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Cancer research encourages explorations of hypoxic conditions as a

necessity for multicellularity and how animals solved the challenge

of life in the oxic setting
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Abstract

Large life, as currently present on Earth, diversified during a late and seemingly non-trivial historic event. Although other

biological revolutions – such as the advent of photosynthesis or the eukaryotic cell – are attributed to innovations within life

itself, the dramatic diversification of animals tends to associated with a change in the environment. The environmental change

that remains most thoroughly explored and debated is that of a synchronous increase of free oxygen. Paradoxically, studies of

multicellularity from the perspective of tissue and of successful tumor growth highlight how oxic settings are incompatible with

the core mechanism of tissue renewal (Ivanovic, 2009). Tumor biology also demonstrates biological mechanisms that, through

the hypoxia inducible transcription factors (HIFs), overcome this paradox (Pietras et al., 2008) and, thus, allow tissue renewal

despite oxic settings. We have explored how HIFs may serve as an adaption within multicellularity that allow viable large life

forms in the oxic setting, by offering improved control of the cellular hypoxia-response machinery that sustain oxygen-insensitive

growth of complex tissue. We found that this control is animal-specific and is at its highest refinement within vertebrate animals;

in which the innovation of high-oxygen carrying capacity through red blood cells followed first subsequently (Hammarlund et

al., 2018). We hypothesize that such a refinement within biology itself, during the Neoproterozoic, allowed metazoans to fully

access and exploit the primordial oxic niche on Earth. Testable predictions of this perspective, such as that invertebrate animals

and other large multicellular organisms still require phases or settings of truly hypoxic conditions to manage tissue renewal,

have implications that reach from geology and medicine to astrobiology. Indeed, a perspective based in the prerequisites of

tissue maintenance suggests that being large is a biological achievement of cosmic proportions.
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Evolution of multicellularity relies on low oxygen
or Cancer research encourages explorations of hypoxic conditions as a necessity for multicellularity 

or How animals solved the challenge of life in the oxic setting

Animals possess unique biological tools 
to build tissue despite oxic conditions.

�e Plot
Complex multicellularity accessed the oxic niche

first at the PC/C boundary...
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Animal-specific keys for building tissue
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• Animal life & evolution requires continuous tissue renewal.
• Tissue renewal requires stem cells.
• Stem cells require hypoxia (<1-3% O2) [1, 2].
• Animals can induce hypoxic responses and cell stemness despite oxygen [3].
• Cell stemness is yet mainly studied in tumors.
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HIF-2α protein appears to facilitate the activation of pathways 
promoting (A) stem cell-like features [4], called the pseudohy-
poxic phenotype [3]. Scale bar 20 µm. Modified from [4].

HIF-2α is present in vascularized both in (B) tumor tissue 
(neuroblastoma) [5] and (C) during normal tissue develop-
ment (human) [6], where cell immaturity (high stemness) is 
indicated by how (D) endothelian cells are CD31-positive or 
(E) sympathetic ganglia are TH-positive. Scale bar: 200 µm.

Biological action occurs at hypoxia, see [7] for refs. Compared to estimated maximum concentrations of atmospheric oxygen in the Neopro-
terozoic/Paleozoic [8], the function of HIF-2α protein spans into higher O2 concentrations. �e HIF system can be considered an adaption 
to niches with high (>1-2%) and flucutating oxygen concentrations [7].

All 
modern 
bilateral 
animals 
possess HIFs 
[9-11]. HIF-2
α is exclusive to 
vertebrates and 
EPO appear first in 
the genomes of fish 
[7]. �e ability to 
induce cell stemness 
through HIF-2α thus 
preceded the ability to ‘soak’ 
tissue with oxygen through red 
blood cells. By parsimony, eu-
metazoans (animals with true spe-
cialized tissue) that diversified in the 
Cambrian [12] likely, and uniquely, 
had the ability to access the cellular hy-
poxia-machinery through the presence of 
HIFs. Comb jelly fish appears to be an ex-
ception (by lacking HIF).

References
1. Buravkova, L.B., et al., Mesenchymal stem cells and hypoxia: Where are we? Mitochondrion, 2014. 19, Part A(0): p. 105-112.
2. Ivanovic, Z., Hypoxia or in situ normoxia: �e stem cell paradigm. Journal of cellular physiology, 2009. 219(2): p. 271-275.
3. Pietras, A., et al., High levels of HIF-2α highlight an immature neural crest-like neuroblastoma cell cohort located in a perivascular niche.     
�e Journal of Pathology, 2008. 214(4): p. 482-488.
4. Vaapil, M., et al., Hypoxic Conditions Induce a Cancer-Like Phenotype in Human Breast Epithelial Cells. PLoS ONE, 2012. 7(9): p. 
e46543.
5. Holmquist-Mengelbier, L., et al., Recruitment of HIF-1α and HIF-2α to common target genes is differentially regulated in neuroblasto-
ma: HIF-2α promotes an aggressive phenotype. Cancer Cell, 2006. 10(5): p. 413-423.
6. Mohlin, S., A. Hamidian, and S. Påhlman, HIF2A and IGF2 Expression Correlates in Human Neuroblastoma Cells and Normal Imma-
ture Sympathetic Neuroblasts. Neoplasia, 2013. 15(3): p. 328-IN38.
7. Hammarlund, E., K. Stedingk, and S. Påhlman, Refined control of cell stemness allowed animal evolution in the oxic realm. Nature Ecolo-
gy & Evolution, 2018.
8. Canfield, D.E., Proterozoic atmospheric oxygen, in Treatise on Geochemistry. 2014, Elsevier Science.
9. Loenarz, C., et al., �e hypoxia‐inducible transcription factor pathway regulates oxygen sensing in the simplest animal, Trichoplax adhaer-
ens. EMBO reports, 2011. 12(1): p. 63-70.
10. Rytkönen, K.T., et al., Molecular Evolution of the Metazoan PHD–HIF Oxygen-Sensing System. Molecular Biology and Evolution, 2011. 
28(6): p. 1913-1926.
11. Graham, A.M. and J.S. Presnell, Hypoxia Inducible Factor (HIF) transcription factor family expansion, diversification, divergence and se-
lection in eukaryotes. PloS one, 2017. 12(6): p. e0179545.
12. Marshall, C.R., Explaining the Cambrian "Explosion" of animals. Annual Review of Earth and Planetary Science, 2006. 34: p. 355-384.

Biology: Tissue oxygen tension – and HIF expression – is measured within 
the chick embryo at different developmental stages, particularly during the 
development of the sympathetic nervous system.

Geology: Were early and complex multicellular life forms 
confined to stable environments?
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    animals diversified
  as a result of 
 improved 
stemness control...

If 
...then, transient hypoxia
and pseudohypoxia remain
key for tissue development
& for animal evolution.
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We propose that an evolution of stemness control through HIFs allowed the generation and re-genera-
tion of complex tissue in conditions with oxygen concentrations >1-3 % O2 [7]. Eumetazoa first and 
most efficiently gained access to the oxic niche. �is evolution of stemness control occurred in at least 
two steps, with each level defined by how its control of cell stemness is adjoined by the abilities and vul-
nerabilities within complex tissues. 
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