the polysomal
fractions of PKM2 knock-down cells (Fig. 2b, Supporting Information Fig. S2c), confirming
that PKM2 loss increases p27 mRNA translation.

Int J Cancer. Author manuscript; available in PMC 2019 July 09.
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The effects of PKM2 loss on p27 levels and cell cycle progression are HuR-dependent

To define the mechanism by which PKM2 regulates p27 capindependent translation, we first
tested the role of HUR, an RNA-binding protein previously described as a regulator of p27
translation.?1:24 The PKM2 knock-down that increased p27 levels and promoted
accumulation of cells in G2/M also led to increased levels of HuR (Fig. 2¢, Supporting
Information Fig. S2d). Both the increased p27 levels and cell cycle arrest caused by PKM2
knock-down could be reversed by siRNA-mediated suppression of HuR levels (Figs.2c—d,
Supporting Information Figs. S2d-S2e). Furthermore, the siRNA-mediated suppression of
HuR in PKM2 knock-down cells also decreased the cap-independent translation of p27 (Fig.
2e, Supporting Information Fig. S2f). These results show that loss of PKM2 leads to
increased levels of HUR. The subsequent stimulation of cap-independent p27 mRNA
translation and increases in p27 protein levels is in turn a significant contributor to the
deficits in mitotic entry in PKM2 knock-down cells.

PKM2 influences HuR cellular localization

Because HuR is a nuclear protein that shuttles to the cytoplasm to increase p27 mRNA
translation,22 we next examined the effect of PKM2 knock-down on HuR localization. HUR
was predominantly in the nuclear, histone-containing sub-fraction of control cells (Fig. 3a)
and co-localized with DAPI-stained cell nuclei (Fig. 3b). In PKM2 knock-down cells,
however, HUR was shifted to the cytoplasm. Incubation of cells with leptomycin, a specific
pharmacologic inhibitor of nuclear export2> had no effect on the nuclear localization of HUR
in control cells, but blocked the cytoplasmic accumulation of HuR in PKM2 knock-down
cells (Fig. 3c). These results therefore show that loss of PKM2 expression allows increased
export of HUR to the cytoplasm.

PKM2 binds and retains pY HuR in the nucleus to regulate p27 and cell cycle progression

Cellular stress alters the phosphorylation of HuR (5202, 221 and 242),26-29 which in turn
leads to export of HuR into the cytoplasm and accumulation in stress granules.2® Levels of
pS202 HuR in PKM2 knock-down cells, however, were not different from those in control
cells, and the nuclear and cytoplasmic HuR were similarly S202 phosphorylated in both
groups (Supporting Information Figs. S3a and S3b). There was also no evidence of stress
granules (Supporting Information Fig. S3c), activation of AMP kinase (hot shown) or of the
mTOR inhibition (Supporting Information Fig. S2b) noted in metabolically stressed cells.30
Combined with recent evidence that PKM2 may not function as a protein kinase,3! these
data suggest that PKIM2 may regulate HUR sub-cellular localization by events unrelated to
direct or indirect HuR serine phosphorylation.

HuR also contains seven tyrosines, and the phosphorylation of at least one of these ('Y200)
plays a role in HuR sub-cellular localization.2® Because PKM2 is reported to be a kinase that
can also bind pY-containing proteins, we considered the possibility that PKM2 could control
HUuR nuclear export by directly or indirectly phosphorylating tyrosine residues of HUR, or by
directly interacting with pY HuR. HUR immunoprecipitates from PKM2 knock-down cells
contained similar or higher levels of protein recognized by a pY-specific antibody than
control cells (Fig. 3d) suggesting that while HuR is tyrosine phosphorylated in GBM cells,
PKM2 does not directly or indirectly increase tyrosine phosphorylation of HuR.

Int J Cancer. Author manuscript; available in PMC 2019 July 09.
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Furthermore, the pY HuR in control cells was located in the nucleus while that in PKM2
knock-down cells was in the cytoplasm (Fig. 3e), suggesting that the pY status of HuR did
not per se control the cytoplasmic redistribution of HuR following PKM2 suppression.

In light of this data we considered the possibility that direct binding of PKM2 to pY HuR
contributes to HuR nuclear localization and function. In control cells, PKM2 was found in
HuR immunoprecipitates and HUR was found in PKM2 immunoprecipitates, while both
these interactions were less apparent in PKM2 knock-down cells (Fig. 1f). Furthermore,
when PKM2 knock-down cells were infected with constructs encoding FLAG-tagged WT
PKM2 (mM2), or forms of PKM2 that could (R399E, K367M) or could not (K433E) bind
pY-containing proteins,8 HUR was associated only with FLAG-tagged immunoprecipitates
containing forms of PKM2 that retained pY-binding ability (Fig. 4a). Of note, this
association was independent of PKIM2 kinase activity as the K367M PKM2 mutant encodes
a kinase-dead form of the enzyme (Supporting Information Fig. S4b). Additionally, only the
forms of PKM2 that could bind HUR (mM2, K367M, R399E) suppressed the increase in p27
and HuR levels mediated by knock-down of endogenous PKM2 (Fig. 4b, Supporting
Information Fig. S4a). These forms of PKM2 were also uniquely able to restore the ability
of PKM2 knock-down cells to enter mitosis and to retain a normal DNA content and
centrosome number (Supporting Information Figs. S4c—S4e).

Because phosphorylation of HUR Y200 has been suggested to be involved in the control of
HuR sub-cellular localization, we also performed converse experiments in which control or
PKM2-knock-down cells were infected with a construct encoding FLAG-tagged WT HuR or
a mutant form of HuR (Y200F) limited in its ability to be tyrosine phosphorylated. As
expected, FLAG-tagged WT HuR exhibited tyrosine phosphorylation, accumulated in the
nuclear fractions of control cells and co-localized with nuclear DAPI staining (Figs. 4c and
4d), while FLAG-tagged WT HuR was similarly tyrosine phosphorylated but accumulated in
the cytoplasmic fractions and cytoplasm of PKM2-knock-down cells (Figs. 4c and 4d).
FLAG-tagged Y200F mutant HuR exhibited no detectable tyrosine phosphorylation in either
control or PKM2 knock-down cells, perhaps consistent with the observation that tyrosine
phosphorylation of HUR occurs in a co-ordinated manner.2° Of note, however, Y200F HuR
accumulated not in the nuclear fractions but in the cytoplasmic fractions and nonDAPI-
stained regions of both cell groups (Figs. 4c and 4d). Furthermore, PKM2 was found in
FLAG-immunoprecipitates from cells expressing FLAG-tagged WT HuR, but was not
present in those from cells expressing FLAG-tagged Y200F HuR (Fig. 4e). The introduction
of the Y200F HuR into control cells also led to increased levels of p27 and accumulation of
cells in G2/M comparable to that induced by PKM2 knock-down, and this effect was not
enhanced by combining Y200F HuR expression with PKM2 suppression (Figs. 4f and 49).
These data show that PKMZ2 uses its pY-binding ability to retain pY-HuR in the nucleus.
Accordingly, loss of PKM2 releases HUR for export to the cytoplasm where it increases
translation of p27 and limits cell cycle progression.

Int J Cancer. Author manuscript; available in PMC 2019 July 09.
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Levels of nuclear PKM2 correlate inversely with cytoplasmic HUR and p27 expression in
vitro and in human GBM samples

To more fully address the relationship between PKM2, HuR and p27 localization and
expression, control and PKM2-suppressed U87 cells grown in vitro and as xenografts were
examined by triple immunofluorescence. PKM2 was primarily nuclear in control U87 cells
grown in culture, and this staining co-incided with nuclear HuR staining and a relative lack
of p27 staining (Fig. 5a). In contrast, in PKM2 knock-down cells, HUR exhibited a
cytoplasmic localization in association with p27 expression. The same was true /n vivo,
where U87 tumor cells grown as xenografts expressed nuclear PKM2 and HuR, but little
p27, while tumors derived from U87 PKM2 knock-down cells exhibited cytoplasmic PKM2
and HuR expression accompanied by increased expression of p27. To address the
relationship in primary human GBM samples, 15 GBM samples were separated into groups
of low (0-10% positive), intermediate (10-70% positive) or high (>70% positive) nuclear
PKM2 staining. Fifty cells in each of three human GBM in the low and high expressing
groups were then examined by triple immune-fluorescence (Supporting Information Table
S1). Roughly 75-100% of the cells in each group stained positively for PKM2, and total
PKM2 immunofluorescence was comparable between the low and high groups. The nuclear
PKM2 immunofluorescence in the low group however contributed <5% of the total PKM2
staining while in the high group it contributed > 20% of the total PKM2 (Fig. 5b).
Consistent with this observation, the total intensity of HuR staining was higher in the group
that retained more PKMZ2 in the nucleus, and over 95% of this staining was nuclear, versus a
roughly equal distribution of HUR between the nucleus and cytoplasm in the cells that
retained little nuclear PKM2. A significantly higher percentage of the cells with low levels
of nuclear PKM2 and/or containing high levels of cytoplasmic HuR also were positive for
p27 staining relative to cells in other groups (Fig. 5¢). Furthermore, using unsupervized 4-
means clustering to define high/low cut-points, the 300 cells analyzed did not display a
random uniform distribution across all eight possible combinations of high/low expression
(Supporting Information Fig. S5), but rather separated cleanly into two groups (high nuclear
PKM2/high cytoplasmic HuR/low p27 vs. low nuclear PKM2/high cytoplasmic HuR/low
p27) (X2 goodness of fit test, p < 2.2e-16) (Fig. 5¢). These results indicate that the
associations between PKM2, HuR and p27 noted in cultured GBM cells are also present in
GBM cells in vivo and in primary GBM samples.

The PKM2-HuR-p27 pathway controls glioma growth in vivo

To determine if the events noted in vitroare relevant in vivo, U87 cells modulated with
respect to PKM2, p27 and/or HuR (Fig. 6a) were intracranially injected into mice, after
which the effect on tumor growth was monitored by bioluminescence imaging. Control
tumors grew rapidly over an initial 4 week period (Fig. 6b), necessitating the sacrifice of all
animals by Day 40 postimplantation (Fig. 6¢). Tumors generated from cells expressing
PKM2 shRNA, or constructs encoding HUR or p27 exhibited a significant reduction in
growth relative to controls (Fig. 6b), and animals bearing these tumors exhibited a
significant survival advantage (Fig. 6¢). Furthermore, the growth inhibition and survival
advantage noted in PKM2 knock-down cells could be reversed by the introduction of
shRNAs targeting either HUR or p27. These results show that the PKM2-HuR-p27 pathway
modulates the growth of GBM cells both /n7 vitro and in the xenograft setting.
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Discussion

PKM2 has been suggested to use both PK and protein kinase activities to regulate cell
growth. PKM2, however, also binds pY-containing proteins independently of its kinase
activity. Although binding of pY-containing peptides regulates PK activity, the potential for
PKM2 to use phosphorylated tyrosine residue binding to directly control tumor cell cycle
progression and growth has not been fully examined. In this paper we show that PKM2 uses
its pY-binding ability to retain HuUR in the nucleus, limit cytoplasmic cap-independent p27
mRNA translation, and promote glioma cell growth. These results define a new HuR- and
p27-mediated pathway by which PKM2 controls RNA metabolism and regulates glioma cell
growth.

Novel links between PKM2, HUR, p27 and cell cycle arrest

The present data provide a novel link between PKM2, HUR, p27 and cell cycle arrest. The
cell cycle arrest noted following PKM2 knock-down in the present study occurred in the
absence of increased levels of PKM1 and could not be reversed by exogenous expression of
PKML1. These results therefore differ from those described in normal mouse fibroblasts in
which genetic suppression of PKM2 led to increased PKM1 expression, PKMI-dependent
nucleotide depletion and accumulation of cells in S phase.32 While the basis for these
differences remain to be defined, the results suggest that tumor cells respond to changes in
the PKM2/PKM1 ratio differently than normal nonimmortalized cells. The cell cycle arrest
noted following PKM2 knock-down in the present study was also a direct consequence of
increased levels of p27 and was independent of the ability of PKM2 to transcriptionally
control levels of Stat3 and cyclin D.10.11 Given that the effects of PKM2 knock-down on
cyclin D and cell cycle entry were uncovered in tumor cells following EGFR pathway
activation,1:13-15 the effects noted here on HUR, p27 and mitotic entry may represent a more
basal level of PKM2-mediated growth control. The identification of p27 as a PKM2 effector
in this process is also consistent with the observation that p27, in addition to controlling the
cyclin A/Cdk2 complex and G1 transition, can also indirectly reduce cyclin B/Cdk1 activity
and cause G2/M arrest, especially in tumor cells with a compromized G1/S checkpoint.33
The increase in p27 levels in response to suppression of PKM2 was not associated with
increased levels of p27 transcripts, but rather with HuR-mediated increase in p27 cap-
independent translation. HUR is a master regulator of RNA metabolism whose sequence-
specific RNA binding alters pre-mRNA processing,34:3% increases mRNA stability,36-38 and,
through control of the translational repressor lincRNA-p21, increases mRNA translation.39
Although HuR stabilizes mMRNAs encoding for pro-growth molecules,*? it also stabilizes
and/or increases the translation of mMRNAs encoding negative regulators of growth such as
TSP-1 4 and other IRES-containing transcripts such as p27.42 Furthermore, HuR over-
expression correlates with increased as well as decreased aggressiveness in breast cancer,
4344 and in at least one study impairs the growth of triple negative breast cancers.*! In this
regard it appears that the targets and outcomes of HUR expression may be highly dependent
on the cellular context in ways that at present are only partially understood.

In addition to linking PKM2 to the control of HuR, p27 and cell cycle arrest, the data
presented also define a mechanism by which this is accomplished. HUR is a pY-containing
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protein,26-29 and its stability and function are known to be controlled by sub-cellular
location.#>46 PKM2 in turn is a nuclear protein that binds pY-containing peptides. The data
presented here show that in control cells, pY-containing HUR is predominantly a nuclear
protein, and that forms of PKMZ2 that retain pY-binding ability co-immunoprecipitate with
HuR as well as rescue cells from defects in cell cycle progression caused by PKM2 knock-
down. The accumulation of HUR in the cytoplasm following suppression of PKM2 levels
also supports the idea that PKM2 binds and traps HuR, and in particular pY-containing HUR
(as well as possibly p27 itself)*” in the nucleus, limiting the ability of HuR to facilitate p27
mMRNA translation in the cytoplasm. Under these conditions the trapped nuclear HUR may be
able to function as a progrowth regulator of splicing and a stabilizer of nuclear pre-mRNAs
involved in stimulating cell growth,38 including PKM2.48:49 Conversely, in cells with
reduced levels of PKM2, HUR assumes a cytoplasmic location, much as it does in stressed
cells.#® Under these circumstances HUR may regulate a different set of transcripts (including
p27), that favor cell cycle arrest, suppress apoptosis and contribute to cell survival rather
than cell proliferation.?? The exact identity of the forms of pY HuR critical for PKM2
binding and nuclear retention cannot be identified from the present studies. Although the
inability of Y200F HuR to bind PKM2 and be retained in the nucleus suggests that
phosphorylation of Y200 may be critical, other HuR tyrosine residues whose
phosphorylation is altered by Y200 HuR mutation may also be involved. The abundance and
significance of these multiple forms of tyrosine-phosphorylated HUR in GBM cells remains
to be determined.

The association between nuclear PKM2 levels, cytoplasmic HuR levels and total p27 levels
noted in cultured GBM cells are also present in GBM xenograft cells and more importantly,
in primary GBM samples, suggesting that the PKM2-HuR-p27 axis functions not only /n
vitrobut also in primary GBM. Furthermore, the heterogeneity of PKM2 expression and
PKM2 sub-cellular localization noted in this and other studies suggests that the PKM2-HuR-
p27 axis may play a role in balancing the pro-growth and pro-survival signaling that
ultimately regulates tumor progression. The further unraveling of the interconnections
between PKM2, HuR and RNA metabolism will likely be of interest in assessing this
possibility, as well as in determining the role of this pathway in glioma development and
therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What’s new?

Pyruvate kinase M2 (PKMZ2) is overexpressed in many tumors, where it facilitates
glycolysis and promotes tumor growth through interactions with phosphotyrosine (pY)-
containing peptides. Its exact contributions to tumor cell growth, however, are not fully
understood. Here, PKMZ2 is shown to leverage its pY-binding ability to interact in the
nucleus with the RNA-binding protein HUR, thereby promoting glioma cell growth.
Disruption of the interaction resulted in cytoplasmic redistribution of HuUR, increased
cap-independent p27 mRNA translation, and cell cycle arrest. The work defines a novel
set of potential therapeutic targets along the PKM2-HuR-p27 pathway.
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Suppression of PKM2 causes p27-dependent defects in ce
entry. (a b) U87, T98 or LN319 glioma cells were lentivir

Il cycle progression and mitotic
ally infected with a scrambled

shRNA (PKM2 shRNA-, control) or one of two constructs encoding shRNAs targeting
human PKM2 (PKM2 shRNA1+ and PKM2 shRNA2+). Following drug selection,
polyclonal populations were examined by Western blot for cyclin D1, PKM1, PKM2 and B-

actin expression (&), or by FACS for cell cycle distribution

(b). See also Supporting

Information Figure Sla. *, p< .05, n=3. (¢) U87 cells from panel awere serum starved for

Int J Cancer. Author manuscript; available in PMC 2019 July 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mukherjee et al.

Page 17

48 hr, after which serum was added and the cells were then assessed for the percentage of
mitotic pH3.3+ cells by immunohistochemistry and FACS. See also Supporting Information
Figures S1b and Sic. *, p< .05, n= 3. (a) Cells from panel aand Supporting Information
Figure Sla were fixed and incubated with a centrosome-specific pericentrin antibody, after
which the cells were examined for centrosome number. See also Supporting Information
Figures S1d and Sle. *, p< .05, n= 3. (e, /) Levels of PKM2, p27, phosphoY15-Cdk1 and
B-actin (E), and cyclin B/Cdk1 activity (normalized to control)(#, in U87, T98 and LN319
cells from Figure 1a, or cells additionally containing scramble siRNA (p27 siRNA-) or one
of two siRNAs targeting p27 (p27 siRNA1 & p27 siRNA2). See also Supporting Information
Figure S1f and S1g. *, p< .05, n= 3. (g9) FACS-based cell cycle distribution in U87, T98G
and LN319 cells from panel eand 7. See also Supporting Information Figures S1h-S1j. *, p
<.05,n=3.
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Figure2.
PKM2 suppression increases p27 levels and cell cycle arrest via HuR-dependent increased

p27 mRNA translation. (8) Expression of Renillaand Firefly luciferase genes in lysates from
cells from Figure 1aand Supporting Information Figure S1a containing a bicistronic reporter
construct in which cap-dependent translation of both genes is driven by the CMV promoter
while expression of Firefly can additionally be driven in a cap-independent manner from the
internal ribosome entry site in an upstream p27 5’LTR. Quantitative PCR was used to
normalize luciferase expression to bicistronic transcript levels. See also Supporting
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Information Figures S2a—S2b. *, p< .05, n= 3. (4) Control or PKM2 knock-down U87 cells
from Figure 1a and Supporting Information Figure S1a were lysed and subjected to sucrose
density gradient centrifugation, with subsequent RNA from fractions containing
unassembled ribosomal subunits (fractions 2-5) or assembled polyribosomes (fractions 6—
10) analyzed for p27 and p-actin mRNA content by quantitative PCR. Each bar represents
the fraction of B-actin or p27 mRNA contained in the polysomal fractions in control or
PKM2 knock-down cells. See also Supporting Information Figure S2c. Error bars indicate
standard deviations, *, p< .05, n= 3. (¢-¢) Levels of HuR, p27 and p-actin (), cell cycle
distribution (4), and cap-dependent and cap-independent translation of p27 mRNA in cells
from Figure 1a also expressing nontargeted (HUR siRNA-) or one of two HuR-targeted
(HuR siRNA1 and HuR siRNA2) siRNA. See also Supporting Information Figures S2d-S2f.
* p<.05 n=3.
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Figure 3.

PKM?2 controls the sub-cellular localization of HuR. (g, ) Levels of HUR, histone H3 and
tubulin in the cytoplasmic (C) and nuclear (N) fractions of cells expressing a scramble or
PKM2-targeted shRNA as assessed by Western blot (8) and DAPI(blue)/HuR (green) co-
immunofluorescence analysis (6). PKM2 staining (red) delineates the cytoplasm in groups

with minimal cytoplasmic HuR. (c) Weste

rn blot analysis of HUR, tubulin and histone in

nuclear and cytoplasmic fractions of control and shPKM2 expressing U87 cells incubated
with 0 or 5ng leptomycin B (LMB, 8 hr). (@) Western blot analysis of HUR and pY proteins
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in total cellular HUR or IgG immunoprecipitates from control or PKM2-suppressed U87 and
LN319 cells. (&) Western blot analysis of HUR and pY proteins in total cellular (T) nuclear
(N), or cytoplasmic (C) HuR or 1gG immunoprecipitates from control or PKM2-suppressed
U87 and LN319 cells. (A Western blot analysis of PKM2 and HuR levels in HUR
immunoprecipitates, and HuR levels in PKM2 immunoprecipitates from U87 and LN319
cells expressing a scramble or PKM2-targeted ShRNA.
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Figure 4.

PKM2 interacts with HuR in a pY-dependent manner to control p27 levels and cell cycle
progression. (a)Western blot analysis of levels of FLAG and HuR in FLAG
immunoprecipitates from control or PKM2 shRNA-expressing U87 and LN319 cells
expressing FLAG-tagged mouse WT (mM2) or R399E, K367M or K433E forms of PKM2.
Western blot analysis of total PKM2 (bottom of panel) was used to verify equal input. (5)
Western blot analysis of levels of p27, HUR, PKM2 and bactin in total cell lysates from
control or PKM2 shRNA 1-expressing U87 (left) and LN319 (right) cells expressing WT
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(mM2) or R399E, K367M, or K433E forms of PKM2, or PKML1. See also Supporting
Information Figures S4a—S4e. (¢) Western blot analysis of pY and HuR levels in FLAG
immunoprecipitates from U87 cells expressing WT Y200F FLAG-tagged HuR and a
scramble or PKM2-targeted shRNA. (a)Western blot analysis of HUR in the FLAG
immunoprecipitates from the nuclear (N) and cytoplasmic (C) fractions of control or PKM2
shRNA-containing U87 and LN319 cells expressing FLAG-tagged WT (left) or Y200F
(right) HuR. DAPI (blue)/FLAG (green) co-immunofluorescence analysis was used to verify
the Western blot assignment of sub-cellular fractionation. PKM2 staining (red) delineates the
cytoplasm in groups with minimal cytoplasmic HuR. (€) Western blot analysis of FLAG,
PKM2 and HuR in the FLAG or 1gG immunoprecipitates from U87 and LN319 cells
expressing FLAG-tagged WT or Y200F HuR. (f,g)Western blot analysis of p27 and b-actin
(# and cell cycle analysis (g) in control and PKM2 shRNA-expressing U87 and LN319 cells
also expressing WT or HUR Y200F-encoding, FLAG-tagged constructs. *,p<.05,7=3
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Levels of nuclear PKM2 correlate inversely with cytoplasmic HUR and p27 expression in
vitro and in human GBM samples. (&) Representative results from immunofluorescence
analysis of PKM2 (red), HuUR (green) and p27(violet) nuclear/cytoplasmic expression in
control and PKM2 shRNA U87 cells in vitro, the same cells grown as intracranial tumor

xenografts (xeno), and of primary human GBM determined by PKM2

immunohistochemistry to have high or low expression of nuclear PKM2. () Average sub-

cellular distribution of PKM2 and HUR immunofluorescence (left) and of total p27
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immunofluorescence (right, normalized to infiltrated immune cells) in 50 cells from each of
three primary human GBM determined by PKM2 immunohistochemistry to have low (L) or
high (H) expression of nuclear PKM2. *,p<.05, n5150. (¢) Three-dimensional plot of
cytoplasmic HuR, nuclear PKM2 and total p27 immunofluorescence from 300 individual
cells derived from three primary human GBM with low (black circles) or high (red circles)
expression of nuclear PKM2, each. See also Supporting Information Figure S4a and Table
S1.
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Figure®6.

The PKM2-HuR-p27 pathway controls glioma growth /n7 vivo. (a8) Western blot validation of
levels of PKM2, p27, HuR and B-actin in cells injected intracranially in panel 6. (6) In vivo
tumor growth curves of bioluminescently labeled control and PKM2, HUR and p27 modified
U87 tumors formed following intracranial implantation of cells. *, p< .05, n=7. (¢)
Kaplan-Meyer survival curves for animals (A =7 for each group) intracranially implanted
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with control U87+ scramble shRNA, U87 + PKM2 shRNA, U87+PKM2 shRNA+shHuUR,
U87 + PKM2 shRNA+p27 shRNA, U87 + HuR or U87+p27 cells.
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