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Metabolic adaptation to hypoxia: do worms and cancer cells share
common metabolic responses to hypoxic stress?
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The survival of metazoan species is dependent on an intricate
balance of oxygen supply and demand. In humans this bal-
ance is disturbed during age-related diseases including dis-
orders of the cardiovascular system and cancer. Rapidly
growing cancer cells become hypoxic in the absence of a
functional vascular system. The resulting oxygen and nutrient
stress causes rewiring of essential metabolic pathways to
ensure survival of cells in hypoxic tumor areas, which often
contain the most malignant tumor cells. Thus, deciphering
metabolic mechanisms keeping hypoxic cells alive is critical
for improving cancer therapies.

In a recent study, the nematode C. elegans has been
utilized as a model to analyze hypoxic adaptation through
changes in metabolism [1]. C. elegans is a suitable model
organism to dissect mechanisms conferring hypoxic adap-
tation. As a soil-living nematode, it can survive in low
oxygen environments, even in anoxic conditions, by
entering suspended animation [2]. Suspended animation is a
reversible, hypometabolic state, ideal to investigate meta-
bolic changes of a hypoxic organism.
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In the recent C. elegans study, the C2H2 zinc-finger
(ZF) transcription factor PQM-1 was identified as a reg-
ulator of lipid and carbohydrate metabolism and nema-
todes’ hypoxic survival [1]. Loss of PQM-1 activity
extended survival of hypoxic worms, which correlated
with metabolic changes. Hypoxic pgm-1 loss-of-function
mutants displayed decreased fat levels and increased
amount of glycogen, indicating that PQM-1 activity likely
normally promotes lipid accumulation, however, represses
glycogen levels in hypoxia (Fig. 1). Thus, downregulation
or loss of PQM-1 activity appears to regulate a metabolic
switch from fat to glycogen, which is associated with an
improved survival of worms in hypoxic stress. Previous
findings demonstrate that the ability of C. elegans to store
carbohydrates such as glycogen correlates with worms’
survival in the absence of oxygen [3]. In analogy, cancer
cells can increase their glycogen storage in response to
hypoxia to maintain cell viability and proliferation in
nutrient and oxygen depleted microenvironments [4].
Hypoxic tumor cells are largely dependent on fermenta-
tive glucose metabolism for ATP production (Warburg
effect) and can metabolize intracellular glycogen without
requiring oxygen, when glucose availability is limited.
These findings point to an important and evolutionarily
conserved role of glycogen utilization for survival of
hypoxic cells across species.

PQM-1 transcriptional targets involved in carbohydrate
metabolism were identified by a global gene expression
analysis [1]. This analysis revealed an upregulation of the
sorbitol dehydrogenase-1 sodh-1 in pgm-1 mutants under
hypoxia, suggesting that PQM-1 normally suppresses
sodh-1 expression (Fig. 1). SODH-1 enzymatic activity
converts sorbitol, the sugar alcohol form of glucose, into
fructose. Elevated SODH-1 expression contributed to the
extended hypoxic survival of pgm-1 mutants. Why should
an increased SODH-1 function, which likely results in
higher fructose levels, be beneficial for an organism suf-
fering from oxygen deprivation? Utilizing fructose instead
of glucose for ATP production during hypoxia induces
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Fig. 1 The zinc-finger transcription factor PQM-1 regulates the
sorbitol pathway (polyol pathway) and lipid metabolism in
hypoxia. PQM-1 is activated in response to hypoxic stress and
represses the expression of the sorbitol dehydrogenase (SODH-1) and
glycogen levels in worms. SODH-1 enzymatic activity converts sor-
bitol, the sugar alcohol form of glucose, into fructose. PQM-1 pro-
motes de novo lipid synthesis in hypoxia via expression of the A9-
fatty-acid desaturase FAT-7 (SCD homolog) and positively regulates
lipid transport to embryos through vitellogenin expression. PQM-1-
mediated hypoxic activation of lipid metabolism limits parental sur-
vival, but is beneficial for progeny development and survival under
hypoxic stress. Future studies are needed to identify a functional
mammalian equivalent of PQM-1 downstream of mTORC?2 signaling,
and to dissect its role for tumorigenesis in hypoxic microenvironments.
mTORC2 mammalian target of rapamycin complex 2, SCD stearoyl-
CoA desaturase, SFA saturated fatty acid: stearic acid, MUFA mono-
unsaturated fatty acid: oleic acid.

metabolic adaptations in naked mole-rats [S] that live in
subterranean burrow systems under low oxygen condi-
tions. In naked mole-rats the metabolization of fructose is
able to bypass a feedback inhibition in glycolysis, which
usually limits the glycolytic flux. This enables a fructose-
based metabolism to safeguard ATP in the brain and other
vital organs when oxygen is limited. It is not known yet
whether metabolic rewiring toward fructose metabolism is
critical for survival of C. elegans in hypoxia, but
increased fructose intake is associated with tumor growth.
Interestingly, hypoxia-adapted glioblastoma cells upre-
gulate both sorbitol and fructose levels; in fact, fructose
levels became massively elevated (~80-fold) [6]. In
addition, an activation of the sorbitol (polyol) pathway
has been linked to a reduction of necrosis in hypoxia-
preconditioned pheochromocytoma (PC12) cells trans-
ferred to acute anoxia [7]. These studies indicate an
upregulation of an alternative glucose metabolic route to
ensure energy production and survival of hypoxic cells.
C. elegans PQM-1 has recently been identified as a
transcriptional effector of mTORC2 signaling [8]. The
mTORC?2 pathway plays a critical role in regulating glucose

and lipid metabolism [9] and, when hyperactive, can pro-
mote tumorigenesis in various cancer models. In C. elegans,
mTORC?2 signaling appears to negatively regulate PQM-1
nuclear localization and activity through SGK-1 (serum and
glucocorticoid-regulated kinase-1) [8]. Thus, one might
speculate that hyperactivation of mTORC2 in mammalian
hypoxic tumor cells also should inactivate a PQM-1 ortho-
log. If the mTORC2/PQM-1 signaling axis is conserved in
mammals, such an inactivation of a mammalian PQM-1
ortholog could result in a similar fat-to-glycogen metabolic
switch, which was observed in hypoxic C. elegans pgm-1
mutants. But so far, a PQM-1 ortholog with similar functions
remains to be identified. PQM-1 is member of the C2H2-ZF
family that has undergone extensive expansion through
repeated duplication and functional diversification in verte-
brate linages, especially in primates and humans. C2H2-ZF
proteins can promote cancer progression, but also act as
tumor suppressors [10]. A potential candidate for a human
homolog of PQM-1 is the C2H2-ZF transcription factor
ZNF395, which is induced in a lymphoma cell line, and in
neuroblastomas and glioblastomas in response to hypoxia
[10, 11]. In skin cancer and glioblastoma cell lines, ZNF395
promotes cancer-associated gene expression and inflamma-
tion [11], whereas in liver cancer cell lines it appears to
inhibit cell migration and invasion [12]. Thus, its function in
cancer progression seems to depend on the cancer type and
on the degree of oxygen availability for tumor cells. A
putative metabolic impact of ZNF395 on cancer develop-
ment should therefore be analyzed.

In the recent C. elegans study, an interesting mechanistic
link between PQM-1 and the maintenance of lipid levels
under hypoxia was found, since PQM-1 was shown to
regulate the expression of the A9-fatty-acid desaturase FAT-
7 (Fig. 1). FAT-7 is a homolog of mammalian stearoyl-CoA
desaturases (SCDs), which act as rate-limiting enzymes for
de novo lipogenesis. SCDs catalyze the A9-desaturation of
saturated fatty acyl-CoAs, preferentially stearoyl- and pal-
mitoyl-CoA, and require molecular oxygen for their enzy-
matic reaction. In C. elegans loss of either PQM-1 or FAT-7
activity reduced oxygen consumption rates in worms [1]. In
comparison, pharmacological inhibition of SCDs in tumor
cell lines decreased respiration [13]. At the first glance,
PQM-1 and FAT-7 dependent pro-lipogenic responses in
worms seem to be an evolutionary disadvantage, since their
metabolic functions increase oxygen consumption, and thus
compromise survival in hypoxia. However, PQM-1 also
fuels reproduction of worms by promoting lipid transport to
worm embryos and their subsequent development and sur-
vival under hypoxic stress (Fig. 1). Such stress response
mechanisms benefiting the next generation and the survival
of a species could have developed early in evolution, but
might still control lipid-related metabolic responses favoring
growth and proliferation in mammals. Tumor cells are
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heavily dependent on SCD-mediated de novo synthesis of
unsaturated fatty acids for their rapid growth, although cer-
tain tumors are able to bypass SCD activity by scavenging
unsaturated fatty acids from their microenvironments, when
oxygen is depleted. Mouse embryonic fibroblasts with
constitutively active mTOR signaling undergo cell death
when grown in lipid- and oxygen-deprived conditions due to
an impaired function of SCDs which causes a deficiency in
unsaturated lipid pools [14]. Thus, SCD levels and oxygen
availability for their enzymatic reaction to generate unsatu-
rated lipids are critical determinants for tumor growth and
survival. In addition to its role in SCD-mediated de novo
lipogenesis, PQM-1 is involved in lipid transport in nema-
todes via coordinating vitellogenin expression (Fig. 1) [1, 8].
Similarly, in humans, the C2H2-ZF transcription factor
ZNF202 regulates the expression of components for lipo-
protein particles (apolipoproteins), which transport lipids
through the circulatory system [15]. ZNF202 has been
identified as an unfavorable prognostic marker for liver and
renal cancer, however, its function has not been analyzed in
the context of hypoxia or mTOR signaling yet. Future stu-
dies might identify a functional mammalian PQM-1 homo-
log downstream of mTORC?2 signaling as a drug target to
manipulate lipid-metabolic adjustments affecting survival
responses of cancer cells in hypoxic microenvironments.

Acknowledgements BioRender (BioRender.com) was used to gen-
erate parts of Fig. 1.

Author contributions TH wrote the paper and generated Fig. 1. RB
and CTM contributed to writing the paper and to generate Fig. 1.

Funding This work was supported by the NIH NIA 1R56AG047344-
01A1 293 (CTM) and the Glenn Foundation for Medical Research. CTM
is the Director of the Glenn Center for Aging Research at Princeton,
which also supported TH. Research of TH in the Baumeister lab was
supported by the Deutsche Forschungsgemeinschaft DFG (German
Research Foundation under Germany’s Excellence Strategy EXC 294
and EXC-2189-Projektnummer 390939984; CRC850-Project ID A06
and CRC1381-Project ID B09 to Ralf Baumeister). Open Access funding
enabled and organized by Projekt DEAL.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this

SPRINGER NATURE

article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Heimbucher T, Hog J, Gupta P, Murphy CT. PQM-1 controls
hypoxic survival via regulation of lipid metabolism. Nat Com-
mun. 2020;11:4627.

2. Padilla PA, Nystul TG, Zager RA, Johnson AC, Roth MB.
Dephosphorylation of cell cycle-regulated proteins correlates with
anoxia-induced suspended animation in Caenorhabditis elegans.
Mol Biol Cell. 2002;13:1473-83.

3. Frazier HN 3rd, Roth MB. Adaptive sugar provisioning controls
survival of C. elegans embryos in adverse environments. Curr
Biol. 2009;19:859-63.

4. Pescador N, Villar D, Cifuentes D, Garcia-Rocha M, Ortiz-
Barahona A, Vazquez S, et al. Hypoxia promotes glycogen
accumulation through hypoxia inducible factor (HIF)-mediated
induction of glycogen synthase 1. PLoS ONE. 2010;5:e9644.

5. Park TJ, Reznick J, Peterson BL, Blass G, Omerbasic D, Bennett
NG, et al. Fructose-driven glycolysis supports anoxia resistance in
the naked mole-rat. Science. 2017;356:307-11.

6. Kucharzewska P, Christianson HC, Belting M. Global profiling of
metabolic adaptation to hypoxic stress in human glioblastoma
cells. PLoS ONE. 2015;10:e0116740.

7. Wu LY, Ma ZM, Fan XL, Zhao T, Liu ZH, Huang X, et al. The
anti-necrosis role of hypoxic preconditioning after acute anoxia is
mediated by aldose reductase and sorbitol pathway in PC12 cells.
Cell Stress Chaperones. 2010;15:387-94.

8. Dowen RH, Breen PC, Tullius T, Conery AL, Ruvkun G. A
microRNA program in the C. elegans hypodermis couples to
intestinal mTORC2/PQM-1 signaling to modulate fat transport.
Genes Dev. 2016;30:1515-28.

9. Mao Z, Zhang W. Role of mTOR in glucose and lipid metabolism.
Int J Mol Sci. 2018;19:2043-56.

10. Jen J, Wang YC. Zinc finger proteins in cancer progression. J
Biomed Sci. 2016;23:53.

11. Jordanovski D, Herwartz C, Pawlowski A, Taute S, Frommolt P,
Steger G. The hypoxia-inducible transcription factor ZNF395 is
controlled by IkB kinase-signaling and activates genes involved in
the innate immune response and cancer. PLoS ONE. 2013;8:
e74911.

12. Pang F, Zha R, Zhao Y, Wang Q, Chen D, Zhang Z, et al. MiR-
525-3p enhances the migration and invasion of liver cancer cells
by downregulating ZNF395. PLoS ONE. 2014;9:e90867.

13. Peck B, Schug ZT, Zhang Q, Dankworth B, Jones DT, Smethurst
E, et al. Inhibition of fatty acid desaturation is detrimental to
cancer cell survival in metabolically compromised environments.
Cancer Metab. 2016:4:6.

14. Young RM, Ackerman D, Quinn ZL, Mancuso A, Gruber M, Liu
L, et al. Dysregulated mTORCI1 renders cells critically dependent
on desaturated lipids for survival under tumor-like stress. Genes
Dev. 2013;27:1115-31.

15. Wagner S, Hess MA, Ormonde-Hanson P, Malandro J,
Hu H, Chen M, et al. A broad role for the zinc finger protein
ZNF202 in human lipid metabolism. J Biol Chem. 2000;275:
15685-90.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Metabolic adaptation to hypoxia: do worms and cancer cells share common metabolic responses to hypoxic stress?
	Outline placeholder
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




