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Malignant transformation by oncogenic K-ras requires
IDH2-mediated reductive carboxylation to promote

glutamine utilization

Dear Editor,

Oncogenic K-ras mutation plays a major role in malig-
nant transformation and induces significant alterations
in cancer cell metabolism [1-4]. However, the major
molecular players mediating metabolic alterations dur-
ing K-ras-driven cancer development remain elusive. The
observations that tumorigenesis often requires multiple
hits suggest that K-ras mutation likely needs the coordina-
tion of other molecular events that enable adaptive cellular
metabolism for a full malignant transformation. Based on
our previous study on the impact of K-ras on mitochondrial
metabolism [1, 5] and our recent findings that mitochon-
drial isocitrate dehydrogenase 2 (IDH2) could promote the
“reverse” flow of the tricarboxylic acid (TCA) cycle from
a-KG to isocitrate and enhance the survival and prolifer-
ation of acute myeloid leukemia cells [6], we investigated
the potential role of IDH2 in metabolic adaptation during
K-ras-driven tumorigenesis.

We first used a tetracycline-inducible K-ras expres-
sion cell system (HEK293 T-Rex/K-ras cells) [1] to test
the short-term and long-term K-ras induction effects on
cell proliferation, tumor formation, and the associated
changes in cellular metabolism. Acute induction of K-
ras®!?V expression (K-ras/On) for relatively short periods
(3 days to 2 weeks) resulted in a decrease in cell prolifera-
tion, whereas long-term induction of K-ras®'?V expression

G12V

Abbreviations: MTT,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; TCA, tricarboxylic
acid; OCR, oxygen consumption rate; IDH1-3, isocitrate dehydrogenase
1-3; a-KG, a-ketoglutarate; ACO2, mitochondrial aconitase; IHC,
immunohistochemical; GSH, glutathione; GDH, glutamate
dehydrogenase; Gln, glutamine; Glu, glutamate; GLUDI, glutamate
dehydrogenase 1; GLS, glutaminase; OAA, oxaloacetate; Ac-coA, acetyl
coenzyme A; Pyr, pyruvate; Fum, fumarate; Succ, succinate; HPNE,
hTERT-immortalized human pancreatic normal epithelial; sSiRNA,
small interfering RNA; sShRNA, short-hairpin RNA; L, tumor length; W,
tumor width; 3D, 3 days; 2W, 2 weeks; 6W, 6 weeks; qRT-PCR, real-time
quantitative reverse transcription polymerase chain reaction; s.e.m.,
standard error of the mean.

(K-ras/On for 6 weeks) led to an increase in cell growth
(Figure 1A). Cells with acute K-ras®'?V induction were
morphologically rounded and partially detached, exhibit-
ing signs of stress. 3-galactosidase (-gal) staining revealed
that a substantial portion of the cells was strongly positive
for B-gal on day 3 to week 2 (3D-2W) (Figure 1B), sug-
gesting that many of the stressed cells became senescent
(3D-2W). With a prolonged K-ras®'?V induction, the cells
seemed able to adapt to the oncogenic stress and showed
healthy morphology without obvious senescence on week
6 (Figure 1B, panel 6W). Consistently, cells with acute
K-ras®!?V activation could not form a significant num-
ber of colonies in soft agar, whereas cells with long-term
induction of K-ras®?V for 6 weeks could form colonies
(Figure 1C). Analysis of IDH2 expression revealed a pos-
itive correlation between cell proliferation status and the
temporal expression patterns of IDH2. Cells with short-
term induction of K-ras®'?V resulted in a decrease in prolif-
eration rate and a down-regulation of IDH2, whereas cells
with long-term induction of K-ras®?V exhibited a high pro-
liferation rate and an up-regulation of IDH2 expression
(Figure 1A-D and Supplementary Figure S1A). Such IDH2
expression pattern was consistently observed in another K-
ras inducible cell system, where the hTERT-immortalized
human pancreatic normal epithelial (HPNE) cells harbor-
ing inducible K-ras®'?P were tested for the expression of
IDH2 and other relevant molecules (ACO2, GLS1, GLUD1)
on day 3, week 2, and week 4 (Supplementary Figure
S1B-C). In line with this unique IDH2 expression pattern,
enzyme activity assays showed low IDH2 activity in cells
with short-term (3D and 2W) K-ras activation and high
IDH2 activity in cells with long-term (6W) K-ras induc-
tion, whereas no significant changes in IDHI and IDH3
enzymes were observed in the same cells (Figure 1E).
To explore the reason for IDH2 down-regulation during
acute K-ras activation, we performed an IDH2 promoter
activity assay in HEK293 cells with short-term K-ras induc-
tion (12 h, 24 h and 48 h). The cells transfected with a
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FIGURE 1
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Malignant transformation induced by oncogenic K-ras requires IDH2-mediated reductive carboxylation to facilitate

glutamine utilization for lipid synthesis. (A-B) The proliferation of HEK293 T-Rex/K-ras cells with or without induction of K-ras by
doxycycline (20 ng/mL) for a short-term (3 days - 2 weeks) or long-term (6 weeks) as indicated. (A) Cell growth curves measured by MTT
assays; (B) -galactosidase staining assay showing cell senescence, scale bar: 100 um; (C) Colony formation assay in the cells without or with
induction of K-ras for the indicated times, scale bar: 500 um. Left panel: representative images of colony formation assay; right panel:

quantitation of colony formation assay; (D) Western blot analysis of IDH2 and ACO2 protein expression in HEK293 cells without or with
K-ras induction as indicated (upper panel); quantification of protein levels analyzed by image J (low panel); (E) IDH enzyme activity assay in
HEK?293 cells with K-ras induction as indicated; (F) Ratio of lactate production/OCR in HEK293 cells with K-ras induction as indicated; (G)
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luciferase reporter vector containing the IDH2 promoter
exhibited a dramatic decrease (76%, 12 h; 90%, 24 h; 91%,
48 h) in luciferase activity when K-ras expression was
induced (Supplementary Figure S1D), suggesting that K-
ras could directly or indirectly suppress IDH2 expression
at the transcriptional level. We also used real-time quan-
titative reverse transcription polymerase chain reaction
(qRT-PCR) to measure the expression of endogenous IDH2
mRNA in cells with or without K-ras induction and found
that the acute activation of K-ras (12-48 h) caused a 60%-
80% decrease in IDH2 expression (Supplementary Figure
S1E). Interestingly, using tumor tissues from a pancreatic
cancer mouse model driven by K-ras®?P: Pdx-1-Cre [7],
we observed IDH2 upregulation in the tumor tissues at
various stages of cancer development, with higher expres-
sion of IDH2 at the later stage of tumor development
(Supplementary Figure SIF).

To examine the effect of K-ras activation with altered
IDH2 expression on cellular metabolism, we measured
oxygen consumption rate (OCR) and lactate production
as the biochemical indicators of mitochondrial oxidative
phosphorylation and cytosolic glycolysis, respectively. We
found that the ratio of lactate production/OCR dramati-
cally increased in cells with acute induction of K-ras®2V
(Figure 1F), reflecting a major decrease in mitochondrial
oxidative phosphorylation likely due to IDH2 suppres-
sion that negatively impacted the TCA cycle. The highly
elevated lactate/OCR ratio was eventually reduced after
6W induction of K-ras (Figure 1F), reflecting a recov-
ery of mitochondrial oxidative metabolism with the re-
expression of IDH2 during the metabolic adaptation. We
then investigated the effects of IDH2 down-regulation

on the TCA cycle. Strikingly, IDH2 knockdown by small
interfering RNA (siRNA) in HEK293 cells caused a sig-
nificant increase of a-KG (Figure 1G), suggesting that
IDH2 might play a major role in the “reverse” (reductive)
TCA cycle to produce citrate/isocitrate from a-KG, which
was accumulated when IDH2 was knocked down. In line
with this finding, IDH2 knockdown by siRNA resulted
in the accumulation of a-KG in HPNE cells without K-
ras induction or with long-term K-ras induction and a
decrease in citrate and triacylglycerol levels (Supplemen-
tary Figure S1G-I). This observation led us to postulate
that an increased expression of IDH2 in the long-term
K-ras-activated cells might be required to promote glu-
tamine utilization via conversion to a-KG and then to
isocitrate/citrate through the reductive TCA metabolism
for lipid synthesis to support cell proliferation. Indeed,
glutamine uptake (Figure 1H) and generation of citrate
(Figure 11) and triacylglycerol (Figure 1J) were signifi-
cantly increased in long-term K-ras/On cells (K-ras/On for
4 weeks, Supplementary Figure S1J). We noticed that the
level of IDH2 expression (Figure 1E) was not quantitatively
proportional to glutamine uptake (Figure 1H). A possible
explanation would be that glutamine was used not only
in the reductive TCA cycle catalyzed by IDH2 but also
in other metabolic pathways, such as active glutathione
(GSH) synthesis, to counteract the ROS stress induced by
K-Ras activation. The elevated glutamine uptake at the
early time points without elevated IDH2 likely reflects the
active GSH synthesis unrelated to IDH2 expression. The
dependency of K-ras/On cells on glutamine was evident
since the cells could not form colonies in a glutamine-
free medium (Figure 1K). The addition of cell-permeable

Effects of IDH2 knockdown by siRNA on the a-KG level in HEK293 cells. Left panel: western blot analysis of IDH2 protein expression; right
panel: a-KG level in HEK293 cells harboring si-Ctrl or si-IDH2. a-KG was measured using an alpha-ketoglutarate assay kit (ab83431); (H)
Glutamine uptake in HEK293 cells with K-ras induction at different time points, as indicated. The cells were cultured for 30 min with a
medium supplemented with [U-C5] glutamine. Glutamine uptake was quantified by scintillation counting of the washed cells; (I) Citric acid
analysis by LC-MS in HPNE cells with or without long-term (4 weeks) K-ras activation; (J) Triacylglycerol analysis by LC-MS in cells with or

without long-term (4 weeks) K-ras activation; (K) Effect of DM-aKG on cell colony formation of HEK293 cells in a glutamine-free medium,
scale bar: 500 um; (L-M) Effects of IDH2 or GLS1 knockdown on tumor formation of long-term K-ras/On cells harboring control ShRNA,
shIDH2, or shGLS]1 as indicated. The in vivo study design, tumor incidence, and tumor growth curves are shown; (N) Schematic illustration of
the important role of IDH2-mediated reductive carboxylation to facilitate glutamine utilization for lipid synthesis during malignant
transformation driven by oncogenic K-ras. Acute activation of K-ras suppresses IDH2 expression and causes stress. With long-term induction

of K-ras, the cells eventually adapt and exhibit upregulation of IDH2, which promotes the reductive TCA cycle to facilitate utilization of

glutamine through a-KG to citrate for lipid synthesis, leading to an increase in cancer cell proliferation. All images shown are representative,

and data are shown as mean + standard error of the mean (s.e.m.) of n > 3 independent experimental groups. Color code: Red, the effect of
K-ras activation; green, adaptive responses; yellow, the role of IDH2 in response to K-ras activation. *P < 0.05; **P < 0.01; ***P < 0.001
(two-tailed Student’s t-test). Abbreviations: MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; TCA: tricarboxylic acid; OCR: oxygen
consumption rate; siRNA: small interfering RNA; shRNA: short-hairpin RNA; IDHI-3: isocitrate dehydrogenase 1-3; a-KG: a-ketoglutarate;
ACO2: mitochondrial aconitase; IHC: immunohistochemical; GSH: glutathione; GDH: glutamate dehydrogenase; Gln: glutamine; Glu:

glutamate; GLUDI: glutamate dehydrogenase 1; GLS: glutaminase; OAA: oxaloacetate; Ac-coA: acetyl coenzyme A; Pyr: pyruvate; Fum:
fumarate; Succ: succinate; HPNE: hTERT-immortalized human pancreatic normal epithelial; 3D: 3 days; 2W: 2 weeks; 6W: 6 weeks;
gRT-PCR: real-time quantitative reverse transcription polymerase chain reaction; s.e.m.: standard error of the mean.
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DM-aKG to the glutamine-deprived cells significantly pro-
moted colony formation (Figure 1K), further confirming
the importance of this metabolic pathway to support cell
proliferation in long-term K-ras/On cells. Consistent with
the active utilization of glutamine, the expression levels
of glutaminase 1 (GLS1, which converts glutamine to glu-
tamate) and glutamate dehydrogenase 1 (GLUDI1, which
converts glutamate to a-KG) were significantly elevated
in long-term K-ras-activated cells (Supplementary Figure
S1K).

The role of IDH2 and GLSI in supporting K-ras-driven
tumor growth in vivo was then tested in animal exper-
iments. Athymic nude mice were inoculated subcuta-
neously on the flanks with long-term (2 months) K-ras/On
cells stably transfected with shIDH2, shGLS]1, or control
short-hairpin RNA (shRNA) vectors. The rates of tumor
formation and tumor growth were measured as illustrated
in Figure 1L. Seven out of ten mice inoculated with the
long-term K-ras/On cells harboring control shRNA formed
tumors and exhibited rapid growth. In contrast, only 2 of
10 mice inoculated with long-term K-ras/On cells harbor-
ing IDH2-shRNA formed tumors with a slow growth rate
(Figure 1M). None of the animals inoculated with long-
term K-ras/On cells harboring shGLS1 developed tumors
(Figure 1L). Immunohistochemistry (IHC) analysis of the
tumor tissues indicated that the tumors with long-term K-
ras/On contained many more Ki-67 positive/proliferative
cells than those harboring shIDH2 (Supplementary Figure
S1L). Importantly, in vivo administration of GLS1 inhibitor,
compound 968 (C968), significantly suppressed tumor
growth in mice inoculated with long-term (6 weeks)
K-ras/On cells (Supplementary Figure SIM). Altogether,
these data suggest that cells with long-term K-ras activa-
tion were highly dependent on glutamine promoted by
IDH2 and GLSI1.

In conclusion, our study revealed an important role of
mitochondrial IDH2 in K-ras-driven cancer development
by promoting glutamine utilization through the reductive
TCA cycle to generate isocitrate/citrate for lipid synthesis
to support cell proliferation (Figure 1N). This conclusion
is supported by a series of in vitro and in vivo evidence.
As such, a metabolic intervention targeting IDH2 or/and
GLS1 using the proper inhibitors might be a novel thera-
peutic strategy for the effective treatment of K-ras-driven
cancers.
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