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SUMMARY

Metabolic reprogramming of cancer cells provides
energy and multiple intermediates critical for cell
growth. Hypoxia in tumors represents a hostile envi-
ronment that can encourage these transformations.
We report that glycogen metabolism is upregulated
in tumors in vivo and in cancer cells in vitro in
response to hypoxia. In vitro, hypoxia induced an
early accumulation of glycogen, followed by a
gradual decline. Concordantly, glycogen synthase
(GYS1) showed a rapid induction, followed by a later
increase of glycogen phosphorylase (PYGL). PYGL
depletion and the consequent glycogen accumula-
tion led to increased reactive oxygen species (ROS)
levels that contributed to a p53-dependent induction
of senescence and markedly impaired tumorigenesis
in vivo. Metabolic analyses indicated that glycogen
degradation by PYGL is important for the optimal
function of the pentose phosphate pathway. Thus,
glycogen metabolism is a key pathway induced by
hypoxia, necessary for optimal glucose utilization,
which represents a targetable mechanism of meta-
bolic adaptation.

INTRODUCTION

A fundamental property of cancer cells is that they undergo
metabolic reprogramming in response to the hypoxic environ-
ment present in solid tumors. Cancer cells rely primarily on
aerobic glycolysis to sustain their proliferation (Lunt and Vander
Heiden, 2011). The increased uptake and metabolism of glucose
even in the presence of oxygen is known as the ‘‘Warburg effect’’
(Warburg, 1956). This is a relatively inefficient way to generate
ATP (2 ATPs per glucose) as compared to oxidative phosphory-
lation (36 ATPs per glucose), and it contributes to only 17% of the
total ATP production (Zu and Guppy, 2004), suggesting other
critical roles for aerobic glycolysis. Indeed, many observations
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have proposed a role for glycolysis in providing precursors for
anabolic pathways (e.g., lipids, nucleotides, and amino acids),
as well as cofactors (e.g., NADH and NADPH), which are
required for cancer cell proliferation (Ward and Thompson,
2012). To address the effect of the hypoxic microenvironment
on metabolic pathways, we used an in vivo model in which xeno-
grafts of U87 glioblastoma cells were treated with the antiangio-
genic drug bevacizumab, and the gene expression profile was
compared to untreated tumors. Several established HIF-targets
(including CA9 [Wykoff et al., 2000]) were upregulated, reflecting
the increase in intratumoral hypoxia. Moreover, numerous meta-
bolic pathways were modulated. One of these was glycogen
metabolism.

Glycogen comprises a store of glucose, which is mainly
present in liver and muscles. The structure consists of long poly-
meric chains of glucose units linked by alpha (a)-1,4 glycosidic
bonds with occasional a-1,6 glycosidic bonds that generate
branching points and increase solubility (Berg et al., 2002).
Synthesis and breakdown of glycogen involves the activity
of several enzymes and regulatory proteins. Among these,
glycogen synthase (GS) and glycogen phosphorylase (GP) cata-
lyze the key steps of synthesis and degradation, respectively
(see Figure S1A online) (Berg et al., 2002). GS elongates gly-
cogen branches through the formation of a-1,4 glycosidic
bridges, whereas GP cleaves these, releasing glucose-1-phos-
phate (G1P) that can enter the glycolytic pathway or the pentose
phosphate pathway (PPP) by conversion to glucose-6-phos-
phate (G6P). GS has two isoforms: GYS1 (muscle) and GYS2
(liver) (Roach et al., 1998). GP has three: PYGM (muscle),
PYGL (liver), and PYGB (brain) (Newgard et al., 1989). The
activity of these enzymes can be modulated by posttranslational
modification (e.g., phosphorylation, stimulated by the hormones
glucagon and epinephrine, which have inhibitory and activating
effects on GS and GP, respectively) and allosteric effectors
(ATP, AMP, and G6P) (Johnson, 1992; Lawrence and Roach,
1997).

A number of observations have suggested that the turnover of
glycogen is altered in tumor cells. The levels of glycogen were
demonstrated to be particularly high in breast, kidney, uterus,
bladder, ovary, skin, and brain cancer cell lines. Glycogen
content in these cells was inversely correlated with proliferation
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rate (Rousset et al., 1981). Glycogen accumulation under
hypoxic conditions has also been observed in several noncancer
and cancer cell lines (Mamedova et al., 2003; Pelletier et al.,
2012; Pescador et al., 2010; Shen et al., 2010; Vigoda et al.,
2003). Consistent with these observations, GYS1 and other
proteins involved in glycogen synthesis are induced in hypoxia
in a HIF1a-dependent manner (Mole et al., 2009; Pelletier
et al., 2012; Pescador et al., 2010; Shen et al., 2010). PYGL
was included in a list of 99 genes defining the hypoxia ‘‘meta-
gene,’’ a signature defined in vivo in head and neck squamous
cell carcinomas (HNSCCs) by clustering genes with similar
expression patterns to that of well-characterized hypoxia-regu-
lated genes (Winter et al., 2007). This signature proved to be
prognostic in independent HNSCC and breast cancer series.

Recent studies have suggested a critical role of glycogen in
promoting the survival of cancer cells. In particular, it has been
demonstrated that a small molecule inhibitor of glycogen break-
down could induce apoptosis in pancreatic tumor cells (Lee
et al., 2004). Furthermore, it has been shown by two independent
studies that glycogen accumulation in cancer cells improves
survival in response to low oxygen concentration and glucose
deprivation (Pelletier et al., 2012; Pescador et al., 2010). Taken
together, these observations suggested a role for glycogen in
promoting tumor growth in hypoxic environments.

In this study, we further characterized the roles of glycogen-
metabolizing enzymes in cancer cell biology. We demonstrate
that glycogen levels undergo dramatic temporal changes in
cancer cells exposed to hypoxic stress. Furthermore, we show
that PYGL depletion (and consequent glycogen accumulation)
induces premature senescence via a ROS-dependent mecha-
nism, reduces the input into the PPP, and strongly impairs
tumor growth. Surprisingly, glucose utilization via glycogen,
rather than direct entry into downstream pathways, is neces-
sary for optimum growth. Our study reveals an important contri-
bution of glycogen metabolism to cancer cell proliferation,
survival, and free radical protection in the context of metabolic
reprogramming.

RESULTS

Glycogen-Metabolizing Genes Are Upregulated by
Antiangiogenic Treatment
We focused our analyses on U87 (glioblastoma), MCF-7 (breast),
and HCT116 (colon) cancer cell lines, as previous studies have
shown elevated levels of glycogen in these cell lines (Rousset
et al., 1981). To further identify the metabolic pathways required
for the survival of tumor cells in hypoxic environments, we
analyzed the gene expression profile of xenografts of the glio-
blastoma cell line U87 treated with the VEGF inhibitor bevacizu-
mab. After chronic administration of bevacizumab, these tumors
were characterized by regrowth and development of resistance
to the treatment.

We observed that carbonic anhydrase IX (CA9), which is an
indicator of HIF1a activation (Wykoff et al., 2000), was upregu-
lated in bevacizumab-treated tumors, as compared to control
tumors (Figure 1A). A number of genes implicated in glycogen
metabolism (e.g., protein phosphatase 1, regulatory subunit 3B
[PPP1R3B]; glycogen synthase 1 [GYS1]; acid a-glucosidase
[GAA]; protein phosphatase 1, regulatory subunit 3C [PPP1R3C];
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liver glycogen phosphorylase [PYGL]; glycogen branching
enzyme 1 [GBE1]; Genethonin-1 [GENX-3414]; and phosphoglu-
comutase 1 [PGM1]) were similarly upregulated (Figure 1A and
Figure S1A). The expression of GYS1 and PYGL, which encode
for the two main enzymes implicated in glycogen storage
(GYS1) and breakdown (PYGL), were increased by 4.1- and
2.6-fold, respectively. We therefore focused our analyses on
GYS1 and PYGL because of their central roles in glycogen
metabolism. Increased expression of CA9, GYS1, and PYGL
was confirmed at the mRNA level by RT-PCR (Figure 1B). Stain-
ing of serial sections revealed an increase in levels of the hypoxia
marker pimonidazole (30.6% ± 4% versus 12.7% ± 3.9%), GYS1
(27.8% ± 1.4% versus 14.3% ± 3.7%), PYGL (69.9% ± 7%
versus 37.7% ± 7.2%) and more than a 10-fold increase in
glycogen, as detected by Periodic Acid-Schiff (PAS) staining
(5.3% ± 2% versus 0.4% ± 0.2%) in bevacizumab-treated
tumors (Figure S1B). A positive correlation between glycogen
levels and hypoxia was also supported by colocalization of
CA9 and PAS staining in the perinecrotic area of treated
tumors (Figure 1C). Moreover, immunohistochemical analysis
of HCT116 spheroids revealed that GYS1 and PYGL staining
was more pronounced in (pimonidazole-positive) hypoxic cells
(Figure 1D). Collectively, these results indicate that glycogen
metabolism increases with hypoxia in tumors and spheroids.

Hypoxia Induces the Expression of GYS1 and PYGL and
Causes Characteristic Changes in Glycogen
Metabolism
To further investigate the roles of GYS1 and PYGL and their
association with hypoxia, we examined their expression in
cancer cell lines cultivated in vitro. Analysis of GYS1 and PYGL
expression in U87 cells revealed distinct patterns of induction
by hypoxia (0.1% O2) that were consistent at both the mRNA
(Figure 2A) and protein level (Figure 2B). We observed that
GYS1 levels increased rapidly in hypoxia, and then declined by
72 hr, whereas PYGL levels increased more slowly in hypoxia,
and reached maximal levels at 72 hr. These findings were also
confirmed in MCF-7 and HCT116 cell lines (Figures S2A and
S2B). Glycogen synthesis through GYS1 requires intracellular
availability of the allosteric activator G6P (Bouskila et al.,
2010). We observed hypoxic induction of the glucose transporter
GLUT1 and the glucose-phosphorylating enzyme hexokinase II
(HKII) (Figure 2B), both of which have been previously character-
ized as HIF-target genes (Semenza, 2002). GYS1 is inhibited by
phosphorylation (Lawrence and Roach, 1997); therefore, protein
activity can be measured by comparing the ratio of phosphoryla-
ted:nonphosphorylated GYS1. Interestingly, we observed that
after an initial decrease (12 hr), the level of phosphorylated
GYS1 increased after 24 hr in hypoxia and remained constant
from 24 to 72 hr in hypoxia, despite a time-dependent decrease
in total GYS1 levels (Figure 2B). This suggests that a higher
proportion of GYS1 is phosphorylated/inactivated in hypoxia at
later time points.

We note that two other isoforms of PYGL also exist in human
cells, PYGM and PYGB. However, we observed that, unlike
PYGL, neither of these genes exhibited a detectable/significant
hypoxia-induced increase in U87 cells (data not shown). There-
fore, PYGL was likely to be the main GP activity required for
glycogen breakdown in hypoxic cells.
Inc.



Figure 1. Glycogen Metabolism Is Modulated after Bevacizumab Treatment
(A) List of genes involved in glycogen metabolism, found to be upregulated in U87 xenografts treated with bevacizumab compared to controls.
(B) RT-PCR for CA9, GYS1, and PYGL in U87 xenografts treated with bevacizumab. Relative expression of GYS1 and PYGL is normalized to b-actin. Mean
expression ± SEM in four animals/group is shown (**p < 0.01, ***p < 0.001).
(C) Serial sections derived from bevacizumab-treated U87 xenografts were stained for CA9 (left panel) and glycogen (PAS, middle panel) and costained for CA9
and glycogen (right panel). Two different magnifications are shown. N, necrosis.
(D) Haematoxylin and eosin (H&E) staining (left panels), and immunohistochemical staining of HCT116-derived spheroid. Serial sections were stained for
pimonidazole (middle panels), GYS1 (top right panel), or PYGL (bottom right panel). N, necrosis. See also Figure S1.

Cell Metabolism
PYGL Sustains Cancer Cell Proliferation

Cell Metabolism 16, 751–764, December 5, 2012 ª2012 Elsevier Inc. 753



Figure 2. Pattern of GYS1 and PYGL Induction and Changes on Glycogen Level under Hypoxia
(A and B) In U87 cells, GYS1 expression is induced rapidly (12 hr) in hypoxia and starts to decrease at the later time points (72 hr), whereas PYGL expression
follows a more delayed pattern of induction, with maximal expression at the later time points (72 hr). Shown are mRNA levels (A) and protein expression by
immunoblotting (B) after 0, 12, 24, 48, or 72 hr in hypoxia. Levels of GYS1 and PYGL mRNA under hypoxia are relative to their levels at 0 hr. Mean ± SEM of three
independent experiments is shown (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Glycogen accumulation in hypoxia was measured by enzymatic assay in U87 cells
exposed to hypoxia in a time course experiment. Glycogen was normalized by protein content. Mean ± SEM of three independent experiments is shown (*p <
0.05, ***p < 0.001). PAS staining (D) showing strong staining in the hypoxia-treated section, confirmed to be glycogen by the absence of staining after amylase
pretreatment, and TEM (E) showing lucent pools of glycogen (G) in the hypoxic cells. U87 were exposed to hypoxia for 48 hr. N, normoxia; H, hypoxia. (F)
Glycogen accumulation (G) was detected by specific staining for polysaccharides using an adaptation of the PATO method. See also Figures S2 and S3.
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We observed that glycogen levels underwent a rapid increase,
which peaked by 24 hr (598 ± 57 versus 52 ± 3 ng [glucose]/mg
[protein]), and then gradually declined by 72 hr (216 ±
67 ng/mg) (Figure 2C). A similar pattern of glycogen metabolism
alteration was also detected in MCF-7 cells (Figure S2C).
Increased glycogen levels after 48 hr incubation of U87 cells in
hypoxia were also confirmed by PAS staining and by trans-
mission electron microscopy (TEM) (Figures 2D and 2E). TEM
staining for polysaccharide material using the periodic acid-thio-
carbohydrazide-osmium tetroxide (PATO) method (Ferguson
et al., 1977) revealed electron-dense stain deposits both within
and at the periphery of the irregular-shaped cytoplasmic struc-
tures, confirming that the lucent structures observed by routine
electron microscopy contain glycogen (Figure 2F). Furthermore,
similar structures were observed by TEM, when glycogen syn-
thesis was induced in U87 cells with a glycogen synthase kinase
3 (GSK3) inhibitor (CHIR99021) (Ring et al., 2003) (Figure S2D).

Hypoxic induction of other glycogen metabolism enzymes
(e.g., GAA and GBE) and regulatory proteins (e.g., PPP1R3B
and PPP1R3C) identified from our initial analysis of bevacizu-
mab-treated tumors (Figure 1A) was also confirmed in U87 cells
by qPCR (Figure S2E). In particular, the lysosomal glycogenolytic
GAA enzyme mRNA levels peaked at 72 hr, similarly to PYGL,
whereas the branching enzyme GBE and the glycogenic proteins
PPP1R3B and PPP1R3C exhibited an initial rapid increase in
mRNA levels, followed by a decline by 72 hr, similar to what
was observed for GYS1 induction.

To test the possibility that glycogen accumulation in hypoxia
could be a consequence of the high glucose concentration
(25 mM) present in standard culture media, we examined the
consequences of lowering the glucose concentration to physio-
logical blood levels (5 mM). We observed a pattern of GYS1 and
PYGL induction and glycogen accumulation similar to that
observed in high-glucose conditions in U87 cells (Figure S2F).
Therefore, glycogen accumulation in hypoxia is not simply a
consequence of high extracellular glucose concentration.

The hypoxic induction of GYS1 and PYGL led us to investigate
the contribution of HIF1a. HIF-dependent regulation was evalu-
ated in U87 and MCF-7 cells at the peak of hypoxic induction
(48 hr for GYS1 mRNA and 72 hr for PYGL mRNA [Figures 2A
and 2B, Figure S2A]). In agreement with recent reports (Mole
et al., 2009; Pescador et al., 2010), we observed that HIF1a
depletion in U87 and MCF-7 cells prevented GYS1 induction in
hypoxia (Figures S3A and S3B). Conversely, HIF-dependent
induction of PYGL was not consistently observed in these cell
lines and probably occurs indirectly in MCF-7 cells (Figures
S3A and S3B). A previous report on genome-wide analysis of
HIFa DNA binding in MCF-7 cells using chromatin immunopre-
cipitation did not reveal any PYGL promoter binding (Mole
et al., 2009). These findings suggest that PYGL induction in
hypoxia is unlikely to be HIF dependent.

PYGL Is Upregulated in Several Cancer Types
PYGL is one of the 99 genes defining the hypoxia ‘‘metagene,’’
a gene signature derived from HNSCC, with poor prognostic
outcome both in HNSCC and breast cancer (Winter et al.,
2007). The Oncomine website (https://www.oncomine.org/)
was queried for microarrays containing PYGL. A meta-analysis
on over 2,000 cases showed that PYGL is upregulated in several
Cell M
cancer types, including clear cell renal carcinoma, papillary renal
cell carcinoma, seminoma, and brain cancer (Figures S4A and
S4B, Table S1), as compared to normal tissues. Furthermore,
none of the studies examined thus far exhibited any downregu-
lation of PYGL. Taken together, these findings suggested that
the study of PYGL functions in hypoxia could have important
clinical considerations. To analyze the levels of PYGL during
various stages of tumor development, we utilized the Her-2/
neu transgenic mouse model of breast cancer. In this model,
the expression of neu, the rat homolog of the epidermal growth
factor receptor Her-2, is controlled by the mouse mammary
tumor virus-long terminal repeat (MMTV-LTR) promoter. These
transgenic mice develop tumors that are morphologically similar
to human ductal breast carcinomas (Ursini-Siegel et al., 2007).
We therefore analyzed four tumor samples of different size
(4, 6, 8, and 10 mm diameter) as representative tumors at
different stages of development. Increased PYGL levels, as
detected by immunostaining, were associated with increased
tumor size, suggesting that PYGL is associated with tumor
progression (Figure S4C).

PYGL Knockdown Is Associated with Glycogen
Accumulation and Premature Senescence
To analyze the consequences of PYGL depletion in tumor cells,
we then generated transient or stable PYGL knockdown U87
cells using RNA interference (RNAi). For this, we utilized multiple
RNA sequences, each directed against a different site of the
PYGL transcript. In both cases, the hypoxic induction of PYGL
was prevented (Figure S4D), and this was associated with
more pronounced glycogen accumulation in hypoxia (Fig-
ure 3A). Importantly, GYS1 levels were unaffected by PYGL
knockdown (Figure 3B), suggesting that glycogen accumulation
after 48 and 72 hr was a direct consequence of PYGL depletion.
The accumulation of glycogen was also confirmed at 48 hr
by measuring incorporation of the fluorescent glucose analog
2-NBDG into glycogen granules, by PAS staining, and by TEM
(Figure 3C).

Depletion of PYGL was also associated with a significant re-
duction of U87 cell numbers after 48–72 hr exposure to hypoxia
(Figure 4A). Furthermore, we verified that PYGL knockdown
increased glycogen content and inhibited cell growth in the
presence of lower (5 mM) glucose, confirming the physiological
relevance of our findings (Figure S4E). The effects of PYGL
knockdown were also confirmed by decreased clonogenic sur-
vival in MCF-7 cells under hypoxia (70.2% ± 4.1% compared
to control in hypoxia) (Figure S4F). We note that PYGL depletion
causes similar, albeit milder, effects in normoxic cells (Fig-
ure S4G). We conclude that PYGL depletion causes glycogen
accumulation and decreased growth rate of cancer cell lines,
and this phenotype is exacerbated in hypoxia.

To investigate the mechanism underlying this growth defect,
we analyzed the effects of PYGL knockdown on cell viability.
Analysis of Annexin V-positive cells and PARP cleavage showed
only a minimal effect, suggesting that PYGL-depleted cells did
not undergo apoptosis (Figure S4H). Analysis of the cell-cycle
profile after PYGL knockdown in U87 cells revealed a higher
proportion of cells in G1 phase with concomitant decreases in
both S phase and G2/M phase, as compared to control cells
(Figure 4B). This was associated with increased levels of the
etabolism 16, 751–764, December 5, 2012 ª2012 Elsevier Inc. 755



Figure 3. PYGL Knockdown Results in Glycogen Accumulation
(A) U87 were exposed to hypoxia in a time course experiment. Depletion of PYGL showed increased accumulation of glycogen compared to control after 48 and
72 hr in U87 shPYGL cells and after 24, 48, and 72 hr in U87 siPYGL pool cells. Glycogen content was normalized by cell number. Mean ± SEM of three
independent experiments is shown (*p < 0.05, **p < 0.01).
(B) GYS1 protein is similarly expressed in U87 shCtrl and shPYGL cells after 48 or 72 hr in hypoxia.
(C) Glycogen accumulation in PYGL knockdown and control cells exposed to 0.1% O2 for 48 hr was detected with the green fluorescent dye 2-NBDG (top panels),
PAS staining (middle panels), and TEM (bottom panels). G, glycogen. See also Figure S4.
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cell-cycle regulator p53 and its downstream target p21 (el-Deiry
et al., 1993) (Figure 4C). To test if p53 induction was responsible
for the decreased growth rate caused by PYGL knockdown, we
investigated the effects of simultaneously depleting PYGL and
p53. Knockdown of p53 prevented the decreased growth rate
phenotype normally associated with PYGL depletion (Figures
4C and 4D).

Following PYGL depletion, U87 cells underwent characteristic
morphological changes (i.e., enlargement and flattening) that
were indicative of cellular senescence (Figure 5A). In addition
756 Cell Metabolism 16, 751–764, December 5, 2012 ª2012 Elsevier
to a G1 cell-cycle arrest, and increased levels of p53 and p21
(Figures 4B and 4C), increased expression of DEC1 (Collado
et al., 2005; Schmitt, 2007) and an increased activity of senes-
cence-associated b-galactosidase (SA b-gal), which correlates
with an increase in lysosomal content (Kurz et al., 2000; Schmitt,
2007), have also been reported to be well-established markers
for cellular senescence. Following PYGL knockdown, we ob-
served an increase in both DEC1 and SA b-gal staining (Figures
5B and 5C and Figure S4I). After staining the cells with
LysoTracker red, a dye that is selectively incorporated into
Inc.


















