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CC3/TIP30 regulates metabolic adaptation
of tumor cells to glucose limitation
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CC3/TIP30 is a metastasis and tumor suppressor, with reduced or absent expression in a variety of aggressive tumors.
Overexpression of CC3 in tumor cells predisposes them to apoptosis in response to different death signals. We found
that silencing of CC3 expression does not increase apoptotic resistance of cells. However, it strongly improves survival
of tumor cells in response to glucose limitation. HelLa cells with silenced CC3 survive long-term in low glucose, and in
comparison to control Hela cells, show superior metabolic adaptation to glucose limitation. First, unlike the parental
Hela cells, HeLa with silenced CC3 activate and maintain high levels of mitochondrial respiration that is critical for their
ability to thrive in low glucose. Second, silencing of CC3 leads to higher expression levels of mitochondrial proteins
in respiration complexes when cells are continuously cultured in limiting glucose. Third, HeLa cells with silenced CC3
maintain higher levels of c-MYC and the M2 isoform of pyruvate kinase in low glucose, contributing to more efficient
glycolysis. Fourth, HelLa cells with silenced CC3 fail to fully activate AMPK in response to glucose limitation. Inhibition of
AMPK, either pharmacologic or via siRNA, protects control HeLa cells from death in low glucose. The metabolic flexibility
acquired by cells after silencing of CC3 could be directly relevant to the development of metastatic and aggressive human
tumors that frequently have low or absent expression of CC3.

Introduction

The human gene CC3/TIP30 was originally identified as a metas-
tasis-suppressor of variant small cell lung carcinoma (vSCLC).!
CC3 is a phylogenetically conserved protein whose expression is
absent or much reduced in a variety of aggressive or metastatic
tumors such as vSCLC,' neuroblastoma and glioblastoma,*? met-
astatic cancers of breast,* and many others.’” Forced expression
of CC3 in vSCLC,' mouse melanoma, breast carcinoma,® hepa-
tocellular carcinoma,® and gastric carcinoma cell lines® inhibits
metastatic behaviour in vitro and/or metastasis in vivo. Published
results show that deletion of CC3 in germline results in sponta-
neous tumorigenesis in mice,” and CC3-null mammary epithe-
lial cells undergo immortalization in vitro,'" indicating that CC3
could be a tumor suppressor.”! High levels of acutely expressed
exogenous CC3 induce apoptosis,™?
exogenous CC3 results in sensitization of cells to apoptosis after

while stable expression of

variety of treatments, such as serum withdrawal, cytotoxic drugs,
y-irradiation and oxidative agents,>'? Expression of CC3 in
CC3-negative tumor cells has an inhibitory effect on the ability
of these cells to produce angiogenic factors in vitro,” consistent
with the conclusion that downregulation of CC3 contributes to
the development of aggressive metastatic phenotypes.
CC3/TIP30 has a significant sequence homology with short-

13,14

chain dehydrogenases-reductases or SDRs, although an
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enzymatic activity was not demonstrated for CC3. The struc-
tural analysis of CC3 protein confirmed the prediction that
CC3 contains a NADP(H) binding site.”” The cellular function
of CC3 remained unknown, but it was found that CC3 plays
an inhibitory role in the regulation of nuclear transport.'® CC3
binds directly to the karyopherins of the importin 3 family in
a RanGTP-insensitive manner, and associates with nucleoporins
in vivo. CC3 inhibits nuclear import of proteins with either the
classic nuclear localization signal (NLS) recognized by importin
a:f1, or the M9 signal recognized by transportin (importin 32).
Cells forced to express high levels of CC3 have a slower rate of
nuclear import.'* CC3 protein with mutated NADP(H) binding
site lacks pro-apoptotic activity, is displaced from transportin by
RanGTP, and fails to inhibit nuclear import in vitro and in vivo.
Our results suggest that ability of CC3 to form a RanGTD resis-
tant complex with importins and the NPC is central to its ability
to inhibit nuclear import and induce apoptosis.’® The function of
CC3 in nuclear transport is likely to be evolutionarily conserved
because the S. cerevisiae homolog of CC3, YER004w, interacts
with exportin CRM1 and with NTF2, the import factor for
RanGDP.”

The role of the inhibition of nuclear transport by CC3 in
apoptosis was highlighted in a study demonstrating that exog-
enously expressed CC3/TIP30 blocks nuclear import of mRNA-
binding protein HuR, which leads to the stabilization of tp53
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mRNA under conditions of oxidative stress and contributes
to apoptosis.”” An independent confirmation for the function
of CC3 as a negative regulator of nuclear transport came from
studies showing aberrant expression of CC3 in oligodendrocyte
precursors in multiple sclerosis lesions. This causes arrest of the
nuclear import of the intracellular domain of Notch (NICD)
and abnormal accumulation of a complexes of importin, its cargo
NICD and CC3/TIP30 in the cytoplasm.'® The observed lack of
the nuclear translocation of NICD leads to the failure of remy-
elinaiton that plays a causative role in pathogenesis of multiple
sclerosis.”® Finally, overexpression of CC3 also has a negative
effect on DNA damage repair by affecting nuclear transport of
proteins relevant to this process.”

We have derived human cell lines where expression of CC3
was permanently silenced. Two of these lines were analyzed in
a study that showed a mild impairment in DNA damage repair
without affecting cell survival.” Because multiple publications
show that overexpression of exogenous CC3 has a strong pro-
apoptotic effect in response to DNA damage, oxidative insults
and more, we expected that silencing of CC3 might increase
resistance to cell death. However, we observed that silencing of
CC3 in three cell lines had no significant effect on their apoptotic
resistance in response to treatments with a variety of apoptosis-
inducing agents. In this study, we have examined the effect of
CC3 silencing on cellular responses to glucose deprivation, and
found that silencing of CC3 expression dramatically increases the
ability of cells to survive under limiting glucose availability. Our
results show that the absence of CC3/TIP30 expression promotes
mitochondrial oxidative phosphorylation (OXPHOS) in tumor
cells maintained in low glucose without diminishing activity of
the glycolytic pathway. These findings could be directly relevant
to the documented role of CC3 as a tumor suppressor, because
absence of CC3 might confer to tumor cells the metabolic adapt-
ability necessary to survive in adverse environment.

Results
Silencing of CC3 improves cell survival in response to glu-

1,3,12,18 made

a casual connection between forced overexpression of CC3 and

cose deprivation. Multiple reports, including ours,

cellular susceptibility to apoptosis. However, the expression of
exogenous CC3 from a strong promoter frequently far exceeds
levels of endogenous CC3. High levels of CC3 might inhibit
nuclear transport even under normal conditions by sequestering

16 We were

nuclear transport receptors and inducing apoptosis.
interested in possible anti-apoptotic effects of CC3 silencing,.
Expression of endogenous CC3 was silenced in two cancer cell
lines that contain relatively high levels of CC3 protein, HelLa and
MCF?7 (the levels of CC3 in control and silenced cells are shown
in Figs. 1A and 2A). Treatment of these lines with a variety of
death inducing agents had not produced convincing results to
support the hypothesis that elimination of CC3 could signifi-
cantly improve resistance of cells to apoptotic signals. Cells were
treated with UV,” chemotherapeutic drugs etoposide, cisplati-
num and taxol, serum withdrawal and kinase inhibitors, and we
have not observed any significant effect of CC3 silencing on the
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extent of cell death in response to these treatments (Sup. Fig. 1).
We have then examined the potential effect of metabolic stress
on proliferation and survival of cells lacking endogenous CC3
protein.

MCEF7 cells stably transduced with control lentivirus
(MCF7CON) and with CC3 silencing virus (MCF7CC3si)
were subjected to growth in media with normal glucose concen-
tration (25 mM) or reduced glucose concentrations (0.6, 1.25
and 2. 5 mM glucose). Quantification of cell proliferation under
reduced glucose conditions showed a significant, concentration-
dependent decrease in cell numbers within the first three days
of glucose limitation (Fig. 1B). The inhibitory effect on cell
growth was significantly more pronounced in MCF7CON cells
than in MCF7CC3si cells. We examined if the inhibition of cell
growth is due to arrested proliferation or cell death. Analysis of
cultures kept in limiting glucose concentrations showed that the
reduction in cell numbers was mostly due to apoptosis, in par-
ticular in MCF7CON cultures grown in low glucose concentra-
tions, which contained very high numbers of cells positive for
Annexin V binding and for propidium iodide uptake (Fig. 1C).
Most of these cells also had fragmented DNA, further confirm-
ing the apoptotic nature of cell death in MCF7CON cells grow-
ing in low glucose (Fig. 1D). We conclude that silencing of CC3
reduces apoptosis of MCF7 cells subjected to glucose limitation.

If the cultures of MCF7 lines were kept continually in 0.6 mM
glucose, both lines could adapt to growth under these conditions
within a week. The glucose-deprived cultures grew slower then
cells in full medium, and contained somewhat higher numbers of
dead cells (not shown), but they retained the proliferative poten-
tial. Analysis of BrdU incorporation in both cell lines kept in low
glucose for five days to eight weeks showed a higher percentage of
cells in the G, phase of the cell cycle, and a decrease in cells in the
S phase compared to cells cultured in full medium (not shown).
We have maintained MCF7 lines in culture for at least three
months (not shown). This process of “adaptation” to growth in
low glucose took a somewhat longer time in MCF7CON cells
compared to CC3si cells, apparently because initially there was
more cell loss due to increased death (Fig. 1C). However, after
the first week of transfer to 0.6 mM glucose, growth rates of both
lines were practically same (not shown).

Metabolic flux analyses were conducted with HeLa cell lines,
control and with silenced CC3 expression. Figure 2B shows
that in general HeLa cells were much more sensitive to glucose
deprivation than MCF7 cells, with HeLaCON cells undergoing
massive loss of cell viability in low glucose already after 24 hour
incubation. Nevertheless, similar to MCF7 cells, silencing of
CC3 in HeLa also greatly improved short-term survival of cells in
low glucose conditions. Analysis of cultures kept in low glucose
for one to three days showed that HeLaCC3si cells survived glu-
cose limitation much better than HeLaCC3CON cells (Fig. 2C).
Only a small fraction of dead cells in glucose-starved cultures
contained fragmented DNA (not shown) indicating that apop-
tosis might be not the predominant mode of death in HeLa cells
deprived of glucose. Several independent attempts for long-term
culture of HeLaCON cells in media with 2.2 mM glucose (1/5 of
glucose content in full medium) failed because all HeLaCON
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Figure 1. Silencing of CC3 promotes survival of MCF7 cells under limit-
ing glucose conditions. (A) Western blot analysis of CC3 expression in
MCF?7 cells transduced with a control lentivirus and lentivirus coding for
siRNA to CC3. (B) MCF?7 cells with or without endogenous CC3 protein
were grown in media with the indicated concentrations of glucose for
three days. The chart shows quantification of viable cells in low glucose
as percentages of control cultures grown in full medium with 25 mM
glucose. Cell viability was quantified using CCK-8 kit from Dojindo. Data
are expressed as mean + SE (n = 4, for all three groups p < 0. 001; paired
t-test). (C) Apoptosis in MCF7 cells subjected to reduced glucose condi-
tions for three days. Cells were stained with Annexin V and propidium
iodide (PI) followed by FACS analysis. The chart shows percentages of all
apoptotic cells (i.e., all cells positive for ANNV binding) as average + SE
of three experiments (p < 0.002 for all three conditions). (D) Apoptotic
DNA fragmentation in MCF7 cultures maintained in low glucose for
three days. The p values are 0.0006, 0.0007 and 0.0026 (n = 3) for the
three groups.

died within first three to five days. However, HeLaCC3si cells
were maintained for over four months in medium with 2.2 or
even 1.1 mM glucose after surviving the first acute death response
(not shown).

Cells with silenced CC3 show a superior metabolic adapt-
ability. We have considered the possibility that the increased
survival of cells with silenced endogenous CC3 in glucose limit-
ing conditions could be due to the ability of CC3 deficient cells
to modify their metabolism in order to survive in low glucose.
We have therefore examined the metabolic characteristics of
cells with silenced CC3 versus control cells under conditions of
limited glucose availability. Cell metabolism was analyzed on
the Seahorse XF96 extracellular flux analyzer for extracellular
acidification rate (ECAR, a measure of lactate output and thus
a measure of the glycolytic activity of the cells) and oxygen con-
sumption rate (OCR). Cells were cultured either in normal full
media or in media completely lacking glucose for four hours prior
to analysis.

Figure 3A shows that in MCF7CON cells glycolysis (ECAR)
is inhibited by about 20% within the first four hours of glu-
cose withdrawal, but the change in ECAR was not significant
in MCF7CC3si cells within this time (ECAR is much reduced
in both cell lines after longer incubation times without glucose;
not shown). We have also observed a reduction in the oxygen
consumption rate in MCF7CON cells upon removal of glu-
cose, probably as a consequence of the inhibition of glycolysis
that normally provides pyruvate for the TCA cycle to feed into
mitochondrial oxidative phosphorylation (OXPHOS). However,
no significant reduction in OCR was observed in MCF7CC3si
cells indicating that these cells might still rely on intracellular
pyruvate and/or glutamine in the growth media as substrate for
OXPHOS.

HeLa cells with and without CC3 behaved similarly to MCEF7
lines, but the decrease in ECAR and OCR induced by low glu-
cose supply was significantly larger in HeLaCON cells than in
MCEF7CON (Fig. 3B). HeLaCC3si cells maintained a higher rate
of oxygen consumption in media without glucose compared to
HeLaCON cells, similarly to MCF7 cell lines. Apparently, elimi-
nation of CC3 allows cells to maintain normal glycolytic rates
at least during the first hours of glucose deprivation, perhaps by
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more efficient utilization of intracellular glucose. These cells also
maintain higher respiration levels (Fig. 3A and B). That could
obviously contribute to the superior survival of cells with silenced
CC3 in low glucose. We conclude that silencing of CC3 allows
cells to at least temporarily maintain higher rates of both glycoly-
sis and mitochondrial respiration when glucose levels are critically
lowered, and thus contributes to cell survival in limiting glucose.
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A - B 50% this possibility, we have performed metabolic
z & @ T flux analysis in HeLaCC3si cells continuously

8 8 E 40% J_ cultured in limiting glucose conditions.
o « 2 30% Both Hela cell lines were cultured in 2.2
% % = mM glucose for 24 hours, a time point when
— Q 20% there is very little cell death even in HeLaCON
CC3/TIP30 o cells (Fig. 2C). Figure 4A shows that oxygen
h 2 10% consumption was not significantly altered in
HeLaCON cells within first 24 hours after
" - cAPOH 0% CON CC3si transfer to 2.2 mM glucose. However, OCR
(and ECAR) were increased in CC3si cells.
C 100% HeLaCON cells could not be analyzed at later
times because half of the cells died after the first
g 80% two days (Fig. 2C). At days 5, 10 and 20 after
5 glucose limitation, HeLaCC3si cells showed a
qg 60% very significant (two- to three-fold) increase
< in their mitochondrial respiration compared
= 40% 0 CON to cells cultured in full medium. The change
3 @ CC3si in ECAR was insignificant through this time
gL 20% ' | (Fig. 4A). These observations strongly suggest
that the ability of Hela cells with silenced
0% CC3 to survive in limiting glucose conditions
24h 48h 72h 24h 48h 72h 24h 48h 72h is due to their ability to strongly increase mito-
chondrial respiration while maintaining nor-
0.55mvi 11mM 2.2mM mal levels of glycolysis. To confirm the critical
role of mitochondria in survival in limiting
Figure 2. Silencing of CC3 promotes survival of HeLa cells under limiting glucose conditions. glucose, \fve have se'lected HeLaCC3s.1 variant
(A) Western blot analysis of CC3 expression in HelLa cells transduced with a control lentivirus line lackmg functional mitochondria (rho’)
and a lentivirus coding for siRNA to CC3. (B) Cell death in HeLa cell lines cultured in media by culturing them in medium with 50 ng/
with 0.55 mM glucose for 24 hours. Cultures were stained with Annexin V and propidium ml ethidium bromide for 30 days. In full
iodide (PI) followed by FAC§ analysis. Chart shows percentage of PI-Positive (dead) cells; aver- medium, these cells were viable even though
age and s. e. of three experiments, p = 0.0097. (C) Control and CC3-silenced Hela cells were hei itochondrial oxveen consumption was

grown in media with the indicated concentrations of glucose for 3 days. Cell viability was thelr m.ltoc 0 e p

quantified on each day of incubation. Data are expressed as in Figure 1B (n = 3, p values are dramatically reduced (not shown). However,
< 0.005 for all except 24 hour incubations in 1.1 mM and 2.2 mM glucose (p < 0.1). upon transfer to media with 2.2 mM glucose,

To verify this conclusion, we have examined the consequences
of the shift to culture without glucose on the energy (ATP)
production in the cell lines with and without CC3 expression.
Figure 3C shows that cells with silenced expression of CC3 show
an improved ability to maintain higher ATP levels in media
lacking glucose, suggesting that their improved metabolic flex-
ibility helps to maintain higher energy under metabolic stress
and promotes cell survival. Analysis of ATP levels in cell lines
maintained under conditions of limiting glucose concentration
for three days clearly shows that cells lacking CC3 produce more
ATP, and that ATP levels parallel the observed decreases in cell
viability (Fig. 3D and E; compare to Figs. 1B and 2C).

Silencing of CC3 increases the mitochondrial respiration
in HeLa cells under conditions of limiting glucose. We have
described above that only HeLa cells deficient in CC3 could
continuously grow in medium containing low glucose amounts.
We hypothesized that HeLaCC3si cells, unlike HeLaCON,
could have successfully switched to oxidative phosphorylation
(OXPHOS) for energy production when subjected to limiting
glucose availability, utilizing glutamine as a substrate. To address
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cells did not survive beyond 48 hours (data
not shown), unlike original HeLACC3si cells
(80% of which were viable after 48 hours in 2.2 mM glucose,
Fig. 2C). This observation confirmed that silencing of CC3
allows survival in limiting glucose by stimulating mitochondrial
respiration.

We have asked what substrate is used as a fuel for mitochon-
drial respiration in HeLaCC3si cells in low glucose. We observed
that presence or lack of pyruvate in low glucose medium does
not affect survival of HeLa cell lines, suggesting that extracel-
lular pyruvate is not efficiently utilized by cells deprived of glu-
cose (not shown). We have then examined effect of glutamine
on metabolic fluxes of HeLa cells. Glutamine (4 mM) was nor-
mally present in all media used in our experiments, and could be
used as a substrate for OXPHOS. We have cultured cells without
glutamine overnight, and examined how addition of glutamine
would affect the metabolic fluxes. Supplemental Figure 2 shows
that addition of glutamine greatly increased OCR in HeLaCC3si
cells, and to a lesser degree in HeLaCON cells. This strongly
indicates that glutamine is indeed a substrate of mitochondrial
respiration utilized more efficiently in CC3-deficient cells under
low glucose.
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Figure 3. Cells with silenced CC3 expression show increased metabolic flexibility and higher production of ATP. (A) Analysis of metabolic fluxes in
MCF7 cells cultured without glucose for four hours. The chart shows quantification of ECAR and OCR in CON and CC3si cells kept in glucose-free or
complete media for four hours. Normalized ECAR and OCR values of cells in glucose deprived media cells are shown as percentage of values measured
in cells kept in full media in other wells of the same experimental plates. In each experiment, each treatment group was composed of 6 to 10 replica
wells. Data are average and SE of four experiments. For MCF7CON versus CC3si groups, p = 0.046 (ECAR) and 0.008 (OCR). (B) Same as (3A), with HeLa
cell lines. P value = 0.009 (ECAR) and 0.011 (OCR). (C) ATP levels were measured in cells cultured in medium lacking glucose for 4 and 8 hours. Chart
shows ATP levels as percent of ATP in parallel control cultures kept in full medium. Results are representative of one of two experiments performed.
(D) ATP levels in MCF7 lines kept in the indicated concentrations of glucose for three days. Results are average of three experiments + SE (p = 0.0099,
0.0025 and 0.035 for 0.6 mM, 1.25 mM and 2.5 mM glucose respectively). (E) Same as in (D), with HeLa cell lines cultured in media with indicated con-
centrations of glucose for 1-3 days. Results are representative of one of two experiments performed.
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Figure 4. Silencing of CC3 leads to higher consumption of oxygen in
HelLa cells in low glucose and higher levels of mitochondrial respiration
proteins. (A) Metabolic fluxes in HeLaCC3si cells cultured in medium
with 2.2 mM glucose for the indicated number of days. Data are normal-
ized to cell numbers and presented as percentage of control cultures
grown in full medium with 11 mM glucose. Data are average * SE of
three experiments. The p values for OCR in HeLaCC3si cells in low glu-
cose versus normal glucose are <0.01 for all four times measurements
were performed. (D) Cells were harvested from cultures kept in full
media or in 2.2 mM glucose for 30 days (HeLaCC3si-2.2 mMG). HeLaCON
cells did not survive beyond 72 hours in 2.2 mM glucose and therefore
could not be analyzed. Extracts were analyzed by western blotting with
the indicated antibodies to mitochondrial proteins.

We have examined one possible reason for the increased OCR
in glucose-starved HeLaCC3si cells, specifically, the expression
levels of some of the protein subunits that compose the mito-
chondrial electron transport complexes. Levels of several mito-
chondrial proteins, components of respiration complexes, were
examined by western blot analysis. We have observed an increase
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in levels of proteins in complex I, IIT and IV, but not in II or
V (Fig. 4B). The upregulated subunits were encoded either in
nuclear DNA (complex I NDUFB8, and complex III core I, II
and Rieske) or in mitochondrial genome (complex IV subunits
I and II).

Cells with silenced CC3 maintain higher levels of MYC
protein and its targets in the glucose utilization pathway when
glucose is limited. We have explored the possible effects of CC3
on levels of MYC protein during glucose limitation, guided by
two published findings: that CC3/TIP30 has a negative effect
on MYC expression,'®*® and that MYC plays a prominent role
in regulation of expression of genes involved in both glycolysis
and oxidative phosphorylation.?#* While levels of c-MYC were
not different in HeLa cells with or without CC3 under normal
conditions, a much stronger downregulation of MYC protein was
observed in HeLaCON cells cultured in low glucose (Fig. 5A).
A recent publication** implicated c-MYC in control of aerobic
glycolysis through its positive effect on expression of pyruvate
kinase isoform M2 (PKM2), a central regulator of aerobic gly-
colysis in tumor cells.”” The transcriptional targets of MYC,
hnRNP proteins A2/B1, Al and I were shown to be instrumental
in enforcing alternative splicing event specifically producing the
PKM2 RNA.#? In correlation with the higher levels of MYC
protein in CC3si cells, we have observed higher levels of hnRNP
A2/BI1 and I, as well as PKM2 proteins in HeLaCC3si than in
HeLaCON cells under low glucose (Fig. 5A).

To confirm the increased c-MYC activity in HeLACC3si cells
in low glucose, we have examined expression of other genes sub-
ject to transcriptional regulation by c-MYC. The glucose trans-
porter GLUT-1 that is regulated in part by MYC?¥ is expressed
at higher levels in HeLaCC3si cells, and its expression levels
are maintained under low glucose unlike in HeLaCON cells
(Fig. 5A). The maintenance of GLUT-1 levels could also be rel-
evant to the higher glycolytic activity of HeLaCC3si cells in low
glucose (Fig. 4A). Two small HLH proteins Id1 and Id3, known
targets of c-MYC, were strongly downregulated in HeLaCON
cells cultures in low glucose, but less so in HeLaCC3si cells, in
correlation with c-MYC expression (Fig. 5A). These data support
the conclusion that the stronger downregulation of c-MYC pro-
tein in HeLaCON cells has functional consequences for expres-
sion of its target genes, some of which are relevant to glucose
metabolism.

HeLaCC3si cells cultured for one month in medium with
low glucose expressed MYC and PKM2 proteins at levels similar
to cells cultured in full medium (Fig. 5B). Obviously, the ini-
tial reduction in expression of both proteins (Fig. 5A) was “cor-
rected” in cells that survived and proliferated in low glucose. This
indicates that part of the process of adjustment of these cells to
growth in reduced glucose might rely on their ability to restore
normal levels of at least some proteins involved in glycolysis and
its regulation.

Only some of the changes in MYC targets observed in Hela
lines were also observed in MCF7 cells in limiting glucose
(Fig. 5C). Decreases in c-MYC and hnRNPA2/B1 proteins were
seen in MCF7CON cells in low glucose, but levels of PKM2 were
only slightly affected (Fig. 5C). This was not entirely unexpected
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considering that the both metabolic and survival responses to
glucose starvation in MCF7 cell lines were less acute than in
HeLa lines (Figs. 1-3), and both control and CC3si MCF7 cells
eventually adapt to growth in very low glucose concentration. It
appears that silencing of CC3 expression has a strong but only
transient pro-survival effect in MCF7 cells, while in HelLa cells
it dramatically improves both the short- and long-term survival.

HeLa cells lacking CC3 fail to fully activate AMPK in
response to glucose limitation which contributes to their
increased survival. Protein kinase AMPK is central in the con-
trol of cellular metabolic and energy producing pathways.?® We
have therefore examined activation of AMPK in response to
nutrient deprivation in cell lines with normal and reduced CC3
expression. As shown in Figure 6A, AMPK is heavily phosphory-
lated (and presumably activated) in control HeLa cells but phos-
phorylated only weakly in HeLaCC3si cells in response to lower
glucose levels. Withdrawal of glutamine, most consumed amino
acid in cultured cells (reviewed in ref. 29), also failed to induce
phosphorylation of AMPK in HeLaCC3si cells, while a robust
phosphorylation of AMPK was observed in HeLaCON cells
(Fig. 6B). In contrast to these differences observed between HelLa
cell lines, MCF?7 cells, both with and without CC3 expression,
had elevated AMPK phosphorylation in response to low levels
of glucose (Fig. 6C) and to glutamine withdrawal (not shown).

A major difference in regulation of AMPK in MCF7 versus
HelLa cells could be due to the fact that Hel.a cells lack kinase
LKB1,%° which is the central activator of AMPK in response to
increasing AMP levels, such as induced in cells by glucose with-
drawal. Indeed, we have observed that, as already reported,’
treatment of HeLa cells with AICAR (AMP mimetic and AMPK
activator via LKBI) failed to induce AMPK phosphorylation
(not shown). However, LKBLI is not the only upstream kinase for
AMPK. Multiple mechanisms of AMPK regulation have been
recognized (reviewed in ref. 32). Among them are the elevation
of cellular calcium that activates AMPK via CaMKKf,?"334
and inhibition of AMPK by PKA (cAMP activated kinase)
in certain cellular contexts.” Inhibition of AMPK activity
by high levels of cAMP was also documented to proceed via
CaMKKR.*

We have examined possible effects of pharmacological AMPK
inhibition as well as of the cAMP levels, calcium levels and a
selective CaM KK inhibitor on survival of Hela cells with and
without endogenous CC3 in low glucose. Figure 7A shows that
specific inhibition of AMPK by Compound C increased survival
of HeLaCON cells almost to the levels seen in HeLaCC3si cells,
in spite of the fact that Compound C had significant toxicity
under normal culture conditions. This clearly indicates that
observed strong activation of AMPK in HeLa cells under low
glucose is detrimental for their survival. Treatment of cells with
forskolin, an inducer of adenylate cyclase activity and cAMP
levels also improved survival of HeLaCON cells. STO-609, a
direct inhibitor of the AMPK activating kinase CaMKKS, had a
strong cytotoxic effect on HeLa cells in complete media, but still
rescued HeLaCON cells from glucose limitation induced death.
Similarly, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraace-
tic acid (BAPTA), a calcium chelating agent, and an inhibitor
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Figure 5. Analysis of expression of proteins related to glucose me-
tabolism in cells with silenced CC3. (A) HeLa cells were cultured in full
medium (11 mM glucose) or in 0.55 mM glucose for 18 hours prior to
cell harvest and protein analysis by western blotting. (B) HeLa cells were
harvested from cultures kept in full media or in 2.2 mM glucose for 30
days (CC3si-2.2 mM). Extracts were analyzed by western blotting with
the indicated antibodies. (C) MCF7 cells were cultured in normal media
(25 mM glucose) or low glucose (0.6 mM) for 72 hours prior to protein
extraction and analysis.

of, among other kinases, CaMKKS, also had a positive effect
on survival of HeLaCON cells. Supplemental Figure 3 shows
that increased survival of cells in presence of FSK and BAPTA is
indeed due to prevention of cell death and not increased prolif-
eration. These results suggest that inhibition of AMPK by differ-
ent pharmacological treatments contributes to cell survival in low
glucose. Therefore, failure of HeLaCC3si cells to activate AMPK
could be indeed relevant to their improved survival.
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Figure 6. Analysis of AMPK activation in MCF7 and Hela cell lines
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Hela cells were treated as described previously and analyzed for pres-
ence of activated AMPK with an antibody to phospho Thr172 (pAMPK)
or total AMPK (AMPK), as well as for expression of CC3. (B) HeLa cells
were cultured in media lacking glutamine (Q) for indicated times and
analyzed as in (A). (C) Similar analysis conducted with MCF7 cells treated
with low glucose for indicated times (hrs).

To verify that the pro-survival effects of treatments described
above are mediated through AMPK, we first examined activating
phosphorylation on Thr 172 of AMPK in HeLa cell lines treated
with BAPTA and FSK (both had a strong positive effect on sur-
vival of HeLaCON cells in 1.1 mM glucose without inducing
cell death in full media (Fig. 7A). Figure 7B shows that BAPTA
and FSK indeed inhibit AMPK activation in cells cultured in
1.1 mM glucose. These data strongly indicate that activation of
AMPK could contribute to the increased rate of HeLaCON cells
death in response to glucose limitation. To support this hypoth-
esis, we have partially silenced expression of AMPK using spe-
cific siRNAs (Fig. 7C). While silencing of AMPK predictably
had no effect on survival of HeLaCC3si cells, HeLaCON cells
with silenced AMPK showed improved viability under condi-
tions of limiting glucose (Fig. 7D). We conclude that activation
of AMPK contributes to the loss of viability in HeLa cells in low
glucose.
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Discussion

Our analysis of CC3/TIP30 in responses to metabolic stress was
prompted by the first set of observations that silencing of CC3
strongly protects tumor cells from apoptosis induced by glucose
deprivation. However, cells with silenced CC3 showed no sur-
vival advantages in response to treatments with a wide variety
of death inducing agents. This indicated that a function of CC3
distinct from its pro-apoptotic quality when overexpressed, could
be involved in the improved survival of CC3-silenced cells under
conditions of limited glucose concentration. Our results show
that the increased survival of cells with silenced CC3 is largely
due to their increased metabolic flexibility, i.e., their capacity to
switch energy production pathways to accommodate the dimin-
ished supply of glucose.

Withdrawal of glucose allows MCF7 and HeLa cells without
CC3 to sustain higher levels of both glycolysis and mitochondrial
respiration in short term experiments (Fig. 3A and B). A simple
explanation for the observed inhibition of respiration in glucose
deprived cells is the shortage of pyruvate, the intracellular end
product of glycolysis that, after decarboxylation by pyruvate
dehydrogenase, enters TCA cycle for oxidation. Because glycoly-
sis is inhibited much less in cells with silenced CC3, their OCR
is also affected much less. An alternative explanation would be
that cells with silenced CC3 might be able to utilize substrates
other than pyruvate to fuel OXPHOS such as amino acids or
fatty acids.

Indeed, the mitochondrial activity of HeLaCC3si cells cul-
tured long-term in limiting glucose proved to be highly increased
(Fig. 4A). There is little doubt that the increased OXPHOS
allows HeLaCC3si cells to survive and proliferate in low glucose,
a conclusion supported by higher levels of ATP in glucose-starved
CC3-deficient cells (Fig. 3C-E). These results actually suggest
that endogenous CC3 limits the ability of glycolysis-addicted
cells like HeLa to switch to mitochondrial energy production
when sugar is limited.

The mechanism through which lack of CC3 releases the
apparent block of OXPHOS in HeLa cells remains to be explored.
However, the observed increase in protein subunits of respiration
complexes I, IIT and IV in HeLaCC3si cells growing in limit-
ing glucose (Fig. 4B) is most likely relevant to their increased
respiration rate. It is of interest that the three complexes affected
by CC3 silencing contain proteins encoded in the mitochondrial
genome, as well as nuclear encoded proteins. In this regard, the
well known cross talk between changes in levels of the mitochon-
drially encoded proteins and nuclear transcriptional changes (ret-
rograde response) could be relevant. If CC3 expression leads to a
decrease in the levels of mitochondrially encoded proteins, a ret-
rograde response could lead to a decrease in expression of nuclear
encoded proteins of the relevant complexes. We have reported
previously that CC3 interacts with LRPPRC,'® a RNA binding
protein mutated in Leigh syndrome French Canadian variant
(LSEC), a cytochrome oxidase deficiency.’” LRPPRC is a major
positive regulator of expression of mitochondrially encoded
mRNAs.>? The consequences of the interaction between CC3
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viability was quantified with CCK-8 assay. Results are representative of one of two experiments conducted in quadruplicates. (B) Cells were cultured
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and LRPPRC are certainly worth exploring. A distinct possibil-
ity is that binding of CC3 to LRPPRC inhibits its function in
RNA transport, similar to the described inhibitory role of CC3
in nuclear transport through binding to importins. LRPPRC and
importins are characterized by the presence of multiple HEAT
repeats, which seems to be a unifying structural feature of CC3-

binding proteins.'
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We have examined levels of MYC in cells with silenced CC3
in view of reports linking CC3 expression to that of MYC,"
and also in view of the accumulating evidence that MYC acts
as a master regulator of activity of both glycolysis and mito-
chondrial respiration.?**2#44!1 \/e have found that silencing of
CC3 allows for higher MYC expression when glucose is limited,
as well as higher expression of MYC target genes PKM2, a key
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enzyme promoting aerobic glycolysis in tumor cells,” and Glut-
1, a major glucose transporter with elevated expression in many
cancers. This could be directly relevant to the ability of CC3
silenced cells to sustain glucose uptake and glycolytic activity
when glucose is limited. It is likely that MYC could contribute to
the observed high mitochondrial respiration in HeLaCC3si cells,
considering its reported role in OXPHOS.*>4

We have observed major metabolic differences between MCF7
and HeLa cells. Silencing of CC3 increases OCR in both lines
when they are subjected to glucose withdrawal. However, both
MCEF7 lines survive long-term in glucose-low media, while only
CC3-deficient HeLa cells do. How could one explain that silenc-
ing of CC3 in two, admittedly very different genetically cell lines
has different effects on survival under metabolic stress? We found
that MCEF?7 cells rely less on glycolysis than HeLa, and actively
engage in oxidative phosphorylation. Supplemental Figure 4
shows that the ratio of OCR to ECAR is significantly higher in
MCEF7 cells than in HelLa cells under both normal and glucose-
deprived conditions, and silencing of CC3 further increases
OCR/ECAR ratio in MCF7 cells. The higher basal OCR/ECAR
ratio, i.e., higher OXPHOS contribution to energy production, is
most likely involved in better survival of MCF7 in low glucose
in short term, as well as their ability to adapt to chronic shortage
of glucose. The lower OCR/ECAR ratio in HeLa cells is typical
for highly glycolytic cells, in line with their enhanced sensitiv-
ity to glucose withdrawal. Silencing of CC3 allows for a strong
increase in OCR during long term incubation in limiting glucose
(Fig. 4A). Therefore, the differences in the metabolic responses
of HeLa versus MCF7 cells to silencing of CC3 could depend
on the inherent differences in their reliance on glycolysis versus
OXPHOS for energy production.

We have considered other factors to explain the pro-survival
effects of CC3 silencing on the short term survival of MCF7 and
HeLa cells in absence of glucose. In particular, oxidative stress
was reported to play a role in the glucose deprivation induced
cell death. Induction of ROS in glucose deprived cells used in
this study was examined at different times in low glucose. Flow
cytometry with ROS indicator CM-H,DCFDA showed that
ROS accumulation was not significant for the first six hours after
glucose deprivation, and increased up to four-fold after 16 hours,
without significant differences between control cells and cells
with silenced CC3 (not shown). Therefore, at present we have no
indications that a better control of oxidative stress contributes to
survival of cells lacking CC3 expression.

We have found that central regulator of cellular metabolism,
AMPK, is involved in survival of HeLaCC3si cells cultured in
low glucose media. Unlike control cells, they fail to fully activate
AMPK in limiting glucose and when glutamine is withdrawn
(Fig. 6). However, silencing of CC3 does not affect AMPK acti-
vation in MCF?7 cells (Fig. 6C). We suggest that this is because
MCEF7 cells contain functional LKBI1, while Hela cells do not
express LKB1.3° Therefore, activation of AMPK in HeLaCON
cells must involve regulators other than LKB1, which fail to be in
engaged in absence of CC3. Our results indicate that activation
of AMPK in HeLa cells involves calcium responsive kinase, most
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likely CaMKKS, and is inhibited by increase in cAMP. It follows
then that CC3 might play a role in cellular metabolic pathways
governed by calcium and/or cAMP, which would be of interest
to analyze. A different possibility exists for the observed lack of
activation of AMPK by glucose deprivation in HeLa cells lacking
CC3: these cells are able to maintain mitochondrial respiration
in low glucose, and inhibition of mitochondrial metabolism was
shown to be a very common mechanism for activation of AMPK
by a variety of conditions and drugs.*

The role of AMPK activity in cell survival has been reported
to be either protective or death-promoting, depending on cel-
lular contexts and treatments.”*** However, AMPK is currently
considered to act as a tumor suppressor,’®™ and activation of
AMPK emerged as a potential therapeutic goal in cancer treat-
ment.” Our data expand the understanding of CC3 function as
tumor/metastasis suppressor through its contribution to AMPK
activation.

Many types of advanced cancers have a shift in energy produc-
tion from OXPHOS to aerobic glycolysis, termed the Warburg
effect, which describes the increased uptake and conversion of
glucose to lactate by cancer cells under adequate oxygen tension.
In the last several years the importance of aerobic glycolysis in
tumor progression has become a focus of intense research, with a
general understanding that it universally promotes tumor growth
by increasing energy production, while OXPHOS, even though
it is by far more efficient pathway, is generally dispensable in
tumors. However, a number of publications have recently chal-
lenged the generality of this conclusion. A more evolved under-
standing underscores the fact that tumor cells have increased
demands not only for energy but other metabolic needs to sus-
tain both growth and increased proliferation.?"**>* In addition,
oncogenes such as c-MYC”» and mutant H-Ras*® were shown to
promote OXPHOS. Mitochondrial metabolism and generation
of ROS were shown to be essential for Kras induced tumorigenic-
ity.”” Importantly, active OXPHOS could be indispensable for the
in vivo growth of highly glycolytic tumors, which could re-use
secreted lactate to fuel mitochondrial activity.”® Very recently, a
transcriptional profiling approach revealed that epithelial cancer
cells upregulate expression of genes involved in oxidative metabo-
lism.”? A recent study® has demonstrated that a protein frequently
overexpressed in cancer cells actually promotes OXPHOS and
tumor growth. This protein, p32(C1QBP), also negatively affects
the glycolytic activity of tumor cells while promoting tumor
growth.

We show here that CC3/TIP30, protein frequently absent or
diminished in aggressive cancers might actually, by its absence,
promote OXPHOS without diminishing glycolytic activity.
Silencing of CC3 in tumor cells highly dependent on glycolysis
gives them the metabolic flexibility to utilize both OXPHOS
and glycolysis for their metabolic needs, which confers growth
advantage to these aggressive tumors. Our data support the
notion that low or absent expression of CC3, found in a vari-
ety of metastatic and aggressive tumors, could be directly rel-
evant to cancer progression through modifications in cellular
bioenergetics.
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Materials and Methods

Reagents and antibodies. BAPTA, FSK, compound C, AICAR
and STO-609 were purchased from Sigma. FITC-conjugated
Annexin V was from BioVision. Antibodies to c-MYC, Glut-1,
phospho Thr172-AMPK, AMPK and GAPDH were from Santa
Cruz Biotechnology; to subunits of mitochondrial electron
transport complexes from Mitosciences, to PKM2, hnRNPI
and hnRNPA2/B1 from Cell Signaling, to Id1 and Id3 from
Biocheck. Polyclonal antibodies to CC3/TIP30 were described
previously in reference 16.

Cell culture and treatments. MCF7 and HelLa cell lines were
obtained from the ATCC, and propagated in either DMEM
with 10% FBS (MCF7) or RPMI with 10% FBS (HeLa), supple-
mented with 1 mM pyruvate and 4 mM glutamine. Cells were
transferred to corresponding media with low glucose content for
the experiments. Glucose free DMEM and RPMI (Mediatech)
were supplemented with full media to achieve a desired concen-
tration of glucose (full DMEM contains 25 mM glucose and
was diluted in glucose-free DME 40, 20 and 10 fold to achieve
concentrations of 0.625, 1.25 ad 2.5 mM respectively. Similarly,
RPMI (11 mM glucose) was diluted in glucose free RPMI to
achieve glucose concentrations of 0.55, 1.1 and 2.2 mM).

Lentivirus-mediated siRNA expression and transient siRNA
transfection. For CC3 silencing, shRNA constructs in the LKO
plasmid vector were purchased from Open Biosystems/Thermo.
Viruses were produced in HEK293 cells according to manufac-
turer’s instructions and used to transduce cells, followed by selec-
tion in pre-determined concentration of puromycin. For transient
silencing of AMPK, a pool of five siRNAs targeting AMPK was
purchased from Open Biosystems/Thermo (catalog number
D-005027-02-0005) along with a non-targeting siRNA con-
trol (D-001810-05). siRNAs were transfected into HeLaCON
and HeLaCC3si cells using Lipofectamine 2000 (Invitrogene).
Cells were treated with low glucose 48 hours after transfection,
or analyzed by western blotting for AMPK levels 72 hours after
transfection.

Measurements of cell viability and apoptosis. Cell viabil-
ity was determined using CCK-8 kit (Dojindo). Apoptosis/cell
death analysis was done using the Annexin V/propidium iodide
staining followed by flow cytometry. Cells were collected by tryp-
sinization into their culture media, washed with PBS and stained
with Annexin V-FITC (BioVision) and propidium iodide (PI),
and analyzed immediately after 5 minute incubation with the use
of the CellQuest software on the FACScan (Becton Dickinson).
ATP levels were quantified using ATP Bioluminescence assay kit
HS IT (Roche Applied Science).

Metabolic analyses with seahorse XF96 extracellular flux
analyzer. Cells were plated overnight on XF96 PET 96 well
plates at experimentally predetermined numbers (12 x 10° cells
per well for HeLa lines and 14 x 10° cells per well for MCF7
lines). Metabolic fluxes were analyzed on Seahorse XF96

www.landesbioscience.com

Cell Cycle

analyzer per manufacturer instructions as previously described
in reference 61. The basal ECAR values (in mpH/min) and
OCR values (in pMoles O*/min) were measured for 4 cycles.
Each cycle consisted of a 3 minutes media mixing time and a 5
minutes measurements time. After measuring the basal levels of
ECAR and OCR for 4 cycles, the inhibitor of glycolysis/ECAR
(2-deoxy-glucose at 100 mM) or inhibitors of mitochondrial
respiration (rotenone at 1 wM or Antimycin A at 10 wM) were
automatically injected into the experimental wells, and another
two measurement cycles were performed. The injections were
used in order to confirm that the observed values for the media
acidification rate (ECAR) and depletion of oxygen (OCR) from
the media were truly reflecting the glycolytic activity (lactate pro-
duction) and mitochondrial respiration (oxygen depletion from
the media), respectively. Each experimental plate contained cells
seeded into wells in full medium overnight, and half of the wells
were changed into media lacking glucose for the last 4 hours of
culture. Some experiments used HeLaCC3si cells that were cul-
tured in medium with 2.2 mM glucose for the times indicated
(HeLaCON cells did not survive in 2.2 mM glucose for longer
that 1-2 days). The experimental media for the metabolic flux
assays contained 1 mM glucose. Each experimental point is an
average of 6 to 10 replica wells, and experiments were repeated at
least 4 times. Normalization of ECAR and OCR values obtained
in XF96 assays was performed using quantification of cellular
DNA with the CyQuant assay (Promega) on experimental plates.
All the XF96 data are expressed as ECAR or OCR values nor-
malized to DNA content, or as percent of activities relative to
these measured in the same experiment in cells kept in full media
(after normalization of both data sets).

Western blot analysis. Whole cell lysates were electro-
phoresed on SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blotted with antibodies at recom-
mended concentrations overnight at 4°C and the bound primary
antibodies were detected using peroxidase-conjugated secondary
antibodies. Blots were developed using SuperSignal enhanced
chemiluminescence kit (Pierce) and imaged on Kodak Imager
ISR2000.
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