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ABSTRACT

Mitochondrial uncoupling protein 2 (UCP2) is highly abundant in rapidly proliferating cells that utilize aerobic glycolysis, such as stem cells, cancer cells, and cells of
the immune system. However, the function of UCP2 has been a longstanding conundrum. Considering the strict regulation and unusually short life time of the
protein, we propose that UCP2 acts as a “signaling protein” under nutrient shortage in cancer cells. We reveal that glutamine shortage induces the rapid and
reversible downregulation of UCP2, decrease of the metabolic activity and proliferation of neuroblastoma cells, that are regulated by glutamine per se but not by
glutamine metabolism. Our findings indicate a very rapid (within 1 h) metabolic adaptation that allows the cell to survive by either shifting its metabolism to the use
of the alternative fuel glutamine or going into a reversible, more quiescent state. The results imply that UCP2 facilitates glutamine utilization as an energetic fuel
source, thereby providing metabolic flexibility during glucose shortage. The targeting UCP2 by drugs to intervene with cancer cell metabolism may represent a new

strategy for treatment of cancers resistant to other therapies.

1. Introduction

Rapidly proliferating cells share characteristic metabolism, known
as aerobic glycolysis first described for cancer cells [1-3]. Aerobic
glycolysis is characterized by high glucose consumption. Most pyr-
uvate, which is raised from glycolysis even in the presence of oxygen, is
converted into lactate and secreted out of cells. Only small amounts of
pyruvate enter mitochondria, fill the citrate acid cycle (CAC), and drive
oxidative phosphorylation. High glutamine usage is another hallmark
of the metabolism of rapidly proliferating cells and it becomes a most
prominent target in cancer treatment [4]. Glutamine fills the CAC and
drives mitochondrial metabolism for cellular precursor synthesis sup-
porting high proliferation rate [5]. It can act as an alternative energy
fuel source in mitochondrial oxidative phosphorylation during glucose
shortage and even contribute to the formation of pyruvate via malate
[5,6]. Such an adaptive metabolic mechanism confers high metabolic
flexibility to cancer cells. These less understood mechanisms adjust
cellular metabolism in situations like nutrient limitation that take place
during tumor growth [7,8].

Our group and others have recently shown that mitochondrial un-
coupling protein 2 (UCP2) is highly abundant in cancer cells [9-11].
UCP2 belongs to the mitochondrial anion carrier superfamily and is

assumed to be located in the inner mitochondrial membrane similar to
other UCPs [12]. It has 57% homology to UCP1, the mediator of non-
shivering thermogenesis in brown adipose tissue. The molecular func-
tion of UCP2 is still a matter of debate. We and others have demon-
strated that UCP2 transports protons at a rate of 4.5/s, which is similar
to UCP1 and UCP3 [13-15]. It has been suggested for a long time, that
UCP2 acts as a mild uncoupler in the reduction of oxidative stress
[16,17]. This function that has been generally proposed for all UCPs
[18] is in conflict with the new emerging concept of UCP2 tissue dis-
tribution, implying that UCP2 expression is only confined to cells that
rely on aerobic glycolysis, including cancer cells [9,19-21]. The in-
volvement of UCP2 in metabolism is consistent with its recently pro-
posed function to transport C4-metabolites out of mitochondria facil-
itating the CAC and regulating thereby the metabolism and ROS [22].
Nonetheless, the reports about UCP2's role in cancer cells are contra-
dictory. On the one side, UCP2 was described to induce aerobic gly-
colysis [23-25] and even inhibit pyruvate entry into the mitochondria
[20]. On the other side, UCP2 was shown to support oxidative phos-
phorylation [21,22,26]. The conclusions of these studies were based on
the knockout, knockdown, or overexpression of UCP2 and did not
consider the unusually short lifetime of UCP2 [27], which rather in-
dicates the rapid, transient function of UCP2.
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Here we propose that UCP2 is involved in the metabolic adaptation
of cancer cells. In particular, we hypothesize that under conditions of
nutrient deprivation, UCP2 ensures the high metabolic flexibility of
cells. To test this hypothesis, we analysed UCP2 expression and cellular
metabolism during a shortage of glucose and glutamine in neuro-
blastoma cells. Based on the strong correlation between UCP2 abun-
dance and nutrient availability, we describe a new metabolic adapta-
tion mechanism that involves UCP2.

2. Results
2.1. UCP2 is upregulated during glucose deprivation

To evaluate the putative involvement of UCP2 in the adaptation
process during glucose shortage we analyzed the murine neuroblastoma
cell line N18TG2, which has a high level of UCP2 protein expression
[9]. First, we incubated the cells for 24h with (i) 5.2mM glucose,
which mimics physiological concentration of glucose in blood, (ii)
2.6mM or (ili) 1.3mM, reflecting low glucose concentrations. The
concentration of other nutrients was kept constant. Fig. 1, A demon-
strates that UCP2 levels were significantly increased at 2.6 mM and
1.3mM of glucose. Assuming that UCP2 protein acts very fast, we
analyzed its expression at different incubation times (Fig. 1, B). The
immunoblot analysis showed a rapid increase in UCP2 levels within the
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first 4h, following by renewed slow upregulation after 16 h. The in-
crease in UCP2 abundance cannot be interpreted as an increase in the
number of mitochondria, because we did not detect changes in the le-
vels of other mitochondrial membrane proteins, such as voltage-de-
pendent anion channel (VDAC) and succinate dehydrogenase subunit A
(SDHA) (Fig. 1, A and B). The expression of the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and cytoskeleton
protein (-actin showed no alteration under these conditions. The ab-
sence of significant changes in UCP2 and GAPDH mRNA levels (Fig. 1, C
and D) indicated the regulation of UCP2 only at the protein level.

2.2. UCP2 is downregulated during glutamine shortage

Glutamine is the second important nutrient in rapidly proliferating
cells [28]. To investigate the expression of UCP2 under glutamine
shortage, we compared UCP2 abundance in N18TG2 cells under high
concentration of glutamine (3.8 mM) with concentrations of glutamine
ranging from 1.9 mM to 0.4 mM in the presence of all other nutrients
after 24 h of incubation (Fig. 2, A). The immunoblot analysis demon-
strated a significant decrease in UCP2 protein levels, which correlated
to the glutamine amount in the growth medium. The immunoblot
analysis of N18TG2 cells incubated with 0.4 mM glutamine at different
incubation times revealed a strong downregulation of UCP2 within the
first 4h (Fig. 2, B). Neither of the above mentioned mitochondrial or

Fig. 1. UCP2 is upregulated during glucose depri-
vation

1.3 mM Glc Immunoblot analysis was performed with total cel-

lular protein isolated from N18TG2 cells using in-

dicated antibodies. Cells were grown for 24h in
media with different glucose (Glc) concentrations
(A) or in medium containing 1.3mM Glc for in-
dicated incubation time (B). Figures show the
quantitative analysis of five (A) or six (B) in-
dependent experiments and representative im-
munoblots. Protein amount is presented as a ratio
between the band intensities of UCP2 and GAPDH
and normalized to the band intensity of control cells
grown in medium containing 24mM Glc.
Quantitative PCR of ucp2 is presented as ratio to
gapdh normalized to the control from three in-

dependent experiments. RNA was isolated from
N18TG2 cells grown for 24 h at different Glc con-

centrations (C) or in medium containing 1.3 mM Glc
for different incubation time (D).

24 h
*%
25 25
220l x .0
g e ]
3 S
015 315
5 E
g1o0r £ 1.0
° °
= =
“os5 %05
0.0 0.0
UCP2| S S S = UCP2 | e #n wib D &% - - o
VDAC | " c— c— VDAC---..., ----
SDHA| D S S0 SDHA | wee e e > e = e -
GAPDH | s smms same e GAPDH | ams e o ean o an =
B-actin ---- B.actin S S G S S S S

Gle, mM 24 | 5.2 | 2.6 | 1.3

C D

25} 24h 25}
520} 5 20}
- [
2.5l 15}
3 1.5 3
£ &
< 1.0 <10
b4 4
o’ (14

0.5 0.5

0.0

0-0 Time, h

Gle,mM 24

[ UCP2/GAPDH [ VDAC/GAPDH [ SDHA/GAPDH

392

Time, h 0|1|2|4|6|8|16|24

1.3 mM Glc

[ p-actin/lGAPDH



A. Rupprecht, et al.

A

BBA - Bioenergetics 1860 (2019) 391-401

Fig. 2. UCP2 down-regulation during glutamine
shortage.

Total cellular protein from N18TG2 cells was ana-
lyzed by immunoblot with the indicated antibodies.

0.4 mM GIn

Cells were grown for 24h at different glutamine
(GIn) concentrations (A) or in medium containing
0.4mM GIn for indicated incubation time (B).
Quantitative analysis was made from five (A) or
three (B) independent experiments and calculated as
a band intensities ratio (UCP2 to GAPDH and nor-
malized to the control). One representative im-
munoblot is shown. Isolated RNA from N18TG2 cells
was analyzed by quantitative PCR for ucp2 and
gapdh. Cells were grown at different Gln concentra-
tions for 24 h (C) or in medium containing 0.4 mM
Gln for indicated incubation time (D). Graph shows

ucp2 in relation to gapdh normalized to the control.
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cytosolic proteins showed an expression regulation due to glutamine
shortage under these conditions (Fig. 2, A and B). The quantitative RNA
analysis that was performed in parallel showed a delayed decrease in
ucp2 levels only at the glutamine concentration of 0.4 mM (Fig. 2, C)
after an incubation time of at least 6 h (Fig. 2, D). This discrepancy
between UCP2 protein and mRNA levels indicates two different steps of
UCP2 regulation: rapid regulation at the protein level and delayed
regulation of the gene.

2.3. Glutamine shortage shifts the cells to a reversible, more quiescent
metabolic state

To analyze the impact of glucose and glutamine shortage on the
metabolic activity of N18TG2 cells in parallel to the affected UCP2 le-
vels we determined the extracellular acidification rate (ECAR) (Fig. 3,
A) and oxygen consumption rate (OCR) (Fig. 3, B) of cells that were
incubated 1 or 4 h under glucose or glutamine shortage in comparison
to cells that were grown in a medium with high amounts of nutrients
(control). As expected, the ECAR was reduced within 1 h in the absence
of glucose. Surprisingly, 1.3 mM glucose kept a quite high level of ECAR
up to 4h of incubation. Incubation with the full amount of glucose
(24 mM) swiftly recovered the ECAR after 3 h incubation with 1.3 mM
glucose. The OCR of neuroblastoma cells during glucose shortage was
similar to cells that were grown under a full glucose supply (Fig. 3, B).
This can be interpreted as (i) absence of glucose participation in
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oxidative phosphorylation or (ii) the utilization of an alternative fuel
source to support mitochondrial oxidation during glucose shortage.
Extracellular glutamine determination revealed an increased glutamine
consumption in cells that were grown 4h under glucose shortage in
contrast to control cells (Supplementary Materials, Fig. S3). On the
contrary, glutamine shortage had a drastic effect on the OCR. The OCR
was reduced within 1h and further decreased after 4h (Fig. 3, B).
Surprisingly, the ECAR also decreased during glutamine shortage after
4 h incubation (Fig. 3, A). Addition of media containing a full supply of
glutamine recovered both the OCR and the ECAR. The metabolic profile
revealed that the cells shifted more to oxidative metabolism under
glucose shortage, whereas under glutamine shortage they shifted from a
high energetic state to a more quiescent state (Fig. 3, C). This shift was
rapidly reversed by reinstating glutamine availability. The application
of both oligomycin and FCCP also revealed that the cells retained their
spare capacity during glutamine shortage. That is, cells were still able to
increase their metabolic activity when suddenly challenged by FCCP
(Fig. 3, D and E). It indicates that the regulation due to glutamine
shortage occurs upstream of mitochondrial energy metabolism and re-
sults in a lower energy requirement due to attenuation of the energy-
consuming processes, such as DNA/RNA synthesis, protein synthesis
and proliferation (for review, see [29]). Interestingly, proton leak (as
difference between OCR in the presence of oligomycin and rotenone/
antimycin) markedly decreased during glutamine shortage (Fig. 3, D
and E). It correlated with the UCP2 levels (Fig. 2) and implies that UCP2
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Fig. 3. Glutamine shortage induces a metabolically
reversible quiescence.

Extracellular flux analysis of N18TG2 cells during
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We then tested whether a reduced proliferation might be the up-
stream regulation step of glutamine shortage. Fig. 4 shows that whereas 1.5e+6 |-
cells had a doubling time of 22.5h under control conditions, glucose
and even more the glutamine shortage led to a reduction in the pro-
liferation displaying a four-fold increase in cell number doubling time. ]
However, within the first 24 h, cell proliferation was not visibly af- 'g 1.0e+6
fected. =
=
2.5. Inhibition of mitochondrial nutrient usage had minimal effect compared §
to nutrient shortage 5.0e+5 |
To evaluate the role of mitochondrial metabolism in the adaptation
to nutrient shortage we tested, how the inhibition of the mitochondrial
oxidation pathways affects metabolic activity. Surprisingly, application 0.0
of the glutaminase inhibitor BPTES under full nutrient conditions only Time, h 0 | 24 | 48 | 72

moderately reduced the OCR, accompanied by a slight increase in the
ECAR (Fig. 5, A) in comparison to the magnitude of glutamine shortage
effect (Fig. 3, B). This indicates that the lower energetic state that was
induced by glutamine shortage was not due to reduced mitochondrial
glutamine oxidation. The inhibition of mitochondrial pyruvate entry by
UK-5099 (Fig. 5, A) caused a significant reduction in OCR, which is in
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Fig. 4. Nutrient shortage reduces the proliferation.

Cell doubling time analysis of N18TG2 cells was performed during Gln or Glc
shortage. Data represent mean values = SD from at least three independent
experiments.
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Fig. 5. Effect of nutrient usage inhibitors on cell
metabolic parameters and UCP2 expression.

Change of OCR and ECAR within 1h after the
addition of inhibitors was calculated to OCR

- UK5099 ucP2 -— o and ECAR values prior addition. 3 uM BPTES,
VDAC | " 40 uM etomoxir, or 2 uM UK-5099 were added.
Data are mean values = SD from 4 in-
i GAPDH -- dependent experiments (A). Representative im-
05 munoblots of total cellular protein from
C986 - 24h N18TG2 cells incubated in the presence of 5 uM
C C968 (B), 3 uM BPTES (C), 10 uM UK-5099 (D)
or 50 uM etomoxir (E).
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contrast to the constant OCR during glucose deficiency (Fig. 3, B). Also
the inhibition of carnitine palmitoyltransferase-1, component of the
fatty acid oxidation cascade, by etomoxir reduced the OCR. The in-
hibition of these two mitochondrial oxidation pathways led to a sig-
nificant increase in the ECAR, indicating compensation by glycolysis
(shift to a glycolytic metabolism).

Next we tested how the inhibition of these mitochondrial oxidation
pathways alters the expression of UCP2. Using the glutaminase in-
hibitor C968 at different concentrations and with different incubation
times, we observed no effect on UCP2 expression (Fig. 5, B). In contrast,
the addition of BPTES led to a reduction of UCP2 within 4 h (Fig. 5, C).
Both inhibitors act differently [30]. C968 was shown to prevent glu-
taminase activation, whereas BPTES inhibits its active form. Moreover,
it was shown before that glutaminase inhibition by BPTES impairs
mTOR activation even in the presence of glutamine [31]. The lack of
mTOR activation leads to a general reduction of protein translation
[32,33], which affects the short-living UCP2 in the first line. However,
the decrease of UCP2 levels due to glutamine shortage (Fig. 2, B, 2 and
4 h) was still stronger than due to BPTES administration. Therefore, we
cannot conclude that the inhibition of glutamine metabolism regulates
UCP2 levels.

Notably, inhibition of the mitochondrial pyruvate uniporter led to
an increase in UCP2 expression (Fig. 5, D), which was comparable to
the effect of glucose shortage (Fig. 1, B). A reduced pyruvate entry in
mitochondria might be a signal to upregulate UCP2. In comparison,
impairment of the FA oxidation metabolism after the application of
etomoxir had no impact on UCP2 expression (Fig. 5, E). In this case,
glucose metabolism may compensate for the reduced fatty acid oxida-
tion. Our data indicate that metabolic adaptation during nutrient
shortage occurs upstream of mitochondrial metabolism.

etomoxir m -

2.6. Glutamine availability is a driving force of UCP2 expression

To investigate whether the mitochondrial entry of pyruvate raised
from glycolysis causes the UCP2 upregulation during glucose shortage,
we grew cells without pyruvate. We combined a high glucose con-
centration (24 mM) or a low glucose concentration (1.3 mM) with or
without a high pyruvate concentration (2mM) (Fig. 6, A). The im-
munoblot analysis revealed that even pyruvate absence induced some
increase in UCP2 expression. Notably, the combination of low glucose
and a lack of pyruvate resulted in the highest UCP2 expression levels.
The result indicates that the absence of pyruvate to fill the CAC and not
the reduced cytosolic glycolysis induces UCP2 upregulation. In contrast,
glutamine shortage led to a similar UCP2 drop regardless of whether
pyruvate was absent or present (Fig. 6, B). This indicates that UCP2 is
mainly regulated by glutamine. We suggest that UCP2 expression in-
crease during glucose shortage/reduced mitochondrial pyruvate entry
is caused by an increase in glutamine uptake. The latter mechanism
compensates for the reduced mitochondrial pyruvate oxidation. The
incubation of cells at low glucose and low glutamine concentrations
revealed a delayed decrease of UCP2 (Fig. 6, C) when compared to
UCP2 levels during glutamine shortage and a full glucose supply (Fig. 2,
B). This implies that cells first utilize glutamine to compensate for
glucose shortage.

Based on the fact that UCP2 levels are strongly connected to the
availability of glutamine, we assumed that higher glutamine con-
centrations would further upregulate UCP2. Incubation with up to
6 mM glutamine for 2 h indeed resulted in such an increase (Fig. 6, D).
However, no further UCP2 increase was observed after incubation with
8 mM glutamine, suggesting that this might be the maximal capacity of
glutamine usage for these cells.
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Fig. 6. UCP2 expression depends on the gluta-
mine availability.

Immunoblot analysis for the indicated proteins
was performed on total cellular protein from
N18TG2 cells. Cells were grown for stated in-
cubation times with different concentrations of
pyruvate (Pyr) and Glc (A), Pyr and Gln (B) or
Glc and GIn (C). Data represent mean
values = SD for three (A, B) or two (C) in-
dependent experiments. Data are calculated as
immunoblot band intensity ratios to GAPDH
and normalized to the control. (D) Immunoblot
analysis of N18TG2 cells after their incubation
for 2 h with increased Gln concentrations. Data
are presented as mean values * SD of at least
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2.7. Glutamine directly regulates UCP2 at the translational level

The rapid regulation of UCP2 during nutrient shortage occurred
mainly at the protein level (Figs. 1 and 2). There are two possibilities as
to how cells can modulate UCP2 protein content: the regulation of
protein translation [34] and protein degradation [35,36]. To detect
which of both processes is mainly involved in the regulation of UCP2
protein levels by glutamine shortage, we compared UCP2 protein levels
after 1 and 2 h of incubation without glutamine and/or with the protein
synthesis inhibitor cycloheximide (Fig. 7, A). The shortage of glutamine
or/and the addition of cycloheximide resulted in the same UCP2 de-
crease, indicating that UCP2 is regulated at the translational level. This
supports the previous report that glutamine is essential for overcoming
the translational inhibition of UCP2 [37]. The moderate increase in
UCP2 protein levels during glucose shortage can be caused (i) by re-
duced translational inhibition due to the increased cellular amount of
glutamine or (ii) an increase in protein stability due to its reduced
degradation. The inhibition of UCP2 translation during glucose
shortage did not prevent rapid UCP2 degradation (Fig. 7, B). The si-
multaneous analysis of VDAC, SDHA, GAPDH and f-actin in these
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samples revealed their longer lifetimes and the singularity of UCP2
(Fig. 7, C). The reduction in UCP2 levels during glutamine shortage was
swiftly recovered by addition of glutamine (Fig. 7, C, sixth column). In
comparison, the addition of glutamic acid, the closest metabolite in the
glutamine metabolism, was not able to recover the expression of UCP2
(Fig. 7, C; fourth column). This further supports the idea that glutamine
alone is responsible for changes in UCP2 protein levels. Moreover, the
addition of aspartate, described as transported substrate of UCP2 [22]
and major product of mitochondrial respiration in highly proliferating
cells [38] failed to recover UCP2 expression after glutamine shortage as
well (Fig. 7, C; fifth column). Therefore, we concluded that glutamine
only, but not the glutamine metabolites, regulates UCP2 expression.
The oncogene c-myc has been described as the main driver of glu-
taminolysis in cancer cells [39,40]. We found that N18TG2 cells were c-
myc positive (Fig. 7, D), which indicates the c-myc-driven glutamine-
addicted metabolism of these cells. However, we did not observe
changes in c-myc levels under conditions that are typical for UCP2
downregulation and reduction of the metabolic activity. It contradicts
to the direct involvement of c-myc in the rapid regulation of UCP2
protein levels and implies the possible dysregulation of c-myc in this
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Fig. 7. UCP2 is directly regulated by glutamine on
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cancer cell line [41].

Interestingly, we detected upregulation of the stress sensor acti-
vating transcription factor 4 (ATF4) after glutamine shortage (Fig. 7, E).
ATF4 is known to help cells endure the stress of nutrient shortage [42].
Similar to UCP2, ATF4 is mainly regulated at the translational level
through an upstream open reading frame (uUORF) by amino acids. Our
observation suggest the participation of ATF4 in the adaptation process
during glutamine shortage, which shifts the cells to a more quiescent
state.

3. Discussion
3.1. UCP2 promotes glutaminolysis

Since its discovery the function of UCP2 is controversially discussed.
In the present study, we provided evidence that UCP2 is employed as a
fast adaptable tool to enhance glutaminolysis in rapidly proliferating
cells. On the one hand, this mechanism allows cells a metabolic flex-
ibility to endure a glucose shortage. On the other hand, the rapid

[ VDAC/GAPDH
@ SDHA/GAPDH
1 p-actin/GAPDH

turnover of UCP2 protein enables the fast adaptation of cells to low
glutamine availability and thereby prevents the consumption of gluta-
mine as an energetic fuel, sparing it for processes that are essential for
cell survival. Our study highlights a short-term effect that takes place
within 1 h. It may differ from adaptation processes occurring in long-
term nutrient stress application. Fig. 8 demonstrates the UCP2-driven
metabolic adaptation during glucose shortage. UCP2's activity as an
exporter of C4 metabolites (i.e., oxaloacetate, malate and aspartate),
combined with proton-coupled phosphate import, may provide a mo-
lecular mechanism by which UCP2 supports glutaminolysis [22]. The
transport of CAC intermediates out of mitochondria allows the con-
tinuous entry of glutamine-derived a-ketoglutarate (aKG) and thereby
an increase in glutaminolysis.

In contrast, our data do not assign a role to proton transport activity
of UCP2 [9,14] under conditions of the study. Although N18TG2 cells
were reported to have a 30% difference in the membrane potential with
and without glutamine [43] and we observed a reduced H* leak - de-
pendent OCR in the absence of glutamine, the missing increase in
proton leak during glucose deficiency refutes the possibility that UCP2
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Fig. 8. UCP2 - supported shift to glutaminolysis during glucose shortage.

The entry of pyruvate (Pyr) into the mitochondria is reduced during glucose
(Gle, pink arrow) shortage (1). This induces an increase of glutamine (Gln,
green arrow) uptake and usage (2) to compensate the reduced mitochondrial
oxidative phosphorylation (OxPhos). The high intracellular Gln overcomes the
translational regulation of UCP2 (3) yielding in a higher level of UCP2 protein
despite the fast proteosomal degradation (orange arrow). With the increase of
UCP2 content the export of four-carbon metabolites (C4) from the citrate acid
cycle (CAQ) is increased (4), which boosts the CAC filling by GIn. C4 metabo-
lites e.g. malate (5) can be converted into Pyr to enter the mitochondria to drive
the OxPhos (6). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

acts as a proton transporter. The leak reduction might be caused by the
overall energetic quiescence that affects also other mitochondrial car-
riers such as the proton-dependent phosphate carrier [44]. Moreover,
the expression level of UCP2 in N18TG2 cells [9] is significant lower
than UCP1 in brown adipose tissue [19]. Thus, its ability to effectively
induce uncoupling appears doubtful. Finally, the presence of fatty acids
is a condicio sine qua non for the protonophoric activity of UCP2 [45].
Since there is no evidence for the increase in free fatty acid amount, we
can rule out a significant contribution of UCP2-mediated proton
transport under the experimental conditions of this study.

Our results support the hypothesis [46] that UCP2 may have a dual
function, acting as a proton and substrate transporter. A similar feature
was reported for other mitochondrial carriers [47].

3.2. Increased glutaminolysis allows metabolic adaptation during glucose
shortage

Extensive consumption of glutamine is known for rapidly pro-
liferating cells and is a hallmark of cancer cell metabolism (s.
Introduction). Glutamine can serve as an alternative substrate during
glucose shortage [6,48]. The observation, that the OCR of neuro-
blastoma cells remained stable during glucose shortage, indicates the
usage of an alternative fuel to maintain the level of oxygen consump-
tion (Fig. 3, B). In contrast, we observed that under full nutrient supply
the chemical inhibition of mitochondrial pyruvate import led to a re-
duction of the OCR (Fig. 5, A). This implies that glutamine recovers the
reduced pyruvate oxidation during glucose shortage by pyruvate pro-
duction from malate, which is known to be typical of glutaminolysis
[5]. By exporting malate out of mitochondria, UCP2 may support this
process. Additionally, UCP2 is upregulated parallel to the increase of
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glucose and pyruvate concentrations supporting the idea of UCP2 in-
volvement in this adaptation. The importance of UCP2 for metabolic
flexibility was shown in UCP2-deficient T-cells, which were unable to
survive glucose shortage [21]. Moreover, the silencing of UCP2 im-
paired glutamine metabolism [22,49]. The reduced import of pyruvate
into mitochondria might also be a signal for this adaptation process to
occur (Figs. 5, A and 6, A).

3.3. Glutamine acts as a signaling molecule

Our study points out that glutamine per se acts as an important
signaling substance. One of its downstream targets is UCP2. We found
that glutamine shortage (Fig. 2), but not the inhibition of glutaminase
(Fig. 5, C) led to a faster and more pronounced reduction of UCP2
protein levels, cell metabolic activity, and cell proliferation. The addi-
tion of glutamic acid (first metabolite of glutamine metabolism) was
unable to recover the reduced UCP2 protein expression in our study
(Fig. 7, C). Also, other proteins that are involved in cell metabolism and
proliferation were found to be regulated by glutamine but not by glu-
tamine metabolites [50-52]. Furthermore, it has recently been shown
that the reduced proliferation during glutamine deficiency was not due
to the reduced metabolic degradation of glutamine but rather attribu-
table to its role as an amino acid exchanger [53,54]. Such glutamine-
regulated processes are able to alter the energetic state of the cell.

The importance of glutamine is obvious. Glutamine shortage rapidly
induces a reversible lower energetic state of the cells, with a reduction
of the total metabolic activity (ORC and ECAR) (Fig. 3), UCP2 protein
levels (Fig. 2) and later also cell proliferation (Fig. 4). Similar cellular
quiescence is known for different cells such as stem cells, fibroblasts,
immune cells and cancer cells, defined as a “reversible non-proliferative
state”, that protects against cellular stress caused by nutrient depriva-
tion [55]. Glutamine is essential as a nitrogen source, for the production
of nucleotides, amino acids and hexosamines, and for glutathione
production. It is therefore mandatory for the proliferation and survival
of each cell [56]. It was suggested that the glutamine usage for nu-
cleotide synthesis is more important as its usage in the TCA cycle [54].
The observed effects occurred after longer treatment times (e.g., 72h in
[54]). This is in line with our observation of cell proliferation reduction,
but contrasts with the fast adaptation to metabolic quiescence. Ob-
viously, the usage of glutamine as an energetic fuel is less significant.
Therefore, the fast and strong downregulation of metabolic activity
(Fig. 3) and UCP2 abundance (Fig. 2) by glutamine shortage appears to
be a protective mechanism. Both processes could be swiftly reversed by
glutamine accessibility. In line with this, we observed a decrease of
OCR within 1 h during glutamine deprivation, following by a decrease
of ECAR after 4 h. This indicates a primary reduction of glutaminolysis
before reducing the total metabolic activity. The dependence of
N18TG2 cells on glutamine observed in the present study might be c-
myc driven and reflect a special type of cancer metabolism that is
known as glutamine addiction [39].

3.4. Rapid regulation mechanisms for UCP2 allow fast metabolic
adaptation

The rapid regulation of UCP2 by glutamine shown earlier
[22,37,49] and in this study is unique. UCP2 translation regulation
depends on the glutamine abundance (Fig. 7). An uORF was found to
inhibit the translation [37]. Only glutamine can overcome this inhibi-
tion. The best known uORF-containing translation mechanism regulates
the expression of activating transcription factor 4 (ATF4). Interestingly,
ATF4 is an important signaling protein that is involved in amino acid
deprivation [42]. In contrast to UCP2, the absence of glutamine and
amino acids induces the expression of ATF4. We detected its upregu-
lation during glutamine shortage, when UCP2 was absent. This in-
dicates the involvement of ATF4 in the reduction of metabolic and
proliferating activity during glutamine shortage. ATF4 was found to
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protect cells during short-term nutrient shortage. But it induces apop-
tosis and autophagy as a long-term effect [42]. The combination of this
translational regulation [37], rapid UCP2 protein turnover [35] and
persistently high levels of UCP2 mRNA (Fig. 2) [9,19] allows the rapid
and reversible adjustment of UCP2. We found that UCP2 protein
abundance in N18TG2 cells reached its peak in the presence of 6 mM
glutamine. This may be different in other cancer cells, which were re-
ported to have a UCP2 expression maximum at 1 mM glutamine [37].
This maximal expression might be directly correlated with glutamino-
lysis levels in the cell. This may explain the varying levels of UCP2 and
even its absence in different cancer cells [26]. Importantly, glutami-
nolysis is not only restricted to cancer cells. It was found in other
proliferating cells, such as T-cells [57], macrophages [58], stem cells
[59], fibroblasts [60] and immature cardiomyocytes [61]. UCP2 ex-
pression was demonstrated in all of these cell types [9,19-21,49,62].
Nubel and colleagues showed that UCP2 expression was essential for
glutamine oxidation in macrophages [49]. All this implies that UCP2
serves as a marker of high glutamine usage. The observed upregulation
of UCP2 due to oxidative stress [62] may also be explained by an in-
creased uptake of glutamine and usages of glutamine in the glutathione
homeostasis [22].

Summarizing, UCP2 boosts glutaminolysis to adapt energy meta-
bolism during glucose shortage. The rapid UCP2 expression regulation
directly by glutamine enables a unique rapid glutamine usage for cell
metabolism.

4. Experimental procedures
4.1. Chemicals

BPTES, UK-5099 (both Sigma-Aldrich, Inc.) and Compound 968
(Merck Inc.) were dissolved in DMSO. Etomoxir (Sigma-Aldrich, Inc.)
was prepared as a water solution.

4.2. Cell culture

The murine neuroblastoma cell line was cultivated as described in
[9]. For immunoblotting and quantitative PCR analysis, cells were
seeded in pre-coated 6-well plates (Greiner, Bio One, Inc.) and grown in
control media, DMEM with high glucose (24 mM), supplemented with
2mM pyruvate (both from Sigma-Aldrich Austria), 3.9 mM glutamine
(Thermo Fisher Scientific, Inc.) and B27 serum-free supplement
(Thermo Fisher Scientific, Inc.) for 48 h before harvesting. For the nu-
trient concentration-dependent analysis, the media were changed after
one wash step, and cells were incubated until the required time point
within a total growth time of 48 h. For each independent experiment,
another passage of N18TG2 cells was seeded and maintained on a
control cell plate, which was treated with an equal wash step but grown
in full media.

4.3. Protein isolation and quantitative immunoblot analysis

Protein isolation from cells and Western blot analysis were per-
formed as described in [9]. In brief, the cells were washed in PBS,
collected in RIPA-buffer with 1:50 protease inhibitor cocktail, and so-
nicated. Total cellular protein was isolated after centrifugation and
quantitatively determined using a BCA kit (Thermo Fisher Scientific,
Inc.).

We loaded 20 and 50 pg total cellular protein per lane for UCP2 and
signaling protein immunoblot analyses respectively. We used anti-
bodies against UCP2, VDAC, SDHA, Hsp60, GAPDH, and f-actin eval-
uated previously [9,19] (Supplementary Materials, Fig. S1 and S2).
Antibodies against ATF4 protein (Cell Signaling Technology, Nether-
lands) and against c-myc (Santa Cruz, SZABO-SCANDIC, Austria) were
diluted 1:1000 and 1:500, respectively. Immunoreactions were re-
vealed by luminescence using a secondary antibody against rabbit or
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mouse antibodies linked with horseradish peroxidase (GE Healthcare,
Austria) and ECL Western Blotting reagent (Bio-Rad, Austria). The in-
tensity of the bands was detected using the ChemiDoc-It 600 Imaging
System (UVP, UK) and measured with Launch Vision Works LS software
(UVP, UK). The immunoblot intensities of the different detected pro-
teins were calculated as a ratio relative to the intensity of GAPDH. All
obtained values from one experiment were normalized to ratio values of
its controls. For each independent experiment, two immunoblots were
performed to exclude possible incorrect interpretations caused by ar-
tefacts of the immunoblotting method.

4.4. RNA isolation and quantitative PCR analysis

Total RNA was isolated from N18TG2 cells using the RNeasy Mini
Kit (QIAGEN, Inc.) according to the manufacturer's instructions. cDNA
was produced using the high-capacity cDNA reverse transcription kit
(Applied Biosystems, Austria) according to the manufacturer's instruc-
tions. Using the ViiA™ 7 Real-Time PCR System (Applied Biosystems,
Austria), ct values for ucp2 and gapdh in each sample were determined
in parallel using TaqMan® Gene Expression Assay UCP2
MmO00627598 m1 FAM-MGB, TagMan Gene expression assay GAPDH
Mm99999915 g1 VIC-MGB_PL, and the QuantiFast Multiplex PCR kit
(QIAGEN, Inc.). ucp2 was calculated as a ratio relative to gapdh, and all
values were normalized to the control.

4.5. Determination of the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR)

N18TG2 cells were seeded on poly-p-lysine (Sigma) - coated
Seahorse 96XFe plates (Agilent, Inc.) for approximately 16 h before the
analysis with 20,000 cells per well in the control media. For the nu-
trient shortage experiments, the whole plate was washed with DMEM
and then filled with new media (control or nutrient shortage media).
One hour before the experiment, the media were changed to unbuffered
XF base media (Agilent) containing the indicated amounts of glucose
and glutamine, 2mM pyruvate, and B27. The OCR and ECAR were
determined in parallel using an XFe96 extracellular flux analyzer
(Seahorse Bioscience). The compounds of the Seahorse XF Cell Mito
Stress Test Kit (Agilent, Inc.) were applied according to the manu-
facturer’s instructions at the adjusted concentrations (1 uM oligomycin,
1.2 uM FCCP, 1 uM rotenone and 1 uM antimycin A). Each independent
experiment was performed on a new plate. Wells displaying a deviation
in the cell layer were not further analyzed. Due to dehydration pro-
cesses, the wells at the edge of the plate were not included in the cal-
culation. The minimal number of wells per condition for each experi-
ment was five (for the basal measurements) and three (Mito Stress Test
and mitochondrial nutrient usage inhibition analysis). The OCR and
ECAR were normalized to the mean of the technical replicates of the
respective control experiment. Due to the varying number of technical
replicates of different experiments we employed a random number
generator to create 1000 values for each control and each condition to
count in the calculation of the mean and standard deviation equally for
all independent experiments. This allowed us to include the variation
within each independent experiment in the overall analysis.

4.6. Growth rate assay

Cells were plated at a concentration of 10° cells/ml in 6-well plates
and cultivated in different media (control, low glucose, and low glu-
tamine medium). After 24, 48, and 72h of cultivation, N18TG2 cells
were resuspended and 20 pl of suspension was diluted in 380 pl trypan
blue solution (4 ug trypan blue in 1 ml 0.9% NaCl). Cell number was
calculated using a Neubauer counting chamber.
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4.7. Glutamine consumption

For glutamic acid/glutamine determination, a bioluminescent assay
was used following manufacturer's description (Promega, Mannheim,
Germany). In brief, cells (10° cells/ml) were seeded on plates for 24h
before treatment with full- and low-glucose media for another 4 h. Total
glutamine and glutamic acid levels were determined in the supernatant
before and after the 4-h incubation time and subtracted to calculate
consumption. Glutamic acid concentration has been subtracted. The
data were normalized to the total protein concentration per well.

4.8. Statistical analysis

Significance was determined using the one-way ANOVA and t-test
against the control and pairwise. Significance is indicated as *
p < 0.05; ** p < 0.01; *** p < 0.001.
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