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The role of hypoxia-inducible factor (HIF)-1a in the control of proliferation under non-hypoxic conditions has
been investigated in numerous studies, but does not yield a coherent picture. Therefore, we conducted this meta-
analysis of existing literature to systematically evaluate the role of HIF-1a, based on a number of inclusion and
exclusion criteria. Studies analyzing non-transformed, primary cells showed a largely heterogeneous distribution
of pro-proliferative, anti-proliferative or absent functions for HIF-1a, which are co-determined by several pa-

rameters, including the type and age of the cell and its localization in tissues and organs. In contrast, the analyses
of tumor cells showed a predominantly pro-proliferative role of HIF-1a by cell-intrinsic and cell-extrinsic mo-
lecular mechanism not yet understood.

1. Introduction

Conditions of low oxygen availability (hypoxia) lead to the stabili-
zation of the hypoxia inducible factor (HIF) family of transcription
factors. HIF-1 and HIF-2 are heterodimers composed of an oxygen-
regulated HIF-a subunits (HIF-la and HIF-2a) and a constitutively
expressed and stable HIF-1p (ARNT) subunit [1]. The molecular mech-
anisms leading to oxygen-dependent stabilization of HIFa subunits
depend on regulated hydroxylation and ubiquitination, as summarized
in a number of excellent reviews [2,3]. HIF stabilization can also occur
by oxygen-independent mechanisms under physiological conditions [4]
or in diseases such as cancer [5,6].

Oxygen-independent HIF stabilization employs a number of different
pathways, including de novo transcription and translation [7,8] and
regulation of protein stability by posttranslational modifications such as
phosphorylation and non-degradative ubiquitination [9,10]. In addi-
tion, the association with further proteins can either antagonize HIF
function as exemplified by COMMDI1-mediated disruption of HIF-1o/p
dimerization [11] or promote HIF function, e.g. through PIN1 mediated
stabilization [12]. The activated HIF dimer associates with its cognate
genomic binding sites to regulate expression of its numerous target
genes with important roles in metabolic adaptation, energy homeostasis,
angiogenesis and erythropoiesis and the control of cell survival and
proliferation [13]. However, HIF also has functions that do not depend
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on DNA-binding, as exemplified by its ability to limit DNA replication
under hypoxic conditions upon interaction with the MCM DNA helicase
complex and the helicase loading factor cell division cycle 6 (CDC6)
[14,15].

The relevance of HIF-la in the absence of pronounced oxygen
shortage was revealed through gene deletion in mice. Global knockout
of the HIF-1a encoding HIF1A gene is embryonically lethal at E11 and
leads to multiple defects in the development of the neural and cardio-
vascular systems [16]. Similarly, organ- or tissue-specific HIFIA dele-
tion results in multiple developmental defects [17-22]. While many of
these changes can be attributed to the well-established roles of HIF-1a in
angiogenesis and energy metabolism, a number of studies have also
observed alterations in cell proliferation. While hypoxia frequently re-
sults in a HIF-dependent decrease of cell proliferation [23], the function
of this transcription factor for the control of cell division under normoxic
conditions is far from clear. Thus, we re-examined the literature on the
role of the central and extensively studied HIF-1a subunit in the regu-
lation of proliferation under non-hypoxic conditions. These are repre-
sented by normoxia and physioxia, the latter referring to lower oxygen
concentrations that occur in organs and tissues under physiological
conditions [24]. Furthermore, the following criteria were defined to
minimize the contribution of HIF-1a-independent effects:
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Table 1
The proliferative role of HIF-1a in non-transformed, primary cells. GOF: gain-of-
function, LOF: loss-of-function, the arrows symbolize HIF-1a's functional role.

HIF-1a Organism  Effect Role in Ref.
ipulati . liferati
manipuiation Cell-intrinsic mechanism profiteration
LOF, collagen Mouse increased proliferation | [21]
2al-Cre of chondrocytes from
periphery of
cartilaginous growth
plate
p57%iP2 expression
LOF, Mouse increased proliferation 1 [50]

Pdgfra-CreER of fibroblasts after post-
ischemic activation
limitation of reactive

oxygen species (ROS)

GOF, Mouse decreased proliferation | [29]
HIF-1a of NIH3T3 fibroblasts
(stabilized) p27Kipl expression
LOF, Human loss of the | [51]
siRNA antiproliferative effect of
IFNa in umbilical vein
endothelial cells
unknown
GOF, Mouse O»-induced proliferation - [22]
keratin-14 decreased in lenses from
promoter- older animals (>8
HIF-1a months), but not in
(stabilized) younger animals
proposed: p27XiP!
expression
GOF, Mouse decreased proliferation -] [18]
HIF-1a of lung epithelial cells,
(stabilized) no effect in lung
mesenchymal cells
p21"V2f expression
LOF, Mouse increased proliferation -] [31]
knockout in embryoid bodies, no
effect in embryonic stem
cells
LOF, Mouse hypoplasia of fetal T [19]
Nkx2-5-Cre cardiomyocytes
p21Wal, p57XIP2 & Tob2
expression
LOF, Mouse decreased proliferation 1 [17]
Islet1-Cre of sympathetic neuronal
progenitors
unknown
LOF, Mouse decreased proliferation 1 [52]
Cre of embryonic fibroblasts
unknown
LOF, Mouse reduced LPS-induced 1 [53]

Sftpc-CreER proliferation of primary

alveolar type II cells

unknown
LOF, Mouse reduced proliferation of 1 [16]
knockout embryonic stem cells
expression of glycolytic
enzymes
LOF, Mouse reduced proliferation of T [54]
siRNA mesenchymal stem cell
unknown
LOF, Human decreased proliferation 1 [55]
siRNA in primary keratinocytes
unknown
LOF, Human decreased proliferation 1 [32]
siRNA in HaCaT keratinocytes
p21Waf expression
LOF, Human decreased FGF-2/PDGF- 1 [56]
shRNA induced proliferation in
primary pulmonary
artery smooth muscle
cells
proposed: cyclin A
expression
LOF, Mouse decreased proliferation 11— [20]
Nestin-Cre of midbrain-derived
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Table 1 (continued)

HIF-1a Organism  Effect Role in Ref.
ipulati liferati
manipuation Cell-intrinsic mechanism prottieration
neural precursor cells,
no effects in frontal
neural precursor cells
LOF, Mouse unknown No effect in —
nestin-CreER neural stem
cells
[57]
LOF, Mouse No effect in — [35]
Vav-Cre hematopoietic stem cells
LOF, Mouse No effect in NK cells — [58]
Ncrl-Cre
LOF, Human immortalized — [59]
siRNA endothelial cells (EA.
hy926 &HMEC1)
40—
1 non-transformed tumor cells
E cells —
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Fig. 1. Graphic summary of the role of HIF-1a in cell proliferation under non-
hypoxic conditions. The percentage of studies revealing different roles in the
regulation of proliferation and the model organisms from which these results
were derived are displayed. The numbers represent the absolute count of
publications.

1) Manipulation of HIF-1« levels using genetic tools only, as chemical
compounds frequently have off-target effects.

2) No indirect manipulation of HIF levels by targeting its regulators to
avoid indirect effects.

3) Analysis of HIF function in the absence of cellular stress or any type
of damage, as such events also influence cell proliferation.

2. HIF-la-dependent regulation of proliferation in healthy cells

As these criteria reduce complexity and allow direct conclusions
about the respective role of HIF-la, we analyzed publications that
examined the effects of genetic HIF-1a (de)activation in primary, non-
oncogenically transformed human and murine cells. This literature
analysis revealed a similar distribution of studies showing a stimulatory,
inhibitory or absent role of HIF-1a for proliferation under non-hypoxic
conditions (Table 1, Fig. 1). Interestingly, this analysis revealed
several parameters that influence HIF-la-dependent proliferation. For
instance, the overexpression of HIF-la in the lenses of older mice
resulted in reduced proliferation of lens epithelial cells, while younger
animals showed no effects [22]. Another overexpression model
demonstrated decreased proliferation of lung epithelial cells, with no
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Table 2

The proliferative role of HIF-1a in tumor cells. GOF: gain-of-function, LOF: loss-

of-function, the arrows symbolize HIF-1a's functional role.

HIF-1a Tumor model Effect Role in Ref.
manipulation Cell-intrinsic proliferation
mechanism
LOF, AAV- Human colon Decreased 1 [60]
mediated cancer cell lines proliferation
knockout (HCT116 & RKO)
unknown
LOF, Human gastric Decreased 1 [61]
siRNA cancer cell lines proliferation
(AGS & SNU-1)
proposed: PI3K/
AKT signaling
LOF, Human Decreased 1 [30]
siRNA osteosarcoma proliferation
(U208) and cervix
carcinoma cell lines
(Hela)
p21Waf & p27Kipl
expression
LOF, Human circulating Decreased 1 [62]
siRNA breast cancer cells proliferation
proposed: in brain
metabolic changes
LOF, Human breast Decreased 1 [63]
shRNA cancer cell line proliferation
(MDA-MB-231)
unknown
LOF, Human cervical Decreased 1 [37]1
siRNA cancer cell line proliferation
(CaSki)
unknown
LOF, Haemangioma Decreased 1 [41]
siRNA endothelial cells proliferation
Cyclin D1 & p53
expression
LOF, Human esophageal Decreased 1 [39]
siRNA squamous proliferation
carcinoma cell lines
(T.Tn & TE1)
Wnt/B-catenin
signaling
GOF, Human Increased 1 [64]
HIF-1a adenocarcinoma proliferation
cell line 786-0
HECTD2 expression
LOF, Human clear cell Decreased 1 [65]
siRNA renal carcinoma proliferation
cell lines (Caki-1 &
OSRC-2)
unknown
LOF, Human bladder Decreased 1 [66]
siRNA cancer cell lines proliferation
T24 and BIU-87
unknown
LOF, Human lung cancer Decreased 1 [671
siRNA cell line H358 proliferation
proposed:
metabolic changes
LOF, Human thyroid Decreased 1 [68]
siRNA cancer cell lines proliferation
(MZ-CRC-1 & TT)
WWP2 & WWP9
expression
LOF, Human Decreased 1 [69]
siRNA glioblastoma cell proliferation
line U251
unknown
LOF, Human chronic Decreased 1 [34]
siRNA myelogenous proliferation

leukemia cell line
K562
p21Waf expression

BBA - Molecular Cell Research 1871 (2024) 119683

Table 2 (continued)

HIF-1a Tumor model Effect Role in Ref.
ipulati liferati
manipulation Cell-intrinsic proliferation
mechanism
LOF, Human esophagus Decreased 1 [70]
siRNA carcinoma cell lines  proliferation

(Ecal09 & TE13)
proposed: TCF4
expression and Wnt

signaling
LOF, Human Decreased 1 [71,72]
siRNA retinoblastoma cell proliferation
line Y-79
unknown
LOF, Human Oral Decreased 1 [73]1
miRNA squamous cell proliferation

carcinoma cell lines
(SCC3 & CAL27)
Kv3.4 expression

LOF, Mouse pancreatic Decreased 1 [38]
p48-Cre cancer expressing proliferation
KrasS12D
unknown
LOF, Mouse Jak2V617F- Decreased 1 [36]
siRNA expressing proliferation
myeloblast-like
32D cells
metabolic changes
LOF, Mouse leukemia Decreased 1 [35]
Vav-Cre stem cells proliferation
expressing BCR-
ABL
p161n1(4a & p19Arf
expression
LOF, Mouse embryonic Decreased 1 [74]
Cre fibroblasts, H-ras proliferation
transformed
unknown
LOF, Mouse colorectal No effect - [75]
Villin-Cre cancer
LOF, Mouse Chronic No effect — [76]
CD19-Cre lymphatic leukemia
cells expressing Ep-
TCL1
LOF, Human lung small No effect — [77]1
siRNA cell carcinoma cell
line U-1906
LOF, HIF-1a Human colon No effect — [43]
Auxin cancer cell line
degron HCT116
LOF, Human Pancreas No effect — [78]
siRNA adenocarcinoma
cell line BxPC-3
LOF, Human lung No effect - [79]
miRNA carcinoma cell line
A549
LOF, Human No effect — [80]
Crispr glioblastoma cells
GOF, Human No effect — [81]
HIF-1a Neuroblastoma cell
lines (SH-SY5Y or
IMR32)
GOF, Human colon Decreased | [33]
HIF-1a cancer cell line proliferation
(stabilized) HCT116
p21Y4f expression
LOF, Mouse acute Increased 1 [82]
Mx1-Cre myeloid leukemia proliferation
unknown

effect on lung mesenchymal cells [18]. Cell type-specific effects were
also observed in another model, where the knockout of HIF-1«a resulted
in decreased proliferation of midbrain-derived neural precursor cells
without affecting the cell cycle in frontal neural precursor cells [20].
HIF-1a knockout in the developing bone revealed increased prolifera-
tion of chondrocytes only from the periphery, but not the center of the
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Fig. 2. Summary of the HIF-1a-dependent regulation of CDKIs and their inhibitory effects on various CDK/cyclin complexes in the cell cycle.

cartilaginous growth plate [21]. It is therefore safe to say that the role of
HIF depends on the cell type, species and on further parameters such as
age or localization within the organ.

3. HIF-lo-dependent regulation of proliferation in tumor cells

The role of HIF in tumor cells was analyzed separately, as they differ
from non-transformed cells in many ways, including metabolic rewiring,
chromatin packaging, signaling and gene expression, amongst further
hallmarks of cancer cells [25]. Studies measuring proliferation of solid
tumors were excluded, as these often contain areas with low oxygen
availability [26]. Meta-analysis of these studies revealed a proliferation-
supportive role of HIF-1a in the vast majority of tumor cells of different
origins, while only 2 studies showed an antiproliferative role of HIF-1a
(Table 2, Fig. 2). In agreement with a largely proliferation-supportive
function of HIF-1a, many tumors show elevated protein levels of HIF-
1a [27,28].

The molecular mechanisms allowing HIF-1a-mediated control of cell
proliferation are not well understood. It is commonly observed that
changes in HIF-1a levels cause alterations in the levels of CDK inhibitors
(CDKIs) such as p575iP2 [19,21], p27XiP [29,30], p21W2f [18,19,30-34],
p16™* and p19**f [35,36]. These HIF-1o-regulated CDKIs belong to the
CDK-interacting protein/kinase inhibitory protein (CIP/KIP) family
(p21W4f, p27%P1 and p57XiP2) and the inhibitor of kinase (INK) family
(p16™4a & p19AT) which target distinct CDK/cyclin complexes, as
illustrated in Fig. 2. All HIF-1a-dependent CDKIs target the CDK2/Cyclin
E complex which promotes G1/S progression and accordingly the
inactivation of HIF-1a frequently results in a G1 arrest [30,32,37-41].

4. Emerging mechanisms of HIF-1a-dependent regulation of
proliferation

The stark evidence for the role of CDKIs is contrasted by a lack of
mechanistic insights for these regulations, as exemplified by the control
of p21"* levels. On the one hand, HIF-la stabilization can trigger
p21W'le expression either directly by binding to its promoter [42] or
indirectly by displacement of Myc [33]. On the other hand, also
downregulation of HIF-1a leads to an increase of p21W"lf [18,30-32], but
the underlying mechanisms explaining why both up- and down-
regulation of a transcription factor can cause p21"* upregulation are
not known. As only few of the HIF target genes have a function in cell
cycle control [13], HIF-1a may regulate cell proliferation indirectly by
cell-intrinsic or cell-extrinsic mechanisms. In this context, HIF-la-
dependent reprogramming of metabolic networks, such as the
enhancement of glycolysis, could potentially meet the demand for

metabolites arising from cell division. Such a metabolic function was
also assigned to the recently reported transient stabilization of HIF-1a in
the G1 phase of different cell lines grown under normoxic conditions
[43]. It will be interesting to investigate whether the reported associa-
tion of HIF-1a with CDK1 [44,45], CDK5 [46] and CDK8 [47] also occurs
under normoxic conditions and whether these interactions contribute to
HIF's role in the regulation of cell proliferation.

5. Concluding remarks

While some cell cycle regulatory proteins such as CDK1 are indis-
pensable for proliferation, others such as interphase CDKs are only
essential for proliferation of specialized cells and tumors [48]. HIF-1a
clearly belongs to the latter group, and has therefore been proposed as a
relevant target for the treatment of HIF-1la-dependent tumors [31,49].
To selectively target tumor cell-specific HIF-la functions without
compromising the proliferation of normal cells and tissues, it will be
important to identify tumor cell-specific HIF-1a interdependencies with
other factors and signaling pathways using synthetic lethal screens.
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