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Abstract

Photodynamic therapy (PDT) is a non-to-minimally invasive treatment modality that utilizes photoactiva-
table drugs called photosensitizers to disrupt tumors with locally photoproduced reactive oxygen species
(ROS). Photosensitizer activation by light results in hyperoxidative stress and subsequent tumor cell death,
vascular shutdown and hypoxia, and an antitumor immune response. However, sublethally afflicted tumor
cells initiate several survival mechanisms that account for decreased PDT efficacy. The hypoxia inducible
factor 1 (HIF-1) pathway is one of the most effective cell survival pathways that contributes to cell recovery
from PDT-induced damage. Several hundred target genes of the HIF-1 heterodimeric complex collectively
mediate processes that are involved in tumor cell survival directly and indirectly (e.g., vascularization,
glucose metabolism, proliferation, and metastasis). The broad spectrum of biological ramifications culmi-
nating from the activation of HIF-1 target genes reflects the importance of HIF-1 in the context of
therapeutic recalcitrance. This chapter elaborates on the involvement of HIF-1 in cancer biology, the
hypoxic response mechanisms, and the role of HIF-1 in PDT. An overview of inhibitors that either directly
or indirectly impede HIF-1-mediated survival signaling is provided. The inhibitors may be used as
pharmacological adjuvants in combination with PDT to augment therapeutic efficacy.

Key words Photobiology and photochemistry, Survival signaling, Hypoxia-inducible factor 1, Phar-
macology, Inhibitor, Tumor biology and biochemistry

Abbreviations

1O2 Singlet oxygen
2ME2 2-Methoxyestradiol
2OG 2-Oxoglutarate (α-ketoglutarate)
5-ALA 5-Aminolevulinic acid
ADP Adenosine diphosphate
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Akt Protein kinase B
ANGPT1/2 Angiopoietin 1 and 2
ANGPTL4 Angiopoietin-like 4
AP-1 Activator protein 1
APAF1 Apoptotic protease activating factor 1
ARF Alternate reading frame
ATF4/6 Activating transcription factor 4 and 6
ATP Adenosine triphosphate
BAK BCL-2 homologous antagonist killer
BAX BCL-2-associated X protein
bFGF Basic fibroblast growth factor
BH3-only BCL-2 homology domain 3-only
BNIP3 BCL-2 19 kD interacting protein 3
CAF Cancer-associated fibroblasts
CAM Chorioallantoic membrane
CCO Cytochrome c oxidase
CDAMP Cell death-associated molecular pattern
CDC Cell division cycle
CDK Cyclin-dependent kinase
CDT1 Chromatin licensing and DNA replicator factor 1
CEP192 Centrosomal protein of 192 kDa
CIP CDK interacting protein
c-MET Mesenchymal-epithelial transition factor
COX Cyclooxygenase
CSF Colony-stimulating factor 1
C-TAD C-terminal transactivation domain
CXCL16 C-X-C motif ligand 16
CXCR4 C-X-C chemokine receptor type 4
CXCR6 C-X-C chemokine receptor type 6
DAMP Damage-associated molecular pattern
DEC1 Deleted in esophageal cancer 1
DR Death receptor
ECM Extracellular matrix
EGF Endothelial growth factor
Em Emission
EMT Epithelial-to-mesenchymal transition
EPC Endothelial progenitor cells
EPO Erythropoietin
ER Endoplasmic reticulum
ERK1/2 Extracellular signal-regulated kinase 1 and 2
ES cells Embryonic stem cells
Ex Excitation
FAD Flavin adenine dinucleotide
FasR First apoptosis signal receptor
FH Fumarate hydratase
FIH Factor inhibiting HIF-1
G1/2 phase Gap 1 and 2 phase (cell division cycle)
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFP Green fluorescent protein
GI50 Half maximum growth inhibitory concentration
GINS Go-ichi-ni-san

286 Mark J. de Keijzer et al.



GLUT1/3 Glucose transporter 1 and 3
HDAC3 Histone deacetylase 3
HES1 Hairy and enhancer of split-1
HEY1 Hairy/enhancer of split related with YRPW motif protein 1
HIF-1 Hypoxia-inducible factor 1
HK2 Hexokinase 2
HMME Hematoporphyrin monomethyl ether (photosensitizer)
HMOX1 Heme oxygenase 1
HRE Hypoxia response element
HSF1 Heat shock factor 1
i.p. Intraperitoneal (administration)
i.v. Intravenous (administration)
IC50 Half maximum inhibitory concentration
ICAM-1 Intercellular adhesion molecule-1
IGF Insulin-like growth factor
INK4 Inhibitor of CDK4
KIP Kinase inhibitory protein
LC50 Half maximum lethal concentration
LD50 Half maximum lethal dose
LDHA Lactate dehydrogenase A
LDIO Lowest dose causing death
LDL Low-density lipoprotein
LogP Octanol:water partition coefficient
LOX Lysyl oxidase
M phase Mitotic phase (cell division cycle)
MAD MAX dimerization protein 1
MAX MYC-associated factor X
Max. TLD Maximum tolerated dose
MC540 Merocyanine 540 (photosensitizer)
MCL1 Myeloid cell leukemia-1
MCM2-7 Minichromosome maintenance complex component 2 to 7
MCP-1 Monocyte chemoattractant protein 1
MCT4 Monocarboxylate transporter 4
MDM2 Mouse double minute 2
MET Mesenchymal-to-epithelial transition
MHC1 Major histocompatibility complex 1
MMP Matrix metalloproteinase
MOMP Mitochondrial outer membrane permeabilization
MSC Mesenchymal stem cell
MT-MMP Membrane-type MMP
mTOR Mammalian target of rapamycin
MW Molecular weight
MXI1 MAX interactor 1
NA Information not available
NAD Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NICD Intracellular domain of NOTCH
NOTCH1 Notch homolog 1, translocation associated (Drosophila)
NOX1 NADPH oxidase 1
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NRF2 Nuclear factor erythroid 2-related factor 2
ODD domain Oxygen-dependent degradation domain
ORC Origin recognition complex
PDC Pyruvate dehydrogenase complex
PDGFB Platelet-derived growth factor B
PDK1 Pyruvate dehydrogenase kinase 1
PDT Photodynamic therapy
PFK1 6-Phosphofructo-1-kinase
PFKFK1-4 6-Phospho-2-kinase/fructose 2,6-bisphosphatase
PGC-1β Peroxisome proliferator-activated receptor-γ coactivator 1β
PGF Placental growth factor
PGI Phosphoglucose isomerase
PGK1 Phosphoglycerate kinase
PGM-1 Phosphoglycerate mutase 1
PHD 1/2/3 Prolyl hydroxylase domain 1, 2, and 3
PI3K Phosphatidylinositol 3-kinase
PK-M Pyruvate kinase M
PPIX Protoporphyrin IX (photosensitizer)
PS Photosensitizer
PTEN Phosphate and tensin homolog
PTGS2 Prostaglandin-endoperoxide synthase 2
Rac1 Ras-related C3 botulinum toxin substrate 1
Rb Retinoblastoma
RBX1 Ring box protein 1
RHEB Ras homolog enriched in brain
ROS Reactive oxygen species
RPA Replication protein A
S phase Synthesis phase
s.c. Subcutaneous (administration)
SCF Stem cell factor
SCFSKP2 Skp, cullin, F-box-containing complex and S-phase kinase-associated protein 2
SDF1 Stromal derived factor 1
SDH B/C/D Succinate dehydrogenase B, C, and D
SLC2A1/3 Gene encoding for glucose transporter 1 and 3
SRC Rous sarcoma
ssDNA Single-stranded DNA
t1/2 Circulation half-life
TAM Tumor-associated macrophages
TDLO Lowest dose causing a toxic effect
TFAM Mitochondrial transcription factor A
TGFβ Transforming growth factor β
TNF-α Tissue necrosis factor alpha
TNFR Tumor necrosis factor receptor
TPI Triosephosphate isomerase
TSC2 Tuberous sclerosis complex 2
uPA Urokinase plasminogen activator
uPAR uPA receptor
UPP Ubiquitin proteasome pathway
UTR Untranslated region
VEGF Vascular endothelial growth factor
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VHL Von Hippel-Lindau
XBP1 X-box-binding protein 1
ZnPC Zinc phthalocyanine
ZO-1 Zona occludens-1

1 Introduction

Photodynamic therapy (PDT) is a last-line alternative to conven-
tional cancer therapies such as chemotherapy, radiotherapy, and
surgery, especially in cases of inoperable tumors. PDT is a non-to-
minimally invasive treatment modality that comprises the topical or
systemic administration of a photosensitizer (PS) and its
subsequent accumulation in solid tumor tissue, followed by local
illumination of the PS-loaded tumor. Photoactivation of the PS is
performed with light at a wavelength that aligns with an absorption
band of the PS, which typically resides in the therapeutic window
(600–800 nm).

Activated PSs can induce chemical changes via two competing
pathways, from which either an electron is transferred (type I
photochemical reaction) or energy is donated (type II photochem-
ical reaction) to molecular oxygen. Molecular oxygen is thereby
converted to the reactive oxygen species (ROS) superoxide anion
(O2l

–) and singlet oxygen (1O2), respectively [1]. Type I reactions
can also entail electron transfer to biomolecules. The photogener-
ated ROS and radical transients and their chemical and metabolic
derivatives induce a state of hyperoxidative stress, ultimately culmi-
nating in cancer cell death, thrombosis-mediated vascular shut-
down and consequent hypoxia, and an antitumor immune
response. The immune system is mobilized through receptor-
mediated signal relay by tumor-associated antigens, damage-
associated molecular patterns (DAMPs), and/or cell death-
associated molecular patterns (CDAMPs) that leak from
PDT-afflicted cells [2–4].

Cancer cells that are exposed to sublethal levels of ROS/radi-
cals or those that are less stricken by the ramifications of tumor
vascular shutdown may activate survival pathways, culminating in
an increase in therapeutic recalcitrance and tumor regrowth. Sur-
vival signaling generally correlates with the three-dimensional
tumor architecture. Bulky, rapidly growing tumors in particular
may harness tissue regions that are less amenable to PDT due to
insufficient PS buildup in sparsely vascularized sections, poor opti-
cal penetration, and low fluence rates in distally located tumor
regions (relative to the light source), or inadequate local oxygena-
tion that impedes ROS production.
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PDT-induced survival signaling can be stratified into five main
pathways that include (1) an antioxidant response mediated by
nuclear factor erythroid 2-related factor 2 (NRF2); (2) a hypoxia-
induced stress response mediated by hypoxia-inducible factor
1 (HIF-1); (3) an inflammatory response mediated by nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB);
(4) an immediate early stress response in reaction to endoplasmic
reticulum (ER) stress and ASK-1 activation, mediated by AP-1; and
(5) a proteotoxic stress response mediated by transcription factors
ATF4, ATF6, HSF1, and XBP1. The survival pathways are sum-
marized in Fig. 1 [5–7]. The PDT-induced survival pathways regu-
late angiogenesis, apoptosis, glucose metabolism, inflammation,
and protein refolding, among others, and enable sublethally
afflicted cancer cells to cope with hyperoxidative stress and damage.
Survival signaling may be countered by using pharmacological
inhibitors that can be administered before PDT together with the
PS [5].

Through its regulation of more than 500 genes, HIF-1 is one
of the most influential tumor survival pathways that can contribute
to the recovery and progression of PDT-subjected cancer cells.
HIF-1 is induced not only by ROS but also by PDT-mediated
vascular shutdown (see Fig. 1). Vascular shutdown can be consid-
ered a double-edged sword, on the one hand inducing apoptosis
through metabolic catastrophe and on the other hand activating
survival signaling in cancer cells. Correspondingly, pharmacological
blockade of HIF-1 (survival) signaling is expected to increase the
therapeutic efficacy of PDT [6]. Proof of concept was recently
provided in vitro, where human epidermoid carcinoma (A431)
cells photosensitized with liposomal zinc phthalocyanine were
killed more effectively under hypoxic conditions when the selective
HIF-1α inhibitor acriflavine was co-administered with the PS deliv-
ery system [8, 9]. However, acriflavine is not the only eligible
inhibitor of the HIF-1 signaling pathway. This review therefore
first addresses the involvement of HIF-1 in cancer biology and
the hypoxic response mechanisms. Next, a detailed overview of
inhibitors that directly or indirectly interfere with HIF-1
pro-tumorigenic signaling is provided to pave the way for novel
fourth-generation PSs, pharmacological intervention strategies,
and PDT modalities.

2 HIF-1 in Cancer Biology

HIF-1 is a transcription factor that responds to changes in intracel-
lular oxygen levels. Rapid cancer cell proliferation often outpaces
the development of tumor vasculature required for the provision of
nutrients and oxygen to sustain cell metabolism. In response, can-
cer cells activate an inflammatory response and augment
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intracellular levels of HIF-1, resulting in increased transcriptional
activity of HIF-1 target genes [10]. Direct target genes of HIF-1
have been associated with multiple key biological processes that
govern tumor survival such as vascularization, anti-apoptotic sig-
naling, switch to glucose metabolism, proliferation, and metastasis
[11–13].

Fig. 1 PDT-activated survival mechanisms. Photoproduced ROS are capable of inducing (1) an antioxidant
response through NRF2, (2) a hypoxic stress response through HIF-1α, (3) an inflammatory response through
NF-κB, (4) an immediate early stress response through AP-1, and (5) a proteotoxic stress and unfolded protein
response (also known as the heat-shock response) through ATF4, ATF6, HSF1, and XBP1
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2.1 Activation of

HIF-1

2.1.1 HIF-1 Activation by

Hypoxia

Functional HIF-1 is a nuclear heterodimeric protein consisting of
HIF-1α and HIF-1β subunits. HIF-1β is constitutively expressed
irrespective of intracellular oxygen levels and permanently located
in the nucleus. HIF-1α is the oxygen-responsive transcriptional
activator that resides in the cytoplasm under normoxic
conditions [14].

HIF-1α is actively catabolized through the ubiquitin protea-
some pathway (UPP) under normoxic conditions. After de novo
synthesis, HIF-1α is rapidly hydroxylated by prolyl hydroxylase
domain (PHD) 1, 2, and 3 enzymes at two prolyl residues
(Pro402 and Pro564) in the oxygen-dependent degradation
domain, after which HIF-1α interacts with the von Hippel-Lindau
(VHL) protein, the substrate recognition domain of the VHL E3
ubiquitin ligase complex [15]. Subsequently, HIF-1α is polyubi-
quitinated by the VHL E3 ubiquitin ligase complex. This complex
consists of cullin 2, RBX1 (RING-box protein 1), elongin B and C,
and VHL. Polyubiquitination further requires the assistance of the
E1 ubiquitin-activating enzyme and the E2 ubiquitin-conjugating
enzyme. Polyubiquitinated HIF-1α is delivered to the 26S protea-
some in the cytoplasm by the VHL complex, where it is degraded,
resulting in abrogation of HIF-1 signaling [15–19]. Additionally,
factor-inhibiting HIF-1 (FIH-1) hydroxylates an asparagine resi-
due (Asn803) in the C-terminal transactivation domain (C-TAD)
of HIF-1α, preventing HIF-1α C-TAD interaction with the CH-1
domain of the transcriptional co-activator p300, thereby inhibiting
HIF-1 transcriptional activity [20].

PHD and FIH enzymes are inhibited as the intracellular oxygen
levels decrease, leading to less HIF-1α hydroxylation and a lower
rate of proteasomal degradation. This effectuates stabilization and
nuclear translocation of HIF-1α, where HIF-1α dimerizes with
HIF-1β and recruits the p300/CBP family of coactivators. Binding
of the HIF-1/p300/CBP complex to the hypoxia response ele-
ments (HRE) at the HIF-1 50-(A/G)CGTG-30 consensus
sequences on DNA initiates transcription of genes. The transcrip-
tion of HIF-1 genes is conducive to cell survival under hypoxic
conditions and elaborated in Subheadings 2.2 through 2.6. The
HIF-1α signaling pathways are depicted in Fig. 2 [21–23].

2.1.2 HIF-1 Activation by

ROS

As explained in the previous section, cytosolic HIF-1α levels are
increased through inactivation of dioxygenases such as PHDs and
FIH-1 and corollary preclusion of HIF-1α ubiquitination. The
activity of PHDs and FIH-1 is dependent on Fe2+ and
2-oxoglutarate (2OG; also known as α-ketoglutarate). Inactivation
of dioxygenases can thus be achieved through the depletion of Fe2+

ions, as these are an essential cofactor in the hydroxylation of
HIF-1α [24–26].
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Fig. 2 Hypoxia-induced activation of HIF-1 signaling. Under normoxic conditions (left panel), HIF-1α is actively
hydroxylated by PHD1-3 at Pro402 and Pro564 and by FIH-1 at Asn803 in the cytoplasm. The hydroxylation
requires molecular O2, Fe

2+, and α-ketoglutarate. The VHL E3 ubiquitin ligase complex (consisting of Rbx1,
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Under normoxia and in the absence of redox stress, an Fe2+ ion
is chelated by the 1-carboxylate and 2-oxoacid functional groups of
the co-substrate 2OG of the PHD and FIH-1 enzymes. The
5-carboxylate of 2OG forms hydrogen bonds with a distinct
sub-site of PHDs and FIH-1, as well as with HIF-1α. Subsequently,
PHD and FIH-1 split O2 and incorporate one oxygen atom into a
Pro402, Pro564, or Asn803 residue of HIF-1α and the other at the
2-carbon of 2OG (oxidative decarboxylation), forming hydroxy-
lated HIF-1α, succinate, and CO2 [24–26]. The hydroxylated
HIF-1α is then polyubiquitinated and proteasomally degraded.

It has been demonstrated that ROS and nitric oxide (NO) are
capable of oxidizing Fe2+ to Fe3+ and thereby inhibit the catalytic
activity of PHD and FIH-1, effectuating HIF-1α stabilization and
accumulation [25]. ROS-mediated inactivation of HIF-1α hydrox-
ylation and degradation can be actualized in multiple ways. First,
ROS produced in mitochondria are capable of inactivating HIF-1α
hydroxylation, even under normoxic conditions [27]. Second, hyp-
oxia increases mitochondrial ROS production at mitochondrial
complex III, although the exact mechanism is elusive [28]. Lastly,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(NOXs) contribute to ROS production in both hypoxic and nor-
moxic environments [27, 29]. NOX1 is a membrane-bound O2l

–-
producing flavin dehydrogenase. NOX1 knockdown with short
hairpin RNAs inactivated HIF-1α in cultured colon cancer
(HT-29) cells and mouse xenografts. Moreover, NOX1 knock-
down was associated with a two- to threefold increase in tumor
cell doubling time, reduced vascular endothelial growth factor
(VEGF) levels, and decreased blood vessel density [30]. Mitochon-
drial and NOX1-mediated production of ROS during hypoxia
therefore promotes HIF-1 signaling and transcriptional regulation
of downstream target genes, ultimately leading to increased cancer
cell proliferation and vascularization.

2.1.3 HIF-1 Activation by

NF-κB

NF-κB is a family of proteins that modulate the inflammatory
response and function as transcription factors that act on genes
involved in immunity, inflammation, apoptosis, and HIF-1α signal-
ing [31]. The NF-κB family consists of at least five proteins

�

Fig. 2 (continued) cullin 2, elongin B and C, and VHL) subsequently mediates the polyubiquitination of
hydroxylated HIF-1α, marking it for proteasomal degradation (red cylinder) and ensuring a low level of active
HIF-1α. Under hypoxic conditions (right side) the absence of molecular oxygen prevents PHD1-3- and
FIH-mediated hydroxylation. Consequently, polyubiquitination and proteasomal degradation are stalled,
leading to the cytoplasmatic accumulation of HIF-1α. HIF-1α subsequently translocates to the nucleus,
where it heterodimerizes with HIF-1β and complexes with p300/CBP coactivators (depicted as p300). The
HIF-1/p300/CBP complex binds to hypoxia response elements (HREs) on DNA to initiate gene transcription. An
overview of HIF-1-activated processes and responsible regulators is provided in the bottom right corner. The
dashed arrows in the Hypoxia panel indicate the process as it would be under normoxic conditions
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(NF-κB1, NF-κB2, RelA, RelB, and RelC) that perform their
activity as homodimeric and heterodimeric complexes
[31, 32]. NF-κB proteins recognize and are activated by inflamma-
tory stimuli and/or hypoxia. The mature NF-κB transcription
factors p50 (NF-κB1) and p65 (RelA) bind to the HIF-1α promo-
tor, resulting in transcriptional upregulation of HIF-1α. RelC reg-
ulates transcription of miR-93 and miR-199a-5p, two microRNAs
that promote Dicer1-mediated HIF-1α downregulation through
3’UTR (untranslated region) binding. However, miR-93 and
miR-199a-5p transcription and Dicer1 levels are reduced under
acute hypoxic conditions but rescued under prolonged hypoxic
conditions. This leads to a sliding scale where HIF-1 is upregulated
under acute hypoxia and subsequently downregulated when hyp-
oxia persists [33]. Moreover, selective inhibition of NF-κB by
pyrrolidine dithiocarbamate results in reduced HIF-1 transactiva-
tion and concomitant reduction in erythropoietin (EPO), [34] a
cytokine secreted mainly by renal fibroblasts in response to cellular
hypoxia that stimulates erythropoiesis to resolve the low oxygen
levels by augmenting oxygen transport.

2.1.4 HIF-1 Activation

Through Loss/Gain-of-

Function Mutations

Cancer cells thrive on genetic mutations that boost their growth,
invasion, and survival capacity. Mutations that lead to upregulation
of HIF-1α may potentiate tumor vascularization. For example,
loss-of-function mutations in succinate dehydrogenase (SDH) sub-
units B/C/D, fumarate hydratase (FH), VHL, and p53 yield
blockade of HIF-1α ubiquitination and subsequent decrease in
proteasomal degradation, leading to HIF-1α accumulation [35].

Loss-of-function mutations in TSC2 (tuberous sclerosis com-
plex 2), a protein responsible for inhibiting RHEB (Ras homolog
enriched in brain) and thereby the mTOR (mammalian target of
rapamycin) pathway with HIF-1α as downstream target, might lead
to upregulated HIF-1α synthesis [35, 36]. Phosphatase and tensin
homolog (PTEN) is a protein that blocks phosphatidylinositol 3-
kinase (PI3K) signaling through inhibition of PIP3-dependent
membrane recruitment and subsequent activation of protein kinase
B (Akt), the upstream activator of mTOR. Therefore, loss-of-func-
tion mutations in PTEN may also result in the upregulation of
HIF-1α synthesis [35, 37].

Alternate reading frame product (p14ARF) on the INK4a/ARF
locus codes for a tumor-suppressor protein that is responsible for
blocking mouse double minute 2 (MDM2) E3 ubiquitin ligase
activity and nucleolar sequestration. This prevents p53 ubiquitina-
tion and proteasomal degradation and RB (retinoblastoma) protein
inactivation, resulting in cell cycle arrest in the G1 and G2 (Gap
1 and Gap 2) phases (more information on the influence of HIF-1
on the cell cycle is presented in Subheading 2.4) [35, 38–40]. Simi-
larly, p14ARF represses HIF-1α transcriptional activity through
nucleolar sequestration. Loss-of-function mutations in p14ARF

may therefore lead to increased transcriptional activity of
HIF-1α [41].
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SRC (Rous sarcoma) is a proto-oncogene that stimulates can-
cer cell proliferation, angiogenesis, and survival upon overactiva-
tion due to gain-of-function mutations, transgressing it to an
oncogene. SRC is involved in many pathways that may activate
HIF-1 depending on cell type and activating signals. One route is
PHD2 inhibition through ROS production via NOX that involves
Rac1 (Ras-related C3 botulinum toxin substrate 1). Another route
is through SCR-induced upregulation of the cap-dependent trans-
lation apparatus. Gain-of-function mutations in SRC may translate
to stabilization or upregulation of HIF-1α [35, 42, 43].

2.2 HIF-1-Mediated

Angiogenesis

Prolonged hypoxia, as often found in solid tumors, stresses cellular
metabolic demand for oxygen and usually concurs with rapid tumor
growth in conjunction with lagging angiogenesis. Tumors resolve a
hypoxic state by biochemically engineering vascular plexuses for the
supply of oxygenated blood. Increased vascularization of hypoxic
tumors is achieved by angiogenesis, vasculogenesis, and possibly
arteriogenesis.

Angiogenesis is the foremost mechanism for tumor neovascu-
larization and involves the formation and branching of new capil-
laries from preexisting blood vessels. HIF-1 upregulates the vast
majority of angiogenic growth factors that steer neovascularization
through transcriptional modulation. This includes but is not lim-
ited to angiopoietin 1 and 2 (ANGPT1 and 2), platelet-derived
growth factor B (PDGFB), placental growth factor (PGF), stem cell
factor (SCF), stromal derived factor 1 (SDF1), and VEGF. How
angiogenesis is regulated by HIF-1 differs per cell type
[44, 45]. The upregulated growth factors are excreted by cancer
cells and bind to cognate membrane receptors on the cell surface of
proximal vascular endothelial cells and vascular pericytes, activating
signaling cascades that lead to capillary formation.

Vasculogenesis entails the formation of blood vessels from
circulating vascular progenitor cells, endothelial progenitor cells
(EPCs), and pericyte progenitor cells [22, 44]. Whereas angiogen-
esis is the predominant mechanism at the onset of tumor vasculari-
zation, vasculogenesis takes over the formation of blood vessels
when angiogenesis is abrogated after, e.g., tumor irradiation [44].

Arteriogenesis encompasses remodeling of preexisting arter-
ioles by increasing the luminal diameter, thereby increasing blood
flow. Although there is no direct evidence for intratumoral arter-
iogenesis owing to hypoxia, HIF-1α has been shown to upregulate
genes that play key roles in this mechanism. One of the genes
encodes for monocyte chemoattractant protein 1 (MCP-1), a pro-
tein that plays a role in the initiation of arteriogenesis through
attraction of monocytes and upregulation of Mac-1, a monocyte
receptor for intercellular adhesion molecule-1 (ICAM-1). ICAM-1
enables adherence and subsequent migration of monocytes into the
arteriolar wall, allowing monocytes to locally secrete cytokines such

296 Mark J. de Keijzer et al.



as tumor necrosis factor alpha (TNF-α) and basic fibroblast growth
factor (bFGF) to promote arterial growth. Other HIF-1-
α-upregulated genes that are important in arteriogenesis include
VEGF and PGF [22, 46–48].

2.3 Regulation of

Cancer Cell

Metabolism by HIF-1

2.3.1 Glucose

Metabolism

To understand howHIF-1 affects energy metabolism in cancer cells
it is important to provide a backdrop on aerobic respiration (nor-
moxic conditions) and lactic acid fermentation (hypoxic condi-
tions) (see Fig. 3). The most efficient means of adenosine
triphosphate (ATP) production is aerobic respiration, where glu-
cose is catabolized in the cytoplasm to pyruvate via glycolysis.
Glycolysis requires an investment of one glucose and two ATP
molecules and yields 2 pyruvate +2 NADH +4 ATP + 2H+, result-
ing in a net gain of 2 ATP molecules. Besides ATP, additional
energy is stored in NADH that in turn is used in ATP production
through oxidative phosphorylation in the presence of oxygen.

Pyruvate is shuttled into mitochondria where it is converted to
acetyl CoA by the pyruvate dehydrogenase complex (PDC),
netting 2 NADH +2 H+ + 2 CO2 per glucose molecule, before
entering the Krebs cycle (citric acid cycle). Acetyl CoA is used to
generate CoA + 6 NADH +2 FADH2 + 4 H+ + 4 CO2 + 2 ATP per
glucose molecule. Subsequently, NADH and FADH2 are subjected
to oxidative phosphorylation, which entails two steps. First, as part
of the electron transport chain, electron carriers (mitochondrial
complex I, II, III, ubiquinone, and cytochrome c) located in the
inner mitochondrial membrane facilitate the formation of a proton
gradient in the mitochondrial intermembrane space through the
oxidation of NADH (at complex I) and FADH2 (at complex II) to
NAD+ and FAD, respectively. The electrons from the redox reac-
tions are passed along the electron transport chain to complex IV
that reduces an oxygen molecule (terminal substrate) to water.
Concurrently, protons in the mitochondrial matrix are transported
to the intermembrane space by mitochondrial complexes I, III, and
IV. Second, the protons in the intermembrane space reenter the
mitochondrial matrix by chemiosmosis that is mediated by ATP
synthase (mitochondrial complex V), where ADP is phosphorylated
to ATP, resulting in a net gain of 26 or 28 ATP molecules. The net
yield depends on which shuttle transports electrons from the two
cytosolic NADH molecules to either mitochondrial NAD+ (final
yield 2.5 ATP) or FAD (final yield 1.5 ATP). In sum, the two ATP
molecules from glycolysis, the two ATP molecules from the Krebs
cycle, and the 26 to 28 ATP molecules from oxidative phosphory-
lation result in a net maximum gain of 30 or 32 ATP per glucose
molecule [49].

During hypoxia, O2 molecules are no longer available as termi-
nal substrate for oxidative phosphorylation, halting the proton
motive force that accounts for the majority of ATP production.
Hypoxia therefore forces cells to switch to lactic acid fermentation
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Fig. 3 Glucose metabolism in cells under normoxic and hypoxic conditions. Under normoxia (left panel)
glucose is metabolized into 2 pyruvate molecules through glycolysis, yielding 2 ATP, 2 NADH, and 2 H+.
Pyruvate is subsequently transported into mitochondria, where it is converted to 2 acetyl CoA, producing
2 NADH, 2 H+, and 2 CO2, after which acetyl CoA enters the Krebs cycle (citric acid cycle). Here, acetyl CoA is
used to generate 6 NADH, 2 FADH2, 4H

+, 4 CO2, and 2 ATP per glucose molecule. The NADH and FADH2 are
then subjected to oxidative phosphorylation, where both molecules undergo oxidation by mitochondrial
complexes I and II, respectively. This establishes a proton gradient in the mitochondrial intermembrane
space. The protons reenter the mitochondrial matrix via ATP synthase (mitochondrial complex V), producing
2.5 ATP per NADH and 1.5 ATP per FADH2, netting 23 ATP molecules. The 2 NADH molecules from the
glycolysis step can enter oxidative phosphorylation by donating a proton through an electron shuttle to either
NAD+ or FADH, which nets another 5 or 3 ATP molecules, respectively. Cumulatively, 30 to 32 ATP molecules
are produced per glucose molecule by glycolysis, the Krebs cycle, and oxidative phosphorylation. Under
hypoxic conditions (right panel), glucose is catabolized to 2 pyruvate, 2 NADH, 4 ATP, and 2H+ by glycolysis
(this costs 2 ATP). Subsequently, pyruvate molecules undergo lactic acid fermentation, where pyruvate is
converted to lactate and NADH molecules that in turn are oxidized to NAD+, which is needed for additional
glycolysis reactions. This results in a net ATP yield of 2 per glucose molecule
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as a source of ATP. Lactic acid fermentation involves the same initial
steps of glycolysis, where glucose is catabolized to phosphoenol-
pyruvate before it is finally catabolized by lactate dehydrogenase A
(LDHA) into 2 pyruvate + 2 NADH + 4 ATP + 2 H+, yielding a net
gain of 2 ATP molecules per glucose molecule. Where NADH
would be oxidized to NAD+ by complex I during oxidative phos-
phorylation under aerobic conditions, the NADH/NAD+ redox
reactions are carried out by LDHA under anaerobic conditions.
LDHA mediates the donation of an electron to pyruvate, forming
lactate, the ionized form of lactic acid. Two pyruvate molecules are
converted to two lactate molecules per glucose molecule [49].

Cancer cells tend to favor lactic acid fermentation as the main
source of energy even when oxygen is available (Warburg effect).
This is a less efficient means of ATP production than via oxidative
phosphorylation, albeit much faster, resulting in an increased glu-
cose demand and turnover. The main difference between hypoxia-
and Warburg-driven lactic acid fermentation is that the mitochon-
dria remain active during Warburg metabolism and partially engage
oxidative phosphorylation for ATP repletion, which is absent dur-
ing hypoxia and anoxia [50].

2.3.2 HIF-1-Mediated

Glucose Regulation

HIF-1 is an important transcription factor that modulates Warburg
metabolism mainly by increasing glycolysis and decreasing mito-
chondrial function. HIF-1 increases extracellular glucose import
through transcriptional upregulation of glucose transporter 1 and
3 (GLUT1/3 or SLC2A1/3) [51, 52]. Many genes coding for
enzymes that are involved in glycolytic catabolism of intracellular
glucose are upregulated by HIF-1, including hexokinase 2 (HK2)
[51, 53], phosphoglucose isomerase (PGI), 6-phospho-2-kinase/
fructose 2,6 bisphosphatase (PFKFB1–4) [54], 6-phosphofructo-
1-kinase (PFK1), aldolase A and C [51, 55, 56], triosephosphate
isomerase (TPI) [51], glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [51], phosphoglycerate kinase (PGK1) [51, 55, 56],
phosphoglycerate mutase 1 (PGM-1) [57], enolase 1 [56], pyru-
vate kinase M (PK-M) [57], and LDHA [56–58]. Upregulation of
these enzymes facilitates higher catabolic rates in the gluco-
se!lactate conversion steps [56–58]. To counter excessive intra-
cellular lactate accumulation and intracellular lactic acidosis, HIF-1
upregulates the expression of the monocarboxylate transporter
4 (MCT4) protein which subsequently mediates lactic acid efflux
into the extracellular environment [59]. The increased level of
extracellular lactate results in a more acidic tumor
microenvironment [60].

2.3.3 HIF-1 Modulation

of Mitochondrial Activity

HIF-1-mediated upregulation of pyruvate dehydrogenase kinase
1 (PDK1) leads to increased PDC phosphorylation, consequently
limiting the pyruvate!acetyl CoA conversion and thereby the
Krebs cycle. This directs more pyruvate into anaerobic metabolism
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(see Fig. 3). Moreover, mitochondrial cytochrome c oxidase
(CCO), also referred to as mitochondrial complex IV, is a large
mitochondrial transmembrane protein complex that catalyzes the
reduction of O2 to H2O under both normoxic and hypoxic condi-
tions. CCO can contain either the subunit cytochrome oxidase
isoform 1 or 2 (CCO–1 or 2). CCO–1 is more efficient under
aerobic conditions whereas CCO–2 is more efficient under hypoxic
conditions. HIF-1 upregulates CCO–2 and LON protease, a pro-
tease that degrades CCO–1, resulting in optimized mitochondrial
O2 consumption and continued Warburg metabolism under hyp-
oxic circumstances [61].

C-MYC is a proto-oncogenic transcription factor that forms
heterodimers with MAX (MYC-associated factor X) and binds to
E-box sites on DNA to regulate genes involved in proliferation,
metabolism, and cell growth. The genetic regulation also exacer-
bates mitochondrial biogenesis to increase mitochondrial respira-
tion [62]. Increased mitochondrial biogenesis is effectuated by,
e.g., c-MYC-upregulated PGC-1β (peroxisome proliferator-
activated receptor-γ coactivator 1β) and TFAM (mitochondrial
transcription factor A). To skew energy metabolism toward the
anaerobic end, HIF-1 upregulates MAX interactor 1 (MXI1) that
forms heterodimers with MAD (MAX dimerization protein 1),
which in turn binds to E-boxes and recruits mSin3 transcriptional
repressor protein and histone deacetylases, thereby antagonizing c-
MYC-regulated transcription and curtailing mitochondrial metab-
olism [63–65].

Finally, HIF-1 upregulates DEC1 (deleted in esophageal can-
cer 1, also called STR13 or BHLHE40), which functions as a
transcriptional repressor for PGC-1α, a central regulator of energy
metabolism, leading to decreased expression of TFAM and
impaired mitochondrial biogenesis [66].

2.4 Cell Cycle and

Proliferation Control

by HIF-1

2.4.1 Proliferation and Its

Regulation Through the Cell

Cycle

Cells are either quiescent (G0) or actively progressing through the
cell cycle to proliferate, grow, and divide. The eukaryotic cell cycle
is divided into four main stages: mRNA and proteins are synthe-
sized during the G1 (first gap) phase, DNA is replicated during the
S (synthesis) phase, more mRNA and proteins are produced during
the G2 (second gap) phase, and cell division takes place during the
M (mitosis) phase. Progression through the cell cycle is accommo-
dated by specific regulation of cyclins and their complementary
cyclin-dependent kinases (CDKs). During the early G1 phase,
cyclin D1, D2, or D3 forms a complex with either CDK4 or
CDK6. During the late G1 phase, cyclin E1 or E2 is complexed
with CDK2, which is necessary for the G1 ! S phase transition.
Together, cyclin D and cyclin E complexes phosphorylate RB,
leading to dissociation of RB from E2F transcription factors and
freeing of the E2F proteins for DNA replication in the S phase. This
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leads to upregulation of various proteins, RNA, and assembly of
pre-replication proteins. During the S phase, cyclin A1 and chiefly
A2 [67] replace the E-cyclins and complex with CDK2 to initiate
DNA replication. From the late S phase till late G2 phase, cyclin A
complexes with CDK1 where cyclin A is eventually replaced by
cyclin B1 and B2 [68] to allow cell division during the M phase.
An overview is provided in Fig. 4 [69–72]. The cell cycle may be
arrested during stress or damage to allow the cell to remediate any
potentially deleterious conditions before division. If the situation is
not resolved, the cell may revert to G0 (e.g., as a salvage operation)
or enter apoptosis, which is context-dependent [73].

Another layer of regulation occurs at the level of the
pre-replication process, which involves the binding of the hexame-
ric origin recognition complex (ORC 1 to 6) to the origins of
replication. This subsequently leads to the recruitment of
MCM2–7 (minichromosome maintenance complex component
2 to 7)—a hexameric DNA helicase responsible for unwinding
DNA as well as CDT1 (chromatin licensing and DNA replication
factor 1) and CDC6 (cell division cycle 6), two proteins that are
responsible for MCM2–7 inhibition until the onset of the S phase.
During the S phase CDKs phosphorylate CDC6 and CDT1, after
which they dissociate from the pre-replication complex. Next,
CDC7 kinase phosphorylates MCM4, stimulating the association
of CDC45 and the GINS complex (go-ichi-ni-san or SLD5, PSF1,
PSF2, and PSF3) [72, 74]. Once activated, MCM2–7 unwinds the
DNA at the origin to expose the single-stranded DNA (ssDNA)
template that is required for the recruitment of replication protein
A (RPA) and DNA polymerases, ultimately leading to the initiation
of DNA replication. RPA prevents ssDNA from rewinding during
DNA replication [72].

The cell cycle is further controlled by CDK inhibitors. CDK
activity is regulated by the INK4 (inhibitor of CDK4), CIP (CDK
interacting protein), and KIP (kinase inhibitory protein) family of
CDK inhibitors (p15INK4B, p16INK4A, p18INK4C, p19INK4D,
p21CIP1, p27KIP1, and p57KIP2). Inhibition of CDK1 and CDK2
is actuated by p21CIP1, p27KIP1, and p57KIP2. CDK4 and CDK6
inhibition is mediated by p15INK4B, p16INK4A, p18INK4C,
p19INK4D, p21CIP1, and p27KIP1 [75, 76].

2.4.2 Cell Cycle

Modulation by HIF-1

When the need for energy becomes dire as a result of hypoxia and
glucose shortage, energy has to be conserved to prevent metabolic
catastrophe and cell death. Inasmuch as proliferative processes
require large amounts of energy, ATP utilization is curtailed by
HIF-1 upregulation and interference in the c-MYC signaling axis.
As addressed in Subheading 2.3.3, c-MYC is a proto-oncogenic
transcription factor that positively regulates genes required for
proliferation, metabolism, and cell growth. With respect to prolif-
eration, c-MYC regulates the expression of cell cycle proteins [69]
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Fig. 4 The cell cycle and points of modulation by HIF-1α (orange points 11, 12, and 13). During the early G1
phase (1), cyclin D1–3 complexes with CDK4/6. During the late G1 phase (6), cyclins D and E complex with
CDK 2 to facilitate the G1 ! S phase transition. Together, cyclins D and E migrate to unphosphorylated RB
(3) to hyperphosphorylate RB (4), causing the dissociation of RB from E2F and enabling the upregulation and
assembly of the pre-replication protein complex (5). If for any reason not enough of the aforementioned CDKs
and cyclins are produced, the cell cycle does not progress past the G1 restriction points and cells revert to the
G0 phase (2), also known as quiescence or nondividing state. During the S phase (8) cyclins A1 and A2 replace
the E cyclins and complex with CDK2, initiating DNA replication (7). From late S phase till late G2 phase (9),
cyclin A complexes with CDK1. During the M phase (10), cyclin A is replaced by cyclins B1, B2, and B3 to
initiate cell division. HIF-1α is capable of suppressing c-MYC; preventing c-MYC-mediated induction of CDK
1, 2, 4, 6, and 7 and cyclins D1–3, E1/2, A, and B1; and preventing c-MYC-mediated suppression of the cyclin-
dependent kinase inhibitors p15, p21, p27, and p57 (11). This results in the upregulation of said CDKs through
the transcriptional function of HIF-1α (orange arrows) and subsequent downregulation of CDK4 and 6 with
consequent G1/S-phase cell cycle arrest. Additionally, HIF-1α can directly inhibit transcription (12) by binding
to CDC6 and the MCM complex, leading to the association of MCM proteins with chromatin that in turn
decreases DNA replication by preventing CDC7-mediated phosphorylation of MCM4, ultimately resulting in cell
cycle arrest (13)
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in that c-MYC induces cyclins (D1–3, E1/2, A, and B1) and CDKs
(CDK1, 2, 4, 6, and 7) but also represses CDK inhibitors
(p15INK4B, p21CIP1, and p27KIP1), thereby preventing their inhibi-
tory effects on the cell cycle. Upregulation of HIF-1 results in
reduced CDK4 activity, upregulation of p21 and p27 (“derepres-
sion”), hypophosphorylation of RB, and cell cycle arrest in G0/G1

[77, 78] supposedly through direct binding of HIF-1 to c-MYC
and to c-MYC target consensus sites. HIF-1-mediated upregula-
tion of MXI-1, a c-MYC antagonist, might also result in cell cycle
arrest [71]. It is worth noting that HIF-1α-deficient embryonic
stem cells (ES) exhibit upregulation of p27 under hypoxic condi-
tions, suggesting that a HIF-1-independent hypoxia-driven dere-
pression mechanism exists [79].

Regulation of proliferation is also instituted through cross talk
between HIF-1 and p53. HIF-1 can up- or downregulate p53 [80]
depending on the cell type and oxygen level. P53 plays a pivotal role
in many similar processes as HIF-1 but is capable of instigating
opposite effects. For example, HIF-1 promotes metabolic repro-
gramming, autophagy, and survival pathways that are inhibited by
p53, although both propagation and inhibitory functions are exe-
cuted by p53 in case of autophagy [80]. HIF-1 could potentially
induce cell cycle arrest through the p53-p21 pathway to conserve
energy for survival purposes [81]. The HIF-1-p53 signaling axis is
important in tumor biology inasmuch as gain- and loss-of-function
mutations in the p53 gene are highly prevalent and comprise
roughly 50% of all mutations in tumors [82]. Mutations in p53
differentially affect HIF-1 signaling cascades, as exemplified below
(e.g., see Subheading 2.5.2).

Moreover, a non-transcriptional role for HIF-1α leading to cell
cycle arrest in hypoxic colorectal carcinoma (HCT116) cells has
been reported [83]. Stabilized HIF-1α subunits are capable of
binding to CDC6 and promote nuclear accumulation of CDC6,
thereby enabling the interaction between CDC6 and the MCM
complex. The binding of HIF-1α to CDC6 increases the associa-
tion of the MCM proteins with chromatin and decreases CDC7-
dependent phosphorylation of the MCM complex, which in turn
hampers DNA replication and induces cell cycle arrest. This mech-
anism [83], illustrated in Fig. 4, is another example of how HIF-1
can revert energy-consuming proliferation under hypoxic condi-
tions for the benefit of metabolic sustenance and survival.

It should be noted that deterrence of proliferation for purposes
of energy conservation during hypoxia can proceed independently
from HIF-1. One such pathway is mediated by PHD1, which is
responsible for hydroxylation of HIF-1α, leading to its ubiquitina-
tion and proteasomal degradation (see Subheading 2.1.2). PHD1
can be phosphorylated at serine residue 130 in a CDK-dependent
manner, reducing its interaction with HIF-1α, but increasing its
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association and subsequent hydroxylation of CEP192 (centrosomal
protein of 192 kDa) on proline residue 1717—an essential compo-
nent for centrosome duplication and maturation—leading to ubi-
quitination of CEP192 by SCFSKP2 (Skp, cullin, F-box-containing
complex, and S-phase kinase-associated protein 2), proteasomal
degradation of CEP192, and G1 or S (reversible) phase cell cycle
arrest due to centrosomal defects [84, 85].

2.5 Regulation of Cell

Death and Survival by

HIF-1

2.5.1 Modes of Cell

Death

To understand how HIF-1 modulates cell death mechanistically, it
is key to outline the different modes of cell death. Classically, there
are three main cell death pathways, namely apoptosis, necrosis, and
autophagy. Apoptosis encompasses programmed (energy-
dependent) cell death in response to excessive intracellular damage
or binding of signaling molecules to cell membrane receptors, and
is executed to maintain healthy tissue populations. Autophagy is an
auto-catabolic recycling process involving lysosomes that can steer a
cell toward survival or death, depending on the prevailing circum-
stances. Necrosis is an energy depletion-dependent cell death
mechanism mainly caused by external factors such as trauma or
toxins. HIF-1 mainly plays a role in the regulation of apoptosis
and is capable of inducing and preventing cell death [86]. The
following sections are therefore centered on apoptosis in the con-
text of HIF-1 signaling.

Apoptosis entails chromatin condensation, membrane bleb-
bing, phosphatidylserine exposure on the cell surface, cytoplasmic
shrinkage, formation of apoptotic bodies, and DNA fragmentation
[86, 87]. Apoptosis is triggered through the extrinsic, intrinsic, and
immune-mediated pathways. The extrinsic pathway (see Fig. 5)
requires the activation of transmembrane death receptors (DRs)
such as FasR (first apoptosis signal receptor) and TNFR (tumor
necrosis factor receptor) via ligand binding and protein cross-
linking. DR ligation leads to activation of procaspase-8 and -10,
which in turn activate caspase-3 and -7, thereby initiating the
execution pathway that ultimately results in apoptosis [88–90].

The intrinsic pathway (see Fig. 5) can be activated by lethal
stimuli, including but not limited to DNA damage, ER stress,
hypoxia, and metabolic stress. These stimuli activate BCL-2 homol-
ogy domain 3 (BH3)-only proteins, also referred to as BCL-2
family members [91], which in turn activate BAX (BCL-2-asso-
ciated X protein) and BAK (BCL-2 homologous antagonist killer),
leading to BAX- and BAK-mediated mitochondrial outer mem-
brane permeabilization (MOMP). Cytochrome c is then released
into the cytosol where it binds to APAF1 (apoptotic protease
activating factor 1) proteins, forming the multimeric apoptosome
complex. The apoptosome converts procaspase-9 to caspase-9 that
subsequently activates caspase-3 and -7. The downstream signaling
of caspase-3 and -7 is the same as that for the extrinsic pathway and
results in apoptosis [88–90].
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Immunological cell death involves CD8+ cytotoxic T cells that
become cross-primed following exposure to tumor-associated anti-
gens (TAAs) conferred by antigen-presenting cells (e.g., dendritic
cells, B cells, macrophages). Cancer cells present TAAs via MHC1
(major histocompatibility complex 1) proteins on their outer mem-
brane, which are processed by antigen-presenting cells for cross-
presentation to CD8+ cells. Primed CD8+ cells recognize cancer
cells and secrete granzymes and perforin (a pore-forming protein),
enabling entrance of the granzymes into the target cell. Granzyme
B triggers apoptosis via caspase-3 and -8, while granzyme A induces
apoptosis by increasing NM23-H1 DNase activity by inactivation
of its inhibitor protein, SET. DNA cleavage by DNase leads to
p53-mediated BAX and BAK induction and apoptotic signaling as
described above and in Fig. 5 [86, 88].

Fig. 5 Intrinsic and extrinsic apoptosis pathways. Extrinsic apoptosis (left panel) features the activation of cell
membrane death receptors (DRs) such as FasR and TNFR through extracellular ligand binding and protein
cross-linking by, e.g., FasL and TNF family members. Ligated DRs (dark blue squares in red funnel-shaped
structures) activate procaspase-8 and -10 that in turn activate caspase-3 and -7. Caspase-3 and -7 initiate
the execution pathway that results in apoptosis. Intrinsic apoptosis (right panel) can be triggered by a wide
array of stimuli shown in the black box. These stimuli activate BH-3-only proteins, which in turn activate BAK
and BAX, leading to mitochondrial outer membrane permeabilization (MOMP). MOMP facilitates cytochrome c
release into the cytosol, where it binds to APAF-1 to form apoptosomes together with procaspase-9. The
apoptosomes convert procaspase-9 into caspase-9, which activates caspase-3 and -7 and eventually
apoptosis
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2.5.2 Cell Death and

Survival Modulation by

HIF-1α

HIF-1α is involved in hypoxia-induced apoptosis, which is modu-
lated via different routes that result in apoptotic or anti-apoptotic
signaling depending on prevailing conditions and cell type. Gener-
ally, persistent hypoxia, especially when it concurs with other stres-
sors, leads to HIF-1α-induced pro-apoptotic signaling as evidenced
by the fact that hypoxia in combination with hypoglycemia reduced
proliferation and increased apoptosis in wild-type embryonic stem
(ES) cells, but not when HIF-1α was knocked out in ES cells [79].

In the first pro-apoptotic route, hypoxia-stabilized HIF-1α
directly binds to MDM2, the E3 ubiquitin ligase that is responsible
for p53 degradation, resulting in p53 stabilization. Stabilized p53
in turn activates PUMA (p53 upregulated modulator of apoptosis)
that is ensued by BCL-2 downregulation, BAX upregulation, and
apoptosis [92–94]. It should be noted that forced overexpression
of HIF-1α through transfection of HIF-1α cDNA containing
pcDNA3.1/V5-His TOPO-expressing vectors increased BCL-2
and BCL-xL levels in oral squamous cell carcinoma (OSC-4) cells
that was accompanied by a reduction in cytosolic cytochrome c
accumulation, lower levels of BAX and BAK, reduced activity of
caspase-9 and -3, and a lower extent of apoptosis under
hypoxia [95].

Second, HIF-1α can interact both directly with the oxygen-
dependent degradation (ODD) domain in the basic DNA-binding
core of p53 and indirectly following complexation with p300, both
leading to stabilization of wild-type p53. HIF-1α does not bind to
mutant p53 [96, 97], so this mechanism does not work for a
sizeable proportion of cancers given the relatively high prevalence
of p53 mutations [82]. HIF-1α-(p300)-p53 interactions can lead
to either HIF-1α-mediated inhibition or activation of p53 tran-
scriptional activity. Masking of the p53 DNA-binding core leads to
reduced apoptotic signaling, while HIF-1α binding to MDM2
offsets this effect by increasing p53 levels and pro-apoptotic
signaling [98].

A third mechanism of pro-apoptotic signaling under hypoxic
conditions is based on HIF-1α-mediated upregulation of BNIP3
(BCL-2 nineteen kilodalton interacting protein 3), a BH-3-only
and mitochondria-localized transmembrane protein that is over-
expressed in the perinecrotic regions of solid tumors. BNIP3 inhi-
bits BCL-2 and BCL-xL, which translates to activation of BAX,
BAK, and various caspases to culminate in apoptosis [99–
101]. There is evidence that BNIP3 is also capable of mediating
autophagic and necrotic cell death pathways [99, 102], all of which
can be reduced by growth factors such as insulin-like growth factor
(IGF) and endothelial growth factor (EGF) [103].

In terms of anti-apoptotic effects, HIF-1α may deter apoptosis
by upregulating myeloid cell leukemia-1 (MCL1), a BH3-only
protein, as was demonstrated in immortalized human bronchial
epithelial (HBE1) [104, 105] and human hepatocellular carcinoma
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(HepG2) cells [106]. MCL1 contains a HIF-1α-specific HRE site
through which MCL1 expression is regulated. Forced overexpres-
sion of MCL1 in HepG2 cells through transfection of pCMV-HA-
Mcl-1 vectors leads to a reduced rate of apoptosis following an
oxidative stress stimulus with tert-butyl hydroperoxide (a HIF-1α
stabilization event; Fig. 1 and Subheading 2.1.2) compared to cells
with normal MCL1 levels [105, 106]. Additionally, HIF-1-
α-mediated upregulation of GLUT1 prevented apoptosis in HIF-
1α knockdown experiments with A204 rhabdomyosarcoma and
A673 Ewing sarcoma cells [105, 107], altogether attesting to the
pleiotropic and conditional modulation of cell death signaling by
HIF-1α.

2.6 Regulation of

Cancer Metastasis by

HIF-1

2.6.1 Metastasis

Metastasis involves a series of steps where cancer cells detach and
disperse from the primary tumor to distal tissues where they form
secondary tumors. Tumors must achieve significant growth to
prepare for metastasis. To that end, tumors engage angiogenesis
for the supply of oxygen and nutrients to the hypermetabolic,
rapidly dividing cells. Following sizable expansion, cancer cells
undergo epithelial-to-mesenchymal transition (EMT), a process
of biochemical changes where polarized cancer cells with epithelial
phenotype, which normally interact with the basement membrane
via its basolateral surface, transition into a more mesenchymal-like
phenotype. Due to this transition, cancer cells lose their cell-to-cell
contact (disassembly of cell-cell junctions) by downregulating
E-cadherin and zona occludens-1 (ZO-1) to gain motility [108],
enhance invasiveness, increase production of extracellular matrix
(ECM) and ECM-altering proteins, and impart resistance to anoi-
kis. Anoikis constitutes a form of programmed cell death in
anchorage-dependent cells that occurs when these cells detach
from the surrounding ECM [109–111].

EMT is accompanied by enzymatic degradation of the base-
ment membrane, local invasion, and migration toward proximal
blood vessels. Metastatic cells cross the pericyte and endothelial cell
barriers of blood vessels through a process called intravasation.
Upon arrival in the circulation, cancer cells augment their surviv-
ability by expressing tissue factors and/or L- and P-selectins,
thereby recruiting and activating platelets and forming a thrombus
coating that shields the cancer cells from shear forces and immune
detection [111, 112]. Depending on the type of carcinoma and the
location of the primary tumor, circulating cancer cells migrate to
specific distant organ sites by mechanically lodging into capillary
beds. Stationary metastatic cells initiate intraluminal growth and
form microcolonies, which eventually ruptures the capillary wall
and enables the cancer cells to come in contact with the tissue
parenchyma. Alternatively, immobilized cancer cells extravasate
into the tissue parenchyma. It is hypothesized that primary
tumor-derived secreted factors mediate the development of

HIF-1 Inhibition Strategies 307



pre-metastatic niches in distal tissues to eventually provide a hospi-
table environment to future malignant guests [113]. At the colo-
nized secondary locations, the cancer cells proliferate and form
solid tumors. The proliferation of metastasized cells is facilitated
by mesenchymal-to-epithelial transition (MET), a process where
EMT is reversed and cancer cells gradually reacquire epithelial traits
such as interaction potential with the basement membrane, cancer
cell cross talk, and rapid proliferation. Currently the MET is mech-
anistically not fully understood [114]. Lastly, the expanding tumor
mass of the new metastasized colonies accounts for the manifesta-
tion of hypoxia, resulting in the production and stabilization of
HIF-1α (see Subheading 2.1.1) and consequent angiogenesis
[114, 115].

2.6.2 Metastasis

Modulation by HIF-1

HIF-1 regulates transcription of a wide array of genes that differen-
tially contribute to cancer progression. First, as has been demon-
strated in renal cell carcinoma (RCC4) cells, HIF-1 promotes
metastasis by upregulating the EMT transcription factors
TWIST1, SLUG, SNAIL, TCF3, ZFHX1A, and XFHX1B, which
bind to the proximal promoter of the cell-cell adhesion molecule
E-cadherin and repress its transcription. A reduction in E-cadherin
is essential for EMT [108, 116, 117]. In addition, TWIST1 pro-
motes EMT by facilitating invadopodia formation through the
induction of the PDGFRα pathway, leading to downstream activa-
tion of SRC that in turn activates cortactin, Tks4, and Tks5, which
are instrumental in the development of invadopodia
[118, 119]. Invadopodia degrade the ECM by secreting various
matrix metalloproteinases (MMPs) or by expressing membrane-
type MMPs (MT-MMP) [120]. Vasculogenic mimicry formation,
the mimicry of embryonic vasculogenic networks by aggressive
tumors, has also been attributed to TWIST1 [121].

In a second metastasis-promoting mechanism, elucidated in
triple-negative breast cancer (MDA-MB-231) cells, a positive feed-
back loop is created in which C-X-C motif ligand 16 (CXCL16)
secretion into the extracellular environment is stimulated by
HIF-1. CXCL16 binds to C-X-C chemokine receptor type
6 (CXCR6) on the surface of mesenchymal stem cells (MSCs),
prompting MSCs to secrete CXCL10. CXCL10 in turn binds to
CXCR3 receptors on the breast cancer cells, leading to additional
MSC recruitment. MSCs then initiate a second loop where C-C
motif ligand 5 is produced and secreted, activating C-C chemokine
receptor 5 on the breast cancer cells. Subsequently, the breast
cancer cells secrete cytokine CSF1 (colony-stimulating factor 1)
that binds to CSF1 receptor on MSCs and induces the recruitment
of tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells [122]. MSCs further secrete survival factors and
transforming growth factor beta (TGFβ) that steer cancer cell EMT
[123]. TAMs are stimulated to produce EGF by tumor cell-derived
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CSF1, which creates a loop where CSF1 activates TAMs to secrete
EGF while tumor cells secrete CSF1. TAM-derived EGF subse-
quently guides cell migration along collagen fibers toward blood
vessels [124].

In a third pro-metastasis signaling axis, HIF-1α potentiates the
activation of NOTCH1 (Notch homolog 1, translocation asso-
ciated (Drosophila)) downstream gene transcription and mainte-
nance in human glioblastoma (U251) cells by stabilizing
NOTCH1 through interactions with NICD, the intracellular
domain of NOTCH [125]. In human breast cancer (MCF-7 and
MDA-MB-231) cells it was demonstrated that the downstream
targets of NOTCH1, namely HEY1 (hairy enhancer of split related
with YRPWmotif protein 1), HES1 (hairy and enhancer of split-1),
and NF-κB p65 are important in the EMT process. Knockdown of
NOTCH1 with siRNAs abrogated EMT, migration, and
invasion [126].

The fourth mechanism hinges on HIF-1 upregulating the
transcription of urokinase plasminogen activator (uPA) in cancer
cells and cancer-associated fibroblasts (CAFs). uPA is subsequently
secreted and binds to uPA receptors (uPAR) on the cell surface of
cancer cells. Autocrine and paracrine activation of uPAR leads to
activation of ERK1/2 (extracellular signal-regulated kinase 1 and
2) and PI3K, which in turn activates Rac1 and promotes cell
migration [127, 128].

HIF-1 also upregulates the transcription of lysyl oxidase
(LOX), an enzyme that cross-links the extracellular matrix proteins
collagen and elastin, thereby modulating the connective tissue
matrices in the extracellular space. LOX upregulation has been
associated with both tumor suppression and progression, depend-
ing on cellular location, cell type, and transformation status
[129, 130]. Angiogenic properties have also been attributed to
LOX in colorectal cancers [131].

Additionally, HIF-1 directly or indirectly regulates proteins
and/or enzymes that mediate cell-matrix interactions, as well as
proteins and/or enzymes that facilitate motility and invasion. Cell-
matrix modulation is achieved through the regulation of LOX/-
LOX2, HEY1, HES1, and uPA expression. Epigenetic regulators
such as histone deacetylase 3 (HDAC3) are required for hypoxia-
induced EMT [108].

Finally, the protein products of other HIF-1 target genes can
exacerbate the invasiveness of cancer cells. A few examples are
mesenchymal-epithelial transition factor (c-MET), endothelin-1,
fibronectin-1, MMPs, angiopoietin-like 4 (ANGPTL4), and
CXCR4 [132].
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3 PDT and HIF-1 Signaling

PDT generates ROS and causes hypoxia as a result of thrombosis-
mediated vascular shutdown and conversion of molecular O2 to
ROS that are eventually incorporated into biomolecular structures
[133]. Both ROS and hypoxia activate HIF-1(α) (see Subheadings
2.1.1 and 2.1.2). This section summarizes the studies that have
investigated HIF-1 signaling following PDT, starting with the
lowest level of evidence (in vitro studies) and advancing to the
most relevant form of empirical proof (clinical trials).

PDT of human cholangiocarcinoma (Sk-ChA-1) cells with
liposome-delivered zinc phthalocyanine (ZnPC) resulted in
HIF-1α protein stabilization and increased transcription of
HIF-1α downstream genes, including VEGF, PTGS2
(prostaglandin-endoperoxide synthase 2), SERPINE1 (plasmino-
gen activator inhibitor-1), HMOX1 (heme oxygenase 1), and
BIRC5 (survivin) [6, 8, 9, 134]. Cells were photosensitized with
1.5 μM ZnPC delivered via neutral DPPC:DSPE-PEG liposomes
(30-min incubation) [6] or with 30 nM ZnPC delivered via catio-
nic DPPC:cholesterol:DC-cholesterol:DSPE-PEG liposomes
(60-min incubation) [9], illuminated with a 671 nm solid-state
diode laser (500 mW, cumulative radiant exposure of 15 J/cm2),
and deprived of serum to emulate the hyponutritional status
post-PDT. After PDT, cells were maintained in either a normoxic
or a hypoxic atmosphere. The priming of cells with the selective
HIF-1α inhibitor acriflavine exacerbated the extent of Sk-ChA-1
cell death at 24 h post-PDT in an acriflavine concentration- and
hypoxia-dependent manner [9]. Acriflavine caused cell cycle arrest
in the S phase and predominantly G2/M phase. The cells died
chiefly by apoptosis and to a mild extent by necrosis. Similar results
were obtained in human epidermoid carcinoma (A431) cells, which
are monoallelic for P53 [135] that additionally carries an R273H
missense mutation, leading to gain of function with respect to
evasion and migration but not increased cell cycle progression and
cell survival [136]. PDT with liposomal ZnPC caused HIF-1α
protein levels to increase under hypoxic conditions and dysregu-
lated the following HIF-1-related genes: HIF1A (down), BCL2
(down), BIRC5 (down), PTGS2 (up), EDN1 (endothelin, down),
HMOX1 (up), and VEGF (up) [8]. Co-delivery of acriflavine also
significantly augmented the degree of cell death under hypoxic
conditions in A431 cells but not in Sk-ChA-1 cells. Finally, HIF-1
pathway activation was independently reproduced in Sk-ChA-1 and
A431 cells and observed in human primary endothelial cells as well
as mouse (RAW 264.7) macrophages subjected to PDT with lipo-
somal ZnPC (DPPC:cholesterol:DC-cholesterol:DSPE-PEG),
although the level of transcriptional dysregulation differed among
cell lines [134]. Sk-ChA-1 cells exhibited profound perturbations
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in nucleotide and carbohydrate metabolism, glycolysis, and the
Krebs cycle, although it was not clear whether these were direct
ramifications of the hyperoxidative stress or indirect consequences
of HIF-1 transcriptional dysregulation, or both.

Lamberti et al. reported increased HIF-1α transcription levels
in human colorectal adenocarcinoma (SW480) spheroids that were
genetically engineered to express green fluorescent protein (GFP)
under regulation of an HRE promoter. Spheroids were photosen-
sitized with 0.3 mM 5-aminolevulinic acid methyl ester
(5-ALA-ME), the prodrug of the PS protoporphyrin IX (PPIX),
and illuminated after 4 or 24 h (monochromatic light source emit-
ting at 636 � 17 nm, irradiance of 0.89 mW/cm2, cumulative
radiant exposure of 0–1.5 J/cm2). Inhibition of ROS with N-
acetylcysteine resulted in decreased HIF-1 expression, while RNA
interference against HIF-1α downregulated HIF-1α production
and reduced resistance against PDT [137].

Ferrario et al. reported an increase in HIF-1α protein expres-
sion in cultured mouse mammary carcinoma (BA) cells 5 min after
PDT with Photofrin. Cells had been incubated for 16 h with
25 μg/mL Photofrin in medium containing 5% FCS, followed by
30-min incubation in medium containing 10% FCS and illumina-
tion (Mylar-filtered fluorescent bulbs, 570–650 nm, irradiance of
0.35 mW/cm2). An increase in HIF-1α protein levels was also
observed in C3H mice bearing mammary carcinoma
(BA) xenografts that had been subjected to PDT (5 mg/kg Photo-
frin i.v., 630 nm argon-pumped dye laser, irradiance of 75 mW/
cm2, cumulative radiant exposure of 200 J/cm2). The increase in
HIF-1α coincided with a strong increase in VEGF protein levels up
to 24 h post-treatment [138].

Another study on 5- to 6-week-old male BALB/c nu/nu mice
bearing glioma (U251) xenografts reported increased levels of
HIF-1α and its downstream target VEGF-A after PDT. Animals
received 5 mg/kg hematoporphyrin monomethyl ether (HMME)
i.p. and tumors were illuminated with a 630-nm diode laser ~3 h
after PS administration (120 J/cm2 for 10 min). HIF-1α and
VEGF-A levels were significantly reduced by combination therapy
with the anti-angiogenic agent endostar, a recombinant human
endostatin, and HMME-PDT. Kaplan-Meier survival analysis
showed that HMME-PDTachieved longer survival than endostatin
treatment alone, and that endostatin + HMME-PDT yielded the
longest survival [139].

Top-tier evidence for the role of HIF-1 in PDT outcome was
provided in a clinical study comprising 37 early esophageal cancer
patients. Patients received hematoporphyrin derivative (5 mg/kg i.
v.) and PDT was performed after a drug-light interval of 48–72 h
(630 nm argon dye laser, 500 mW output power, cumulative
radiant exposure of 300 J/cm2). Illumination was applied through
optical fibers with a 1–3 cm linear diffuser tip. A strong increase in
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HIF-1α was confirmed by nuclear/cytoplasmic immunostaining of
tumor biopsies in 19 tumors. Analysis of HIF-1α and BCL-2 pro-
tein levels revealed that only 1 of 16 patients that exhibited both
high levels of HIF-1α and an absence of anti-apoptotic BCL-2 pro-
tein experienced a complete response compared to 12 out of the 21
remaining patients. Bivariate analysis showed that high HIF-1α
expression was independently correlated with an incomplete PDT
response, whereas the correlation with high BCL-2 was not signifi-
cant. Neither HIF-1α nor BCL-2 were significantly associated with
local relapse-free survival [140].

4 Inhibition of the HIF-1 Pathway and Its Implications in PDT

HIF-1 is a transcription factor that plays a key role in many
pro-tumorigenic processes such as vascularization, glucose metab-
olism, mitochondrial activity, proliferation, cell survival, and metas-
tasis. Pharmacological inhibition of HIF-1 in cancer cells therefore
constitutes a viable strategy to increase the efficacy of therapies that
activate HIF-1 signaling [5].

Numerous studies have reported successful inhibition of the
HIF-1 pathway using in vitro and in vivo models. The biological
end results are often characterized by anti-angiogenic effects, anti-
proliferative effects, anti-invasive effects, anti-migratory effects,
tumor growth inhibition, G2/M cell cycle arrest, and apoptosis.
Table 1 features a non-exhaustive list of HIF-1 inhibitors with
information on the molecular mechanisms, pharmacological
effects, biological effects, test models, and application in PDT.
The molecular structures and chemical properties are provided in
Fig. 6 and serve as a guide for drug selection and formulation
development, including nanoparticulate drug delivery systems
and fourth-generation PSs [5, 8, 9, 133]. The inhibitors were
selected on the basis of their ability to directly or indirectly inhibit
HIF-1 signaling. In this last section the focus was placed on studies
that investigated HIF-1 inhibitors in the context of PDT. The
compounds that have not been investigated in that context can
still be considered equally eligible candidates for combinatorial
modalities.

With respect to the combination therapies of HIF-1 inhibitors
and PDT that are described below, the antitumor efficacy is com-
monly designated as additive, synergistic, or antagonistic. Additive
effects exhibit an end result that is equal to the sum of the individ-
ual treatments (i.e., singular inhibitor and singular PDT treatment;
1 + 1 ¼ 2). Synergistic effects exhibit an end result that is greater
than the sum of the individual treatments (i.e., a combination effect
that is greater than the expected additive effect; 1 + 1 ¼ 3) and can
therefore be of greater interest. Antagonistic effects exhibit the
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rö
m

m
ac
ro
g
lo
b
u
li
n
em

ia
[3
5
6
,
3
5
7
,
3
5
9
]

–
N
o

N
er
ii
fo
li
n

[2
3
4
,
3
6
0
]

U
n
cl
ea
r
m
ec
h
an
is
m

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

ex
p
re
ss
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

In
vi
tr
o:
H
ep
3
B
-c
1
ce
ll
s

C
ar
d
ia
c
g
ly
co
si
d
e

N
o

N
o
vo

b
io
ci
n

[3
6
1
,
3
6
2
]

In
h
ib
it
io
n
o
f
H
IF
-1
α/

p
3
0
0
/
C
B
P
co
m
p
le
x

fo
rm

at
io
n

B
lo
ck
ad
e
o
f
p
ro
te
in
-

p
ro
te
in

in
te
ra
ct
io
n

b
et
w
ee
n
th
e
C
T
A
D

d
o
m
ai
n
o
f
H
IF
-1
α
an
d

th
e
C
H
1
re
g
io
n
o
f

p
3
0
0
/
C
B
P
;

d
o
w
n
re
g
u
la
ti
o
n
H
IF
-

1
α
ta
rg
et

g
en

es
,

sp
ec
ifi
ca
ll
y
C
A
9
,
A
kt
1
,

an
d
m
T
O
R

In
h
ib
it
io
n
o
f
co
lo
n
y

fo
rm

at
io
n
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
M
C
F
-7

an
d

A
5
4
9
ce
ll
s

T
es
te
d
in

an
ti
b
ac
te
ri
al

P
D
T
fo
r
ki
ll
in
g
g
ra
m
-

n
eg
at
iv
e
b
ac
te
ri
a

N
o

N
V
P
-A

U
Y
9
2
2

(l
u
m
in
es
p
ib
)

[3
6
3
–
3
6
5
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

(c
o
m
p
et
it
iv
e
in
h
ib
it
o
r

o
f
A
T
P
as
e
ac
ti
vi
ty
)

M
is
fo
ld
in
g
an
d

d
eg
ra
d
at
io
n
o
f
A
kt
,

V
E
G
F
R
,
H
IF
-1
α,

H
E
R
2
,
an
d
C
D
K
4

[3
6
5
,
3
6
4
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;

in
h
ib
it
io
n
o
f

ch
em

o
m
ig
ra
ti
o
n
;

tu
b
u
la
r
d
if
fe
re
n
ti
at
io
n

o
f
h
u
m
an

en
d
o
th
el
ia
l

In
vi
tr
o:
H
U
V
E
C
,

H
D
M
E
C
,
P
C
-3
,
P
C
-

3
L
N
3
,
M
C
F
1
0
A
,

P
N
T
2
,
H
B
1
1
9
,
an
d

m
u
ta
n
t
K
R
A
S

–
N
o

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

ce
ll
s;
an
ti
-a
n
g
io
g
en

ic
;

ce
ll
cy
cl
e
ar
re
st

(G
1
/

G
2
)
[3
6
5
,
3
6
4
]

H
C
T
1
1
6
ce
ll
s;
g
as
tr
ic

ca
n
ce
r
ce
ll
li
n
e
p
an
el

In
vi
vo
:
W
M
2
6
6
.4

xe
n
o
g
ra
ft
s
in

fe
m
al
e

at
h
ym

ic
N
C
r
m
ic
e

[3
6
5
,
3
6
4
]

N
V
P
-L
A
Q
8
2
4

(d
ac
in
o
st
at
)

[3
0
9
,
3
6
6
,
3
6
7
]

In
h
ib
it
io
n
o
f
h
is
to
n
e

d
ea
ce
ty
la
se
s
1
an
d
2

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

b
u
t
n
o
t

m
R
N
A
le
ve
ls
;

in
h
ib
it
io
n
o
f

d
o
w
n
st
re
am

V
E
G
F

p
ro
te
in

ex
p
re
ss
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve
;
ce
ll

cy
cl
e
ar
re
st
(G

2
/
M
)

[3
0
9
,
3
6
6
]

In
vi
tr
o:
U
M
R
C
2
,

C
2
V
H
L
,
H
1
2
9
9
,

H
C
T
1
1
6
,
A
5
4
9
,

D
U
1
4
5
,
P
C
-3
,

M
D
A
4
3
5
,
n
o
rm

al
d
er
m
al
h
u
m
an

fi
b
ro
b
la
st
an
d
n
o
rm

al
h
u
m
an

b
ro
n
ch
ia
l

ep
it
h
el
ia
l
ce
ll
s

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

ad
va
n
ce
d
so
li
d
tu
m
o
rs

[3
0
9
,
3
6
6
,
3
6
7
]

M
o
re

p
o
te
n
t
th
an

vo
ri
n
o
st
at

(S
A
H
A
)
an
d

M
S
-2
7
5
ag
ai
n
st

H
C
T
1
1
6
ce
ll
s
[3
6
6
]

N
o

O
li
g
o
am

in
e
α-
h
el
ix

m
im

et
ic
s
[3
6
8
]

B
in
d
in
g
in

th
e
H
IF
-1
α

C
-T
A
D

h
el
ix

3
-b
in
d
in
g
cl
ef
t

In
h
ib
it
io
n
o
f
H
IF
-1
α/

p
3
0
0
co
m
p
le
x

fo
rm

at
io
n

–
In

si
li
co
:
d
o
ck
in
g
an
d

fl
u
o
re
sc
en

ce
an
is
o
tr
o
p
y

co
m
p
et
it
io
n
ti
tr
at
io
n

–
N
o

O
u
ab
ai
n

[2
8
2
,
3
6
9
–3

7
2
]

B
in
d
in
g
to

eI
F
4
E
an
d

d
is
ru
p
ti
o
n
o
f
eI
F
4
E
/

eI
F
4
G

as
so
ci
at
io
n
;

in
h
ib
it
o
r
o
f
N
A
+
,K

+
-

A
T
P
as
e
[3
6
9
,
3
7
0
]

In
h
ib
it
io
n
o
f

C
ap
-d
ep
en

d
en

t
tr
an
sl
at
io
n
;
in
h
ib
it
io
n

o
f
H
IF
-1
α
p
ro
te
in

sy
n
th
es
is
[3
6
9
,
3
7
0
]

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve
;

ap
o
p
to
si
s
[3
7
0
,
3
7
2
]

In
vi
tr
o:
D
U
1
4
5
,
U
2
O
S
,

A
G
S
,
O
V
C
A
R
8
,
Y
-1
,

P
C
-3
,
U
9
3
7
,
H
ep
G
2
,

A
5
4
9
,
S
K
O
V
3
,

S
M
M
C
-7
7
2
1
,
9
5
D
,

an
d
H
eL

a
ce
ll
s

[3
6
9
,
3
7
0
,
3
7
2
]

C
ar
d
ia
c
g
ly
co
si
d
e

N
o



P
ar
b
en

d
az
o
le

[2
1
6
,
2
9
1
]

U
n
cl
ea
r
m
ec
h
an
is
m

b
u
t

kn
o
w
n
tu
b
u
li
n

d
es
ta
b
il
iz
er

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
m
R
N
A
b
u
t
n
o
t

p
ro
te
in

ex
p
re
ss
io
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α
ta
rg
et

g
en

es
su
ch

as
V
E
G
F
A

[2
1
6
]

E
xa
ce
rb
at
ed

cy
to
to
xi
ci
ty

in
ce
ll
s
th
at

ex
p
re
ss

fu
n
ct
io
n
al
H
IF
-1
,

H
IF
-2
,
an
d
K
R
A
S

co
m
p
ar
ed

to
ce
ll
s

w
h
er
e
p
ro
te
in
s
w
er
e

kn
o
ck
ed

o
u
t;
d
ec
re
as
ed

ce
ll
vi
ab
il
it
y

In
vi
tr
o:
H
C
T
1
1
6
,

H
C
T
1
1
6
W
T

K
R
A
S
,
an
d

H
C
T
1
1
6
H
IF
-1
α
�/

�H
IF
-

2
α
�
/
�
ce
ll
s

–
N
o

P
er
ip
lo
cy
m
ar
in

[2
3
4
,
3
7
2
,
3
7
3
]

U
n
cl
ea
r
m
ec
h
an
is
m
;

in
h
ib
it
o
r
o
f
N
A
+
,
K
+
-

A
T
P
as
e

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

ex
p
re
ss
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
ap
o
p
to
si
s;

an
ti
p
ro
li
fe
ra
ti
ve
;
ce
ll

cy
cl
e
ar
re
st
(G

2
/
M
)

[3
7
2
]

In
vi
tr
o:
H
ep
3
B
-c
1
,

P
C
-3
,
an
d
U
9
3
7
ce
ll
s

[2
3
4
,
3
7
2
]

C
ar
d
ia
c
g
ly
co
si
d
e

N
o

P
er
u
vo

si
d
e

[2
1
6
,
2
3
4
,
2
6
6
,

3
7
4
]

U
n
cl
ea
r
m
ec
h
an
is
m

C
o
m
p
le
te

in
h
ib
it
io
n
o
f

H
IF
-1
α
p
ro
te
in

ex
p
re
ss
io
n
an
d

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α
ta
rg
et

g
en

es
su
ch

as
V
E
G
F
A

[2
1
6
,
2
3
4
]

E
xa
ce
rb
at
ed

cy
to
to
xi
ci
ty

in
ce
ll
s
th
at

ex
p
re
ss

fu
n
ct
io
n
al
H
IF
-1
,

H
IF
-2
,
an
d
K
R
A
S

co
m
p
ar
ed

to
ce
ll
s

w
h
er
e
p
ro
te
in
s
w
er
e

kn
o
ck
ed

o
u
t;

an
ti
p
ro
li
fe
ra
ti
ve
;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y,

ce
ll
cy
cl
e
ar
re
st

(G
0
/

G
1
);
ap
o
p
to
si
s

[2
1
6
,
2
6
6
]

In
vi
tr
o:
M
C
F
-7
,
H
ep
3
B
-

c1
,
M
D
A
-M

B
-2
3
1
,

H
C
T
1
1
6
,
H
C
T
1
1
6
W
T

K
R
A
S
,
H
C
T
1
1
6
H
IF
-

1
α
�
/
�
H
IF
-2
α
�
/
�
,
an
d

M
D
A
-M

B
-4
6
8
ce
ll
s

[2
1
6
,
2
3
4
,
2
6
6
]

C
ar
d
ia
c
g
ly
co
si
d
e

N
o

P
h
en

et
h
yl

is
o
th
io
cy
an
at
e

(P
E
IT

C
)

[3
7
5
,
3
7
6
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

ac
cu
m
u
la
ti
o
n

D
ec
re
as
e
in

H
IF
-1
α

p
ro
te
in

le
ve
ls
;

in
d
u
ct
io
n
o
f
H
IF
-1
α

ta
rg
et

g
en

es
C
A
9
,

G
L
U
T
1
,
B
N
IP

3
,
an
d

V
E
G
F
A

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve
;

ap
o
p
to
si
s

In
vi
tr
o:
M
C
F
-7

ce
ll
s

–
N
o

P
le
u
ro
ti
n

[3
7
7
,
3
7
8
]

In
h
ib
it
io
n
o
f
th
io
re
d
o
xi
n

D
ec
re
as
e
in

H
IF
-1
α

p
ro
te
in

le
ve
ls
;

in
h
ib
it
io
n
o
f
H
IF
-1
-

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
[3
7
7
]

In
vi
tr
o:
M
C
F
-7
,
H
T
-2
9
,

R
C
C
4
,
an
d
R
C
C
4
/

V
H
L
ce
ll
s
[3
7
7
]

–
N
o

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

tr
an
sa
ct
iv
at
in
g
ac
ti
vi
ty

an
d
V
E
G
F
p
ro
d
u
ct
io
n

[3
7
7
]

P
ro
sc
il
la
ri
d
in

A
[2
1
6
,
2
3
4
,
2
7
0
,

2
8
1
,
3
7
9
]

U
n
cl
ea
r
m
ec
h
an
is
m

C
o
m
p
le
te

in
h
ib
it
io
n
o
f

H
IF
-1
α
p
ro
te
in

ex
p
re
ss
io
n
b
u
t
in
cr
ea
se

in
H
IF
1
m
R
N
A
le
ve
ls
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α
ta
rg
et

g
en

es
[2
1
6
,
2
3
4
]

E
xa
ce
rb
at
ed

cy
to
to
xi
ci
ty

in
ce
ll
s
th
at

ex
p
re
ss

fu
n
ct
io
n
al
H
IF
-1
,

H
IF
-2
,
an
d
K
R
A
S

co
m
p
ar
ed

to
ce
ll
s

w
h
er
e
p
ro
te
in
s
w
er
e

kn
o
ck
ed

o
u
t;

an
ti
p
ro
li
fe
ra
ti
ve
;

an
ti
m
ig
ra
to
ry
;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y;

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
ce
ll
cy
cl
e
ar
re
st

(G
2
/
M
)
[2
1
6
,
2
7
0
,

3
7
9
]

In
vi
tr
o:
H
ep
3
B
,
H
ep
3
B
-

c1
H
C
T
1
1
6
,

H
C
T
1
1
6
W
T

K
R
A
S
,

H
C
T
1
1
6
H
IF
-1
α
�/

�H
IF
-

2
α
�
/
�
,
G
B
M
6
,
G
B
M
9
,

U
8
7
-M

G
,
U
2
5
1
-M

G
,

H
T
2
9
,
C
C
2
0
,
an
d

P
C
-3

ce
ll
s

In
vi
vo
:
G
B
M
6
an
d

U
8
7
-M

G
xe
n
o
g
ra
ft
s
in

at
h
ym

ic
n
u
d
e
m
ic
e

(6
w
ee
ks
)
[2
1
6
,
2
3
4
,

2
7
0
,
3
7
9
]

C
ar
d
ia
c
g
ly
co
si
d
e

N
o

P
u
ri
n
e
sc
af
fo
ld

co
m
p
o
u
n
d

1
6
[3
8
0
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

In
h
ib
it
io
n
o
f
H
S
P
9
0
,

le
ad
in
g
to

d
eg
ra
d
at
io
n

o
f
H
E
R
2
an
d
p
o
ss
ib
ly

o
th
er

(o
n
co
g
en

ic
)

p
ro
te
in
s
su
ch

as
E
R
,

A
R
,
an
d
B
C
R
-A

B
L
,

R
A
F
-1
,
p
-A

kt
,
C
D
K
4
,

m
u
ta
n
t
p
5
3
,
an
d

F
L
T
-3

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

In
vi
tr
o:
M
C
F
-7

an
d

B
T
4
7
4
ce
ll
s

In
vi
vo
:
N
8
7
xe
n
o
g
ra
ft
s

in
B
A
L
B
/
c
an
d
fe
m
al
e

n
u
/
n
u
at
h
ym

ic
m
ic
e

(6
–8

w
ee
ks
)

–
N
o



P
u
ri
n
e
sc
af
fo
ld

co
m
p
o
u
n
d

2
0
[3
8
0
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

In
h
ib
it
io
n
o
f
H
S
P
9
0
,

le
ad
in
g
to

d
eg
ra
d
at
io
n

o
f
H
E
R
2
an
d
p
o
ss
ib
ly

o
th
er

(o
n
co
g
en

ic
)

p
ro
te
in
s
su
ch

as
E
R
,

A
R
,
an
d
B
C
R
-A

B
L
,

R
A
F
-1
,
p
-A

kt
,
C
D
K
4
,

m
u
ta
n
t
p
5
3
,
an
d

F
L
T
-3

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

In
vi
tr
o:
M
C
F
-7

an
d

B
T
4
7
4
ce
ll
s

In
vi
vo
:
N
8
7
xe
n
o
g
ra
ft
s

in
B
A
L
B
/
c
an
d
fe
m
al
e

n
u
/
n
u
at
h
ym

ic
m
ic
e

(6
–8

w
ee
ks
)

–
N
o

P
u
ri
n
e
sc
af
fo
ld

P
U
-H

7
1

[3
8
1
–
3
8
3
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

C
as
p
as
e
ac
ti
va
ti
o
n
;
P
A
R
P

cl
ea
va
g
e;

A
kt

in
ac
ti
va
ti
o
n
;
in
d
u
ct
io
n

o
f
E
R
st
re
ss
(i
n
cr
ea
se

in
H
S
P
9
0
p
ar
al
o
g
s

G
R
P
9
4
,
G
R
P
7
8
);

u
p
re
g
u
la
ti
o
n
o
f
A
T
F
4

an
d
C
H
O
P
;
ac
ti
va
ti
o
n

o
f
P
E
R
K
/
A
T
F
4
an
d

IR
E
1
/
X
B
P
1
ar
m
s
o
f

u
n
fo
ld
ed

p
ro
te
in

re
sp
o
n
se

[3
8
1
,
3
8
2
]

In
tr
in
si
c
ap
o
p
to
si
s;

n
ec
ro
si
s;
d
ec
re
as
ed

ce
ll

vi
ab
il
it
y;

an
ti
p
ro
li
fe
ra
ti
ve
,
ce
ll

cy
cl
e
ar
re
st
(G

2
/
M
);

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

[3
8
1
,
3
8
2
]

In
vi
tr
o:
H
eL

a
(w

it
h

B
C
L
-2

g
en

e,
cy
to
m
eg
al
o
vi
ru
s
U
L
3
7

ex
o
n
1
g
en

e
co
d
in
g
fo
r

vM
IA

,
o
r
w
it
h

p
cD

N
A
3
.1

ve
ct
o
r

co
n
ta
in
in
g
n
eo

m
yc
in

re
si
st
an
ce

g
en

e)
,

H
C
T
1
1
6
,
H
C
T
1
1
6

B
ax

�/
�
,
M
D
A
-M

B
-

4
6
8
,
M
D
A
-M

B
-2
3
1
,

H
C
C
-1
8
0
6
,
M
el
5
0
1
,

p
ri
m
ar
y
h
u
m
an

fi
b
ro
b
la
st
s,
A
5
4
9
,
an
d

H
ep
G
2
ce
ll
s

In
vi
vo
:
M
D
A
-M

B
-4
6
8
,

M
D
A
-M

B
-2
3
1
,
an
d

H
C
C
-1
8
0
6
xe
n
o
g
ra
ft
s

in
fe
m
al
e
at
h
ym

ic
n
u
/
n
u
m
ic
e
(6

w
ee
ks
)

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

p
ro
g
re
ss
ed

o
r
re
cu
rr
en

t
so
li
d
tu
m
o
rs

[3
8
1
–3

8
3
]

C
o
m
p
le
te

re
sp
o
n
se

in
M
D
A
-M

B
-2
3
1

xe
n
o
g
ra
ft
s
[3
8
2
]

N
o

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

P
X
-1
2
[3
7
7
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

D
ec
re
as
e
in

H
IF
-1
α

p
ro
te
in

le
ve
ls
an
d

in
h
ib
it
io
n
o
f
H
IF
-1
α

tr
an
sa
ct
iv
at
in
g
ac
ti
vi
ty

an
d
V
E
G
F
p
ro
d
u
ct
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
;
d
ec
re
as
ed

ce
ll
vi
ab
il
it
y

In
vi
tr
o:
M
C
F
-7
,
H
T
-2
9
,

R
C
C
4
,
an
d
R
C
C
4
/

V
H
L
ce
ll
s

In
vi
vo
:
M
C
F
-7

xe
n
o
g
ra
ft
s
in

S
C
ID

m
ic
e

U
n
cl
ea
r
w
h
at

ca
u
se
s
th
e

H
IF
-1
α
in
h
ib
it
io
n

N
o

P
X
-4
7
8
[3
8
4
,
3
8
5
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

R
ed

u
ct
io
n
o
f
H
IF
-1
α

le
ve
ls
an
d
in
h
ib
it
io
n
o
f

H
IF
-1
α-
d
ep
en

d
en

t
d
o
w
n
st
re
am

tr
an
sc
ri
p
ti
o
n

T
u
m
o
r
re
g
re
ss
io
n
;
st
al
le
d

tu
m
o
r
g
ro
w
th

In
vi
tr
o:
P
C
-3
,
M
C
F
-7
,

H
T
2
9
,
P
an
c-
1
,
B
xP

C
-

3
,
H
C
T
1
1
6
+
/
+

(W
T
p
5
3
),
an
d

H
C
T
1
6
6
�
/
�
(d
el
et
ed

p
5
3
)
ce
ll
s

In
vi
vo
:
M
C
F
-7
,
H
T
-2
9
,

P
C
-3
,
D
U
-1
4
5
,

O
V
C
A
R
-3
,
A
5
4
9
,

S
H
P
-7
7
,
an
d
C
ak
i-
1

xe
n
o
g
ra
ft
s
in

fe
m
al
e

S
C
ID

m
ic
e

G
L
U
T
1
b
u
t
n
o
t
V
E
G
F

w
as

in
h
ib
it
ed

fo
r
o
ve
r

2
4
h
af
te
r
a
si
n
g
le

i.
p
.
d
o
se

o
f
1
2
0
m
g
/
k
g

in
m
ic
e
w
it
h
H
T
-2
9

xe
n
o
g
ra
ft
s
[3
8
4
]

N
o

P
yr
az
o
le
s

(V
E
R
-4
9
0
0
9
)

[3
8
6
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

In
d
u
ct
io
n
o
f
H
S
P
2
7
an
d

H
S
P
7
2
,
re
su
lt
in
g
in

d
ep
le
ti
o
n
o
f
C
-R

A
F
,

B
-R

A
F
,
su
rv
iv
in
,
an
d

P
R
M
T
5
;

d
o
w
n
re
g
u
la
ti
o
n
o
f
A
kt
,

p
-A

kt
,
an
d
E
R
B
B
2

p
ro
te
in

le
ve
ls

A
p
o
p
to
si
s;

an
ti
p
ro
li
fe
ra
ti
ve
;
G

1
-

an
d
G

2
/
M
-p
h
as
e
ce
ll

cy
cl
e
ar
re
st

In
vi
tr
o:
H
U
V
E
C
,

M
C
F
1
0
a,

P
N
T
2
,

S
K
M
E
L
2
,
S
K
M
E
L

5
,
S
K
M
E
L

2
8
,
W
M
2
6
6
.4
,
H
T
2
9
,

H
T
2
9
o
xa
li
R
,
C
H
1
,

B
T
2
0
,
B
T
-4
7
4
,

H
C
T
1
1
6
,
C
H
1
,

M
B
-2
3
1
,
M
B
-4
6
8
,

Z
R
7
5
1
,
an
d
B
E
n
eg

–
N
o



ce
ll
s

In
vi
vo
:
H
C
T
1
1
6
an
d

O
V
C
A
R
-3

xe
n
o
g
ra
ft
s

in
fe
m
al
e
at
h
ym

ic
N
C
r

m
ic
e
(6
–8

w
ee
ks
)

P
yr
az
o
le
s

(V
E
R
-5
0
5
8
9
)

[3
8
6
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

In
d
u
ct
io
n
o
f
H
S
P
2
7
an
d

H
S
P
7
2
,
re
su
lt
in
g
in

d
ep
le
ti
o
n
o
f
C
-R

A
F
,

B
-R

A
F
,
su
rv
iv
in
,
an
d

P
R
M
T
5
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

p
-A

kt
an
d
E
R
B
B
2

p
ro
te
in

le
ve
ls

A
p
o
p
to
si
s;

an
ti
p
ro
li
fe
ra
ti
ve
,
G

1
-

an
d
G

2
/
M
-p
h
as
e
ce
ll

cy
cl
e
ar
re
st

In
vi
tr
o:
H
U
V
E
C
,

M
C
F
1
0
a,

P
N
T
2
,

S
K
M
E
L
2
,
S
K
M
E
L

5
,
S
K
M
E
L

2
8
,
W
M
2
6
6
.4
,
H
T
2
9
,

H
T
2
9
o
xa
li
R
,
C
H
1
,

B
T
2
0
,
B
T
-4
7
4
,

H
C
T
1
1
6
,
C
H
1
,

M
B
-2
3
1
,
M
B
-4
6
8
,

Z
R
7
5
1
,
an
d
B
E
n
eg

ce
ll
s

In
vi
vo
:
H
C
T
1
1
6
an
d

O
V
C
A
R
-3

xe
n
o
g
ra
ft
s

in
fe
m
al
e
at
h
ym

ic
N
C
r

m
ic
e
(6
–8

w
ee
ks
)

–
N
o

P
yr
id
yl
p
yr
im

id
in
e

sc
af
fo
ld

P
2
6
3
0

[3
8
7
]

S
el
ec
ti
ve

in
h
ib
it
o
r
o
f

H
IF
-1
α

D
ec
re
as
e
in

V
E
G
F

p
ro
te
in

an
d
m
R
N
A

ex
p
re
ss
io
n
(u
n
d
er

h
yp
o
xi
c
co
n
d
it
io
n
s)

A
n
ti
-a
n
g
io
g
en

ic
,

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
P
C
-3
,

H
C
T
-1
1
6
,
U
2
5
1
,

U
2
5
1
-p
G
L
3
,
U
2
5
1
-

H
R
E
,
O
V
C
A
R
-3
,

D
U
-1
4
5
,
P
an
c-
1
,

M
R
C
-5
,
an
d
W
I-
3
8

ce
ll
s

In
vi
vo
:
P
C
-3

xe
n
o
g
ra
ft
s

in
S
C
ID

m
ic
e

–
N
o

P
yr
id
yl
p
yr
im

id
in
e

sc
af
fo
ld

P
3
1
5
5

[3
8
8
]

D
ec
re
as
ed

p
h
o
sp
h
o
ry
la
ti
o
n
o
f

H
IF
-1
α,

P
1
3
K
,
A
kt
,

an
d
4
E
-B

P
1
;
in
h
ib
it
io
n

o
f
H
IF
-1
α

S
u
p
p
re
ss
io
n
o
f
th
e
P
I3
K
/

A
kt

p
at
h
w
ay
;
d
ec
re
as
ed

p
h
o
sp
h
o
ry
la
ti
o
n
o
f
A
kt

an
d
4
E
-B

P
1
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α,

V
E
G
F
,
p
-A

kt
p
ro
te
in

le
ve
ls

A
n
ti
-a
n
g
io
g
en

ic
;
an
ti
-

m
ig
ra
to
ry
;
in
h
ib
it
io
n

o
f
tu
m
o
r
g
ro
w
th

In
vi
tr
o:
P
C
-3
,
U
2
5
1
-

p
G
L
3
,
U
2
5
1
-H

R
E
,

H
U
V
E
C
,
an
d
D
U
1
4
5

ce
ll
s

In
vi
vo
:
P
C
-3

xe
n
o
g
ra
ft
s

in
S
C
ID

m
ic
e

–
N
o

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

Q
u
er
ce
ti
n

[1
5
3
,
2
4
3
,
3
8
9
,

3
9
0
]

Im
p
ai
rm

en
t
o
f
M
A
P
K
-

d
ep
en

d
en

t
p
h
o
sp
h
o
ry
la
ti
o
n
o
f

H
IF
-1
α

In
h
ib
it
io
n
/
in
d
u
ct
io
n
o
f

H
IF
-1
α;

d
ec
re
as
ed

H
IF
-1
α
n
u
cl
ea
r

ac
cu
m
u
la
ti
o
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

V
E
G
F
an
d
p
-A

kt
p
ro
te
in

ex
p
re
ss
io
n

[1
5
3
,
2
4
3
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y;

ce
ll
cy
cl
e
ar
re
st

(G
2
/

M
)
[2
4
3
,
3
9
0
,
3
8
9
]

In
vi
tr
o:
H
eL

a,
H
E
p
-2
,

H
L
-6
0
,
an
d

N
C
I-
H
1
5
7
ce
ll
s

[1
5
3
,
2
4
3
,
3
9
0
,
3
8
9
]

–
Y
es [3

9
0
]

R
ad
ic
ic
o
l

(m
o
n
o
rd
en

)
[3
9
1
,
3
9
2
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

In
h
ib
it
io
n
o
f
h
yp
o
xi
a-

in
d
u
ce
d
ex
p
re
ss
io
n
o
f

V
E
G
F
an
d
in
h
ib
it
io
n

o
f
H
R
E
b
in
d
in
g
b
y
th
e

H
IF
-1
α/

A
rn
t

h
et
er
o
d
im

er

A
n
ti
-a
n
g
io
g
en

ic
In

vi
tr
o:
H
ep
3
B
ce
ll
s

–
N
o

R
ap
am

yc
in

(s
ir
o
li
m
u
s)

[1
8
9
,

1
9
1
–1

9
4
,
3
9
3
,

3
9
4
]

In
h
ib
it
io
n
o
f
m
T
O
R
b
y

b
in
d
in
g
to

th
e
F
K
B
P
1
2

p
ro
te
in

[1
9
4
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

ac
cu
m
u
la
ti
o
n
an
d
H
IF
-

1
α-
d
ep
en

d
en

t
d
o
w
n
st
re
am

tr
an
sc
ri
p
ti
o
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

B
M
I-
1
p
ro
te
in

an
d

m
R
N
A
le
ve
ls
an
d

d
ec
re
as
ed

cy
cl
in

E
1

an
d
G
L
U
T
1
p
ro
te
in

le
ve
ls
;
at
te
n
u
at
io
n
o
f

m
T
O
R

p
h
o
sp
h
o
ry
la
ti
o
n

[1
9
2
,
3
9
4
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;

G
1
-p
h
as
e
ce
ll
cy
cl
e

ar
re
st
;
im

m
u
n
o
su
p
-

p
re
ss
iv
e;
d
el
ay
ed

tu
m
o
r

g
ro
w
th

[1
8
9
–1

9
3
,

3
9
4
]

In
vi
tr
o:
P
C
-3
,
Y
7
9
,

S
Z
9
5
,
W
iD

r,
an
d
V
C
P

p
at
ie
n
t
m
yo

b
la
st
s

In
vi
vo
:
W
iD

r
xe
n
o
g
ra
ft
s

in
fe
m
al
e
B
A
L
B
/
c
n
u
/

n
u
m
ic
e
(5
–8

w
ee
ks
);

V
C
P
R
1
5
5
H
/
+
m
o
u
se

ce
ll
s
[1
9
2
–
1
9
4
,
3
9
3
,

3
9
4
]

A
d
m
in
is
tr
at
io
n
d
ir
ec
tl
y

af
te
r
A
lP
cS

2
a-
P
D
T

re
su
lt
ed

in
a
sy
n
er
g
is
ti
c

cy
to
to
xi
c
ef
fe
ct

b
u
t

ad
m
in
is
tr
at
io
n
b
ef
o
re

P
D
T
re
su
lt
ed

in
an

an
ta
g
o
n
is
ti
c
ef
fe
ct

in
W
iD

r
ce
ll
s
[1
9
3
]

Y
es [1

9
4
,

1
9
3
]



R
es
ve
ra
tr
o
l
[1
9
5
,

1
9
7
,
2
4
3
,

3
9
5
–3

9
9
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

ac
cu
m
u
la
ti
o
n

w
it
h
o
u
t
af
fe
ct
in
g
H
IF
-

1
α
m
R
N
A
le
ve
ls

In
h
ib
it
io
n
o
f
h
yp
o
xi
a-

m
ed

ia
te
d
ac
ti
va
ti
o
n
o
f

E
R
K
1
/
2
an
d
A
kt
,

le
ad
in
g
to

a
d
ec
re
as
e
in

H
IF
-1
α
p
ro
te
in

ac
cu
m
u
la
ti
o
n
an
d

V
E
G
F
tr
an
sc
ri
p
ti
o
n
al

ac
ti
va
ti
o
n
;

u
p
re
g
u
la
ti
o
n
o
f

ca
sp
as
e-
3
,
p
5
3
,
p
-E

R
K
,

an
d
p
-p
3
8
p
ro
te
in

le
ve
ls
(w

it
h
o
u
t
P
D
T

an
d
in

co
m
b
in
at
io
n

w
it
h
P
D
T
)
[1
9
5
,
2
4
3
,

3
9
9
]

A
n
ti
-a
n
g
io
g
en

ic
,

an
ti
p
ro
li
fe
ra
ti
ve
;

ap
o
p
to
si
s;
an
ti
-

in
va
si
ve
;
d
ec
re
as
ed

ce
ll

vi
ab
il
it
y,
in
cr
ea
se
d

su
rv
iv
al
,
in
h
ib
it
io
n
o
f

tu
m
o
r
g
ro
w
th

ra
te

[1
9
5
,
1
9
7
,
2
4
3
,
3
9
8
,

3
9
9
]

In
vi
tr
o:
S
C
C
-9
,
H
aC

aT
,

A
4
3
1
,
N
C
I-
H
1
5
7
,

R
T
-2
,
E
C
V
3
0
4
,

M
D
A
-M

B
-2
3
1
,
an
d

H
ep
G
2
ce
ll
s

In
vi
vo
:
M
D
A
-M

B
-2
3
1

xe
n
o
g
ra
ft
s
in

fe
m
al
e

at
h
ym

ic
n
u
d
e
m
ic
e

(6
–8

w
ee
ks
);
R
T
-2

xe
n
o
g
ra
ft
s
in

F
is
ch
er

3
4
4
ra
ts
[1
9
7
,
3
9
5
,

3
9
9
]

H
as

b
ee
n
in
ve
st
ig
at
ed

in
m
an
y
in

vi
vo

st
u
d
ie
s
o
n

b
re
as
t,
co
lo
re
ct
al
,
li
ve
r,

p
an
cr
ea
ti
c,

an
d

p
ro
st
at
e
ca
n
ce
r

[3
9
5
,
3
9
8
]

Y
es [1

9
7
]

R
o
te
n
o
n
e
[2
9
,
4
0
0
]

In
h
ib
it
io
n
o
f

m
it
o
ch
o
n
d
ri
al
co
m
p
le
x

I

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α,

V
E
G
F
,
an
d
B
cl
-2

p
ro
te
in

ex
p
re
ss
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
d
ec
re
as
ed

ce
ll

vi
ab
il
it
y;

ap
o
p
to
si
s,
ce
ll

cy
cl
e
ar
re
st
(s
u
b
G

1
)

[4
0
0
]

In
vi
tr
o:
M
C
F
-7
,
H
s2
9
-

4
T
,
an
d
N
IH

-3
T
3
ce
ll
s

–
N
o

S
C
H
6
6
3
3
6

(l
o
n
af
ar
n
ib
)

[4
0
1
,
4
0
2
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

in
te
ra
ct
io
n
w
it
h

H
S
P
9
0

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
an
d
V
E
G
F
p
ro
te
in

ex
p
re
ss
io
n

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
U
M
S
C
C
3
8
,

H
U
V
E
C
,
an
d
H
1
2
9
9

ce
ll
s;
ch
ic
k
ao
rt
ic
ar
ch

as
sa
y

In
vi
vo
:
U
M
S
C
C
3
8

xe
n
o
g
ra
ft
s
in

fe
m
al
e

n
u
d
e
m
ic
e
(6

w
ee
ks
)

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

ad
va
n
ce
d
so
li
d
tu
m
o
rs

F
ar
n
es
yl
tr
an
sf
er
as
e

d
er
iv
at
iv
e

N
o

S
ch
if
f
b
as
es

(c
o
m
p
o
u
n
d
1
3
)

[4
0
3
]

In
h
ib
it
io
n
o
f
H
sp
9
0

A
T
P
as
e
ac
ti
vi
ty

In
h
ib
it
io
n
o
f
H
S
P
9
0

A
n
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
P
C
-3
,
C
ac
o
,
an
d

M
D
C
K
ce
ll
s

–
N
o

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

S
H
-1
2
4
2
[4
0
4
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

H
IF
-1
α
d
es
ta
b
il
iz
at
io
n

th
ro
u
g
h
H
S
P
9
0

in
h
ib
it
io
n
,
re
su
lt
in
g
in

d
ec
re
as
ed

V
E
G
F
A
,

E
D
N
1
,
E
P
O
,
an
d

N
O
S2

ex
p
re
ss
io
n

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
A
R
P
E
-1
9
,

H
R
M
E
C
,
an
d

S
N
U
O
T
-R

b
1
ce
ll
s
an
d

h
u
m
an

b
ra
in

as
tr
o
cy
te
s

In
vi
vo
:
re
ti
n
as

o
f
O
IR

an
d
C
5
7
B
L
/
6
m
ic
e

–
N
o

S
H
-1
2
8
0
[4
0
4
]

In
h
ib
it
io
n
o
f
H
S
P
9
0

H
IF
-1
α
d
es
ta
b
il
iz
at
io
n

th
ro
u
g
h
H
S
P
9
0

in
h
ib
it
io
n
,
re
su
lt
in
g
in

d
ec
re
as
ed

V
E
G
F
A
,

E
D
N
1
,
E
P
O
,
an
d

N
O
S2

ex
p
re
ss
io
n

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
A
R
P
E
-1
9
,

H
R
M
E
C
,
an
d

S
N
U
O
T
-R

b
1
ce
ll
s
an
d

h
u
m
an

b
ra
in

as
tr
o
cy
te
s

In
vi
vo
:
re
ti
n
as

o
f
O
IR

an
d
C
5
7
B
L
/
6
m
ic
e

–
N
o

S
il
ib
in
in

[1
9
6
,
1
9
8
,

1
9
9
,
4
0
5
]

D
ep
h
o
sp
h
o
ry
la
ti
o
n
o
f

m
T
O
R
,
p
7
0
S
6
K
,
an
d

4
E
-B

P
1

In
h
ib
it
io
n
o
f
H
IF
-1
α

ac
cu
m
u
la
ti
o
n
an
d

tr
an
sc
ri
p
ti
o
n
al
ac
ti
vi
ty
;

in
h
ib
it
io
n
o
f
m
T
O
R

p
at
h
w
ay
;
re
d
u
ct
io
n
in

V
E
G
F
re
le
as
e;

d
ec
re
as
ed

H
IF
-1
α

n
u
cl
ea
r
ac
cu
m
u
la
ti
o
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

E
R
K
1
/
2
,
A
kt

p
h
o
sp
h
o
ry
la
ti
o
n
,c
yc
li
n

D
1
,
N
O
S
,
N
O
S
3
,

C
O
X
-1
,
C
O
X
-2
,
H
IF
-

1
α,

an
d
V
E
G
F
p
ro
te
in

ex
p
re
ss
io
n
[1
9
6
,
1
9
9
]

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
;

h
ep
at
o
p
ro
te
ct
iv
e;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y;

ap
o
p
to
si
s;

an
ti
p
ro
li
fe
ra
ti
ve

[1
9
6
,
1
9
8
,
1
9
9
]

In
vi
tr
o:
H
eL

a,
T
2
4
,

M
B
4
9
,
an
d
H
ep
3
B

ce
ll
s

In
vi
vo
:
H
T
2
9
xe
n
o
g
ra
ft
s

in
m
al
e
B
A
L
B
/
c
n
u
/

n
u
m
ic
e
[1
9
6
,
1
9
8
]

C
o
m
b
in
at
io
n
tr
ea
tm

en
t

w
it
h
5
-A

L
A
-P
D
T
h
as

ei
th
er

a
sy
n
er
g
is
ti
c
o
r

an
ad
d
it
iv
e
ef
fe
ct

o
n

ce
ll
d
ea
th
,
d
ep
en

d
in
g

o
n
li
g
h
t
d
o
se

an
d
ce
ll

ty
p
e,

co
m
p
ar
ed

to
in
d
iv
id
u
al
tr
ea
tm

en
ts

[1
9
8
]

Y
es [1

9
8
]



S
N
3
8
[2
0
0
–2

0
2
,

4
0
6
]

In
h
ib
it
io
n
o
f

to
p
o
is
o
m
er
as
e
I

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

le
ve
ls
an
d

V
E
G
F
p
ro
te
in

an
d

m
R
N
A
ex
p
re
ss
io
n

[2
0
0
,
2
0
2
]

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

(e
n
d
o
th
el
ia
l
ce
ll
);

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

[2
0
0
,
2
0
2
]

In
vi
tr
o:
U
8
7
-M

G
,

H
T
-2
9
,
U
2
5
1
,
U
2
5
1
-

M
G
,
C
P
A
E
,
G
L
2
6
1
,

an
d
T
E
-1

ce
ll
s

In
vi
vo
:
H
T
-2
9

xe
n
o
g
ra
ft
s
in

fe
m
al
e

at
h
ym

ic
B
A
L
B
/
c
n
u
/

n
u
m
ic
e
(5
–6

w
ee
ks
)

[2
0
0
,
2
0
2
]

M
et
ab
o
li
te

o
f
ir
in
o
te
ca
n
;

in
co
m
b
in
at
io
n
w
it
h

C
S
B
C
-P
D
T
,
tu
m
o
r

g
ro
w
th

w
as

sy
n
er
g
is
ti
ca
ll
y
in
h
ib
it
ed

co
m
p
ar
ed

to
in
d
iv
id
u
al

th
er
ap
ie
s
[2
0
2
]

Y
es [2

0
2
]

S
o
d
iu
m

b
u
ty
ra
te

[2
0
3
–
2
0
5
,
4
0
7
,

4
0
8
]

In
h
ib
it
io
n
o
f
h
is
to
n
e

d
ea
ce
ty
la
se
s
(m

o
st

ex
ce
p
t
cl
as
se
s
2
,
3
,

6
,
an
d
1
0
)

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

le
ve
ls
an
d

tr
an
sc
ri
p
ti
o
n
al
ac
ti
vi
ty

o
f
H
IF
-1
α;

ce
ll
-

d
ep
en

d
en

t
u
p
-
an
d

d
o
w
n
re
g
u
la
ti
o
n
o
f

ca
sp
as
e-
3
,
ca
sp
as
e-

9
,
B
cl
-2
,
L
H
X
1
,
an
d

B
ax

m
R
N
A
ex
p
re
ss
io
n

[2
0
4
,
2
0
5
,
2
0
3
,
4
0
8
]

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve
;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y;

ap
o
p
to
si
s
[2
0
3
–2

0
5
,

4
0
8
]

In
vi
tr
o:
2
9
3
T
,
H
eL

a,
B
1
6
F
1
0
,
H
T
-2
9
,

H
C
T
-1
1
6
,
U
3
7
3
-M

G
,

an
d
D
5
4
-M

G
an
d

2
9
3
T
(t
ra
n
sf
ec
te
d
w
it
h

p
S
V
4
0
p
ro
-E

p
o
H
R
E
-

L
u
c,
p
B
O
S
-h
H
IF
-1
α,

an
d
p
B
O
S
-h
H
IF
-1
β)

ce
ll
s

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

ac
u
te

le
u
ke
m
ia

[2
0
3
–2

0
5
,
4
0
7
,
4
0
8
]

C
o
m
b
in
at
io
n
th
er
ap
y

w
it
h
5
-A

L
A
-P
D
T

re
su
lt
ed

in
an

ad
d
it
iv
e

cy
to
to
xi
c
ef
fe
ct

co
m
p
ar
ed

to
in
d
iv
id
u
al

tr
ea
tm

en
t
[2
0
4
,
2
0
5
]

Y
es [2

0
4
,

2
0
5
]

S
o
ra
fe
n
ib

[2
0
6
,

2
0
7
,
2
0
9
,

4
0
9
–4

1
1
]

S
u
p
p
re
ss
io
n
o
f

p
h
o
sp
h
o
ry
la
ti
o
n
o
f

m
T
O
R
,
E
R
K
,
p
7
0
S
6
K
,

R
P
-S
6
,
4
e-
B
P
1
,
an
d

el
F
4
E

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

sy
n
th
es
is
;

d
ec
re
as
e
in

H
IF
-1
α
an
d

V
E
G
F
p
ro
te
in

le
ve
ls

[2
0
6
]

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

[2
0
6
,
2
0
7
,
2
0
9
]

In
vi
tr
o:
U
3
7
3
-M

G
,

D
5
4
-M

G
,
P
L
C
/
P
R
F
/

5
,
H
ep
G
2
,
H
ep
3
B
,

H
u
H
-7
,
H
u
H
-7

R
,
an
d

M
C
F
-7

ce
ll
s

In
vi
vo
:
P
L
C
/
P
R
F
/
5

xe
n
o
g
ra
ft
s
in

m
al
e

n
u
d
e
m
ic
e

(6
–8

w
ee
ks
);
A
2
7
8
9

xe
n
o
g
ra
ft
s
in

ch
ic
ke
n

em
b
ry
o
ch
o
ri
o
al
la
n
to
ic

m
em

b
ra
n
e
m
o
d
el

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

ad
va
n
ce
d
re
fr
ac
to
ry

G
al
ec
ti
n
-1

le
ve
ls
ar
e

as
so
ci
at
ed

w
it
h
p
o
o
r

tu
m
o
r
co
n
tr
o
l
an
d

re
sp
o
n
se

ra
te
s
in

p
at
ie
n
ts
w
it
h
H
C
C

[4
1
1
]

Y
es [2

0
7
]

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

so
li
d
tu
m
o
rs

(H
C
C
)

[2
0
6
,
2
0
7
,
2
0
9
,
4
1
0
,

4
1
1
]

S
tr
o
p
h
an
th
in
-K

[2
3
4
,
4
1
2
]

U
n
cl
ea
r
m
ec
h
an
is
m

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

ex
p
re
ss
io
n

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

In
vi
tr
o:
H
ep
3
B
-c
1
ce
ll
s

C
ar
d
ia
c
g
ly
co
si
d
e

N
o

T
an
sh
in
o
n
e-
II
A

[4
1
3
–
4
1
9
]

In
h
ib
it
io
n
o
f

p
h
o
sp
h
o
ry
la
ti
o
n
o
f

m
T
O
R
,
p
7
0
S
6
K

(T
h
r4
2
1
/
S
er
4
2
4
),

R
P
S
6
(S
er
2
3
5
/
2
3
6

an
d
S
er
2
4
0
/
2
4
4
),

4
E
-B

P
1
(T

h
r3
7
/
4
6
)

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
ro
te
in

sy
n
th
es
is
;

in
h
ib
it
io
n
o
f
M
M
P
-2

ac
ti
vi
ty
;
ac
ti
va
ti
o
n
o
f

ca
sp
as
e-
3
;
in
cr
ea
se
d

B
A
X
:B
C
L
-x
L
ra
ti
o
;

ep
ig
en

et
ic

m
o
d
ifi
ca
ti
o
n
o
f
A
u
ro
ra

A
ex
p
re
ss
io
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

V
E
G
F
,
G
L
U
T
1
,
an
d

E
P
O

p
ro
te
in

ex
p
re
ss
io
n

[4
1
3
,
4
1
6
–4

1
9
]

A
n
ti
-a
n
g
io
g
en

ic
,
an
ti
-

m
ig
ra
to
ry
,
an
ti
-

in
va
si
ve
;
d
ec
re
as
ed

ce
ll

vi
ab
il
it
y;

in
h
ib
it
io
n
o
f

co
lo
n
y
fo
rm

at
io
n
;

an
ti
p
ro
li
fe
ra
ti
ve
;

p
ro
-a
p
o
p
to
ti
c;

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

[4
1
3
,
4
1
6
–4

1
9
]

In
vi
tr
o:
M
D
A
-M

B
-2
3
1
,

M
C
F
-7
,
S
K
B
R
3
,

M
D
A
-M

B
-4
5
3
,

H
M
E
C
,
an
d
H
U
V
E
C

ce
ll
s

In
vi
vo
:
M
D
A
-M

B
-2
3
1

xe
n
o
g
ra
ft
s
in

n
u
d
e

m
ic
e
(5

w
ee
ks
);
h
u
m
an

in
fi
lt
ra
ti
n
g
d
u
ct
al

ca
rc
in
o
m
a
xe
n
o
g
ra
ft
s

in
fe
m
al
e
n
u
d
e
m
ic
e

(6
w
ee
ks
);
ch
ic
ke
n

em
b
ry
o
ch
o
ri
o
al
la
n
to
ic

m
em

b
ra
n
e
m
o
d
el

(1
0
d
ay
s)

[4
1
3
,
4
1
6
–4

1
9
]

–
N
o

T
A
T
-c
yc
lo
-

C
L
L
F
V
Y
[4
2
0
]

B
in
d
in
g
to

th
e
P
A
S
-B

d
o
m
ai
n
o
f
H
IF
-1
α

In
h
ib
it
io
n
o
f
H
IF
-1
α/

H
IF
-1
β
d
im

er
iz
at
io
n
;

p
re
ve
n
ti
o
n
o
f
H
IF
-1
α

tr
an
sc
ri
p
ti
o
n
ac
ti
vi
ty
;

d
ec
re
as
e
in

V
E
G
F

N
o
ef
fe
ct

o
n
ce
ll

p
ro
li
fe
ra
ti
o
n
o
ve
r
7
2
h

In
vi
tr
o:
M
C
F
-7

an
d

U
2
O
S
ce
ll
s

–
N
o



m
R
N
A
an
d
V
E
G
F

p
ro
te
in

le
ve
ls

T
em

si
ro
li
m
u
s
[4
2
1
]

In
h
ib
it
io
n
o
f
m
T
O
R

D
ec
re
as
e
in

H
IF
-1
α

ex
p
re
ss
io
n
;
in
h
ib
it
io
n

o
f
m
T
O
R
an
d
it
s

d
o
w
n
st
re
am

ef
fe
ct
o
rs

A
n
ti
p
ro
li
fe
ra
ti
ve
;

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

In
vi
tr
o:
K
O
B
9
N
,

K
O
B
1
2
N
,
K
O
B
9
C
,

T
E
-1
,
T
E
-8
,
an
d

T
E
-1
0
ce
ll
s

In
vi
vo
:
T
E
-8

xe
n
o
g
ra
ft
s

in
m
al
e
n
u
d
e
B
A
L
B
/

cA
m
ic
e
(6

w
ee
ks
)

–
N
o

T
o
p
o
te
ca
n

[2
0
8
,
2
0
9
,

4
2
2
–4

2
5
]

K
n
o
w
n
to
p
o
is
o
m
er
as
e

in
h
ib
it
o
r
(u
n
kn

o
w
n

ca
u
se

o
f
H
IF
-1
α

in
h
ib
it
io
n
)

D
o
w
n
re
g
u
la
ti
o
n
o
f

V
E
G
F
an
d
G
L
U
T
1

m
R
N
A
an
d
p
ro
te
in

le
ve
ls
an
d
H
IF
-1
α

p
ro
te
in

le
ve
ls
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α
tr
an
sc
ri
p
ti
o
n
al

ac
ti
vi
ty

[2
0
8
,
4
2
2
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;
an
ti
-

an
g
io
g
en

ic
;
in
h
ib
it
io
n

o
f
tu
m
o
r
g
ro
w
th
;

ap
o
p
to
si
s
[2
0
9
,
4
2
2
,

4
2
3
,
4
2
5
]

In
vi
tr
o:
H
ey
A
8
,

S
K
O
V
3
ip
1
,
M
C
F
-7
,

M
C
F
-1
0
A
,
U
2
5
1
,

M
C
F
-7
/
M
R
,
M
C
F
-7

L
u
c,
an
d
D
U
-1
4
5
L
u
c

ce
ll
s

In
vi
vo
:
U
2
5
1
-H

R
E
an
d

U
2
5
1
-m

u
tH

R
E

xe
n
o
g
ra
ft
s
in

fe
m
al
e

at
h
ym

ic
n
u
d
e
N
C
r

m
ic
e;

H
ey
A
8
an
d

S
K
O
V
3
ip
1
xe
n
o
g
ra
ft
s

in
fe
m
al
e
at
h
ym

ic
n
u
d
e

m
ic
e;

M
C
F
-7

L
u
c
an
d

D
U
-1
5
6
L
u
c

xe
n
o
g
ra
ft
s
in

fe
m
al
e

at
h
ym

ic
n
u
/
n
u
m
ic
e

(8
–1

0
w
ee
ks
)

C
li
n
ic
a
l:
p
at
ie
n
ts
w
it
h

so
li
d
m
al
ig
n
an
ci
es

[2
0
8
,
2
0
9
,
4
2
2
,
4
2
3
,

4
2
5
]

H
IF
-1
α
n
u
cl
ea
r
st
ai
n
in
g

in
tu
m
o
r
p
ar
en

ch
ym

al
ce
ll
s
o
f
p
at
ie
n
ts
w
it
h

m
et
as
ta
ti
c

m
al
ig
n
an
ci
es

d
id

n
o
t

sh
o
w
an
y
H
IF
-1
α

[2
0
8
]

Y
es [2

0
9
]

T
ri
ch
o
st
at
in

A
[2
0
3
,
2
1
1
–2

1
3
,

4
2
6
]

In
h
ib
it
io
n
o
f
h
is
to
n
e

d
ea
ce
ty
la
se
s
1
,
4
,
an
d
6

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

le
ve
ls
an
d

A
n
ti
p
ro
li
fe
ra
ti
ve
;
an
ti
-

m
ig
ra
to
ry
;
an
ti
-

In
vi
tr
o:
S
C
C
-6
,
H
T
-2
9
,

H
C
T
1
1
6
,
m
o
u
se

em
b
ry
o
n
ic
st
em

ce
ll
s,

C
o
m
b
in
at
io
n
tr
ea
tm

en
t

w
it
h
h
yp
er
ic
in
-P
D
T

u
p
re
g
u
la
te
d
C
D
K
N
1
A

Y
es [2

1
1
]

(c
o
n
ti
n
u
ed

)



Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

tr
an
sc
ri
p
ti
o
n
al
ac
ti
vi
ty

o
f
H
IF
-1
α
[2
1
1
–
2
1
3
]

an
g
io
g
en

ic
;
ap
o
p
to
si
s

[2
1
1
,
2
1
2
]

H
eL

a,
B
1
6
F
1
0
,
an
d

2
9
3
T
(t
ra
n
sf
ec
te
d
w
it
h

p
S
V
4
0
p
ro
-E

p
o
H
R
E
-

L
u
c,
p
B
O
S
-h
H
IF
-1
α,

an
d
p
B
O
S
-h
H
IF
-1
β)

ce
ll
s
[2
0
3
,
2
1
1
–2

1
3
]

m
R
N
A
as

w
el
l
as

it
s

p
ro
te
in

p
ro
d
u
ct

p
2
1
C
ip
1
an
d

sy
n
er
g
is
ti
ca
ll
y

in
cr
ea
se
d
ce
ll
d
ea
th

an
d

S
-p
h
as
e
ce
ll
cy
cl
e
ar
re
st

an
d
re
d
u
ce
d
co
lo
n
y

fo
rm

at
io
n
in

H
T
-2
9

an
d
H
C
T
1
1
6
ce
ll
s

[2
1
1
]

V
al
p
ro
ic
ac
id

[2
0
3
,
2
1
1
,
2
1
3
]

In
h
ib
it
io
n
o
f
h
is
to
n
e

d
ea
ce
ty
la
se

1
D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

le
ve
ls
an
d

tr
an
sc
ri
p
ti
o
n
al
ac
ti
vi
ty

o
f
H
IF
-1
α
[2
1
1
,
2
1
3
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;

ap
o
p
to
si
s
[2
1
1
]

In
vi
tr
o:
H
T
-2
9
,
H
C
T

1
1
6
,
H
eL

a,
B
1
6
F
1
0
,

an
d
2
9
3
T
(t
ra
n
sf
ec
te
d

w
it
h
p
S
V
4
0
p
ro
-

E
p
o
H
R
E
-L
u
c,

p
B
O
S
-

h
H
IF
-1
α,

p
B
O
S
-

h
H
IF
-1
β)
,
an
d
m
o
u
se

em
b
ry
o
n
ic
st
em

ce
ll
s

[2
0
3
,
2
1
1
,
2
1
3
]

R
ed

u
ce
s
H
IF
-1
α
p
ro
te
in

le
ve
ls
m
o
re

p
o
te
n
tl
y

th
an

o
th
er

H
D
A
C
s,

su
ch

as
so
d
iu
m

b
u
ty
ra
te

an
d

tr
ic
h
o
st
at
in

A
[2
1
3
];

co
m
b
in
at
io
n
tr
ea
tm

en
t

w
it
h
h
yp
er
ic
in
-P
D
T

u
p
re
g
u
la
te
d
C
D
K
N
1
A

an
d
it
s
p
ro
te
in

p
ro
d
u
ct

p
2
1
C
ip
1
an
d

sy
n
er
g
is
ti
ca
ll
y

in
cr
ea
se
d
ce
ll
d
ea
th

an
d

S
-p
h
as
e
ce
ll
cy
cl
e
ar
re
st

an
d
re
d
u
ce
d
co
lo
n
y

fo
rm

at
io
n
in

H
T
-2
9

Y
es [2

1
1
]



an
d
H
C
T
1
1
6
ce
ll
s

[2
1
1
]

V
er
te
p
o
rfi
n

[2
1
4
–
2
1
7
]

U
n
cl
ea
r
m
ec
h
an
is
m

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
m
R
N
A
ex
p
re
ss
io
n
,

b
u
t
n
o
ef
fe
ct

o
n

p
ro
te
in

le
ve
ls
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

H
IF
-1
α
ta
rg
et

g
en

es
su
ch

as
V
E
G
F
A
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

su
rv
iv
in
,
c-
M
yc
,
an
d

A
X
L
p
ro
te
in

le
ve
ls

[2
1
5
–2

1
7
]

A
n
ti
p
ro
li
fe
ra
ti
ve
;
an
ti
-

m
ig
ra
to
ry
;
ap
o
p
to
si
s;

G
1
-p
h
as
e
ce
ll
cy
cl
e

ar
re
st
;
an
ti
-a
n
g
io
g
en

ic
;

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
p
ro
-a
p
o
p
to
ti
c;

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y

[2
1
4
–2

1
7
]

In
vi
tr
o:
Y
7
9
,
W
E
R
I,

H
U
V
E
C
,
H
C
T
1
1
6
,

H
C
T
1
1
6
W
T

K
R
A
S
,

H
C
T
1
1
6
H
IF
-1
α
�/

�H
IF
-

2
α
�
/
�
,
H
P
D
E
6
,P

A
N
C
-

1
,
S
W
1
9
9
0
,
A
sP
C
-1
,

B
xP

C
-3
,
an
d
C
ap
an
-1

ce
ll
s

In
vi
vo
:
P
A
N
C
-1

an
d

S
W
1
9
9
0
xe
n
o
g
ra
ft
s
in

m
al
e
B
A
L
B
/
c
n
u
/
n
u

m
ic
e
(6

w
ee
ks
)

[2
1
4
–2

1
7
]

T
re
at
m
en

t
w
h
er
e

ve
rt
ep
o
rfi
n
it
se
lf
w
as

u
se
d
as

P
S
d
ec
re
as
ed

B
C
L
-x
L
ex
p
re
ss
io
n
an
d

in
cr
ea
se
d
B
A
X
/
B
C
L
-

xL
ra
ti
o
co
m
p
ar
ed

to
th
e
d
ar
k
to
xi
ci
ty

g
ro
u
p

an
d
in
d
u
ce
d
n
ea
r-

co
m
p
le
te

ce
ll
d
ea
th

in
p
an
cr
ea
ti
c
ca
n
ce
r
ce
ll
s

[2
1
7
]

Y
es [2

1
7
]

V
in
cr
is
ti
n
e

[1
7
9
,
1
8
5
,
1
8
6
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

p
at
h
w
ay

th
ro
u
g
h

d
is
ru
p
ti
o
n
o
f
th
e

m
ic
ro
tu
b
u
le

cy
to
sk
el
et
o
n

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

b
u
t
n
o
t

m
R
N
A
le
ve
ls
;

in
h
ib
it
io
n
o
f
H
IF
-1
α

tr
an
sc
ri
p
ti
o
n
al
ac
ti
vi
ty
;

in
h
ib
it
io
n
o
f
V
E
G
F

[1
7
9
]

In
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th
;
an
ti
-

an
g
io
g
en

ic
;
ce
ll
cy
cl
e

ar
re
st

(G
1
/
G

2
);

d
ec
re
as
ed

ce
ll
vi
ab
il
it
y

[1
8
5
,
1
8
6
]

In
vi
tr
o:
1
A
9
,
L
B
R
,

M
D
A
-M

B
-2
3
1
,

M
C
F
-7
,
H
S
0
5
7
8
T
,

B
T
2
0
,
M
D
A
-M

B
-4
6
8
,

L
B
R
-V

1
6
0
,

L
B
R
-D

1
6
0
,
an
d

p
ri
m
ar
y
h
u
m
an

m
am

m
ar
y
ep
it
h
el
ia
l

ce
ll
s;
p
an
el
o
f
b
re
as
t

ca
n
ce
r
ce
ll
li
n
es

[1
7
9
,
1
8
5
,
1
8
6
]

5
-A

L
A
-P
D
T
+
vi
n
cr
is
ti
n
e

w
as

m
o
re

cy
to
to
xi
c

th
an

5
-A

L
A
-

P
D
T
+
d
o
xo

ru
b
ic
in

in
L
B
R
ce
ll
s;
co
m
b
in
at
io
n

tr
ea
tm

en
t
w
it
h

5
-A

L
A
-P
D
T
yi
el
d
ed

an
ad
d
it
iv
e
ef
fe
ct

co
m
p
ar
ed

to
th
e

in
d
iv
id
u
al
tr
ea
tm

en
ts

in
te
rm

s
o
f
m
ai
n
ly

ap
o
p
to
si
s
[1
8
5
,
1
8
6
]

Y
es [1

8
6
]

V
o
ri
n
o
st
at

(S
A
H
A
)

[2
1
1
,
2
1
8
,
2
1
9
]

In
h
ib
it
io
n
o
f
h
is
to
n
e

d
ea
ce
ty
la
se
s

(s
p
ec
ifi
ca
ll
y
H
D
A
C
9
)

[2
1
8
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

tr
an
sl
at
io
n
;

d
o
w
n
re
g
u
la
ti
o
n
o
f

V
E
G
F
,
C
D
K
-2
,
an
d

p
5
3
p
ro
te
in

ex
p
re
ss
io
n

(i
n
d
ep
en

d
en

tl
y
o
f

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve
;

ap
o
p
to
si
s;
G

1
-p
h
as
e

ce
ll
cy
cl
e
ar
re
st
(i
n
ce
ll
s

w
it
h
d
ef
ec
ti
ve

ap
o
p
to
ti
c
si
g
n
al
in
g
);

in
cr
ea
se
d
S
-p
h
as
e
ce
ll

In
vi
tr
o:
H
u
H
7
,
H
ep
3
B
,

H
C
T
1
1
6
,
H
T
-2
9
,

R
aj
i-
4
R
H
,
R
L
-4
R
H
,

R
L
,
an
d
p
at
ie
n
t-

d
er
iv
ed

d
if
fu
se

la
rg
e

B
-c
el
l
ly
m
p
h
o
m
a
ce
ll
s

[2
1
1
,
2
1
8
,
2
1
9
]

C
o
m
b
in
at
io
n
tr
ea
tm

en
t

w
it
h
h
yp
er
ic
in
-P
D
T

si
g
n
ifi
ca
n
tl
y

u
p
re
g
u
la
te
d
p
2
1
ci
p
1

tr
an
sc
ri
p
t
an
d
p
ro
te
in

le
ve
ls
an
d

sy
n
er
g
is
ti
ca
ll
y

Y
es [2

1
1
]

(c
o
n
ti
n
u
ed

)

https://pubchem.ncbi.nlm.nih.gov/compound/vincristine%20sulphate


Ta
bl
e
1

(c
on
ti
nu
ed
)

N
am

e
M
ec
ha
ni
sm

P
ha
rm

ac
ol
og
ic
al
ef
fe
ct

B
io
lo
gi
ca
l
ef
fe
ct

Te
st

sy
st
em

N
ot
es

Te
st
ed

in P
D
T

p
ro
te
in

d
eg
ra
d
at
io
n
)

[2
1
8
,
2
1
9
]

cy
cl
e
ar
re
st
in

H
T
-2
9

ce
ll
s;
d
ec
re
as
ed

ce
ll

vi
ab
il
it
y;

d
ec
re
as
ed

co
lo
n
y
fo
rm

at
io
n

[2
1
1
,
2
1
8
,
2
1
9
]

in
cr
ea
se
d
ce
ll
d
ea
th

an
d

d
is
ru
p
te
d
ce
ll
cy
cl
e

re
g
u
la
ti
o
n
an
d
co
lo
n
y-

fo
rm

in
g
ca
p
ab
il
it
ie
s

co
m
p
ar
ed

to
th
e

si
n
g
u
la
r
th
er
ap
ie
s

[2
1
1
]

W
o
g
o
n
in

[4
2
7
,
4
2
8
]

In
h
ib
it
io
n
o
f
H
S
P
9
0
;

u
p
re
g
u
la
ti
o
n
o
f
P
H
D
1
,

2
,
3
an
d
V
H
L

P
re
ve
n
ti
o
n
o
f
H
S
P
9
0

b
in
d
in
g
to

H
IF
-1
α;

d
ec
re
as
ed

H
IF
-1
α

n
u
cl
ea
r
im

p
o
rt
;

d
o
w
n
re
g
u
la
ti
o
n
o
f
th
e

H
S
P
9
0
cl
ie
n
t
p
ro
te
in
s

E
G
F
R
,
C
D
K
4
,
an
d

su
rv
iv
in
;
p
ro
m
o
ti
o
n
o
f

H
IF
-1
α
d
eg
ra
d
at
io
n
b
y

in
cr
ea
si
n
g
p
ro
ly
l

h
yd

ro
xy
la
ti
o
n
an
d

u
b
iq
u
it
in
at
io
n

(u
p
re
g
u
la
ti
o
n
o
f

P
H
D
1
,
2
,
an
d
3
an
d

V
H
L
p
ro
te
in

le
ve
ls
);

in
h
ib
it
io
n
o
f
V
E
G
F

se
cr
et
io
n
an
d
V
E
G
F

m
R
N
A
ex
p
re
ss
io
n

[4
2
7
]

A
n
ti
-a
n
g
io
g
en

ic
;

in
h
ib
it
io
n
o
f
tu
m
o
r

g
ro
w
th

[4
2
7
]

In
vi
tr
o:
M
C
F
-7
,

M
D
A
-M

B
-2
3
1
,

H
ep
G
2
,
H
U
V
E
C
,
an
d

H
C
T
1
1
6
ce
ll
s;
ra
t

ao
rt
ic
ri
n
g
as
sa
y

In
vi
vo
:
M
C
F
-7

xe
n
o
g
ra
ft
s
in

fe
m
al
e

n
u
d
e
B
A
L
B
/
c
m
ic
e

(5
–6

w
ee
ks
)
[4
2
7
]

–
N
o

W
o
rt
m
an
n
in

[1
7
7
,
2
2
0
,
4
2
9
]

In
h
ib
it
io
n
o
f
P
I3
K

A
n
ti
-a
n
g
io
g
en

ic
;

an
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
A
5
4
9
,
P
C
-3
,

D
U
1
4
5
,
U
2
-O

S
,

C
o
m
b
in
at
io
n
th
er
ap
y

w
it
h
9
-c
ap
ro
n
yl
o

Y
es [2

2
0
]



D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
p
ro
te
in

le
ve
ls
b
u
t

n
o
t
m
R
N
A
[1
7
7
]

A
C
H
N
,
an
d
L
1
2
1
0

ce
ll
s
[1
7
7
,
2
2
0
,
4
2
9
]

xy
te
tr
ak
is
-

(m
et
h
o
xy
et
h
yl
)-

p
o
rp
h
yc
en

e-
P
D
T

in
d
u
ce
d
ap
o
p
to
ti
c
an
d

au
to
p
h
ag
ic
ce
ll
d
ea
th

in
L
1
2
1
0
ce
ll
s
an
d
o
n
ly

au
to
p
h
ag
ic
ce
ll
d
ea
th

in
D
U
1
4
5
ce
ll
s
(B

A
X
-

d
efi
ci
en

t)
;

p
re
in
cu
b
at
io
n
p
ri
o
r
to

P
D
T
in
cr
ea
se
d

m
o
rp
h
o
lo
g
ic
al

ap
p
ea
ra
n
ce

o
f

ap
o
p
to
si
s
an
d
in
h
ib
it
ed

au
to
p
h
ag
y
in

b
o
th

L
1
2
1
0
an
d
D
U
1
4
5

ce
ll
s
[2
2
0
]

Y
C
-1

[4
3
0
–4

3
2
]

In
h
ib
it
io
n
o
f
H
IF
-1
α

D
N
A
-b
in
d
in
g
ac
ti
vi
ty

an
d
su
p
p
re
ss
io
n
o
f

h
yp
o
xi
c
ac
cu
m
u
la
ti
o
n

o
f
H
IF
-1
α

D
o
w
n
re
g
u
la
ti
o
n
o
f
H
IF
-

1
α
ex
p
re
ss
io
n
an
d

H
IF
-1
α
ta
rg
et

g
en

es
su
ch

as
V
E
G
F
an
d
E
P

A
n
ti
p
ro
li
fe
ra
ti
ve

In
vi
tr
o:
H
ep
3
B
,

H
E
K
2
9
3
,
an
d
C
ak
i-
1

ce
ll
s

In
vi
vo
:
H
ep
3
B
,

N
C
I-
H
8
7
,
A
5
4
9
,

H
C
T
-1
1
6
,
C
ak
i-
1
,

S
iH

a,
an
d
S
K
-N

-M
C

xe
n
o
g
ra
ft
s
in

m
al
e

n
u
d
e
B
A
L
B
/
cA

n
N
C
rj

m
ic
e

–
N
o



Fig. 6 Molecular structure, chemical attributes, spectral properties, and pharmacodynamic properties of
HIF-1α pathway inhibitors. LogP (octanol:water partition coefficient) values were retrieved from PubChem or
were predicted with XLogP2 or XlogP3 software. The half maximum inhibitory concentration (IC50, enzymes),
half maximum lethal concentration (LC50, in vitro), half maximum lethal dose (LD50, in vivo), t1/2 (circulation
half-life), and spectral properties were obtained from the material safety data sheets (retrieved from the
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opposite of additive/synergistic effects; it occurs when the com-
bined effect of the treatments is less than would be expected for the
sum of the individual treatments (e.g., 1 + 1 ¼ 0.5) [141].

4.1 17-AAG

(Tanespimycin)

17-AAG (tanespimycin) is a derivative of the antibiotic geldanamy-
cin, which binds to the amino terminal ATP-binding pocket of
90 kDa heat-shock protein (Hsp90), thereby blocking its direct
binding to HIF-1α. This prevents the conformational changes in
the HIF-1α structure that are necessary for the heterodimerization
with HIF-1β [7, 142].

Mice bearing mammary (BA) carcinoma xenografts that were
treated with a combination of 17-AAG and Photofrin-PDT (quartz
fiber microlens, 630 nm, 75 mW/cm2, cumulative radiant expo-
sure of 200 J/cm2) responded with a strong decrease in Akt, p-Akt,
survivin, and p-survivin protein expression compared to the single
treatments. Photofrin-PDT-induced HIF-1α was reduced to base-
line values, expression and proteolytic activity of MMP-2 and
MMP-9 were inhibited, and VEGF expression was reduced when
17-AAG was added. The reduction and inhibition of these proteins
translated to a statistically significant improvement in long-term
tumoricidal response (90 days) when compared to the respective
individual treatments (50% cure rate for PDT + 17-AAG versus 25%
cure rate for PDT and 0% for 17-AAG). After PDT, 17-AAG was
administered thrice per week for up to two weeks intraperitoneally
at a dose of 75 mg/kg [7].

Similar to 17-AAG, 17-DMAG (alvespimycin) is a derivative of
geldanamycin that is capable of blocking nucleotide binding of
Hsp90, resulting in ubiquitination and proteasomal degradation
of its client proteins [143]. Hypericin-PDT (21 nM) (see Subhead-
ing 4.12) in combination with 17-DMAG at IC10 (5 nM) resulted
in synergistically increased cell death in human breast adenocarci-
noma (SKBR-3) cells after 48 h compared to the monotherapies,
which was corroborated through clonogenic assays (L18W/30

�

Fig. 6 (continued) Cayman Chemicals, Cymitquimica, and Spectrum Chemical websites), PubChem (https://
pubchem.ncbi.nlm.nih.gov/), Drugbank (https://www.drugbank.ca/), Drugfuture (https://www.drugfuture.com/),
Druglead (http://www.druglead.com/), LC Laboratories (http://www.lclabs.com/), National Center for Advancing
Translational Sciences (https://ncats.nih.gov/), Merck-Millipore (http://merckmillipore.com/), Pfizer (https://
www.safetydatasheets.pfizer.com/), Santa Cruz Biotechnology (https://www.scbt.com/), Selleckchem (http://
www.selleckchem.com/), and the Toxicological Data Network (TOXNET, https://toxnet.nlm.nih.gov/). The half
maximum inhibitory concentration (IC50, used for proliferation and enzymes) and half maximum growth
inhibitory concentrations (GI50) were obtained from the available literature. This also applies to LC50, LD50,
and t1/2 data that were missing from or inconsistent in the abovementioned databases. Abbreviations: Em
emission, Ex excitation, ip intraperitoneal, iv intravenous, LDLO lowest dose causing death, Max. TLD
maximum tolerated dose, MW molecular weight, NA information not available, sc subcutaneous, TDLO the
lowest dose causing a toxic effect, λmax the wavelength at which there is an absorption maximum (may be
multiple absorption bands)
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lamps, 530–620 nm, illumination time of 16 min 40 s, irradiance of
4.4 mW/cm2, cumulative radiant exposure of 4.4 J/cm2). Akt and
p-ERK1/2 protein levels were completely depleted and survivin
protein levels had decreased after 48 h [143].

4.2 Acriflavine Acriflavine is an antiseptic dye extracted from coal tar that deters
dimerization of the HIF-1α and HIF-1β subunits in the nucleus,
thereby blocking transcription of HIF-1 target genes. Docking
studies evinced that acriflavine binds to the dimerization domain
of HIF-1α. The translocation of acriflavine to the nucleus was

Fig. 6 (continued)
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confirmed by confocal microscopy in human epidermoid carcinoma
(A431) cells [8].

Pretreatment of cells with acriflavine (3 μM) enhanced ZnPC-
PDT efficacy in Sk-ChA-1 and A431 cells. The therapy-enhancing
effect of acriflavine was particularly notable in A431 cells that had
been subjected to PDT and cultured under hypoxic conditions
compared to PDT-treated A431 cells cultured under normoxic
conditions after PDT [8, 9]. Further experimental results are
detailed in Subheading 3.

4.3 Amphotericin B Amphotericin B is an antimicrobial agent [144] that inhibits the
transcriptional activity of HIF-1α through repression of its CAD
domain by enhancing the binding of FIH-1 to the Asn803 site.
However, the expression level and localization of the HIF-1 sub-
units in cells remain unaltered [23].

Amphotericin B has been applied in combination with the PS
merocyanine 540 (MC540) in both preclinical models and phase
I/II clinical trials for the extracorporeal purging of autologous
stem cell grafts. The compound potentiates photokilling of
MC540-sensitized L1210 murine leukemia (CCL 219) cells,
wild-type small cell lung cancer (H69) cells, human and murine
normal colony forming unit-granulocyte/macrophage progenitors
(hCFU-GM and mCFU-GM), and cisplatin-resistant small cell
lung cancer (H69/CDDP) cells [145].

4.4 Ascorbic Acid

(Vitamin C)

Ascorbic acid, which is commonly found in citrus fruits and taken as
an oral food supplement, decreases intratumoral levels of HIF-1α
protein and its transcriptional target proteins CA-IX, GLUT1, and
VEGF. Ascorbic acid was given to mice bearing B16-F10 mela-
noma and LL/2 Lewis lung carcinoma xenografts via drinking
water before and after subcutaneous inoculation with cancer cells.
Intratumoral ascorbic acid concentration was inversely correlated
to levels of HIF-1 and its transcriptional targets [146].

Verteporfin-mediated PDT (30 W daylight fluorescent bulbs
and UV light-removing surface, illumination time of 10–20 min,
irradiance of 2.2 mW/cm2, cumulative radiant exposure of
1.32–2.62 J/cm2) in combination with ascorbic acid resulted in
decreased survival of human leukemia (HL-60) cells but protected
human histiocytic lymphoma (U973) cells. Ascorbic acid is a
hydrophilic antioxidant that can react with 1O2 and produce hydro-
gen peroxide, which could be further neutralized/dismutated
through peroxide-removing systems such as glutathione and cata-
lase. Its antioxidant properties may therefore ameliorate the extent
of photoinduced hyperoxidative stress. Addition of
4-aminobenzoic acid hydrazide, a known inhibitor of myeloperox-
idase activity, to HL-60 cell cultures decreased cell survival
post-PDT. Contrastingly, 4-aminobenzoic acid hydrazide had no
effect on U937 cells in terms of PDT outcome, altogether
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indicating that ascorbic acid can be either advantageous, ineffec-
tual, or disadvantageous in conjunction with PDT [147].

4.5 Baicalein Baicalein is a flavonoid that is isolated from Scutellaria baicalensis
and is commonly used in Chinese medicine for the treatment of
chronic hepatitis. Baicalein inhibits the lipoxygenase (LOX) path-
way and attenuates cell growth in LOX-12-overexpressing human
pancreatic cancer (HPAF, MIA PaCa-2, Capan-2, Panc-1) cells
[148–152]. The tumor-inhibiting and apoptosis-inducing proper-
ties of baicalein were confirmed in female nude BALB/c mice
bearing human pancreatic cancer (HPAC and AsPC-1) xenografts
that received oral baicalein doses of 250 mg/kg per day [149]. In
addition, baicalein was shown to stabilize HIF-1α in the cytoplasm
and prevent the nuclear accumulation and transcriptional activity of
HIF-1α in human cervix carcinoma (HeLa) cells [153].

Pretreatment of human colon cancer (HT-29) cells with baica-
lein prior to hypericin-PDT (L18W/30 lamps, 530–620 nm, irra-
diance of 4.4 mW/cm2, cumulative radiant exposure of 4.4 J/cm2)
resulted in a synergistic decrease in cell viability and increase in the
population of S phase-arrested cells compared to the singular
treatments [154].

4.6 Berberine Berberine is a phytochemical alkaloid with potent anti-
inflammatory and antimicrobial properties. A study on berberine
(10 mg/kg i.p.) in C57BL/6 mice bearing B16F-10 melanoma
xenografts demonstrated significant inhibition of tumor-directed
capillary formation as a result of decreased VEGF, IL-1β, IL-6,
TNF-α, and granulocyte-macrophage colony-stimulating factor
(GM-CSF). Under hypoxic conditions, addition of berberine to
B16F-10 melanoma cells drastically curtailed mRNA expression of
HIF-1 and VEGF [155].

Berberine has been used as a PS in cultured human glioblas-
toma (U87-MG) cells. When associated with low-density lipopro-
tein (LDL), berberine exhibited increased photo-oxidation as
evidenced by elevated levels of malondialdehyde, a secondary
metabolite of lipid peroxidation reactions. Additionally, PDT
reduced the viability of LDL receptor-overexpressing U87-MG
cells in a light dose-dependent manner (xenon lamp,
410 � 10 nm, radiant exposure of 10–100 J/cm2, irradiance of
65 � 0.5 mW/cm2, illumination time of 2.5–23 min) [156]. The
phytochemical can therefore be concurrently employed as a light-
activatable drug and HIF-1 pathway inhibitor. In cultured human
breast cancer (MCF-7) cells, berberine reversed hypoxia-induced
chemoresistance to doxorubicin, another HIF-1α inhibitor (see
Subheading 4.10) [157].
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4.7 Bortezomib Bortezomib is a proteasome inhibitor that binds and inhibits the
catalytic center of the 26S proteasome, indirectly repressing
HIF-1α protein expression and nuclear accumulation by blocking
the PI3K/Akt/TOR and MAPK pathways [158–160]. Reduction
in HIF-1α protein expression by bortezomib was demonstrated in
cultured prostate cancer (LNCap and PC-3) cells under both nor-
moxic and hypoxic conditions. The lowering of HIF-1α levels
coincided with the dephosphorylation of p-Akt, p-p70S6K, and
p-S6RP, which inactivated an essential pathway that leads to
HIF-1α protein expression [160].

The efficacy of verteporfin-PDT on mouse endothelial
(SVEC4–10) cells and human prostate cancer (PC-3) cells was
enhanced when PDT (diode laser, 690 nm, irradiance of 5 mW/
cm2 for 100 s, cumulative radiant exposure of 0.5 J/cm2) was
combined with bortezomib, as reflected by more profound accu-
mulation of ubiquitinated proteins within 10 h after treatment
compared to the PDT group alone. Furthermore, bortezomib (2
mg/kg i.p.) + verteporfin-PDT strongly reduced tumor volume in
athymic nude NCRmice bearing PC-3 tumor xenografts compared
to animals that had been treated by verteporfin-PDT in the absence
of bortezomib (diode laser, 690 nm, irradiance of 50 mW/cm2 for
600 s, cumulative radiant exposure of 30 J/cm2) [161].

4.8 Daunorubicin Daunorubicin is an anthracycline antineoplastic antibiotic that
blocks the binding of HIF-1 to DNA and prevents HIF-1 tran-
scriptional activity [162, 163].

Combination therapy consisting of the PS IR-768 in mPEG-b-
PLGA micelles co-encapsulating daunorubicin and PDT synergis-
tically enhanced anticancer activity in human melanoma (A375)
cells compared to the singular treatments (LED light, 630 nm,
illumination time of 5 min, cumulative radiant exposure of 8 J/
cm2) [164]. Treatment of human hepatocarcinoma (SMMC-7721)
cells with ZnO nanorods that were loaded with daunorubicin with
subsequent illumination resulted in enhanced anticancer activity
compared to the individual treatments (germicidal UV lamp, illu-
mination time of 3 min, irradiance of 0.1 mW/cm2) [165]. Similar
results were obtained in another study where human cervical carci-
noma (HeLa) cells were treated with ZnO/PVP nanorods that
were loaded with daunorubicin (150 W medium-pressure mercury
vapor lamp and tungsten-halogen lamp with 10 cm potassium
iodide and 1 cm pyridine filter, 300–700 nm) [166].

4.9 Diphenylene

Iodonium (DPI)

Diphenylene iodonium (DPI) is an iodonium-class flavoprotein
dehydrogenase inhibitor that blocks the activity of NADPH oxi-
dases (NOX). DPI has been studied as an anticancer agent in
NADPH oxidase (NOX)-overexpressing cancers, including breast
cancer [167], colorectal liver metastases [168], and enteral cancers
[168] that rely on NOX for growth and survival. Growth of NOX1-
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overexpressing human colon cancer (Caco2, HT-29, LS-174T)
cells was retarded at 0.01, 0.1, and 0.25 μM DPI IC50 concentra-
tions, respectively, which coincided with decreased steady-state
ROS production and reduced NOX1 transcript levels and antioxi-
dant enzymes. This in turn resulted in G1/S-phase cell cycle arrest,
reduced proliferative signaling at the level of the transcriptome, and
apoptosis in some of the cell lines. Additionally, DPI decreased the
expression of cyclin A, D1, and E in vitro [168]. The relation
between NOX and HIF-1 was explored in human ovarian
(OVCAR-3 and A2789) cells and immortalized ovarian surface
epithelial (IOSE-397 and IOSE-386) cells, where elevated levels
of ROS were required for the induction of angiogenesis and tumor
growth. Consequently, inhibition of COX4 with DPI resulted in
reduced ROS production and concomitant reduction in HIF-1 and
VEGF protein expression [169]. The tumor growth inhibitory
properties of DPI were confirmed in athymic nude mice bearing
HT-29 and LS-174T xenografts, where tumor volume was
decreased by ~40% by DPI compared to the vehicle control
group [168].

Treatment of human cervical carcinoma (HeLa) cells with
Mitotracker Red-PDT (as a mitochondria-targeted PS) in conjunc-
tion with DPI resulted in complete abolition of ROS production
(Axiovert 200Mmicroscope as light source, 545/25 nm bandpass,
irradiance of 30 mW/cm2, cumulative radiant exposure 23.4 J/
cm2 or 34.8 J/cm2, illumination time of 1–1.5 min) [170]. HIF-1
signaling was not investigated. In light of the above, it is imperative
that DPI should be administered after PDT inasmuch as it acts as an
antioxidant [170, 171] that could otherwise counteract the efficacy
of PDT.

4.10 Doxorubicin Doxorubicin is an anthracycline antineoplastic antibiotic that inhi-
bits the transcription of HIF-1 target genes by blocking HIF-1
binding to DNA [163]. HIF-1 is capable of causing doxorubicin
chemoresistance in breast cancer cells through its transcriptional
upregulation of P-glycoprotein, which could be countered by
HIF-1α siRNA [172]. Addition of berberine also reverses
hypoxia-induced chemoresistance to doxorubicin (see Subheading
4.5) [157].

PDT with hematoporphyrin-modified doxorubicin-loaded
nanoparticles had an additive effect on anticancer efficacy in
HepG2 tumor-bearing male nude BALB/c mice when compared
to the modified nanoparticles without PDT and free
hematoporphyrin-mediated PDT (630 nm, irradiance of
400 mW/cm2, illumination time of 250 or 500 s, cumulative
radiant exposure of 100 or 200 J/cm2). This was reflected by a
decrease in tumor volume over a period of 4 weeks. Double treat-
ment with the combinatorial modality only slightly increased the
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anticancer efficacy compared to a single treatment (7-day interval
between treatments) [173]. HIF-1 signaling was not investigated.

4.11 Epirubicin Epirubicin is an anthracycline antineoplastic antibiotic that deters
HIF-1-DNA association and transcription of HIF-1 target
genes [163].

Lippert et al. used epirubicin as a PS and found that cell viability
was substantially diminished in ten different head and neck squa-
mous cell carcinoma cell lines following PDT (500 nm argon laser,
cumulative radiant exposure of 5 J/cm2) compared to
non-illuminated controls (i.e., epirubicin dark toxicity)
[174]. HIF-1 signaling was not investigated.

4.12 Hypericin Hypericin is an anthraquinone derivative and photodynamically
active plant pigment that is naturally found in St. John’s wort and
harnesses antidepressant, antiviral, immunostimulating, and anti-
neoplastic activity [175]. Hypericin amplifies ubiquitination of
Hsp90, abrogating its functionality, and displaces its client proteins
mutant p53, CDK4, RAF-1, and PLK. This indirectly leads to
increased degradation of HIF-1α [176, 321].

PDT with hypericin as PS of human breast adenocarcinoma
(SKBR-3) cells profoundly decreased metabolic activity at hypericin
concentrations of >21 nM (L18W/30 lamps, 530–620 nm, irradi-
ance of 4.4mW/cm2, 16min40 s exposure time, cumulative radiant
exposure of 4.4 J/cm2). Single treatment with 17-DMAG (see Sub-
heading 4.1) at an IC10 concentration of 5 nM did not significantly
influence survival and/or proliferation of SKBR-3 cells at 24 h.
However, after 48 h approximately 20% of the cells had died. Single
treatment with 21 nM of hypericin did not significantly influence
survival and/or proliferation of SKBR-3 cells after 24 and 48 hours.
However, hypericin-PDT (21 nM) in combination with 17-DMAG
at IC10 resulted in an increased synergistic antineoplastic effect in
SKBR-3 cells at 48 h. Additionally, Akt and p-ERK1/2 were totally
depleted and survivin levels were decreased [143].

4.13 LY294002 LY294002 is a potent PI3K-specific inhibitor. Inhibition of PI3K
results in inhibition of HIF-1α. The PI3K-HIF-1α interconnected-
ness was demonstrated in vitro where PTEN, a negative regulator
of PI3K, was studied in the PTEN wild-type cell lines ACHN
(human metastatic renal adenocarcinoma), DU145 (human pros-
tate cancer), and U2-OS (human osteosarcoma) and in the PTEN-
negative cell line PC-3 (human prostate cancer). Cells that lacked
PTEN had higher HIF-1α protein levels when insulin or EGF was
added to the medium to stimulate the activation of PI3K. Insulin
and EGF are known inducers of VEGF through activation of the
PI3K pathway, resulting in downstream upregulation of HIF-1,
that in turn transcriptionally regulates VEGF (see Subheading
2.2). HIF-1α mRNA levels remained unchanged in PTEN-lacking
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cells. Addition of LY294002 resulted in a dose-dependent reduc-
tion in HIF-1α protein levels, regardless of the presence of func-
tional PTEN. These data indicate that HIF-1α upregulation as a
result of loss-of-function mutations in PTEN (no negative regula-
tion of PI3K) can possibly be remediated with LY294002 [177].

5-ALA-PDT of human esophageal squamous carcinoma
(Eca-109) cells in combination with LY294002 resulted in a syner-
gistic reduction in cell growth and migration ability and signifi-
cantly downregulated protein expression of PI3K and Akt
compared to the singular treatments [178]. Downregulation of
Akt reverberates the role of LY294002 as a direct PI3K inhibitor
and indirect inhibitor of HIF-1α. In the PI3K pathway, Akt is
activated by PI3K which in turn activates mTOR, an upstream
regulator of HIF-1α [35, 37]. However, HIF-1 signaling was not
directly investigated.

4.14 Microtubule-

Targeting Drugs

A mechanistic link was found in human ovarian cancer (1A9) cells
between various microtubule-targeting agents that mediate cyto-
skeleton disruption and a reduction in HIF-1α protein levels with-
out affecting HIF-1α mRNA. The disrupting agents included
2-methoxyestradiol, docetaxel, vincristine, epothilone B, and dis-
codermolide [179]. The exact molecular mechanisms that effectu-
ate the lowering of HIF-1α protein levels by these agents are
currently elusive.

4.14.1 2-

Methoxyestradiol (2ME2)

2-Methoxyestradiol (2ME2) is a tubulin polymerization inhibitor
that binds to the colchicine domain of tubulin, leading to G2/M
cell cycle arrest and apoptosis. Furthermore, 2ME2 inhibits super-
oxide dismutase, an antioxidant enzyme that dismutates O2l

– into
the less noxious hydrogen peroxide.

PDT with the PS redaporfin in conjunction with 2ME2
resulted in synergistically increased human lung adenocarcinoma
(A549) cell death compared to the sum of the singular treatments,
an effect that was not observed in mouse colon adenocarcinoma
(CT26) cells (LED light, 740 nm (max), irradiance of 410 μW/
cm2, cumulative radiant exposure of 50 mJ/cm2 — A549 cells and
80 mJ/cm2 —CT26 cells) [180]. In another study, pre-incubation
of cells with 2ME2 before Photofrin-PDT (He-Ne ion laser,
630 nm, cumulative radiant exposure 0–12 J/cm2) produced a
synergistic cytotoxic effect in 3 murine (C-26, LLC, and MDC)
and 5 human cell lines (T47-D, PANC-1, HPAF-II, HPAC, and
T24). Furthermore, the combination of 2ME2 with Photofrin-
PDT in C26 tumor-bearing BALB/c mice and LLC-bearing
B6D2F1 mice significantly potentiated the antitumor effects,
resulting in retardation of tumor growth and prolongation of sur-
vival time (He-Ne ion laser, 630 nm, irradiance of 80 mW/cm2,
cumulative radiant exposure of 150 J/cm2). Sixty percent of the
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C26 tumor-bearing mice was completely cured by the combination
treatment (no tumor after 150 days of observation) [181].

More potent antiproliferative and anti-angiogenic effects have
been achieved with ENMD-1198 and ENMD-1200, which are
synthetic analogs of 2ME2. Additionally, ENMD-1198 and
ENMD-1200 inhibited HIF-1α more potently than 2ME2 at
lower concentrations (0.5 μM) under hypoxic conditions but
achieved a similar degree of HIF-1α inhibition at higher equimolar
dosages (5 μM). However, these synthetic analogs of 2ME2 have
not yet been tested in combination with PDT [182].

4.14.2 Docetaxel Docetaxel (Taxotere) is a tubulin depolymerization inhibitor,
resulting in stabilization of the microtubules and excessive poly-
merization that causes G2/M cell cycle arrest and apoptosis [183].

Combination treatment of docetaxel and the PS IR820 loaded
into m-Lyp-1 micelles (Lyp-1 is a tumor-targeting peptide) with
subsequent illumination resulted in an additive cytotoxic effect in
mouse breast cancer (4T1) cells (808 nm laser, irradiance of 2.5W/
cm2, 5-min illumination). The in vitro results were echoed in
BALB/c mice bearing 4T1 xenografts, with increased PDT efficacy
attained with the combination treatment as opposed to micellar
IR820-PDT alone (808 nm laser, 2.5 W/cm2, 10-min illumina-
tion) or PDT with free IR820 [184]. HIF-1 signaling was not
investigated.

4.14.3 Vincristine Vincristine is a microtubule-targeting agent that is used as a cyto-
static drug. Vincristine induces G1- and G2-phase cell cycle arrest by
binding to the vinca domain of tubulin and preventing polymeriza-
tion of the microtubules (even when mitotic checkpoint proteins
are present), suggesting the manifestation of a microtubule integ-
rity failure that prevents the cell’s entry into M-phase [185].

Treatment of mouse leukemia (LBR) cells with vincristine and
5-ALA-PDT yielded an additive effect compared to the single
vincristine and 5-ALA-PDT treatments (fluorescent lamps,
400–700 nm (600 nm max), illumination time 0–20 min). This
was characterized by strongly reduced cell viability, especially at an
illumination time of 20 min. The induction of necrosis was very low
compared to apoptosis, suggesting that apoptosis constituted the
major mode of cell death. Vincristine + 5-ALA-PDT of LBR cells
was more cytotoxic than 5-ALA-PDT in conjunction with doxoru-
bicin (see Subheading 4.10) [186]. HIF-1 signaling was not
investigated.

4.15 Minocycline Minocycline is a second-generation tetracycline antibiotic used in
the treatment of infectious diseases. Minocycline inhibits HIF-1α
protein expression and suppresses its transcriptional activity, as in
part evidenced by a reduction in VEGF expression to baseline
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values in cultured human glioma (U87MG) and prostate cancer
(DU145) cells under hypoxic conditions [187].

Combination treatment encompassing minocycline (50 μg/
mL) and 5-ALA PDT in malignant peripheral nerve sheath tumor
(S462) cells resulted in a synergistic effect on cell viability in a light
dose-dependent manner compared to the individual treatments
(diode laser, 635 nm, irradiance of 30 mW/cm2, cumulative radi-
ant exposure of 0–12 J/cm2) [188]. HIF-1 signaling was not
investigated.

4.16 Rapamycin Rapamycin (sirolimus) is an antifungal metabolite produced by
Streptomyces hygroscopicus that possesses immunosuppressive and
antiproliferative properties in mammalian cells. Rapamycin binds
to the cytoplasmic receptor FKBP12, forming a complex that in
turn binds and inhibits mTOR. mTOR is a master regulator of cell
growth and metabolism upstream of HIF-1α (see Subheading
2.1.4) [189–191]. Rapamycin induced growth inhibition in
human retinoblastoma (Y79) cells through downregulation of
polycomb group RING finger protein 4 (BMI-1) that in turn
decreased cyclin E1 levels, accounting for rapamycin-mediated
G1-phase cell cycle arrest [192].

The addition of rapamycin to human colon adenocarcinoma
(WiDr) cells directly after low-power AlPcS2a-PDT resulted in a
synergistic cytotoxic effect (Philips Fluotone 18 W/950 light
source, 620 nm long pass, irradiance of 1.5 W/cm2). Rapamycin
(10 nM) attenuated Ser2448 phosphorylation of mTOR by roughly
25% after 4 h of incubation, with the attenuating effect plateauing
within 24 h without compromising cell viability during 72-h sus-
tained incubation. However, the priming of WiDr cells with rapa-
mycin both before and after PDT resulted in an antagonistic effect
with respect to cell death compared to the sum of singular treat-
ments [193]. These data suggest that rapamycin dosing regimens
should be optimized before using this compound as an adjuvant in
PDT. Combination therapy of 5-ALA-PDT and rapamycin had an
additive effect on the growth of human sebaceous gland (SZ95)
cells compared to the individual treatments (LED light, 635 nm,
irradiance of 115 mW/cm2, cumulative radiant exposure of 10 J/
cm2) [194]. HIF-1 signaling was not directly investigated.

4.17 Resveratrol Resveratrol is a natural polyphenolic antioxidant primarily found in
grape skin. Resveratrol significantly inhibits HIF-1α protein accu-
mulation under normoxic and hypoxic conditions without affect-
ing HIF-1α mRNA levels, as was shown in human tongue
squamous cell carcinoma (SCC-9) and hepatocellular carcinoma
(HepG2) cells. Specifically, resveratrol inhibits hypoxia-mediated
activation of ERK1/2 and Akt, which leads to a decrease in

HIF-1 Inhibition Strategies 373



HIF-1α protein accumulation and VEGF transcription. The phyto-
chemical also reduces basal HIF-1α levels but does not affect
HIF-1α mRNA levels, even under hypoxic conditions [195]. Res-
veratrol significantly inhibited both basal level and hypoxia-induced
HIF-1α protein accumulation in A431 cells but did not affect
HIF-1α mRNA levels [195].

Combination treatment of 5-ALA-PDT and resveratrol
resulted in enhanced antiproliferative and pro-apoptotic effects in
human epidermoid carcinoma (A431) cells. Resveratrol also upre-
gulated caspase-3, p53, p-ERK, and p-p38 protein levels as single
treatment and in combination with 5-ALA PDT [197].

4.18 Silibinin Silibinin is a natural polyphenolic flavonoid sourced from milk
thistle seeds that has been used for its hepatoprotective effects
[198]. Silibinin inhibits HIF-1α accumulation and HIF-1 tran-
scriptional activity without affecting prolyl hydroxylase-driven
HIF-1α degradation or HIF-1α mRNA levels, as evinced in
cultured human cervical carcinoma (HeLa) and hepatoma
(Hep3B) cells. Instead, silibinin decreased the rate of HIF-1α
protein synthesis. Silibinin’s inhibition of HIF-1α concurs with a
reduction in hypoxia-induced VEGF release [199]. Silibinin treat-
ment of human colorectal carcinoma (HT29) xenografts in male
athymic nude BALB/c mice inhibited tumor growth that
accounted for decrease in tumor volume (~48%), tumor weight
(~42%), and proliferation index (~40%). Microvessel density was
reduced by ~36%. These effects were associated with downregula-
tion of ERK1/2, p-Akt, cyclin D1, NOS, NOS3, cyclooxygenase 1
(COX-1), COX-2, HIF-1α, and VEGF protein expression [196].

Combination treatment of bladder cancer (T24 and MB49)
cells with 5-ALA-PDT and silibinin had a synergistic or additive
effect on cell viability, depending on the light dose and cell type,
compared to the individual treatments [198]. HIF-1 signaling was
not investigated.

4.19 SN38 SN38 is an active metabolite of the cytostatic agent irinotecan that
has dual angiosuppressive properties in terms of inhibition of endo-
thelial proliferation and tube formation as well as inhibition of the
angiogenic signaling cascade, at least in glioma cells (human:
U87-MG and U251-MG; mouse: GL261). These properties are
in part instilled through blockade of topoisomerase I, culminating
in the deterrence of HIF-1α accumulation and transcriptional activ-
ity. Accordingly, SN38 also downmodulates VEGF expression
under normoxic and hypoxic conditions [200, 201].

Treatment of human colon cancer (HT-29) xenografts in
female athymic nude BALB/c mice with polymeric micelle-
encapsulated chlorin-PDT in conjunction with SN38 synergisti-
cally inhibited tumor growth compared to the single therapies
(diode laser, 652 nm, irradiance of 100 mW/cm2, cumulative
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radiant exposure of 30 or 90 J/cm2 for single and multiple treat-
ments, respectively) [202]. HIF-1 signaling was not investigated.

4.20 Sodium

Butyrate

Sodium butyrate is a histone deacetylase inhibitor. Histone deace-
tylases 1 and 3 enhance HIF-1α stability and HIF-1α transactiva-
tion functions under hypoxic conditions. Both histone deacetylases
bind directly to the oxygen-dependent degradation domain of
HIF-1α. Consequently, their inhibition by sodium butyrate results
in decreased HIF-1α protein levels and transcriptional activity, as
was shown in cultured human cervical carcinoma (HeLa), mouse
melanoma (B16F10), and human embryonic kidney (293T) cells
[203]. Sodium butyrate induced caspase-3, caspase-9, BCL-2,
BAX, and BAK-1 expression in human glioblastoma astrocytoma
(U373-MG) cells but not in human malignant glioma (D54-MG)
cells, where BAX and BCL-2 were repressed [204].

Combination therapy of 5-ALA-PDT (argon laser, 488 nm,
cumulative radiant exposure of 80 J/cm2, illumination time of
435 s) with sodium butyrate (80 μg/mL) resulted in a synergistic
effect on cell death compared to the individual treatments in
U-373-MG and D54-MG cells, especially when sodium butyrate
was administered 24 h before 5-ALA-PDT [204, 205]. HIF-1
signaling was not investigated.

4.21 Sorafenib Sorafenib inhibits HIF-1α protein synthesis by suppressing the
phosphorylation of mTOR, ERK, p70S6K, RP-S6, 4E-BP1, and
eIF4E, as was evidenced in the human hepatocellular carcinoma cell
lines PLC/PRF/5, HepG2, and Hep3B. Sorafenib further
decreases tumor vascularization and stalls the growth of
PLC/PRF/5 tumor xenografts in mice [206].

Combination therapy comprising sorafenib (85 μg/kg) and
verteporfin-PDT (420 � 20 nm, irradiance of 35 mW/cm2, cumu-
lative radiant exposure of 5 J/cm2) synergistically reduced tumor
growth in a chicken embryo chorioallantoic membrane (CAM)
model hosting human ovarian carcinoma (A2789) xenografts com-
pared to the individual treatments. Additionally, the combination
therapy significantly decreased microvessel density but increased
the fraction of larger vessels with an open lumen [207]. HIF-1
signaling was not investigated.

4.22 Topotecan Topotecan is a synthetic analog of the phytochemical camptothecin
and mainly acts as a topoisomerase inhibitor. The compound also
inhibits HIF-1, although the exact mechanism is elusive. HIF-1α
nuclear staining in tumor parenchymal cells was absent in patients
with metastatic malignancies that had received topotecan (1.2 mg/
m2/day) [208]. Administration of topotecan in cancer patients also
leads to decreased tumor blood flow and permeability [208].

When cultured human breast cancer (MCF-7) cells were incu-
bated with topotecan as a PS, the compound accumulated
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exclusively in extracellular vesicles owing to a multidrug resistance
response mediated by efflux transporters of the ATP-binding cas-
sette superfamily, including ABCG2, ABCB1, and ABCC1. Photo-
sensitization and PDT (470 � 27 nm, illumination time 10 min) of
extracellular vesicles loaded with topotecan resulted in destruction
of the extracellular vesicles and subsequent reconstitution of topo-
tecan in tumor cells, which consequently underwent cell lysis
[209]. HIF-1 signaling was not investigated.

4.23 Trichostatin A Trichostatin A is a histone deacetylase inhibitor that reduces
HIF-1α protein accumulation and curtails downstream VEGF tran-
script and protein levels, which was demonstrated in head and neck
squamous carcinoma (UM-SCC-6) cells [210].

Treatment of human colon cancer (HT-29 and HCT 116) cells
with hypericin-PDT (L18W/30 lamps, 530–620 nm maximum
emission, irradiance of 3.15 mW/cm2, cumulative radiant exposure
of 3.15 J/cm2) and trichostatin A resulted in a synergistic effect in
HT-29 cells with respect to cell death, reduced colony formation,
and perturbed cell cycle regulation compared to the respective
singular therapies. Additionally, the combination therapy more
significantly upregulated CDKN1A mRNA as well as its protein
product (p21CIP1). P21CIP1 inhibits cyclin-dependent kinases that
play a direct role in the G1-S transition of the cell cycle, and p21CIP1

overexpression can cause S-phase arrest, which was confirmed to be
the case for this combination therapy. The HCT 116 cells were less
resistant to hypericin-PDT than HT-29 cells, resulting in a slight
additive effect for the combination therapy compared to the indi-
vidual therapies, although the tumor-killing capacity for both cell
lines was comparable [211, 212]. HIF-1 signaling was not directly
investigated.

4.24 Valproic Acid Valproic acid is a class I histone deacetylase inhibitor that reduces
HIF-1α protein levels more potently than trichostatin A (see Sub-
heading 4.23) and sodium butyrate (see Subheading 4.20), at least
in cultured mouse embryonic stem cells [213].

Treatment of human colon cancer (HT-29 and HCT 116) cells
with hypericin-PDT (L18W/30 lamps, 530–620 nm maximum
emission, irradiance of 3.15 mW/cm2, cumulative radiant exposure
of 3.15 J/cm2) and valproic acid resulted in a synergistic effect in
HT-29 cells in terms of cell death and perturbed cell cycle regula-
tion compared to the respective singular therapies. As with trichos-
tatin A (see Subheading 4.23), the combination therapy more
significantly upregulated p21CIP1 transcript and protein levels. A
slight additive effect for the combination therapy compared to the
individual therapies was observed in HCT 116 [211]. HIF-1 sig-
naling was not directly investigated.
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4.25 Verteporfin Verteporfin, a benzoporphyrin derivative, is a PS that is widely
employed in a clinical PDT setting to treat neovascularization
caused by age-related macular degeneration. Verteporfin inhibits
angiogenesis and the growth and migration of human retinoblas-
toma (Y79 and WERI) cells in a dose-dependent manner by dis-
rupting YAP-TEAD-associated downstream proto-oncogenes
[214, 215].

Multidimensional screening for KRAS and HIF pathways in
human colorectal cancer cell lines (HCT116, HCT116HIF-1α�/�
HIF-2α�/�, HCT116WT KRAS) revealed that verteporfin caused
downregulation of HIF-1 target genes without affecting HIF-1α
and HIF-1β protein levels. The mechanism underlying the tran-
scriptional dysregulation is currently unknown [216]. Verteporfin-
PDT (diode laser, 690 nm, irradiance of 100 mW/cm2, cell type-
specific cumulative radiant exposure of 4–20 J/cm2) killed pancre-
atic cancer cells (AsPC-1, BxPC-3, PANC-1, Capan-1, Capan-2)
that are resistant to gemcitabine, a drug often incorporated into
palliative chemotherapeutic regimens. Near-complete cell death
was observed at a verteporfin dose of 6 μM per J/cm2.
Verteporfin-PDT significantly decreased Bcl-XL expression and
increased the BAX/BCL-xL ratio toward a pro-apoptotic balance
at sublethal doses (0.06–0.12 μMper J/cm2) compared to the dark
toxicity group (verteporfin, 250 nM) [217]. HIF-1 signaling was
not directly investigated in the latter study.

4.26 Vorinostat

(SAHA)

Vorinostat is a histone deacetylase inhibitor that acts on class I and
class II histone deacetylases and consequently lowers cytosolic
HIF-1α levels and transcription of HIF-1 target genes, as was
shown in human hepatoma (HuH7 and Hep3B) cells [218]. Vor-
inostat induced apoptosis in rituximab-sensitive human B-cell lym-
phoma (BL and GCB DLBCL) cells and G1-phase cell cycle arrest
in rituximab-resistant B-cell lymphoma (Raji-4RH and RL-4RH)
cells. The rituximab-resistant cells were associated with reduced
BAX and BAK protein expression, indicating that cells with an
impaired apoptosis signaling machinery may get arrested in the
G1 phase of the cell cycle instead of undergoing apoptotic cell
death [219].

Treatment of human colon cancer (HT-29 and HCT 116) cells
with hypericin-PDT (L18W/30 lamps, 530–620 nm maximum
emission, irradiance of 3.15 mW/cm2, cumulative radiant exposure
of 3.15 J/cm2) and vorinostat resulted in a synergistic effect in
HT-29 cells with respect to cell death and disrupted cell cycle
regulation compared to the respective singular therapies. The
colony-forming capability was reduced in an additive manner com-
pared to the singular therapies. Additionally, the combination ther-
apy more significantly upregulated p21CIP1 transcript and protein
levels [211]. HIF-1 signaling was not investigated.
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4.27 Wortmannin Wortmannin is a potent specific PI3K inhibitor, the mechanisms of
which have been described in the context of HIF-1 in Subheading
4.13. As was reported for LY294002, wortmannin mediates a dose-
dependent reduction in HIF-1α protein levels in PTEN wild-type
human renal cell adenocarcinoma (ACHN), human prostate carci-
noma (DU145), and human osteosarcoma (U2-OS) cells as well as
PTEN-negative human prostate cancer (PC-3) cells, i.e., regardless
of whether cells contain a functional PTEN [177].

PDT (600 W quartz-halogen lamp, 600–650 nm band-pass)
with 9-capronyloxytetrakis-(methoxyethyl)-porphycene induced
apoptotic and autophagic cell death in mouse lymphocytic leuke-
mia (L1210) cells and only autophagic cell death in BAX-deficient
human prostate cancer (DU145) cells. Pre-incubation of cells with
wortmannin prior to PDT increased morphological appearance of
apoptosis and inhibited autophagy in both cell lines 24 h after PDT
[220]. HIF-1 signaling was not investigated.

References

1. Plaetzer K, Krammer B, Berlanda J, Berr F,
Kiesslich T (2009) Photophysics and photo-
chemistry of photodynamic therapy: funda-
mental aspects. Lasers Med Sci
24(2):259–268. https://doi.org/10.1007/
s10103-008-0539-1

2. Agostinis P, Berg K, Cengel KA, Foster TH,
Girotti AW, Gollnick SO, Hahn SM, Hamblin
MR, Juzeniene A, Kessel D, Korbelik M,
Moan J, Mroz P, Nowis D, Piette J, Wilson
BC, Golab J (2011) Photodynamic therapy of
cancer: an update. CA Cancer J Clin
61(4):250–281. https://doi.org/10.3322/
caac.20114

3. Castano AP, Mroz P, Hamblin MR (2006)
Photodynamic therapy and anti-tumour
immunity. Nat Rev Cancer 6(7):535–545.
https://doi.org/10.1038/nrc1894

4. Falk-Mahapatra R, Gollnick SO (2020) Pho-
todynamic Therapy and Immunity: An
Update. Photochem Photobiol, 96:
550–559. https://doi.org/10.1111/php.
13253

5. Broekgaarden M, Weijer R, van Gulik TM,
Hamblin MR, Heger M (2015) Tumor cell
survival pathways activated by photodynamic
therapy: a molecular basis for pharmacological
inhibition strategies. Cancer Metastasis Rev
34(4):643–690. https://doi.org/10.1007/
s10555-015-9588-7

6. Weijer R, Broekgaarden M, van Golen RF,
Bulle E, Nieuwenhuis E, Jongejan A, Moer-
land PD, van Kampen AHC, van Gulik TM,

Heger M (2015) Low-power photodynamic
therapy induces survival signaling in perihilar
cholangiocarcinoma cells. BMC Cancer
15(1):1014. https://doi.org/10.1186/
s12885-015-1994-2

7. Ferrario A, Gomer CJ (2010) Targeting the
90 kDa heat shock protein improves photo-
dynamic therapy. Cancer Lett
289(2):188–194. https://doi.org/10.1016/
j.canlet.2009.08.015

8. Broekgaarden M, Weijer R, Krekorian M, van
den Ijssel B, Kos M, Alles LK, van Wijk AC,
Bikadi Z, Hazai E, van Gulik TM, Heger M
(2016) Inhibition of hypoxia-inducible factor
1 with acriflavine sensitizes hypoxic tumor
cells to photodynamic therapy with zinc
phthalocyanine-encapsulating cationic lipo-
somes. Nano Res 9(6):1639–1662. https://
doi.org/10.1007/s12274-016-1059-0

9. Weijer R, Broekgaarden M, Krekorian M,
Alles LK, van Wijk AC, Mackaaij C,
Verheij J, van der Wal AC, van Gulik TM,
Storm G, Heger M (2016) Inhibition of hyp-
oxia inducible factor 1 and topoisomerase
with acriflavine sensitizes perihilar cholangio-
carcinomas to photodynamic therapy. Onco-
target 7(3):3341–3356. https://doi.org/10.
18632/oncotarget.6490

10. Semenza GL (2007) Evaluation of HIF-1
inhibitors as anticancer agents. Drug Discov
Today 12(19):853–859. https://doi.org/10.
1016/j.drudis.2007.08.006

378 Mark J. de Keijzer et al.

https://doi.org/10.1007/s10103-008-0539-1
https://doi.org/10.1007/s10103-008-0539-1
https://doi.org/10.3322/caac.20114
https://doi.org/10.3322/caac.20114
https://doi.org/10.1038/nrc1894
https://doi.org/10.1111/php.13253
https://doi.org/10.1111/php.13253
https://doi.org/10.1007/s10555-015-9588-7
https://doi.org/10.1007/s10555-015-9588-7
https://doi.org/10.1186/s12885-015-1994-2
https://doi.org/10.1186/s12885-015-1994-2
https://doi.org/10.1016/j.canlet.2009.08.015
https://doi.org/10.1016/j.canlet.2009.08.015
https://doi.org/10.1007/s12274-016-1059-0
https://doi.org/10.1007/s12274-016-1059-0
https://doi.org/10.18632/oncotarget.6490
https://doi.org/10.18632/oncotarget.6490
https://doi.org/10.1016/j.drudis.2007.08.006
https://doi.org/10.1016/j.drudis.2007.08.006


11. Benita Y, Kikuchi H, Smith AD, Zhang MQ,
Chung DC, Xavier RJ (2009) An integrative
genomics approach identifies hypoxia induc-
ible Factor-1 (HIF-1)-target genes that form
the core response to hypoxia. Nucleic Acids
Res 37(14):4587–4602. https://doi.org/10.
1093/nar/gkp425

12. Schodel J, Oikonomopoulos S, Ragoussis J,
Pugh CW, Ratcliffe PJ, Mole DR (2011)
High-resolution genome-wide mapping of
HIF-binding sites by ChIP-seq. Blood
117(23):e207–e217. https://doi.org/10.
1182/blood-2010-10-314427

13. Semenza GL (2012) Hypoxia-inducible fac-
tors: mediators of cancer progression and tar-
gets for cancer therapy. Trends Pharmacol Sci
33(4):207–214. https://doi.org/10.1016/j.
tips.2012.01.005

14. Kallio PJ, Pongratz I, Gradin K, McGuire J,
Poellinger L (1997) Activation of hypoxia-
inducible factor 1α: posttranscriptional regu-
lation and conformational change by recruit-
ment of the Arnt transcription factor. Proc
Natl Acad Sci U S A 94(11):5667–5672.
https://doi.org/10.1073/pnas.94.11.5667

15. Ke Q, Costa M (2006) Hypoxia-inducible
Factor-1 (HIF-1). Mol Pharmacol
70(5):1469–1480. https://doi.org/10.
1124/mol.106.027029

16. Buckley DL, Van Molle I, Gareiss PC, Tae
HS, Michel J, Noblin DJ, Jorgensen WL,
Ciulli A, Crews CM (2012) Targeting the
von Hippel–Lindau E3 ubiquitin ligase using
small molecules to disrupt the VHL/HIF-1α
interaction. J Am Chem Soc
134(10):4465–4468. https://doi.org/10.
1021/ja209924v

17. Weidemann A, Johnson RS (2008) Biology of
HIF-1α. Cell Death Differ 15:621. https://
doi.org/10.1038/cdd.2008.12

18. Yasumoto K-i, Kowata Y, Yoshida A, Torii S,
Sogawa K (2009) Role of the intracellular
localization of HIF-prolyl hydroxylases. Bio-
chim Biophys Acta 1793(5):792–797.
https://doi.org/10.1016/j.bbamcr.2009.
01.014

19. Krek W (2000) VHL takes HIF’s breath away.
Nat Cell Biol 2:E121. https://doi.org/10.
1038/35017129

20. Lando D, Peet DJ, Whelan DA, Gorman JJ,
Whitelaw ML (2002) Asparagine hydroxyl-
ation of the HIF transactivation domain: a
hypoxic switch. Science
295(5556):858–861. https://doi.org/10.
1126/science.1068592

21. Lau KW, Tian YM, Raval RR, Ratcliffe PJ,
Pugh CW (2007) Target gene selectivity of

hypoxia-inducible factor-α in renal cancer
cells is conveyed by post-DNA-binding
mechanisms. Br J Cancer 96:1284. https://
doi.org/10.1038/sj.bjc.6603675. https://
www.nature.com/articles/6603675#supple
mentary-information

22. Rey S, Semenza GL (2010) Hypoxia-
inducible factor-1-dependent mechanisms of
vascularization and vascular remodelling. Car-
diovasc Res 86(2):236–242. https://doi.org/
10.1093/cvr/cvq045

23. Yeo E-J, Ryu J-H, Cho Y-S, Chun Y-S,
Huang LE, Kim M-S, Park J-W (2006)
Amphotericin B blunts erythropoietin
response to hypoxia by reinforcing
FIH-mediated repression of HIF-1. Blood
107(3):916–923. https://doi.org/10.1182/
blood-2005-06-2564

24. Elkins JM, Hewitson KS, McNeill LA, Seibel
JF, Schlemminger I, Pugh CW, Ratcliffe PJ,
Schofield CJ (2003) Structure of factor-
inhibiting hypoxia-inducible factor (HIF)
reveals mechanism of oxidative modification
of HIF-1 alpha. J Biol Chem
278(3):1802–1806. https://doi.org/10.
1074/jbc.C200644200

25. Lu H, Dalgard CL, Mohyeldin A, McFate T,
Tait AS, Verma A (2005) Reversible inactiva-
tion of HIF-1 prolyl hydroxylases allows cell
metabolism to control basal HIF-1. J Biol
Chem 280(51):41928–41939. https://doi.
org/10.1074/jbc.M508718200

26. Schofield CJ, Ratcliffe PJ (2004) Oxygen
sensing by HIF hydroxylases. Nat Rev Mol
Cell Biol 5:343. https://doi.org/10.1038/
nrm1366. https://www.nature.com/arti
cles/nrm1366#supplementary-information

27. Patten DA, Lafleur VN, Robitaille GA, Chan
DA, Giaccia AJ, Richard DE, Gutkind JS
(2010) Hypoxia-inducible Factor-1 activation
in nonhypoxic conditions: the essential role of
mitochondrial-derived reactive oxygen spe-
cies. Mol Biol Cell 21(18):3247–3257.
ht tps ://doi .org/10.1091/mbc.e10-
01-0025
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Tchoghandjian A, Carré M, Colin C, Jiglaire
CJ, Mercurio S, Beclin C, Figarella-Branger D
(2014) Proscillaridin A is cytotoxic for glio-
blastoma cell lines and controls tumor xeno-
graft growth in vivo. Oncotarget
5(21):10934–10948. https://doi.org/10.
18632/oncotarget.2541

380. Kasibhatla SR, Hong K, BiamonteMA, Busch
DJ, Karjian PL, Sensintaffar JL, Kamal A,
Lough RE, Brekken J, Lundgren K,
Grecko R, Timony GA, Ran Y, Mansfield R,
Fritz LC, Ulm E, Burrows FJ, Boehm MF
(2007) Rationally designed high-affinity
2-amino-6-halopurine heat shock protein
90 inhibitors that exhibit potent antitumor
activity. J Med Chem 50(12):2767–2778.
https://doi.org/10.1021/jm050752+

381. Gallerne C, Prola A, Lemaire C (2013)
Hsp90 inhibition by PU-H71 induces apo-
ptosis through endoplasmic reticulum stress
and mitochondrial pathway in cancer cells and
overcomes the resistance conferred by Bcl-2.
Biochim Biophys Acta 1833(6):1356–1366.
https://doi.org/10.1016/j.bbamcr.2013.
02.014

382. Caldas-Lopes E, Cerchietti L, Ahn JH, Clem-
ent CC, Robles AI, Rodina A, Moulick K,
Taldone T, Gozman A, Guo Y, Wu N, de
Stanchina E, White J, Gross SS, Ma Y,
Varticovski L, Melnick A, Chiosis G (2009)
Hsp90 inhibitor PU-H71, a multimodal
inhibitor of malignancy, induces complete
responses in triple-negative breast cancer
models. Proc Natl Acad Sci U S A
106(20):8368–8373. https://doi.org/10.
1073/pnas.0903392106

383. Speranza G, Anderson L, Chen AP, Do K,
Eugeni M, Weil M, Rubinstein L,

Majerova E, Collins J, Horneffer Y,
Juwara L, Zlott J, Bishop R, Conley BA,
Streicher H, Tomaszewski J, Doroshow JH,
Kummar S (2018) First-in-human study of
the epichaperome inhibitor PU-H71: clinical
results and metabolic profile. Invest New
Drugs 36(2):230–239. https://doi.org/10.
1007/s10637-017-0495-3

384. Welsh S, Williams R, Kirkpatrick L, Paine-
Murrieta G, Powis G (2004) Antitumor activ-
ity and pharmacodynamic properties of
PX-478, an inhibitor of hypoxia-inducible
factor-1alpha. Mol Cancer Ther
3(3):233–244

385. Koh MY, Spivak-Kroizman T, Venturini S,
Welsh S, Williams RR, Kirkpatrick DL,
Powis G (2008) Molecular mechanisms for
the activity of PX-478, an antitumor inhibitor
of the hypoxia-inducible factor-1alpha. Mol
Cancer Ther 7(1):90–100. https://doi.org/
10.1158/1535-7163.mct-07-0463

386. Sharp SY, Prodromou C, Boxall K, Powers
MV, Holmes JL, Box G, Matthews TP,
Cheung K-MJ, Kalusa A, James K, Hayes A,
Hardcastle A, Dymock B, Brough PA,
Barril X, Cansfield JE, Wright L,
Surgenor A, Foloppe N, Hubbard RE,
Aherne W, Pearl L, Jones K, McDonald E,
Raynaud F, Eccles S, Drysdale M, Workman
P (2007) Inhibition of the heat shock protein
90 molecular chaperone in vitro and in vivo
by novel, synthetic, potent resorcinylic pyra-
zole/isoxazole amide analogues. Mol Cancer
Ther 6(4):1198–1211. https://doi.org/10.
1158/1535-7163.mct-07-0149

387. Yewalkar N, Deore V, Padgaonkar A,
Manohar S, Sahu B, Kumar P, Jalota-
Badhwar A, Joshi KS, Sharma S, Kumar S
(2010) Development of novel inhibitors tar-
geting HIF-1α towards anticancer drug dis-
covery. Bioorg Med Chem Lett
20(22):6426–6429. https://doi.org/10.
1016/j.bmcl.2010.09.083

388. Manohar SM, Padgaonkar AA, Jalota-
Badhwar A, Sonawane V, Rathos MJ,
Kumar S, Joshi KS (2011) A novel inhibitor
of hypoxia-inducible factor-1α P3155 also
modulates PI3K pathway and inhibits growth
of prostate cancer cells. BMC Cancer 11:
338–338. https://doi.org/10.1186/1471-
2407-11-338

389. T-b K, Liang N-c (1997) Studies on the
inhibitory effects of quercetin on the growth
of HL-60 leukemia cells. Biochem Pharmacol
54(9):1013–1018. https://doi.org/10.
1016/S0006-2952(97)00260-8

390. de Paula RR, Tini IR, Soares CP, da Silva NS
(2014) Effect of photodynamic therapy

400 Mark J. de Keijzer et al.

https://doi.org/10.1007/s11095-005-7097-z
https://doi.org/10.1007/s11095-005-7097-z
https://doi.org/10.1016/j.bcp.2009.04.010
https://doi.org/10.1016/j.bcp.2009.04.010
https://doi.org/10.18632/oncotarget.2541
https://doi.org/10.18632/oncotarget.2541
https://doi.org/10.1021/jm050752+
https://doi.org/10.1016/j.bbamcr.2013.02.014
https://doi.org/10.1016/j.bbamcr.2013.02.014
https://doi.org/10.1073/pnas.0903392106
https://doi.org/10.1073/pnas.0903392106
https://doi.org/10.1007/s10637-017-0495-3
https://doi.org/10.1007/s10637-017-0495-3
https://doi.org/10.1158/1535-7163.mct-07-0463
https://doi.org/10.1158/1535-7163.mct-07-0463
https://doi.org/10.1158/1535-7163.mct-07-0149
https://doi.org/10.1158/1535-7163.mct-07-0149
https://doi.org/10.1016/j.bmcl.2010.09.083
https://doi.org/10.1016/j.bmcl.2010.09.083
https://doi.org/10.1186/1471-2407-11-338
https://doi.org/10.1186/1471-2407-11-338
https://doi.org/10.1016/S0006-2952(97)00260-8
https://doi.org/10.1016/S0006-2952(97)00260-8


supplemented with quercetin in HEp-2 cells.
Cell Biol Int 38(6):716–722. https://doi.
org/10.1002/cbin.10251

391. Hur E, Kim H-H, Choi SM, Kim JH, Yim S,
Kwon HJ, Choi Y, Kim DK, Lee M-O, Park
H (2002) Reduction of hypoxia-induced
transcription through the repression of
hypoxia-inducible factor-1α/Aryl hydrocar-
bon receptor nuclear translocator DNA bind-
ing by the 90-kDa heat-shock protein
inhibitor radicicol. Mol Pharmacol
62(5):975–982. https://doi.org/10.1124/
mol.62.5.975

392. Roe SM, Prodromou C, O’Brien R, Ladbury
JE, Piper PW, Pearl LH (1999) Structural
basis for inhibition of the Hsp90 molecular
chaperone by the antitumor antibiotics radi-
cicol and geldanamycin. J Med Chem
42(2):260–266. https://doi.org/10.1021/
jm980403y

393. Hudson CC, Liu M, Chiang GG, Otterness
DM, Loomis DC, Kaper F, Giaccia AJ, Abra-
ham RT (2002) Regulation of hypoxia-
inducible factor 1α expression and function
by the mammalian target of rapamycin. Mol
Cell Biol 22(20):7004–7014. https://doi.
org/10.1128/MCB.22.20.7004-7014.2002

394. Nalbandian A, Llewellyn KJ, Nguyen C, Yazdi
PG, Kimonis VE (2015) Rapamycin and chlo-
roquine: the in vitro and in vivo effects of
autophagy-modifying drugs show promising
results in valosin containing protein multisys-
tem proteinopathy. PLoS One 10(4):
e0122888. https://doi.org/10.1371/jour
nal.pone.0122888

395. Carter LG, D’Orazio JA, Pearson KJ (2014)
Resveratrol and cancer: focus on in vivo evi-
dence. Endocr Relat Cancer 21(3):
R209–R225. https://doi.org/10.1530/
ERC-13-0171

396. Kim SH, Adhikari BB, Cruz S, Schramm MP,
Vinson JA, Narayanaswami V (2015) Tar-
geted intracellular delivery of resveratrol to
glioblastoma cells using apolipoprotein
E-containing reconstituted HDL as a nanove-
hicle. PLoS One 10(8):e0135130. https://
doi.org/10.1371/journal.pone.0135130

397. Perrone D, Fuggetta MP, Ardito F,
Cottarelli A, De Filippis A, Ravagnan G, De
Maria S, Lo Muzio L (2017) Resveratrol
(3,5,40-trihydroxystilbene) and its properties
in oral diseases. Exp Ther Med 14(1):3–9.
https://doi.org/10.3892/etm.2017.4472

398. Tseng S-H, Lin S-M, Chen J-C, Su Y-H,
Huang H-Y, Chen C-K, Lin P-Y, Chen Y
(2004) Resveratrol suppresses the angiogene-
sis and tumor growth of gliomas in rats. Clin

Cancer Res 10(6):2190–2202. https://doi.
org/10.1158/1078-0432.ccr-03-0105

399. Garvin S, Ollinger K, Dabrosin C (2006)
Resveratrol induces apoptosis and inhibits
angiogenesis in human breast cancer xeno-
grafts in vivo. Cancer Lett 231(1):113–122.
https://doi.org/10.1016/j.canlet.2005.
01.031

400. Deng Y-T, HuangH-C, Lin J-K (2010) Rote-
none induces apoptosis in MCF-7 human
breast cancer cell-mediated ROS through
JNK and p38 signaling. Mol Carcinog
49(2):141–151. https://doi.org/10.1002/
mc.20583

401. Han J-Y, Oh SH, Morgillo F, Myers JN,
Kim E, Hong WK, Lee H-Y (2005)
Hypoxia-inducible factor 1α and antiangio-
genic activity of farnesyltransferase inhibitor
SCH66336 in human aerodigestive tract can-
cer. JNCI 97(17):1272–1286. https://doi.
org/10.1093/jnci/dji251

402. Awada A, Eskens FALM, Piccart M, Cutler
DL, van der Gaast A, Bleiberg H, Wanders J,
Faber MN, Statkevich P, Fumoleau P, Verweij
J (2002) Phase I and pharmacological study
of the oral farnesyltransferase inhibitor SCH
66336 given once daily to patients with
advanced solid tumours. Eur J Cancer
38(17):2272–2278. https://doi.org/10.
1016/S0959-8049(02)00379-9

403. Dutta Gupta S, Revathi B, Mazaira GI,
Galigniana MD, Subrahmanyam CVS, Gow-
rishankar NL, Raghavendra NM (2015)
2,4-dihydroxy benzaldehyde derived Schiff
bases as small molecule Hsp90 inhibitors:
Rational identification of a new anticancer
lead. Bioorg Chem 59:97–105. https://doi.
org/10.1016/j.bioorg.2015.02.003

404. Jo DH, AnH, Chang D-J, Baek Y-Y, Cho CS,
Jun HO, Park S-J, Kim JH, Lee H-Y, Kim
K-W, Lee J, Park H-J, Kim Y-M, Suh Y-G,
Kim JH (2014) Hypoxia-mediated retinal
neovascularization and vascular leakage in dia-
betic retina is suppressed by HIF-1α destabi-
lization by SH-1242 and SH-1280, novel
hsp90 inhibitors. J Mol Med
92(10):1083–1092. https://doi.org/10.
1007/s00109-014-1168-8

405. Zhao J, Agarwal R (1999) Tissue distribution
of silibinin, the major active constituent of
silymarin, in mice and its association with
enhancement of phase II enzymes: implica-
tions in cancer chemoprevention. Carcino-
genesis 20(11):2101–2108. https://doi.
org/10.1093/carcin/20.11.2101

406. Chabot GG (1997) Clinical Pharmacokinetics
of Irinotecan. Clin Pharmacokinet

HIF-1 Inhibition Strategies 401

https://doi.org/10.1002/cbin.10251
https://doi.org/10.1002/cbin.10251
https://doi.org/10.1124/mol.62.5.975
https://doi.org/10.1124/mol.62.5.975
https://doi.org/10.1021/jm980403y
https://doi.org/10.1021/jm980403y
https://doi.org/10.1128/MCB.22.20.7004-7014.2002
https://doi.org/10.1128/MCB.22.20.7004-7014.2002
https://doi.org/10.1371/journal.pone.0122888
https://doi.org/10.1371/journal.pone.0122888
https://doi.org/10.1530/ERC-13-0171
https://doi.org/10.1530/ERC-13-0171
https://doi.org/10.1371/journal.pone.0135130
https://doi.org/10.1371/journal.pone.0135130
https://doi.org/10.3892/etm.2017.4472
https://doi.org/10.1158/1078-0432.ccr-03-0105
https://doi.org/10.1158/1078-0432.ccr-03-0105
https://doi.org/10.1016/j.canlet.2005.01.031
https://doi.org/10.1016/j.canlet.2005.01.031
https://doi.org/10.1002/mc.20583
https://doi.org/10.1002/mc.20583
https://doi.org/10.1093/jnci/dji251
https://doi.org/10.1093/jnci/dji251
https://doi.org/10.1016/S0959-8049(02)00379-9
https://doi.org/10.1016/S0959-8049(02)00379-9
https://doi.org/10.1016/j.bioorg.2015.02.003
https://doi.org/10.1016/j.bioorg.2015.02.003
https://doi.org/10.1007/s00109-014-1168-8
https://doi.org/10.1007/s00109-014-1168-8
https://doi.org/10.1093/carcin/20.11.2101
https://doi.org/10.1093/carcin/20.11.2101


33(4):245–259. https://doi.org/10.2165/
00003088-199733040-00001

407. Miller AA, Kurschel E, Osieka R, Schmidt CG
(1987) Clinical pharmacology of sodium
butyrate in patients with acute leukemia. Eur
J Cancer Clin Oncol 23(9):1283–1287.
https://doi.org/10.1016/0277-5379(87)
90109-X

408. Ghiaghi M, Forouzesh F, Rahimi H (2019)
Effect of sodium butyrate on LHX1 mRNA
expression as a transcription factor of HDAC8
in human colorectal cancer cell lines. Avi-
cenna J Med Biotechnol 11(4):317–324

409. Lathia C, Lettieri J, Cihon F, Gallentine M,
Radtke M, Sundaresan P (2006) Lack of
effect of ketoconazole-mediated CYP3A inhi-
bition on sorafenib clinical pharmacokinetics.
Cancer Chemother Pharmacol
57(5):685–692. https://doi.org/10.1007/
s00280-005-0068-6

410. Minami H, Kawada K, Ebi H, Kitagawa K,
Kim YI, Araki K, Mukai H, Tahara M,
Nakajima H, Nakajima K (2008) Phase I and
pharmacokinetic study of sorafenib, an oral
multikinase inhibitor, in Japanese patients
with advanced refractory solid tumors. Can-
cer Sci 99(7):1492–1498. https://doi.org/
10.1111/j.1349-7006.2008.00837.x

411. Yeh CC, Hsu CH, Shao YY, Ho WC, Tsai
MH, Feng WC, Chow LP (2015) Integrated
stable isotope labeling by amino acids in cell
culture (SILAC) and isobaric tags for relative
and absolute quantitation (iTRAQ) quantita-
tive proteomic analysis identifies galectin-1 as
a potential biomarker for predicting sorafenib
resistance in liver cancer. Mol Cell Proteom
14(6):1527–1545. https://doi.org/10.
1074/mcp.M114.046417

412. Strobach H, Wirth KE, Rojsathaporn K
(1986) Absorption, metabolism and elimina-
tion of strophanthus glycosides in man. Nau-
nyn Schmiedebergs Arch Pharmacol
334(4):496–500. https://doi.org/10.1007/
bf00569392

413. Li G, Shan C, Liu L, Zhou T, Zhou J, Hu X,
Chen Y, Cui H, Gao N (2015) Tanshinone
IIA inhibits HIF-1α and VEGF expression in
breast cancer cells via mTOR/p70S6K/
RPS6/4E-BP1 signaling pathway. PLoS One
10(2):e0117440. https://doi.org/10.1371/
journal.pone.0117440

414. Li JF, Wei YX, Xu ZC, Dong C, Shuang SM
(2004) Studies on the spectroscopic behavior
of cryptotanshinone, tanshinone IIA, and
tanshinone I. Spectrochim Acta A Mol Bio-
mol Spectrosc 60(4):751–756. https://doi.
org/10.1016/s1386-1425(03)00286-5

415. Wang Y, Yan J, Li S, Cai X, Wang W, Luo K,
Huang D, Gao J (2014) Pharmacokinetics
and tissue distribution study of tanshinone
IIA after oral administration of Bushen
Huoxue Qubi granules to rats with blood
stasis syndrome. Pharmaco Magaz
10(39):285–291. https://doi.org/10.4103/
0973-1296.137369

416. Tsai M-Y, Yang R-C, Wu H-T, Pang J-HS,
Huang S-T (2011) Anti-angiogenic effect of
Tanshinone IIA involves inhibition of matrix
invasion and modification of MMP-2/TIMP-
2 secretion in vascular endothelial cells. Can-
cer Lett 310(2):198–206. https://doi.org/
10.1016/j.canlet.2011.06.031

417. Wang X, Wei Y, Yuan S, Liu G, Lu Y, Zhang J,
Wang W (2005) Potential anticancer activity
of tanshinone IIA against human breast can-
cer. Int J Cancer 116(5):799–807. https://
doi.org/10.1002/ijc.20880

418. Su C-C, Lin Y-H (2008) Tanshinone IIA
inhibits human breast cancer cells through
increased Bax to Bcl-xL ratios. Int J Mol
Med 22(3):357–361. https://doi.org/10.
3892/ijmm_00000030

419. Gong Y, Li Y, Abdolmaleky HM, Li L, Zhou
JR (2012) Tanshinones inhibit the growth of
breast cancer cells through epigenetic modifi-
cation of Aurora A expression and function.
PLoS One 7(4):e33656. https://doi.org/10.
1371/journal.pone.0033656

420. Miranda E, Nordgren IK, Male AL, Lawrence
CE, Hoakwie F, Cuda F, Court W, Fox KR,
Townsend PA, Packham GK, Eccles SA,
Tavassoli A (2013) A cyclic peptide inhibitor
of HIF-1 heterodimerization that inhibits
hypoxia signaling in cancer cells. J Am Chem
Soc 135(28):10418–10425. https://doi.
org/10.1021/ja402993u

421. Nishikawa T, Takaoka M, Ohara T,
Tomono Y, Hao H, Bao X, Fukazawa T,
Wang Z, Sakurama K, Fujiwara Y, Motoki T,
Shirakawa Y, Yamatsuji T, Tanaka N,
Fujiwara T, Naomoto Y (2013) Antiprolifera-
tive effect of a novel mTOR inhibitor temsir-
olimus contributes to the prolonged survival
of orthotopic esophageal cancer-bearing
mice. Cancer Biol Ther 14(3):230–236.
https://doi.org/10.4161/cbt.23294

422. Merritt WM, Danes CG, Shahzad MMK, Lin
YG, Kamat AA, Han LY, Spannuth WA, Nick
AM, Mangala LS, Stone RL, Kim HS, Ger-
shenson DM, Jaffe RB, Coleman RL,
Chandra J, Sood AK (2009) Anti-angiogenic
properties of metronomic topotecan in ovar-
ian carcinoma. Cancer Biol Ther
8(16):1596–1603. https://doi.org/10.
4161/cbt.8.16.9004

402 Mark J. de Keijzer et al.

https://doi.org/10.2165/00003088-199733040-00001
https://doi.org/10.2165/00003088-199733040-00001
https://doi.org/10.1016/0277-5379(87)90109-X
https://doi.org/10.1016/0277-5379(87)90109-X
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1111/j.1349-7006.2008.00837.x
https://doi.org/10.1111/j.1349-7006.2008.00837.x
https://doi.org/10.1074/mcp.M114.046417
https://doi.org/10.1074/mcp.M114.046417
https://doi.org/10.1007/bf00569392
https://doi.org/10.1007/bf00569392
https://doi.org/10.1371/journal.pone.0117440
https://doi.org/10.1371/journal.pone.0117440
https://doi.org/10.1016/s1386-1425(03)00286-5
https://doi.org/10.1016/s1386-1425(03)00286-5
https://doi.org/10.4103/0973-1296.137369
https://doi.org/10.4103/0973-1296.137369
https://doi.org/10.1016/j.canlet.2011.06.031
https://doi.org/10.1016/j.canlet.2011.06.031
https://doi.org/10.1002/ijc.20880
https://doi.org/10.1002/ijc.20880
https://doi.org/10.3892/ijmm_00000030
https://doi.org/10.3892/ijmm_00000030
https://doi.org/10.1371/journal.pone.0033656
https://doi.org/10.1371/journal.pone.0033656
https://doi.org/10.1021/ja402993u
https://doi.org/10.1021/ja402993u
https://doi.org/10.4161/cbt.23294
https://doi.org/10.4161/cbt.8.16.9004
https://doi.org/10.4161/cbt.8.16.9004


423. Rapisarda A, Zalek J, Hollingshead M,
Braunschweig T, Uranchimeg B, Bonomi
CA, Borgel SD, Carter JP, Hewitt SM, Shoe-
maker RH, Melillo G (2004) Schedule-
dependent inhibition of hypoxia-inducible
factor-1α protein accumulation, angiogenesis,
and tumor growth by topotecan in U251-
HRE glioblastoma xenografts. Cancer Res
64(19):6845–6848. https://doi.org/10.
1158/0008-5472.can-04-2116

424. Burke TG, Malak H, Gryczynski I, Mi Z,
Lakowicz JR (1996) Fluorescence detection
of the anticancer drug topotecan in plasma
and whole blood by two-photon excitation.
Anal Biochem 242(2):266–270. https://doi.
org/10.1006/abio.1996.0463

425. Caceres G, Zankina R, Zhu X, Jiao JA,
Wong H, Aller A, Andreotti P (2003) Deter-
mination of chemotherapeutic activity in vivo
by luminescent imaging of luciferase-
transfected human tumors. Anticancer
Drugs 14(7):569–574. https://doi.org/10.
1097/00001813-200308000-00010

426. Sanderson L, Taylor GW, Aboagye EO, Alao
JP, Latigo JR, Coombes RC, Vigushin DM
(2004) Plasma pharmacokinetics and metab-
olism of the histone deacetylase inhibitor tri-
chostatin a after intraperitoneal
administration to mice. Drug Metab Dispos
32(10):1132–1138. https://doi.org/10.
1124/dmd.104.000638

427. Song X, Yao J, Wang F, Zhou M, Zhou Y,
Wang H, Wei L, Zhao L, Li Z, Lu N, Guo Q

(2013) Wogonin inhibits tumor angiogenesis
via degradation of HIF-1alpha protein. Tox-
icol Appl Pharmacol 271(2):144–155.
https://doi.org/10.1016/j.taap.2013.
04.031

428. Talbi A, Zhao D, Liu Q, Li J, Fan A, Yang W,
Han X, Chen X (2014) Pharmacokinetics,
tissue distribution, excretion and plasma pro-
tein binding studies of wogonin in rats. Mole-
cules (Basel, Switzerland) 19(5):5538–5549.
h t t p s : // d o i . o r g / 1 0 . 3 3 9 0 /
molecules19055538

429. Yuan H, Barnes KR, Weissleder R, Cantley L,
Josephson L (2007) Covalent reactions of
wortmannin under physiological conditions.
Chem Biol 14(3):321–328. https://doi.org/
10.1016/j.chembiol.2007.02.007

430. Yeo EJ, Ryu JH, Chun YS, Cho YS, Jang IJ,
Cho H, Kim J, Kim MS, Park JW (2006)
YC-1 induces S cell cycle arrest and apoptosis
by activating checkpoint kinases. Cancer Res
66(12):6345–6352. https://doi.org/10.
1158/0008-5472.can-05-4460

431. Yeo E-J, Chun Y-S, Cho Y-S, Kim J, Lee J-C,
Kim M-S, Park J-W (2003) YC-1: a potential
anticancer drug targeting hypoxia-inducible
factor 1. JNCI 95(7):516–525. https://doi.
org/10.1093/jnci/95.7.516

432. Xu Z, Zhao J, Gou S, Xu G (2017) Novel
hypoxia-targeting Pt(IV) prodrugs. Chem
Commun 53(26):3749–3752. https://doi.
org/10.1039/C7CC01320E

HIF-1 Inhibition Strategies 403

https://doi.org/10.1158/0008-5472.can-04-2116
https://doi.org/10.1158/0008-5472.can-04-2116
https://doi.org/10.1006/abio.1996.0463
https://doi.org/10.1006/abio.1996.0463
https://doi.org/10.1097/00001813-200308000-00010
https://doi.org/10.1097/00001813-200308000-00010
https://doi.org/10.1124/dmd.104.000638
https://doi.org/10.1124/dmd.104.000638
https://doi.org/10.1016/j.taap.2013.04.031
https://doi.org/10.1016/j.taap.2013.04.031
https://doi.org/10.3390/molecules19055538
https://doi.org/10.3390/molecules19055538
https://doi.org/10.1016/j.chembiol.2007.02.007
https://doi.org/10.1016/j.chembiol.2007.02.007
https://doi.org/10.1158/0008-5472.can-05-4460
https://doi.org/10.1158/0008-5472.can-05-4460
https://doi.org/10.1093/jnci/95.7.516
https://doi.org/10.1093/jnci/95.7.516
https://doi.org/10.1039/C7CC01320E
https://doi.org/10.1039/C7CC01320E

	Chapter 19: Inhibition of the HIF-1 Survival Pathway as a Strategy to Augment Photodynamic Therapy Efficacy
	Abbreviations
	1 Introduction
	2 HIF-1 in Cancer Biology
	2.1 Activation of HIF-1
	2.1.1 HIF-1 Activation by Hypoxia
	2.1.2 HIF-1 Activation by ROS
	2.1.3 HIF-1 Activation by NF-κB
	2.1.4 HIF-1 Activation Through Loss/Gain-of-Function Mutations

	2.2 HIF-1-Mediated Angiogenesis
	2.3 Regulation of Cancer Cell Metabolism by HIF-1
	2.3.1 Glucose Metabolism
	2.3.2 HIF-1-Mediated Glucose Regulation
	2.3.3 HIF-1 Modulation of Mitochondrial Activity

	2.4 Cell Cycle and Proliferation Control by HIF-1
	2.4.1 Proliferation and Its Regulation Through the Cell Cycle
	2.4.2 Cell Cycle Modulation by HIF-1

	2.5 Regulation of Cell Death and Survival by HIF-1
	2.5.1 Modes of Cell Death
	2.5.2 Cell Death and Survival Modulation by HIF-1α

	2.6 Regulation of Cancer Metastasis by HIF-1
	2.6.1 Metastasis
	2.6.2 Metastasis Modulation by HIF-1


	3 PDT and HIF-1 Signaling
	4 Inhibition of the HIF-1 Pathway and Its Implications in PDT
	4.1 17-AAG (Tanespimycin)
	4.2 Acriflavine
	4.3 Amphotericin B
	4.4 Ascorbic Acid (Vitamin C)
	4.5 Baicalein
	4.6 Berberine
	4.7 Bortezomib
	4.8 Daunorubicin
	4.9 Diphenylene Iodonium (DPI)
	4.10 Doxorubicin
	4.11 Epirubicin
	4.12 Hypericin
	4.13 LY294002
	4.14 Microtubule-Targeting Drugs
	4.14.1 2-Methoxyestradiol (2ME2)
	4.14.2 Docetaxel
	4.14.3 Vincristine

	4.15 Minocycline
	4.16 Rapamycin
	4.17 Resveratrol
	4.18 Silibinin
	4.19 SN38
	4.20 Sodium Butyrate
	4.21 Sorafenib
	4.22 Topotecan
	4.23 Trichostatin A
	4.24 Valproic Acid
	4.25 Verteporfin
	4.26 Vorinostat (SAHA)
	4.27 Wortmannin

	References


