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HIF Pathway Mutations found in Tibetan Highlander Populations leads to Increased
Cancer Risk: REVIEW

By: Cassidy Coghlan
Abstract:

In the Tibetan population, Non-Small Cell Lung Cancer (NSCLC) was reported to be the
sixth deadliest cancer (X. Wang et al., 2020). Mutations in the EGLN1 gene are present in 80%
of people in Tibetan highlander populations. The EGLN1 mutations D4E and C127S are known
to confer a 2x increased risk for developing lung cancer in this population. The PDHZ2 enzyme,
coded for by the EGLN1 gene is a crucial part of hypoxia sensing in the
Hypoxia-Inducible-Factor pathway (HIF). Under normal conditions, the HIF pathway is among
the primary pathways responsible for homeostatic processes such as increasing vascularization
and proliferation of red blood cells (Graham & McCracken, 2019; Lukashev & Sitkovsky, 2008;
Marxsen et al., 2004; Masoud & Li, 2015; van Vliet et al., 2021). Under hypoxic conditions,
hydroxylase activity of PHDZ2 is suppressed, resulting in accumulation of HIF1a proteins that
activate downstream target genes, inducing physiological changes especially in red blood cell
production and increased vascularization. The result of these mutations in hypoxia is decreased
degradation of the HIF 1a subunits (Andersen et al., 2011; Delamare et al., 2023; Lanikova et al.,
2017a; Lorenzo et al., 2014). This acts to enhance oxygen delivery under hypoxic conditions. It
is hypothesized that under normoxic conditions, PDH2"'T induces HIF1 protein accumulation
that promotes angiogenesis which may contribute to cancer growth and persistence. In terms of
a NSCLC therapy, this Tibetan population expressing PDH2"YT would respond most preferably
to HIF1a targeted therapy, as hypoxia in tumors leads to resistance to most other cancer
therapies like radiotherapy and chemotherapy. The anti-VEGF monoclonal antibody
bevacizumab (Avastin), has been expanded to the treatment of NSCLC. | will look at current and
upcoming therapies to identify if the EGLN1 mutation associated with lung cancer can be
treated with current technology and if the mutations would confer positive or negative response.

Backqground Info on the HIF Pathway:

The Hypoxia inducible factors (HIF) are crucial transcription factors that regulate oxygen
homeostasis. These transcription factors are composed of an alpha and beta subunit. The alpha
subunit is hypoxia-induced whereas the beta subunit is always on. Hypoxia is a condition in
which there is a lack of oxygen entering the body, often present at high altitudes. The alpha
subunit has three different isoforms, HIF-1a, HIF-2a and HIF-3a . The HIF-1a subunit is
constantly expressed, whereas the HIF-2a and HIF-3a isoforms have tissue-specific differential
expression (Keith et al. 2012, Carroll et al. 2006). When oxygen is present under normal
conditions, the enzyme protein PHD, encoded by the gene EGLN1, catalyzes the process of
hydroxylating HIF-1a triggering degradation of the HIFa subunit via the Von Hippel-Lindau (VHL)
protein-ubiquitin-proteasome pathway. VHL serves as a ubiquitin ligase and attaches the
ubiquitin to HIF proteins marking them for degradation. The ubiquitin-proteasome pathway then
will recognize and break down proteins that have been marked for degradation by ubiquitin.
(Andersen et al., 2011; Delamare et al., 2023; Lanikova et al., 2017; Lorenzo et al., 2014).
Under hypoxia conditions, when little to no oxygen is present, the hydroxylation function of PHD
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is repressed resulting in a build up and overexpression of HIF-1a (Figure 1). This response is
beneficial because HIF-1a can then go on to trigger multiple downstream genes for transcription
that involve oxygen homeostasis and metabolism It also allows for more HIF-2a (EPAS proteins)
to be constantly produced, increasing the overall levels (and enabling more of these
homeostatic processes to occur such as VEGF production, vascularization and erythropoiesis).
HIF-2a is a subunit of HIF which controls genes in cell division, red blood cell production,
vascularization and regulates the hormone erythropoietin. Accumulation of HIF-2a promotes the
formation of new blood vessels and stimulates production of red blood cells. This promotes
processes like angiogenesis (production of new blood vessels) and erythropoiesis (production of
red blood cells) (Andersen et al., 2011; Carroll & Ashcroft, 2006; Jokilehto & Jaakkola, 2010;
Onnis et al., 2009; Semenza, 2010).

Certain mutations allow for increased HIF degradation under hypoxic conditions. This increased
degradation of the HIF pathway allows for more normal conditions for the Tibetan Highlanders
who experience hypoxic conditions on a daily basis. The PDH2 D4E and C127S mutations
(PDH2MUT) are gain of function missense mutations. Under normal conditions, HIF 1a builds up
and starts to degrade slower with less oxygen available to bind to PHD2. This mutation allows
for more degradation in these low-oxygen areas, creating more normoxia-like conditions and
similar rates of degradation that would be found at lower altitudes (Figure 2). (Bigham & Lee,
2014; Lanikova et al., 2017a; Lorenzo et al., 2014; Tashi et al., 2019; Yi et al., 2010a)
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Figure 1: Schematic of HIFa pathways.
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When oxygen is present under normoxic conditions, the enzyme protein PHD, encoded
by the gene EGLN1, catalyzes the process of hydroxylating HIFa and thus triggering
degradation of the HIFa subunit via the VHL protein-ubiquitin-proteasome pathway. Under
hypoxic conditions, when little to no oxygen is present, the hydroxylation function of PHD is
repressed resulting in a build up and overexpression of HIFa.
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Figure 2: High Altitude vs. Sea Level Hypoxia response

High altitude populations live at a constant state of hypoxia, meaning they will have a
much higher level of gene transcription regularly, activating many of the downstream pathways
like angiogenesis, VEGF production, and Erythropoiesis. The mutation present in High Altitude
Tibetan Populations has the ability to increase degradation to limit these effects and confer more

sea-level normal conditions.

Natural Selection of HIF-1a mutation in Tibetan-Highlander Populations:

Due to the extreme conditions of their surroundings, many Tibetan populations are forced
to live at unnaturally high altitudes. Many residents of this Tibetan Plateau live at elevations
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exceeding 4000 meters, with oxygen concentrations about 40% lower than at sea level (Yi et al.,
2010b). This constant pressure on their body has caused them to develop certain adaptations
through natural selection over time in order to cope with the strains of high altitude. When
lowlanders (people normally residing at sea level or near sea level altitudes) go up in altitude,
their hemoglobin will increase along with their blood viscosity.(Amanat et al., 2020; Pérez-Gracia
et al., 2010; Zhang et al., 2019) For people who have to constantly live at these altitudes, the
effects are not sustainable for long term health and wellness and can lead to detrimental effects
like Chronic Mountain Sickness (CMS) and certain cardiovascular complications. Some
populations that live at high altitude elsewhere in the world, such as Andean and Ethiopian
populations, have developed adaptations that allow increased levels of hemoglobin blood
concentration, but the Tibetans are different. Tibetan highlanders show restrained average
concentration of hemoglobin increase in comparison to Andean and Ethiopian populations due
to their large plasma volume. Having a large plasma volume allows Tibetans to have higher than
normal hemoglobin in total, but at a comparatively normal blood hemoglobin concentration. In
addition to high plasma volume, (Beall, 2006; Lanikova et al., 2017b; Lorenzo et al., 2014;
Pérez-Gracia et al., 2010; Simonson et al., 2010; Yi et al., 2010a).Tibetan populations also have
another specific adaptation in their HIF pathway allowing for higher than normal degradation of
HIF. Higher HIF degradation allows the body to regulate processes like angiogenesis and
erythropoietin production by conferring more normal conditions with less access to oxygen.

Mutation background:

EGLNT1 is the gene encoding the enzymatic protein HIF prolyl 4-hydroxylase 2 (PHD2).
EGLNT1 is known as a hotspot gene meaning it is key in forming a central regulatory network
between a series of upstream activators and downstream effector genes and is therefore more
likely to be selected upon when high selective pressure is available. (EGLN1 Gene: MedlinePlus
Genetics, n.d.; Tashi et al., 2019). Under normal conditions PHD is the protein that performs
oxygen dependent hydroxylase functions to HIF1a proteins which triggers their degradation via
additional enzymatic complexes. In Hypoxia the activity of this protein is repressed due to the
lack of oxygen, allowing for an accumulation of HIF proteins which can go on to activate
hundreds of downstream target genes, therefore inducing different physiological changes
especially in red blood cell (RBC) production and increased vascularization.(Delamare et al.,
2023; Tang et al., 2022) These mutations allow for increased degradation of HIF during hypoxia
(Marxsen et al., 2004).This response provides protection against polyglycemia, preventing
excess production of RBCs by mediating the upstream response and allowing less activation of
downstream target genes (Graham & McCracken, 2019; van Vliet et al., 2021).

How the HIF pathway impacts Cancer Risk

Recent data suggests HIF overexpression may correlate with a more aggressive tumor
profile. As initial tumors form and expand, parts of them become hypoxic which in turn induces
angiogenesis, engaging the HIF pathway that is associated with promoting aggressiveness and
radiation resistance (Ali et al., 2023; Araghi et al., 2023a; Onnis et al., 2009). HIF1a also
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primarily regulates the transcriptional activation of Vascular Endothelial Growth Factor (VEGF)
response to hypoxia. VEGF is a signal protein produced by cells that stimulates the formation of
new blood vessels. VEGF is one of the downstream target genes that is activated by HIF1q,
especially when there is an accumulation due to overexpression in hypoxic conditions.
(Lukashev & Sitkovsky, 2008; Ramakrishnan et al., 2014). This buildup and overexpression of
HIF1a during hypoxia, such as when tumors become hypoxic, induces higher than normal
expression of VEGF leading to more blood vessels being formed for that tumor, allowing it to
continue to expand. Because of this relationship between HIF1a and VEGF, both of these
pathways and signals have been targets of cancer therapies in recent years.(Masoud & Li,
2015). (Figure 3)
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Figure 3: VEGF drives Vasculature in Hypoxic Tumor regions

As initial tumors form and expand, parts of them become hypoxic as they grow away from
the initial source of blood. This in turn induces angiogenesis, engaging the HIF pathway and
increasing VEGF transcription and expression as a result. VEGF induces more blood vessel
growth towards the tumor, increasing its growth and aggressiveness.

How the Mutations affect Cancer Risk: (NSCLC)

While the mutations that have been selected for in the Tibetan-highlander populations are
beneficial to the high altitude adaptation, they have also been found to confer a two times
increased risk of lung cancer in these populations (Lanikova et al., 2017a).Much of the reason
behind this increased risk is unknown, although it is known that the mutation somehow alters the
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protein PHDZ2 in the HIF pathway, altering the hydroxylase reaction that allows HIF to be broken
down. When there is not enough oxygen to be used in this reaction, the PHDZ2 protein slows and
less HIF protein is degraded. PDH2"T enhance the protein enzyme catalyst abilities, allowing
the protein PHDZ2 to increase the rate of reaction and bind more O, in a shorter amount of time
than normal; the protein is therefore more efficient at hydroxylating HIFa subunits at lower
oxygen than non-mutated EGLN1. (Andersen et al., 2011; Jokilehto & Jaakkola, 2010; Jun et al.,
2017; Nisar et al., 2023; Price et al., 2019). This makes sense, for the results of this mutation
have been observed to allow for increased degradation, which would result from increased rate
of oxygen binding when a smaller amount of oxygen is available. PDH2MYTconfers higher rates
of HIFa degradation with decreased inhibition of the hypoxia response element activity
compared to PDH2"T. PDH2V'T alters oxygen binding and perhaps also HIF-2a substrate
binding. It is unclear whether this mutation is loss of function or gain of function as research
points to evidence for both cases. (Delamare et al., 2023; Tang et al., 2022; Yang et al., 2016).

Which Available Cancer Therapies would be best suited to treat mutation specific NSCLC cases

2
Type Name Target Function Status
Monoclonal Bevacizumab | VEGF Inhibits FDA approved
Antibodies (Avastasin) Angiogenesis | for treatment of

NSCLC

Chemotherapeu | Topotecan Topoisomerase | Topotecan is a | Still in trials for
tic I strong inhibitor | NSCLC (3)

of HIF-1a and
HIF-2a
subunits in
hypoxic
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a cells,
leading to
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VEGF
expression
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angiogenic
activity.
Topotecan is
also an FDA
approved
chemotherape
utic agent
used as a
second line
therapy for
patients with
small cell lung
cancer. It also
has
demonstrated
positive
results with
NSCLC.
(Puppo et al.,
2008)

Small Molecule

Inhibition

Trials using 2
independent
shRNA
sequences

PHD2

Knocks down
PHD2 function
reliant on
HIF1q,
successfully
dramatically
slows tumor
growth and
progression
(Kondo et al.,
2002)

Has only been
tested on
immunocompete
nt mice; not an
actual drug yet
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Small Molecule | Aminoflavone | HIF-1a mRNA | Amino Currently only in
Inhibition expression flavone is a phase | clinical
ligand of the trials in patients
aryl-hydrocarb | with metastatic
on receptor cancer; not
inhibits HIF-1a | tested
accumulation, | specifically with
inan NSCLC
aryl-hydrocarb
on-independe
nt fashion
(Klotzsche-Vo
n Ameln et al.,
2011)
Small Molecule | PX-478 HIF-1 inhibitor | Inhibition at Currently still in
Inhibition multiple levels | clinical trials
demonstrating
anti-tumor
activity with
reduced levels
of HIF-1 (Luo
et al., 2022)

In order for a cancer to grow, it needs to be able to continue to provide itself with oxygen
and blood, and activated VEGF stimulates the process of growing and providing blood through
new blood vessels, often directly to the cancer. Because of this direct relationship between
VEGF expression and cancer growth, VEGF has been a main target for cancer therapies in
recent years (Meadows & Hurwitz, 2012). There are a few anti-VEGF drugs that currently exist
for use and there are also more that are currently being investigated or are in trials. Because the
HIF pathway plays a direct role in the activation of VEGF, HIF inhibition drugs would be able to
block VEGF expression from a more upstream standpoint. Current anti-VEGF pathway inhibition
drugs use small-molecule inhibitors to inhibit specific parts of the VEGF pathway.(Araghi et al.,
2023a, 2023b; Klotzsche-Von Ameln et al., 2011; Onnis et al., 2009; L. M. Wang et al., 2019) .
Bevacizumab was the first VEGF inhibitor approved for the treatment of cancer and is approved
for the treatment of colorectal, non-small-cell lung, breast, and renal cell cancers, and
glioblastoma. Bevaciumab is a immunotherapy that needs to be used in conjunction with various
methods of chemotherapy (Bevacizumab - NCI, n.d.).Numerous other drugs are currently being
studied in clinical trials.
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Discussion:

Identifying and understanding the risks and causes of cancer is an important first step in
helping the most people in the world. This specific mutation in the Tibetan Highlander
Populations helps us understand how the HIF pathway plays into cancer risk and cancer growth.
Understanding how this specific mutation works and affects cancer in this population and
especially with NSCLC we can expand the field of knowledge that will help not only the people
currently affected by the mutation but also further the understanding of cancerous mutations in
general to help more cases and recognize more cancerous risks as they arise. Similar mutations
in the HIF pathway will have a baseline of knowledge and research to go off of to more
effectively help patients. There are a few drugs currently available to treat this specific mutation
in cancerous bodies, but HIF-1a inhibition is on the rise in drug development. In future years
there will be many more drugs coming into and out of clinical trials. In either case, a few studies
have been published as to the reasoning behind the increased cancer risk for tibetan patients
with either gain of function or loss of function mutations. One further speculation is that because
this protein already has a more normal adaptation to hypoxia, when patients with this mutation
develop cancer, and the cancer develops hypoxic regions these cells already have the
machinery to survive much more hypoxic conditions than the cells of lowlander populations.

References:

1. Ali, G., Poma, A. M., di Stefano, |., Zirafa, C. C., Lenzini, A., Martinelli, G., Romano, G.,
Chella, A., Baldini, E., Melfi, F., & Fontanini, G. (2023a). Different pathological response
and histological features following neoadjuvant chemotherapy or chemo-immunotherapy
in resected non-small cell lung cancer. Frontiers in Oncology.
https://doi.org/10.3389/fonc.2023.1115156

2. Ali, G., Poma, A. M., di Stefano, |., Zirafa, C. C., Lenzini, A., Martinelli, G., Romano, G.,
Chella, A., Baldini, E., Melfi, F., & Fontanini, G. (2023b). Different pathological response
and histological features following neoadjuvant chemotherapy or chemo-immunotherapy
in resected non-small cell lung cancer. Frontiers in Oncology.
https://doi.org/10.3389/fonc.2023.1115156

3. Amanat, S., Requena, T., & Lopez-Escamez, J. A. (2020). A systematic review of
extreme phenotype strategies to search for rare variants in genetic studies of complex
disorders. In Genes (Vol. 11, Issue 9). https://doi.org/10.3390/genes11090987

4. Andersen, S., Donnem, T., Stenvold, H., Al-Saad, S., Al-Shibli, K., Busund, L. T., &
Bremnes, R. M. (2011). Overexpression of the hif hydroxylases phd1, phd2, phd3 and fih
are individually and collectively unfavorable prognosticators for nsclc survival. PLoS
ONE. https://doi.org/10.1371/journal.pone.0023847

5. Araghi, M., Mannani, R., Heidarnejad maleki, A., Hamidi, A., Rostami, S., Safa, S. H.,
Faramarzi, F., Khorasani, S., Alimohammadi, M., Tahmasebi, S., & Akhavan-Sigari, R.
(2023a). Recent advances in non-small cell lung cancer targeted therapy; an update
review. In Cancer Cell International. https://doi.org/10.1186/s12935-023-02990-y

6. Araghi, M., Mannani, R., Heidarnejad maleki, A., Hamidi, A., Rostami, S., Safa, S. H.,
Faramarzi, F., Khorasani, S., Alimohammadi, M., Tahmasebi, S., & Akhavan-Sigari, R.



https://doi.org/10.3389/fonc.2023.1115156
https://doi.org/10.3389/fonc.2023.1115156
https://doi.org/10.3390/genes11090987
https://doi.org/10.1371/journal.pone.0023847
https://doi.org/10.1186/s12935-023-02990-y

Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

(2023b). Recent advances in non-small cell lung cancer targeted therapy; an update
review. In Cancer Cell International. https://doi.org/10.1186/s12935-023-02990-y

7. Beall, C. M. (2006). Andean, Tibetan, and Ethiopian patterns of adaptation to

high-altitude hypoxia. Integrative and Comparative Biology, 46(1), 18-24.

https://doi.org/10.1093/icb/icj004

Bevacizumab - NCI. (n.d.).

Bigham, A. W., & Lee, F. S. (2014). Human high-altitude adaptation: Forward genetics

meets the HIF pathway. Genes and Development.

https://doi.org/10.1101/gad.250167.114

10.Carroll, V. A., & Ashcroft, M. (2006a). Role of hypoxia-inducible factor (HIF)-1a versus
HIF-2a in the regulation of HIF target genes in response to hypoxia, insulin-like growth
factor-1, or loss of von Hippel-Lindau function: Implications for targeting the HIF pathway.
Cancer Research, 66(12), 6264-6270. https://doi.org/10.1158/0008-5472.CAN-05-2519

11. Carroll, V. A., & Ashcroft, M. (2006b). Role of hypoxia-inducible factor (HIF)-1a versus
HIF-2a in the regulation of HIF target genes in response to hypoxia, insulin-like growth
factor-1, or loss of von Hippel-Lindau function: Implications for targeting the HIF pathway.
Cancer Research. https://doi.org/10.1158/0008-5472.CAN-05-2519

12.Delamare, M., le Roy, A., Pacault, M., Schmitt, L., Garrec, C., Maaziz, N., Myllykoski, M.,
Rimbert, A., Karaghiannis, V., Aral, B., Catherwood, M., Airaud, F., Mansour-Hendili, L.,
Hoogewijs, D., Peroni, E., Idriss, S., Lesieur, V., Caillaud, A., Si-Tayeb, K., ... Gardie, B.
(2023). Characterization of genetic variants in the EGLN1/PHD2 gene identified in a
European collection of patients with erythrocytosis. Haematologica.
https://doi.org/10.3324/haematol.2023.282913

13. EGLNT1 gene: MedlinePlus Genetics. (n.d.). Retrieved November 16, 2024, from
https://medlineplus.gov/genetics/gene/egini/

14.Fu, R., Zhang, C., Song, M.-M., Gao, X., Xia, X.-F., Cai, M., Li, F., Wu, Y.-L., & Zhong,
W.-Z. (2023). EP08.01-02 Single-Cell RNA Sequencing Reveals Unique Immune
Landscape in Rare-Mutant Non-Small Cell Lung Cancer Undergoing
Chemo-Immunotherapy. Journal of Thoracic Oncology, 18(11).
https://doi.org/10.1016/}.jth0.2023.09.1063

15.Graham, A. M., & McCracken, K. G. (2019). Convergent evolution on the
hypoxia-inducible factor (HIF) pathway genes EGLN1 and EPAS1 in high-altitude ducks.
Heredity, 122(6). https://doi.org/10.1038/s41437-018-0173-z

16.Hu, H., Petousi, N., Glusman, G., Yu, Y., Bohlender, R., Tashi, T., Downie, J. M., Roach,
J. C., Cole, A. M., Lorenzo, F. R., Rogers, A. R., Brunkow, M. E., Cavalleri, G., Hood, L.,
Alpatty, S. M., Prchal, J. T., Jorde, L. B., Robbins, P. A., Simonson, T. S., & Huff, C. D.
(2017). Evolutionary history of Tibetans inferred from whole-genome sequencing. PLoS
Genetics. https://doi.org/10.1371/journal.pgen.1006675

17.Jokilehto, T., & Jaakkola, P. M. (2010). The role of HIF prolyl hydroxylases in tumour
growth. Journal of Cellular and Molecular Medicine.
https://doi.org/10.1111/j.1582-4934.2010.01030.x

18.Jun, J. C., Rathore, A., Younas, H., Gilkes, D., & Polotsky, V. Y. (2017). Hypoxia-Inducible
Factors and Cancer. In Current Sleep Medicine Reports.
https://doi.org/10.1007/s40675-017-0062-7

©

10


https://doi.org/10.1186/s12935-023-02990-y
https://doi.org/10.1093/icb/icj004
https://doi.org/10.1101/gad.250167.114
https://doi.org/10.1158/0008-5472.CAN-05-2519
https://doi.org/10.1158/0008-5472.CAN-05-2519
https://doi.org/10.3324/haematol.2023.282913
https://medlineplus.gov/genetics/gene/egln1/
https://doi.org/10.1016/j.jtho.2023.09.1063
https://doi.org/10.1038/s41437-018-0173-z
https://doi.org/10.1371/journal.pgen.1006675
https://doi.org/10.1111/j.1582-4934.2010.01030.x
https://doi.org/10.1007/s40675-017-0062-7

Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

19.Keith, B., Johnson, R. S., & Simon, M. C. (2012). HIF1 a and HIF2 a: sibling rivalry in
hypoxic tumour growth and progression. In Nature Reviews Cancer.
https://doi.org/10.1038/nrc3183

20.Klotzsche-Von Ameln, A., Muschter, A., Mamlouk, S., Kalucka, J., Prade, |., Franke, K.,
Rezaei, M., Poitz, D. M., Breier, G., & Wielockx, B. (2011). Inhibition of HIF prolyl
hydroxylase-2 blocks tumor growth in mice through the antiproliferative activity of TGF[3.
Cancer Research. https://doi.org/10.1158/0008-5472.CAN-10-3838

21.Kondo, K., Kico, J., Nakamura, E., Lechpammer, M., & Kaelin, W. G. (2002). Inhibition of
HIF is necessary for tumor suppression by the von Hippel-Lindau protein. Cancer Cell.
https://doi.org/10.1016/S1535-6108(02)00043-0

22.Lanikova, L., Scott Reading, N., Hu, H., Tashi, T., Burjanivova, T., Shestakova, A.,
Siwakoti, B., Thakur, B. K., Pun, C. B., Sapkota, A., Abdelaziz, S., Feng, B. J., Huff, C.
D., Hashibe, M., & Prchal, J. T. (2017a). Evolutionary selected Tibetan variants of HIF
pathway and risk of lung cancer. Oncotarget. https://doi.org/10.18632/oncotarget. 14340

23.Lanikova, L., Scott Reading, N., Hu, H., Tashi, T., Burjanivova, T., Shestakova, A.,
Siwakoti, B., Thakur, B. K., Pun, C. B., Sapkota, A., Abdelaziz, S., Feng, B. J., Huff, C.
D., Hashibe, M., & Prchal, J. T. (2017b). Evolutionary selected Tibetan variants of HIF
pathway and risk of lung cancer. Oncotarget, 8(7).
https://doi.org/10.18632/oncotarget.14340

24 Lorenzo, F. R., Huff, C., Myllymaki, M., Olenchock, B., Swierczek, S., Tashi, T., Gordeuk,
V., Wuren, T., Ge, R. L., McClain, D. A., Khan, T. M., Koul, P. A., Guchhait, P., Salama, M.
E., Xing, J., Semenza, G. L., Liberzon, E., Wilson, A., Simonson, T. S, ... Prchal, J. T.
(2014). A genetic mechanism for Tibetan high-altitude adaptation. Nature Genetics.
https://doi.org/10.1038/ng.3067

25.Lukashey, D., & Sitkovsky, M. (2008). Preferential expression of the novel alternative
isoform 1.3 of hypoxia-inducible factor 1a in activated human T lymphocytes. Human
Immunology. hittps://doi.org/10.1016/j.humimm.2008.05.004

26.Luo, F,, Lu, F. T., Cao, J. X., Ma, W. J., Xia, Z. F., Zhan, J. H., Zeng, K. M., Huang, Y.,
Zhao, H. Y., & Zhang, L. (2022). HIF-1a inhibition promotes the efficacy of immune
checkpoint blockade in the treatment of non-small cell lung cancer. Cancer Letters.
https://doi.org/10.1016/j.canlet.2022.01.027

27.Marxsen, J. H., Stengel, P., Doege, K., Heikkinen, P., Jokilehto, T., Wagner, T., Jelkmann,
W., Jaakkola, P., & Metzen, E. (2004). Hypoxia-inducible factor-1 (HIF-1) promotes its
degradation by induction of HIF-a-prolyl-4-hydroxylases. Biochemical Journal, 381(3).
https://doi.org/10.1042/BJ20040620

28.Masoud, G. N., & Li, W. (2015). HIF-1a pathway: Role, regulation and intervention for
cancer therapy. In Acta Pharmaceutica Sinica B (Vol. 5, Issue 5).
https://doi.org/10.1016/j.apsb.2015.05.007

29.Meadows, K. L., & Hurwitz, H. I. (2012). Anti-VEGF therapies in the clinic. Cold Spring
Harbor Perspectives in Medicine. https://doi.org/10.1101/cshperspect.a006577

30. More About Ramucirumab. (n.d.).

31.Nisar, H., Sanchidrian Gonzalez, P. M., Brauny, M., Labonté, F. M., Schmitz, C., Roggan,
M. D., Konda, B., & Hellweg, C. E. (2023). Hypoxia Changes Energy Metabolism and
Growth Rate in Non-Small Cell Lung Cancer Cells. Cancers.
https://doi.org/10.3390/cancers15092472

11


https://doi.org/10.1038/nrc3183
https://doi.org/10.1158/0008-5472.CAN-10-3838
https://doi.org/10.1016/S1535-6108(02)00043-0
https://doi.org/10.18632/oncotarget.14340
https://doi.org/10.18632/oncotarget.14340
https://doi.org/10.1038/ng.3067
https://doi.org/10.1016/j.humimm.2008.05.004
https://doi.org/10.1016/j.canlet.2022.01.027
https://doi.org/10.1042/BJ20040620
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1101/cshperspect.a006577
https://doi.org/10.3390/cancers15092472

Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

32.0nnis, B., Rapisarda, A., & Melillo, G. (2009). Development of HIF-1 inhibitors for cancer
therapy. In Journal of Cellular and Molecular Medicine.
https://doi.org/10.1111/j.1582-4934.2009.00876.x

33.Peloso, G. M., Rader, D. J., Gabriel, S., Kathiresan, S., Daly, M. J., & Neale, B. M.
(2016). Phenotypic extremes in rare variant study designs. European Journal of Human
Genetics, 24(6). https://doi.org/10.1038/ejhqg.2015.197

34.Pérez-Gracia, J. L., Gurpide, A., Ruiz-llundain, M. G., Alegria, C. A., Colomer, R.,
Garcia-Foncillas, J., & Melero Bermejo, |. (2010). Selection of extreme phenotypes: The
role of clinical observation in translational research. In Clinical and Translational
Oncology (Vol. 12, Issue 3). https://doi.org/10.1007/s12094-010-0487-7

35.Price, C., Gill, S., Ho, Z. v., Davidson, S. M., Merkel, E., McFarland, J. M., Leung, L.,
Tang, A., Kost-Alimova, M., Tsherniak, A., Jonas, O., Vazquez, F., & Hahn, W. C. (2019).
Genome-wide interrogation of human cancers identifies EGLN1 dependency in clear cell
ovarian cancers. Cancer Research. https://doi.org/10.1158/0008-5472.CAN-18-2674

36.Puppo, M., Battaglia, F., Ottaviano, C., Delfino, S., Ribatti, D., Varesio, L., & Bosco, M. C.
(2008a). Topotecan inhibits vascular endothelial growth factor production and angiogenic
activity induced by hypoxia in human neuroblastoma by targeting hypoxia-inducible
factor-1a and -2a. Molecular Cancer Therapeutics, 7(7).
https://doi.org/10.1158/1535-7163.MCT-07-2059

37.Puppo, M., Battaglia, F., Ottaviano, C., Delfino, S., Ribatti, D., Varesio, L., & Bosco, M. C.
(2008b). Topotecan inhibits vascular endothelial growth factor production and angiogenic
activity induced by hypoxia in human neuroblastoma by targeting hypoxia-inducible
factor-1a and -2a. Molecular Cancer Therapeutics, 7(7).
https://doi.org/10.1158/1535-7163.MCT-07-2059

38.Ramakrishnan, S., Anand, V., & Roy, S. (2014). Vascular endothelial growth factor
signaling in hypoxia and inflammation. In Journal of Neuroimmune Pharmacology.
https://doi.org/10.1007/s11481-014-9531-7

39.Semenza, G. L. (2010). Defining the role of hypoxia-inducible factor 1 in cancer biology
and therapeutics. In Oncogene. https://doi.org/10.1038/onc.2009.441

40.Simonson, T. S., Yang, Y., Huff, C. D., Yun, H., Qin, G., Witherspoon, D. J., Bai, Z.,
Lorenzo, F. R., Xing, J., Jorde, L. B., Prchal, J. T, & Ge, R. L. (2010). Genetic evidence
for high-altitude adaptation in Tibet. Science. https://doi.org/10.1126/science.1189406

41.Song, X., Liu, X., Chi, W., Liu, Y., Wei, L., Wang, X., & Yu, J. (2006). Hypoxia-induced
resistance to cisplatin and doxorubicin in non-small cell lung cancer is inhibited by
silencing of HIF-1a gene. Cancer Chemotherapy and Pharmacology.
https://doi.org/10.1007/s00280-006-0224-7

42.Tang, J., Deng, H., Wang, Z., Zha, H., Liao, Q., Zhu, C., Chen, X., Sun, X, Jia, S.,
Ouyang, G., Liu, X., & Xiao, W. (2022). EGLN1 prolyl hydroxylation of hypoxia-induced
transcription factor HIF1a is repressed by SET7-catalyzed lysine methylation. Journal of
Biological Chemistry. https://doi.org/10.1016/j.jbc.2022.101961

43.Tashi, T., Song, J., & Prchal, J. T. (2019). Congenital and evolutionary modulations of
hypoxia sensing and their erythroid phenotype. Current Opinion in Physiology, 7, 27-32.
https://doi.org/10.1016/j.cophys.2018.12.001

44 .van Vliet, T., Casciaro, F., & Demaria, M. (2021). To breathe or not to breathe:
Understanding how oxygen sensing contributes to age-related phenotypes. Ageing
Research Reviews, 67, 101267. https://doi.org/10.1016/J.ARR.2021.101267

12


https://doi.org/10.1111/j.1582-4934.2009.00876.x
https://doi.org/10.1038/ejhg.2015.197
https://doi.org/10.1007/s12094-010-0487-7
https://doi.org/10.1158/0008-5472.CAN-18-2674
https://doi.org/10.1158/1535-7163.MCT-07-2059
https://doi.org/10.1158/1535-7163.MCT-07-2059
https://doi.org/10.1007/s11481-014-9531-7
https://doi.org/10.1038/onc.2009.441
https://doi.org/10.1126/science.1189406
https://doi.org/10.1007/s00280-006-0224-7
https://doi.org/10.1016/j.jbc.2022.101961
https://doi.org/10.1016/j.cophys.2018.12.001
https://doi.org/10.1016/J.ARR.2021.101267

P .
2N szs‘eqrch Archive of . Where bright minds share their learnings
Rising Scholars (preprint)

45.Wang, L. M., Zgang, L. L., Wang, L. W., Zhu, L., & Ma, X. X. (2019). Influence of
miR-199a on rats with non-small cell lung cancer via regulating the HIF-1a/VEGF
signaling pathway. European Review for Medical and Pharmacological Sciences.
https://doi.org/10.26355/eurrev_201912_19675

46.Wang, X, Lai, Y., Dai, W., He, J., & Che, G. (2020). Mutation Profile of Tibetan Lung
Cancer Revealed by Whole Exome Sequencing. In Journal of Thoracic Oncology (Vol.
15, Issue 1). https://doi.org/10.1016/j.jtho.2019.08.006

47.Yang, S. li, Ren, Q. guang, Wen, L., & Hu, J. li. (2016). Clinicopathological and prognostic
significance of hypoxia-inducible factor-1 alpha in lung cancer: a systematic review with
meta-analysis. In Journal of Huazhong University of Science and Technology - Medical
Science. https://doi.org/10.1007/s11596-016-1586-7

48.Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X., Cuo, Z. X. P., Pool, J. E., Xu, N., Jiang, H.,
Vinckenbosch, N., Korneliussen, T. S., Zheng, H., Liu, T., He, W, Li, K., Luo, R., Nie, X,
Wu, H., Zhao, M., Cao, H., ... Wang, J. (2010a). Sequencing of 50 human exomes
reveals adaptation to high altitude. Science. https://doi.org/10.1126/science.1190371

49.Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X., Xi Ping Cuo, Z., Pool, J. E., Xu, X., Jiang,
H., Vinckenbosch, N., Korneliussen, T. S., Zheng, H., Liu, T., He, W, Li, K., Luo, R., Nie,
X., Wu, H., Zhao, M., Cao, H., ... Wang, J. (2010b). Sequencing of Fifty Human Exomes
Reveals Adaptations to High Altitude. Science, 329(5987).
https://doi.org/10.1126/science.1190371

50.Zhang, X. C., Wang, J., Shao, G. G., Wang, Q., Qu, X., Wang, B., Moy, C., Fan, Y.,
Albertyn, Z., Huang, X., Zhang, J., Qiu, Y., Platero, S., Lorenzi, M. v., Zudaire, E., Yang,
J., Cheng, Y., Xu, L., & Wu, Y. L. (2019). Comprehensive genomic and immunological
characterization of Chinese non-small cell lung cancer patients. Nature Communications,
10(1). https://doi.org/10.1038/s41467-019-09762-1

13


https://doi.org/10.26355/eurrev_201912_19675
https://doi.org/10.1016/j.jtho.2019.08.006
https://doi.org/10.1007/s11596-016-1586-7
https://doi.org/10.1126/science.1190371
https://doi.org/10.1126/science.1190371
https://doi.org/10.1038/s41467-019-09762-1

