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ABSTRACT

ARTICLE HISTORY

Metabolic adaptations are emerging as common traits of cancer cells and tumor progression. In vitro
transformation of NIH 3T3 cells allows the analysis of the metabolic changes triggered by a single
oncogene. In this work, we have compared the metabolic changes induced by H-RAS and by the nuclear
resident mutant of histone deacetylase 4 (HDAC4). RAS-transformed cells exhibit a dominant aerobic
glycolytic phenotype characterized by up-regulation of glycolytic enzymes, reduced oxygen consumption
and a defect in complex I activity. In this model of transformation, glycolysis is strictly required for
sustaining the ATP levels and the robust cellular proliferation. By contrast, in HDAC4/TM transformed cells,
glycolysis is only modestly up-regulated, lactate secretion is not augmented and, instead, mitochondrial
oxygen consumption is increased. Our results demonstrate that cellular transformation can be
accomplished through different metabolic adaptations and HDAC4/TM cells can represent a useful model
to investigate oncogene-driven metabolic changes besides the Warburg effect.
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Introduction
The Class IIa HDACs are important pleiotropic regulators
expressed in all eukaryotic cells. The principal features of this
gene family, which in mammals include HDAC4, 5, 7 and 9,
are: i) the 14-3-3 dependent nuclear-cytoplasmic shuttling, ii)
the poor lysine-deacetylase activity and iii) the presence of an
extended amino-terminal region devoted to the interactions
with different partners, including MEF2 transcription factors.1,2
During embryogenesis, class IIa HDACs play critical roles in
speciﬁc differentiation pathways, whereas in adults, they also
transduce environmental signals to inﬂuence adaptive cellular
responses.3,4 The large range of differentiative/adaptive
responses, under class IIa HDACs supervision, ﬁnds conﬁrmation in the assorted genetic programs such as: cell motility,
interaction with the ECM, cell cycle and survival/apoptosis,
monitored by these enzymes.5-8
In particular, recent studies have underlined the intricate
relationships between class IIa HDACs and metabolism.9,10,11
Kinases such as AMPK and SIKs, which ﬁne-tune metabolic
adaptations can also modulate class IIa nuclear/cytoplasmic
shuttling via phosphorylation of 14-3-3 binding sites.2 SIK2
modulates HDAC4 localization in the adipose tissue linked to
the regulation of the GLUT4 transcription and glucose
uptake.12 In hepatocytes during fasting glucagon, through the
inhibition of AMPK, favors the nuclear accumulation of class
IIa HDACs. Here, HDAC4 and HDAC5 in complex with
HDAC3 deacetylate and activate FOXO TFs (FOXO1 and
FOXO3). FOXOs thus stimulate the transcription of glucose-6phosphatase and of phosphoenolpyruvate carboxy kinase, 2
key enzymes of the gluconeogenesis.13 The same pathway is
hijacked by hepatitis C virus (HCV) through the upregulation
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of HDAC9.14 Similarly in Drosophila the LKB-SIK3 axis
controls HDAC4 nuclear accumulation in the fat body cells
under the supervision of different dietary conditions.15
In denervated muscles HDAC4 can repress glycolysis, probably through the repression of MEF2 TFs, and can sustain an
oxidative program, favoring the switch from fast-glycolytic
type II ﬁbers to the slow-oxidative type I ﬁbers.16 This observation is in contrast with other reports, observing a correlation
between class IIa HDACs nuclear export, MEF2-induced transcription and a ﬁber-switch from fast into the slow type.17
Other studies indicate that HDAC4 is required for the up-regulation of glycolytic genes in response to hypoxia by controlling
HIF1a stability.18 In summary, several data indicate that class
IIa HDACs are involved in the regulation of metabolic adaptations, however, the ﬁnal outcome is not totally clariﬁed and it
seems to be context dependent.
Previously, we have shown that nuclear resident class IIa
HDACs can transform murine NIH 3T3 ﬁbroblasts, thus
behaving as conceivable oncogenes. Growth in soft agar and
tumor formation in immunocompromised mice can be elicited
by HDAC4 mutated in the 14-3-3 binding sites, similarly to
RAS oncogene.19
Oncogenic transformation is coupled to metabolic adaptations aimed to sustain the uncontrolled proliferative state.20
The RAS proteins are key switchers, acting as nodes of the
growth factors signaling pathway and exhibit a potent transforming potential. RAS-induced transformation has been
extensively investigated as a model of the metabolic adaptations
during neoplastic growth.21 RAS-transformed cells are marked
by the upregulation of regulatory proteins of the glycolysis,
including glucose transporters, thus recapitulating Warburg
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phenotype. Furthermore these cells present an impairment of
the mitochondrial respiratory functions.22-24 Importantly these
metabolic adaptations are speciﬁcally coupled to the transformation-state, since RAS-induced senescence accompanies augmented fatty acid oxidation and higher rates of basal oxygen
consumption.25
In this work we have investigated whether, HDAC4transformed cells exhibit speciﬁc metabolic adaptations and
utilized, as a reference of transformation-dependent metabolic
changes, cells expressing the H-RAS oncogene.

Results
HDAC4/TM-driven transformation does not affect lactate
production in NIH 3T3 cells
NIH 3T3 cells expressing HDAC4/WT, its nuclear resident 14-33 binding defective mutant (S246A/S467A/S632A), hereafter
referred to as triple mutant (HDAC4/TM), RAS (H-RAS/G12V
mutation) and GFP as control, were used to investigate transformation-induced metabolic adaptations (Fig. 1A). NIH 3T3 cells
expressing the HDAC4/TM show a transformed phenotype, characterized by a robust growth in soft agar (Fig. 1B) and tumor formation in immunocompromised mice.19 The oncogenic
properties of HDAC4/TM cells are comparable to cells expressing
the RAS oncogene. By contrast, the expression of HDAC4/WT
failed to induce overt growth in soft-agar and the number of colonies was comparable to GFP expressing cells (Fig. 1B).
Interestingly, although dimensions and density of colonies
in RAS and HDAC4/TM transformed cells were equivalent, the
color of the medium used to ﬁll the agar plates was profoundly
different (Fig. 1C). Only in RAS-transformed ﬁbroblasts, acidiﬁcation converted from red to yellow the phenol red indicator.
To support this qualitative data, pH measurements of extracellular media were performed in the different transgenic cell
lines grown in 2D cultures. The cell growth rates were monitored every 2 days during 8 days and, in parallel, the pH of the
culture medium was measured (Fig. 1D). Although HDAC4/
TM-expressing cells display a proliferative advantage with
respect to HDAC4/WT or GFP-expressing cells,19 extracellular
acidiﬁcation was equivalent to the control cell lines, with the
pH of the medium remaining around 7.8. In contrast, in RASexpressing cells extracellular acidiﬁcation with a pH of 6.7 was
evident. Importantly, this pH value is in accordance with previous in vivo studies.26
This extracellular acidiﬁcation could be a consequence of the
increased glycolytic ﬂux, a hallmark of the well-known Warburg phenotype induced by RAS oncogenes.27 To further conﬁrm this observation we analyzed the lactate concentration in
the extracellular environment after 2 days of culture (Fig. 1E).
As expected, the lactate concentration in the medium of RASexpressing cells was almost the double compared to all the
other cell lines. By contrast, the HDAC4/TM transformed cells
did not evidence augmented levels of lactate in the extracellular
environment.
Lactate is produced from pyruvate by the lactate dehydrogenase
(LDH) complex composed by 2 subunits (LDHA and LDHB).
Oxamate is a pyruvate analog that acts as a competitive inhibitor
of LDH with proved anti-proliferative effects against cancer
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cells.28,29 Therefore, we examined the dose-dependent response to
oxamate of our cell lines. The data reported in Figure 1F demonstrate that NIH 3T3 cells overexpressing RAS are signiﬁcantly
more vulnerable, in terms of growth inhibition, to oxamate treatment compared to all the other cell lines. RAS expressing cells
exhibit an IC50 of 41.50 mM (§ 4.77; p D 0.000023 vs GFPexpressing cells). By contrast, the IC50 of HDAC4/TM transformed cells for oxamate was 53.78 mM (§5.79 p D 0.089 vs
GFP-expressing cells), which is not signiﬁcantly different from the
IC50 of the untransformed cells (Fig. 1G).
In summary, these results demonstrate that HDAC4/TMtransformed ﬁbroblasts do not evidence an increase in lactate
secretion and suggest that these transformed cells are characterized by a metabolic proﬁle that may divert from the standard
features of the Warburg phenotype. In contrast, RAS-transformed cells augment lactate secretion in the extracellular environment, probably as the consequence of an increased
glycolytic rate, thus conﬁrming the Warburg effect elicited by
this oncogene.
Glycolysis inhibition differentially impacts on HDAC4/TM
and RAS-transformed cells
The difference in lactate production between RAS and
HDAC4/TM transformed cells prompted us to test the
response of these cell lines to glucose shortage. Cells were
grown in presence of 2 different glucose concentrations:
25 mM (high glucose) or 5.56 mM (low glucose). To fuel mitochondrial oxidative phosphorylation L-glutamine (2 mM) and
sodium pyruvate (1 mM) were added to the medium. As
reported in Figure 2A, control cells did not suffer the glucose
shortage in terms of cell proliferation, even after 72 h of culture.
By contrast, RAS-transformed cells grown in low glucose exhibited a dramatic reduction in cell number, already evident at
48 h after the shift from high to low glucose condition.
HDAC4/TM-expressing cells were more susceptible to glucose
shortage with respect to GFP or HDAC4/WT-expressing cells,
even though to a less extent compared to RAS-transformed
cells. In fact, a difference in cell numbers between high and low
glucose condition was substantial only after 72 h of glucose
reduction. In all cell lines cell death was not overtly observed in
low glucose conditions (Fig. 2B), suggesting that glucose limitation, under the selected time interval, can arrest cell proliferation without robustly affecting cell viability.
The results obtained in the glucose shortage experiments
prompted us to further explore the relationships between glycolysis and proliferation of the different oncogene-transformed ﬁbroblasts. To this end, we challenged our cell lines with several
concentrations of 2-deoxy-glucose (2-DG), a commonly used
inhibitor of glycolysis, which competitively inhibits glucose uptake, phospho-glucose-isomerase and non-competitively the hexokinase.30 2-DG treatments inhibited cell growth in all cell lines in a
dose-dependent manner, hence all cell lines depend on glycolysis
for proliferation (Fig. 2C). However, RAS-transformed cells display the highest susceptibility to glycolysis inhibition, with an
IC50 of 5.41§0.20 mM (p D 0.0003 vs GFP-expressing NIH 3T3
cells). On the other side, GFP-expressing cells show the lowest sensibility to 2-DG (IC50 D 11.71§0.93) (Fig. 2D). HDAC4/TMexpressing cells exhibit an intermediate phenotype (IC50 D 6.88§
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Figure 1. Analysis of extracellular medium acidiﬁcation. (A) Immunoblot assays were performed to visualize the different transgenes as expressed by NIH 3T3 cells. The
antibodies used were anti-GFP to detect GFP and HDAC4-GFP, anti-H-RAS, and anti-Actin as a loading control. (B) Growth in soft agar of NIH-3T3 cells expressing the indicated transgenes. 1 £ 105 cells/plate were seeded and foci were MTT-stained 21 days later. n D 3; § SD. (C) Representative soft-agar assay as performed in A). (D) Analysis of acidiﬁcation in the extracellular medium. The different cell lines were grown for 8 days and the pH of the extracellular medium monitored at the indicated times.
n D 3; § SD. (E) Analysis of lactate concentration in the extracellular medium. The different cell lines were grown for 2 days and the concentration of lactate measured as
described in material and methods and normalized for cell numbers. n D 4; § SD. (F) Resazurin assay was performed as described in material and methods. The different
cell lines were treated with the indicated concentration of oxamate for 48 h and the IC50 calculated. n D 7; § SD. (G) Oxamate IC50 for each cell line calculated as
described in Materials and Methods from experiments illustrated in F. D p < 0.05; D p < 0.01; D p < 0.001 t-test statistics.

0.46, p D 0.0013 vs GFP-expressing cells and p D 0.007 vs RASexpressing cells) respect to RAS and GFP expressing cells. To conﬁrm these data, cells were treated for 48 h with 2 different concentrations of 2-DG, the ﬁrst equimolar to the glucose concentration
in the culture medium (25mM) and the second corresponding to
the IC50 for RAS-transformed cells (5mM). Both concentrations
abrogated the proliferative advantage conferred by oncogenic
RAS- and HDAC4/TM (Fig. 2E). Notably, in all the cell lines treatments for 48 h with 2-DG did not cause substantial cell death
(data not shown). These experiments suggest that the increased
cell proliferation observed in RAS- and HDAC4/TM-expressing

ﬁbroblasts is intimately linked to an augmented glucose ﬂux
through glycolysis. In fact, its inhibition results in the restoration
of proliferative levels similar to those of non-tumorigenic cells.
Finally, we tested the impact of 2-DG treatment on intracellular ATP content. As depicted in Figure 2F, a short-term treatment (1 h) with 2-DG (25mM) caused a reduction in ATP
levels in all the tested cell lines. However this decrease was
much more pronounced in RAS-expressing cells. HDAC4/TM
expressing cells decreased ATP level similarly to the control
cell lines in response to 2-DG treatment. This result suggests
that interfering with the glycolytic ﬂux has a much stronger
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Figure 2. Glycolysis inhibition differentially impacts HDAC4/TM and RAS-transformed cells. (A) Differential sensibility to glucose shortage of the 4 cell lines. 1 £ 105 cells/
plate were seeded and after 24 h the cells were maintained in DMEM containing 25 mM glucose or shifted to DMEM containing 5,56 mM glucose for 72 h and counted
every 24 h; n D 3 § SD. (B) Analysis of cell death at the indicated times in the 4 cell lines. 1 £ 105 cells/plate were seeded and after 24 h the cells were maintained in
DMEM containing 25 mM glucose or shifted to DMEM containing 5,56 mM glucose for 72 h. n D 3 § SD. (C) Resazurin assay of the cell lines treated with different 2-DG
concentrations for 48 h; n D 3 § SD. (D) 2-DG IC50 for each cell line calculated as described in Materials and Methods. (E) Cell count after 48 h treatment with 2-DG at
5 mM (left) and 25 mM (right); n D 3 § SD. (F) Intracellular ATP content of the 4 cell lines treated for 1 h with 2-DG 25 mM; n D 3 § SD. D p < 0.05; D p < 0.01;

D p < 0.001 t-test statistics.

impact on RAS-transformed cells, which heavily rely on glycolysis for energy production and for their unrestrained
proliferation.
HDAC4/TM and RAS differentially impact on mitochondrial
respiration
In cancer cells the up-regulation of the glycolytic activity is not
always concomitant to a down-regulation of mitochondrial

oxidative phosphorylation.31,32 On the other side, previous studies
have documented that K-RAS expressing cells can impinge on glycolysis and exhibit defects in oxidative phosphorylation.27,33
In order to compare the overall functionality of the mitochondrial OXPHOS in the 4 cell lines, we measured the mitochondrial oxygen consumption sustained by endogenous
substrates in intact cells (Fig. 3A). High-resolution respirometry analysis was performed to measure 3 different metabolic
states namely: the basal routine respiration (R), the “proton-
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Figure 3. HDAC4/TM overexpression does not alter mitochondrial metabolic functionality. (A) Oxygen consumption rates were measured in intact cells grown in complete
medium with 25mM glucose. Metabolic states: basal routine respiration, R; non-phosphorylating respiration, L (measured in the presence of 2.5 mg/mL oligomycin); maximal respiration, E (measured in the presence of 3.3 mM FCCP). n D 4 § SD p < 0.05, p < 0.01 and p < 0.005 compared with GFP-expressing cells. (B) The phosphorylating respiration R-L was calculated as the difference between the routine and the “proton leak” respiration. The normalized respiratory ﬂux control ratios were
calculated: R/E as the ratio between the routine and the maximal respiration, and (R-L)/E as the ratio between the phosphorylating and the maximal respiration. n D 4 §
SD. p < 0.05 compared with GFP-expressing cells. (C) Relative mitochondrial DNA content quantiﬁed by RT-PCR. The DNA sequences coding for the NADH dehydrogenase subunit ND4 and for the ATP6 subunit of the ATP synthase were chosen as representative of mitochondrial DNA, whereas b2-microglobulin gene was used for genomic DNA normalization, n D 3 § SD. (D) Mitochondrial membrane potential in intact cells, cultured in 25 mM glucose, measured by cytoﬂuorimetric analysis after
mitochondrial staining with 200 nM TMRM. Data are reported as mean ﬂuorescence of stained population. n D 3 § SD. (E) The different cells, cultured in 25 mM glucose
and treated or not with oligomycin (2 mM) and rotenone (1 mM) as indicated, were in vivo stained with TMRM (200nM) and then analyzed by FACS. Data are reported as
mean ﬂuorescence of stained population. n D3 § SD. (F) Relative electron transport system complex I activity biochemically determined as reported in the Materials and
Methods section; n D 3 § SD. (G) Representative immunoblot of complex I protein level. Densitometric analysis is also provided (n D 2 § SD). D p < 0.05; D p <
0.01; D p < 0.001 t-test statistics. NS (non-statistically signiﬁcant).

leak” respiration (L) observed after the inhibition of ATP synthase by oligomycin and representing the non-phosphorylating
respiration, and the maximal stimulated respiration (E),
observed after mitochondrial membrane potential collapse
induced by titration with the protonophore FCCP. E values
represent the actual activity of the electron transport system
without control by the ATP synthesis system (ETS capacity).

RAS-expressing cells displayed reduced basal respiration
rate compared to GFP-expressing cells (¡32%). HDAC4/WTexpressing cells did not differ from GFP control, whereas
HDAC4/TM-expressing cells showed a higher basal respiration
rate (C27%).
When we evaluated the oxygen consumption not coupled to
ATP synthase (oligomycin-insensitive non-phosphorylating
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respiration), the value of RAS-expressing cells was also lower,
whereas the other cell lines exhibited a similar behavior.
When mitochondria respiration was maximally stimulated
by FCCP, the ETS capacity in RAS-transformed cells was the
lowest, reﬂecting their low value of basal respiration and suggesting an ETS impairment. In contrast, HDAC4/TM cells consumed more oxygen than control cells in their maximal
respiratory stimulation state, indicating a greater ETS capacity.
The value of HDAC4/WT-expressing cells was higher, compared to GFP-expressing cells, but the difference was not statistically signiﬁcant.
Next, from the values of the corresponding metabolic states we
calculated the phosphorylating respiration (R-L) and the normalized respiratory ﬂux control ratios R/E, and (R-L)/E. As reported
in Figure 3B, we observed that the values of R-L were again lower
in RAS-transformed cells and higher in HDAC4/TM cell line.
Thus, in the latter, the greater activity of ETS under routine conditions resulted in greater respiration used to produce ATP,
whereas “proton leak” respiration was unchanged.
Finally, by examining the normalized respiratory ﬂux control ratios as measure of the rate of the basal or phosphorylating
respiration related to the ETS capacity, we observed that the
values (R-L)/E, denoting the fraction of the respiration used to
produce ATP under routine conditions, were the same in the 4
cell lines. These results are in accordance with tumor-derived
cell lines grown under high glucose conditions.34 Conversely,
the values of normalized routine ﬂux control ratio (R/E) were
signiﬁcantly lower for HDAC4/WT and HDAC4/TM cell lines,
with respect to GFP-expressing cells, suggesting more ﬂexibility
of respiration, different from RAS-transformed cells. Overall,
these data highlight once again the marked metabolic differences existing between RAS and HDAC4/TM transformed cell
lines.
These differences in respiration prompted us to compare the
mitochondrial mass in the different cell lines. When mitochondrial DNA was quantiﬁed by RT-PCR, as a parameter to
estimate the mitochondrial mass (Fig. 3C), no signiﬁcant
changes were observed among the tested cell lines.
Only RAS-transformed cells are characterized by complex I
reduced activity
In order to further characterize the mitochondrial functionality
of the different cell lines we measured the mitochondrial membrane potential (Dcm) and evaluated the effects of the
OXPHOS inhibitors oligomycin and rotenone. Oligomycin, by
inhibiting the ATP synthesis and blocking the proton inﬂux
into the matrix, should enhance Dcm; whereas rotenone, by
inhibiting complex I, should reduce electron transport ﬂux,
proton pumping and Dcm.
To this aim, we ﬁrst generated new NIH 3T3 cell lines stably
expressing ﬂag-tagged HDAC4 proteins, to avoid interference
of the GFP during the cytoﬂuorimetric analysis. The effective
expression of ectopic proteins was veriﬁed by western blot
analysis and the proliferative advantage and the tumorigenic
properties of the ﬂag-tagged HDAC4/TM-expressing cells were
conﬁrmed (data not shown). Cytoﬂuorimetric analysis, after
TMRM staining, indicated that Dcm was similar among the different cell lines (Fig. 3D). We then analyzed Dcm following a
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short-term treatment with the OXPHOS inhibitor oligomycin
in the absence or presence of rotenone (Fig 3E). The results
show that the oligomycin-mediated increase of Dcm was much
lower in RAS-transformed cells (about 3 fold vs. more than 10
fold in controls and HDAC4/TM expressing cells). By contrast,
rotenone efﬁciently suppressed the Dcm increase in all the different cell lines, as expected assuming a prevalent role of complex I in providing reducing equivalent to sustain the
respiration. Together, these results suggest that the functionality of the ATP synthesis system, coupled with the electron
transport chain and consuming Dcm, may be in general unperturbed, and that only in RAS-transformed cells a less active
electron transport chain is operating upstream the ATP synthase, in accordance with the lower basal and phosphorylating
respiration reported only in these cells (Fig. 3A and B),
Since complex I is down-regulated in K-RAS transformed
cells, we next evaluated complex I activity in our different
transgenic cell lines.35 Mitochondria-enriched fractions were
obtained from each cell line and the complex I activity measured (Fig. 3F). In RAS expressing cells, complex I activity was
reduced (approximately 30% lower) compared to GFP expressing cells. HDAC4/TM and HDAC4/WT expressing cells did
not exhibited signiﬁcant differences compared to control. To
strengthen this data, we also analyzed the expression levels of
NDUFA9 complex I subunit. Figure 3G evidences that only in
RAS-transformed cells NDUFA9 levels were downregulated
compared to GFP-expressing cells.
Different regulation of metabolic genes in RAS and
HDAC4/TM-transformed cells
To further substantiate the metabolic differences between RAS
and HDAC4/TM transformed cells we compared the transcriptional proﬁles of NIH 3T3 cells transformed with HDAC4/TM
and RAS (GSE29962).19,24 The list of genes down- and upregulated in NIH 3T3 cells expressing HDAC4/TM is shown in the
supplementary table S1. Initially, we interrogated 5 curated
MSigDB (H) genesets, representing a collection of genes encoding for proteins involved in common metabolic processes with
the HDAC4/TM and RAS signatures. As expected, the glycolytic pathway was signiﬁcantly enriched in RAS transformed
cells, whereas, HDAC4 transformed cells are characterized by a
signiﬁcant repression of genes involved in cholesterol and fatty
acid metabolism (Table 1). When the analysis was extended to
all the 67 genesets available on MSigDB, similar results were
obtained. In RAS-transformed cells, signatures of genes
involved in glycolysis and in glutamine and purine metabolism
were signiﬁcantly up-regulated. In HDAC4/TM transformed
cells these pathways were largely unmodiﬁed and, instead, only
genes involved in lipid metabolism turned out to be signiﬁcantly repressed (Table 2).
To further corroborate these observations, we created genesets comprising selected enzymes of glycolysis (n D 39), TCA
cycle (n D 17), mitochondrial respiration and oxidative phosphorylation (n D 92), fatty acid b-oxidation and lipolysis
(n D 33). When the whole genesets were analyzed, differences
in the expression levels between RAS and HDAC4/TM transformed cells were not appreciated (Fig. 4A). We therefore
hypothesized that the metabolic distinctiveness described above
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Table 1. Enrichment Scores (ES) obtained through a GSEA analysis. Two comparisons were made: GFP vs HDAC4/TM and HYGRO vs RAS. ns means not signiﬁcant
ES, with a p > 0.05.
GSEA MSIGDB GROUP

GFP HDAC4 TM HYGRO RAS TOT

GLUCOSE METABOLISM
0
GLUTAMINE AND PURINE METABOLISM
0
GLYCOLYSIS
0
PENTHOSE PHOSPHATE PATHWAY
0
OXIDATIVE PHOSPHORYLATION
0
LIPID METABOLISM
10
UPREGULATED DURING ADIPOGENESIS
2
DOWNREGULATED DURING ADIPOGENESIS 0

0
0
0
0
0
0
0
3

0
0
0
0
0
1
0
0

0
2
3
0
0
1
2
0

7
4
5
2
5
32
8
4

could arise from a dissimilar regulation of few key metabolic
genes. To conﬁrm this hypothesis, we repeated the analysis on
subsets of genes, the so-called leading edge for 2 categories, “glycolysis” and “lipid metabolism.”36 The leading edge of glycolysis
represents the core of genes that are always enriched in RAS
over-expressing cells in all the MSigDB datasets investigated.
The leading edge of the category “lipid metabolism” is a collection of 17 genes that codify for proteins involved in the catabolism and anabolism of lipids and are commonly repressed in
HDAC4/TM expressing cells. These two signatures represent
the minimal transcriptional hallmark to deﬁne the metabolic
alterations induced respectively by RAS and HDAC4/TM.
Interestingly, our analysis conﬁrms that these 2 signatures
could discriminate successfully between RAS and HDAC4/TM
overexpressing cells (Fig. 4B). As a control, we also veriﬁed that
MEF2-targets were repressed in both HDAC4 and RASexpressing cells as previously reported.7,19 This means that,
while both HDAC4/TM and RAS require the repression of a
common core of MEF2 target genes in order to transform
murine ﬁbroblasts, they activate distinct metabolic programmes
that imply the activation of glycolysis by RAS and the subversion of the utilization of lipids in HDAC4/TM expressing cells.
HDAC4 inﬂuences the expression of genes involved in lipid
metabolism in murine ﬁbroblasts and in breast cancer cells
We veriﬁed by qRT-PCR analysis the upregulation of genes
encoding for elements of the glycolytic pathway in HDAC4/
TM and RAS expressing NIH 3T3 cells. We selected 6 genes:
LdhA Pgk1, Tpi1, Pkm2, Eno2 and Hk2 for this analysis.
Figure 5A shows that, with the exclusion of LdhA, the expression of these genes involved in glucose metabolism was clearly
augmented in RAS-transformed cells and much less upregulated in HDAC4/TM cells.
By contrast, qRT-PCR experiments conﬁrmed that repression of the MEF2 target genes, Klf2, Klf4 and RhoB occurs in
both HDAC4/TM and RAS-expressing cells (Fig. 5B). Next, we
Table 2. The number of MSigDB genesets that for each category (rows) are signiﬁcantly enriched in one of the 4 classes, analyzed as in Table 1.
HALLMARK GLYCOLYSIS

GFP HDAC4 TM HYGRO RAS

HALLMARK GLYCOLYSIS
ns
HALLMARK OXIDATIVE PHOSPHORYLATION ns
HALLMARK CHOLESTEROL HOMEOSTASIS
1.96
HALLMARK FATTY ACID METABOLISM
1.67
HALLMARK ADIPOGENESIS
ns

ns
ns
¡1.96
¡1.67
ns

¡1.61
ns
ns
ns
ns

1.61
ns
ns
ns
ns

selected 4 genes involved in lipid metabolism (Nsdhl, Gla, Cln3
and Cpt1a) to verify their mRNA levels, in HDAC4/TM and
RAS expressing cells. Nsdhl, Gla and Cln3 were repressed in
HDAC4/TM cells (Fig. 5C). On the opposite Nsdhl and Gla
were up-regulated in RAS-transformed cells or, in the case of
Cln3, slightly repressed. Importantly Cpt1a, a key regulatory
enzyme of b-oxidation, showed an opposite behavior. It was up
regulated in HDAC4/TM-transformed cells and strongly
repressed in the presence of RAS.
Finally, to conﬁrm the importance of HDAC4 in the regulation
of the described metabolic adaptations, we evaluated in breast cancer cells the inﬂuence of class IIa HDACs on the expression of
these metabolic genes. Because of redundancy and compensatory
mechanisms, the simultaneous downregulation of 2 class IIa
HDACs is necessary to up-regulate MEF2-dependent transcription in MCF7 cells.37 Hence, we simultaneously silenced HDAC4
and HDAC9 expression using speciﬁc siRNAs. qRT-PCR analysis
shows that the expression of 3 glycolytic genes, highly upregulated
by RAS in NIH 3T3 cells, was independent from class IIa HDACs
levels (Fig. 5D). Indeed, PGK1 expression was slightly repressed by
class IIa HDACs. By contrast, the expression of 3 genes involved
in lipid metabolism (NSDHL, GLA and CLN3), repressed by
HDAC4/TM in NIH 3T3 cells, was up-regulated upon silencing of
HDAC4 and HDAC9 in human breast cancer cells. An evolutionary conserved regulation was conﬁrmed also for CPT1A, which is
upregulated by HDAC4/TM in mouse ﬁbroblasts and down-regulated, to some extent in human breast cancer cells, after HDAC4/
HDAC9 silencing.

Discussion
Oncogenes elicit a profound reorganization of cell behavior,
aiming to sustain an uncontrolled proliferation. Reprogramming of metabolism is a hallmark of the oncogene-induced
transformation.20,38-41 In tumors this oncogene-reprogramming can also inﬂuence the metabolism of the host microenvironment.42 Warburg’s pioneering studies have discovered in
the glycolytic phenotype under aerobic conditions a dominant
marker of neoplastic cells.43 This metabolic shift is frequently
coupled to the presence of dysfunctional mitochondria, which
exhibit diminished OXPHOS capacity.43
In models of transformation, the oncogene Ras is a prototype of such metabolic reprogramming.23,24,44 RAS-transformed cells show a high glycolytic rate, decreased oxidative
ﬂux through the TCA cycle, reduction of mitochondrial complex I activity and increased utilization of glutamine for anabolic synthesis.27,35,44-46
Here, we have conﬁrmed the dominant aerobic glycolytic
phenotype, the reduced oxygen consumption and the defect in
complex I activity of H-RAS transformed cells. Glycolysis is
strictly required for sustaining the ATP levels and the robust
proliferation of RAS-transformed cells. The strong dependence
of RAS-transformed cells from glycolysis reﬂects the activation
of a speciﬁc genetic program. Gene expression proﬁle analysis
has identiﬁed the mRNA signature “regulators of glycolysis” as
a marker of RAS-transformed cells. The up-regulation of phosphoglycerate kinase 1 (Pgk1), triosephosphate isomerase 1
(Tpi1), pyruvate kinase M2 (Pkm2) enolase/phosphopyruvate
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Figure 4. Transcriptional reprogramming correlates with metabolic adaptations. (A) Boxplots illustrating the mRNA levels of 39 genes involved in glycolysis, 17 in TCA
cycle, 92 in mitochondrial respiration and oxidative phosphorylation and 33 in fatty acid b-oxidation and lipolysis in RAS and HDAC4/TM expressing cells. In each case the
levels are expressed as fold relative to control. (B) Boxplots illustrating the mRNA levels in RAS and HDAC4/TM expressing cells of the genes that deﬁne 3 categories: leading edge (L.E.) lipid metabolism; L.E. glycolysis; L.E. MEF2-targets, deﬁned after a leading edge analysis as explained in the text and in material and methods. p < 0.05,

p < 0.01, Mann-Whitney test of signiﬁcance.

hydratase 2 (Eno2) and of hexokinase 2 (Hk2) was veriﬁed in
our RAS-transformed cells.
In particular, Pgk1 was strongly up-regulated by RAS. PGK1
converts 1,3-bisphosphoglycerate into 3-phosphoglycerate. It
represents the ﬁrst ATP-yielding step of glycolysis and is essential for energy generation by the glycolytic pathway. PGK1
plays a key role in coordinating glycolytic energy production
with one-carbon metabolism, serine biosynthesis, and cellular
redox regulation.47 Interestingly, PGK1 is a hypoxic gene under
the regulation of HIF-1a, which expression is frequently
deregulated in cancer.48 Whether HIF-1a is involved in RASdependent regulation deserves further investigations.
Reduction of glucose concentration in the medium, treatment with 2-DG or with the LDH inhibitor oxamate can also
impact proliferation of non-transformed cells. Hence, although
not-transformed cells do not augment glycolytic enzymes and
lactate production, they depend on glycolysis for an efﬁcient
growth in culture. This glycolysis-dependence of normal cells
can also be appreciated in other studies.22,23,49
Surprisingly, HDAC4/TM-transformed cells do not exhibit
the dominant glycolytic phenotype. Although they multiply in

soft agar and form tumors in nude mice, lactate secretion is not
augmented and they exhibit a reduced glucose-dependence
compared to RAS. A reduction mirrored by a less aggressive
growth in culture. The reduced glycolytic ﬂux of HDAC4/TM
cells could not allow an adequate amount of glucose-6-phosphate for production of the ribose-5-phosphate in the pentose
phosphate pathway and the downstream nucleotide synthesis,
thus explaining the reduced accelerated proliferation in comparison with RAS-transformed cells.50 The absence of an overt/
full glycolytic reprogramming in HDAC4/TM transformed
cells was also conﬁrmed at transcriptional level.
By contrast, the “lipid metabolism” signature characterizes
cells transformed by HDAC4/TM. Interestingly, a correlation
between HDAC4 and lipid metabolism was observed also in
Drosophila where HDAC4 can be consider a lipolytic factor.15
The glycolytic and the lipid metabolism signatures successfully
discriminate between RAS- and HDAC4/TM-transformed
cells. As a control, we also veriﬁed that MEF2-target genes were
repressed in both HDAC4/TM- and RAS-expressing cells as
previously reported.7,19 These results denote that, while both
HDAC4 and RAS promote the repression of a common core of

2664

P. PERUZZO ET AL.

Figure 5. Differential expression of metabolic genes in RAS and HDAC4/TM transformed cells. (A) The mRNA expression levels for 6 selected genes of the glycolysis (Pgk1,
Tpi1, LdhA, Pkm2, Eno2, Hk2) were measured in NIH 3T3 expressing the different transgenes, using qRT-PCR. (B) The mRNA expression levels for 3 selected MEF2-target
genes (Klf2, Klf4, RhoB) were measured in NIH 3T3 expressing the different transgenes, using qRT-PCR. (C) The mRNA expression levels for 3 selected genes of the lipid
metabolism category (Nsdhl, Gla, Cln3, Cpt1a) were measured in NIH 3T3 expressing the different transgenes, using qRT-PCR. (D) MCF7 cells co-transfected with siRNAs
against HDAC4, and HDAC9 or with the same amount of a control siRNA were lysed, and mRNAs were extracted. Fold induction was calculated as the ratio relative to control siRNA-transfected cells.
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MEF2 target genes, they activate different metabolic
programmes.
An important parameter distinguishing HDAC4/TM cells
from RAS and the control cell lines is the increased oxygen
consumption. This increase can be observed both as basal respiration and ETS capacity, but not as “proton-leak” respiration.
Thus, the respiration used to produce ATP appears also greater,
in line with a good coupling between ATP synthesis and electron transport chain. Intriguingly, the values of normalized
routine ﬂux control ratio for both HDAC4-expressing cell lines
are signiﬁcantly lower than GFP, suggesting a better capability
of adapting to conditions of larger request of mitochondrial
ATP ﬂux by respiration, especially in the case of HDAC4/TM
cells exhibiting greater ETS capacity. Of note, the different
respiratory phenotypes are coupled to the opposite effect of
HDAC4/TM and RAS on the expression of carnitine palmitoyl
transferase 1A (CPT1A), the key enzyme in the transport of
long-chain fatty acids for b-oxidation into mitochondria. This
result conﬁrms once more, the profound divergent metabolic
adaptations triggered by the 2 genes.
Increased oxygen consumption was recently discovered as a
distinct feature of a small subpopulation of quiescent/slow proliferating tumor cells responsible for tumor relapse in a mouse
model of pancreatic cancer.51 The existence of heterogeneous
metabolic adaptations of the neoplastic cells is emerging in several cancers.52 Dependence on OXPHOS for sustaining an
aggressive phenotype was observed in different studies.53,54
Importantly, OXPHOS activity seems to be critical in circulating tumor cells during the metastatic process.55 Multistep in
vitro transformation studies have indicated an increase in mitochondria biogenesis as cells progress toward greater tumorigenic potential and only after the introduction of H-RAS a
decline in mitochondria can be observed.22
In conclusion, our in vitro studies have conﬁrmed that
oncogenic transformation can be accomplished through different metabolic adaptations. In particular, HDAC4/TM cells can
represent an interesting model to investigate cell transformation in the absence of an overt Warburg effect.

Materials and methods
Cell culture, soft agar assay, siRNA transfection and
reagents
NIH 3T3 cells were routinely grown in high glucose (4.5 g/L)
DMEM (Lonza). Polyclonal NIH 3T3 cells expressing H-RAS,
GFP and the different version of HDAC4 fused by GFP were
previously described and characterized.19 For the lactate quantiﬁcation experiments, the DMEM without phenol red was purchased from Lonza. For the cell proliferation experiments with
low glucose concentration (1g/L), the DMEM low glucose from
Sigma-Aldrich was used. All culture media were provided with
1mM sodium pyruvate and supplemented with 10%FBS, 2mM
L-glutamine, 100U/mL penicillin and 100mg/mL streptomycin
(Lonza). For soft agar assays, equal volumes of 1.2% agar and
DMEM were mixed to generate 0.6% base agar. A total of 1 £
105 cells were seeded in 0.3% top agar, followed by incubation
at 37 C in humidiﬁed conditions. The cells were grown for
21 days, and visualized by MTT staining. Cells were transfected
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24 h after plating by adding the OptiMem medium containing
Lipofectamine plus the stealth RNAi oligos (Invitrogen, Carlsbad, CA, USA). Cells were collected after 48 h from transfection.37 The following reagents were used: 2-deoxy-D-glucose
(2-DG) sodium oxamate, oligomycin A, resazurin, MTT, rotenone, FCCP, antimycin A, NADH, sodium azide, decylubiquinone from (Sigma-Aldrich) and TMRM (Molecular Probes).
Statistics
For experimental data, a Student t test was used. A P value of 0.05
was chosen as the statistical limit of signiﬁcance. Unless otherwise
indicated, data in the ﬁgures are arithmetic means and standard
deviations from at least 3 independent experiments.
Respirometry analysis
High-resolution respirometry analysis was performed in intact
cells [1 £ 106/ml] in complete medium with [25 mM] glucose
into the polarographic chamber of a high-resolution respirometer Oxygraph 2 k (Oroboros instruments, Innsbruck, Austria).
Oxygen consumption in basal condition (routine respiration/
R) was recorded after the ﬂow equilibrium was reached. Oligomycin [2.5 mg/mL] was added to measure the proton-leak respiration (L). A titration with the protonophore FCCP was
performed to evaluate the maximal uncoupler-stimulated respiratory activity (E) that was reached at 3.3 mM FCCP. Nonmitochondrial oxygen consumption was obtained by adding
rotenone [1 mM] and antimycin A [2.5 mM] and this value was
subtracted from all the previous measurements to assess the
mitochondrial-speciﬁc respiration. Data were digitally recorded
using DatLab4 software; oxygen ﬂux was calculated as the negative time derivative of the oxygen concentration. A standard
correction was performed for instrumental background oxygen
ﬂux arising from oxygen consumption of the oxygen sensor
and minimal back-diffusion into the chamber.
Nuclei acids extraction and quantitative RT-PCR
For RNA extraction cells were lysed using RiboEx (GeneAll
Biotechnology Co., LTD). 1mg of total RNA was retro-transcribed by using 100 units of M-MLV reverse transcriptase
(Life Technologies). Total (genomic plus mitochondrial) DNA
was extracted from 3£106 cells using DNeasy Blood and Tissue
kit (Qiagen). PCRs were performed using the Bio-Rad CFX96
apparatus and SYBR Green technology (Kapa). For qRT-PCRs
Gapdh, Hprt or b2-microglobulin were used as normalizer
genes. All reactions were done in triplicate. The sequences of
used primers are available upon request.
Plasmid construction, transfection and retroviral infection
The retroviral pWZL-Hygro-ﬂag plasmid was obtained by PCR
and subsequent EcoRI-SalI/XhoI subcloning of the ﬂag
sequence with the entire MCS from pFlag5c plasmid into retroviral pWZL-Hygro construct. The cDNA encoding for human
wild-type or triple mutant HDAC4 were cloned into pWZLHygro-ﬂag by EcoRI restriction. The correct orientation and
sequence of the insert was veriﬁed. Cells expressing the
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different transgenes were generated by retroviral infections as
previously described.19 Brieﬂy, retroviral vectors carrying these
transgenes or empty vectors expressing only the Hygro resistance gene were used to singularly transfect the ecotropic packaging cell line LinX-E. Transfection was performed by calcium
phosphate method. At 60 hours post-transfection, viral supernatants were collected, ﬁltered, supplemented with 8mg/mL
polybrene, and combined with fresh medium in order to infect
NIH 3T3 murine ﬁbroblasts.
pH measurement, intracellular ATP and extracellular
lactate quantiﬁcation
A total of 1.5 £ 104 cells were seeded in Petri dishes and counted
every 2 days. In parallel, the supernatant medium was collected
and its pH immediately measured by mean of a pH meter. For
ATP quantiﬁcation, 1 £ 104 cells/well were seeded in 96 well
microtiter and grown for 36 hours. Cells were then treated with
25 mM 2-DG or 2 mM oligomycin for 1 hour at 37 C in humidiﬁed conditions. The intracellular ATP content was determined
using ATP-Lite kit (Perkin-Elmer) following manufacturer’s
instruction. For lactate quantiﬁcation, 1 £ 105cells were seeded in
12-well plate. After 24 hours, the culture medium was substituted
with complete medium without phenol red and, after other
24 hours, the lactate amount in supernatant media was quantiﬁed
using lactate colorimetric/ﬂuorometric assay kit (BioVision), following manufacturer’s instructions.
Resazurin assay and IC50 calculation
A total of 5 £ 104 cells/well were seeded in 48-well plate and,
after 24 hours, the cells were treated with increasing doses of
sodium oxamate (0; 12.5; 25; 50; 75 and 100 mM) or 2-DG (0;
1; 2.5; 5; 10; 20; 30; 40 and 50 mM). After 48 hours treatment,
the culture media were substituted with complete media containing 10 uM resazurin and the cells were incubated for
95 minutes at 37 C in humidiﬁed conditions. The resazurin
ﬂuorescence was measured using EnSpire multimode plate
reader (Perkin-Elmer). The relative ﬂuorescence values were
interpolated with a linear regression to calculate the IC50 of
oxamate and 2-DG using GraphPad Prism software.
Mitochondrial membrane potential (Dcm) quantiﬁcation
Collected cells were incubated in phosphate buffer containing
200 nM TMRM and 200 nM cyclosporine A, for 30 minutes at
37 C in humidiﬁed conditions. Dcm was analyzed by a FACScan ﬂow cytometer (Becton Dickinson) equipped with a single
488 nm argon laser and data were acquired on a logarithmic
scale using Cell Quest software.
Complex I activity measurement
Mitochondria-enriched fractions were obtained from the cell
lines as follows: 8 £ 106 cells were re-suspended in mitochondrial isolation buffer [250 mM sucrose, 1 mg/mL BSA, 2 mM
EDTA, protease inhibitors cocktail (Sigma cat n. P8340), pH
7.4] and sonicated at ice-cold temperature. The resultant
homogenates were subjected to differential centrifugations:

800 xg and 16000 xg for 20 minutes at 4 C. The ﬁnal pellets
(i.e. crude mitochondria fractions) were re-suspended in
100 mL of hypotonic buffer containing 25 mM K2PO4 and
5 mM MgCl2, pH 7.2, freezed-and-thawed 2 times to disrupt
mitochondrial membranes and immediately used for enzymatic
analysis. Complex I activity measurements were performed as
previously reported.56 Brieﬂy, 10 mg of mitochondria were suspended in 200 mL of water containing 150 mM NADH, 2.5 mM
antimycin A and 4 mM sodium azide with or without 1 mM
rotenone. Reactions was started by adding 50 mL of 50 mM
Tris-HCl, pH 8.0, containing 80 mM decylubiquinone and the
decrease in absorbance at 340 nm, due to the oxidation of
NADH, was monitored for 5 minutes. The complex I activity
was calculated as rotenone-sensitive activity.

Immunoblot analysis
Immunoblot analysis were performed as previously described.8
The primary antibodies were: anti-actin and anti-FLAG (SIGMA),
anti-NDUFA9 sub-unit of complex I and anti-RasV12 (Abcam),
anti-RAN (Cell Signaling). The HRP-conjugated secondary antibodies (Sigma-Aldrich) and the Super Signal West Dura substrate
(Pierce) were used to visualize the immunocomplexes.

Bioinformatics analysis
The transcriptional proﬁles of RAS and HDAC4/TM expressing cells were obtained respectively from GEO (GSE29962) and
Di Giorgio.19,24 Data were Log2 transformed, median centered
and expressed as fold relative to control cells. Gene set enrichment analysis (GSEA) was used in order to identify the metabolic pathways perturbed in RAS and HDAC4/TM expressing
cells.36 Five metabolic curated MSigDB genesets deﬁned “hallmarks” were used. Next the analysis was expanded on all the 67
metabolic genesets available on MSigDB. For the analysis, the
maximum value of each probe was chosen. The ranking was
done according to a signal-to-noise metric, and 1,000 permutations were used to generate the null distribution. The enrichment scores (ES) were deﬁned as signiﬁcant for values of
p < 0.05 and FDR < 0.25.
The expression levels of the key genes involved in glycolysis,
TCA cycle, OXPHOS and fatty acid b oxidation in NIH 3T3
RAS and HDAC4/TM cells were calculated and expressed as
fold relative to control. Then, a leading edge subset was created
for the categories of “lipid metabolism” and “glycolysis,”
deﬁned as the core genes commonly de-regulated respectively
in HDAC4/TM and RAS expressing cells. A signature of MEF2
target genes, deﬁned as the 10 MEF2 target genes more strongly
repressed by HDAC4 and upregulated after HDAC4 silencing
was used as a positive control.19 The leading edge analysis was
done according to Subramanian.36
Leading edge LIPID METABOLISM: Adm, Aldh3a1,
Aldh5a1, Cln3, Dpm2, Gla, Glyat, Hacl1, Mif, Nsdhl, Pdss1,
Pigc, Pparg, Prdx6, Sptlc1, St6galnac6, Ugcg.
Leading edge GLYCOLYSIS: Eno2, Hk2, Tpi1, Pgam1,
Aldh9a1, Ldha, Pgk1, Pkm2.
Leading edge MEF2: Anxa8, Klf2, Edn1, Klf4, Dhrs3, Irs1,
Rhob, Cdkn1a, Ampd3, Nr4a2.
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