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Increased sugar uptake promotes oncogenesis

via EPAC/RAP1 and O-GlcNAc pathways
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There is a considerable resurgence of interest in the role of aerobic glycolysis in cancer; however, increased
glycolysis is frequently viewed as a consequence of oncogenic events that drive malignant cell growth and
survival. Here we provide evidence that increased glycolytic activation itself can be an oncogenic eventin a
physiologically relevant 3D culture model. Overexpression of glucose transporter type 3 (GLUT3) in nonma-
lignant human breast cells activated known oncogenic signaling pathways, including EGFR, 1 integrin, MEK,
and AKT, leading to loss of tissue polarity and increased growth. Conversely, reduction of glucose uptake in
malignant cells promoted the formation of organized and growth-arrested structures with basal polarity, and
suppressed oncogenic pathways. Unexpectedly and importantly, we found that unlike reported literature, in
3D the differences between “normal” and malignant phenotypes could not be explained by HIF-10./20, AMPK,
or mTOR pathways. Loss of epithelial integrity involved activation of RAP1 via exchange protein directly acti-
vated by cAMP (EPAC), involving also O-linked N-acetylglucosamine modification downstream of the hexos-
amine biosynthetic pathway. The former, in turn, was mediated by pyruvate kinase M2 (PKM2) interaction
with soluble adenylyl cyclase. Our findings show that increased glucose uptake activates known oncogenic

pathways to induce malignant phenotype, and provide possible targets for diagnosis and therapeutics.

Introduction

Traditionally, glucose intermediary metabolism was referred to as
a housekeeping function (reviewed in ref. 1). However, the role of
aerobic glycolysis, referred to as the “Warburg effect,” is creating
much excitement again in the field of cancer research. Warburg
hypothesized that irreversible mitochondrial dysfunction is the
underlying reason behind the metabolic shift to aerobic glycolysis,
which results in transformation of the cells (2). But mitochondrial
dysfunction need not always be present in transformed cells when
there is increased aerobic glycolysis (3-5). Still, much of the cur-
rent literature views the metabolic alterations as resulting from
the pleiotropic response to oncogenic signaling (reviewed in refs.
6-8). Furthermore, the most frequently mentioned reasons for
increased glucose metabolism are contributions to the tumor’s
proliferation and survival: the glycolytic pathway provides ATP
independently of oxygen when tumors confront a hypoxic micro-
environment (9). Numerous intermediary glucose metabolites are
used for diverse biosynthetic processes (7), and NADPH, a reduc-
ing equivalent generated by glucose metabolism, sequesters ROS
and thus confers resistance to cell death (10, 11).

Yet although Warburg had theorized that the metabolic shift to
glycolysis is “the origin of cancer cells” (2), the demonstration of
causative effects of the increased glucose uptake and metabolism
on oncogenesis has eluded the field so far (3, 12).

In contrast, the idea that glucose level itself can trigger intra- and
intercellular signaling is accepted and studied widely in the fields
of endocrinology and diabetes. Glucose signaling is known to be
linked to physiological and pathological events, such as regulation
of hormone secretion and insulin resistance (12-14).
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Given the demonstration of the effect of the microenvironment,
including tissue architecture (15) and the composition of the media
(1), on gene expression, and the integration of signaling events
observed in 3D laminin-rich ECM (IrECM) gel assays (reviewed in ref.
16), we reasoned that glucose uptake and metabolism should also be
essential components of the tissue’s “integration plan” — that is, if
uptake and metabolism of glucose were hyperactivated, the canoni-
cal oncogenic pathways should also be activated reciprocally. Here,
we directly addressed this important possibility in cancer promotion
using 3D IrECM cultures, in which both malignant and nonmalig-
nant breast epithelial cells behave phenotypically analogous to their
corresponding architecture in vivo (17).

Our observations showed that inhibition of glucose uptake and
metabolism suppressed known oncogenic pathways and resulted
in “phenotypic reversion” (16) in a number of breast cancer cells in
the 3D assays. Importantly, forced increases in glucose uptake and
metabolism activated a number of such signaling pathways involved
in oncogenesis, leading to a malignant-like phenotype in nonmalig-
nant breast cells. We showed that both the glycolytic pathway and
the hexosamine biosynthetic pathway (HBP) were involved in the
reciprocal regulation — but, importantly, only in a 3D structure, not
on tissue culture plastic (i.e., 2D). These findings strongly suggest
that increased glucose uptake and metabolism in nonmalignant/
premalignant cells could indeed be an oncogenic event analogous to
activation of EGFR, 1 integrin (encoded by ITGBI), PI3K-AKT, or
MEK-ERK. We also unraveled the mechanisms of the intricate and
hitherto unknown reciprocal activation by which glucose metabo-
lism and other oncogenic pathways integrate in 3D.

Results
Increased glucose metabolism activates pathways involved in oncogenesis.
To test whether increased glucose metabolism itself'is required for
oncogenic signaling, we used 3D IrECM cultures of HMT-3522,
a breast cancer progression series that includes nonmalignant
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Figure 1

Reversion of malignant phenotype in 3D cultures sheds light on the importance of glucose uptake and metabolism in inducing oncogenic signal-
ing. (A—E) S1, T4-2, and reverted T4-2 cells were cultured in 3D IrECM with signaling inhibitors. (A) Experimental scheme. (B) Glucose uptake
(black bars) and lactate release (white bars). (C) Western blot of proteins related to these functions. (D) Relative oxygen consumption rate. (E)
Western blot of PDC components. Lamin A/C served as a control for both C and E. (F-K) S1 and T4-2 cells were cultured in 3D IrECM with or
without 4 mM 2DG. (F) Phase-contrast and confocal immunofluorescence (IF; inset) images. Green, a6 integrin; red, nuclei (DAPI). Scale bars:
20 um. (G) Cell number at the colony midsection (black bars) and EdU incorporation per cell (white bars). (H) Percent colonies with basal polarity.
(I) Glucose uptake (black bars) and lactate release (white bars). (J) Relative oxygen consumption rate. (K) Western blot of signaling intermedi-
ates, GLUT3, metabolic enzymes, and other proteins related to — or influenced by — glucose metabolism. In B, D, and G—J, data are mean +
SD of triplicate experiments.

(S1) and malignant (T4-2) human breast epithelial cells from the  to phenotypic reversion, in which cancer cells perceive microen-
same reduction mammoplasty (18). We previously used this assay =~ vironmental cues that lead to the formation of acinus-like struc-
to describe the involvement and reciprocity among a number of  tures, as seen in primary nonmalignant cells (16, 19-26). In the
oncogenic signaling pathways and cellular contexts (16, 19-26).  present study, we used phenotypic reversion of cancer cells as an
We have also described how suppressing activated signaling inany  assay with which to test our hypothesis that the signaling inte-
one such pathway in the 3D assay adjusts all the others, leading  gration plan of the breast-like acini involves reciprocal regulation
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Glucose concentration determines phenotype, oncogenic signaling level, and pattern of glycolytic intermediates in malignant T4-2 cells. (A-D)
3D cultures of S1 and T4-2 cells were performed at different glucose concentrations. (A) Phase-contrast and confocal IF (inset) images. Green,
a6 integrin; red, nuclei. Scale bars: 20 um. (B) Cell number at the colony midsection (black bars) and EdU incorporation per cell (white bars). (C)
Percent colonies with basal polarity. (D) Western blot of signaling intermediates, GLUT3, and metabolic enzymes. In B and C, data are mean +

SD of triplicate experiments.

of glucose metabolism as well (Figure 1A and Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JC163146DS1).

Both glucose uptake and lactate release, 2 hallmarks of aerobic
glycolysis, were substantially higher in T4-2 colonies than in S1
acini. But in the reverted T4-2 structures, these parameters became
similar to those of S1 acini, regardless of the inhibitors used to
revert (Figure 1, A and B). Intracellular levels of fructose-6-phos-
phate (F6P) and lactate were also several-fold higher in T4-2 ver-
sus S1 cells in their steady states. Glucose starvation significantly
reduced the levels of these metabolites in T4-2 cells, but S1 cells were
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unaffected (Supplemental Figure 1, B and C), which suggests that
the increased glucose uptake observed in T4-2 cells indeed accounts
for the increase in glycolytic metabolism. We examined gene expres-
sion profiles of these cells using both our own previously published
as well as new data. Most of the glycolytic enzymes were higher in
T4-2 than in S1 cells; however, when T4-2 cells were phenotypically
reverted, the expression levels were reverted as well (Supplemental
Figure 1D). We confirmed changes in protein levels of platelet-type
phosphofructokinase (PFKP), GAPDH, aldolase (ALDO), and lac-
tate dehydrogenase A (LDHA) by Western blot: all were upregulated
in T4-2 colonies and downregulated in reversion (Figure 1C).
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Figure 3

Glucose uptake and metabolism determine the signaling activity and
morphology of malignant and nonmalignant mammary epithelial cells.
(A-D) T4-2 cells were transfected with control or GLUT3 siRNA and
cultured in 3D-OT IrECM with the indicated glucose concentrations.
(A) Confocal IF images. Green, a6 integrin; red, nuclei. Scale bars:
20 um. (B) Cell number at the colony midsection. (C) Percent colo-
nies with basal polarity. (D) Western blot of signaling intermediates
and GLUTS. (E-H) S1 cells were infected with empty or GLUT3-HA-
encoding lentivirus and cultured in 3D IrECM with 4 mM 2DG and/or
the indicated glucose concentrations. (E) Confocal IF images. Green,
a6 integrin; red, nuclei. Immunostaining with anti-HA antibody is also
shown. Scale bars: 20 um. (F) Cell number at the colony midsection.
(G) Percent colonies with basal polarity. (H) Western blot of signaling
intermediates, GLUT3, and HA epitope. Asterisks denote nonspecific
bands. In B, C, F, and G, data are mean + SD of triplicate experiments.

Examination of glucose transporters by microarray and Western
blot showed that GLUT3 (a facilitative glucose transporter, encod-
ed by SLC2A3) showed the most dramatic upregulation in T4-2
colonies (>100-fold; Figure 1C), whereas GLUT1 (another glucose
transporter known to increase in a number of tumor types; ref.
27) was almost unaltered (data not shown). Unlike the glycolytic
intermediates, relative oxygen consumption rate (i.e., mitochon-
drial metabolic activity) was not very different in different condi-
tions (Figure 1D). But the expression of the components of the
pyruvate dehydrogenase complex (PDC), which mediates entry
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of pyruvate into citric acid cycle, was actually several-fold higher
(PDHE1a, 2.26 + 0.20; DLAT, 2.61 + 0.10; DLD, 4.69 + 0.78) in S1
acini and reverted T4-2 structures than in T4-2 (Figure 1E), pro-
viding a possible explanation for the essentially unaltered oxygen
consumption despite the significant difference in glucose uptake.
Thus, mitochondrial metabolism is not necessarily impaired, even
when aerobic glycolysis is increased, as was the case here.

Almost all the literature on aerobic glycolysis in cancer cells has
been performed on tissue culture plastic (i.e., 2D) and invariably
shows that oncogenic pathway activation is upstream of glucose
metabolism increases. Given the observation that canonical onco-
genic pathways regulate each other reciprocally in 3D but not
in 2D (16, 25), we reasoned that such reciprocity must also exist
between canonical oncogenic signaling and increased aerobic
glycolysis, and if so, that direct inhibition of glucose metabolism
in T4-2 cells should suppress the malignant phenotype in 3D.
Indeed, inhibition of glucose metabolism using 2-deoxy-D-glucose
(2DG) induced phenotypic reversion, including arresting growth,
reestablishing basally polarized acini, decreasing the levels and/or
activities of canonical oncogenic pathways and dramatically down-
regulating GLUT3 and the glycolytic enzymes (Figure 1, F-H and
K). Whereas glucose uptake and lactate release were suppressed,
again, relative oxygen consumption rate was essentially unaffected
and PDC components were elevated (Figure 1, I-K). Importantly,
treatment of S1 cells with the same level of 2DG neither altered the
acinar morphology nor reduced the growth rate (Figure 1, F-H).
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Integration of increased aerobic glycolysis and oncogenic signaling in 3D cultures does not involve the canonical metabolic signaling pathways.
(A) Western blot of proteins regulating — or influenced by — metabolism in S1 or T4-2 cells cultured in 3D IrECM with or without 4 mM 2DG.
(B—E) T4-2 cells treated with vehicle or with 0.01, 0.1, or 1.0 uM rapamycin (Rapa) were cultured in 3D IFECM. (B) Confocal IF images. Green, 0.6
integrin; red, nuclei. Scale bars: 20 um. (C) Cell number at the colony midsection. (D) Percent colonies with basal polarity. (E) Western blot of sig-
naling intermediates. (F) Western blot of HIF-1a and HIF-2c. in S1 or T4-2 cells cultured in 3D IFECM with or without 4 mM 2DG. (G—J) T4-2 cells
transfected with control, HIF-1a, HIF-2a, or HIF-1a/20. siRNA were cultured in 3D IrECM. (G) Confocal IF images. Green, a6 integrin; red, nuclei.
Scale bars: 20 um. (H) Cell number at the colony midsection. (I) Percent colonies with basal polarity. (J) Western blot of signaling intermediates.

In C, D, H, and |, data are mean + SD of triplicate experiments.
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Figure 5

Glycolytic pathway inhibition reduces oncogenic signaling and reverses
the malignant phenotype. (A—E) T4-2 cells were cultured in 3D IrECM
with or without 20 uM IA or 50 mM OX. (A) Phase-contrast and IF (inset)
images. Green, 06 integrin; red, nuclei. Scale bars: 20 um. (B) Cell num-
ber at the colony midsection (black bars) and EdU incorporation per
cell (white bars). (C) Percent colonies with basal polarity. (D) Glucose
uptake (black bars) and lactate release (white bars). (E) Western blot
of signaling intermediates, GLUT3, and metabolic enzymes. (F-I) T4-2
cells were cultured in 3D IrECM with 17.5 mM or 1.75 mM (low) glu-
cose, 20 uM IA, and/or 0.5 mM PEP. (F) Confocal IF images. Green, a6
integrin; red, nuclei. Scale bars: 20 um. (G) Cell number at the colony
midsection. (H) Percent colonies with basal polarity. (I) Protein expres-
sion and/or activation of 1 integrin and AKT. (J and K) T4-2 cells were
cultured in 3D-OT IrECM with 1.75 mM glucose and 0.5 mM PEP. Levels
of pyruvate (J) and ATP (K) were measured at the indicated time points.
In B-D, G, H, J, and K, data are mean + SD of triplicate experiments.

Extracellular glucose level determines malignant phenotype of breast
cancer cells in 3D IrECM. To ascertain that our 2DG results were
not due to off-target effects, we examined whether reducing the
extracellular glucose concentration would also induce reversion
of the malignant phenotype. We chose media with 5 different
glucose concentrations ranging 0-17.5 mM; the latter was the
concentration previously used in the medium for the HMT-
3522 progression series (18). In T4-2 cells cultured in 3D with
no glucose or less than the physiological 5.5-mM amount, basal
polarity was reestablished and growth was markedly suppressed
(Figure 2, A-C). Expression and/or activation of the glycolytic
enzymes and GLUT3, as well as key oncogenic signaling inter-
mediates, was drastically reduced, becoming similar to — or even
lower than — the levels of S1 acini in 3D. The PDC components
again showed the opposite trend (Figure 2D). Even a 100-fold
change in glucose concentration did not alter the rate of growth,
acinar organization, or pattern of signaling intermediates in S1
acini established in 3D IrECM (Figure 2, A-D).

Glucose uptake level is a critical determinant of whether breast cancer
cells form colonies with malignant or nonmalignant phenotypes in 3D
IrECM. To examine how and to what extent oncogenic signaling
activation and malignant phenotype were dependent on glucose
uptake level, we knocked down GLUT3 by siRNA in T4-2 cells and
cultured them on 3D-on-top IrECM (referred to herein as 3D-OT
IrECM; see Methods) supplemented with medium containing the
different glucose concentrations.

In T4-2 cells treated with nontargeting siRNA, reducing glucose
from 17.5 to 5.5 mM produced little to no difference in phenotype
(Figure 3, A-D). With 1.75 mM glucose, however, basal polarity
was reestablished, and growth rate, f1 integrin expression, and
AKT activity were downmodulated. Reducing glucose to 0 mM
led to complete growth arrest and formation of polarized acinus-
like structures with even further reduction in EGFR, MEK, and
other oncogenic signaling activities (Figure 3, A-D). Knockdown
of GLUT3 allowed T4-2 cells to form structures with basal polarity
analogous to that of S1, even in the presence of 17.5 mM glucose
(Figure 3, A-D). We confirmed that GLUT3 knockdown dramati-
cally decreased glucose uptake of T4-2 cells and did not observe
compensation by GLUT1, another high-affinity glucose trans-
porter, in GLUT3-silenced cells (Supplemental Figure 2, A and B).

Malignancy is the end result of many genetic and epigen-
etic changes that occur over decades in vivo, leading to serious
imbalance in gene expression and phenotype. Our studies of S1
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cells showed that there was no adverse response to changes in
extracellular glucose concentrations. However, transduction of
GLUTS3 into S1 cells cultured in 3D with >5.5 mM glucose was
itself sufficient to give rise to disorganized colonies (Figure 3, E-G).
Activity of the key signaling intermediates involved in oncogenic
transformation, glucose uptake, and intracellular levels of F6P and
lactate were all upregulated in GLUT3-overexpressing S1 cells, and
this increase could be canceled by glucose starvation and/or 2DG
treatment (Figure 3H and Supplemental Figure 2, C-E). We know
from our previous data (28) that this nonmalignant immortal
cell line contains a number of mutations that are phenotypically
silent in 3D assays, and thus S1 cells already are initiated enough
to respond to an increase in GLUT3 expression by disorganization
of acinar structures. Intriguingly, however, expression levels of gly-
colytic enzymes were not changed significantly by overexpression
of GLUT?3 alone in S1 cells (Supplemental Figure 2F). This sug-
gests that additional genetic and epigenetic changes are necessary
to allow the entire glycolytic pathways to resemble T4-2 cells.
AMPK, mTOR, and HIF, the canonical metabolic signaling pathways
in 2D, are not determinants of malignant phenotype in 3D cultures. To
determine the pathways that allow increased glucose uptake to
translate into oncogenic signaling, we examined the activity of
AMPK and mammalian target of rapamycin (mTOR) pathways,
which are known to be affected by intracellular fuel and energy
status (6, 8). Treatment with 2DG in 3D cultures did not induce
phosphorylation of AMPK or its major target, acetyl-CoA carbox-
ylase (ACC); rather, phosphorylation and total level of ACC were
increased in control T4-2 cells (Figure 4A). Importantly, these
same molecules were phosphorylated appreciably by 2DG treat-
ment in 2D cultures (data not shown), which again indicated
that the AMPK pathway is differently regulated in 2D and 3D
contexts. Phosphorylation levels of S6K and 4EBP1, 2 major tar-
gets of mTOR complex 1 (mTORCI; ref. 29), were slightly higher
in T4-2 cells compared with S1 or 2DG-treated T4-2 cells (Figure
4A), which indicates that the mTOR pathway could be influenced
only modestly by inhibition of glucose metabolism in 3D. Never-
theless, nTOR inhibitors, such as rapamycin and PP242, did not
induce phenotypic reversion, despite reducing AKT phosphory-
lation at Ser473 as well as cellular proliferation (Figure 4, B-E,
and Supplemental Figure 3, A-D). These results are consistent
with the findings that mTORC2 phosphorylates Ser473 of AKT
and that PP242 and rapamycin, when administered for extended
periods (30), suppress mTORC2 as well as mTORC1. These find-
ings support our repeated contention that phenotypic reversion
is not simply a matter of growth inhibition (16, 19, 23). Similarly,
expression of hypoxia-inducible factor-1o (HIF-1a) and HIF-2a,
which have been shown to regulate expression of glycolytic
enzymes and glucose transporters in many studies using 2D cul-
tures (reviewed in ref. 6), did not correlate with the expression lev-
els of glycolytic enzymes and GLUT3 or the malignant phenotype
(Figure 1K and Figure 4F). The detected bands around 100 kDa
were confirmed to be HIF-1a and HIF-2a (Supplemental Fig-
ure 3E). siRNA-mediated knockdown of HIF-1a and/or HIF-
2a, alone or in combination, did not suppress activities of the
canonical oncogenic pathways, nor did they induce phenotypic
reversion (Figure 4, F-J). Expression of GLUT3 and glycolytic
enzymes was not affected in these conditions either, except that
GLUT3 and PFKP expression were slightly suppressed by HIF-2a.
knockdown (Supplemental Figure 3F). Expression and/or acti-
vation of AMPK, mTOR, and HIF pathways in glucose-deprived
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Figure 6

The sAC-EPAC1-RAP1 pathway is responsible for glycolysis-mediated upregulation of $1 integrin and loss of acinar polarity. (A) RAP1 activity
of T4-2 cells cultured in 3D IrECM with 17.5 or 1.75 mM glucose, 20 uM IA, and/or 0.5 mM PEP. (B—E) T4-2 cells were transfected with control or
EPAC1/2 siRNA and cultured in 3D-OT IrECM. (B) Confocal IF images. Green, a6 integrin; red, nuclei. Scale bars: 20 um. (C) Cell number at the
colony midsection. (D) Percent colonies with basal polarity. (E) Protein expression and/or activation of 31 integrin, AKT, and RAP1. (F-1) T4-2 cells
were cultured in 3D IrECM with 17.5 or 1.75 mM glucose, 20 uM IA, and/or 20 uM ESCA. (F) Confocal IF images. Green, a6 integrin; red, nuclei.
Scale bars: 20 um. (G) Cell number at the colony midsection. (H) Percent colonies with basal polarity. (I) Protein expression and/or activation of
B1 integrin, AKT, and RAP1. (J—-N) Examining the role of sAC. (J) Experimental scheme. (K) Confocal IF images. Green, a6 integrin; red, nuclei.
Scale bars: 20 um. (L) Cell number at the colony midsection. (M) Percent colonies with basal polarity. (N) Protein expression and/or activation of
B1 integrin, AKT, and RAP1.In C, D, G, H, L, and M, data are mean + SD of triplicate experiments.

S1 and T4-2 cells showed tendencies similar to those in 2DG-
treated cells; however, phosphorylation of AMPK and 4EBP1 was
somehow remarkably increased in T4-2 cells cultured without
glucose (Supplemental Figure 3, G and H). Finally, expression of
an ER stress marker, C/EBP homologous protein (CHOP), was
unchanged by 2DG treatment (Figure 4A). Thus, induction of
oncogenic pathways by glucose uptake and metabolism in mam-
mary epithelial cells does not appear to involve these well-known
pathways when cells are within a more physiological 3D context.
374
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The glycolytic pathway between GAPDH and LDH potentiates the malig-
nant phenotype through upregulation of B1 integrin. To understand how
changes in glucose uptake and metabolism translate into the dra-
matic alteration in the oncogenic pathways, we used both chemi-
cal inhibitors and siRNA strategies. Iodoacetate (IA) and oxamate
(OX) are inhibitors of GAPDH and LDH, respectively, expression
of which was increased in T4-2 colonies (Figure 1C). OX is known
to inhibit GAPDH as well, since it blocks the supply of NAD+, a
coenzyme for GAPDH. When T4-2 cells were treated with either
Number 1
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PKM2 associates with sAC to link glycolysis and cAMP signaling. (A) Western blot of PKM1 and PKM2 in S1 or T4-2 cells cultured in 3D IrECM
with or without 4 mM 2DG. (B—E) T4-2 cells transfected with control siRNA, PKM1/2 siRNA, or 2 PKM2 siRNAs were cultured in 3D-OT IrFECM.

(B) Confocal IF images. Green, a6 integrin; red, nuclei. Scale bars: 20
with basal polarity. (E) Western blot of signaling intermediates. (F and
and 0.5 mM PEP was added. Levels of pyruvate (F) and ATP (G) were

um. (C) Cell number at the colony midsection. (D) Percent colonies
G) T4-2 cells were cultured in 3D-OT IrECM with 1.75 mM glucose,
measured. (H) Immunoprecipitation of sSAC from lysate of T4-2 cells

cultured in 3D-OT IrECM. Precipitates were blotted with the indicated antibodies. Asterisks denote nonspecific bands. (I) Pulldown assay using
GST-tagged PKM1 or PKM2 bound to agarose beads and lysate from 293T cells expressing V5-tagged sAC. Precipitates were blotted with the
indicated antibodies. GST alone was used as a control. (J) Level of cAMP in T4-2 cells transfected with the indicated siRNAs and cultured in
3D-OT IrECM with 1.75 mM glucose, before and after addition of 0.5 mM PEP. In C, D, F, G, and J, data are mean + SD of triplicate experi-

ments. P values were calculated using Student’s t test.

inhibitor in basal medium (17.5 mM glucose), they formed orga-
nized colonies, but the rate of proliferation remained higher
than in S1 acini (Figure 5, A-C). Whereas 1 integrin expression
and AKT activity were reduced appreciably, EGFR and MEK were
affected only slightly (Figure SE). These characteristics were nearly
identical to those of the T4-2 cells cultured with 1.75 mM glucose
(Figure 2). Under these conditions, glucose uptake, lactate release,
and expression of glycolytic enzymes and GLUT3 were partially but
clearly suppressed (Figure 5, D and E). PDC component expression
was partially restored, whereas relative oxygen consumption rate
was not appreciably affected by the inhibitors (Figure SE and data
not shown). Knockdown of GAPDH by siRNA essentially repro-
duced these results (Supplemental Figure 4, A-D), showing that
the effects observed with the chemical inhibitors were not due to
nonspecific side effects. Supplementation of phosphoenolpyruvate
(PEP), an intermediate between GAPDH and LDH, to IA-treated
or glucose-reduced (1.75 mM) T4-2 cells partially increased 1
integrin expression and AKT activity and also disorganized acinar
structures (Figure 5, F-I). PEP supplementation to the glucose-
deprived T4-2 cells increased the intracellular levels of pyruvate and
ATP (Figure S,]J and K), which suggests that PEP is in fact taken up
by the cells and metabolized by pyruvate kinase (PK) to pyruvate.
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Supplementation of pyruvate did not reproduce the malignant
phenotype (Supplemental Figure 4, E-H), which suggests that the
conversion step itself is necessary for the malignant phenotype.

Treatment with oligomycin (OGM), an inhibitor of mitochondri-
al ATP synthase, did not induce organized structures in T4-2 cells,
despite significantly suppressing proliferation (Supplemental Fig-
ure 4, I-K). Interestingly, however, S1 cells treated with OGM lost
tissue organization (Supplemental Figure 4, I-K). These findings
also suggest that inhibition of glycolytic metabolism, rather than
mitochondrial ATP synthesis, is responsible for reestablishment of
tissue polarity induced by inhibition of glucose metabolism.

RAPI activation by increased glycolytic metabolism via EPAC regulates
B1 integrin signaling. The phenotype of T4-2 cells cultured with
1.75 mM glucose (Figure 2) or treated with glycolytic inhibitors
(Figure 5) was very similar to that of T4-2 cells expressing RAP1-
S17N, a dominant-negative mutant of the small GTPase RAP1
(21). Under all 3 conditions, basal polarity was reestablished, but
proliferation and the key signaling pathways were not suppressed
completely. In fact, treatment with IA, or growth in 1.75 mM glu-
cose, suppressed RAP1 activity (Figure 6A). Relapse of the malig-
nant phenotype by PEP supplementation (Figure S, F-I) was also
associated with RAP1 reactivation (Figure 6A).
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Figure 8

HBP supports oncogenic signaling and malignant phenotype through O-GlcNAcylation. (A) Western blot of GFPT and OGT in S1 cells, T4-2
cells, and T4-2 cells reverted with 2DG or different signaling inhibitors (see Figure 1A). The same lamin A/C blots also served as a control for
Figure 1, C and E. (B—H) T4-2 cells were cultured in 3D IrECM with or without inhibitors of GFPT (20 uM AZS or DON), O-GIcNAc transferase
(5 mM BADGP), or N-glycosylation (10 ng/ml TM). (B) Confocal IF images. Green, a6 integrin; red, nuclei. Scale bars: 20 um. (C) Cell number at
the colony midsection (black bars) and EdU incorporation per cell (white bars). (D) Percent colonies with basal polarity. (E) Glucose uptake (black
bars) and lactate release (white bars). (F) Relative oxygen consumption rate. (G and H) Western blot of signaling intermediates (G) and GLUT3
and metabolic enzymes (H). Lamin A/C served as a control for both G and H. (I) mRNA expression of EGFR, ITGB1, and SLC2A3 in S1 cells, T4-2
cells, and T4-2 cells reverted with metabolic inhibitors. Expression level of each gene was normalized to 78S ribosomal RNA. (J) Total O-GlcNAc
level in S1 cells, T4-2 cells, and T4-2 cells reverted with DON, BADGP, or low glucose (low gluc; 0.175 mM). Asterisks denote O-GlcNAc bands

specifically increased in T4-2 cells. In C—F and I, data are mean + SD of triplicate experiments.

Previous reports have shown that among RAP1 guanine nucle-
otide exchange factors, exchange protein directly activated by
cAMP (EPAC) is preferentially inhibited by RAP1-S17N (31). We
postulated that phenotypic reversion by inhibition of glycolytic
pathways may involve suppression of EPAC-mediated RAP1 acti-
vation. Knockdown of both EPAC-1 and EPAC-2 in T4-2 cells
reduced RAP1 activity and partially reverted phenotype (Figure
6, B-E), analogous to IA treatment or cultivation in 1.75 mM
glucose. Furthermore, EPAC-selective cAMP analog (ESCA) sup-
plementation (8CPT-2'-OMe-cAMP; ref. 32) of T4-2 cells treated
with IA or cultured with 1.75 mM glucose reactivated RAP1 and
partially increased B1 integrin level and AKT activation, leading
to loss of tissue polarity (Figure 6, F-I). Notably, ESCA treatment
did not restore proliferation to the level of nontreated cultures
376
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(Figure 6G), providing further evidence that growth suppression
and phenotypic reversion are not necessarily connected.

RAPI activation in response to increased glycolysis requires cAMP produc-
tion via sAC. The above data indicated that cAMP, the endogenous
EPAC activator, might also be regulated by changes in glucose
metabolism. T4-2 cells were induced to form acinus-like structures
by culturing in 1.75 mM glucose and then allowed to disorganize
again by increasing glucose concentration to 5.5 mM, which in turn
increased expression and/or activity of RAP1, $1 integrin, and AKT
(Figure 6, J-N). However, the increase was abolished almost com-
pletely by treatment with KH7 (Figure 6, J-N), a specific inhibitor
of the soluble adenylyl cyclase (sAC) that catalyzes the conversion
of ATP to cAMP and is known to be involved in glucose-induced
cAMP production in pancreatic 3 cells (33, 34). On the other
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Figure 9

Activation of O-GlcNAcylation or EPAC-RAP1 pathways affects phenotypes of nonmalignant or reverted malignant mammary epithelial cells.
(A-D) S1 cells were cultured in 3D IrECM with or without 1 mM GilcN or 20 uM ESCA. (A) Confocal IF images. Green, a6 integrin; red, nuclei.
Scale bars: 20 um. (B) Cell number at the colony midsection. (C) Percent colonies with basal polarity. (D) Western blot of signaling intermediates
and total O-GIcNAc. Lamin A/C served as a control. (E-H) T4-2 cells were cultured in 3D IrECM with 17.5 or 0.175 mM glucose, 1 mM GicN, and/
or 20 uM ESCA. (E) Confocal IF images. Green, o6 integrin; red, nuclei. Scale bars: 20 um. (F) Cell number at the colony midsection. (G) Percent
colonies with basal polarity. (H) Western blot of signaling intermediates and total O-GIcNAc. Lamin A/C served as a control. Asterisks denote
O-GlIcNAc bands specifically increased in T4-2 cells. In B, C, F, and G, data are mean + SD of triplicate experiments.

hand, an inhibitor of transmembrane adenylyl cyclases, 2',5",dide-
oxyadenosine, did not suppress the increase of these signaling
pathways (data not shown). Consistently, sAC expression was
significantly higher in T4-2 than in S1 or reverted T4-2 cells, and
siRNA-mediated knockdown of sAC induced phenotypic reversion
in T4-2 cells (Supplemental Figure 5, A-E). These results suggest
that sAC is responsible for cAMP regulation downstream of gly-
colysis, which in turn activates the EPAC-RAP1 pathway.
Interaction between sAC and PKM2 links glycolytic metabolism and cAMP-
EPAC signaling. The above data suggest that ATP production by PK
could be associated with cAMP production by sAC. The protein level
of PKisozyme M2 (PKM2), increased expression and tumor-support-

The Journal of Clinical Investigation

http://www.jci.org

ing roles of which have been widely studied (35), was clearly higher
in T4-2 cells (Figure 7A). Whereas expression of PKM1, a splice vari-
ant of PKM2, was previously reported to be reduced in cancer cells
(35), it was higher in T4-2 cells in 3D. siRNAs specifically targeting
PKM2, but not PKM1 (36), effectively suppressed oncogenic path-
ways and induced phenotypic reversion of T4-2 cells in 3D (Figure
7, B-E). Furthermore, elevation of the levels of pyruvate and ATP in
glucose-starved T4-2 cells after PEP addition (Figure 5, ] and K) was
also blocked by PKM2 knockdown (Figure 7, F and G).

Based on these data, we hypothesized that PKM2 may asso-
ciate with sAC to establish an efficient link between ATP pro-
duction and cAMP conversion. In fact, sSAC was coimmunopre-
Number 1 377
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Figure 10

Other breast cancer cell lines also exhibit
suppression of malignant phenotype
when glucose uptake and metabolism
are inhibited. (A-D) HCC70 cells were
cultured in 3D IrECM with 0, 1.75, or 17.5
mM glucose in the presence or absence
of 2 uM 1A or 20 uM DON. (A) Confocal
IF images. Green, o6 integrin; red, nuclei.
Scale bars: 20 um. (B) Cell number at the
colony midsection. (C) Percent colonies
with basal polarity. (D) Western blot of sig-
naling intermediates. (E-H) MDA-MB-231
metastatic cells were cultured in 3D IrECM
with 0, 1.75, or 17.5 mM glucose in the
presence or absence of 40 uM IA or 20
uM DON. (E) Confocal IF images show-
ing phalloidin staining. Green, p-actin;
red, nuclei. Scale bars: 20 um. (F) Total
cell numbers, measured by DNA staining.
(G) Invasive activity. (H) Western blot of
signaling intermediates. (I) Protein expres-
sion of GLUT3 in the indicated breast can-
cer cell lines cultured in 3D IrECM. (J and
K) Western blot of signaling intermediates
in HCC70 (J) or MDA-MB-231 (K) cells
transfected with control or GLUT3 siRNA.
In B, C, F, and G, data are mean = SD of
triplicate experiments.
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Analysis of previously published microarray dataset of samples from 295 breast
cancer patients. (A-D) Kaplan-Meier survival analysis of 295 breast cancers (45)
classified as having high, medium, or low expression of PFKP, GFPT1, GFPT2,
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cipitated with muscle-type PK (Figure 7H). Affinity to sAC was
also examined by in vitro pulldown assay: only PKM2 was shown
to associate with sAC (Figure 7I). Increase in cAMP level was
observed in glucose-starved (1.75 mM) T4-2 cells after PEP addi-
tion, and this increase was diminished when PKM2 or sAC was
knocked down (Figure 7J). PKM2 was shown to act as a protein
kinase using PEP as a phosphate donor (37, 38). However, in
our 3D condition, phosphorylation levels of known substrates
of PKM2, such as STAT3 and Histone H3, and expression level
of MEKS, a target gene of STAT3, were not necessarily corre-
lated with cellular phenotypes, nor with extracellular glucose
concentration (Supplemental Figure 6), which suggests that
these PKM2-mediated phosphorylation events are not directly
involved in the present findings.

HBP regulates oncogenic pathways in malignant cells through O-GIcNAc
modification. Since EGFR and MEK were not affected appreciably
by glycolytic pathway inhibition (Figure 5, A-E, and Supplemen-
tal Figure 4, A-D), we searched for others that regulate their activ-
ities. Reanalysis of the microarray data of S1, T4-2, and reverted
T4-2 cells indicated that the level of glutamine:fructose-6-phos-
phate transaminase (GFPT), the first and rate-limiting enzyme
of HBP, was high in T4-2 colonies, and this was confirmed by
Western blot using pan-GFPT antibody (Figure 8A). 2 different
inhibitors of GFPT, azaserine (AZS) and 6-diazo-5-oxonorleu-
cine (DON), induced the repertoire of the reversion phenotype:
growth arrest, reestablishment of tissue polarity, suppression
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O-GlcNAcylation of most proteins was similar in S1,
T4-2, and reverted T4-2 cells (by DON treatment or
glucose starvation); however, there were some specif-
ic upregulated bands only in T4-2 cells (Figure 8]).
In addition, treatment with BADGP led to suppres-
sion of all O-GlcNAcylation (Figure 8]).

Activation of HBP and/or EPAC-RAPI1 pathways partially deregu-
lates tissue polarity in nonmalignant cells and disorganizes reverted
tumor cells. The above findings indicated that activation of the
HBP and EPAC-RAP1 pathways may be sufficient to induce
the malignant phenotype in 3D IrECM assays. However, addi-
tion of glucosamine (GlcN) or N-acetyl glucosamine (GlcNAc)
to S1 cells cultured with 17.5 mM glucose changed neither
O-GlcNAcylation pattern and signaling activities nor acinar
morphology in 3D, whereas ESCA supplementation increased
B1 integrin level and partially deregulated tissue polarity (Fig-
ure 9, A-D, and data not shown). In GLUT3-overexpressing S1
cells, however, increased O-GlcNAcylation on some proteins, as
well as slight upregulation of PKM2 and sAC expression, was
observed (Supplemental Figure 8), which suggests that glucose
metabolism through yet-unidentified pathways is necessary
for tumor-like O-GlcNAcylation pattern. On the other hand,
in glucose-starved (0.175 mM) T4-2 cells, which were reverted
completely, supplementation with GIcN or GIcNAc partially
substituted for increased glucose uptake, leading to increased
oncogenic signaling activities and O-GlcNAcylation. However,
addition of ESCA neither restored the high level of f1 integ-
rin nor reactivated the downstream signaling (Figure 9, E-H,
and data not shown). These data collectively suggest that as-
yet unidentified metabolic/signaling pathways must also be
dysregulated in order to achieve fully malignant behavior upon
increased sugar uptake and metabolism (see Discussion).
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Figure 12

Reciprocal interactions between increased glucose uptake/metabolism and other signaling pathways. Extracellular glucose is taken up by
glucose transporters, including GLUTS3, as well as by diffusion and is metabolized by hexokinase (HK) and glucose-6-phosphate isomerase
(GPI) to enter different metabolic pathways. The glycolytic pathway includes subsequent steps mediated by PFK, ALDO, and GAPDH; LDH also
supports the glycolytic pathway by production of the GAPDH coenzyme NAD+. These enzymes were all upregulated in T4-2 cells, leading to
loss of integration of form and function. The sAC-EPAC-RAP1 pathway regulates 31 integrin positively, most likely via a direct link between ATP
production in the glycolytic pathway and cAMP generation by sAC, which is mediated by tumor-specific PKM2-sAC association. HBP (dashed
outline) is rate-limited by GFPT, which is also upregulated via activation of oncogenic signaling. Downstream O-GlcNAcylation of target proteins
mediated by OGT regulates 1 integrin, EGFR, and GLUT3 expression. Inhibition of any of the key metabolic enzymes or the key signaling mol-
ecules results in suppression of all the others, reestablishment of the polarized acinar structure, and growth arrest. See Results and Discussion
for details. Fonts distinguish metabolites (italic), proteins (bold), and genes (bold and italic). Colored text highlights proteins upregulated in T4-2
cells (orange), energy carrier molecules (green), and chemical reagents that do (red) or do not (purple) induce phenotypic reversion. 2DGP,
2DG-phosphate; G6P, glucose-6-phosphate; F1,6BP, fructiose-1,6-bisphosphate; GAD3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone
phosphate; 1,3BPG, 1,3-bisphosphoglycerate; GIcNAc, N-acetylglucosamine.

Application of our findings to other breast cancer cells and to previously
published patient data. To ascertain the generality of the above find-
ings, we examined 2 additional human breast cancer cell lines,
HCC70 and MDA-MB-231, which display distinct phenotypes in
3D IrECM (41). When HCC70 cultures were deprived of glucose or
treated with IA or DON, the reversion phenotype was similar to that
obtained with T4-2 cells (Figure 10, A-D). In the highly metastatic
MDA-MB-231 cells, the altered phenotype was still substantial,
but somewhat incomplete, as we previously reported for reversion
using EGFR inhibitors and other reverting agents (24). There were
also appreciable decreases in proliferation, invasive properties, and
other traits (Figure 10, E-H). Consistent with the expression level of
GLUTS3 in the 2 cell lines, its knockdown led to suppression of onco-
genic signaling activities in MDA-MB-231 cells, but not HCC70 cells
(Figure 10, I-K). These results showed that the master regulator for
the malignant phenotype here is the high level of sugar uptake and
metabolism, rather than the specific glucose transporter.

Our results from 3D cultures suggested that activation of
both glycolysis and HBP is essential for induction and/or main-
tenance of canonical oncogenic pathways and, hence, malig-
380
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nant properties. We examined expression of PFKP and GFPT1/
GFPT2, the rate-limiting enzymes of glycolysis and HBP, respec-
tively, in a microarray dataset of 295 breast cancer patients (42).
We found a significant correlation between the levels of these
enzymes and poor prognosis; conversely, when expression levels
of all 3 proteins were low, prognosis was very good (Figure 11A).
Higher expression of PFKP or GFPT2 by themselves, but not
GFPT1, also correlated with poor prognosis (Figure 11, B-D),
although separation of survival curves of each group was not as
clear as the combined analyses.

Discussion
It was shown almost 3 decades ago that glucose metabolism is
tissue specific (1, 43, 44) and that increased glucose transport
could push chick embryo fibroblasts toward a pattern of glucose
metabolism resembling virus-transformed cells, and vice versa
(45). Whether altered glucose uptake and metabolism could
by themselves modulate normal and malignant phenotype and
signaling was not known, nor was the mechanism underlying
these observations. Our present findings fill a fundamental
Volume 124
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gap in our current understanding of the mechanism by which
glucose metabolism is involved in cancer. Using a physiologi-
cally relevant 3D assay and a breast cancer progression series
(20, 28) as well as other breast cancer cell lines, we showed here
that overexpression of a glucose transporter in a nonmalignant
human breast epithelial cell disrupted polarity and formation
of organized tissue-like acini in 3D cultures and upregulated
canonical oncogenic signaling. Conversely, forced reduction of
glucose uptake by breast cancer cells led to phenotypic rever-
sion (19-26) of the malignant cells and downregulation of the
oncogenic pathways. To our knowledge, this is the first report
in which changed glucose uptake alone has been shown to have
such profound consequences on the behavior of nonmalignant
and malignant epithelial cells.

Taking full advantage of our 3D culture system, in which we
could directly compare nonmalignant cells with their tumori-
genic counterparts as well as with phenotypically reverted
tumor cells, we identify 2 pathways/mechanisms with sig-
nificant roles in the crosstalk between aerobic glycolysis and
canonical oncogenic signaling (Figure 12). First, the glycolytic
pathway between GAPDH and LDH was required for increased
B1 integrin expression and downstream AKT activity. We
showed a novel molecular interaction between PKM2 and sAC,
linking production of ATP and its conversion to cAMP with
consequent activation of the EPAC-RAP1 pathway (Figures 6
and 7). The mechanisms by which RAP1 regulates B1 integrin
expression and signaling remain to be elucidated fully; however,
another group also has shown that RAP1A regulates 1 integrin
expression level in a cell line model of human colonic epithelia,
derived from colorectal adenocarcinoma (46).

The second crucial pathway between glucose metabolism and
canonical oncogenic signaling that we uncovered here was HBP.
Inhibition of this pathway was sufficient to induce suppression of
all oncogenic signaling measured, including EGFR and 1 integrin
pathways and aerobic glycolysis, resulting in complete phenotypic
reversion of tumor cells in 3D IrECM gels. GFPT, the rate-limiting
enzyme of HBP, was shown in 1995 to be regulated at the tran-
scriptional level downstream of EGF signaling in breast cancer cell
line MDA-MB-468 (47). Here, we measured expression and activity
of EGFR as well as 1 integrin, AKT, and MEK as essential onco-
genic pathways in breast cancer. Suppression of any of these mole-
cules in 3D led to suppression of all others, as well as GPFT (Figure
8A and Supplemental Figure 1A). Of the 2 HBP branch pathways
(Figure 12), inhibition of O-GlcNAcylation, but not N-linked gly-
cosylation, was sufficient to cause phenotypic reversion. There
was significant suppression of EGFR, ITGB1, and SLC2A3 mRNA
expression by inhibiting either HBP or O-GlcNAcylation (Figure 8
and Supplemental Figure 7).

Importantly, the mechanism of the reciprocity shown here was
3D-specific: treatment with the same metabolic inhibitors that
reverted the malignant phenotype in 3D induced no measurable
suppression of the key oncogenic signaling in 2D cultures (Sup-
plemental Figure 9A). Similarly, GLUT3 overexpression, which led
to malignant-like phenotype in S1 cells, did not change signaling
activity or morphology of S1 cells in 2D (data not shown). More
astonishingly, despite more than 100-fold higher GLUT3 in T4-2
compared with S1 cells even in 2D, there were no statistically sig-
nificant difference in glucose uptake (Supplemental Figure 9B).
Thus, glucose metabolic pathways require 3D contexts in order to
retain their physiological/pathological function in situ. The inter-
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dependence of form and function in regulating glucose metabo-
lism parallels our previous findings for other oncogenic signaling
in which integration occurs in the context of 3D architecture, but
rarely in 2D monolayers (19, 25, 48).

The 3D culture systems of both rodents and human mamma-
ry epithelial cells were developed to allow analysis of molecular
events and morphological properties to understand how glandu-
lar organs maintain homeostasis in physiological conditions (17,
49). Mouse mammary cells that would lose their tissue-specific
structure and functions in 2D cultures on plastic retain the abil-
ity to produce milk proteins such as f-casein in 3D (49-53). In
addition, 3D assays can be used to measure drug resistance (26,
54) and/or probe how tissues achieve quiescence (55). It is also
noteworthy that our findings in tumor cells in 3D assays correlate
well with findings in breast cancer patients (Figure 11 and refs. 22,
56) and with tumor architecture formed by cells in vivo (41). Most
likely, we would not have discovered how glucose metabolism inte-
grates with other oncogenic signaling pathways had we used tis-
sue culture plastic to cultivate these same epithelial cells. It is also
relevant that phenotypic reversion in the 3D IrECM cultures is not
simply due to growth arrest, but rather to reacquisition of tissue
polarity, as we have repeatedly shown here and elsewhere (Figure 6,
Supplemental Figure 4, and refs. 15, 19, 23, 26, 57).

The signaling mechanisms triggered by glucose metabolism
have been widely investigated in a number of diseases, such as
diabetes. There is also ample evidence — starting with Warburg’s
findings (2) — that tumors require more aerobic glycolysis and,
more recently, that oncogenic pathways will increase glucose
uptake and metabolism, interpreted as a necessary step for
increased growth and increased energy production for tumors
(6-8). The reverse (i.e., a direct causative role of increased glu-
cose uptake and its relation to metabolic patterns) was originally
reported in chick embryo fibroblasts and their RSV-transformed
counterparts more than 3 decades ago, as discussed above. We
believe ours is the first mechanistic study to shed light on how
a breakdown in homeostasis of sugar uptake and its metabolic
signaling could be instrumental in malignant progression.

The connection between metabolic pathways and cellular func-
tion has been studied in detail in glucose-sensing pancreatic 3
cells: increased glucose metabolism leads to a rise in ATP/AMP
ratios, membrane depolarization by closure of ATP-sensitive K*
channels, activation of voltage-dependent Ca?* channels, and
insulin secretion (reviewed in ref. 14). In this context, Levin and
colleagues also invoke cAMP signaling (34, 58). Their data indi-
cate that, due to the relatively low affinity of SAC for ATP, the
enzyme activity is sensitive to cellular ATP concentration. sAC is
known to localize to mitochondria (59, 60), suggesting the pos-
sibility that mitochondrial ATP synthesis may be linked to sAC-
mediated cAMP generation and downstream signaling. Not sur-
prisingly, however, and given the organ specificity of signaling,
our results for breast tumor cells in the 3D IrECM oncogenesis
model showed that mitochondrial activity was hardly impaired
and that direct inhibition of mitochondrial ATP synthesis did
not induce phenotypic reversion of cancer cells (Figure 1, D and
J, Figure 8F, and Supplemental Figure 4, I-K). Thus, activation
of oncogenic signaling by sAC in breast cancer cells in 3D should
not be expected to be regulated by mitochondrial ATP produc-
tion. Since we showed that sAC associated with PKM2 (Figure 7,
H and I), we expected that ATP production by PKM2 would be
linked directly to sAC-mediated conversion of ATP to cAMP. Our
Volume 124~ Number 1
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results using PKM2 or sAC siRNA suggested that this is indeed
the case (Figure 7J). The effect of PKM2-sAC association on the
enzymatic activities of these 2 proteins remains to be elucidated.

The literature indicates that the protein level of PKM2 is fre-
quently increased in cancer cells, whereas that of PKM1 is reduced
(35, 61). PKM2 preferentially forms enzymatically inactive dimers,
whereas PKM1 forms stably active tetramers (35). Thus, switch-
ing to PKM2 from PKM1 is thought to result in reduction of
PEP metabolism and accumulation of glycolytic intermediates
upstream of PEP, increasing the anabolic processes required for
rapidly proliferating cancer cells (8). Therefore, high PK activity
is thought to be tumor-suppressive, rather than -supportive. This
was previously shown to be the case when small-molecule agents
that induce formation of constitutively active PKM2 tetramers sup-
pressed tumor growth (62). On the other hand, the findings of 2
other studies suggest additional complexity: PKM2 inhibitors were
also shown to suppress malignant properties of cancer cells (63,
64), which indicates that PKM2 has tumor-supportive roles as well.

Our data suggested that ATP production by PKM2 is directly
linked to cAMP production by virtue of its association with sAC,
which resulted in oncogenic activation and a malignant phenotype
(Figure 7). These findings provide a new molecular mechanism that
could explain how PKM2 enzymatic activity is tumor-supportive. It
should be noted that PKM2 activity, which can be tumor-suppres-
sive, need not be very high to achieve the mechanism we suggest
here: once activated by sAC-generated cAMP, EPAC would continue
GDP/GTP exchange on RAP1 molecules, and downstream signaling
could be amplified without increasing PEP metabolism by PKM2.
Our findings and interpretations are easily compatible with — and
fill the gaps in — previous findings. In 3D cultures, PKM2 levels were
highly increased in malignant T4-2 cells, but PKM1, rather than
going down (switching hypothesis; refs. 35, 61), actually goes up,
albeit at a lower level than PKM2. Concomitant increases of PKM1
and PKM2 in oncogenesis were also shown previously (65).

AMPK, mTOR, and HBP have been referred to in the literature
as the “well-established, nutrient signaling pathways” (reviewed
in refs. 12, 66). The involvement of the first 2 pathways in can-
cer have been studied and reported extensively. However, our data
obtained in 3D cultures showed that these pathways, as well as
HIFs, were not important players in inducing oncogenic signaling
by increased glucose uptake and metabolism in breast cells (Figure
4 and Supplemental Figure 3). The roles of HBP have been investi-
gated largely in diabetes. Increased carbon flux into HBP was pre-
viously shown to suppress insulin-induced glucose uptake and to
increase the storage of glucose as glycogen and lipids in adipose
tissue and muscle, resulting in insulin resistance (12). Our present
data showed that in 3D colonies of breast cancer cells, HBP did the
opposite of diabetes, even in the presence of insulin: increased glu-
cose uptake was dependent on increased HBP activity (Figure 8).
Recently, essential roles of HBP and downstream O-GlcNAcylation
in human cancers have been reported (67). However, whereas OGT
inhibition by BADGP or siRNA led to suppression of canonical
oncogenic signaling, including AKT, in our 3D cultures of breast
cancer cells (Figure 8 and Supplemental Figure 7), OGT inhibi-
tion by siRNA in ErbB2-expressing mammary epithelial cells in 2D
plastic culture did not reduce activity of ErbB2, ERK, or AKT (67),
further highlighting the importance of microenvironment. Oth-
ers also reported that in hematopoietic cells, surface expression
and downstream signaling of IL-3Ra. is dependent on N-linked
glycosylation, another downstream pathway of HBP (68). How-
382

The Journal of Clinical Investigation

http://www.jci.org

ever, direct inhibition of N-linked glycosylation in 3D cultures of
mammary tumor cells did not result in strong reduction of signal-
ing or complete phenotypic reversion (Figure 8). These findings
indicate that crosstalk between glucose metabolism and canonical
oncogenic signaling should be examined in the proper context for
each intermediate molecule. O-GlcNAcylation of some proteins
was observed only in malignant cells, and glucose deprivation or
inhibition of HBP or OGT significantly reduced tumor-specific
O-GlcNAcylation in 3D cultures (Figure 8). We suggest that pro-
teins that are O-GcINAcylated in a tumor-specific, glucose-depen-
dent manner play important roles in malignant progression.
Curiously, Warburg’s original hypothesis that aerobic glycolysis
itself could be the “origin of cancer cells” (2) had not been proven
directly. Our findings provide a hitherto-undescribed direct role of
increased aerobic glycolysis in inducing the cancer phenotype, in
which increased glycolytic activity regulates the canonical oncogenic
pathways dynamically and reciprocally (Figure 12). These results
may provide additional evidence for how hyperglycemia in diseas-
es such as obesity and diabetes could provide a microenvironment
that results in higher risk of some cancers (69, 70). Additionally,
our findings may explain how small molecules, such as metformin
(used for treatment of diabetes and known to lower blood glucose
levels), decrease the risk and mortality of several types of cancers (69,
71). The metabolic pathways and the molecular interactions identi-
fied here highlight the importance of context in studying pathways
involved in tissue specificity and disease. Our present findings may
also provide additional targets for cancer therapy and shed addition-
al light on the relationship between metabolic diseases and cancer.

Methods
Further information can be found in Supplemental Methods.

Cell culture in 2D and 3D. HMT-3522 cells were cultured on tissue culture
plastic (2D) and in 3D IrECM gels with H14 medium, a 1:1 mix of DMEM/
F12 (UCSF Cell Culture Facility) supplemented with 250 ng/ml insulin,
10 ug/ml transferrin, 2.6 ng/ml sodium selenite, 0.1 nM f-estradiol, 1.4
uM hydrocortisone, and 5 ug/ml prolactin, but no serum. S1 cells were
additionally supplemented with 10 ng/ml EGF. MDA-MB-231 and HCC70
cells were cultured in DMEM and RPMI1640, respectively, and were sup-
plemented with 10% FBS.

For 3D IrECM cultures, S1 and T4-2 cells were seeded at 840,000 and
600,000 cells/cm?3, respectively, in IrECM gel (Cultrex) overlaid with H14
medium. MDA-MB-231 and HCC70 cells were seeded at 625,000 cells/
cm?® and overlaid with H14 medium supplemented with 1% FBS. Culture
medium was replaced with fresh medium every other day, and cells were
used for each assay after 10 days, unless otherwise indicated.

For experiments that needed to be done in the shorter term (e.g., cul-
tures of siRNA-transfected cells or live imaging), cells were seeded at 60,000
cells/cm? on top (3D-OT) of I'rECM gels overlaid with H14 medium con-
taining 5% (v/v) IrECM. Cells were harvested after 3 days.

Chemicals, inbibitory antibodies, and metabolic intermediates. Chemicals and
inhibitory antibodies were as follows: anti-p1 integrin (clone AIIB2; Aragen
Bioscience); anti-EGFR (clone mAb225; Oncogene); AG1478, LY294002,
and GM6001 (Calbiochem); PD98059 (New England Biolabs); and KH7
(Cayman Chemical). All other reagents and metabolic intermediates were
purchased from Sigma-Aldrich.

Statistics. In all experiments, statistical significance was determined by
2-tailed Student’s ¢ test. A P value less than 0.05 was considered statisti-
cally significant.

Accession number. Microarray data have been deposited in GEO (accession
no. GSE50444).
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