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Stem Cell Culture Requires Low Oxygen
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/. References In vivo, stem cells often reside in niches characterized by low oxygen levels (3-

13%), such as the bone marrow or the embryonic inner cell mass. These physioxic,
low oxygen conditions play a crucial role in regulating stem cell self-renewal,
proliferation, and differentiation. Mimicking this natural environment in vitro has
been shown to optimize stem cell culture, while culture at atmospheric oxygen
levels produces suboptimal and unwanted results.

e Enhances Stemness: Hypoxic conditions
maintain the pluripotency of embryonic
stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) by stabilizing key

transcription factors such as OCT4, SOX2, High
and NANOG. L oW e Reduced Stemness

¢ Promotes Proliferation: Hypoxia . .
enhances the proliferation rate of — ‘ - ¢ Reduced Proliferation
mesenchymal stem cells (MSCs) and
hematopoietic stem cells (HSCs). o 2 e Less-Specific Differentiation

e Guides Differentiation: Low oxygen <
tension can direct stem cell differentiation
towards specific lineages, such as
chondrocytes or cardiomyocytes,
depending on the context.
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Molecular Pathways Involved in Hypoxia versus
Hyperoxia Responses

Cellular responses to extremes in oxygen levels are mediated by a complex network
of molecular pathways, the most notable being the Hypoxia-Inducible Factor (HIF)
sighaling pathway and the Nuclear factor erythroid 2-Related Factor 2 (NRF2)
pathway.

1. HIF Stabilization and Activation:

« Under normoxic conditions, HIF-a. subunits are hydroxylated by prolyl
hydroxylase domain (PHD) enzymes, marking them for degradation via the
ubiquitin-proteasome pathway.

« In hypoxic conditions, the lack of oxygen inhibits PHD activity, allowing
HIF-1o. to accumulate and translocate to the nucleus, where it dimerizes
with HIF-1B.

«  TheHIF complex binds to hypoxia-responsive elements (HREs) in hundreds
of target genes, upregulating pathways involved in glycolysis, angiogenesis,
and cell survival.

2. Metabolic Reprogramming:

« Hypoxia shifts cellular metabolism from oxidative phosphorylation
to glycolysis, reducing reactive oxygen species (ROS) production and
protecting cells from oxidative damage.

«  This metabolic reprogramming supports the maintenance of pluripotency
and enhances cell survival under low oxygen conditions.

3. Epigenetic Regulation:

« Hypoxia influences the expression of chromatin-modifying enzymes, such
as histone demethylases, which further regulate genes associated with
stemness and differentiation.

4. Wnt/p-Catenin Pathway Interaction:

« Hypoxia has been shown to enhance the activity of the Wnt/B-catenin
pathway, a critical regulator of stem cell fate.

5. NRF2 Activation:

« The transcription factor NRF2, encoded by the NFE2L2 gene, is a crucial
master regulator for maintaining cellular redox homeostasis in response to
oxidative stress, which is often a result of excess O,

« Under normal conditions, NRF2 is bound by two molecules of KEAP1, an
adapter protein for E3 ubiquitin ligases, resulting in consistent degradation
by the 26S proteasome.
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« Under oxidative stress conditions, ROS or electrophiles interact with or
modify KEAPT, resulting in conformational changes in the KEAP1 protein
that disrupt the NRF2-KEAP1 complex. Free NRF2 translocates to the
nucleus, initiating the binding of the NRF2—sMAF complex to antioxidant
response elements (AREs), resulting in the transactivation of target genes.

« NRF2 activation triggers the expression of hundreds of genes involved in
various cellular processes, including antioxidant and xenobiotic responses,
cell proliferation and survival, and metabolism, among others.

HIF-1 and NRF2 share a complex network of interactions both positively and
negatively influencing the other’s expression and activity depending on the cellular
context. Both are integral for stem cell function and survival.

Implications for Optimizing Stem Cell Culture

Leveraging hypoxia in stem cell culture requires careful control of oxygen levels
and an understanding of its effects on cell behavior. Here are some strategies and
considerations for optimizing culture conditions:

1. Oxygen Tension Control:

«  Specialized hypoxia chambers or incubators can maintain oxygen levels
between 1-5%, mimicking physiological hypoxia.

Embrient’s Modular Incubator Chamber is
ideal for low or custom oxygen cell culture. It
is simple-to-use and easy to clean, while its

sealed environment minimizes consumption
of expensive gas mixes..

« Real-time oxygen monitoring ensures consistency and reproducibility.
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2. Supplementation with Hypoxia-Mimetic Agents::

+  Compounds like cobalt chloride (CoCl,) or dimethyloxalylglycine (DMOG)
can stabilize HIF-o, simulating hypoxic effects without altering atmospheric
oxygen levels.

3. Lineage-Specific Applications:

« Hypoxia can be tailored to promote specific differentiation pathways for
targeted therapeutic applications. Examples are in the illustration below:

Mesenchymal stem cells (MSCs) cultured
under hypoxia show enhanced chondrogenic
differentiation, making it a promising strategy
for cartilage repair and regeneration. Hypoxia
upregulates SOX9, a key transcription factor
in chondrogenesis, and promotes the

. deposition of extracellular matrix components
like collagen type Il.

Hypoxic culture conditions maintain \
the quiescence and self-renewal of
hematopoietic stem cells (HSCs),
critical for bone marrow transplants
and hematological therapies.
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Hypoxia can regulate the balance Adipogenic/ \/‘/ " Hypoxic conditions favor the
between adipogenic and Osteogenic [' ‘ \I Cardiomyocyte differentiation of stem cells into
osteogenic differentiation of Bal 9 \ | - Differentiation cardiomyocytes, a critical application
MSCs. While low oxygen levels alafey Embryonic / for cardiac tissue engineering and the
inhibit adipogenesis, they \_Stem Cell/\/ treatment of myocardial infarction.
enhance osteogenic ‘ /)\-._——/ & This is mediated through HIF-
differentiation by modulating / \\ dependent pathways that enhance the
pathways like BMP and RUNX2. // Neurogenic \ expression of cardiac-specific markers
P Differentiation E such as NKX2.5 and troponin T.
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Neural stem cells (NSCs) benefit from
hypoxia by exhibiting increased proliferation
and differentiation into neurons and glial
cells. Hypoxia-induced factors, including
vascular endothelial growth factor (VEGF),
play a role in enhancing neurogenesis.
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Challenges and Future Directions

Despite its benefits, hypoxia-enabled culture presents challenges, including the
risk of variability in oxygen delivery and the need for standardization across labs.
Future research should focus on:

Developing more robust hypoxia-mimetic systems, capable of large-scale
cultures.

Investigating the interplay between hypoxia and other niche factors, such as
extracellular matrix and mechanical cues.

Exploring long-term effects of hypoxia on genomic stability and therapeutic
potential.

Overcoming the common practice of culturing cells at normoxic conditions.

Conclusion

Hypoxia plays a fundamental role in optimizing stem cell culture by mimicking the
natural microenvironment, activating critical molecular pathways, and directing cell
fate decisions. By refining our understanding and control of hypoxic conditions,
researchers can improve the efficiency and reliability of stem cell-based therapies,
paving the way for advances in regenerative medicine and beyond.
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