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The Paradox of Life:

A bit beyond perception's reach
I sometimes believe 1 see
that Life is two locked boxes,
Each containing the other's key.

Piet Hein



ACKNOWLEDGEMENTS

This thesis could not have been accomplished without the support and guidance from several
significant people.

I would first like to thank my supervisor, Dr. John Bell, who has afforded me so many
opportunities over the course of my research in his lab. His outlook on science, life, and
friendship has been an inspiration. Over the hurdles and small victories experienced
throughout this journey, he has taught me to persist even in the face of opposition.

To my committee, Dr. Martin Holcik, Dr. Christina Addison, and Dr. Bruce McKay for your
guidance throughout the course of this research. In times of doubt, you believed, for that I am
indebted to you all.

To Grace, Kelley, and Jenn, 1 thank you for your support and friendship. We have shared so
much of our lives with each other; for that I will be eternally grateful. All three of you are
strong, compassionate, and talented women, do not stop dreaming and you will undoubtedly
realize every aspiration.

To Theresa for your amazing animal skills, this thesis could never have been completed
without your assistance. Your hard work and attention to detail are not only recognized, they
are applauded.

To my Mom for being a strong female role model in my life. You have instilled in me the
drive to excel, the curiosity to try new things, and the desire to succeed.

To my family who have shared this journey with me and for their perpetual encouragement.

To my loving husband Steven who has lived and breathed my PhD whether he was willing to
or not. If ever an award of support should be offered, he would be the most gracious
recipient. Thank you for your encouragement to follow my dreams wherever they might take
us. I can’t wait to see what the future has in store for us next, what an adventure it’s already
been.

H



ABSTRACT

Oxygen supports the life of all aerobic organisms and virtually every cell type is capable of
sensing decreased tissue oxygenation, known as hypoxia. Hypoxic microenvironments have
been detected within developing solid tumors as a result of insufficient host vascular delivery
of oxygen and nutrients. Consequently, the formation of solid tumors requires the
coordination of angiogenesis: the recruitment of blood vessels for the purpose of tumor
vascularization. Furthermore, clinical and experimental evidence have demonstrated that
hypoxic cells in solid tumors can limit the efficacy of standard anticancer therapeutics
including radiotherapy and chemotherapy. Low oxygenation can also accelerate malignant
progression and metastasis resulting in poorer prognosis irrespective of the chosen treatment
regiment.

It is the focus of our research to improve our understanding of the molecular events that
support the development of tumor cell resistance to hypoxia as a tool for the discovery of
effective therapeutics that can specifically and effectively target hypoxic tumors.
Understanding exactly how tumor cells adapt to transient hypoxia could lead to the
identification of novel therapeutic targets that in combination therapy with current anticancer

treatments could help reduce the incidence of morbidity and mortality from cancer.
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1. INTRODUCTION

1.1  Tumor Hypoxia

Tumor hypoxia, regions of low oxygen tension within the tumor
microenvironment, results from an imbalance in oxygen supply and consumption. Tumor
hypoxia was postulated over 50 years ago by Thomlinson and Gray, who made the
observation of the distribution of necrosis relative to blood vessels [1]. Since the late
1980’s, the introduction of a commercially available oxygen electrode (Eppendorf), has
facilitated the accurate measurement of oxygen levels within the tumor
microenvironment. A convincing body of evidence now reveals that reduced ongen
tensions are a common feature of human solid tumors [2]. In a study of human breast
cancer the median tumor oxygen partial preséure (pO,) was measured at 28mmHg vs
65mmHg reported within normal breast tissue. One-third of these patients had pO,
measurements in the range considered severe hypoxia (<2.5mmHg). Regions of severe
hypoxia have been reported in numerous cancer types including, head and neck cancer,
breast cancer, cervical cancer, soft tissue sarcoma, and melanoma. It is now considered
the most significant factor in explaining poor patient prognosis [3].

The calculated distance that oxygen diffuses as it passes from the capillary into the
cells before being completely metabolized is 180um. Solid tumors larger than lmm’
must therefore rely on the development of new blood vessels to support the energy and
nutrient demands of a developing tumor. Limited oxygen diffusion within the tumors 1s
termed “chronic” hypoxia, as the uncontrolled proliferation causes tumors to outgrow the
available blood supply and hence their source of oxygen and nutrients. As a result, the

angiogenic stimulus in tumors results in the outgrowth of new blood vessels from the



existing vasculature, with the consequence of developing aberrant blood vessels.

Whereas normal vasculature is organized in a hierarchical manner with vessels close

enough to allow for adequate nutrient and oxygen supply to all cells, tumor vessels are

chaotic, dilated, and torturous resulting in sluggish and insufficient blood flow. In

addition to “chronic” hypoxia, temporary occlusions or reduced blood flow in certain

vessels results in “acute” or perfusion limited hypoxia, however closed vessels can be

reopened, leading to reperfusion of hypoxic tissue with oxygenated blood.

1.2

Hypoxia Induced Resistance to Standard Anti-Cancer Therapeutics
1.2.1  Radiation Resistance in Hypoxic Cells

It has been appreciated for over 50 years that severe hypoxia can protect cells
trom killing by radiotherapy and recent studies have demonstrated that this does
indeed, impact on clinical outcome: better oxygenated tumors respond better to
radiation therapy [4-6].

Radiation resistance of hypoxic cells is due primarily to the role of oxygen in
radiation damage. lonizing radiation, such as that used in radiotherapy, induces
cell death mainly through the production of DNA damage due to its ability to form
free radicals in DNA. An oxidizing environment, primarily determined by the
presence of oxygen, rapidly reacts with the free electron. This acts to “fix” the
DNA damage, making the radiation damage permanent. In the absence of an
oxidizing environment, free radicals are likely to be neutralized by the donation of
a hydrogen atom from a sulfhydryl-containing compound allowing time for DNA
repair, avoiding cell death. Thus the dose of radiation required to cause the same

amount of cell death under hypoxic stress relative to aerobic conditions is on



average 2- to 3-fold higher. Radiation resistance in cells begins when oxygen

levels are less than 10mmHg, however levels below 3mmHg give rise to extreme

resistance to radiation therapy. The results of numerous studies have now
unequivocally demonstrated that the extent of tumor hypoxia has a negative impact
on the ability of radiotherapy to locally control tumors, because of the resistance of

hypoxic cells to killing by radiation [4, 5].

Recently, in a study of 397 cases of head and neck cancer, Nordsmark et al.,
demonstrated that tumor hypoxia below 2.5mmHg was the most significant factor
in explaining poor patient prognosis. Furthermore, their prognostic model
demonstrated that patients with severely hypoxic tumors (<2.5mmHg) had a 5-year
survival rate between 0-20%, approaching 0% in cases reported to contain the
most severe hypoxic tumors [3].

1.2.2  Hypoxia Induced Resistance to Chemotherapy

Studies using both animal tumor spheroids and human tumor xenographs
support that chemoresistance is in part mediated by tumor hypoxia despite the
absence of any clinical studies that report the correlation between tumor hypoxia
and resistance to chemotherapy. A number of factors associated either directly or
indirectly with tumor hypoxia have been demonstrated to contribute to resistance
to anti-cancer drugs.

1) Chemotherapeutic drugs are delivered through the blood stream. Due to
their increased distance from the vasculature, hypoxic cellé are not
adequately exposed to some types of anticancer drugs [7, 8]. Additionally,
the action of some anticancer agents requires oxygen to increase their

cytotoxicity, including bleomycin and neocarzinostatin [9, 10].



iii)

1.2.3

A combination of hypoxia and nutrient deprivation causes cells to slow
their rate of proliferation through the cell cycle or stop cell cycle
progression altogether, most commonly at Gy/S [11]. Since most anticancer
drugs are more effective against rapidly proliferating cells then slowly or
non-proliferation cells, hypoxic cells are insufficiently targeted by these
agents [12-14]. Thus as the cell cycle slows, and distance from the
vasculature increases, the efficiency of cell killing by chemotherapy drugs
decreases.

Genes involved in drug resistance are up-regulated in response to hypoxic
stress, including p-glycoprotein. This protein, localized to the cell
membrane, is able to actively pump many drugs including anti-cancer
agents out of the cell, thereby, decreasing the therapeutic dose delivered to
the cell and increasing resistance to other anticancer therapeutics [15].
Hypoxic stress provides a physiological pressure that selects for cells that
have lost their apoptotic potential, in particular for cells acquiring
mutations to p53 [16], predisposing them to a more malignant phenotype.

Tumor Hypoxia Increases Malignant Progression and Metastasis

Genetic instability is a hallmark of malignant progression. Large deletions,

insertions, translocations and recombinations at the chromosome level and point

mutations including simple frameshift mutations at the DNA level can be

attributed to the progression of the disease. Hypoxic stress and the tumor

microenvironment have been demonstrated to initiate genetic instability. Reynolds

et al., using a tumorigenic cell line expressing a chromosomally located lambda

phage shuttle vector, reported that cells cultured under hypoxic stress or as



1.3

xenograft tumors in nude mice had a 5-fold higher frequency in their mutation rate
than cells cultured under normoxic conditions [17]. Moreover, hypoxia is an
independent and highly significant prognostic factor, predisposing tumors to
metastatic spread. In a study of 103 patients with advanced cancers of the uterine
cervix, 50% of patients were diagnosed with hypoxic tumors with pO, levels
<10mmHg. Patients with hypoxic tumors had significantly lower disease free and
overall survival probabilities with increased occurrence of metatastic spread
irrespective of their treatment regiment [18].

Resistance to radiation and chemotherapy manifested by hypoxic stress means
that neither form is uniformly effective against a significant population of solid
tumor cells, demonstrating the necessity for novel anti-cancer therapeutics that can

exploit the unique physiology of hypoxic tumors.

Cellular Adaptation to Hypoxic Stress

Accumulating evidence implicates the biological response to hypoxia and the

development of hypoxia tolerance as an important contributor to malignant progression.

It appears that the key to cellular survival and adaptation to hypoxia, a stress that results

in the impairment of ATP production by the lack of oxidative phosphorylation, includes

reallocating the available cellular energy from non-essential to essential processes. This

process, known as oxygen conformance involves reducing the energy demand of the cell

in response to a decline in oxygen while minimally affecting the intracellular

concentration of ATP. In the hypoxic cell, this is accomplished by several mechanisms

including the regulation of energy homeostasis by switching from aerobic metabolism to

anaerobic glycolysis. Additionally, tumor cells respond to hypoxic stress by stimulating



angiogenesis to increase tumor oxygenation. This process, named the ‘“angiogenic
switch” has been suggested as one of the key six hallmarks of cancer [19]. Lastly, a
major biological response to hypoxia includes the inhibition of energy demanding
processes including protein translation, RNA/DNA synthesis, and cell proliferation.

1.3.1  HIF-1aand the Regulation of Gene Expression

The transcriptional response to hypoxia is mediated in large part by a single
oxygen regulated transcription factor, HIF-1, which modulates the expression of a
large number of genes critical to the adaptive response to hypoxic stress. These
pathways include the induction of glycolytic enzymes and glucose transporters
which mediate the switch to energy saving glycolysis, while angiogenic genes,
including Vascular Endothelial Growth Factor (VEGF) and Platelet Derived
Growth Factor (PDGF), are induced to promote improved oxygen delivery to
regions of low oxygen. To further counteract the detrimental effect of a low
oxygen environment, vasodilators like nitric oxide synthase and genes involved in
erythrocyte production, including erythropoietin and transferrin receptors, are
induced by HIF-1 to enhance the oxygen carrying capacity of the blood.

The HIF-1 transcription factor is a heterodimer of two proteins; the
constitutively expressed HIF-1B/ARNT and the oxygen regulated HIF-1a; both
belong to the basic helix-loop-helix (HLH/PAS) family of transcription factors.
Although HIF-1ao mRNAs are stable under normoxic conditions, the protein is
rapidly degraded by the proteasome in the presence of oxygen. This regulation is
imparted by a highly conserved binding domain, the oxygen-dependent

degradation domain (ODD), that is recognized by an E3 ubiquitin ligase, von



Hippel-Lindau protein (pVHL), which is responsible ‘for the ubiquitination of HIF-
la; an act that targets the protein for proteasomal degradation. This interaction is
regulated by the hydroxylation of two conserved proline residues (Pro-402 and
Pro-564) within the ODD of HIF-1a by specific HIF-1a prolyl hydroxylases
(PHD) [20, 21]. Since oxygen is required for prolyl hydroxylation, hypoxia
prevents this modification impairing the ability of VHL to bind and ubiquitinate
HIF-1a. As a consequence, HIF-1a is stabilized and translocates into the nucleus,
where it dimerizes with HIF-13/ARNT and binds the core DNA sequence 5’-
RCGTG-3’, known as the hypoxia response element (HRE) leading to the
transcriptional regulation of up to 60 putative genes.

Complete deficiency of HIF-1a results in embryonic lethality at mid-gestation, a
consequence of dramatic vascular regression due to extensive endothelial cell
death [22, 23]. The importance of HIF-1a in tumor development is underscored by
the observation that HIF-l1a” tumors, when injected into nude mice, display
impaired vascular development and delayed growth when compared to wild type
tumors[24, 25]. Moreover, HIF-1a is overexpressed in a broad range of human
cancers [26-28], and is furthermore associated with poor patient prognosis. HIF-1a

overexpression has been correlated with tumor grade and increased metastatic

potential [29-31].
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Figure 1: Regulation of HIF1a

Under normoxic conditions (top), two proline residues within the ODD of HIFla are
hydroxylated by the PHD family of prolyl hydroxylases, allowing for recognition by the E3
ubiquitin ligase, pVHL. Ubiquitination promotes the proteasomal degradation of the HIFla
subunit. Under conditions of hypoxic stress (bottom) prolyl hydroxylases are blocked,
promoting the stabilization of the HIFla subunit which translocates to the nucleus and
heterodimerizes with the constitutively expressed ARNT subunit to form the active
transcription factor HIF1. Together, HIF1 promotes transcriptional regulation through the
recognition of an HRE consensus sequence proximal to the promoter of target genes. To date
approximately 60 putative HIF1 target genes have been identified. Target genes induced by
HIF1 are involved in the adaptive response to hypoxic stress through the upregulation of
critical metabolic gene products including glycolytic enzymes and glucose transporters that
mediate the switch from aerobic metabolism to anaerobic glycolysis. While other genes are
involved in escaping the hostile hypoxic microenvironment by increasing oxygen delivery to
the cells through increased angiogenesis, vasodilation, and red blood cell development.



Although oxygen is the principal regulator of HIF-1a., this protein can also be
activated in response to oncogenic pathways. A classic genetic lesion in
hemangioblastoma and clear cell renal carcinoma is the functional inactivation of
the tumor suppressor VHL. Von Hippel Lindau syndrome, which is characterized
by highly angiogenic tumors, results in the defective ubiquitination of HIF-1a
under normoxic conditions, leading to aberrant HIF-1a expression and its target
genes (Figure 1). Such mutations increase the potential for angiogenesis lkely
through continuous synthesis of pro-angiogenic proteins like VEGF. Studies where
exogenous wild-type VHL were restored in 786-O renal cell carcinomas, resulted
in re-established oxygen-dependent degradation of HIF-la and significantly
slower tumor growth 1n a xenograft model [32].

In addition to the various biological processes that are influenced by the
transcriptional regulation of HIF-1, one target in particular is critical to tumor
growth and angiogenesis. VEGF is capable of inducing endothelial cell
proliferation and is therefore one of the most important angiogenic growth factors
relevant to tumor growth and metastasis. It has been proposed that hypoxia-
induced VEGF expression precedes an invasive phenotype based on observations
that VEGF expression increases through the neoplastic progression of colon
carcinoma [33]. This concept is further supported by findings that VEGF
expression in metastatic melanomas is higher than in the primary leston [34]. The
importance of VEGF expression during tumor development is revealed by its
mechanisms of regulation. The presence of an HRE within the promoter of VEGF

ensures 1ts transcriptional activation by HIF-1a during hypoxic stress. However,



elements within its 5° and 3’ untranslated regions (UTRs) mediate its post-
transcriptional regulation. Within its 3’UTR, five AU-rich elements have been
identified. The RNA binding protein, HuR, has been demonstrated to bind and
stabilize the VEGF mRNA, however others have demonstrated that elements
within the 5’UTR may contain additional elements that lead to the hypoxia
induced stability of VEGF mRNAs [35, 36]. The presence of an internal ribosome
entry site (IRES) has been identified within the 5’UTR of VEGF, thereby
providing a translational advantage to VEGF mRNAs when translation is inhibited
and competition for initiation factors is high [37-39].
1.3.2  Regulation of Translation

The rapid and sustained inhibition of protein translation is a less well
understood biological response to hypoxic stress. In response to extreme hypoxia,
protein synthesis is decreased by 60-70% within 1 hr [40], remains significantly
repressed for up to 24 hrs of hypoxia [41], and is completely reversible upon re-
oxygenation. In addition to the promotion of hypoxia tolerance through the
conservation of energy, the control of mRNA translation is increasingly being
viewed as a means of rapidly changing the cellular proteome by controlling the
translational efficiency of individual mRNAs essential for the development of
hypoxia tolerance. The control of translation is critical in regulating numerous
other physiological processes including, growth stimulation [42], cell cycle
progression [43], differentiation [44], ER stress [45], oncogenic signaling [46], and
viral infection [47]. The importance of translational regulation on gene expression
during oncogenic transformation was demonstrated recently by Rajasekhar et al.

using microarray analysis of polysome-associated mRNAs upon the activation of



Ras and AKT pathways. Their analysis revealed that larger translational changes
resulted from activation of oncogenic pathways than transcriptional changes in
gene expression. Translational regulation can occur during any of the three stages
of translation including initiation, elongation, and termination. However,
translation initiation is by far the most complex and highly regulated process in
protein synthesis.
1.3.3  Translation Initiation

The majority of translation initiation requires the assembly of an active
eukaryotic initiation factor 4F (eIF4F) complex at the m’GpppN cap structure
present at the 5’terminus of the mRNA, a process referred to as “cap-dependent”
translation initiation. Formation of the elF4F complex is a major control point in
~ the regulation of translation initiation and involves the concerted recruitment of
numerous initiation factors for the formation of the 48S pre-initiation complex.
The elF4F complex includes the m’GpppN binding protein, elF4E, an ATP
dependent RNA helicase, elF4A, and a modular scaffolding protein, elF4G, that
bridges the mRNA to the ribosome. Assembly of the elF4F complex facilitates
recruitment of the 43S pre-initiation complex to form the 48S pre-initiation
complex. The 43S pre-initiation complex is composed of the small 40S ribosome,
the initiation factor elF3, and the ternary complex which consists of eIF2/GTP and
the methionine-loaded initiator tRNA (Met-tRNA). Once formed, the 48S pre-
initiation complex is believed to scan the 5’UTR searching for a start codon
(AUG). Upon encountering a start codon, in the proper context, elF5 stimulates the

hydrolysis of elF2/GTP to GDP promoting the release of all initiation factors and

11



14

recruitment of the large 60S ribosome. Formation of the 80S ribosome represents

the beginning of the elongation step of protein translation (Figure 2).

Translational Control during Hypoxic Stress

Formation of eIF4F and the ternary complex constitute the two major regulatory

control points during the initiation of translation. In cancer, alterations in signaling

pathways that result in the stimulation of translation have been extensively studied [48].

Over-expression of either eIF4E or an unphosphorylatable mutant of elF2a (elF2a

S51A
)

b

results in malignant transformation likely as a result of deregulated translation of

oncogenic mRNAs [48-51].

1.4.1 Regulation of elF4F

The formation of the elF4F complex during ‘cap-dependent’ translation
initiation is dependent on the rate-limiting availability of the cap-binding protein,
elF4E. Competitive binding of elF4E to a family of ¢IF4E binding proteins (4E-
BP1, 4E-BP2, and 4E-BP3) is regulated by sequential phosphorylation of 4E-BPs
on five known phosphorylation sites. Upon hyperphosphoryation, 4E-BPs lose
their affinity for elF4E, which preferentially binds elF4G to induce translation
initiation. This mechanism is controlled in large part by the mammalian target of
rapamycin (mTOR). In response to hypoxic stress, inhibition of mTOR results in
the hypophosphorylation of 4E-BPs which increases their affinity for elF4E
resulting in decreased elF4E:elF4G complex formation, and explains in part, the
mmhibition in translation initiation (Figure 2) [52]. Moreover, in response to

hypoxic stress, the 4E-T nuclear transporter was demonstrated to mediate re-
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localization of elF4E into the cell nucleus, thereby reducing the availability of
elF4E for the formation of active initiation complexes [41].

1.4.2  Cap-Independent Translational Regulation

IRES (internal ribosome entry site) mediated cap-independent translation can
direct ribosome binding proximal or adjacent to the start codon of a given mRNA
in the absence of the cap binding protein, elF4E. IRES mediated translation
initiation was first described in picornavirus infection, naturally uncapped mRNAs
that are efficiency translated despite a strong inhibition in host mRNA translation
[53]. The successive identification of IRES activity in numerous viral genomes
pioneered the exploration for IRES activity in cellular mRNAs as well. A study by
Johannes et al., in response to poliovirus infection, calculated that as many as 3-
5% of cellular mRNAs are translated in a cap-independent mechanism. To date,
the list of identified IRES elements in cellular mRNAs is growing exponentially.
However, despite this recent progress, comparative analysis of the identified
cellular IRES elements has not revealed any consensus sequence or- structural
similarities that might expedite this process. Instead, the identification of novel
IRES elements remains largely empirical. Traditionally, IRES elements have been
identified in mRNAs harboring unusually long 5’UTRs (>100bp) or containing a
high GC content, however the true test for IRES activity relies on the gold
standard bicistronic assay. Numerous studies have identified hypoxia responsive
genes that employ IRES elements to maintain their translational priority during

translational inhibition, specifically, HIFla [54], VEGF [37], BiP [55], TIE-2

[56], and ODC [57]. Moreover, a possible connection between elF2a
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phosphorylation and IRES translation has also been proposed. The activities of
catl, PDGF2, VEGF and c-myc have been shown to increase either during
differentiation or in response to various cellular stresses that increase the
phosphorylation of elF2a [58, 59]. The importance of IRES mediated translation
is revealed by the observation that mRNAs that contain IRES elements encode
proteins that play important roles in cell growth, proliferation, differentiation, and
in the regulation of apoptosis; cellular programs that are often usurped by
malignant cells [60]. This suggests that IRES mediated translation may be an
important mechanism utilized by the cell to maintain and induce gene expression
in order to mediate cellular adaptation and cell viability when faced with stressful
microenvironments.
1.4.3 Regulation of elF2a

Formation of the ternary complex constitutes the second major control point
for the cell in the regulation of translation initiation and is tightly regulated
through phosphorylation of the elF2a subunit on Ser51. Prior to elF2 binding to
Met-tRNA, the inactive elF2/GDP must be converted to the active elF2/GTP
complex, a reaction that is mediated by the guanine nucleotide exchange factor
elF2B. Upon phosphorylation of elF2a, elF2/GDP and elF2B form a tight
inhibitory complex, impeding the exchange of GDP for GTP. As levels of elF2B
are rate limiting, even small amounts of phosphorylated elF2o result in a
significant impairment to elF2 recycling and 43S pre-initiation complex formation
(Figure 2). Four different elF20 kinases, regulated by diverse physiological

signals, have been identified in mammalian cells. They include (1) PKR, an
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Figure 2: Regulation of Translation Initiation

Translation initiation begins following assembly of the elF4F complex (containing the cap
binding protein elF4E, the RNA helicase elF4A, and the scaffold protein elF4G) at the
m GpppN “cap” structure at the 5’end of the mRNA. Interaction of the 43S preinitiation
complex (elF3, elF2, Met-tRNA, GTP, 40S ribosomal subunit) with the elF4F complex
through elF3 and elF4G binding facilitates recruitment of the 40S ribosomal subunit and
formation of the 48S preinitiation complex. This complex scans through the 5’UTR until it
reaches the AUG start site. Here GTP bound to elF2a is hydrolyzed by elF5 resulting in
release of elF2 and recruitment of the large 60S ribosomal subunit. Regulation of initiation
occurs primarily at two steps. The first 1s through the phophorylation of elF2a at Ser51
resulting in the formation of an inhibitory complex with the GDP/GTP exchange factor
elF2B. The second is through the inhibition of the elF4F complex as a result of competitive
binding of the 4E-BPs to elF4E in their hypophosphorylated state resulting in the inhibition
of “cap-dependent” translation initiation.
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interferon inducible kinase that is activated by double stranded RNA produced in
virus-infected cells [61]; (i) GCN2, a kinase originally identified in yeast, which
is activated by nutrient deprivation [62]; (iii)) HRI, a kinase that is found
predominantly in erythroid cells that is activated by heme deprivation [63]; and
(iv) PERK, an ER resident kinase that is activated by accumulated unfolded
proteins in the endoplasmic reticulum (ER), and participates in a conserved
pathway known as the unfolded protein response (UPR) [64]. Activation of any of
these kinases results in high levels of elF2a phosphorylation and activation of a
signaling pathway referred to as the integrated stress response (ISR) which is
sufficient to inhibit general translation initiation and induce the expression of
genes that play a key role in the adaptation to hostile environments. The cellular
response to hibernation serves as an outstanding example of adaptation. Frerichs et
al. measured a remarkable inhibition in protein translation to 0.04% of active
animals in the absence of any measurable cell death [65]. Furthermore, this
inhibition in translation was not only completely reversible upon completion of the
hibernating state, but was additionally found to require the phosphorylation of
elF2a [65], thus demonstrating the importance of elF2a regulation in harsh

environmental conditions when energy supplies are limited.

1.5 Unfolded Protein Response
Protein folding, export, and post-translational modification of secretory and
membrane proteins occur within the ER. When an imbalance occurs between the load of

client proteins and the ability of the ER to process that load, unfolded proteins
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accumulate and a signaling pathway referred to as the UPR is activated. This stress
response serves to decrease the influx of client pro’;eins by inhibiting protein translation,
increase the expression of molecular chaperones to mediate protein folding, and induce
ER-associated protein degradation to eliminate unfolded proteins from the ER. UPR-
mediated stress signals can be induced by different pathophysiological conditions
including tissue ischemia [66], tumor hypoxia [67, 68], viral infection [69, 70], and
genetic mutations in proteins that impair chent folding (eg: Pelizacus-Merzbacher
disease; [71]), as well as by agents that inhibit various molecular functions in the ER
including, protein glycosylation (tunicamycin) [72, 73], ER/Golgi transport (brefeldin A)
[73], and calcium homeostasis (thapsigargin) [73, 74]. Three unique ER transmembrane
proteins, PERK, IREl, and ATF6, respond to perturbations in the protein folding
environment of the cell [75, 76]. Each has an N-terminal luminal domain that is
regulated by the ER chaperone protein BiP/Grp78. When unfolded proteins accumulate,
BiP dissociates from PERK, IREl, and ATF6, to promote folding, resulting in the
oligomerization of PERK and IRE], transautophosphorylation of their serine/threonine
kinase domains and to the translocation of ATF6 to the Golgi apparatus (Figure 3).
1.5.1 IRE-1
The type 1 transmembrane serine/threonine protein kinase, IRE1, contains a
site specific endoribonuclease that cleaves its own mRNA [77], 28S rRNA {[78],
and the mRNA encoding the bZIP transcription factor Xbox binding protein 1
(XBP1) [79-81]. IRE1 is activated by oligomerization and autophosphorylation
upon increased unfolded proteins in the ER. IRE] uses its endoribonuclease
activity to excise an intron from XBP-1 mRNA [81, 82] resulting in a translational

frame-shift that produces a functional XBP1 transcription factor that translocates
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Figure 3: Regulation of the Unfolded Protein Response

Three critical ER transmembrane proteins, PERK, IRE1, and ATF6, are responsible for
activating three main signaling pathways of the UPR. Activation of PERK and the
subsequent phosphorylation of elF2a, leads to a general inhibition in protein synthesis while
paradoxically increasing the translational efficiency of a subset of proteins including ATF4.
IRE1 endoribonuclease activity splices a 26-nucleotide region of the XBP-1 mRNA resulting
in the formation of a potent transcription factor. ATF6 is cleaved by two site specific
proteases, processed in the golgi, and translocated to the nucleus where it acts as a stress-
induced transcription factor.
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into the nucleus, binds and activates the transcription of several chaperone genes
containing the ER stress response element (ERSE: CCAAT-9bp-CCACG) [83],
including BiP/Grp78 and XBP1 [84].
1.5.2  ATF6

ATF6, a type Il transmembrane protein, was first identified in a screen for
factors that bind the bipartite ERSE. Upon ER stress, ATF6 translocates to the
golgi where it is cleaved first by a site-1 protease and subsequently by a site-2
protease, thereby, liberating the cytosolic transactivation domain from the
membrane. ATF6 then translocates to the nucleus where it binds and activates the
transcription of genes containing the ERSE consensus sequence [85, 86].
1.5.3 PERK

Exposing cells to conditions that promote ER stress, activates the elF2a

kinase PERK, resulting in the rapid phosphorylation of elF2a and adaptive
modulation of protein synthesis and gene expression through a signal transduction
pathway referred to as the ISR [87]. PERK is necessary and sufficient to inhibit
translation initiation in response to ER stress, as Perk” cells lose their ability to
phosphorylate elF2a and control protein synthesis [88]. Interestingly, this
inhibition paradoxically leads to the increased expression of several proteins
mcluding the transcription factor 4 (ATF4), a member of the ATF/CREB
subfamily of basic-region leucine zipper (bZIP) proteins that is preferentially
translated in an elF2a-phosphorylation-dependent manner [89, 90]. Its 5’UTR
contains two conserved upstream open reading frames (WORFs), the second of

which overlaps with the ATF4 reading frame. In unstressed cells, scanning
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ribosomes initiate translation efficiently at both uORFs, and ribosomes that have
translated uORF1, efficiently reinitiate translation at uORF2, thus preventing
translation of ATF4. In stressed cells, high levels of elF2a phosphorylation delay
ribosome reinitiation at WORF2 and favors reinitiation at the authentic AUG of
ATF4, resulting in its enhanced translation [89, 90]. ATF4 plays an important role
in regulating the ER stress response by inducing the expression of genes which
encode proteins that help to attenuate the ER stress response including, growth
arrest and DNA damage gene 34 (GADD34), Immunoglobin binding protein of B
cells (BiP), and C/EBP homologous protein (CHOP) [91, 92].

The activation of PERK and induction of the ISR arm of the UPR are critical
to the cellular adaptation to stress, as PERK” cells are markedly impaired in their
ability to survive exposure to conditions that promote protein malfolding in the ER
[88]. Moreover, induction of CHOP and GADD34 is completely blocked in cells
harboring an unphosphorylatable mutant of elF2a>°'*, or in PERK™" cells, and BiP
expression is attenuated 2-fold [91].

1.5.4  Physiological roles of PERK

PERK™ mice are indistinguishable from their wildtype litermates at birth, but
develop a hypersenstitivity to physiological levels of ER stress over time. This
sensitivity is most notable in highly secretory cells, including the endocrine and
exocrine cells of the pancreas and collagen I-secreting osteoblasts [93, 94]. The
development of diabetes mellitus, malabsorption and sever bone defects eventually
result due to the inability to modulate the stress response. Similar observations

have been made in patients suffering from Wolcott-Rallison syndrome, a rare
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autosomal-recessive disease resulting from mutations in the human PERK gene
(EIF2AK3) [95].
155 GADD34

The carboXyl terminus of GADD34 encodes a regulatory subunit of an elF2q,
specific phosphatase complex (PP1) that participates in a negative feedback loop
to attenuate ISR signaling by increasing the cellular phosphatase activity that
dephosphorylates elF2a [96, 97]. This negative feedback loop is necessary for
cellular recovery during ER stress, as cells expressing a truncated COOH deletion
mutant of GADD34 or a phosphomimetic of elF20°°'°, demonstrate decreased
survival in response to ER stress [97, 98]. Conversely, a non-phosphorylatable

mutant of elF2a5'A

partially protects cells from ER stress induced apoptosis.
1.5.6 BiP

In addition to its role in the activation of the UPR through its dissociation
from PERK, IREl, and ATF6, BiP is an ER chaperone that mediates protein
folding. In response to ER stress, its transcriptional induction is positively
regulated by the UPR through at least three independent signaling pathways [99,
100], one of which involves ATF4 [91]. BiP is also translationally regulated by a
cap-independent mechanism during stress as an active IRES element has been
identified within its 5’UTR [55]. BiP plays a critical role in the resolution of the
UPR due to its ability to bind and inactivate oligomerized/activated IRE1 and

PERK [101] and inhibition of BiP expression has severe consequences on cell

survival in response to ER stress and to chronic hypoxia [102, 103].
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1.5.7 CHOP

Also known as Gadd153, CHOP is a transcription factor that binds and
activates the promoters of target genes believed to play a role in programmed cell
death [104]. Although the identities of these target genes and the manner by which
they might be related to the death of ER stressed cells remain unknown,
deregulated CHOP activity compromises cell viability [105, 106], and CHOP
deletion protects both the kidney and cultured fibroblasts against various inducers
of ER stress [107, 108]. One mechanism by which CHOP may sensitize cells to
ER stress induced cell death is through the transcriptional activation of ER
oxidoreductin 1o (EROla). By activating EROla, CHOP promotes an oxidizing
environment within the ER which favors protein malfolding [109] and contributes
to cell death due to the accumulation of reactive oxygen species (ROS) [87]
1.5.8 Role of the UPR in cancer

Accumulating evidence supports the notion that the UPR is not only an
important phystological response to temporal and developmental variations in the
ER, but additionally plays a critical role in tamor development and adaptation. The
over-expression of BiP has been observed in numerous human cancers and its
enhanced expression correlates with malignant progression [110, 111] [112]. In
one study of primary melanoma, Korabiowska et al. reported elevated GADD34
and CHOP expression in 73% and 80% of patients tested, respectively.
Remarkably, 3 out of the 26 cases of primary melanoma tested, demonstrated
deleterious mutations in the CHOP gene, and a further 6 cases reported
polymorphisms within the CHOP gene that significantly decreased CHOP

expression in these patients [113].
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Transformed cells are constitutively exposed to low levels of ER stress, due in
part to their higher rates of proliferation and elevated demands on transcriptional
and translational machinery within the cell. The necessity of the UPR for tumor
cell adaptation and cell viability can be exploited as a novel molecular target for
the development of mnovative anti-cancer treatment modalities. This approach is
supported by findings that inhibiting major signaling pathways within the UPR
results in increased sensitivity to hypoxic stress and anti-cancer agents and delays
or inhibits tumor growth. Transformed cells stably expressing amplified anti-sense
BiP expression vectors did not develop tumors when injected in nude mice [114].
Transformed MEFs derived from XBP1” animals, when injected into nude mice
displayed similar results due in part to their increased sensitivity to hypoxic stress.
Data presented herein reveal a role for PERK in the adaptive response to hypoxia.
In response to hypoxic stress, cells stimulate the translation of numerous UPR
genes including ATF4 and its downstream targets BiP, GADD34, and CHOP
(Chapter 2 and Appendix A). Moreover, cells derived from PERK ™" animals and
cells expressing a non-phosphorylatable mutant of elF20™'* display enhanced
sensitivity to hypoxic stress and result in the growth of smaller tumors than their
wild-type counterparts due in part to their increased sensitivity to hypoxic stress
and in part to disrupted angiogenic signals that result in less vascularized tumors
(Chapter 3 and Appendix A).

Combined these studies suggest that all three arms of the UPR are activated
during hypoxia. Disruption of either PERK or IRE1 signaling sensitizes cells to
hypoxia and impairs the cellular adaptive response to hypoxic stress resulting in

the inhibition of tumor growth and development. Together these findings provide
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1.6

the impetus to explore the possibility of targeting these molecular pathways for the

treatment of cancer in the future.

Aim of Thesis

The primary objective of this thesis was to identify and characterize the
cohort of genes that are translationally regulated during hypoxic stress by
microarray analysis of polysome-associated mRNAs. We hypothesized that genes
necessary for the cellular adaptation to hypoxic stress would be preferentially
translated in hypoxia treated cells and could be identified from translationally
inhibited transcripts due to their increased association with polysomes during
stress. Our analysis revealed a critical role for PERK in the activation of the ISR
and translational regulation of ATF4 during severe hypoxic stress (Chapter 2).
Follow-up studies in our lab and in active collaboration with Dr. Koumenis have
delineated the importance of PERK signaling to the cellular adaptation to hypoxic
stress both in vitro and in vivo (Appendix A and Chapter 3), and reveal a role for
PERK in the translational regulation of pro-angiogenic genes. Fruitful
collaborations with the labs of Dr. Pelletier and Dr. Holcik have demonstrated the
importance of cap-independent translational regulation during hypoxia (Appendix
B) and UV-irradiation (Appendix C) and describe a role for PERK in the
negative-regulation of pro-apoptotic protein, APAF-1 (Appendix C) Combined,
these studies demonstrate that the regulation of translation is a critical player not

only to the oncogenic phenotype but also in the response to cellular stress.
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2. ACTIVATING TRANSCRIPTION FACTOR 4 IS
TRANSLATIONALLY REGULATED BY HYPOXIC STRESS

Contribution of Collaborators

The contents of this manuscript were written by J. Blais and edited by J. Bell prior to
submission. All of the experiments performed and figures presented in this manuscript are
the work of J. Blais with the exception of Figures 6 and 7 which were accomplished with the
technical assistance of Vasilisa Filipenko (Co-op student, 2004). Dr. Costas Koumenis and
his technician provided us with the HT29-Puro and HT29-A1 cell lines. Drs. David Ron and
Heather Harding provided us with the PERK” SV40 transformed MEFS. Dr. Bradly Wouters
provided assistance in dissecting the microarray data presented within this manuscript.
Summary

Using microarray analysis of polysome-bound mRNAs in aerobic and hypoxic HeLa cells,
we demonstrate that a subset of transcripts are preferentially translated during hypoxia,
including numerous genes involved in the unfolded protein response. One of theses genes,
ATF4, 1s translationally induced upon PERK activation and elF2a phosphorylation during
hypoxic stress. The overexpression of a C-terminal fragment of GADD34 that constitutively
dephosphorylates elF2a, attenuates elF2a phosphorylation and severely inhibits the
induction of ATF4 in response to hypoxic stress demonstrating its role in a negative feedback
loop initiated by ATF4. Together, this study supports that activation of the integrated

response likely facilitates the cellular adaptation to hypoxic stress.

This article was reprinted, with permission, from Blais et al. 2004 MCB (24) 7469-82. © ASM Journals.
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Abstract

Hypoxic stress results in a rapid and sustained inhibition of protein synthesis that is at least
partially mediated by elF2a phosphorylation by the endoplasmic reticulum kinase PERK.
Here we show through microarray analysis of polysome-bound RNA in aerobic and hypoxic
HeLa cells that a subset of transcripts are preferentially translated during hypoxia including
ATF4, an important mediator of the unfolded protein response. Changes in mRNA
translation during the UPR are mediated by PERK phosphorylation of the translation
initiation factor elF2a at Ser 51. Similarly, PERK is activated and is responsible for
translational regulation under hypoxic conditions, while inducing the translation of ATF4.
The overexpression of a C-terminal fragment of GADD34 that constitutively
dephosphorylates elF2a, was able to attenuate the phosphorylation of elF2a and severely
inhibit the induction of ATF4 in response to hypoxic stress. These studies demonstrate the
essential role of ATF4 in the response to hypoxic stress, define the pathway for its induction,
and reveal that GADD34, a target of ATF4 activation, negatively regulates the elF2o-
mediated inhibition of translation. Taken with the concomitant induction of additional ER-
resident proteins identified by our microarray analysis, this study suggests an important

integrated response between ER signaling and the cellular adaptation to hypoxic stress.
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Introduction

Mammalian cells have the ability to alter their gene expression in order to adapt to a variety
of environmental stresses including nutrient depletion, oxidative stress, UV irradiation,
reductive stress, exposure to toxins, and hypoxia, although the exact molecular events
controlling the stress response have not been fully elucidated.

Hypoxic stress plays a pivotal role in normal human development and physiology including
embryogenesis and wound repair, and is well studied for its importance in the pathogenesis
of several human diseases, namely heart disease, stroke, diabetes, and cancer (for a detailed
review, (53)). Hypoxia results when oxygen availability does not meet the demand of the
surrounding tissue, resulting in decreased oxygen tension. In cancer this is initiated by the
rapid proliferation of tumour cells, which gives rise to abnormal and chaotic vasculature,
leading to the development of occlusions, blind ends, and vesicular shunts (4). The presence
of hypoxic cells in solid tumors is well documented and both clinical and experimental
evidence suggests that the hypoxic microenvironment of a tumour helps to produce a more
aggressive phenotype (63) by functioning as a selective pressure for the clonal expansion of
apoptotically insensitive cells (16). The presence of hypoxic regions in solid tumours also
correlates with a poor prognosis and has been shown to limit the efficacy of standard
anticancer treatments, such as radiotherapy and chemotherapy (5). A key element to cellular
survival and adaptation during hypoxia is the transcription factor HIF-1, the master regulator
of oxygen homeostasis. Numerous critical genes are tightly regulated by HIF-1, including
growth factors, oncoproteins, transcription factors, and glycolytic enzymes (Wouters,
submitted), which mediate a shift in cellular metabolism toward energy conserving anaerobic

glycolysis (54).
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Other mechanisms of gene regulation are important to the cellular response to stress, such as
the control of translation initiation. The importance of translational control on gene
expression was originally proposed to play a fundamental role during development (48) and
has subsequently been proven critical in regulating numerous physiological processes in the
cell including: growth stimulation (40), cell cycle progression (49), differentiation (56), ER
stress, (17), and oncogenic signaling in cancer (47). Translational control provides a rapid
and reversible mechanism of expression, whereas transcriptional induction can take hours to
occur.

Regulation of eukaryotic protein translation occurs mainly at the level of translation
initiation. Most mRNAs recruit ribosomes through the m7G—cap structure by the elF4F
complex followed by binding of the 43S pre-initiation complex, consisting of the 40S
ribosomal subunit, eIF1A, elF3 and elF2-GTP bound to the initiator tRNA, before scanning
downstream to the initiating AUG (30). Successful translation initiation is only achieved
when elF2a binds GTP and (Met) tRNA, thereby forming the ternary complex. Formation of
this complex is dependent on the exchange factor elF2B, which exchanges the GDP bound
elF2a for GTP. This can be inhibited by the phosphorylation of elF2a at Ser 51 by an active
elF2a kinase. Mammalian cells have several elF2a kinases that are activated in response to a
variety of cellular stresses. PKR is activated by double-stranded RNA as a result of viral
infection, whereas the Endoplasmic Reticulum (ER) resident kinase, PERK, is activated by
malfolded proteins in response to ER stress (20). The transcriptional effects during hypoxia
and the result of HIF-1 signaling on cellular survival and adaptation are a well studied
phenomenon, while the contribution of translational control on hypoxia responsive gene

expression remains unclear. PERK has been implicated in the phosphorylation of elF2a and
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the resulting attenuation of protein translation in response to hypoxic stress (29). Despite a
profound inhibition of translation initiation that occurs in response to hypoxia, several
discrete transcripts remain efficiently translated, including VEGF (59), HIF-1a (32), BiP
(37), and ODC (46). These cellular mRNAs are able to recruit ribosome binding to internal
ribosome entry sites (IRES) without the need of cap-recognition from the elF4F complex.

We have focused on identifying novel hypoxia regulated genes with the use of microarray
analysis of polysomal and total mRNA populations in order to gain insight into both the
transcriptional and translational changes that occur in response to hypoxic stress. Our studies
reveal the preferential translation of numerous hypoxia-induced genes namely, elF5, ATF3,
ATF4, ATF6, VEGF, FGF2 and IGFBP4. One of these, activating transcription factor 4
(ATF4) is an important mediator of the unfolded protein response (UPR), supporting the
possibility of an integrated response between the UPR and hypoxia through the translational

regulation of ATF4.
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Materials and Methods

Cell Culture. HeLa cells and 293T cells were maintained in alpha-modified Eagle’s medium
supplemented with a 10% mixture of DBS (Donor Bovine Serum) and FCS (Fetal Calf
Serum) (3:1). Wild-type, PERK-/-, PKR-/-, and PERK-/- PKR-/- mouse embryonic
fibroblasts were maintained in alpha-modified Eagle’s medium supplemented with 10%
FCS. The constitutively active GADD34 C-terminal protein fragment was expressed in cells
by transduction of the Al retrovirus as previously described (41). HT-29 cells stably
transfected with the GADD34 C-terminal fragment (HT29-A1) and control HT-29 cells
transfected with the parent plasmid (HT29-Puro) were maintained in McCoys media
supplemented with 10% FCS, B-mercaptoethanol (0.55uM), non-essential amino acids
(10uM), and puromycin (lpg/ml). Cells were treated with thapsigargin (100nM),
cycloheximide (100mM) and Actinomycin D (100uM) where indicated.

Hypoxic Treatments. All experiments were performed with exponentially growing cells.
For all experiments except for polysome fractionation, cells were plated in 60-mm glass
culture dishes at a density of ~1 x 10° cells/plate. After approximately 20hr, the culture
dishes were placed in a hypoxic culture chamber (MACS VAS500 miroaerophillic
workstation [Don Whitley Scientific, Shipley, United Kingdom]). Hypoxic conditions were
achieved with 90% N,, 5% CO,, 5% H, (anaerobic grade gas) and palladium catalysts to
scavenge trace oxygen.

Isolation of Polysomes and RNA. HeLa cells were plated on 150-mm glass culture dishes at
a density of ~7 x 10° cells/plate. Cells were left untreated for approximately 32hr prior to
hypoxic exposure (16hr) or they were left untreated (Ohr). For the isolation of intact

polysomes, cells were first treated with 0.1mg/m! cycloheximide (CHX) for 3min (37°C)
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prior to cell lysis. Cell extracts were prepared at 4°C; the cells were washed twice with PBS
containing CHX (0.1mg/ml) and lysed in RNA lysis buffer (1% Triton X-100, 0.3M NaCl,
15mM MgCl,, 15mM Tris (pH 7.4), 0.1mg/ml CHX, 100U/ml RNAsin [Ambion, Austin
TX]). Lysed HeLa cells were stained with Hoechst 33342 (5pg/mL) to ensure nuclei were
intact during lysis. Nuclei were subsequently removed by centrifugation (3000rpm, 5min,
4°C) and the supernatant was centrifuged again to remove cellular debris (14,000rpm, 5Smin,
4°C). The lysate was layered onto 10ml continuous sucrose gradients (10-50% sucrose in
15mM MgCl,, 15mM Tris (pH 7.4), 0.3M NaCl). Approximately 20% of the total volume of
the cytoplasmic lysate was employed as a source for total RNA wusing phenol/chloroform
extraction and ethanol precipitation. After 90min of centrifugation at 39,000 rpm in an
SW41-Ti rotor at 4°C, the absorbance at 254nm was measured continuously as a function of
gradient depth. Each fraction was digested with proteinase K and RNA was recovered from
individual fractions by phenol-chloroform extraction and ethanol precipitation.

Microarray Analysis. Following polysome fractionation and RNA isolation, RNA from the
high molecular weight polysomes (fractions 7-10 or 11) were pooled from the normoxic
samples (hereafter called Ohr poly) and from the hypoxic samples (hereafter called 16hr
poly). Prior to Microarray analysis RNA from the polysome fractions and the total RNA
from the cytoplasmic lysates (Ohr Total and 16hr Total) was purified using the RNeasy kit
(Qiagen, Mississauga, Canada), as per manufacturer’s instructions. Twenty micrograms of
each RNA sample was processed according to manufacture’s standard protocol (Affymetrix;
Santa Clara CA, USA) and hybridized to an Affymetrix HGU95Av2 chip. Three
independent 16hr poly and Ohr poly samples were obtained and two independent 16hr Total

and Ohr Total samples were obtained. Data from three independent experiments were
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analyzed using the Affymetrix Mass 5.0 software and Genespring software (Silicon Genetics;
Redwood City CA, USA).

Total Cellular Changes and Polysome Analysis. Prior to the assessment of gene changes in
response to hypoxic stress, data was filtered in order to decrease the number of irrelevant
unchanging genes. Genes classified as absent (Affymetrix MAS 5.0) across all gene chips
were removed from the analysis as were genes whose mean signal intensity for one or more
samples was not greater than 600 (This number reflects the background noise of the
microarray and would not result in a meaningful interpretation of the data generated). To
identify total cellular changes in gene expression we used a mean cut off of 2-fold when
comparing the Ohr Total gene chips to the 16hr Total gene chips. Genes were further
categorized based on Molecular Function and sorted on Fold-Change (only previously
corroborated and interesting gene changes have been reported in this publication).
To identify genes that are preferentially translated during hypoxic stress we compared the
mean signal intensities of the Ohr poly gene chips to the 16hr poly gene chips using a mean
cut-off of 2-fold. In order to identify purely translationally regulated candidates we removed
genes from this list that demonstrated a concomitant increase in total mRNA expression (>3-
fold change in the 16hr total gene chip relative to the Ohr total gene chip). Using Genespring
software (Silicon Genetics), we used Venn Diagrams in order to subtract genes induced by
the hypoxic stress and genes that were preferentially mobilized into the polysome fractions
during hypoxic stress. Genes were further categorized based on Molecular Function and
sorted on the ratio of 16hr poly signal/ Ohr poly signal, used as a basis for interpreting the
efficiency of translation during hypoxic stress. ANOVA was used to assess the statistical

significance of the polysomal changes.
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Quantitative RT-PCR. The aforementioned total and polysomal RNA from hypoxic and
normoxic treated HeLa cells was reverse transcribed (500ng RNA) in the presence of 250pg
of VSV-M RNA (a viral transcript used as a control for RT efficiency and Q-PCR).
Quantitative PCR was performed in triplicate to amplify all targets using the FastStart DNA
Master SYBR Green 1 kit (Roche Diagnostics, Laval Canada, as per manufacturer’s
instructions) and the Roche Lightcycler thermocycler. Crossing points were converted to
absolute quantities based on standard curves generated for each target amplicon. All target
signals were subsequently normalized to VSV-M in order to correct for RT-PCR efficiency.
Primers used are listed below

hATF4: left 5’-CTTACGTTGCCATGATCCCT-3’; right 5°-
CTTCTGGCGGTACCTAGTGG-3’, mATF4: left 5’- TCCTGAACAGCGAAGTGTTG-3’;
right 5’- ACCCATGAGGTTTCAAGTGC-3, elF5: left 5°-
TTGAAGGAGGCAGAGGAAGA-3’; right 5>-ACATGTTGCACTTCTGGCTG-3’,
txbp151: left 5’-CCAAAGGCTCCAAAAACAAA-3’; right 5°-
CATTTCACAGACTTGCCCCT-3’, hsCDC6: left5’- 5’-TTGTTGTTGTTTTTGAGGCG-
3’; right 5’-CCTGGCCAACATGGTAAAAC-3°, VSV-M: Astart 5°-
ACGAATTCAAATTAGGGATCGCACCACC-3’, Bend 5
ACGGATCCCGTGATACTCGGGTTGACCT-3’, ATF3: left 5°-
TAGGCTGGAAGAGCCAAAGA-3’, right 5’- TTCTCACAGCTGCAAACACC-3’, Prolyl-
4 Hydroxylase: left 5’-CCCATGTCAACGTGACAGAC-3’, right 5°-
GCAGCCACTTTGATCCTAGC-3’, ATF6: forward 5’- AGCAGGAACTCAGGGAGTGA
-3’, reverse 5’- GGAGGTAAGGAGGAACCGAC -3’, BiP: forward 5’-

CCACCAAGATGCTGACATTG-3’, reverse 5°- GAAAAGCAGTAAACAGCCGC-3,
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Cyclin D3: forward 5°- AGGCTGATGGGACAGAATTG-3’, reverse 5°-
AGCTGAGCAGAAAGCAAAGC-3’

Q-PCR results are presented as either the number of transcripts in Total RNA or as the
polysomal RNA per cell. Results from each transcript were normalized to an exogenous
control (VSV-M), multiplied by 100 and transformed to log scale prior to plotting.
Immunoblotting. Following treatments, cells were placed on ice and washed with PBS and
lysed on ice in 2X WB buffer (SmM Trix [pH 6.8], 0.5% SDS, 2% glycerol, 2mM DTT,
supplemented Complete mini protease inhibitor cocktail tablets (Roche Diagnostics, Susex,
UK), NaPPi (2mM) and NaF(2mM) for Western analysis. Protein concentrations of each
sample were determined by the modified Bradford assay as recommended by the
manufacturer (Bio-Rad, Hercules, Calif.). Proteins were resolved on sodium dodecyl sulfate
10% polyacrylamide gels and transferred onto Hybond ECL nitrocellulose membrane
(Amersham, Arlington Heights, I11.) with a wet transfer system (Bio-Rad). Membranes were
stained with 0.15% Ponceau red (Sigma) to ensure equal loading and transfer and then
blocked with 5% (wt/vol) dried nonfat milk in TBST buffer (10mM Tris base, 150mM NaCl,
0.5% Tween-20).

Primary antibodies for anti-rabbit ser51 phosphorylated elF2a (1:500) and anti-mouse elF2a
(1:500; recognizes both the unphosphorylated and phosphorylated forms of elF2a) were
obtained from Cell Signaling Technologies (Cell Signaling Technologies, Beverly, Mass)
Primary antibody for anti-mouse HIFla (1:1000) was obtained from Transduction Labs
(H72320, Transduction Labs, Lexington, KY). Primary antibody for anti-rabbit ATF4
(1:250) was obtained from Santa Cruz (sc-200, Santa Cruz, CA). Primary antibody for anti-

mouse Actin (1:10,000) was obtained from Sigma (A-5316, St. Louis MO) Primary antibody
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for anti-rabbit GADD34 (1:1000) was a kind gift from Dr. David Ron (Skirball Institute
NY). Primary antibody for BiP (1:1000) was a kind gift from Dr. Martin Holcik (CHEO,
ON). Anti-rabbit secondary antibody was obtained from Jackson ImmunoResearch
(1:10,000) and anti-mouse secondary antibody was obtained from BioRad (1:3000).
Horseradish peroxidase-coupled secondary antibodies were detected by enhanced-
chemiluminescence (ECL-Plus) reagent kit in accordance with the recbmmendations by the

manufacturer (Amersham Biosciences, Piscataway, NJ).
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Results

Protein translation is inhibited by hypoxic stress

In this study, we used HeLa cervical carcinoma cells to study the preferential translation of
messages following severe hypoxic stress (02<0.01%). Microarray analysis was used to
analyze gene expression profiles from total cellular mRNAs and polysome associated
mRNAs in HeLa cells grown in a hypoxic or normoxic environment.

Polysomal mRNA was isolated from total cellular mRNA by fractionation through a 10%-
50% sucrose gradient. The optical density (OD) profiles of the sucrose gradients are shown
in Figure 1. In each gradient, the top fractions (1-4) represent ribosomal complexes (40S,
60S and 80S) and free mRNAs, whereas the bottom fractions (5-10 or 11) represent
transcripts associated with polysomes. In order to verify the proper identification of the
polysomal peaks, cells were treated with puromycin, an inhibitor that causes release of
nascent peptides and mRNAs from ribosomes. The resulting polysome profile demonstrated
a shift of the mRNAs from the polysomes into the free mRNA, 40S and 60S ribosomal
complexes and monosome peaks (data not shown). Following hypoxic stress, there is a
significant inhibition in protein translation, as seen by the accumulation of free mRNA and
rRNAs, with a considerable increase in the monosome peak. Hela cells remained >98%
viable throughout the 16hr of hypoxic stress (data not shown). For microarray analysis,
mRNA associated with more than 2 ribosomes were poolgd. These messages are thus
indicative of highly expressed transcripts that undergo preferential translation in an
environment that favors the overall inhibition of protein translation. Total RNA was also
obtained from 16hr hypoxic lysates and normoxic lysates, hereafter named 16hr total and Ohr

total respectively, treated identically to the polysomal RNA prior to sucrose gradient
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fractionation. Affymetrix MAS 5.0 software was used to compare steady state changes and
polysomal changes in gene expression between the 16hr and Ohr lysates.

Microarray analysis of total and polysomal RNA

We compared the Ohr and 16hr total mRNA species to identify changes in overall gene
expression following hypoxic stress. We found that 11.6% and 10.3% of the accurately
measured genes (see Materials and Methods for a description of this interpretation) were
induced or repressed more than 2-fold, respectively (Figure 2A). Interestingly, of the induced
genes, only 58% of them were found to be enhanced in the polysomes, whereas the
remaining 42% were either translationally unchanged or repressed, signifying that all
transcripts are not translated with equal efficiency. These genes were functionally clustered
and are displayed in Table 1. Many of the genes listed have been previously identified in the
literature indicating that our microarray analysis provided an accurate representation of
known hypoxia induced gene expression. The previously corroborated hypoxia induced
genes are referenced, including genes involved in: glucose metabolism (Glut3, PGK, G6PD),
angiogenesis (VEGF, HO-1, PAI, angiogenin), pH regulation (CA9, CA12), cell stress
response (CHOP, ORP150, BiP), and cell death (NIP3, BIK).

Although changes in overall transcripts were conservative, hypoxic stress is known to cause
a remarkable inhibition in protein translation. Indeed 88.5% of genes demonstrated no
increase in translation or were subjected to a substantial decrease in translation following
hypoxia. By comparing the expression profiles of the Ohr poly and 16hr poly microarray
chips, we were able to deduce that 2.5% of genes demonstrated increased translational
efficiency by more than 2-fold during hypoxia (Figure 2C), as determined by their increased

polysomal association without a concomitant increase in total cellular
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Figure 1: Hypoxic stress results in global inhibition of protein translation

Polysome Profiles (Abs at 254nm) in cell lysates fractionated by sucrose density
ultracentrifugation. HeLa cells were exposed to hypoxic stress for 16hrs (B) or left untreated
(A). Cells were treated with cycloheximide (100pg/mL) (37°C, 3min) and lysed in a Triton
X-100 buffer (4°C). Cell lysates were layered on a 10ml continuous sucrose gradient (10-
50%), ultracentrifuged in an SW-41 rotor 39K for 90min. The position of the polysomes and
ribosomal subunits is indicated. The increase in monosome-bound transcripts and ribosomal
subunits combined with the decrease in polysomes apparent in the hypoxia treated cells is
indicative of decreased protein translation. RNA extracted from the polysome gradient
fractions was applied to a 1% agarose gel and electrophoresed. The abundant 28S, 18S and
5S rRNAs were directly visualized by ethidium bromide staining. staining. The polysome
fractions isolated for microarray analysis, named Oh poly and 16h poly, are indicated.

39






Figure 2: Scatter Plots of Oligo Probes as Affected by Hypoxic Stress

Total and polysomal RNAs were hybridized to the Affymetrix Human Genome U95A (HG-
U9AvV2) oligonucleotide microarray chip. Relative gene probe intensities (X-axis) of total
RNA (A), and polysomal mRNA (B and C) of aerobic cells (Ohr) were plotted against the
corresponding gene probe intensities (Y-axis) of hypoxia treated cells (16hr). Gene probes
above the top green line represent genes induced greater than 2-fold, gene probes below the
bottom green line represent genes repressed greater than 2-fold. (C) Gene probes in green
represent those genes that were induced more than 2-fold in the polysomes but whose total
mRNA was not induced more than 2-fold. A short list of these translational candidates is
presented in Table 2. Gene probes in yellow represent genes whose expression was induced
greater than 2-fold in both the total RNA and polysomal mRNA profiles.
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Table 1: Steady State Changes In Gene Expression

Fold
probe set Change polyl6/0hr  GenBank Descriptions Reference
Energy Generation and Metaholism
40193 at 19 12.9 X51956 ENO?2 gene for neuron specific (gamma) enolase 43
37188 _at 14 12.7 X92720 phosphoenolpyruvate carboxykinase 42
1586_at 11 18.8 M35878 Human insulin-like growth factor-binding protein-3 102
32331 at 6 7.4 X60673  adenylate kinase3 (AK3) 103
31488 s at 5 2.3 S81916  phosphoglycerate kinase {alternatively spliced} 43
40107 _at 3 5.5 AF054987 aldolase C 43
38042_at 2.4 1.6 X03674  glucose-6-phosphate dehydrogenase (G6PD)
36979_at 2.4 3.1 M20681 glucose transporter-like protein-IlI (GLUT3) 103
35938 at -12 -10 M72393 calcium-dependent phospholipid-binding protein (PLA2)
262 at -3.8 -3.6 M21154  S-adenosylmethionine decarboxylase
Angiogenesis/Vessel Dynamics
1103 at 9.2 15 M11567 angiogenin 47
34777 _at 8.7 17.4 DI14874 adrenomedullin precursor 104
36606 _at 59 29 X51405  carboxypeptidase E
36100 at 4 5.4 AF022375 vascular endothelial growth factor (VEGF) 105, 43, 44
Matrix Metabolism and pH Regulation
40309 at 83 85.6 X66839  Carbonic Anhydrase IX 39, 50
926 at 20 8.8 J03910  metallothionein-IG (MT1G)
34390 at 20 204 U90441 Human prolyl 4-hydroxylase alpha (II) subunit 51
38637 at 17.3 20.5 L16895 Human lysy! oxidase (LOX)
33127 _at 13.5 11.9 U89942 Human lysyl oxidase-related protein (WS9-14)
37037 at 10.2 14.9 M24486 Human prolyl 4-hydroxylase alpha subunit 51
41750 at 8.1 8.6 D49489  protein disulfide isomerase-related protein P5
34795 _at 7.8 54 U84573  Lysyl hydroxylase isoform 2 (PLOD2) mRNA
36454 at 58 9.6 AF037335 carbonic anhydrase precursor (CA 12) 50
36666_at 5.7 5.1 M22806  prolyl 4-hydroxylase beta-subunit 51
Cell Stress Response/DNA Repair
442 at 12.2 15.8 X15187 tral mRNA
36614 _at 11.3 9.4 X87949  BiP 28
38986 at 6.3 7.2 749835  protein disulfide isomerase (glucose related protein 58)
1955 s at -6.1 -10.6 AF035528 Smad6 mRNA
1104_s_at -5 3.8 M11717 Human heat shock protein (hsp 70)
36785 at 3.3 -2.5 723090 28 kDa heat shock protein
Cell Death and Proliferation
37168 _at 16.5 20.7 AB013924 TSC403 protein
39436_at 15.1 8.3 AF079221 BCL2/adenovirus E1B 19kDa-interacting protein 3a
654 _at 15.3 12.5 L07648 Human MXIl mRNA
2011 s at 11.9 3.8 U34584 Human Bcl-2 interacting killer (BIK) 15
38010 at 10.8 10.4 AF002697 Homo sapiens E1B 19K/Bci-2-binding protein Nip3 54
37028 _at 3.4 6 U83981  apoptosis associated protein (GADD34) 55
37228 at -4.6 -59 U01038  pLK mRNA
Cell Cycle
1913 _at 35 2.9 U47414  cyclin G2
1206_at -7.3 -2.3 X66364 PSSALRE for serine/threonine protein kinase
38414 at 5.3 -3.6 U05340 p55CDC
1945 _at 4.7 -7 M25753 cyclinB
1794 _at -3.9 -3.9 M92287 cyclin D3 (CCND3) 56
1943 _at -3.3 -2.4 X51688 cyclin A
35699_at -3 -4.4 AF053306 mitotic checkpoint kinase Mad3L
1803_at 2.3 -2.7 X05360 CDC2
RNA Splicing/Transcription
36618 g at -23 -12 X77956 1dl mRNA 106
351_f at -4 =24 D28423  pre-mRNA splicing factor SRp20



Table 1: Total Cellular mRNA Changes in Gene Expression During Hypoxia.

Results of Affymetrix HGU95A-V2 microarray analysis used to identify steady state changes
in gene expression during hypoxia. Affymetrix MASS5.0 software and Genespring 5.0 were
used to compare 16total to Ototal RNA to determine gene changes induced or repressed >2-
fold. Genes were functionally clustered and referenced if previously identified in the
literature. Only named genes are included in this list, ESTs were omitted. Analysis is
representative of two independent microarray analyses performed with RNA isolated from
two independent experiments.
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Table 2: Hypoxia Induced Translationally Regulated Genes

Function poly 16/0 ANOVA total16/0  genbank Gene Name
4.1 0.179 22 U33821 TXBP151: Tax1-binding protein
2.7 0.243 1.3 X75861 TEGT testis enhanced aene transcript (BAX inhibitor 1)
. , , 27 0.015 1.8 S81914 IER3: immediate early response 3
Anti-Apoptosis/Apoptosis 2.3 0.100 15 215108  PRKCZ: protein kinase C. zeta
2.3 0.007 1.9 AB020680 BAGS5: BCL2-associated athanogene 5
2.0 0.063 1.8 AF089935 GG2-1: TNF-induced protein
Cell Cycle Regulator I 20 0.040 1.8 U22398 KIP2: Cdk-inhibitor p57KiP2
. 24 0.126 1.7 D83702 CRY1: cryptochrome 1
DNA Repair 2.3 0.113 14 D21089  XPC: xeroderma piamentosum
5.0 0.023 1.2 AF061741  SDR1: short-chain dehvdrogenase/reductase 1
3.5 0.052 1.6 AAB73266 PDK3: pyruvate dehvdrogenase kinase
Metabolism 2.9 0.148 1.9 Y10275 PHKG1: phosphorvlase kinase
21 0.205 1.2 X69433 IDH2: isocitrate dehvdrogenase 2
1.9 0.064 1.1 M15182 GUSB: glucuronidase
1.6 0.288 1.6 X15573 PFKL: phosphofructokinase
9.0 0.013 27 L19871 ATF3: Activatina Transcription Factor 3
5.0 0.037 1.2 AL022312  ATFA4: activating transcription factor 4
2.4 0.129 1.7 D83702 casein kinase 1, epsilon
Stress Response/UPR 2.0 0.336 1.8 AB017642 OSR1: oxidative-stress responsive 1
2.0 0.250 1.0 X68277 DUSP1: dual specificity phosphatase 1
1.9 0.054 0.9 AF005887  ATF®6: activating transcription factor 6
1.9 0.080 1.0 U09759 MAPK9: mitogen-activated protein kinase 9
3.1 0.257 25 49020 MEF2A: MADS box transcription enhancer factor 2
3.0 0.181 05 AB015051 DAXX: death-associated protein 6
2.8 0.010 1.3 AB000468 RNF4: ring finger protein 4
26 0.033 1.9 U11861 G10: maternal G10 transcript
25 0.168 1.0 AF069733  TADAGSL: transcriptional adaptor 3
2.3 0.017 20 X51345 JUNB: jun B proto-oncogene
23 0.113 1.6 M95929 PMX1: paired mesoderm homeo box 1
2.2 0.216 1.5 X91648 PURA: purine-rich element binding protein A
Regulation of Transcription 2.2 0.068 1.9 AF038177 FHX: FOXJ2 forkhead factor
2.1 0.022 1.4 M34539 FKBP1A: FK506 binding protein 1A
21 0.500 1.1 M25077 SSA2: Sjogren syndrome antigen A2
2.0 0.025 1.2 235278 RUNX3: runt-related transcription factor 3
2.0 0.027 1.1 AFQ78096 FOXC1: forkhead box C1
2.0 0.004 1.6 U71300 SNAPC3: small nuclear RNA activating complex
1.9 0.097 0.9 M16801 NR3C2: nuclear receptor
1.8 0.480 1.9 M27691 CREB1: cAMP responsive element bindina protein 1
1.8 0.702 15 AF019214  HBP1: HMG-box containing protein 1
4.0 0.070 1.4 L11284 MAP2K1: mitogen-activated protein kinase kinase 1
. , 2.2 0.167 1.6 M62403 IGFBP4: insulin-like arowth factor bindina protein 4
Signal Transduction 2.0 0.154 13  M97815  CRABP2: cellular retinoic acid bindina protein 2
Protein Biosynthesis | 238 0.004 1.7 X94754 MARS: methionine-tRNA synthetase
Y 2.5 0.014 2.0 AL050281  NAG: neuroblastoma-amplified protein
Regulation of Translation | 34 0.459 1.7 U49436 EIF5: eukaryotic translation initiation factor 5
Angiogenesis I 2.2 0.032 1.3 U43368 VEGFB: vascular endothelial growth factor B
8108 2.0 0.053 0.7 M27968 FGF2: fibroblast arowth factor 2
Iron Ion Transport | 55 0.000 1.3 L20941 FTH1: ferritin. heavv polvpentide 1
Proteolysis | 3.5 0.048 1.9 AB029027 PITRM¢1: pitrilysin metalloproteinase 1



Table 2: Hypoxia Induced Translationally Regulated Genes

Results of microarray analysis to identify transcripts that were specifically associated with
high molecular weight polysomes in hypoxia treated cells. Genespring 5.0 software was used
to compare the relative expression of polysome-bound mRNAs in hypoxic (16poly) and
normoxic cells (Opoly). Genes that were induced >2-fold in the polysomes (poly 16/0) and
induced <3-fold in the total cellular mRNA (Total 16/0) were considered for further analysis.
ANOVA was used to assess the statistical significance of the changes in mRNA found in
polysomal fractions. In this analysis, reported P values between 0 and 0.1 represent highly
significant changes with little variance in the data set. P values between 0.1 and 0.3 represent
changes that have a higher degree of variation between replicate experiments but are
maintained as biologically relevant changes. There is a high probability that differences
observed between hypoxic and normoxic samples are due to chance when Anova P values
exceed 0.5. A subset of the genes identified by this analysis were functionally clustered and
are represented in this table.
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mRNA. It is important to stress thatv this portion of the differentially regulated genes would
have been missed if only the total cellular transcript profiling had been performed. Data
comparing gene expression of the polysome-associated transcripts from Ohr and 16hr
hypoxia treated HeLa cell extracts were used to generate a list of translational candidates.
The genes listed in Table 2 were chosen based on high levels of mRNA in the polysomes at
16hr versus at Ohr (poly 16/0) and were grouped based on cellular function. One example,
ATF4, has been described in the literature as being translationally induced in response to ER
stress and amino acid starvation (18).

Patterns of Gene Expression During Hypoxia

Two predominant patterns of gene expression emerged throughout the analysis of the
microarray data, these being changes in the steady state mRNA and translationally mediated
changes. Changes in the steady state levels of mRNA could be a result of changes in
transcription or may involve changes in mRNA stability. These were marked by an increase
in total mRNA expression and may or may not correlate with their presence in the
polysomes, since not all cellular transcripts are translated with equal efficiency. In contrast,
genes that are regulated exclusively at the translational level display a higher efficiency of
translation, as seen by their presence in the polysomes, but do not demonstrate any change in
their gene expression at the level of total mMRNA. We used quantitative real-time PCR (Q-
PCR) to verify the translational regulation of 6 candidate genes identified by our microarray
analysis (Figure 3). Q-PCR values were normalized to an internal control, vesicular
stomatitis virus RNA encoding the M protein (VSV-M), added exogenously to each RT
reaction. All data was converted to the number of transcripts per cell for a more meaningful

interpretation of the data sets. Hypoxia causes numerous changes in gene
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Figure 3: ATF4 mRNA is more efficiently translated during hypoxia

(A)

(B)

©)

D)

()

()

Translational Candidates: Total mRNA expression does not change during hypoxia.
Total RNA was isolated prior to sucrose gradient fractionation from hypoxia treated
(16hr) or normoxic (Ohr) HeLa cells, reverse transcribed and quantified by real-time
PCR. The quantities of each transcript are described as the number of transcripts isolated
from total RNA per cell. Each sample was independently normalized to a spiked internal
control. Q-PCR analysis was replicated in triplicate. Results are representative of the
average + S.E.M of at least five independent experiments.

Translational Candidates: Transcripts are enriched in the polysomes during hypoxia.
High molecular weight polysomes from hypoxia treated (16hr) or normoxic (Ohr) HeLa
cells were pooled (fraction 7-11), reverse transcribed and quantified by real-time PCR.
The quantities of each transcript are described as the number of transcripts isolated from
polysomal RNA per cell. Each sample was independently normalized to a spiked
internal control. Q-PCR analysis was repeated in triplicate. Results are representative of
the average + S.E.M of at least five independent experiments.

Translation efficiency increases for translationally regulated genes. The efficiency of
translation during hypoxic treatment (16hr) and normoxia (Ohr) was plotted as the
percentage of total mRNA associated with polysomes.

(quantity poly mRNA i x /quantity of total mRNA e x)*100%

Hypoxia Induced Genes: Total mRNA expression is induced during hypoxia. Total RNA
was isolated prior to sucrose gradient fractionation from hypoxia treated (16hr) or
normoxic (Ohr) HeLa cells, reverse transcribed and quantified by real-time PCR. The
quantities of each transcript are described as the number of transcripts isolated from
total RNA per cell. Each sample was independently normalized to a spiked internal
control. Q-PCR analysis was replicated in triplicate. Results are representative of the
average = S.E.M of at least three independent experiments.

Hypoxia Induced Genes: Transcripts are enriched in the polysomes during hypoxia.
High molecular weight polysomes from hypoxia treated (16hr) or normoxic (Ohr) HeLa
cells were pooled (fraction 7-11), reverse transcribed and quantified by real-time PCR.
The quantities of each transcript are described as the number of transcripts isolated from
polysomal RNA per cell. Each sample was independently normalized to a spiked
internal control. Q-PCR analysis was repeated in triplicate. Results are representative of
the average + S.E.M of at least three independent experiments.

Changes in Translation efficiency for hypoxia induced genes. The efficiency of
translation during hypoxic treatment (16hr) and normoxia (Ohr) was plotted as the
percentage of total mRNA associated with polysomes.

(quantity poly mRNAme x /quantity of total mRNA imc x)*100%

44



expression, including those of housekeeping genes such as actin and GAPDH. Thus using a
spiked viral mRNA as an internal control not only allows for the control of gene expression
differences between normoxic and hypoxic samples, it also allows us to control for
differences in the efficiency of each RT reaction.

Data from the translationally regulated candidates and transcriptionally regulated genes are
illustrated in Figure 3. Translationally active transcripts demonstrate a re-distribution onto
the polysomes without a concomitant increase in the amount of mRNA in the total lystate
(Figure 3A and 3B) therefore translationally regulated genes are more efficiently translated
in response to hypoxia (Figure 3C). Even genes that appeared to be statistically insignificant
by ANOVA (TXBP151 and elF5) demonstrated consistent increases in their translational
efficiency as determined by Q-PCR analysis. On the contrary, transcriptionally induced
genes exhibit a substantial increase in both the total lysate and polysomal fractions (Figure
3D and 3E). Examples of this regulation are the HIF-1 responsive genes, carbonic anhydrase
9 (CA9) and prolyl-4-hydroxylase-2 (P4H2). These genes however, do not increase their
overall translation efficiency (Figure 3F). The detection of BiP in the high molecular weight
polysomes substantiates the possibility of identifying a third expression profile, a
transcriptional and translational-coupled response. BiP is both transcriptionally induced by
hypoxia and preferentially translated perhaps due to an IRES element in its 5’UTR, as such
there is an increase in the efficiency of BiP translation in response to hypoxia. ATF3
demonstrated a similar expression pattern to BiP under hypoxic stress, exhibiting a
transcriptional induction in the total lysate and mobilization of the transcript onto the
polysomes (Figure 3D and 3E). The increase in translational efficiency of ATF3 in response
to hypoxia (Figure 3F) indicates the likelihood of a combined transcriptional and translation

induction of ATF3, a possibility to be further determined.
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ATF4 Protein Expression Is Induced During Hypoxia

Previous reports have established a regulatory mechanism for the translational control of
ATF4 1n response to ER stress and amino acid starvation (19). The 5’UTR of human ATF4
encodes three short open reading frames (WORFs), two of which are conserved in all known
species. These mediate the repression of ATF4 expression in unstressed cells. Under
conditions of elF2o. phosphorylation successful re-initiation at the authentic start codon
results in the efficient translation of ATF4. Our observation that hypoxia results in the
mobilization of ATF4 mRNA onto the polysomes made us question whether ATF4 is
preférentially translated during hypoxic stress. Both the microarray and Q-PCR analysis
suggest a post-transcriptional induction of ATF4 during hypoxia. This was further
corroborated by the induction of the ATF4 protein following both 4hr and 16hr of hypoxia
(Figure 4A), with maximal ATF4 induction by 4hr. The translational regulation of ATF4 was
further supported by the observation that treatment with the transcriptional inhibitor
Actinomycin D (ActD) did not prevent the accumulation of ATF4 protein during hypoxia
(Figure 3B). Similar observations were found with a second transcriptional inhibitor, DRB
(data not shown). To refute the possibility that ATF4 protein expression was mediated by
increased protein stability during translation, Hela cells were treated with the translational
inhibitor cycloheximide (CHX) before treatment with hypoxia and following 1hr of hypoxia
(Figure 4C and 4D). Cells treated with CHX before hypoxic stress do not induce ATF4
protein during 4hr of hypoxia, and do not further induce ATF4 if treated with CHX following

1hr of hypoxic stress. ATF4 has a short half-life between 30min and 1hr (33),
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Figure 4: ATF4 is translationally induced following hypexic stress

A)

(B)

(©)

D)

Immunoblot analysis of ATF4 and HIFla protein content in HeLa cells exposed to
hypoxia or left untreated for the indicated period of time. Actin serves as a loading
control

Immunoblot of ATF4 and BiP in HeLa cells treated with hypoxia for the indicated
period of time in the presence or absence of the transcriptional inhibitor actinomycin D
(100uM) added 5 min before treatment. Similar results were obtained using another
transcriptional inhibitor, DRB (100uM), data not shown. Actin serves as a loading
control

Immunoblot of ATF4 and HIFla in HeLa cells treated with hypoxia for the indicated
period of time in the presence or absence of the translational inhibitor cycloheximide
(100uM). Actin serves as a loading control.

Immunoblot of ATF4 and HIFla in HeLa cells exposed to hypoxia for the indicated
period of time.  Cells were first treated with hypoxia followed by the addition of the
translational inhibitor cycloheximide for 15min, 30min, or lhr. Actin serves as a
loading control.
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which supports the observed immediate degradation of ATF4 following CHX treatment.
These findings are consistent with the previously reported translational regulation of ATF4
during ER stress and amino acid deprivatién (19).

Phosphorylation of eIF2a by PERK is necessary for ATF4 translation during hypoxia.
The activation of elF2a kinases and phosphorylation of elF2a has been shown to be
essential for the selective translational induction of ATF4 in response to both ER stress and
amino acid starvation (19). The importance of PERK in the phosphorylation of elF2a during
hypoxic and anoxic stress has been reported (29).

Parallel analysis of ATF4 mRNA -in the polysomes of PERK+/+ and PERK-/- Mouse
Embryonic Fibroblasts (MEFs) revealed that in the absence of PERK there was a significant
decrease in the amount of ATF4 mRNA recruited to polysomes and translated under both
normoxic and hypoxic conditions (Figure 5B and 5C). As expected, elF2a phosphorylation
was induced in response to hypoxic stress only in PERK+/+ MEFs (Figure 5C). In a previous
study, analysis of PKR knockout (PKR-/-) MEFs during hypoxic stress was not shown to
have any impact on the levels of elF20. phosphorylation (29). Our analysis of MEFs derived
from wild type (wt), PKR knockout (PKR-/-), and PERK/PKR double knockout (PERK-/-,
PKR-/-) mice confirmed these findings (Figure 6). However, we sought to examine directly
the effects of disrupting both the PKR and the PERK signaling pathways on ATF4
expression during hypoxia.

As expected, hypoxia increased the levels of elF2a phosphorylation and the induction of
ATF4 in the wt and PKR-/- MEFs. Under normoxic conditions all MEFs exhibited very little

expression of ATF4. Within 1hr of hypoxic stress, ATF4 expression was induced in
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Figure 5: PERK is required for induction of ATF4 in response to hypoxic stress

(A) High molecular weight polysomes from normoxic cells (PERK+/+, PERK-/-, PKR-/-,

(B)

PERK-/- PKR-/-, HT29-A1, HT29-Puro) were pooled (fraction 7-11), reverse
transcribed, and quantified by real-time PCR. The quantity of ATF4 1s described as the
number of ATF4 transcripts isolated from polysomal RNA per cell. Each sample was
independently normalized to a spiked internal control. Q-PCR analysis was repeated in
triplicate.

High molecular weight polysomes from hypoxia treated (16hr) or normoxic (Ohr)
PERK+/+ and PERK-/- cells were pooled (fraction 7-11), reverse transcribed and
quantified by real-time PCR. The efficiency of ATF4 translation during hypoxic
treatment (16hr) and normoxia (Ohr) was plotted as the percentage of total mRNA
associated with polysomes.

(quantity poly mRNA iy x /quantity of total mRNAime x)*¥100%.

Each sample was independently normalized to a spiked internal control. Q-PCR analysis
was repeated in triplicate.

(C) Immunoblot of ATF4, elF2a(p) in PERK+/+ and PERK-/- MEFs for the indicated period

of time following hypoxic stress. Actin serves as a loading control.
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both the wild-type and PKR-/- MEFs (Figure 6A and 6B). Although the magnitude of this
induction appears lower in the PKR-/- cells relative to wild-type, the consequence of this on
the elF2a signaling pathway remain to be elucidated. Similar results were obtained with cells
treated with thapsigargin. Treatment of DKO (PERK-/- PKR-/-) MEFs with either hypoxia or
thapsigargin failed to induce phosphorylation of elF2a or increase translation of ATF4
(Figure 6C), whereas the PKR-/- thapsigargin treated control demonstrated a phosphorylated
elF2a signal as well as induced ATF4 protein expression.

GADD34 Expression Antagonizes the Induction of ATF4 during hypoxia.

GADD34 protein can directly interact and activate the catalytic subunit of type 1 protein
serine/threonine phosphatase (PP1), which in turn functions to dephosphorylate elF2a to
allow protein translation to resume, (41), (9), (42). Recently, ATF4 was found to bind and
activate a conserved ATF site in the promotor sequence of GADD34, providing a model for a
negative feedback loop that might control protein translation during ER stress (36). To date
there is no evidence that GADD34 is induced during hypoxia. Data obtained with the wild-
type, PKR-/- and DKO MEFs during hypoxic stress revealed that the induction of GADD34
was abrogated when the PERK signaling pathway was repressed (Figuré 7, 6B, 6C). To
determine whether GADD34 expression can antagonize elF2a phosphorylation and ATF4
induction during hypoxia, HT29 cells stably expressing a C-terminal truncated mutant of
GADD34 (HT-29 Al) were treated with hypoxia and thapsigargin. These cells express the
insert of a retroviral clone Al, which encodes the COOH-terminal 299 amino acids (aa 292-
590) of the hamster GADD34 protein (41), which causes the constitutive dephosphorylation
of elF2a. Treatment of HT-29 A1 cells with hypoxia severely inhibited the phosphorylation

of elF2a and induction of ATF4, however HT-29 cells expressing the parental plasmd (HT-
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29 Puro) exhibited the same expression profile as wild-type and PKR-/- MEFs in response to
hypoxia. Similar results were obtained when these cells were treated with thapsigargin.
These findings suggest that ATF4 regulates the expression of GADD34, which in turn can
abrogate the ATF4 signaling pathway during hypoxia. Q-PCR analysis verified that reduced
levels of ATF4 protein expression observed in the knockout MEFs and the HT29-GADD34
truncated mutant was not the product of decreased ATF4 mRNA levels (Figure 5A).
Interestingly, the PKR-/- and DKO MEFs express higher basal levels of ATF4 mRNA than
wild-type MEFs. Similarly, higher ATF4 mRNA levels are expressed in HT29 cells

expressing the COOH-terminal truncated GADD34.
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Figure 6: PERK is necessary for ATF4 signal transduction during hypoxic stress

Immunoblot of ATF4, elF2a phosphorylated on serine 51 [elF2a (p)], total elF2a and
GADD34 from hypoxia and thapsigargin (Tg 100nM) treated wild-type , PKR-/- and PKR-/-
PERK-/- double knock-out mouse embryonic fibroblasts for the indicated period of time.
Actin serves as a loading control.
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Figure 7: Overexpression of GADD34 can antagonize ATF4 signaling during hypoxia

Immunoblot of ATF4, elF2a phosphorylated on serine 51 [elF2a (p)], total elF2a and
GADD34 from hypoxia treated or thapsigargin (Tg 100nM) treated HT29-Puro (Parental)
cells or HT29-A1 cells expressing a C-terminal fragment of GADD34 that constitutively
dephosphorylates eIF2a (GADD34™") (41). Actin serves as a loading control.
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Discussion

Adaptation to environmental stress is essential for long-term cell survival. Mechanisms that
control cellular responses to stress are often exploited by tumor cells, allowing them to
survive and to thrive in unfavorable environments. As an example, metabolic changes that
provide a growth advantage to tumor cells exposed to a hypoxic microenvironment are
mediated in large part by the heterodimeric transcription factor HIF-1. The shift in cellular
metabolism toward the energy conserving anaerobic glycolysis is facilitated by the HIF-1
regulated glycolytic enzymes (phosphoglycerate kinase-1, and aldolase-A) and glucose
transporters (GLUT-1 and GLUT-3) (14, 55, 57). Tolerance to hypoxia is also promoted
through changes in protein translation. Translation is the second largest consumer of ATP
(23) in the cell and its coordinated shutdown may be one strategy to ensure energy
conservation in the cell when ATP levels are limiting. It has been well established that
hypoxic stress results in a profound inhibition in translation (44, 34, 31) thereby causing the
majority of mRNA transcripts to experience diminished translational efficiencies. Our
microarray analysis revealed that 95% of cellular mRNA species that do not change or
decrease in abundance during hypoxia, experience a decrease in their translational efficiency.
PERK has been implicated in the inhibition of translation during hypoxia through the
phosphorylation of elF2a at Ser51 (29). However, despite PERK mediated inhibition, the
translation of some genes remains unaffected while others are translated more efficiently,
examples being HIF-1a and its downstream gene products (32). Consequently, cells must be
capable of maintaining and inducing gene expression in order to mediate cellular adaptation

and cell viability during hypoxia.
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A collective analysis of data generated by microarray and Q-PCR facilitated the
identification of three classes of gene expression that likely contribute to this strategy. The
first category includes mRNAs that are transcriptionally induced and are more efficiently
translated under hypoxic stress; both BiP and ATF3 are examples of this method of gene
regulation (Figure 3: D, E, F; additional candidate genes are listed in Table 1). A second
category includes genes that are transcriptionally induced and whose translational
efficiencies are either unchanged or diminished in response to hypoxia. Carbonic Anhydrase
IX (CA9) and Prolyl-4-hydroxylase-2 (P4H2), both HIF-1 regulated gene products,
demonstrate a decrease in their translational efficiencies during hypoxia (Figure 3: D, E, F;
additional candidate genes are listed in Table 1). The third class of gene expression includes
genes that are more efficiently translated during hypoxia without an associated.
transcriptional induction in total mRNA. Genes that correspond to this category include elF5,
txbp151, ATF6 and ATF4 (Figure 3: A, B, C; additional candidate genes are listed in Table
2). Similar analyses have been previously employed to identify translationally regulated
genes involved in host cell response to poliovirus infection (27), T-cell activation (39), VHL
expression (15), and most recently in oncogenic signalling through Ras and Akt (47). Thus a
combination of changes in steady state mRNA and translational changes in gene expression
can modulate the cellular responses to stress.

The selective inhibition of cap-dependent translation could regulate the translational
expression of important hypoxia responsive genes with internal ribosome entry sites (IRES).
IRES mediated initiation was first discovered in picornaviruses such as poliovirus (26).
Many cellular IRES elements function under stress conditions when rates of protein synthesis
via cap-dependent translation are reduced, namely: PDGF2 (2), c-sis (52), APAF-1 (8), c-

myc (60), and XIAP (24). Specifically, VEGF (59), HIF-1a (32), BiP (37), and ODC (46)
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have demonstrated functional IRES activity during hypoxic stress. The importance of IRES
expression as a key regulator of translation during hypoxia currently remains undetermined.
We are undertaking efforts to determine which, if any, of the translationally regulated
transcripts reported possess functional IRESes.

ATF4, an important mediator of the UPR, is ubiquitously expressed at low basal levels,
though poorly translated in unstressed cells due to the presence of three uORFs in its 5S’UTR
(19). This regulatory mechanism resembles that of the yeast protein GCN4. In yeast, global
inhibition of translation occurs upon amino acid depletion. Active GCN2 phosphorylates
elF2a and preferentially promotes the synthesis of GCNA4, a transcription factor that controls
the expression of genes involved in amino acid biosynthesis (22).

Translation of ATF4 rapidly follows elF2a phosphorylation during times of ER stress,
arsenite treatment, and amino acid starvation (17). During hypoxia PERK activation results
in the phosphorylation of elF2a (29); taken together this suggests an important UPR-
integrated response to hypoxic stress. Microarray analysis of total cellular mRNAs revealed
the transcriptional induction of many other ER-resident proteins including: GADD34,
GRP58, HSP70, Grp78/BiP, and HSP28 (Table 1), as well as CHOP/Gadd153, ORP150,
Gadd45 (C. Koumenis, personal communication) further supporting the connection between
hypoxia and the UPR.

Our studies with PERK-/- MEFs have shown that this kinase is absolutely required for ATF4
translation (Figure 5C). Interestingly, even in the absence of efficient translation, ATF4
mRNA is still recruited, to some extent, into the polysome fraction. Since we and others have
shown that the initiation of translation at the authentic start codon of ATF4 is dependent on

PERK phosphorylation of elF2a (18, 29), our results (Figure 5B) suggest that ATF4 mRNA
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can be recruited to the polysome fraction in the absence of PERK activity through initiation
and translation of upstream open reading frames.

While others have suggested that anoxic induction of ATF4 is regulated at the level of
protein stability (1), our experiments with cycloheximide treatment of HeLa cells (Figure 4)
suggest a requirement for de novo protein synthesis. Although we cannot exclude that
increased protein stability of ATF4 may contribute to its post-translational regulation, our
data demonstrate that ATF4 is regulated, at least in part, by an increase in its translational
efficiency during hypoxic stress.

Our microarray analysis revealed an induction of GADD34 gene expression in the total
cellular mRNA by 3.4-fold accompanied by a 6.1-fold increase in its translational efficiency.
GADD34 directs the catalytic subunit of protein phosphatase 1 to elF2 (41, 9, 36) leading to
its dephosphorylation and promoting resolution of the translational repression stage of the
UPR (42). ATF4 is known to directly bind and activate an ATF site upstream of the
GADD34 promoter (36), however the role of GADD34 expression in the attenuation of

hypoxia-induced elF2a phosphorylation has not been addressed. Phosphorylation of elF2a

occurs upon acute exposure to hypoxic stress yet elF2o phosphorylation appears to subside
by 8h (29). Our data demonstrates that induction of GADD34 begins after 2hr of hypoxic
stress and is strongly induced by 4hr (Figure 7). Furthermore, over expression of a COOH-
truncated GADD34, which constitutively dephosphorylates eIF2a, demonstrated a severe
inhibition in the induction of ATF4 during hypoxia (Figure 7). This suggests an important
role for GADD34 as a negative feedback regulator, mediating elF2a dephosphorylation and
abrogating ATF4 expression during hypoxic stress (Figure 8). Protein synthesis inhibition

and phosphorylation of elF2a are transient in response to ER stress (45). Sustained elF2a
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phosphorylation is lethal both in cultured cells and in the in vivo neuronal response to
ischemic stress (11). It has been suggested that the GADD34 negative feedback loop is
necessary for cellular recovery following ER stress (42), as seen by a decrease in cell
survival in cells expressing a GADD34 mutant lacking the COOH-terminal domain
necessary for PPl activation and elF2a dephosphorylation. Additionally, it has been

demonstrated that expression of a non-phosphorylatable elF2a partially protects cells from

apoptosis. Conversely, the expression of an elF2a phosphormimetic (S51D) increased
apoptotic cell death (58). The observation that the mechanism of translational inhibition
during prolonged hypoxic exposure changes from a global inhibition through elF2a
phosphorylation to a selective inhibition of cap-dependent translation by preventing the
formation of elF4F complexes (Wouters, unpublished observations), presents the possibility
of a molecular switch responsible for this response. The attenuation of elF2a
phosphorylation by GADD34 during hypoxia may play a role in this molecular switch.

Our experiments show that in response to severe hypoxic stress, the result of translational
inhibition promotes the selective translation of several hypoxia responsive genes. The
increase in translational efficiency of these genes at a time of global protein synthesis
inhibition indicates the importance of rapid and reversible gene expression in response to
hypoxic stress. The preferential translation of ATF4 and the analogous translational and
transcriptional induction of other ER-resident proteins, suggests an integrated stress response
involving an ER-generated signal and the cellular adaptation to hypoxia (Figure 8).

Furthermore, induction of GADD34 and its role in the dephosphorylation of elF2a
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Figure 8: Model depicting the role of ATF4 during Hypoxic stress

Hypoxia and Oxidative stress activate the elF2a kinase PERK. Phosphorylation of elF2a
results in the global inhibition of protein translation. Some transcripts are able to escape this
general control mechanism, such as ATF4, ATF6 and elF5. Transcriptional induction of
GADD34 results in the activation of PP1 and the dephosphorylation of elF2a after prolonged
exposure to hypoxia. Microarray data also support the notion that numerous ER-resident
proteins are induced in response to hypoxic stress suggesting that cellular adaptation to
hypoxic stress may rely on a integrated ER-generated stress signal.
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may be an essential intermediate signal for the switch from the inhibition of global
translation to a more selective inhibition of cap-dependent translation.

Understanding the molecular events that support the development of tumor cell resistance to
hypoxia is imperative for the discovery of effective therapies. The ability of hypoxic tumor
cells to simultaneously promote angiogenesis, metastasis, and glycolysis, substantiates the
need of cellular adaptation for continued cell viability. Whether the ATF4 signaling pathway
is a key element that promotes cell survival during hypoxia still needs to be determined.
Interestingly, the over-expression of a novel hypoxia regulated gene, SKIP3, has been
implicating in destabilization of ATF4 protein in multiple primary human tumors (3). The
occurrence of deregulated ATF4 expression in primary cancers therefore implicates ATF4

signaling in tumor progression.
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APPENDIX A:

ER STRESS-REGULATED TRANSLATION INCREASES
TOLERANCE TO EXTREME HYPOXIA AND PROMOTES TUMOR
GROWTH

Contribution to the Collaboration

Our contribution to this manuscript included providing data from our microarray analaysis of
polysome-associated transcripts from 16hr hypoxia-treated Hela cells. Our microarray
analysis and identification that multiple UPR induced genes are induced during hypoxia
supported Dr. Koumenis’s findings that hypoxic stress activates the UPR, and that this
activation has important consequences for cellular adaptation and continued cell viability.
The written contribution to this manuscript was completed by J. Blais, including a northern
blot analysis of polysome-fractionated RNAs that was removed from the final draft of the
manuscript.

Summary

The authors of this paper demonstrate that severe hypoxic stress activates the ISR, one
branch of the UPR, both in cultured cells and in xenograft tumor models in nude mice. Cells
harboring mutations that result in the inactivation of the UPR, including PERK "~ MEFs, and
cells that constitutively express dn-PERKAC and elF20°'* demonstrate an overt sensitivity
to hypoxic stress. Moreover the observation that tumors derived from these mutant cell lines
are smaller and display higher levels of apoptosis suggests that activation of the ISR is

required for tumor cell adaptation to hypoxic stress.

This article was reprinted, with permission, from Bi et al. 2005, copyright European Molecular Biology

Organization.
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Introduction

The development of fluctnating hypoxic and anoxic regions
in wmors has profound conseguences for malignant progres-
sion, response to therapy and overall patient survival (Hockel
amd Vaupel, 2001). Eluddating the processes that enable
tumor cells to adapt o the unfaverable conditions of hypoxia
is critical for understanding malignant progression and for
developing more effective antitumer modalities. The hypoxia-
inducible factor 1 (HIF-1) plavs a key role in tumor cufl
adaptation to hypoxia by regulating the expression nf over
60 genes hnvelved in angiogenesis, anacrobic glycolysis and
cell survival {Rawiiffe er al, 1998; Semenza, 2000). Loss-of-
function stadies indicate thay, in most cases, HIF-] promotes
overatt tumor growth [Maxwell et al, 1997; Ryan «t af, 2000},
However, the role of HIF- 15 complex and may be dependent
b the tumor micreenvironment (Carmedict & af, 1998;
Biouw ef af, 2003).

The hypexic cell also elicits additional, HIF- L-independent
adaptive responses that contribute 1o increased survival
under low oxygen conditions. An immediate reaction to
hiypoxia is a reduction in the rates of global protein synthesis
that is thought fo reduce energy demands when oxygen and
ATP levels are low {Hochachka et al, 1996). This transiaijonal
inhibition appears 10 ocour in distinet phases and to involve
muitiple pathways. We have previously shown that hypoxia
rapidly increases phosphorviation of the transiation initiation
favtor elF2x through activation of the endoplasmic reticutum
{ER) kinase PERK {Koumenis ef af, 2002; Blais et al, 20043,
These events serve two major functions in a cell experiencing
ER stress. The first is to rapidly downregulate protein synth-
esis, which redoces the ER protein load and feads 1o lower
energy expenditure, since both protein synthesis and protein
folding are ATP-requiring processes (Doraer of g, 1990; Shi
et al, 1998; Harding et al, 2000b}. The second is 1o upregulate
penes that promote aming-acid sufficiency and redox homeo-
stasis {Harding et af, 20033, thereby further promoting cell
survivat. Some, but not all of the effects of PERK are mediated
by the transcription factor ATF, which is transiationally

sreguiated by EX stress in an elF22 phosphoryiation<depen-
(§m{ manner {Harding et al, 2000a, 20033, This pathway,
known 35 the integrated stress response (ISR (Ron, 2002},
constitutes one amm of a largey coordinated program called
the unfolded protein response [UPR), which facilitates the
cell o adapt o ER stress. Cells with compromised PERK
and elF2x signaling are substantgally more sengitive W
ERinduced cell death than wilduype cells (Harding & al,
20000, 2001; Scheuner et al, 2001; Zhang et al, 2002},

Recently, it was reported that hypoxia upregulates ATF in
a PERK-dependent manner {(Blais of al, 20047 and that ATF4
tovels are increased Dy anoxde stress and i human tumirs
{Amediet al, 2004). These findings prompied us to investigate
the physilopical role for the 18R in celinlay adaptation 1o
hypoxia in virre and in oy development in Wve. We repost
that hypoxia/anoxia activaies the 1SR pathway in wire and
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in vive, amd that several proteing previously implicated in the
UPR are also upreguiated by hypoxia. Expression of ATF4
and CHOP colocalizes with hypoxic areas of primary haman
wmors and animal xenografts, and inactivation of the B8R
compromises cell survival during hypoxia in vitro and in vive
and significantly impairs tumor growth. These findings estab-
iish the 1SR as an imporiant mediator of hypoxia tolerance
and mmor growth, and raise the possibility that the 18R may
be an attractive target for antitumor modalities,

Results

Hypoxic/anoxie stress induces expression of ISR genes
in a PERK- and elF2y-phosphorylation-dependent
manner

To investigate the effects of hypoxia on the expression of 1SR-
related genes, mouse embryonic fibroblasts {MEFs) from
PERK®Y* and PERK™ animals were exposed to extreme
hypoxia (<0.02%) or were treated with thapsigargin, an
inhibitor of the SERCA [Ca® *-ATPase) pump and potent
ER stressor {Note: for brevity, hypoxia in the text denotes
extreme hypoxia unless otherwise noted). Consistent with
previous findings {Koumenis er al, 2002). hypoxia and thap-
sigarpin caused a ime-dependent increase in PERK autophes-
pherylation and elF2x phosphorviation in PERK % MEFs
{results not shown). Phosphorviation of eif24 stimulates

The role of PERK in resistance o lumor hypoxia
M Bietal

transiational upregulation of ATF4, which activates the ex-
pression of downstream targess involved in the UPR, such
as CHOP. As shown in Figure 1A, ATF levels increased by
hypoxia and thapsigargin in the PERK ™' MEFs, whercas
this increase was transient and considerably attenuated in
PERK™/™ MEFs. Induction of CHOP did not occur untl after
16h of hypoxia, reflecting a requirement for ATF4 accumula-
tion. BiP was not significantly increased by bypoxia.
Hypoxia-induced  ATFS accumaiation ocowred  primarily
at the post-transeriptional tevel, because ATF4 mRNA levels
were  not  upregulated  in hypoxic  PERK'/Y MEFs
{Figire 1B). CHOP and BiP mRNA levels were substantially
increased by hypoxia and by thapsigargin in PERK*/¥ and
PERK™" MEFs. The increase in CHOP was higher after 16h
of hypoxia in the PERK ¥/ 7 cells, consistent with the higher
{ewels of ATFS protein in these vells, but PERK status had no
eflect on the increase in BiP mRNA levels.

Although hyvpoxia indoced a largely PERK-independent
increase in CHOP mRNA, there was a strong PERK depen-
dence on CHOP protein accumulation, suggesting that the
translational efficiency of CHOP mRNA might be regulated in
a PERK-dependent manner. Thus, we anatyzed the levels of
both overall and gene.specific translation in the PERK Y/
and PERK™ cell fines. We have previously shown that
inhibition of glebal wauslation during hypoxia is dependent
on PERK at early times after hypoxia | <8h), but, after longer
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Figure 1 Extreme hypoxia induces ATF and CHOP upregulation in a PERK-depenident manser. PERK 7
2% 3y or rreated with | pM thapsigargin for the tmes indicated. {A} immunoblots with anti-ATF4, anti-CHOP, anti-BiP and anti-B-actin
TFS ocours much earler than CHOP or BiP. {B} Northern blot analysis of

{loading contrel). Different time points are used sinee induction of
UPR mRNAs fullowing hyposia and thapsigargin treatmests. PERK ™77 and PERK”
used as a loading control. (€} Translation efficiency of CHOP mRNA inflowing hvpoxia. PERK™ 7
arud lysates were subjected to sucrose gradient sedimentation. Polysome pro¥
vaomad RNA are indicated. {D} The amounts of CHOP, $-actin and 185 mRNA
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and PERK ™" MEFs normalized to f-actin as determined by quantitative RT-PCR.
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perioids of hypoxia translation, is inhibited in both PERK ¥/
and PERK™" cells {Koumenis ef al, 2002). As shown in
Figure 1C, 165 of hypoxia vaused a strong inhibition of
ransiation inftiation in the PERK ™/ celis, as evident by a
reduction fn polysomal RNA and an fnerease in free mono-
some and rhosome subunits. A similar inhibition was
observed in PERK™™ cells after 165 of hypoxia; however,
following 2 b hypoxia, wanslation was inhibited much more
strongly in the PERK™ ™ compared 1o PERK™ cells (data
not shown). To explore potential PERK-dependent differences
in spedfic CHOP mRNA transiation following prolonged
hypoxia, polysome fractions were collected and individually
analyzed by quantitative RT-PCR for the levels of 185, actin
and CHOP. 1n both PERK *7 and PERK™™ cells, the levels of
actin associated with polysomes decreased during hypoxia in
accordance with the drop in overall translation. In contrast,
CHOP mRNA levels increased substantially within the poly-
somes. Notably, the relative ncrease in CHOP mRNA within
the polysomes was approximately four times higher in the
PERK ™ cells than fo the PERK ™7 cells {Figure 1D). Thus,
in addition t an inaease in CHOP mRNA, there is a
significant PERK dependence on polysome asseciation of
CHOP mRNA dusing hypoxia.

Sirmlardy, by coupling ribosome fraciionation with micro-
array gene analysis, we identified changes in steady-statwe
gene expression and tansiation-mediated changes in Hela
ceils following 16h of extreme hypoxia. We found that the
ruRNA levels of genes associated with the UPR (including
ORP130, heme oxygenase; HO-1 and MIF1) were not only
substamtially induced by hvpoxia but also remained effi-
ciemtly transiated, as indicated by their assotiation with
high-molecular-weight polvsomes (Figure $13. Conversely,
the free total and polysome-bound mRNA levels of genes
associated with other types of stress, such as the heat-shock
response {HMSFZ, HSPP0) or of coastitntively synthesized
genes {ribosomal protein 520 and HSC), were either only
weakly upregulated or substantially downregaiated by hypoxia.

Prolonged hypoxia induces apoptosis

in a PERK-dependent manner

Cells with a compromised UPR are move susceptible to ER
stress-induced apoptosis compared to cells with an fmtact
UPR {Kaufman, 2002; Ma and Hendershot, 2004). We pre-
vieusly reported that PERK ™™ cells exhibit reduced done-
genic survival under extrenw hypoxia vompared o PERK 4
cells {Koumenis et al, 2002). To determine whether the
difference in clonogenic swrvival was due to differemial
apoptotic sensitivity, we assaved for cleavage of caspase-12,
caspase-3 and PARP following exposure to extreme hypoxia.
Caspase-12, asspciated with the ER, is cleaved during ER
stress and (his event can be used as an indicator of UPR
activation {Nakagawa ot al, 2000; Rao ¢t @, 2001}, Exposure
of PERK™ " cefls w hypoxia sesulted in higher levels of
caspase-12 cleavage {as evident by the disapprarance of the
procaspase-12 form) by 9h of hypoxia compared 1o PERK*7*
ceils {Figure 2A). However, caspase-1. MEFs were as
sensiive as caspase-12777 MEFs uader hypoxia {resulig
a0t shown), indicating that, while caspase-12 processing is
a marker of hypoxia-induced ER stress, # cannot acepunt for
the higher sensitivity of PERK™™ cells w hypoxia. Acgvation
of caspase-3, a terminal caspase and prowolysc processing
of PARP, a marker tor late-siage apoptosis, followed a similar
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Figure 2 PERK confers resistance to hvpoxia-indoced apoptosis.
{A-€} PERK™’" and PERK™/" MEFs were exposed 10 £002% 0,
of freated with 500nM thapsigamgin for the indicated times before
rgnunoblotting with antibodies specific for procaspase-12 {A),
cleaved caspase-3 or anti-factin (B}, or <eaved and uvocleaved
PARP {C}.

pattern with higher levels of deaved caspase-3 and PARP
inthe PERK™ compared to PERKY % el { Figare 2B and C)
following treatments with hyposia and thapsigargin. These
results indicate thal PERK contributes to cellular survival
under prolonged hypoxia.

PERK contributes to tumor growth in vivo

The increased sensitivity of PERK™ cells 1o hypoxic stress
i vitro suggested that PERK might plav a role In mmor
growth in vive. To investigate this possibitity, PERK™/*
and PERK™™ MEFs were fmmortalized with SV40 large/
small Tantigen and wanstormed with oncogenic K&-RasVi2.
This ransformation did pot cause any overt mwrphological
differences between the two cell Hoes {data not shown).
Phosphorviation of ERK1 and ERKZ was analyzed in
PERK* /™ and PERK™ MEFs with or without Ki-RasVi2.
As expected, expression of Ki-RasV12 inereased ERK phos-
phorvigtion without affecting the levels of total ERKL and
LRKZ2. The extent of this phosphorylation was comparable
I PERK ™/ and PERK ™ MEFs (Figure 3A), sugigesting that
PERK does not influence Ki-Ras¥V1 2 signaling. Further experi-
ments demonstrated that PERK status did not affect the
in witre growth kinedes or the ability of the Ki-RasVi2-
transformed celd Hnes to grow colonies in soft agar (Figures
3B and 1.

Egual numbers of these ranstormed MEFs were injected in
the flanks of nude mice and tumor growth was monitored
over a perion of 3-4 weeks. Tamors from PERK* 7 Rasv12
MEFs grew faster and lamger compared to those from the

PERK™ " RagVi2 MEFs (Figures 3D and E}. Several PERK ™
tumors displaved an opagque morphology with apparent

DR of the skin when the experiment was ferminated
{Figure 3D, toph. Analvsis of elF2y phosphorylation status in
homogenized tssae revealed markedly higher Jevels of phos-
phoryiated olF 24 in PERK ™7 rumors compared 1o PERK™™
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Figure 3 PERK affects the rate of tumor growth in vivo. {A) Immunoblot of untransformed PERK /% and PERK ™/~ MEFs, and MEFs stably
ransformed with Ki-RasV12, using a phospho-specific anti-ERK1/2 antibody (top), or an antibody against total ERK1 and ERK2 (bottom).
(B) Growth rates of Ki-RasV12-transformed PERK™ /™ and PERK ™/~ MEFs in vitro. (C) PERK™/ ¥ Ki-RasV12 and PERK ™ ~.Ki-RasV12 MEFs form
colonies in soft agar at similar rates. (D) Top, picture of a representative nude mouse injected with PERK /™ Ki-RasV12 MEFs (left flank) and
PERK ™7™ Ki-RasV12 MEFs (right flank) with 3 x 10° cells/site at 22 days following injection. The bottom panel shows elF2a phosphorylation
levels from the excised tumors shown in the top panel. Tumor sections were homogenized and immunoblotted for phospho-elF2x and total-
elF2«. (E) PERK*/7 (blue line and squares) and PERK ™ (green live and triangles) tumor volumes from seven animals monitored over
a periad of 22 days following inoculation {mean-ts.e). (F) Tumoss from a mouse injected with clone #2 PERK™ /™ Ki-RasV12 MEFs {leff) or
clone #2 PERK ™~ Ki-RasV 12 MEFs {right}. (G} Growth of PERK*/* Ki-RasV12#2 {blue line and rectangies) and PERK™ . Ki-RasV12#2 (green
line and triangles) tumors (N =4) monitored over a period of 37 days {(mean+s.e).

tumors, indicating PERK-dependent eIF2x phosphorylation
caused by the tumor microenvironment (Figure 3D, bottom).
On average, PERK */* wumors grew approximately six times
larger than PERK™™ tumors after 22 days (average
2647 +573 versus 391 +101 mm®, N== 7} (Figure 3E). Similar
results were obtained when Ha-RasV12 instead of Ki-RasV1i2
was used to transform PERK ¥/ and PERK ™~ MEFs {data
not shown).

To minimize the effect of random donal variation in this
experimental system, we also examined the in vive growth of
individual clones of Ki-RasV12-transfected cells. Although
the growth kinetics of PERK*/* Ki-RasV12.#2 and PERK ™.
Ki-RasV12.42 MEFs were indistinguishable in vitro (results

&2006 European Molecular Biology Orgenization

not shown), the PERK™/ tumors failed to grow beyond a few
mim in size (Figures 3F and G). Collectively, these results
indicate that PERK status affects tumor growth in a manner
that is independent of in vitro growth characteristics, suggest-
ing that the differential response of these cells to the
tumor microenvironment must play a critical role in tumor
development.

PERK confers resistance to hypoxia-induced apoptosis
in vivo

The compromised ability of PERK™/~ cells to tolerate hypoxic
conditions in vitro and the slower growth of PERK ™" tumors
suggested that the presence of PERK increased the ability of

The EMBO Journal VOL 24 | NO 19 | 2005
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transformed MEFs to survive tumor hypoxia, resulting in
tumors with larger hypoxic areas. We therefore studied the
patterns of cell death in relation to areas of hypoxia within
PERK*/™* and PERK ™~ tumor sections. The hypoxia marker
EF-5 is metabolized and forms macromolecular adducts
preferentially in hypoxic areas that can be visualized using
a Cy3-labeled anti-EFS adduct antibody. Nude mice with
PERK*/* Ki-RasV12 and PERK™/".Ki-RasV12 flank tumors
were injected with EF-5 and sections were co-stained with
Cy3-labeled anti-EFS antibody and with an anti-cleaved cas-
pase-3 antibady. The patterns of EF-5 and caspase-3 staining
in the PERKY/* and PERK™'™ tumors were quite distinct. In
PERK™/~ tumors, areas of hypoxia were fewer and smaller
compared to the PERK +* wmors [Figure 4A). Image ana-
lysis revealed that ~70% of apoptotic cells in four distinct
fields colocalized with hypoxic areas (Figure 4B). In contrast,
PERK*/* tumors exhibited more extensive areas of hypoxia
that were largely devoid of apoptotic cells, with only ~22%
apoptotic cells being within the hypoxic areas. Strong stain-
ing for cleaved caspase-3 was observed only in areas sur-
rounded by a ‘hypoxic ring’, which is indicative of a necrotic
tumor area. Similar results were obtained from two indepen-
dent tumors of each cell line. These results suggest that

PERK"‘tumors

Apoptosis
{cleaved
Casp-3)

Hypoxia
(EF-8)

Merged

w
8

8

% apoplotic calls
in hypoxic regions
]

¢

] I ¥ -

PERKY/* Ki-RasVi2 MEFs can better tolerate hypoxia
in vivp, resulting in larger tumors with extensive hypoxic
areas, In contrast, PERK~~ Ki-RasV12 MEFs, which are more
sensitive to hypoxia, form smalier tumors with fewer hypoxic
areas. Since hypoxic areas in vive are usually accompanied by
conditions of low pH and/or growth factor levels, it is
possible that the sensitivity of the PERK™™ cells in wvivo
may be due not only to low oxygen levels but also t these
factors as well.

Cells with a nonphosphorylatable *knock-in” mutation
of elF2x display attenuated induction of ISR genes
under hypoxia, and are sensitive to hypoxic stress
Although elF2x phosphorylation is a primary target of acti-
vated PERK, it has been suggested that PERK phosphoryla-
tion may activate additional targets (Cullinan et al, 2003). To
further study the role of the ISR in tumor cell adaptation to
hypoxic stress, we used MEFs in which the endogenous elF2x
gene has been genetically replaced by a nonphosphorylatable
(S51A} allele. These cells display dramatically reduced down-
stream effector responses to ER stress and other stresses
that induce elF2a phosphorylation (Scheuner et al, 2001).
Exposure of these cells to hypoxia failed to induce elF2a

PERK'™ tumors

PERK-/- PERK*#

Figure 4 Hypoxic areas in PERK™~ bt not in PERK™/* tumors overlap with areas of apoptosis. {A} Sections of PERK™ ™ wmors (a—f) or
PERK™ /™ tumors (g~} were incubated with a Cy3-conjugated antibedy (o EF-5 adducts (hypoxia, red) {b, e and h, k), followed by incubation
with a FITC-conjugated anti-cleaved caspase-3 annbody {apoptosis, green) {(a, d and g j). Panels ¢, [ and i, | are merged images showing both
apoptotic and hypoxia areas, Two different PERK ™™ (a—c and d— ) and PERK™/* (g~i and j—I) tumor sections are shown. Bar= 15 um {a—i)
and 60um (j—1}. (B) Quantitation of four independent field images from PERK™™ or PERK ™~ tumors. The number of apoptotic cells in
hypoxic {EF-5 positive} and normoxic (EF-5 negative) areas of each image were automatically counted and expressed as a percentage of the
total number of apoptotic cells in the image. Error bars represent s.e. values.
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phosphoryviation (Figure 5A) and induction of ISR proteins
ATF4 and CHOP by hypoxia was significandy anenuated
{Figure S2A). At the mRNA level, bypoxia again failed w
induce a significant upregulatdon of ATF4 {Figure S2B),
farther confirming that the induction of ATF4 by hypoxia is
post-transcriptional {Blais et af, 2004).

The 8514 kanck-in mice display striking phenotypic simi-
larities with the PERK knockout mice, particnlady in the
sensitivity of cells with specialized and ncreased seaetory
capacity o endogenous ER stress {Marding ef al, 200%;
Scheuner ¢t af, 2001}, To determine whether similar paraflels
exist in the response of PERK™ ™ and $51A cells to hyposic
siress, we transformed $51A and wilddype MEFs {WTMEFs)
with 540 Large/smail Tantigen and mutant Ha-RasVi2 and
wsted their survival under hypoxia. S51A cells exhibited
progressively higher apoptotic sensitivity to hypoxia com-
pared o WTEMEFS (Rpure 5B). Furthermore, exposure of
WTMEFs 10 24 and 481 of hypoxia resalted in 16 and 60%
decreases in clonogenic survival, respectively, whereas 3514
wransiormed MEFs were significandy more sensitive, exhibit-
ing 60 and 100% decreases in survival, respectively {Figure
5C and 11, The increased levels of cell death in the S51A cells
were accompanied by higher levels of cleaved caspase-3 and
PARP at 16 and 24h of hypoxia compared o WITMEFs
{Figure 5E). Thus, the higher sensitivity of 531A cells 0
hypoxia compared to WT cells is similar to that of the
PERK™/ cells and parallels the sensitivity of 551A celis
other ER siressors tike thapsigargin (Harding ¢t al, 2000b).

Phosphorylation of elF2y affects tumor growth and ISR
signaling in vivo
As was the case with PERK™™ and PERKY /¥ wransformed
MEFs, in vitro growth rates of SV40/Ma-RasV 1 2-wransformed
WT and 551A MEFs were very similar {Figure $2C). However,
when injected into nude mice, the $314 wimors grew siower
during the first 14 days following inoculation, and, between
days b} and 21, the malority of S51A wmors developed areas
of apparent necrosis {Figure 6A) and the animals had to be
cuthanized. At that time, the average weight of $51A fumors
wag approximately half of that of WT tumeors {1792 26 versus
318+ 77 myg, respectively: P<0.05%) (Figure 6B). Similar to
the PERK™ mmors, the S51A tumoss exhibited extensive
coloeatization of apoprotic and hypoxic areas {Figure 834,
a-1 and m, nj, whereas bypoxic areas of WT tumors were
fargely devoid of apopiotic celis and apoptosis was confined
w0 pecrotic areas {Fgure 83A, g-1 and o, p). Quantitative
image analysis showed tiat da WV tumors only 17% of
apoptotic cells were in hypoxic regions, compared o 80%
i tumors from the $51A cells {(Figure 8383, Farthermore, the
difference in tumor weight was not due to differences in the
angiogenic tesponse o hypoxia, since seoretion of VEGF
was noi statisically different between the two cell types
{Figure 6C). To determine whether thw inducton of the 18R
in wve is elF2o-dependent, we analveed the induction of
ATF4 in the two mmor types. WT tumors displaved areas of
ATF4 expression that colocalized with hypoxia, whereas the
S51A tumors were devoid of any sigaificant staining for ATFS
{Figure 6D}, We failed 1o detect any significant expression of
ATT4 fn 66 S551A sections oltained from three different
mouse twmors. These rosulte indicate that elF24 phosphor-
viation i required for hypoxic induction of ATFL in eivo.
has, the phenotype of 5514 tumoers paralieled that of the
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Figure 5 MEFs with nonphosphorylatzble eIF2y mutant are more
senditive to extreme hypoxia than WT MEFs. (A} WT and S51A
MEFs were exposed 10 <0.02% O, or treated with 1 pM thapsigar-
gin before oununobiotiing with ami-phospho-elF2x or anti-total
eiFla antibpdies. {B} WT and 551A MEFs transformed with SV40/
Ha-Ras¥12 were exposed 1o extreme hypoxia { £0.02% O, and
then photographed using phase-comrast microscopy. (€} Reduced
clonogenic survival of §51A MEFs after hyposia compared o WT
MEFs. (D} Reduced survival of 551A MEFs after hypoxia compared
o WT MEFs, as measureid by clonogenic survival assay. Cells were
treated asin {Ch Experiments were performed in wiplicate and ervor
bava represent standard ervors. {E] WT and 8514 MEFS transformed
with SVAD/Ha-RasVi2 were exposed to hvpoxia or treated with
SN0 M thapsigargin before immunocblotting for cleaved caspase-3,
PARP o1 B-actin.
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Figure 6 Inhibition of elF2a phosphorylation affects the rate of tumor growth in vive. (A} Nu/Nu mice were injected on each side with
1 x 10°cells/site, with either WT.Ha-RasV12 MEFs {left panel) or S51A.Ha-RasV12 MEFs (right panel}. Necrotic areas on the skin and opague
morphology are evident in the 551A.Ha-RasV12 tumors. {(B) Tumor growth after 3 weeks. At the end of the experiment, tumors were excised
and weighed (meants.e, N=7, *P<0.05, one-tailed Student’s t-test). {C} VECF levels following hypoxia in WT and S51A MEFs. Ras-
transformed MEFs were freated as in Figure 5A and secreted VEGF levels in the media were analyzed at the times indicated. Experiments were
performed in triplicate and error bars represent s.e. values. (D} ATF4 upregulation in hypoxic areas is dependent on elF2a phosphorylation.
Tumor xenografts from Ha-RasV12-transformed WT and SS51A cells were stained for ATF4 expression. Staining for ATF4 was observed only
in WT tumors and localized within hypoxic regions. No sigpificant staining was seen in 6/6 sections from three different SS1A tumors.
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PERK ™/~ tumors, indicating that the PERK-elF2a component
of the ISR is required for in vive resistance to hypoxic stress
and tumor growth.

Expression of a dominant-negative PERK (dn-PERK}
allele in human tumor cells reduces hypoxia tolerance
and inhibits tumor growth

The results presented so far were obtained using minimally
transformed MEFs, a useful and informative isogenic system,
but one that may not be representative of human tumor cells
of epithelial origin. To examine the role of the PERK-elF2x
pathway in vitro and in vive, we used a dn-PERK construct to
block the activity of endogenous PERK in an established
human cancer cell line. This dn-allele, PERKAC, lacks the
C-terminal kinase domain, has a myc-tag epitope and was
shown to inhibit the ability of endogenous PERK to phos-
phorylate elF2x following various stresses, induding hypo-
xia (Brewer and Diehl, 2000; Koumenis et al, 2002). HT29
colorectal carcinoma cells stably expressing the dn-PERK
construct (HT29.PERKAC]), or the empty vector (HT29.Puro)
were exposed to normoxia or 6h of extreme hypoxia.
HT29.PERKAC cells failed to increase elF2a phosphorylation
after 6 h of hypoxia, confirming that this construct exerts a
dominant-negative function by inhibiting endogenous PERK

The EMBO Journal VOL 24 { NO 19} 2005

activity {Figure 7A). We next tested the apoptotic sensitivity
of these cells to hypoxia and thapsigargin. After 32h of
extreme hypoxia, substantally higher levels of cleaved
PARP were observed in the HT29.PERKAC cells compared
to the HT29.Puro cells (Figure 7B, top). The HT29.PERKAC
cells also displayed morphology consistent with swollen
ER, indicative of ER stress {Figure 7B, bottom). The in vitro
growth of the control and PERKAC cell lines was not sig-
nificantly different over a period of 12 days in culture (data
not shown) and HIF-1a was induced to comparable levels in
both cell lines (Figure 7C), confirming that HIF-1 regulationis
not dependent on PERK status, To test the role of PERK in
HT29 wmor growth, cells were injected into the flanks of
nude mice and tumor volume was followed for up to 25 days.
Tumors obtained from HT29.PERKAC cells grew significantly
smaller compared to those obtained from the HT29.Puro celis
(Figure 7D and E), providing additional evidence that inhibi-
tion of PERK activity hinders tumor growth in wvivo.
Immunoblot analysis from homogenized tumors showed
that expression of the dn-PERKAC allele was retained for
the duration of tumor growth and correlated with inhibition
of elF2a phosphorylation in the HT29.PERKAC tumors
(Figure 7F}. Also, similar to the PERK™~ MEF tumors, the
HT29.PERKAC tumors displayed extensive colocalization of

©2005 Eurapean Molecular Biology Organization
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Figure 7 Expression of a dn-PERK allele in human tumor cells decreases hypoxia tolerance and inhibits tumor growth. {A} Immunoblot of
myc-tagged PERKAC, elF2a phosphorylation and p-actin (loading control). Exposure of HT29.Puro cells to extreme hypoxia induces an
increase in elF2x phosphorylation, which is blocked in HT29. PERKAC cells. (B) Immunoblot of uncleaved and cleaved PARP in HT29.Puro and
HT29.PERKAC cells following hypoxia or 12h treatment with 500nM thapsigargin (top). B-Actin was used as a loading control. Apoptotic
morphology following extreme hypoxia for 485 at x 40 magnification {bottom). Arrowheads indicate cells with membrane blebbing and
arrows indicate cells exhibiting vacuoles, a sign of ER stress. (C) PERK status does not affect induction of HIF-1a levels. HT29.Puro
and HT29.PERKAC cells were treated with extreme hypoxia or DFO. HIF-1« levels were determined by immunobloiting using nuclear extracts.
(D} Tumor xenografts from HT29.Puro cells (left mouse) grow larger compared to tumors from HT29.PERKAC cells (right mouse). (E) Growth
measurements of HT29.Puro xenografts (blue line and squares) and HT29.PERKAC xenografis (green line and triangles). Growth from six
tumors was monitored over a period of 25 days following injection {mean+s.ej (*P<0.05). {F} Immunoblot analysis of PERKAC expression,
elF2a phosphorylation status or total elF2« levels from excised and homogenized tumors shown in (D, E). (G) Sections from HT29.Puro and
HT29.PERKAC xenografts were stained for regions of hypoxia using a Cy-3-labeled anii-EF-5 antibody and apoptosis using an anti-cleaved
caspase-3, FITC-labeled antibody. The merged images are shown on the right.

apoptosis with areas of hypoxia. In contrast, the HT29.Puro
tumors had larger hypoxic areas that were largely devoid of
apoptotic cells (Figure 7G). Collectively, these results provide
further evidence that inhibition of PERK activity com-
promises hypoxia tolerance of tumor cells in vitro and
in vivo.

Cells lacking ATF4 are sensitive to hypoxic stress and
expression of the ISR proteins ATF4 and CHOP is
upregulated in hypoxic areas of primary human tumors
Since both PERK™~ and S51A MEFs were more sensitive
to hypoxia compared to the corresponding WT-MEFs, we

%2006 Europaan Molecular Biology Organization

wished to determine whether lack of the downstream target
ATF4 would result in a similar phenotype. Extreme hypoxia
resulted in significant levels of apoptosis in the ATF4~/~
MEFs but not in ATF4Y/* MEFs, which was evident both
morphologically (Figure 8A) and by cleaved caspase-3 and
cleaved PARP analysis (Figure 8B). The sensitivity of ATF4 =
cells to hypoxia also occurred at more moderate hypoxic
levels. Exposure of the MEFs to 1% O, resulted in a 55%
decrease in survival in ATF4™~ cells compared to 25% in
ATF4*+/* rells as assayed by MTT assay, whereas the sensi-
tivity of the two cell types to a different stress, ionizing
radiation, was the same (Figure 8C).
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Figure 8 ATF4 contributes to hypoxia tolerance, and ATF4 and CHOP are upregulated in hypoxic amas of primary human tumors. {A) Cells
were exposed 1o extreme hypoxia for 24 h and photographed for apoptotic morphology at x 100 magnification. (B} Immunoblot of cleaved
caspase-3 {top) or uncleaved and cleaved PARP {bottom) following hypoxia. (C} MTT assay of ATF4™/7 and ATF4™'~ MEFs following
exposure to moderate hypoxia (1% O;) or treatment with a 4Gy dose of IR. Experiments were performed in triplicate and results are
normalized to control levels. Error bars represent s.e. values (*P <0.05). No significant difference in survival was observed between untreated
ATF4™/* and ATF4™/~ MEFs. (D} Immunofluorescence for ATF4 and hypoxia {a~{}, or CHOP and hyposia {g—-) in primary human cervical
temors. Sections were stained with anti-ATF4 (a, d) or anti-CHOP (g, j} polyclonal antibodies followed by a FITC-conjugated secondary
antibody, and with a Cy-3-labeled anti-Pimonidazole antibody (b, e, h, k). Panels ¢, f, i and | are combined images of (a+ b}, (d +€), (g+h},
{i +k}, respectively. Bar =15pum {a—c, g-1) and 30 pm {d—1, j—1). {E} Immunoblot of ATF4 in lysates from human GBMs and normal human
brain tissue. (F) Analysis of ATF4 levels {normalized to levels of B-actin} in normal and malignant tissues obtained from human patients. Error
bars represent s.e. values. Brain, N =6 normal and 6 glioblastoma; breast, N= 3 normal and 3 adenocarcinoma; cervix, N=4 normal and 6

carcinoma; skin, N=2 nomnal and 2 melanoma.

To investigate whether the induction of the ISR also occurs
in primary human tumors, we analyzed ATF4 and CHOP
levels in human cervical tumor sections obtained from
patients that had been injected with the hypoxia-sensitive
dye pimonidazole (Varia et al, 1998). Immunohistochemical
staining showed significant intra- and intertumoral variations
of ATF4 and CHOP expression. However, expression of both
proteins colocalized with either hypoxic areas or areas ad-
jacent to hypoxic regions. ATF4 expression showed stronger
association with highly hypoxic areas (pimonidazole-positive
staining, Figure 8D), whereas CHOP expression was
associated with highly hypoxic and surrounding areas
(Figure 8D). Similar results were obtained in four different
sections obtained from two distinct cervical tumors (Figwre
S4A). We also examined ATF4 expression in several normal
and malignant tissues obtained from patients with brain,
breast, cervical and skin cancers. The expression of ATT4
was significantly higher in all malignant tissues compared to
the corresponding normal tissues (Figures 8E and F and
Figure S4B). The results with ATF4 are in agreement with a
previously reported study in which ATF4 expression was
found to be higher in breast tumors than in normal breast

The EMBO Journal VOL 24 { NO 19| 2008

tissue, and to be present near necrotic areas {Ameri et al,
2004).

Discussion

We have presented evidence that the ISR arm of the UPR is
activated by hypoxic/anoxic stress in vitro and in hypoxic/
anoxic areas of solid tumors, and that failure of tumor cells to
mount an effective ISR in response to low oxygen results in
increased apoptosis, reduced overall cell survival and inhibi-
tion of tumor growth. Recently, a study by Chen et al showed
that XBP1, the target of IREL, is essential for cell survival
under hypoxic conditions and that XBP1 is required for tumor
growth (Romero-Ramirez et al, 2004). Together, these studies
suggest that the full UPR is activated under hypoxia/anoxia
and contributes to cellular adaptation to this stress.

The induction of gene expression under conditions of
global translational repression is reminiscent of other stress
responses (e.g., heat-shock response), during which select
groups of genes are upregulated in a background of repressed
gene expression to help in the recovery from the stress. Thus,
it is noteworthy that several genes with important roles in the
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hypoxic response, including VEGF and HIF- o, harbor an-
usually fong ¥ UTRs with extensive secondary structures that
presumably enable them to be efficiently translated under
hyposic conditions {Akirl et af, 1998, Lang er al, 2002).
Conversely, our screen for genes whose mRNAs are effi-
cientdy tansiated under hypoxic conditions revealed that
several mRNAs of UPR genes, including BiP, CHOP and
ORP150, are among the most efficiently translated mRNAs
Figare S1). % is seopting to speculate that the hypoxic/
anoxic respouse and the UPR may share common post-
ransiational regulation mechanisms.

The complex picture of fumor hypoxia, composed of
significant intra- and intertumoral vartations in exygen levels
that can change dynamicaily i fime, prompied the investiga-
sion of UPR gene expression in hypoxic areas of tumors. We
show that at least two 18R target genes, ATF4 and CHOP, are
highly expressed in hypoxic areas of mmors. Previously,
we demonstrated that induction of elF2e phosphoryiation
fa requirement for significant ATF4 and CHOP accumulation
as shown in Figure §2) can occur at more mnderate hypoxic
tevels—as high as 1% Os—albeit with slower kinetics
{Koumenis et af, 2002}, suggesting that the 1SR van be elicited
aver a wide range of hypoxic conditions.

What is the physiological role for these proteins in hypoxia
mlevance? ATF4 activates the induction of downstream UPR
genes, but has also been implicated in antioxidant cellular

- defense provesses [Fawceett et al, 1999; Harding et al, 2003; Lu
ot af, 2004). Recent mechanistic studies on HIF-1y induction
appear w0 suppont a model of increased oxidative stress fathe
oytosol due to release of reactive oxygen species from the
mitochondria (Guzy el af, 200%; Mansfield of af, 200%).
Furthermore, reoxygenation following hypoxia produces oxi-
dative stress severe enpugh to activate DNA damage response
pathways {Hammond et al, 2003} We hypothesize that
induction of ATF4 by hypoxia serves to upregolate anti-
oxidant-related genes to ameliorate oxidative stress. CHOP,
iself a target of ATF4, is a wanscripiion factor with proapop-
tote properties {Zinszuer ef af, 1998; McCullough et al,
200t5. While CHOP may promote apoptosis under pro-
ionged/severe hypoxia, it is evident~as is also the case for
mduction of CHOP by pharmacologival agents {Harding et al,
2A00a)-that the consequences of PERK ablation are signifi-
cantly more severe inn terms of apoptosis than an reduied
CHOP expression. Thus, the significance of CHOP induction
by hypoxia at present remains unclear and will have 10 be
elucidated by using cells with abrogated CHOP expression.

Cells with a compromised 1SR pathway show significant
seasitivity to IR stress due to the deleterious effects of
accumulated misfolded proteins in the ER (Harding et al,
2000b; Scheuner et al, 20013 Qur resuits showing PERK-
dependent activation of caspase-12 provide further evidence
of ER stress under hypoxic stress. However, caspase-12777
MEFs display egual sensitivity o prelonged hypoxia com-
pared 1o thelr WTMEFs {dat not shown), suggestng that
caspase-12 is not requited for hypoxia-induced celt death.
Recently, the BH3-only proapopiotic proteing Bax and Bak
have been localized in the ER membrane and shown 0
mediate stressinduced release of ER Ca*™ {Scorrano et al,
200%; Zong et al, 2003}, raising the possibility that they could
olay a critical role in hypoxia-induced, ER-dependent apoptesis.

An interesting Question not addressed by these studies
e nature of the signal for induction of the UPR by hypoxia/
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anoxia. Activaton of PERK, IREY and ATF6 by ER stress is
negatively regalated by BP. Under physiological conditions,
BiP binds o the ER-lumenal portion of the proteins amd keeps
them n an inactive state [Bertolottd et al, 2000; Shen et af,
2002}, and this binding is perturbed during ER stress. One
can envision a scenarie in which low oxygen perturbs the
pro-oxidant envirpnment of the ER lumen causing misfolding
of labile proteins, thereby trggering BiP-dependent PERK
activation. This model is supported by the findings thas {a)
in yeast, molecular oxygen is the final electron acveplor in
protein disuifide isomerase-dependent protwin folding, (b)
BiP expression is uprepuiated by hypoxia {Gazit ¢f g, 1999)
and (v} downregulation of BiP by antisense ¢DNA decreases
the survival of wumor cells {Kooag et al, 1994). Fusther
vatidation of this mode! will require careful examination of
the interactions between BiP and the initlatoss of the UPR
under normoxic and hypoxic conditions. Based on the find-
ings presented here, we propose that, in addition w HIF-1-
dependent processes, the induction of the UPR by hypoxia
represeits an encompassing angd ciitical aspect of hypoxia
registance and fumor development. Since siringent hypoxic
conditions do not normally exigt ouiside a tumoy micro-
envirpnment, tamgeting UPR processes could provide an
alternative or complemeniary  approach for therapeutic
exploitatinn of wmor hypoxia.

Materials and methods

Celf culture and generation of the stable cell lines

PERK ™7, PERK ™", 8514, ATF4™" and WT MEFs, and Hela cells
were cultared in DMEM. HT29 colovectal cavcinoma cells (ATCC)
were caltured iz MeCoy's 5A medium. Al media were suppiemen-
ted with penicillin, streptomycis, 10% fetal calf serum and
L-gutamine. S51A mutant and ATFYY MEFs and HT.29PERKAC
cells were also supplemented with 20% FBS, 1 » MEM non-
essential amino-acid mix and 55 pM Z-mercaptocthanol. Cell wrans-
fprmation and establishmentof HT29. PERKAC cells are described in
Supplementary data.

Hypoxia treatments

Cells were placed in either & Bacton 1 Anaergbic Chambey
{Sheldon Manufacturing or an InVivo, 400 Hypoxia Workstation
{Biotrace, Inc.}. {or the dme s} indicared. The oxygen concentration
in the apaerobic chamber was maintained at <0.02% and
moaitered with a polarographic, membrane-covered oxygen sensor
{Anbmas Corp. b

Animals

Athymic No/Nu mice {Chades River Lahs) were subcuranesusly
injected with 3 » 10° vanstormed PERK Y and PERK™ MEFs or
ransformed MEF-WT and $S51A MEFs or 1.5 x10° HT20.Pur
or HT29PERKAC cefls in 150 of PBS. Tumors were monitoved
daily until they became cumbersoime or necrotic. Tumor volumes
were  measured  every other day based on the {formuola
V= length? v width, where length was always the longest dimen-
sion. For hypoxia visualization, mice were injected with 300 pl of
Imgsml BF-5 {University of Pennsylvania} Lp. 1h belore euthani-
zarion, umors were immadistely excised, frozen snd embedded in
OCT freezing medigm.

Human tomors

Human cervical squamous cell carcinoma tumors were obtained &t
the UNC-CH School of Medicine. Patterts were injected with
pimenidazole privr to surgical resection of tamors, Taraors were
fash frowen in Haoid nitvogen, embedded in OCT and stored at
—80°. Humsan tmor and nommal dssaes were obtalned through the
WU Comprehensive Cancer Center Tissue Procurement Core Lab.
Cerllection and processing of human specimens was performed in
accordance to UNC-CH and WFUSM IRB regulations.
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Frozen tissue was sectioned in 5 pum and fixed o glass slides in 4%
formakidehyde solution for 10min. For detection of hypoxic areas
using EF-5, sectons were firther fised with 100% methanod or
101min, blocked in 3% BSA in PBS for 30mip and ncubated with
a Cy3-confugated FLK 3-31 {75 pg/mil} monocional antibody {Unl-
versity of Pennsylvania) that recogrizes ER-5 adducts, followed by
incubation with 3 FITC-conjugated anti-cleaved caspase-3 antibody
{Cell Signaling). Fluormescence was detected wsing Olympus IXP0
Epiftuoroscope and photographed at several magnifications. For
detection of hypoxia/ATFA and hypoxia/CHOP colocalization,
mouse and human cervical wmor sections were fixed in 95, 75
and 0% ethanol, blocked in 3% B5A in PBS and hyposia adducs
detected with either ELK 3-51 antibody for mouse tamors or Oy3-
conjugated anti-pimonidazole monoclonal antibody  2pg/mi}
{ONC-CH} for human tumnoss. Sections were cubated with anti-
CHOP or anti-ATFS polvcional antibodies, followed with & FITC-
vonjugated secondary antibody.
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3. PERK-DEPENDENT TRANSLATIONAL REGULATION
PROMOTES TUMOR CELL ADAPTATION ND ANGIOGENESIS IN
RESPONSE TO HYPOXIC STRESS

Contribution of Collaborators

The contents of this manuscript were written by J. Blais and edited by J. Bell prior to
submission. All of the experiments performed and figures presented in this manuscript are
the work of J. Blais. All animal work was completed with the technical assistance of Theresa
| Falls. The Bgal/VCIP/CAT bicistronic construct and the various S’UTR VCIP deletion
constructs were created by Robert Edge. Dr. Christina Addison and her technician Huijun
Zhao provided reagents, protocol, and technical assistance for the mouse model of
angiogenesis. Dr. Costas Koumenis provided Kras transformed PERK'* and PERK " MEFs.
Drs. David Ron and Heather Harding provided us with the PERK” SV40 transformed MEFs.,
Summary

Here we demonstrate evidence with in vivo tumor models that tumors with a compromised
ISR are smaller, exhibit less angiogenesis, and promote a tumor microenvironment that
favors the formation of non-functional microvessels. Using microarray analysts of polysome-
bound RNA from aerobic (Oh) and hypoxic (4h) Perk”" and Perk” MEFs, we corroborated
our in vivo observations by revealing a subset of pro-angiogenic transcripts are preferentially
translated, in a Perk-dependent manner. Included in this cohort of angiogenic genes was
VCIP, an adhesion molecule that promotes cellular adhesion, integrin binding, and capillary
morphogenesis. We demonstrate that VCIP is preferentially regulated, as least in part, due to
an IRES element within its highly conserved 5’UTR. This study suggests that Perk plays a
role in tumor cell adaptation to hypoxic stress by regulating the translation of angiogenic

factors necessary for the development of functional microvessels
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Abstract

It has been well established that the tumor microenvironment can promote tumor cell
adaptation and survival. However, the mechanisms that influence malignant progression
have not been clearly elucidated. We have previously demonstrated that cells cultured under
hypoxic/anoxic conditions and transformed cells in hypoxic areas of tumors activate a
translational control program known as the integrated stress response (ISR). Here we show
that tumors derived from k-ras transformed Perk’” MEFs are smaller and exhibit less
angiogenesis compared to tumors with an intact ISR. Furthermore, Perk promotes a tumor
microenvironment that favors the formation of functional microvessels. These observations
were corroborated by a microarray analysis of polysome-bound RNA in aerobic (Oh) and
hypoxic (4h) Perk'”" and Perk”” MEFs. This analysis revealed that a subset of pro-angiogenic
transcripts are preferentially translated, in a Perk-dependent manner, including VCIP, an
adhesion molecule that promotes cellular adhesion, integrin binding, and capillary
morphogenesis. Taken with the concomitant Perk-dependent translational induction of
additional pro-angiogenic genes identified by our microarray analysis, this study suggests
that Perk plays a role in tumor cell adaptation to hypoxic stress by regulating the translation
of angiogenic factors necessary for the development of functional microvessels and further
supports the contention that the Perk pathway could be an attractive target for novel anti-

tumor modalities.
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Introduction

The presence of hypoxic cells in solid tumors is well documented and both clinical and
experimental evidence suggests that the hypoxic microenvironment of a tumor promotes a
more aggressive phenotype by selecting for the clonal expansion of apoptotically insensitive
cells (28). Growing tumors are often exposed to heterogeneous environments with regions of
solid tumors containing microenvironmental niches deficient of critical metabolites
including oxygen and glucose (11). Indeed, low oxygenation can accelerate malignant
progression and metastasis resulting in a poorer prognosis irrespective of the chosen
treatment regimen (38). The ability of tumor cells to survive and adapt to hypoxic
microenvionments can be attributed to the regulation of several key mechanisms. These
mechanisms include the loss of pathways that can induce cell death (28), the stimulation of
angiogenesis to increase tumor oxygenation (87), and the capability to strictly regulate
energy homeostasis (37). Energy conservation is crucial to cellular survival as ATP
production is diminished by the lack of oxidative phosphorylation. Thus, hypoxic stress
results in a rapid metabolic shift that favors anaerobic glycolysis and the inhibition of high
energy consuming processes including protein translation (75).

The control of mRNA translation is emerging as an important cellular response to stress that
can assert significant influence on individual gene expression (9, 22, 31, 48, 50, 65, 79).
Hypoxia results in a rapid and reversible inhibition in global protein synthesis to help
alleviate energy demands when oxygen and ATP levels are low; however, the exact
mechanisms controlling translational regulation are not fully understood. While early
responses to hypoxia involve the activation of Perk and transient phosphorylation of

elF2a (7, 9, 51), translational inhibition appears to occur in distinct phases and to involve
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multiple pathways (16, 50, 59). Exposure to hypoxia activates the ER resident kinase Perk,
resulting in the phosphorylation of elF2a and adaptive modulation of protein synthesis and
gene expression through a signal transduction pathway referred to as the Integrated Stress
Response (ISR) (35), an arm of the unfolded protein response (UPR), that facilitates the
cellular adapatation to ER stress. Translational repression is mediated by phosphorylation of
serine 51 of the alpha subunit of translation initiation factor 2 (eIF2a) resulting in decreased
ternary complex formation and subsequently decreased translation initiation. An important
function of the UPR is to reduce demand on the protein-folding machinery within the ER to
protect the cell from ER stress. Inhibiting translation not only conserves ATP, it additionally
helps to decrease the client load in the ER. Translational inhibition paradoxically leads to the
selective translation of several mRNAs necessary for the survival and adaptation of cells to
cellular stress including the transcription factor ATF4 (9, 31). ATF4 transcriptionally
activates stress responsive genes which encode proteins that are necessary to resolve the
UPR including Gadd34, BiP, and CHOP (31, 61). The physiological significance of Perk
signaling is underscored by the observation that Perk” "mice are viable at birth but die
quickly due to early onset diabetes caused by the rapid destruction of secretory cells as a
result of accumulated unfolded proteins (32). Furthermore, cells with compromised Perk and
elF2a signaling are significantly more sensitive to ER-induced cell death than wild-type
cells (32, 33, 84, 102). The critical role for Perk in tumor cell adaptation to hypoxic stress 1s
underscored by our observation that in its absence, cells are incapable of imtiating the
integrated stress response during oxygen deprivation, thus leading to a loss in tumour cell
viability (7). Moreover, Perk”” tumours are substantially smaller than Perk”" tumours, and

exhibit decreased survival in response to hypoxic stress (7). In this study we demonstrate
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that tumors derived from k-ras-transformed Perk” mouse embryonic fibroblasts (MEFs) are
not only smaller than wildtype tumors, but appear to have severe limitations in their ability
to stimulate angiogenesis. Using a mouse model of angiogenesis we assessed the
significance of Perk within the tumor microenvironment on vessel formation and maturation.
We demonstrate that Perk™" tumors facilitated endothelial cell survival and functional vessel
formation, whereas Perk” tumors formed more non-functional, irregularly structured vessels
that lead to hemorrhaging within the tumor matrix. These findings are supported by a
microarray analysis of polysome-bound mRNAs, which demonstrated that Perk affects the
translation of numerous angiogenic genes during hypoxic stress. Included in the cohort of
genes identified was an adhesion protein, VEGF and type-1-Collagen Inducible Protein
(VCIP), that promotes cell adhesion, spreading, and integrin binding within tumour
endothelium (41, 42). These findings help to establish that Perk is a key post-transcriptional
regulator that is capable of inducing the expression of a collection of genes necessary for the
cellular adaptation to hypoxic stress. This work further supports the notion that the ISR
represents an attractive target for novel anti-tumor therapies that may help overcome the

development of hypoxia tolerance in tumors.
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Materials and Methods

Cell culture and generation of stable cell lines

SV40 immortalized and k-ras transformed Perk'* and Perk” MEFs were maintained in
DMEM supplemented with 10% FCS (Fetal Calf Serum), 55uM B-Mercaptoethanol and
10uM Non-Essential Amino Acids (NEAA). HDMECs were cultured in microvascular
endothelial cell growth medium (EGM-2MV; Cambrex). The generation of stable clones
overexpressing the alkaline phosphatase (AP) protein was as previously described (71).
Proliferation Assay

5,000 k-ras-transformed Perk”" or Perk”” MEFs were plated in a 24-well dish. Cells were
counted by heamocytometer every 24hr for 5 days. Results are representative of three
independent experiments counted in triplicate.

Constructs

The bicistronic vectors: Pga/EMCV/CAT (containing the viral EMCV IRES),
Bgal/Empty/CAT (Empty vector control), and hp-Pgal/Empty/CAT (hairpin containing
empty vector) were described previously (39, 96). The human VCIP 5’UTR was cloned ir;to
the Xhol site of the intercistronic region between the Pgal and CAT cistrons in both the
Bgal/Empty/CAT and hp-Bgal/Empty/CAT. The VCIP 5’UTR deletion constructs were
assembled by site directed mutagenesis using Quikchange 11 XL Site-Directed Mutagenesis
Kit (Stratagene, as per the manufacturer’s instructions).

Hypoxia Treatments

All experiments were performed with exponentially growing cells. For all experiments, with
the exception of polysome fractionation, cells were plated in 60-mm glass culture dishes at a

density of ~1x10° cells/plate. After approximately 20 h, the culture dishes were placed in a
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hypoxic culture chamber (MACS VAS500 miroaerophillic workstation [Don Whitley
Scientific, Shipley, United Kingdom]). Hypoxic conditions were achieved with 90% N, 5%
CO3,, 5% H; (anaerobic grade gas) and palladium catalysts to scavenge trace oxygen.
Isolation of Polysomes and RNA

Polysome fractionation and RNA isolation were performed as previously described (9).
Micrearray Analysis

Microarray analysis was performed as previously described (9). Briefly, RNA from the high
molecular weight polysomes (fractions 6-10) were pooled from the normoxic samples
(hereafter called Ohr poly) and from hypoxic samples (hereafter called 4hr poly). Prior to
microarray analysis, RNA from the polysome fractions and the total RNA from the
cytoplasmic lysates (Ohr Total and 4hr Total) were purified using the RNeasy kit (Qiagen,
Mississauga, Canada), as per manufacturer’s instructions. Twenty micrograms of each RNA
sample were processed according to manufacturer’s standard protocol (Affymetrix; Santa
Clara, CA, USA) and hybridized to an Affymetrix mouse 430 2 gene chip. Data was
analyzed using Genespring software (Silicon Genetics; Redwood City, CA, USA).

Total Cellular Changes and Polysome Analysis

The analysis of Total cellular mRNA and polysome-associated mRNAs was performed as
described previously (9). To identify genes that are preferentially translated in a Perk-
dependent manner during hypoxic stress, we compared the mean signal intensities of the
Perk"" Ohr poly gene chip to the 4hr poly gene chip and the Perk” Ohr poly gene chip to the
4hr poly gene chip using a mean cut-off of 1.5-fold. Genes that demonstrated a concomitant
increase in total mMRNA expression (>2-fold change in the 4hr total gene chip relative to the

Ohr total gene chip) were removed. Using Genespring software (Silicon Genetics), we used
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Venn Diagrams to create a list of hypoxia-responsive translationally regulated candidates
that were induced exclusively in the Perk”" cells relative to the Perk” cells. Genes were
further categorized based on known or proposed molecular function and sorted on the ratio
of 4hr poly signal/ Ohr poly signal, used as a basis for interpreting the efficiency of
translation during hypoxic stress.

Quantitative RT-PCR

The aforementioned total and polysomal RNA from hypoxic (4hr) and normoxic treated
Perk™" and Perk” cells was reverse transcribed (1pg RNA) in the presence of 40ng of VSV-
M RNA (a viral transcript used as a control for RT efficiency and Q-PCR). Quantitative
PCR was performed in triplicate to amplify all targets using the FastStart DNA Master
SYBR Green I kit (Roche Diagnostics, Laval Canada, as per manufacturer’s instructions)
and the Roche Lightcycler thermocycler. Crossing points were converted to absolute
quantities based on standard curves generated for each target amplicon. All target signals
were subsequently normalized to VSV-M in order to correct for RT-PCR efficiency.

Primers used are listed below

mGADD34: forward ctgcaaggggctgataagag, reverse aggggtcagecttgttttct

mATF3: forward cagagcctggtgttgtgcta, reverse ggtgtcgtccatcctetgtt

mVCIP: forward cctcttctgectettcatgg, reverse gecacatacgggttctgagt

mGrb10: forward ctggctgacctggaagaaag, reverse tcagaaacactgegeatagg

mHyoul: forward acctagagaagcgggagagg, reverse gettgtccttcageatcaca

mIGFBP2: forward acaacgagcagcaggagact, reverse cagaagcaagggaggttcag

mMMP13: forward atcctggccaccttcttctt, reverse tttctcggagectgtcaact

mCol6a: forward cctgctcageccagtccttac, reverse gacttctcgggacactcteg
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Q-PCR results are presented as the number of transcripts per pug of Total RNA or Polysomal
RNA. Results from each transcript were normalized to an exogenous control mRNA (VSV-
M).

B-Galactosidase and CAT analysis

Cells were washed in PBS and harvested in the CAT ELISA kit lysis buffer (Roche
Molecular Biochemicals, as per manufacturer’s instructions). -Galactosidase enzymatic
activity in cell extracts was determined as previously described (63). CAT levels were
determined using the CAT ELISA kit (Roche Molecular Biochemicals, as per
manufacturer’s instructions). The relative IRES activity was determined as the ratio of
CAT/Bgal in a minimum of three independent experiments.

Measurement of Spurious Splicing and Cryptic Promoter Activity

Total RNA was isolated from U20S cells transfected with the Pgal/EMCV/CAT,
Bgal/Empty/CAT or Pgal/VCIP/CAT reporter plasmids and reverse transcribed using
SuperScript 11 (Invitrogen). Quantitative PCR was performed in triplicate to amplify all
targets using the FastStart DNA Master SYBR Green I kit (Roche Diagnostics, Laval
Canada, as per manufacturer’s instructions) and the Roche Lightcycler thermocycler. Primer
sequences are indicated below

Bgal (5’-ACTATCCCGACCGCCTTACT-3’; 5’-CTGTAGCGGCTGATGTTGAA-3’) and
CAT (5-GCGTGTTACGGTGAAAACCT-3’; 5-GGGCGAAGAAGTTGTCCATA-3"),

as described previously(Holcik et al. 2005 RNA).
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Animals

Xenograft Tumor Model

Athymic Nu/Nu mice (Charles River Labs) were subcutaneously injected with 5x10°
transformed Perk"* and Perk”” MEFs or HT.29Puro and HT.29PerkAC cells in 100ul of
PBS. Tumors were monitored daily. Final tumor volumes were determined following tumor
resection based on the formula V=Ilength x width x depth.

Biodegradable Polymer Matrix

Porous polylactic acid (PLA) sponges were a gift of Dr. D. Mooney (Harvard) and were
prepared as previously described (67). The day prior to implantation, sponges were soaked in
100% ethanol for 2h followed by two washes in PBS. Sponges were soaked overnight in
PBS prior to embedding of cells.

Tumor/Endothelial cell sponge implants

Prior to sponge transplantation, 9x10° HDMEC overexpressing alkaline phosphatase (AP)
cells and 1x10° Perk™" or Perk” k-ras transformed MEFs were resuspended in 18pl of a 1:1
mixture of growth factor-reduced Matrigel (Collaborative Biomedical Products, Cambridge,
Massachusetts) and allowed to adsorb into the prepared sponges. The sponges were
incubated for 30min at 37°C to allow for the gelation of Matrigel. Nude mice were
anesthetized with Isofluorane and one sponge was implanted subcutaneously in the dorsal
region of each mouse. Twenty-one days after transplantation, the mice were sacrificed and
the implants were retrieved. The implants were fixed overnight in 10% buffered formalin at
room temperature. Sponges were cut in half and one half was stained for alkaline
phosphatase. Unstained sections were paraffin embedded for subsequent histologic

evaluation.
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Staining for Alkaline Phosphatase

Following fixation, sponges were washed three times in PBS at room temperature and once
in PBS at 65°C for 30min to inactivate any endogenous phosphatase activity. This was
followed by a wash in AP buffer (100nM Tris HCI, pH 8.5, 100mM NaCl, 50nM MgC12) for
10min at room temperature. The sponge slices were stained in a solution of BCIP/NBT (5-
bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium chloride; SIGMA) overnight at
room temperature in the dark. The reaction was stopped with 20mM EDTA in PBS and the
slices were embedded in paraffin for histologic evaluation. Four micron sections were
obtained, counterstained with Eosin, and visualized using an Olympus BX50 light
microscope. Pictures were captured with a Nikon Coolpix 100 digital camera.

Statistics

Unless otherwise noted, data are reported as the mean + standard deviations. Statistical
significance was determined using a Student’s t test where appropriate and p values less than

0.05 were considered significant.
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Results
Perk contributes to tumor growth and angiogenesis in vivo.

Inactivation of ISR signaling by mutations in the ER kinase Perk (dn-PerkAC, Perk-/- MEFs)

and the translation initiation factor elF2a (elF2a>'

) impairs cell survival and results in
diminished tumor growth in vivo, suggesting the presence of Perk can increase the ability of
transformed MEFs to survive and adapt to the tumor microenvironment (7). To examine the
contribution of Perk to these processes we used in vivo model systems: Perk”* and Perk™ k-
ras transformed MEFs were injected subcutaneously in the hind limb of nude mice.
Measurements of tumor volumes were determined after tumor resection and demonstrate that
Perk™ tumors were, on average, 16x larger than Perk” tumors (Perk'’" 493.44+88.7, Perk”
30.8+15.8; p<0.001) (Figure 1B). Interestingly, we observed upon tumor dissection that
Perk™ tumors appeared to have severe limitations in their ability to stimulate angiogenesis
(Figure 1A). While Perk'”" tumors developed rapidly and became highly vascularized,
tumors that lacked Perk remained as small, pale, poorly vascularized nodules (Figure 1A:
Top left panel vs Top right panel). A number of Perk” tumors demonstrated severe
hemorrhage in a confined area containing the tumor (Figure 1D). However, upon resection,
these tumors were also small in size and appeared poorly vascularized. Similar observations
were made previously in nude mice implanted with HT29 cells expressing a dominant
negative mutant allele of Perk (Koumenis, unpublished observations). Whether the growth of
Perk” tumors is solely limited by an increase in their apoptotic index, as previously
suggested, or if a compromised ability to induce adaptive pathways, including angiogenesis,
have a measurable effect on tumor growth, had not yet been elucidated prior to this study. In

vitro growth kinetics demonstrated that k-ras transformed Perk” MEFs displayed similar if
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not advantageous growth kinetics compared to Perk”* MEFs (Figure 1C), therefore
differences in tumor growth are not due to differences in in vitro proliferation rates. We

++

would thus hypothesize that the differential response of Perk™ and Perk™ cells to the tumor
microenvironment influences their survival, growth, and adaptive potential.

Perk affects endothelial cell survival and vessel formation in vivo

In order to study how Perk expression modulates angiogenesis and affects tumor growth, we
used a mouse model of angiogenesis in which PLA sponges seeded with k-ras transformed
Perk™ or Perk™ cells along with AP-HDMECs, were subcutaneously implanted in nude
mice. Perk expression resulted in a higher intra-tumoral vascular density of AP-expressing
human microvessels (Figure 2A and ‘2B). Interestingly, the microenvironment provided by
the Perk” tumors resulted in significantly fewer functional AP-expressing human
microvessels (Figure 2B). Although AP-HDMEC cells formed tubule structures, the
endothelial cells remained cuboidal in shape and the centers of many of these tubules
remained filled with other AP-HDMEC cells (Figure 2A), suggesting that the consequence
of disrupting Perk signaling within the tumor microenvironement results in disrupted
angiogenic signals that prevent the appropriate organization and maturation of HDMECs
into functional vessels (Figure 2B). This account is further supported by the repeated
observation that masses of red blood cells, in the absence of any discernable vessels, can be
seen permeating the tumor matrix, perhaps due to leaky and incomplete vascular assembly
(Figure 2A green arrows) along with our observation that Perk”™ tumors are frequently highly
hemorrhagic (Figure 1D). These studies suggest that the tumor microenvironment provided

in a Perk expressing tumor can promote endothelial cell survival and vascular maturation
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Figure 1: Perk affects tumor growth and angiogenesis in vivo

(A) Middle frame; Representative nude mouse injected with Perk”" K-Ras MEFs (left flank)
and Perk” K-Ras MEFs (right flank) with 5x10° cells/site, at sacrifice. The dissected tumors
are displayed below. Top Frame (Left and Right): Photograph of Perk'” (left) and Perk”
(right) tumors during dissection. Note the number of vessels migrating towards the Perk™
(left) tumor compared to the Perk” (right) tumor.

(B) Final tumor volumes from 7 animals at sacrifice 23-41days following subcutaneous
inoculation of tumor cells (mean+s.e.m)

(C) Growth rates of K-Ras transformed Perk”" and Perk” MEFs in vitro (n=3).
(D) Three representative photographs from Nude mice at sacrifice following a subcutaneous
injected of 5x10° Kras transformed Perk™" (top panel) or Perk”” MEFs (bottom panel). Note

the hemorrhagic pocket surrounding the Perk” tumors. Upon dissection, tumors within these
blood filled pockets remained small, pale nodules.
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Figure 2: Perk affects microvessel formation in vivo

A) Paraffin embedded AP stained sponges were sectioned (4um), Eosin counterstained, and
visualized by light microscopy. Top panel: Representative pictures from Perk'”* and AP-
HDMEC inoculated matrigel/sponge implants. Bottom panel: Representative pictures from
Perk” and AP-HDMEC inoculated matrigel/sponge implants. Blank arrows indicate AP
expressing functional vessels as designated by the presence of red blood cells within the
vessel. Black arrowheads demonstrate non-functional vessels as designated by the cuboidal
shape of the AP-expressing endothelial cells. Green arrows indicate hemorrhagic red blood
cell infiltration. All pictures were taken at 40X magnification.

B) The number of functional and non-functional vessels per section was quantified by
visualization under 40X magnification with a light microscope. The bars represent the mean
+ S.E.M. from three Perk"* and four Perk” containing sponges measured from three serial
sections.
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resulting in functional vessel formation, tumor growth, and ultimately in the development of
hypoxia tolerance.

Microarray Analysis of Polysome-bound mRNAs reveal a role for Perk in the translational
regulation of angiogenic genes during hypoxic stress

We performed a microarray analysis on polysome-associated Perk™ and Perk” SV40
immortalized MEFs in order to identify a cohort of genes that are translationally regulated
by Perk which may play an essential role in the adaptive response to hypoxic stress. We
isolated mRNAs from the high molecular weight polysomes (Fractions 6-10) and total
cellular mMRNAs from SV40 immortalized Perk”" and Perk”” MEFS exposed to normoxia or
severe hypoxia (4hr, <0.01%) (Note: for brevity, hypoxia in the text denotes severe
hypoxia). The optical density polysome profiles are shown in Figure 3 and demonstrate a
significant inhibition in protein synthesis following hypoxic stress, as evidenced by a
reduction in polysome-associated mRNAs and by the accumulation of free mRNA and
rRNA, with a considerable increase in the monosome peak. Although Perk” cells
demonstrate an inhibition in translation during hypoxic stress, this response is notably
stronger in Perk'* cells, which demonstrate a more significant decrease in polysome-
associated messages (Figure 3; compare Perk”" 4hr polysomes to Perk” 4hr polysomes).
This observation has been reported by several groups (7, 59), which substantiates an
essential role for Perk in the regulation of translation initiation during acute hypoxic stress.
We used microarray analysis to compare the gene expression profiles from total cellular
mRNAs and polysome-associated mRNAs from both the Perk’ and Perk” SV40
transformed MEFs. We tailored our analysis to identify genes that displayed a hypoxia and

Perk dependent increase in their translational efficiency as determined by their induced
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presence in the polysomes without a large change in total cellular mRNA levels. Successful
candidates displayed an induced polysome-association in Perk'” cells without a concomitant
induction in the total cytoplasmic mRNA pool, while polysome-associated gene expression
in Perk” cells remained unchanged or decreased in response to hypoxic stress (Supplemental
Figure S2). Additionally, we sought genes that were translationally repressed by hypoxic
stress in Perk™* cells and demonstrated translational-induction in Perk™ cells. Genes that met
these requirements were functionally clustered and are displayed in Table 1.

Data from our microarray substantiated the observations made in the Perk” tumors, as our
analysis identified the Perk-dependent differential regulation of a cohort of pro-angiogenic
genes. Therefore, disruption of Perk within the tumor microenvionment may result in
aberrant angiogenic signals from multiple pathways thereby contributing to the development
of poorly vascularized tumors. Notably, many of the genes identified by this analysis have
been implicated in multiple pathways involved in tumor angiogenesis including cell-cell
adhesion, matrix remodeling and ECM proteolysis.

VCIP and other angiogenic factors are efficiently translated during hypoxic stress in Perk™”
cells

We used quantitative real-time PCR (Q-PCR) to verify the translational regulation of 6
candidate genes identified by our microarray analysis (Figures 4, 5, and S1). Q-PCR values
were normalized to an internal control, vesicular stomatitis virus RNA encoding the M
protein (VSV-M), added exogenously to each RT reaction. With the exception of VCIP,
translationally regulated array candidates demonstrated a re-distribution into the polysome-
fraction without a concomitant increase in the amount of mRNA in the total lystate (Figures

5 and S1). Our initial microarray analysis demonstrated a modest increase in the steady-state
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Figure 3: Translational inhibition in response to hypoxic stress is reduced in
Perk” MEFs

Polysome Profiles (Abs at 254nm) in cell lysates fractionated by sucrose density
ultracentrifugation. SV40 immortalized Perk'" and Perk™ cells were exposed to hypoxic
stress for 4hrs or left untreated (Ohr). Cells were treated with cycloheximide (100pg/mL)
(37°C, 3min) and lysed in a Triton X-100 buffer (4°C). Cell lysates were layered on a 10ml
continuous sucrose gradient (10-50%), ultracentrifuged in an SW-41 rotor 39K for 90min.
The position of the polysomes and ribosomal subunits is indicated. The increase in
monosome-bound transcripts and ribosomal subumits combined with the decrease in
polysomes apparent in the hypoxia treated cells is indicative of decreased protein translation.
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Table 1: PERK dependent - Translationally regulated genes

PERK+/+ PERK-/-
Function Translational Transcriptional Translational Transcriptional Gene Name
Induction Induction Induction Induction
P L . 83
Regulation of cell growth | 39 1.9 abs abs  lgfbp2: insulin-like growth factor binding protein 2 {83]
3.2 1.5 1.5 1.2 Nov: Nephroblastoma overexpressed gene
Blood vessel formation I 4.1 2.0 1.0 2.0 VCIP: VEGF and type [ collagen inducible protein [42]
29 0.9 0.8 1.1  D7Ertd458e: Poliovirus receptor
. : 10,19
Cell adhesion 2.4 0.7 abs abs  Thbs2: thrombospondin 2 { ]
3.6 1.4 abs abs  cspg2: chondroitin sulfate proteoglycan 2 (versican) [13]
2.0 0.8 0.8 0.9  col6al: procollagen, type VI, alpha 3 [86]
2.4 0.8 abs abs coll2al: collagen, type XII, alpha 1
0.9 0.3 2.0 2.0 EEMPIL: EGF-containing fibulin-like extracellular [49]
’ ’ ) ’ matrix protein 1
Collagen catabolism 2.1 0.4 abs abs  mmpl3: matrix metalloproteinase 13 (11
1.1 1.1 3.2 2.8  TIMP3: Tissue inhibitor of metalloproteinase3 [78]
R . .
egulation of transcription | 22 0.9 10 15 Aebpl: AE binding protein 1
Ephrin Receptor Activity | abs abs 2.6 0.7  EphA4: Ephrin Receptor A4 [99]
25 15 abs abs ptprm: protein tyrosine phosphatase receptor
type M
2.2 1.4 1.1 1.9 Rrbp1: ribosome binding protein 1
. . 2.1 1.1 0.9 1.5 hyoul: hypoxia up-regulated 1 (ORP150) (73]
Protein Trasportation/ 28 1.0 0.9 10 slitl2: slit-like 2
Folding plodl: procollagen-lysine | 2-oxoglutarate 5
2.1 0.7 1.4 2.0 dioxyéenase 1
2.1 1.2 1.4 1.0 lamp2:lysosomal membrane glycoprotein 2
Transporter Activity 2.0 0.3 0.7 0.8 agpl: aquaporin |
2.1 1.5 1.3 0.7 Gr1b10: growth factor receptor bound protein 10 (e8]
Signal transduction 2.5 1.0 1.0 37 pdgfrb: platelet-derived growth factor receptor beta
2.4 0.8 abs abs stmn?2: stathmin-tike 2
4.6 abs abs abs  dcn: decorin
Unknown 2.5 1.0 0.5 2.1 zfp503: zinc finger protein 503
2.1 0.9 0.7 0.8 tnc: tenascin C
2.1 1.5 0.6 0.8 crifl: cytokine receptor-like factor 1




Table 1: Perk-dependent Translationally Regulated Genes

Results of microarray analysis to identify transcripts that were exclusively associated with
high molecular weight polysomes in SV40 immortalized Perk'' MEFs following an acute
response to hypoxic stress (4hr). Genespring 5.0 software was used to compare the relative
expression of polysome-bound mRNAs from Perk™ and Perk” MEFs following acute
normoxia (Opoly) or hypoxia (4poly) treated cells. Genes that were exclusively induced
>1.5-fold in the polysomes of Perk'’" MEFs (+/+ poly 4/0) and showed either a decrease or
no significant change in their polysome-association in Perk” MEFs (-/- poly4/0). Candidates
that demonstrated less than a 2fold change in total cellular mRNA (+/+Total 4/0) were
considered for further analysis. These genes were functionally clustered and subsets of these
genes are represented in this table. Candidates with a described role in angiogenesis are
referenced in red.
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Figure 4: VCIP mRNA is more efficiently translated during hypoxia in Perk™" cells

(A) Total mRNA expression is unaffected by hypoxia. Total RNA was isolated prior to

(B)

©

sucrose gradient fractionation from hypoxia treated (4hr) or normoxic (Ohr) SV40
immortalized Perk'” and Perk” cells, reverse transcribed and quantified by real-time
PCR. The quantities of each transcript are described as the number of transcripts
1solated per ng of Total RNA. Each sample was independently normalized to a spiked
internal control. Q-PCR analysis was replicated in triplicate. Results are representative
of the average + S.E.M of three independent experiments

VCIP transcripts are enriched in the polysomes of Perk™" cells during hypoxia. High
molecular weight polysomes from hypoxia treated (4hr) or normoxic (Ohr) SV40
immortalized Perk'" and Perk™ cells were pooled (fractions 6-10), reverse transcribed
and quantified by real-time PCR. The quantities of each transcript are described as the
number of transcripts isolated per pg of polysomal RNA. Each sample was
independently normalized to a spiked internal control. Q-PCR analysis was repeated in
triplicate. Results are representative of the average + S.E.M of three independent
experiments.

Perk+/+ cells demonstrate induced transiation of VCIP during hypoxia. The
transcriptional fold change was plotted as the number of VCIP transcripts isolated per
pg of Total RNA from hypoxia treated (4hr) vs normoxic (Ohr) cytoplasmic lysates. The
translational fold change was plotted as the number of VCIP transcripts isolated per pg
of Polysomal RNA from hypoxia treated (4hr) vs normoxic (Ohr) lysates.
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Figure 5: MMP13 mRNA is more efficiently translated during hypoxia in Perk™" cells

(A) Total mRNA expression is unaffected by hypoxia. Total RNA was isolated prior to
sucrose gradient fractionation from hypoxia treated (4hr) or normoxic (Ohr) SV40
immortalized Perk™" and Perk™ cells, reverse transcribed and quantified by real-time
PCR. The quantities of each transcript are described as the number of transcripts
isolated per pg of Total RNA. Each sample was independently normalized to a spiked
internal control. Q-PCR analysis was replicated in triplicate. Results are representative
of the average + S.E.M of three independent experiments

(B) MMP13 transcripts are enriched in the polysomes of Perk™”" cells during hypoxia. High
molecular weight Polysomes from hypoxia treated (4hr) or normoxic (Ohr) SV40
immortalized Perk"”" and Perk™ cells were pooled (fractions 6-10), reverse transcribed

and quantified by real-time PCR. The quantities of each transcript are described as the

number of transcripts isolated per pg of polysomal RNA. Each sample was
independently normalized to a spiked internal control. Q-PCR analysis was repeated in
triplicate. Results are representative of the average + S.E.M of three independent

experiments.

(C) Perk™" cells demonstrate induced translation of MMPI3 during hypoxia. The
transcriptional fold change was plotted as the number of MMP13 transcripts isolated per
pg of Total RNA from hypoxia treated (4hr) vs normoxic (Ohr) cytoplasmic lysates. The
translational fold change was plotted as the number of MMP13 transcripts isolated per
ug of Polysomal RNA from hypoxia treated (4hr) vs normoxic (Ohr) lysates.
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Supplemental Figure S1: Perk-dependent Translationally Regulated Genes

A-D) Perk'”" cells demonstrate induced translation of IGFBP2, Col6a, Grb10, and Hyoul
during hypoxic stress. The transcriptional fold change was plotted as the number of
transcripts isolated per mg of Total RNA from hypoxic (4hr) vs normoxic (Ohr) cytoplasmic
lysates. The translational fold change was plotted as the number of transcripts isolated per
ng of Polysomal RNA from hypoxic (4hr) vs normoxic (Ohr) lysates.
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Supplemental Figure S2: Strategy for determining Perk-dependent translationally
regulated candidates in response to hypoxic stress

Using Genespring software we identified by scatter plot a list of genes that were induced
>1.5-fold during stress in the Perk+/+ polysome arrays and a list of genes that were induced
>2-fold during stress in the Perk+/+ total arrays. Using Venn Diagrams we removed genes
that were induced >2-fold in the total cytoplasmic lysates from genes that demonstrated a
translational increase. We identified by scatter plot a list of genes that were induced >1.5-
fold during stress in the Perk-/- polysome arrays. Using Venn Diagrams we removed genes
that demonstrated an increase in the translation in both Perk+/+ and Perk-/- arrays, keeping
genes that demonstrated a Perk-dependent translational induction in response to hypoxic
stress without a concomitant increase in total cyplasmic mRNAs. The remaining genes were
further filtered for quality control, removing candidates with signals close to background
noise.
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levels of VCIP mRNA and a 4-fold increase in the polysome-associated mRNAs in Perk'*
cells upon hypoxic stress. Upon validation by Q-PCR we noted a 10-fold difference in
steady-state levels (Figure 4A; Compare Oh vs 4h in Perk'™ and Perk™, Figure 4C), and a
20-fold translational induction in VCIP expression exclusively in Perk'” cells (Figure 4B;
Compare Oh vs 4h in Perk”" and Perk™, Figure 4C). It has been reported that VCIP exhibits
a strong transcriptional induction in response to growth factors and cytokines in endothelial
cells and epidermoid carcinomas (42); however, to our knowledge, this is the first report
describing the post-transcriptional regulation of VCIP. Remarkably, Perk” cells were
incapable of eliciting either a transcriptional or translational induction in VCIP expression in
response to hypoxic stress (Figure 4). Similarly, Perk™ cells demonstrated a differential
translational induction of other genes involved in the regulation of angiogenesis, including
MMP13, a metalloprotease that has been implicated in tumor invasion. The translational
induction of MMP13 is evidenced by the recruitment of its mRNAs to the polysomes
exclusively in Perk”" cells in response to hypoxic stress (Figure 5B; compare Oh vs 4h in
Perk™" vs Perk”) without a concomitant increase in total cellular mRNAs (Figure 5A; Oh vs
4h). Other validated candidates demonstrated similar translational induction in the absence
of changes in total cellular mRNAs including Hyoul, Grbl0, IGFBP2, and Col6a
(Supplementary Figure S1). Only 5.4 % of the well-represented genes on the microarray
demonstrated any translational dependence on Perk expression (Genes induced >1.5-fold in
the polysome fractions exclusively in Perk™ cells without a concomitant induction in the
total mRNA >2-fold relative to the number of total genes that demonstrated reliable signal
by microarray; 1254/25055, Table 1). However, not all hypoxia induced genes demonstrated

a dependence on Perk expression, including ATF3 (Figure 6). Both Perk™" and Perk” cells
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demonstrated a strong transcriptional (Figure 4A, 4C) and translational (Figure 6B, 6C)
induction in ATF3 expression during hypoxic stress. We previously demonstrated that ATF3
responded to hypoxic stress by an increase in total cellular mRNA and by an increase in its
polysome-association (Blais 2004); this study however, demonstrates that induction of ATF3
in response to hypoxic stress is not dependent on Perk expression, a finding that has been
corroborated by Gardner et al. (submitted).

As expected, large changes in steady-state mRNA levels in response to hypoxic stress were
largely independent of Perk. We did observe, however, a reduced transcriptional (2-fold) and
translational (3-fold) induction in the expression of CHOP/GADDI153 in Perk”” MEFs,
which correlated with the reduced transcriptional induction of Myd116 (Gadd34) and CAG6,
two downstream targets of CHOP/GADDI153 (Table 2). Previously, we demonstrated that
hypoxic stress resulted in a substantial induction in CHOP expression (7), an observation
that appears to be dependent on the activation of two UPR responsive transcription factors,
ATF4 (31) and ATF3 (46). The observation that CHOP expression was residually induced in
Perk” MEFS suggests perhaps that ATF3 plays some role in the regulation of CHOP during
hypoxic stress. Additionally, we noted a 7-fold and 8-fold difference between Perk™ and
Perk™ cells, in the expression of metallothioneins 1 and 2 (MT1 and MT2), two members of
a family of stress-induced proteins that play a critical role in protecting cells against metal
toxicity and oxidants. The transcriptional induction of MT1 in response to hypoxia has been
previously described (69). More recently Bi et al. described the activation of MTI
transcription upon the inhibition of protein synthesis with CHX (8), suggesting a connection
between the regulation of translation and the transcriptional induction of genes involved in

the adaptive response to stress.
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Figure 6: Transcription and translation of ATF3 mRNA is not dependent on Perk

activity during hypoxia.

(A) ATF3 Total mRNA expression is induced by hypoxic stress. Total RNA was isolated

prior to sucrose gradient fractionation from hypoxia treated (4hr) or normoxic (Ohr)
SV40 immortalized Perk™" and Perk” cells, reverse transcribed and quantified by real-
time PCR. The quantities of each transcript are described as the number of transcripts
isolated per png of Total RNA. Each sample was independently normalized to a spiked
internal control. Q-PCR analysis was replicated in triplicate. Results are representative
of the average + S.E.M of three independent experiments

(B) ATF3 transcripts are enriched in the polysomes of Perk'”" and Perk™ cells during

©)

hypoxia. High molecular weight polysomes from hypoxia treated (4hr) or normoxic
(Ohr) SV40 immortalized Perk'’* and Perk” cells were pooled (fractions 6-10), reverse
transcribed and quantified by real-time PCR. The quantities of each transcript are
described as the number of transcripts isolated per pg of polysomal RNA. Each sample
was independently normalized to a spiked internal control. Q-PCR analysis was
repeated in triplicate. Results are representative of the average + S.E.M of three
independent experiments.

Perk™" and Perk” cells demonstrate induced transcription and translation of ATF3
during hypoxia. The transcriptional fold change was plotted as the number of ATF3
transcripts isolated per pg of Total RNA from hypoxia treated (4hr) vs normoxic (Ohr)
cytoplasmic lysates. The translational fold change was plotted as the number of VCIP
transcripts tsolated per pug of Polysomal RNA from hypoxia treated (4hr) vs normoxic
(Ohr) lysates.
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Table 2: Hypoxia induced; Perk-independent - Total Cellular Changes

Transcriptional Fold Change

Function Perk+/+ Perk-/- Gene Name

7.9 5.8 VEGF A [83-85]

49 3.1 adrenomedullin 2 [86-88]
Angiogenesis 4.7 4.4 Heme oxygenase 1 [89]

3.6 2.2 angiopoietin-like 6

3.6 3.3 ephrin B2 [90]

1.8 2.4 angiomotin

. 221 3.3 metallothionein 1 [32-33]

NO mediated 18.7 2.4 metallothionein 2 [32-33]
13.8 15.4 hsptA
© 101 26.6 hsp1A

45 6.3 hsp1
UPR 3.5 4.4 hsp70

6.3 2.2 Myd116 (Gadd34) [7]

1.9 25 DnaJ (Hsp40) homolog

1.5 6.0 Ddit3 (CHOP) [7,15,91]

15.6 18.6 ATF3[7, 102]

Regulation of 3.0 2.0 ATF5
Transcription 4.8 2.5 Max dimerization protein

3.4 1.8 Max protein

8.6 2.6 CA6

6.3 1.9 endothelial cell growth factor 1

3.2 52 adenylate kinase 4 [92, 93]

22 1.9 aldehyde dehydrogenase 2 [94]
Metabolism 20 20 6-phosphofructo-2-kinase/fructorse-2,

6-biphosphatase3

2.0 2.2 phosphoglucomutase 2

3.4 4.0 hexokinase 2 [95, 96]

2.2 2.7 pyruvate carboxylase [97]

3.0 1.8 asparagine synthetase
Response to DNA 10.9 56 DNA-damage-inducible transcript 3
Damage 6.9 4.8 GADD45a [101]

5.1 8.3 DNA-damage-inducible transcript 4

4.8 25 Max-dimerization protein
Apoptosis 34 18.6 NIP3 [98-100]

25 28 BCL2-like 11 (apoptosis facilitator)
mRNA processing and 2.2 2.5 g%;t]g?rllgsg:genglZadenylatlon element
Transiation e

2.1 1.9 dual specificity phosphatase 3



Table 2: Total Cellular mRNA Changes in Gene Expression During Hypoxia.

Results of Affymetrix MG430 2 microarray analysis used to identify steady state changes in
gene expression during hypoxia. Genespring 5.0 software was used to compare Perk”" and
Perk” 4total to Ototal RNA to determine gene changes induced >2fold. Genes were
functionally clustered and referenced if previously identified in the literature. Only named
genes are included in this list, ESTs were omitted.
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The 5’UTR of VCIP mediates internal initiation

Previous reports have established that VCIP gene expression is induced by growth factors
and cytokines (42); however, the contribution of post-transcriptional regulation on VCIP
expression had not yet been addressed. To ascertain if VCIP might be regulated in a similar
manner to ATF4, through inhibitory uORFs in its 5S’UTR, we searched the human VCIP
5’UTR and other mammalian orthologs for conserved uORFs and consistently found only
one uORF present at the extreme 5’ region of its S’UTR. Unlike ATF4, which has two
conserved uORFs in its S’UTR and is negatively regulated by the second uORF that causes
read through of the canonical start codon (60, 92), we found no evidence for this mechanism
of regulation in the VCIP 5°UTR. Interestingly, when we performed a sequence analysis of
mammalian VCIP 5’UTRs, we noticed significant sequence homology between the human
VCIP 5°UTR and other mammalian species (Figure 7A). As hypoxic stress results in
reduced cap-dependent translation initiation (4, 16, 50, 59, 91), internal ribosome
recruitment to the VCIP 5’UTR may provide an alternative explanation to its translational
induction during hypoxic stress. To test if VCIP contained an active IRES element we
cloned its 5’UTR into a Pgal/CAT bicistronic vector (Figure 7B). This construct i1s
transcribed as a single capped mRNA with a short intercistronic sequence separating the
5°Bgal cistron (beta-galactosidase) and the 3’CAT cistron (Chloramphenicol Acetyl
Transferase). Translation of Bgal is regulated by cap-dependent translation whereas CAT
translation can only be initiated by a bona fide IRES element capable of initiating cap-
independent translation. The viral EMCV IRES cloned into the bicistronic vector was used

as a positive control whereas the empty bicistronic vector was included as a negative control.
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In addition, we created deletion mutants within the VCIP 5’UTR to help define the region(s)
of IRES activity (Figure 7B). Significant CAT activity was detected in extracts from cells
transfected with the Bgal/VCIP/CAT or BgallEMCV/CAT bicistronic constructs. As
expected, no CAT expression was detected in cell extracts from Bgal/Empty/CAT
transfected cells (Figure 8A). Additionally, a small stem-loop structure was cloned upstream
of the Pgal cistron in the Pgal/VCIP/CAT vector. This stem-loop structure creates an
obstacle to the scanning ribosome thereby inhibiting cap-dependent translation. Significant
CAT expression was detected in lysates from cells transfected with the HP-Bgal /VCIP/CAT
expression vector (Figure 9A) in the absence of any measurable Pgal activity suggesting that
the VCIP 5'-UTR mediates the production of CAT independent of Bgal as would be expected
if an IRES element were present. Deletion constructs were created based on the homology
pattern observed across species within the 5’UTR of VCIP (Figure 7A). No homology was
observed within the regions of 1-140 bp, similarly CAT activity was ablated in this construct
as compared to the empty vector control, suggesting that alone, this sequence does not
contain an IRES sequence. Most of the homology identified within thé 5’UTR spanned the
sequence between 140-380 bp although CAT activity was only marginally active in this
construct. Interestingly, only when the sequences 1-140 bp were added to the sequences
spanning 140-380 bp was significant IRES activity observed (Figure 8A) suggesting a
modular composition of the VCIP IRES. To ensure that VCIP IRES activity could not be
explained by spurious splicing or cryptic promoter activity we compared the quantities of
Bgal and CAT cistrons of the bi-cistronic mRNA by Q-PCR. The Bgal/CAT bicistronic
vector is transcribed as a single mRNA, thus the ratio of Bgal/CAT cistrons should equal 1.

In the event that splicing or cryptic promoter activity is present within the 5’UTR of VCIP,
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Figure 7: VCIP 5°UTR is highly conserved

A) VCIP 5’UTR displays high conservation among several mammalian species. The various
species are identified on the left with their percent identity to the human VCIP 5’UTR
indicated. A dashed line specifies the areas within the 5 UTR that share high homology with
the human sequence.

B) A schematic of the various VCIP 5’UTR deletion constructs cloned into the Bgal/CAT
bicistronic vector.
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CAT transcripts would be transcribed independently from Bgal, thus the quantity of CAT
mRNA would exceed that of Bgal mRNA which could explain increased CAT activity in the
absence of Pgal expression. Q-PCR measurements demonstrated no differences in the
proportion of Pgal to CAT cistron RNA from cells transfected with either the EMCV,
Empty, or VCIP bicistronic vectors (Figure 9B) indicating that CAT activity measured in the
VCIP bicistronic vector resulted from a bona fide cellular IRES within the 5S’UTR.

IRES Activity Is Maintained during Hypoxia:

To assess whether the putative VCIP IRES could function in a bicistronic context under
hypoxic conditions, we transfected U20S cells with fgal/EMCV/CAT or Bgal/VCIP/CAT
and placed these cells under normoxic or hypoxic conditions and expression of PBgal and
CAT activity were measured in cell extracts. We observed that the CAT/Pgal activity
decreased approximately 25% in cells transfected with the Bgal/EMCV/CAT vector (Figure
8B). This effect is likely an overestimation of the true CAT/Bgal activity due to the extreme
stability of both Bgal and CAT proteins, most probably EMCV IRES activity and global
protein translation are similarly diminished in response to hypoxic stress. In contrast the
CAT/Bgal activity measured in cells transfected with the Bgal/VCIP/CAT construct
remained high, suggesting the VCIP IRES remains efficiently translated during hypoxic
stress despite the substantial inhibition that occurs in protein translation. Moreover, U208
cells co-transfected with the Bgal/VCIP/CAT vector and a stress-inducible luciferase reporter
fused to the 5’UTR of ATF4 demonstrate preferential association with polysomes during

hypoxic stress (Supplemental Figure S3) providing supporting evidence for the preferential

translation of VCIP during hypoxic stress.
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Figure 8: VCIP 5’UTR contains a functional IRES

A) U20S cells were transfected with Bgal/Empty/CAT control vector, The full length VCIP
5’UTR (VCIP FL), or various constructs containing portions of the VCIP 5’UTR cloned into
the bicistronic gal/CAT expression construct. The IRES activity is expressed as the CAT
activity divided by the PBgal activity measured in cell lysates taken 24hr post-transfection.
The error bars represent the average + S.E.M from 4-8 independent experiments.

B) U20S cells were transfected with either the Pgal/lEMCV/CAT or Pgal/VCIP/CAT
bicistronic plasmids. Cells were either treated with hypoxia for 4hrs or left untreated, 24hrs
post-transfection and the relative IRES activity was determined for each IRES element.
Measurements represent the ratio of CAT/Bgal activity at 4hr hypoxia/ CAT/Bgal activity at
Ohr. The bars represent the average + S.E.M from 3-5 independent experiments.
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Figure 9: VCIP 5°UTR does not contain cryptic promoter activity or evidence of
spurious splicing

A) U20S cells were transfected with the Bgal/EMPTY/CAT, Bgal/VCIP/CAT, or HP-
Bgal/VCIP/CAT bicistronic plasmids. fgal and CAT activity was measured in cell lysates
taken 24hr post-transfection and were normalized to the number of transfected cells based on
Neomycin activity. Reported Bgal and CAT activities are expressed relative to measurements
obtained for Bgal/EMPTY/CAT. Bars represent the average + S.E.M from 3 independent
experiments.

B) Quantitative RT-PCR was performed on total RNA isolated from U20S cells transfected
with BgalEMCV/CAT, Bgal/Empty/CAT, or Bgal/VCIP/CAT bicistronic plasmids. Q-PCR
reactions were carried out to quantify the number of Bgal and CAT cistrons expressed in
each plasmid. The CAT/Bgal ratio was calculated as 2-[Ct(CAT)-Ct(Bgal)]. The bars
represent the mean + S.E.M. from 6-7 independent experiments performed in triplicate.
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Supplemental Figure S3: VCIP IRES is preferentially recruited to the peolysomes
during hypoxic stress.

U20S cells were co-transfected the bgal/VCIP/CAT bicistronic vector and a stress inducible
ATF4 5'UTR luciferase fusion vector. Twenty-four hours post-transfection, transfected
U20S cells were placed in an anaerobic chamber for 4 hrs or left untreated. Cytoplasmic
lysates were fractionated by sucrose gradient sedimentation and total and polysomal RNA
isolated was reverse transcribed in the presence of an external control (VSV-M). The data
represent the ratio of Luciferase or CAT mRNAs associated with the polysomes and total
cytoplasmic lysates following Oh and 4h of hypoxic stress. Results are normalized to
normoxic controls and represent the average +/- SEM of three individual samples.
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Discussion

Tumor cell tolerance to hypoxia is an important determinant of the level of hypoxia which
can be sustained within a given cell. This intrinsic property drives an adaptive response that
results in increased cell survival during periods of heightened cellular stress and can elicit
resistance to anticancer therapies. Recently, stress tolerant cell lines were generated by
means of repeated cycles of hypoxia and reoxygenation. Weinmann e? al. established that
hypoxia resistant cell lines demonstrated cross-resistance to apoptosis induced by etoposide
and UV irradiation (98). Additionally, stress tolerant tumor cell lines generated by Yao et al.
were more invasive, and when injected subcutaneously into nude mice, resulted in faster
growing tumours that demonstrated increased intratumoral angiogenesis (100).

The rapid and sustained inhibition of protein translation during hypoxic stress is thought to
be one mechanism utilized by cells to promote hypoxia tolerance. The coordinated inhibition
of protein translation, an energy costly mechanism, is one energy conserving strategy
exploited by the cell when ATP levels are limited. Global translation inhibition is achieved
upon activation of the ISR through the phosphorylation of elF2a by the ER resident kinase
Perk (51). The luminal domain of Perk is negatively regulated by the ER chaperone
BiP/Grp78, which maintains Perk in its inactive state in unstressed ;:ells (6). During ER
stress, the accumulation of unfolded proteins within the ER promotes the dissociation of BiP
from the luminal domain of Perk, to assist in protein folding. This dissociation results in the
activation of Perk through oligomerization and trans-autophosphorylation of the cytoplasmic
kinase domain (34). Similar to ER stress, hypoxia results in the activation of Perk and
phosphorylation of elF2a (51) resulting in the attenuation of translation initiation and the

paradoxical translational induction of ATF4 (9). ATF4 activates the induction of
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downstream UPR genes including CHOP, BiP, and GADD?34 (7, 9). The mechanism of Perk
activation however, has not yet been elucidated. Activation of the ISR constitutes one arm of
a larger coordinated program called the Unfolded Protein Response (UPR). Hypoxic stress
similarly results in the activation of other branches of the UPR including the activation of
another ER transmembrane protein, IRE-1 (82). The role of hypoxic stress in the activation
of the UPR has recently been thoroughly reviewed (52).

Perk has been implicated in promoting cell survival and adaptation in response to a variety
of environmental stresses including ER stress (31, 33) and hypoxia (7, 9, 51). In response to
hypoxic stress, Perk” MEFs not only exhibit attenuated phosphorylation of elF2a and
reduced inhibition of protein synthesis, but also reduced survival both in vitro and in vivo.
Tumors derived from cells with a compromised ISR (Perk” MEFs, HT29 cells expressing
dnPerkAC, and cells expressing an unphosphorylatable knock-in mutant elF20>'%)
demonstrate reduced tumor cell viability and result in smaller tumor growth when compared
to tumors with an intact ISR (7).

A growing number of studies now support the idea that mechanisms that regulate global
mRNA translation can simultaneously control the translation of individual genes necessary
for cell survival and adaptation during stress (7, 9, 50). We previously demonstrated through
a collective analysis of data generated by microarray of polysome-associated mRNAs during
prolonged hypoxic stress, the Perk dependent translational-regulation of ATF4, an important
mediator of the ISR (9). Similar analyses have been previously employed to identify
translationally regulated genes involved in the host cell response to poliovirus infection (48),
T-cell activation (65), VHL expression (26), oncogenic signalling through Ras and Akt (79),

and more recently in a time course of hypoxic stress (50). The exact role that Perk plays in

119



the progression of hypoxia tolerance however, has not been fully elucidated. A previous
microarray study identified several Perk dependent transcriptionally induced changes in gene
expression in an immortalized mouse hippocampal model for oxidative glutamanergic
toxicity (61); however, large scale analysis of Perk mediated changes in translation had not
been completed prior to this study. Our analysis revealed the Perk-dependent preferential
translation of a wide variety of pro-angiogenic genes, indicating that Perk may play a
fundamental role in the translational regulation of a complex process that regulates the
development of hypoxia tolerance through multiple pathways. It seems unlikely that any
single gene product regulated by Perk will be solely responsible for the control of tumour
angiogenesis in response to hypoxic stress, but rather by the orchestrated expression of many
complementary gene products. In this stuady we examined how one of our validated
candidates VCIP, an asf; and o,f3 integrin binding protein, is regulated at the translational
level. The critical importance of VCIP gene function during angiogenesis is underscored by
the observation that anti-VCIP antibodies block bFGF and VEGF induced capillary
 morphogenesis (97) and that mouse embryos lacking the VCIP gene die between day E7-
10.5, and demonstrate abnormal vascular development (20). The pro-angiogenic growth
factors, bFGF and VEGF are capable of eliciting a strong transcriptional induction in VCIP
gene expression however the post-transcriptional regulation of VCIP had not been
previously investigated. Our data establish that hypoxic stress in the absence of exogenous
growth factors can initiate a 10-fold induction in the steady state levels of VCIP transcripts.
Moreover, VCIP mRNAs demonstrated a 20-fold translational induction as determined by
their increased association with polysomes following hypoxic stress, suggesting VCIP

expression is regulated by both transcriptional and post-transcriptional mechanisms. The
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VCIP 5°UTR is unusually long (568bp) and surprisingly highly conserved across
mammalian species. Unlike ATF4, the VCIP 5’UTR did not contain multiple conserved
uORFs; therefore, the mechanism utilized to maintain its preferential translation during
hypoxic stress is not likely due to ribosome shunting or re-initiation. Instead, our data
support the presence of an active IRES element within its 5’UTR, which may in part explain
its preferential translation when global translation is largely inhibited. Using deletion
constructs of the hVCIP 5°UTR, we were able to determine that the VCIP IRES element is
present between 1-380 bp. Removing the first 1-140 bp from this construct, however,
abolishes ahy IRES activity despite our observation that the sequence between 1-140 bp
alone does not contain any IRES activity, suggesting that this sequence is necessary to
determine the optimal secondary structure of the VCIP RNA for IRES mediated translation.
Numerous studies have identified hypoxia responsive genes that employ IRES elements to
maintain their translational priority during stress, including PDGF (5), HIFla (54), VEGF
(66, 90), BiP (62), TIE-2 (74), and ODC (77). The importance of IRES mediated translation
is revealed by the observation that mRNAs that contain IRES elements encode proteins that
play important roles in cell growth, proliferation, differentiation, and in the regulation of
apoptosis; cellular programs that are often usurped by malignant cells (40). This suggests
that IRES mediated translation may be an important mechanism utilized by the cell to
maintain and induce gene expression in order to mediate cellular adaptation and cell viability
when faced with stressful microenvironments. A possible connection between elF2a
phosphorylation and IRES translation has also béen proposed. The activities of catl, PDGF2,
VEGF and c-myc have been shown to increase either during differentiation or in response to

various cellular stresses that increase the phosphorylation of elF2a (21, 27). The mechanism
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for elF2a phosphorylation mediated IRES expression is not clear, as the phosphorylation of
elF2a results in the inhibition of ternary complex formation, a requirement for the initiation
of all cellular mRNAs, including those that are regulated by cap-independent mechanisms.
Whether elF2a(p) sensitive IRES elements require specific trans-acting factors to mediate
their translational activation during cellular stress has not been elucidated, but could help to
explain their dependence on the phosphorylation of elF2a. Alternatively, mRNAs with IRES
elements may compete with other cellular mRNAs for the limited translational machinery to
ensure their translational priority during times of reduced protein synthesis. Another
explanation includes the possibility that elF2a is not the only substrate of the Perk kinase
and that in fact other molecules may be modulated by direct Perk phosphorylation.

Interestingly, in response to ER stress, elF205'"

cells failed to induce approximately one-
third of the genes that are normally induced by ER stress (61), suggesting Perk is capable of
mediating elF2a independent gene regulation. Recently, the bzip transcription factor Nrf2
was identified as a second Perk substrate (17). In response to Perk activation, Nrf2 is
phosphorylated by Perk WhiC}‘] promotes its dissociation from Keapl thereby facilitating its
translocation to the nucleus where it binds and activates the transcription of antioxidant
genes (93, 94). Aberrant Nrf2 regulation may help to explain why cells experience increased
oxidative stress in the absence of Perk. Whether the translational regulation of the cohort of
pro-angiogenic genes discussed here are predominantly regulated by elF2a phosphorylation
or whether they represent novel targets of Perk phosphorylation remains to be investigated.

The significance of Perk’s role in regulating the translation of pro-angiogenic genes is

emphasized by our observation that a wide variety of angiogenic genes involved in different

braches of the angiogenic response demonstrated increased polysome-association following

122



hypoxic stress. Included in the Q-PCR validated candidates is a matrix metalloproteinase,
MMP13. MMP mediated extra-cellular matrix and basement membrane dissolution is an
essential event for endothelial cell activation, migration and capillary formation. More recent
studies have implicated MMP expression in earlier steps of tumor evolution including the
stimulation of cell proliferation and modulation of angiogenesis (23, 24). The hMMP13 gene
was originally identified in breast carcinoma and its expression has since been related to
other malignancies (25). Expression of hMMP13 has also been linked to the progression of
rheumatoid arthritis (RA) in the synovial membrane, a disease that shares common features
with tumor invasion (58). Remarkably, hMMP13 transcripts are translationally silenced by
the interaction of its 3’UTR and the nucleo-cytoplasmic shuttling protein TIAR (15); to our
knowledge however, we are the first to describe the translational induction of MMPI13
during hypoxic stress. VCIP may be similarly regulated as it has been demonstrated to
contain an unusually long 3’UTR (>2Kb). We found it to contain two 15-LOX-DICE (15-
lipoxygenase differentiation control element) sequences. The CU-rich 15-LOX-DICE
element is one of the best characterized 3’UTR control elements (80). Translational
inhibition is mediated by the formation of a binary complex between the 15-LOX-DICE
element and KH domain proteins hnRNP El1 and K. Minimally, two 15-LOX-DICE
elements are required to confer translational repression of a transcript and 2-4 repetitions per
transcript is average. However, as many as 31 repetitions have been identified in a single
3’UTR (quail myelin protein mRNA) (80). In light of this observation, we are currently
undertaking efforts to determine if the 3’ and 5°-UTRs of VCIP mutually regulate its post-

transcriptional expression under aerobic and hypoxic conditions.
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What is the physiological role for Perk in the translational regulation of these proteins in the
development of hypoxia tolerance? Cells with a compromised ISR pathway demonstrate
severe sensitivity to hypoxia (51) and pharmacological agents that promote ER stress (33).
Our studies corroborated findings from Bi et al., as tumors derived from transformed Perk”
MEFs are smaller than their wildtype counterparts. Furthermore, we made the observation
that these tumors remained pale in color, and did not appear to recruit angiogenic vessels as
did wild-type tumors. In a mouse model of angiogenesis where tumor cells were co-cultured
with AP-expressing human microdermal endothelial cells, we made the observation that the
tumor microenvironment imparted by Perk” cells resulted in abortive angiogenesis.
Inappropriate levels of the constellation of ligands and receptors required during vessel
maturation can result in the production of abnormal vessels. Maturation requires the
recruitment of mural cells, the generation of an extracellular matrix and specialization of the
vessel wall for structural support (44). Expression of PDGF-B and ligation to its receptor
(PDGFR-B) is required for the recruitment of pericyte progenitor cells and eventual onset of
vessel maturation (14, 44). The significance of PDGF-B during angiogenesis is underscored
by the observation that PDGF-B deficient mice die in utero at day E7.5 due to the inability
to assemble mature vasculature in several organs (36, 44, 56, 57, 88). Furthermore, PDGF
expression has been demonstrated to decrease over the progression of vessel maturation,
indicating its requirement during the onset of maturation. Similar to hypoxic stress, cellular
differentiation results in the inhibition of global protein synthesis which correlates with the
phosphorylation of elF2a. Gerlitz ef al. have demonstrated that IRES-mediated translation of
PDGF during differentiation is dependent on the phosphorylation of elF2a (27). Although

we were unable to detect any changes in PDGF expression by microarray, our analysis did
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reveal a Perk-dependent 2.6-fold induction in the translational efficiency of its receptor,
PDGFR-f; whereas its expression in Perk’”™ MEFs was undetected relative to background
(data not shown). Also critical for vessel formation and stabilization are the Tie receptors
(Tiel and Tie2). As mentioned previously, Tie2 is preferentially translated by an IRES
element within its 5’UTR during hypoxic stress, however, whether IRES activity is
dependent on elF2a -phosphorylation has not yet been determined.

Taken together, our data support the notion that Perk serves to fine-tune the translational
efficiency of a subset of pro-angiogenic mRNAs during the course of hypoxic stress.
Importantly, the inability to signal through Perk resulted in smaller tumor growth due in part
to disregulated angiogenic signals that produced non-functional blood vessels. We propose
that the translational regulation conferred by Perk in response to acute hypoxic stress
represents a critical aspect in the development of hypoxia tolerance and in tumor growth.
Results from this study further support the notion that Perk remains an attractive target for

novel anti-cancer therapies.
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APPENDIX B:
INTERNAL TRANSLATION INITIATION MEDIATED BY THE
ANGIOGENIC FACTOR TIE2

Contribution to the Collaboration

Our contribution to this manuscript is represented in Figure 1. Cell culture and hypoxic
exposure of Huvec cells to hypoxic stress was performed by J.Blais. Polysome-fractionation
studies of Huvec cells in response to normoxic and hypoxic treatment and RNA isolation was
performed by J.Blais. The written contribution to this manuscript, as required in the results
section, materials and methods and figure legend, was written by J. Blais and edited by Dr. J.
Pelletier.

Summary

The authors of this paper delineate the translational regulation of a pro-angiogenic protein
required for blood vessel maturation in response to hypoxic stress. They demonstrate during
hypoxic stress that protein synthesis is dramatically inhibited and while most genes are
subjected to a decrease in their translational efficiency, the efficiency of Tie2 translation is
maintained. They attribute this translational regulation, at least in part, to a novel cellular
IRES element within the 5’UTR of Tie2 that is capable of initiating cap-independent

translation and thereby maintain its translational priority under unfavorable conditions.

This article was reprinted, with permission, from Park et al. 2005, copyright ASBMB Journals.
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Tie2 is an endothelium-specific receptor tyrosine ki-
nase required for normal bleod vessel maturation. We
repori that Tie2Z mRNA iranslation is maintained under
hypoxie conditions. To identify the mechanism respon-
sible for this, we undertook strueture/function analysis
of the Tie2 5’ .amtranslated region (UFR}. Transeription
start site mapping indicates the existence of a several
mRNA isoforms containing unusually long 5 -UTRs
(>350 nucleotides) with five upstream open reading
frames. We find internal ribosome binding activity that
allows the Tie2 mRNA to initiate in a cap-independent
fashion. Our data provide a framework for understand-
ing how Tie2 mRNA is translated despite a cumbersome
structured 3.-UTR and how its production is seeured
under unfavorable environmental conditions.

Anglogenesis is an essential step in allowing tumors to grow
beyend 1-2 mm in diameter {13 Although the vasculature of
most adult tissues is quiescent, during embryogenesis or in
pathological conditions such as cancer, a pro-angingenic seiting
is established. At least {wo families of growth factors, vascular
endothelial growth factor (VEGF) and the angiopoietins, are
required for this process. VEGF mediates its effects through
VEGFR-1/Fit-1 and VEGFR-2Fik-VKDR, two endothelial re-
ceptors implicated as central regulators of the vascular system
under both normal and aboormal physiological cenditions (2
51 VEGF expression is stimulatesd under hypoxic conditions by
the trénscription factor hypexia-inducible factor-1 (HIF-1),
which regulates a large range of physinlogical responses as a
consequence of reduced oxygen availability (8, 71

The angiopoietins belong to a second family of angiegenic
factors essential for blood vessel maturation. Anglopoietin-1
{Ang-1}is an agonist of endothelial cell tyrosine kinase receptor
Tie2/tek (8) Studies with Tie2 mull mice indicate that the
angiopuietin'Tie2 signaling system plavs a role in the later
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steps of anglegenesis (9), Consistént with a central rele for Tie2
in angiogenesis, germ line-activating mutations in humans are
associated with vascular dysmorphogenesis {105, Additionaily,
the naturally occurring Tie2 aniagonist, Ang-2, disrupts angio-
genesis in vive 1110, Blocking Tie2 activation with recombinant
Ang-2 significantly inhibits tumor growth (12} and is associ-
ated with activation of apoptosis (13} possibly due to disrup-
tion of Akt signaling (14). Henee, studies aimed at better de-
fining the regulation of Tie2 expression are imporiant in
assessing anti-angiogenic therapeutic avenues.

In addition to profound transcriptional effects (8, T), expo-
sure of cells to hypexia atienuates protein svnthesis by decreas-
ing translation initiation 115, 18). Two main steps of initiation
are targets for regulation, sither 43 8 ribosomal complex for-
mation by affecting «IF2 phosphorylation statos {173 or the
mRNAfribosome binding step {18) Ribosomie recruitment in
eukaryntes can oceur by twe mechanisms, a cap-dependent
process and by internal ribosome recruitment. Cap-dependent
recruitment socurs through elF4F-mediated recognition of the
m G-eap structure and involves binding of the 43 $ preinitia-
tion complex near the mRNA 5 -end, followed by zcanning to
the appropriate AUG start codon (18 Barriers to the scanning
process, such as mRNA secondary structure and uwORFs, im-
pinge in a negative fashion en the translational efficiency of a
mRNA species. The cap dependence of an mRNA is thought to
be a function of §'-cap-proximal secondary structure; hence
mRNAs with reduced secondary structure will have reduced
dependence on eIF4F for initiation. whereas those with in-
creased secondary structure are move dependent on eIF4F for
inmtiation {18, 200, Internal ribosome recruitment allows an
mBNA to bypass the cap-dependent initiation requirement for
elF4F. These different mechanisms of inttiation provide a laver
of gene regulation by which expression of specific mENAs can
be maintained or altered independent of others. Although hy-
poxia exerts inhibitory effects on cap dependent ribosome bind-
ing (161, several mRNAs mmplicated in angiogenesis remain
efficiently translated, including VEGF (21-24), HIF-1« (25),
and Tie2 this report). Whereas VEGF and HIF-1a achieve this
by recruiting ribosomes internally to an IRES, the issue of how
Tie2 iz able to circumvent this translational block has not been
addressed previously. Herein, we present functional studies
that identify the presence of an IRES ¢lement within the Tie2
5"-UTR, highlighting the complexities of Tie2 expression at the
level of translation.

EXPERIMENTAL PROCEDIURES

Lell Lines, Transfections, enid Hypoxie Treatment—Primary haman
mnbilical vein endothelial colls (HUVECS) were prrchased from Clo-
netics (Walkersville, MD? and maintained in endothelial growth medi-
um-2 supplemented with growth factors, 2% fetal bovine serum. 50
pgmal gentsmicin, and 8 gl amphotericin aceerding to the mam-
facturer’s instructions.

DMNA transfectionis inte primary HUVECs were performued using
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Lipefectin (Invitrogen), ag specified by the manufacturer. Briefly, 1.5-
1.8 ¥ 10° cells were seeded per 10-cm® plate and grown in endothelial
grawth medium-2 suppdemented with 2% fetal bovine seram. Cells ware
harvested 24 h postdransfection and luciferase activities measured
using the dusl-luciferase reporter assay system (Promega, Madison,
Wh, Transient BRNA transfections were performed using the cationic
lipid reagent, DMRIE-C (Invitrogen). Approximately 1.8 x 10% HU-
VEUs were seeded per 16.cm® plate 24 h prior to teansfection. Cells
were then transfected with 20 pg of capped and pelvadenylated mRNA
and harvested 8 h pestdransfection. Transfections were performed in
duplicate and repeated three times. For polysome analysis and RNA
isolation, extracts prepared from HUVECs grown onder hypoexia
>0.01% Og) and nermoxia (20% Oy for 18 h were fractionated by
velocity sedimentation on 10-50% sucrose gradients. Al experimends
with HUVEUs were performed between passages two and five.

FPrimer Extension—Human placental poly(A}" or total RNA was ob.
tained from Clontech (Pale Alto, CAL Total RNA from HUVEUs was
isolaved using TRIzol (Invitrogen} aceerding to the manufacture’s sug-
gested protocal. Oligonuclestides were endlabeled with [y-22PIATP
(3000 Cifmunol, PerkinElmer Life Sdences) using T4 pelynuclectide
kinase and purified after separation on 8% denaturing polyacrylamide
gels. A mixture of 2.5 pg of mRNA or 35 pg of total RNA and 2 X 10°
epm of the primer was annealed at 65°C for 15 min The extension
reaction was performed using SuperSeript I (Invitrogen) according o
the manufacturer’s instructivns, Extension products were separated on
an 8% denaturing gel and the products visvalized by amteradiography.

RiNase FProfection Assey—Templates for riboprobe synthesis wers
prepared by subdoning a 244-bp fragment containing the hTie2 5'-
flanking sequence (—467 to —224) inte the pBluescript H KSi+ ) plas-
mid {Strategene, La Jolla, €AY o ceste hTic2UP-Ribel ¥pKSIE
-P2PIUTP (RO0 CiAnarmnl) was used with the MAXLscript in vitro tran-
seription kit {Ambion, Austin, TX) to generate riboprobes from the
XhoHinearized hTie@UIP-Ribn14pKSIL The radiolabeled ¢BRNA wag
purified by 8% denaturing gel slectrophoresis, followed by elution for
12 hat 37 *Cin 0.5 M ammeondwm acetate, 1 mM EDTA, 0.2% 5D The
efficiency of labeling was determined by seintillation ceunting. and 1 %
18% epm of each labeled riboprobe were used per reaction. RNose pro-
teetion assays were performed uzing the BPAII system (Ambdon; o
cording to the manufacturer’s instructions. Briefly, the labeled ribo-
probe was hylaidized to 8§ pg of human placental poly(AY* for 16 h at
4% *C. Following hybridizativn, vnprotected single-stranded RNA wae
digested with a mixture of ENase A (2.5 unitsm]) plus RNase T1 (100
unite/mll. The resalting pretected products were separated on an 8%
denaturing plyascrylamide gel amd visualized by amteradiography.

Bucrose Gradients and Polvsome Analysis—Polysome analvses were
performed on HUVECs at 70¢% confluence. Cells were treated with 0.1
nygiml cyelohexamide for 3 min and harvested in lysis buffer (15 mu
Tris-HCE (pH 7.43, 300 my NaCl, 15 mu MpCl,, 1% Triton X-100, 0.1
mgiml exclohexamide, 333.3 unitwml RNase inhikiter {Ambiony at
4G, After a brief ventrifugation, the extract was layered on 10-50%
suerowe gradients in baffer (15 mn Tris HO{pH 7.4, 300 mM NaCl, 15
my Mgy, Gradients were centrifuged at 39,000 rpm for 15 hat 4 °¢,
and fractions were collected across the gradient and snopfrozen in
Tiguid nitregen. Total RNA or RNA from the indicated pooled fractions
fllewing sucrese gradient eentrifugation was iselated nsing TRIzel,

Generation of Monocistronic and Bivistronic Construets—The gener-
ation of bidstronde vonstrusts was based on pRADEF 1265 Firat, ¢
fragment corresponding te the hTie2 5UTR wos generated by POR
amplification »f the hTig2 5-UTR +DNA and subdened inte pGL3-
BASBIC iFromega). In the second step, the fragments containing hTie2
5 -UTR and aminc-termminal coding region of firefly Juciferase were
introdused into pRADEF by replocing the AEMOV 5 UTR and the first
121-bp of firefly luriferase Bicistronic constructs containing a stable
stem-loep structure (TAR(HIID slement (273 were generated by ingert-
ing the stem-loop slement 332 bp upstream of the Renillo coding region
of the above-mentioned bidstronie constructs. For all of the recombi-
nant constructs generated in this study in which a reporter was placed
downstream of uQRFS, ity AUG ondon was placed indrame with the
predicted Tie2 AUG cedon embedded in wORFS. The accuracy of all
constructs was condirmed by sequending.

Reai-time Reverse Transcriptase (RT)-PCR Anwelysis—Belative ox-
pression levels were assessed wsing a 200-300-ng RNA sample by
real-time, ane-step RT-PCR using the Roeche Dhagnostios LighiCyeler
matrument and the Reche Diagnostics LightCyder RNA puster SYBR
areen [ kit socording to the manafacturer’s instruction. The level of 28
S rRNA was used as a referenve value for guanditation within samples
to determing the relative ameunts of spedific mBNA. Th
oligonucleotides used fior RT-PCR are available on regue

sequences of
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Northern Blot Analysis—Total RNA was iaclated following transfec-
tion with bicistronic reporters. Following extraction of RNA with
TRIzol, 21 pg of total RNA was Inaded onto a 1% formaldehyde-agarose
gel, separated by electrophoresis, and transferred to a nylon membrane.
Hybridization wae in ExpressHyb hybridization selution (BD Bie-
sciences) at 88 °C with & ~$00-nt firefly eiferasespecific *2P-labeled
prebe. Auteradiography of the membrane was performed at —80 °C
with film (Kedak X-Omat) te visualize the radicactive signal.

Metaboliv Labeling with [SMethionine—HUVECs were plated at
2.7 % 107 eells per 150-mm plate ond incubated for 24 h, followed by a
further 12-36-h incubation under either normexic or hypoxic tondi-
tinns. Cells were then washed with phosphate-buffered saline and in-
cubated in methionine-free RPMI 1640 medivm (Sigma) supplemented
with 10% fetnl calf serum and [PSlmethionine (PerkinElmer Life Sei-
enees) 4 h prior o harvesting., Cells were washed three times with
phosphate-buffered saline and harvested in lyeis buffer (25 my HEPES
ipH T.43, 187 man Na(Cl, 10% glyeerol, 2.5 my EDTA, 2.5 mm EGTA,
G.5% Triten X100, & mM B-mercaptocthanel, 2 ug/ml aprotinin, 2 gg/ml
leupeptin, 2 pg'ml pepstatin A). The cell Iysates (500 ug of total protein)
were precieared with protein G-8epharese and immuncprecipitations
performed with anii-Tie2 (Santa Cruz Biotechnology, Inc., Santa Cruz,
€AY, anti-B-actin antibodies {Abeam Inc.. Cambridge, MA), and anti-
ornithine decarboxylase (ODC) (Bigma) antibodies, respectively. The
immuneprecipitates were then subjected to SDE-PAUE, followed by
fluerography. Experiments were performend twice at loast in triplicate.

REBULTS

Tie2 mRNA Is Trenslated under Hypoxic Conditions—To
assess the translational behavior of Tie2 mRNA under hypoxic
conditions, we menifored iis disiribution across polysomes
from normoxie and hypesic treated primary HUVECs (Fig. 1.
Under hypoxic conditions, there is a reduction in polysomes
accompanied by an apparent increase in amount of free ribo-
somal subunits (Fig. 14), as reported previcusly (23, 25) and
consistent with a reduction in protein synthesis associated with
this physiolegical {reatment. Quantitative RT-PCR from frac-
tions collected from the bottom or top half of the polvsomes
iN/H-4 and N/H-3, respectively), as well as from the top of the
sradient (NVH-1) and the region containing the ribosomal sub-
units (N/H-23, revealed that the distribution of TieZ and VEGR
mRNAs remain unchanged when cells are transferred from
normoxic to hypoxic conditions (Fig. 1B). In contrast, the vast
majority of B-actin mRNA appears in heavy polysomes under
normoxic conditions (N-4) snd redistributes Lo lighter fractions
tH-3, H-2, H-1) when HUVECs: are transferved to hypoxia (Fig.
1R} This is similar to what has been repeorted previously for
B-nctin mRNA redistaibution when eells are exposed to hypoxia
(25, 28). We also assessed the change in polysome distribution
of a seennd mRNA encoding ODC. Translation of this transcript
is generally cap-dependent (29, 30}, except during mitosis (31}
Az the majority of cells in our experiment were not in mitosis
(5%, we expect ODC to behave as a cap-dependend tran-
seript. The majority of QDC mRNA from HUVECs under nor-
moxic growth conditions was in N-2 or heavy polysomes {N-4},
Upon exposure of HUVECs to hypoxia, the majority of the
mRNA in the N-4 fraction shifted to lghter polysomes (H-3),
These results are consistent with s reduction in cap-dependent
protein synthesis associated with hypoxia (23, 25). Like other
reporte documenting mENA redistribution among polysemes
during hypoxia, we do not ohserve a complete disaggregation of
B-actin (25, 28) or ODC mRNA inte free mRNA (Fig. ),
despite an apparent flattening of the polysome peak (Fig. 14)
We attribute thie to the relative insensitivity of using spectro-
photometry to meniter polysomes and suspeet that there is
some residual polysomes in the hypoxia-treated samples.

To assgess Tie2 protein levels under hypoxic conditions, we
performed Western blot analysis on twtal protein isolated from
HUVECs (Fig. 245 HIF-2a protein was detected only in ex-
tracks prepared from hypoxic cells confirming activation of the
hvpoxie response (Fig. 245 In this Western blot analysis, an-
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Fie. 1. Effect of hypoxin on Tie2 expression in HUVEDs, 4, A, profile of polysomes obtained from HUVECs under normexie or hypoxic
cendifions, B, RNA was purified from the indicated proled fractions in A and quantified using real-time RT.PCR. For vach gene. the relative
amount of cach pooled fraction was caliulated as 2 pereentage of ite total in the polysomes. The results are an average of three independent
eaperiments, and the standard devistiens are shown. Primers used for quantitative RT-PCR of the hTiel transcript were hTie2443-423)
(SGATGAATTGUGAGATGGATAGGGOTTGAG-Y ) itargeting nts — 257 to —255) amd WTHe2UPS 2 (3 ACUTTRCACATTOCAGAAAGGAG-3Y

(targeting nts +43 te +68)

£-H3 histone was used as a lowding oontrol for HIF-2a (Fig.
243 Consistent with the pelysome profiling resulis (Fig. 13,
Tie2 protein was present in both normoxic and hypoxic treated
cellz (Fig. 24). (In this experiment, & nouspecific band labeled
with an asterisk is used as a loading contrel for Tie2o Tie2
profein was actively translated under both normexic and hy-
poxie conditions az assessed by metabolie labeling of HUVECs
followed by immunoprecipitation with anti-Tie2 antibodies
(Fig. 2By In contrast, synthesis of B-actin and ODC was sig-
mificantly decreased afier exposure of HUVEC: to hypoxic
stress (Fig. 28), To gauge the extent to which translation in
HUVECs iz suppressed by hypexia, we measured the rate of
PFEhmethionine incorporation into newly synthesized proteins

in HUVECs under normozxic or hypoxic cenditions (Fig. 20
Under hypoxic conditions, protein syntheais is reduced by 85%
in HUVECs, in comparison with HUVECs under normoxic or
reoxygenated conditions following hypexic stress 1Fig. 2Ch
Taken together these results indicate that translation of Tie2
mRNA is resistant to the reduction in protein synthesis accom-
pandesd by hypoxic treastement of HUVECs.

The levels of Tie2, VEGF, and f-actin mRNAs in total RNA
tsolated from HUVECs were also muasured by guantitative
RT-PCR (Fig. 2D VEGF mRNA levels inereased 70-fold in
response to hypoxia, whereas those of B-actin decreased ~—4-
fold (Fig. 203 These resulis are consistent with previcusly
reported effects of hypoxia on VEGF and f#-actin gene expres-
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Fuz. 2. Tie? protein production is maintained under hypoxie
conditions. A, Tie2 protein expression in HUVECs exposed to hypoxia
iHL 1% Oy er normexia V) 200% 0O,) for 16 and 40 h. Upper panel,
Western blot nnalysis performed using polyclenal anti-HIF-2¢ (Novus
Biologicals, Ine., Littleton, CO) andibodies. Middle panel, Western blut
snalysis performed using histone H3 antisera (Cell Signaling, Beverly,
MAY. Lower panel, Western blot analysiz performed using anti-Tie2
iSanta ruz Biotechnology, Ine.} antibodies, A nonspecific band {indi-
cated by an asterish? was used as a loading control. B, metabolic label-
ing of Tie2? under hiypexiv eonditions, HUVECs were metabolically la-
beled with [P*S)methienine under nermexia (N or hypoxia (H) and
immuneprecpitated with anti-Tie2 or anti-g-actin antisera, Immune-
precipiaten were resolved by SDE-PAGE and visualized by fluoregra-
phy. €, metabelic labeling using [™Sjmetidonine in HUVECs under
conditions of normaxa, hypexia, or resxygenation. HUVEC vells were
preiucubated for 40 h under hypoxia or normeda or incubated for 49 h
under hvpoxia, followed by 1 h of normexia (reoxygenatedy Radisla-
beled myethionine incorporation ander nermoxin is alae pregented in the
presence of 20 pgim! cyeloheximide. Cells were incubated in the pres-
ence of [*Smethionine for 10, 30, er 60 min, then immediately har-
vested. Trichlornocctic acid preeipitation of cell lvsates was performoed
i duplicate and used to determine the incorporation of [®8methionine
inte protein. Each measurement wag normalized with reapect 1o total
protein as determined by the Lowry protein assay 815 The results
represent the average of three independent experiments perfermed,
andd the error bors denote the srrov of the wean. D, total RNA was
izolated from cellz and used as template for real-time RT-PCR. The
relative mRNA amounts were normalized W the abundancs of the 28 5
rBNA and averaged for three independent experiments,

sions {32-34). Under hypoxic eonditions, Tie2 mRNA levels
decressed ~4-fold, consistent with the results reported by
Mandriota and Pepper (35),

Mapping the Human Tie2 &-Urtranslated Region—In an
attempt to understand hew Tie2 translation is mainiained
under hypoxie stress, during a time when overall eap-depend-
et protein synthesis is atlenuated, we undertook a structure/
functivn approach  mapping of the Tie2 5-UTR. The tran-
seription start sites of the human Tie2 mRBNA have been
previsusly defined using 5 -RACE and primer extension {36).
The results supgested the presence of 10 transeription nitia-
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tion sites situsted from 2689 to 414 nucleotides upstream of the
initiator AUG codon (371 However from this report, it is not
possible to assess which sites were detected by primer exten-
slon versus those identified by 5-RACE. We re-mapped the
transcription initiation sites in the human Tie2 mRNA to iden-
tify transcription start siles. Primer extension analysis was
performed with three oligonudeotides (hTie2-UP-8, hTie2-
UP.7, hTie2-UP-1), which together span the entire length of
the Tie2 5-UTR i Fig. 34). No specific products were visuslized
with hTie2-UP-6 or hTie2-UP-7, indicating that thase likely
reside too far downstream of the transeription start site(s).
However, two distinet extension preducts were obtained with
hTie2-UP-1 (Fig. 3B) These fragments map o nts —372 and
-377 of the Tie2 5'-UTR (Fig. 3D, encased within gray boxes).

To complement the primer extension results and determine
whether we could detect the same start sites, we performed
RNase protection experiments. The probe used extended from
~467 to —224 (Fig. 3D, generated by primers hTie2-UP-4 and
hTie2-UP-5). Two major protected fragments of 127 and 149
nucleotides were observed (Fig. 3C). These mapped to positions
vvvvv 372 andd --350 of the Tie2 5 -UTR (Fig. 3D We note that the
start site at nucleotide —350 may have been missed in the
primer extension analysis, due to high background in this size
range of the gel (Fig. 3C). Taken together, the RNase protection
aral primer extension resulis indicate that a major Tie2 tran-
seription site lies at nucleotide —872, This site also lies within
2 nudlestides of the identified murine Tie2 transcription initi-
ation site (371 Sequence analysis of nver 300 5-RACE PCR
producte demonstrated sequence contiguity with the Tie2
genomic DNA sequence, indicating the absence of a frequent
splicing avent within the Tie2 5 -UTR.Z Hence, the Tie2 mRNA
isoforrus identified hers contain several features predivted to be
inhibitory to a cap-dependent initiation mechanism, notably a
lengthy 5-UTR (372 nts), five uORFs, and an AUG codon
embedded with the last wORF {Fig. 3D). In this report, we
further characterize the translational properties of the
—372 isoferm.

The Tie2 5'-UTR Medictes Internal Initiation—One mecha-
nism by which Tie2 could be efficiently translated under hy-
poxic conditions (Fig, 28, a situation that reduces cap-depend-
ent translation initiation (18, 263, would be if Tie2 translation
procesded by internal ribostme recruitment to the 5-UTR. To
test this, the Tie2 5°-UTR was positioned within the intercis-
tronic spacer between the firefly and Renifla Tucifersse ooding
regions {Fig, 443 We also generated a construct in which all
uAUGs had been removed by mutating AUG to UG, 1o assess
their potential contribution to IRES activity (Fig 44 As a
negative control for these experimeants, we utilized a delelion
mutant of the EMCV & -UTR that does not support internal
ribpsome binding (Fig. 44, oonstruct Rew/AEMC/FF). The
tength of the AEMUC sequence is ~440 bp, similar ts the size of
the Tie2 5 -UTR used in these sxperiments (372 bp). In addi-
tion, we generated constructs in which the human immunode-
fickency virus TAR element (TAR(+IIIY was positioned up-
stream of Renillo luciferase. This allowed us to probe whether
firefly luniferase expression was independent of Renille expres-
sion and not a consequence of ribosome reinitation (Fig. 44).
The stable secondary structure of this element (AG = ~49.9
keal/mml) is expected to act as a physieal barrier to 5-end-
mediated intliation and decrease expression of the Bendlle lu-
ciferase protein (27),

Transfection experiments with HUVEUs revealed that ex-
pression vectors containing the TAR: +I elemant upstream of
the Renilla luciferase initiation codon displayed a - 5-fold re-

2 E-H. Park and J. Pellotier, unpublished dota
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A

FIG. 3. Determination of the tran.
seription stard siteis} of human Tie2
mBNA, A, schematic representation of
the buman Tie2 5 -UTR. The uDRFs are
depictad as well as their relative reading
frames by different shades of groy. Aster-
iska abwve sn wQRF indicater the pres. B
enee of an internal ALIG, n-frame with
the nOBF initiator AUG. B, mapping of
the transeription start sites of the human
Tie2 gene by primer extension. Total RINA
from HUVECk, human placental paly(Ar*"
RNA, and yeast tRNA were analyzed us-
ing eligenneleotide hTie20P.1 as a
primer. Sequencing readtions were uged
as moleodar markers, The two major c
products {(arroes? terminate at adenosine
residues and are encased in the gray
boxes in. B The smaller produscts observed
from the hnman placenta mRNA prepara.
tions were not reproducibly seen among
different experiments. €, RNage protec-
tion mapping of the human Tie2 mRNA,
The RNase protection assay (RPA) of hu.
man placental pedy{A)” RNA or yeast
RNA was performed as deseribed under D
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duction in Renille luciferase activity relative to the constructs
lacking this stem-loop barrier iFig. 4B, compare lanes 1-3 to
lenes 4--81. Very low levels of fivefly luciferase activily were
detectable from enlls transfected with Ren/AEMO/FF or
TAR(+IITVRen/AEMCHFF, sinee the AEMC 5-UTR does not
allow for efficient reinitiation or for internal ribosome recruit-
ment {(Fig. 4B, lones I and 41 However, significant and com-
parable firefly luciferase activities were detected in extracts
from cells transfected with RenTieFF and TAR(+HIVRen/
Tie2FF {Fig. 4B. compare lane 2 with lane 5) or with Ren/
Tie2avAUGFF and TAR +1IRen/'Tie2auAUG/FF (Fig, 4B,
compare lane 3 with Jane £). These results indicate that the
Tie2 5 -UTR mediates the production of firefly luciferase inde-
pendent of Renil{a luciferase, as would be expected if an IRES
was present.

IRES Activity Is Maintained during Hypoyie—One function
of the Tie2 IRES might be o maintain efficient translation
during hypoxia (Fig. 1). To assess whether the putative Tie2
IRES could function in a bicisironic context under hypoxzic
conditions, we transfected HUVECs with RenfAEMOFF or
Ren/Tie2AAUGTFF and placed these cells under normoxie or
hypoxic conditions {Fig. 4C). Luciferase activities were then
measared inesll extracts, We observed that the relative Renilia
lueciferase activity decreased ~2-fold when cells were exposed
o hyposia (Fig. 4. This effect 12 likely an underestimation of
the true de ¢ in protain synthesis, since it relies on meas-
uring snzyme aetivity, aome of which will be already present

TOEAGTCAGCTTECTLCT TTCTECA CTERNKIAAGETGCCATOGACTTOATCTTGATCAAT

prior to the start of hypexic treatment, Expression of the firefly
luciferase cistron was increased slightly under hypoxic condi-
tions in Ren/Tie28uAUG/FF (Fig, 4C). The hypoxiohormoxic
ratio indicates that the polential Tie2 IRES activity woas even
slightly stimulated under hypoxic conditions {Fig, 4 These
results indicate that the putative Tie2 IRES is functional dur-
ing hypoxic treatment.

Northern blot analysis indicates that bicistronic transcripts
produced in vive from Ren/AEMCFF, Ren/TieZFF. and Ren/
Tie2AAUGFF were of comparable guality (Fig, 457 No major
degradation product was vigible that could account for the
differential expression of firefly luciferase from Reo/Tie2/FF
and Ren/Tie2AAUTG/FF, relative to Ren/AEMCFF (Fig. 4B).

Another alternative interpretation for the ohserved results
would be the existence of cryptic splice sites upstream of the
firefly luciferase ooding region that could eliminate a portion,
or all of, the upstream Renifle sequences. Subsequent transla-
tinn of » spliced transeript could then lead W increased firefly
huciferase levels, without the need to inveke the existence of an
IRES. As a test for this, we performed RT-PCR on total RNA
isolated from HUVECs that had been transfected with Ren/
Tie2FF or Ren/Tie2auAllG/FF (Fig. 545 PUR primers were
designed that targeted the 5-UTR of Renilla and within the
firefly luciferase coding region (Fig. BA. J¢ft paneD. A single
DNA preduct was oblained following RT-PCR of RNA from
transfected cells and correspomds in size w the expected full-
length PCR produet encompassing the Renifle ORF and Tie2
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1 Ren/AEMCEF
2 Ren/Twe2/FF
3 Rea/T2AuAUGTFF

4 TARLI/RenlAEMCIFF
5 TARGIDMen/Tiel/FF

} i & TARGIDRen/TieRAsALIGFF I 2 3 4 & &
C [ Normoxis - Normoxs CIRemila D
73 Hypoxia W Hypoxia M Fredly o) Construct

; 1t 2 3 ¢
§ [ § 1.5 75 e
g % 34 - ,
4 3o : -
; 3 ’
% § §; 05+ i 4
- | I
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, GAPDH

v

Fiiz 4. The Tie 5. UTR mediates internal inftiation in vive. A, schematic representation of bicisironic constructs containing the Tie2
5UTR in the intercistronic regien. The RBenilla and firefly luciferase ORFys are dencted by a white and black box, respectively. The stem-loop
structure upstream of the Rendlla ORF in the TAR(+HIID construct series represents the human immmunedeficiency virug TAR element. B,
quantitation of luciferase activities fellowing DNA transfection ints HUVECs. The relative light units per microgram of protein extract are dencted
for both the Renilln and firefly luciferase proteing. The construct number is indicsted below the x axis, The results represent the average of three
independent experiments performed, and the error darg denwote the evror of the mean. C, quantitation of Renifle luciferase activitiss obtained from
transfected cells expased to normexia or hypoxia, Luciferase activities were determined, normalized to the protein content of each extract, then set
relative to the value obtained for RenTie28AUGTTF under normonie conditions. Butioe of the hypoxic to normexte values are also ealeutated and
plotted. Values plotted are the average of thres independent experiments with the standard ervor presented. D, Northern blot of RNA iselated from
transfected HUVECs and probed for firefly tuciferase. The nature of the construct is indicated above the panel and vorresponds to the numbering
scheme used in A. The arrowhead indicates the position ef migration of the bivistronic mRNA, and the dottom panel is the same blot reprobed with

glyevraldehyde-3-phosphate dehydrogenase (GAPDH). t¢ acconnt for pessible variations in loading.

5 -UTR {~1.7 kbp) (Fig. 545 PCR products were not observed
when reverse transeriptase was omitted from the RT-PCR i Fig.
543 From this experiment, no evidence of splicing was ob-
tained as assessed by the lack of smaller PCR products Gvhose
amplification should be favored during the PCR) (Fig. 5A)

To enzsure that the results obtained in Fig. 4 were not due to
the presence of a cryptic promoeter within the Tie2 5 -UTR, we
generated expression vectors in which the Tie2 5 -1ITR was
placed upstream of the firefly luciferasze gene in a promoterless
plasmid backbone (Fig. 58y A firefly reporter construct con-
taining BV40 promoter (SV40/Luc) was ured as a positive con-
trol. Transfection of these reporter constructs mte HUVECs
showed that pGL-Basic (negative control} and hTie2/Lue con-
structs produced similar levels of low lucifirase activity (Fig.
5. On the other hand, SV40/dLue vielded over 100 times
higher luciferase activity compared with hTie2/Lue and pGL-
Basic iFig. 5, These results indicate the abgenve of a detect-
able eryplic promoter activity within the Tie2 5 -UTR.

To confirm and extend these results, we performed s series of
mRNA transfection experiments. We generated cappesd and
polyadenylated mRNAs frem bicistronis constructs containing
i1} the EMCV 5-UTR with the deleted IRES (negative contrsly,
iy the pohiovirus IRES (positive controlh. and iy the TieZ

5°-UTR containing or lacking all uAUGs (Fig. 64). Following
transfection of mBNAs into HUVECs, firefly and Renilla pro-
daction was assessed by Western blotting (Fig. 68) or by meas-
uring luciferase activities (Fig, 8C), Western blotling experi-
ments revealed that production of Renille luciferase was
similar among the four transfected mRNA species, whereas the
levels of firefly luciferase differed among expression eonstructs
iFig. 681 No firefly luciferase was observed from cells trans-
fected with TAR +HIVRen/AEMUYEF dlane 35, consistent with
the abeence of an IRES in this construct. In contrast, transfec-
tion of TAR(+ H1¥Ren/Poli’FF mRNA into HUVECs preduced
high levels of firefly luciferase (fane 43 Firefly luciforase was
also detectable from cells transfected with TAR{+IIVRen/
Ti2FF and TARCGHEVRenTie2avAUGFF mRNAs, with
alightly more being produced fremy the construct lacking
uAUGs iFig. 8B, compare lane I with fune 2).

These results were confirmed by monitoring Renifle and
firefly luciferase activities (Fig, 8. The FF/Ren ratio obtained
fromm HUVECs transfected with TAR(+III¥Ren/Polio/FF
mRNA was ~100-fold greater than that obtained from cells
transfected with TAR +IHyRen/AEMOTF mRNA, consistent
with the presence of an IRES in the former transeript (Fig. 6C.
The FFRen ratio of TAR{+THVRenTielAvAUGHFF trans-
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A

Frz. 5. Absence of eryptic splicing
within the Tiel 5-UTR. A, RT-PCR
analysis of total RNA isolated from trans-
fected HUVECs PCRs were performed
from plasmid DNA (enes labeled Dy as
positive controls. RT-FOBRs were  per-
formed frorn RNA in which RT was added
{+} or omitted (—) The expecied size of
the PCR products is indicated. Molecular
gize markers (M) are 1-kbp ladders from
New England Biolabs, The locatian of the
PCR primers used in this amplification
are schematically shown, B, assessing
promoter activity of the Tie2 §.UTR.
Schematic representation of construets
used o test for oryptic promoter activity
within the Tie2 5-UTR iy shewn The
firetly lociferase ORF is dennted by a
black box. The pGL-Basic veclor (Pro-
mega) lacks a defined active prometer.
The Tie® 5-UTR ints —37¢ o +08) was
placed upstream of the firefly huciferase B
gone, SV4VLlar containg the 5V40 pro-
mwter driving franseription of the firefly
Taviferage gene and wos used as a pesitive
comtrol. €. HUVECs were tronsfected
with pGL-Basic, HTie@Lue, or SV40/Lue
in conjunction with the plasmid pRL-

CMV {Promega). Lysales were prepared
from the cells fellowing transtection, and
Taciferase activities were measured. The
relative light units per microgram of pro. '
tein extract are ghown for the firefly In-
ciferase pretein. Te account for variations
in transfection effivienvy, firefly lucifor-
age activity was normalized to that of Re-
ailie uciferase. The results represent the
average of three independent experi-
ments performed in duplicate, and the er-
ror bars denote the error of the mean.

focted rvells was -~ 8-fold higher than that of the negative con-
trol. These results indicaie that the observed Tie2 IRES activ-
ity is RNA-dependent and not due to the presence of a cryptic
promoter. TAR(-+IIIVRen/T1e2/FF exhibited ~3-fold lower FF/
Hen ratio than that detected with TAR+1TE/Ren/Tie2AuAUG/
FF. further sugeesting that the wORFs within the Tie2 §-1UUTR
negatively affect IRES-mediated translation {see “Discussion™.
MMSCUSSION

The angiopoietin-Tie2 signaling pathway plays an important
role in the development of normal and tumor vasculature. Tie2
expression is elevated in human cancers (breast, ovarian, hep-
atocellular, glicblastoms) with expression being localized in
*“vaseular hot spots™ at the leading edge of invasive tumors
ireviewed by Peters ot al. {8811 Contlicting reports have been
presented regarding changes in Tie2 protein and mRNA levels
during hypexia. Inereases in Tie2 protein expression have been
reported to parallel inereases in Tie2 mRNA levels (39-41) In
contrast, Mandriota and Pepper (351 have reported decreased
Tie2 mRNA levals during hypoxia, and Lin et ol {42) indicaied
unchanged Tie2 protein levels under hypoxia. The reasons for
these discrepancies ave not clear but may reflect response
differences to hypoxia among the different cell lines. In our
hands, Tie2 mRNA levels decresse as a consequence of hypoxia
treatment (Fig. 200 with pretein production continuing at lev-
els comparable with those observed during normoxia (Fig. 28).
Our study indicates that Tie protein production 13 seeured
under hyposic conditions (Fig. 281, when general translation
15 raduced.

20951

YT 1. Butc
BAe TURLUC HTied/Luc
CEVRT- R 5V

Findly Luctferase Activity (RLLD)
£ 3 & 4

The presence of an IRES within the Tie2 3-UTR provides an
sxplanation for how this mRNA is able to escape the reduction
in translation imposed by hypoxia. Exposure of cells to hypoxic
conditions has been shown to be associated with a decrease in
cap-dependent translation as a result of increased formation of
the elF4E/4E-BP1 inhibitory complex (18, 433 In sddition,
increassed phosphorylation of elF2a assoviated with hypexia
alzo contributes to decressed general protein synthetic rates
but increases the production of a specifie set of mRNAs (15).
The tdea that the Tie2 IRES allows an escape from translation
repression during hypexia is supported by our experiments in
which the Tie2 IRES activity was maintained, and even
slightly stimulated, under hypoxic conditions (Fig. 4,

The Tie2 mRNA 5 TR contains five uORFs, an unusually
high number for a pukaryotic transeript iFig. 3D} The primer
combination used to assess the polysome digiribution of the
hTie2 mRNA in Fig. 1B spanned five uORFs and the first 60
nucleotides following the initiation eodon (Fig. 3D Owr gquan-
titative RT-PCR results demonsirate that the Tie2 transeript
obtained using these primers is associated with polysemes
under both normexic and hypoxic vonditions, indicating that
translating Tie2 mBNA contains this complex 5-UTR with its
five uORFz We note that in both DNA and RNA transfections,
expression of firefly luaferase 15 increased when all of the Tie2
wAllGs are deleted (Figs. 4B and 61 A simple interpredation of
these results is that some {or all) of the wORFs reside between
the IRES and the inftiator ATG and are encountered by the
internally initinted ribosome. This could have the consequence
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A allow specifie gene expression during a time when global trans-
Mn&m n lation is reduced. We would expect that additional genes whose
¥ < expressions are maintained during hypoxia represent excellent
candidates for harboring IRESs. Additionally, the Tie2/angio-
TARGTHYRen T w2 ' ST . P p H
H poietin-1 signaling system has been Implicated in regulating
4 AT ) s . n e .
TARI M Ra/ Fed AuALIGAT: | - quiescence of hematopoletic stern cells in the bone marrow
TARCHH R SEMOFE booooomeooe 3 niche {49). Tie2 expression needs to be maintained during
TAR AIVReaPedioFE |- - | quiescence, a physiological state associated with reduced pro-
tein synthesis (503 Hence, the Tie2 IRES described herein may
B \ serve to cireumvent the translation block imposed by quies-
o Y g
TARL R es T BF . S .
S cence to keep Tie2 protein levels constant.
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APPENDIX C:

INTERNAL RIBOSOME ENTRY SITE-MEDIATED TRANSLATION
OF APAF-1 BUT NOT XIAP, IS REGULATED DURING UV-INDUCED
CELL DEATH

Contribution to the Collaboration

Our contribution to this manuscript is represented in Figure 6. We provided the siRNAs to
PERK and performed the troubleshooting experiments required to obtain a substantial
inhibition in PERK expression. Primers to amplify PERK by Q-PCR were provided and
proper experimental conditions determined by J.Blais. The data presented in Panel B was
completed by J Blais. Written contribution to this manuscript in the appropriate areas of the
results section, figure legend, and material and methods, were written by J. Blais and edited

by Dr. M Holcik.
Summary

The authors of this paper investigated the translational regulation of two known apoptotic
proteins in response to UVC irradiation. In response to UVC irradiation, protein synthesis is
inhibited and an increase in cell death is observed, due in part to the translational induction
of the pro-apoptotic protein APAF-1. Importantly, PERK”™ MEFs demonstrate increased
sensitivity to UV-induced cell death. This finding correlates with the observation that PERK
" MEFs, cells expressing dn-PERKAC and siRNA mediated knock-down of endogenous
PERK, demonstrate higher APAF-1 IRES activity following UVC irradiation than wildtype
MEFs, suggesting that PERK may act as a negative regulator of UV-mediated cell death.
Moreover, activity of APAF-1 IRES activity is not impacted by the expression of elF2a>'4,
suggesting elF2a phosphorylation may not be the only important cellular target regulated by
PERK.

This article was reprinted, with permission, from Ungureanu et al. 2006, copyright ASBMB Journals.
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Internal Ribosome Entry Site-mediated Translation of Apaf-1,
but Not XIAP, Is Regulated during UV-induced Cell Death™®
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and Martin Holcik®'

From the *Apoptosis Research Center, Children’s Hospital of Eastern Ontario, Ottawa, Ontario K1H 811 and the *Ottawa Health

Research institute, Cttawa, Ontaric K1H 816, Coanada

Components of the cellular translation machinery are targets of
caspase-mediated cleavage during apoptosis that cerrelates with the
inhibition of protein synthesis, which accompanies apoptosts, Para-
doxically, protein synthesis is required for apoplosis to nceur in many
experimental settings. Previous studies showed that two proteins that
rvegulate apoptosis by conteolling caspase activity, XIAP and Apaf-1,
are trnslated by a unique, cap-independent mechaniun mediated by
an internal ribosome entry site {IRES) that is used preferentially under
conditions in which normal cap-dependent translation is repressed.
We investigated the regulation of XIAP and Apaf-1 following UV
irradiation. We show that UVC irradiation leads to the inhibition of
translation and cell death. Furthermore, IRES-mediated translation of
Apaf-1, but not XIAP, is enhanced by UVC irradiation, and this
increase in Apaf-1 translation correlated with cell death. The enhanced
Apaf-1 IRES-mediated translation is caspase-independent but is neg-
atively modulated by the eIF2a kinase protemn kinase RNA-like endo-
plasmic reticulum kinase. These data saggest that progression of UV-
induced apoptosis requires IRES-mediated translation of Apaf-1 to
ensure continuous levels of Apaf-1 despite an overall suppression of
protein syathesis.

Normal cellular functions require complex control of cellutar home-
ostasis, and apogptosis plavs an essential role in this process. In this
context, apoptosis is a cellular stress response that serves to eliminate
cells that are too damaged to maintain their proper function. UV light is
a common type of environmental stress that causes DNA damage and
induces apoptosis in mamrnalian cells by engaging the mitochondrial
branch of apoptotic signaling pathway {1}, This pathway of apoptosis
requires the release of cvtochrome ¢ from mitochendria into the cyto-
plasm, where it binds to the adaptor protein Apaf-1, triggering the for-
mation of the apoptosome (2). Formation of the apoptosome resules in
the stepwise sctivation of caspases-9 and -3 that, in turn, cleave intra-
cellular substrates leading to the final demise of the cell (3). The assem-
bly of the apoptosome and auteactivation of caspase-9 represent critical
events in the mitochondrial apoptotic pathway, and Apaf-1 plays a cen-
tral role in this process. Conversely, XIAP,” the most potent member of
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Research {OHR), Premier’s Resparch Exvellenc e Award, and the Cansda Foundation
for innovation, Cntario Research and Development Challenge Fund. The costs of
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2 The abbreviations used are: XIAF, inhibitor of apoptosis protein; BPA, nbonuclease
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the 1AP {inhibitor of apoptesis protein) family, also associates with the
apoptosame to prevent both the activation and activity of cospase-3 (43,
Thus, both Apaf-1 and XIAP play vritical but opposing mles in the
regulation of the activity of the apoptosome.

Previous studies have underlined the importance of Apaf-1and XIAP
in regulating UV-induced apoptosis. 1t was shown that increased Apaf-1
protein levels correlate with increased sensitivity to UV-induced apo-
ptosis (5-7). For example, T cells from Apaf-1 knock-out mice {53, as
well as Apaf-1-deficient K562 and CEM leukemic cells (8), all exhibited
increased resistance to UV-induced apoptosis. In contrast, restoration
of Apaf-1 protein levels by transient transfection restored the sensitivity
of leukemic cells to UV-induced apoptosis (6). On the other hand,
increased XIAP protein levels conferred resistance of MCF-7 cells to
LV-induced apoptosis (8).

Given the importance of Apaf-1 and XIAP proteins in the control of
the cellular response to UV irradiation, it is important to understand the
mechanisms involved in regulating the expression of both of these pro-
teins, Cells generally respond to environmental stress stimult by inhib-
iting global translation. In contrast, a small proportion of mRNAs con-
taining IRES {internal ribosome entry sequence) elements within their
8 -untranslated region {UTR) are refractory to this inhibition and con-
tinue to be efficiently translated (9. LIV irradiation was shown to inhibit
protetn syathesis by inducing phosphorylation of the transhation initia-
tion factor ofF2a by either the PERK {10} or GCN2 (11, 12} oIF2a
linases. Interestingly, both Apaf-1 and XIAP contain IRES elements
within their respective 5" -UTRs and exhibit distinct modes of regulation
{13, 143, However, the regulation of Apal-1 or XIAP translation during
LIV irradiation-induced apoptosis has not been explored.

In the present study we investigated the regulation of Apaf-1 and
XIAP expression during UV stress. We found that UV irradiation inhib-
its protein synthesis and triggers dose-dependent cell death in 2937
cells. However, Apal-1 protein levels are significantly enhanced follow-
ing UV irradiation. This paradoxis explained by the transhtional induc-
tion of Apaf-1 expression mediated by the Apaf-1 IRES element in
response to UV irraciation, which is refractory to UV-mediated inhibi-
tion of global protein synthesis. In contrast, translation of XIAP was
inhibited to the same extend as global protein synthesis. We further
found that the translation of Apaf-1 is independent of the phosphoryl-
ation status of #1F2e but is modulated by the #1F2a kinase PERK both
in vitre and i vive.

protectinn assay; CAT. chloramphenicol acetviransferase; IRES, imternal ribosome
entry site; UTR, urtranshated reglon: PERK, protein kinase RN& dike endoplasmic reticulum
kinase; GCN2, gereral controlnon-derepressible-2 z-vADmK benzvloxyvarbony-VAD-
flupromethy! ketone: ELISA, enzyme-linked immunaosorbent assay; siRNA, small interfer-
erce RNA; BT, revere transoiption; eiF 2a. w-subunitof inftiation factor 2 ER, endoplasmic
reticulurs; MEF, rouse embryonic fibroblast
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EXPERIMENTAL PROCEDURES

Cell Culture and Transfection Reagents—Mouse embryonic fibro-
blasts from PERK-null (PERK ™ ™) or PERK wild-type {PERK™ 1 mice
were maintained in Dulbecco’s modified Eagle’s medinm {Wisent Inc}
supplemented with heat-inactivated 10% fetal calf serum, 2 ms 1-glu-
tamine, 1% antibiotics {100 units/m] penicillin-streptomyrin}, 1% essen-
tial amine acids, and 0.01% B-mercaptoethanel Human embrysnic kid-
ney (2937} cells were maintained in standard conditions in Dulbeceo’s
maxdified Eagle’s mediurm supplemented with heat-inactivated 10% fetal
calf serum, 2 mu L-glutamine, and 1% antibiotics (100 units/mi penicil-
lin-streptomycin}. Transient transfection and co-transfection were
done wsing Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer’s protoecol. Briefly, cells were seeded at a density of 3 =
16° cells/ml in 6-well plates coated with poly-p-lysine {5 pg/ml) and
were transfected 24 h later in serumi-free Opti-MEM medium {invitro-
gen) with 2 pg of DNA and 4 gl of lipid per well The transfection
mixture was replaced 4 h later with fresh Dudbecco's modified Eagle’s
medium supplemented with 10% fetal ealf serum, 2 mu glatamine, and
1% antibiotics. Co-transfections of 293T cells were done as deseribed
above exceptthat 1 pp of bicistronic plasmid was combined with 1 pgef
expression vector,

Plasmids—The bicistronic vectors pBgal/hUTR/CAT (containing
the human X1AP IRES} and pPgal/ Apaf- 1/CAT (containing the Apaf-1
IRES) were described previously {15, 16]. The expression vectors for the
FLAG-tagged (3CM2 wild-type and the dominant-negative mutant
GCN2 K — M {containing a point mutatien that destroys the kinase
activity of GCN2Z), the mye-tagged PERK wild-type and the T7-tagged
PERKAC expression vector {containing the coding sequence of the
luminal domain of PERK), the myc-tagged IRE1b wild-type and the
dominant-negative IREIbAC expression vector {containing the coding
sequence of the luminal domain of IRE1b}, and the el F2a wild-type and
elF2a $51A mutant {containing a point mutation that prevents the
phosphorylation of £lF2a) were kindly provided by Drs. R. Wek, 8, W,
and D Ron and were previously described {10, 17),

LV Irradiation—Cells were irradiated at room tempersture in fresh
medivm with a 30-watt LVC light source {254 mm). The intensity of
UV light was measured prier to each experiment with a UVX radiom-
eter (UVP Inc., Upland, CA). Transfected cells were irradiated 24 &
post-transfection as deserited above. For the 2. VAD-fmk experiments
the cells were pre-treated with 2-VAD-frak {100 pa) or Me,SC for 25
before LIVC treatment and for 24 h post UVC treatment. Cell viability
was determined 24 h follewing UV irradiation nsing the Vi-Cell cell
viabifity analyzer {Beckman Coulter}

Analysis of Global Protein Synthesis—Both control and UV-irradi-
ated vells were labeled with [*Slmethionine (200 uCi/ml, Amersham
Biosciences) for 1 h in methioninefoysteine-free minimal essential
medium {Invitrogen) in which L-cvsteine was added to a final concen-
tration of 83 mg/iter. Cells were harvested in ice-cold phosphate-buff-
ered saline and lysed for 20 min at 4 °C in radicimmune precipitation
assay buffer (15 Nonidet P49, 1% sodium decxycholate, 0.1% SDS, 0.15
M NatCl, 0.01 M sodium phosphate. pH 7.2, 2 mM EDTA, 0.1 mm phen-
yimethylsulfonyl fluoride) containing 10 pgiml each of aprotinin,
pepstatin A, and leupeptin {all from Sigma}. The lvsates were then cen-
trifuged at 14,000 « g for 1D min, and supernatants were collected.
Protein concentration in the supernatant was determined by using a
protein assay kit {Bradford Assay, Bio-Rad}, and equal amounts of pro-
tein samples were separated by 10% SDS-PAGE. The total proteins were
visualized by Coomassie Brilliant Blue (R-250) staining, and the 8
incorporation was visnalized by autoradiography.
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Westers Blot Analysis—Cells were harvested in ice-cold phosphate-
buffered saline, and cell extracts were prepared in radiotnumune precip-
itation assay buffer as described above. Equal amounts of protein
samples were separated by 10% SDS-PAGE and analyzed by Western
blotting. The antibodies used were as follows: mouse monoclonal anti-
FLAG M2 {Stratagene}, mouse monoclonal anti-¢- My (Sigma), mouse
moneclonal anti-T7 {Novagen), rabbit monodenal anti-elF2e {Cell
Signaling Technology), rabbit menoclenal anti-phosphe elF2a {Ser-51,
Cell Signaling Technology), rabbit polyclonal anti-XIAP {Fgera),
mouse monoclonal anti-Actin (Sigma}, rat monoclonal anti-Apaf-1
{Chemicon), rabbit polyclonal anti-CREB2/ATF4 {Santa Cruz Biotech-
nology), and mouse monnclonal anti-processed caspase 3 {Cell Signal-
ing Technology). The antibodies were used at the manufacturer’s sug-
gested dilutions, and conditions were followed by secondary antibody
{herseradish peroxidase-conjugated sheep anti-mouse or anti-rabbit
g5, Amersham Biosciences). Antibody complexes were detected using
the ECL plus Western blotting detection system {(Amersham Bio-
sciences). If quantification of protein data was required the Western
blots were performed as described above, but the secondary antibody
used was Alexa Fluor 680 goat anti-monse, anti-rat, or anti-rabbit 1gG
{L1-Cor Inc.}). Antibody complexes were then detected and quantified
using the Odyssey Infrared Imaging system {L1-Cor Inc).

B-Galactosiduse and CAT Analysis—Cells were briefly washed in
ice-cold phosphate-buffered saline and harvested in the CAT ELISA kit
lysis buffer {Roche Molecular Biochemicals} scrording to the protocol
provided by the manufacturer. B-Galactosidase enzymatic activity in
cell extracts was spectrophotometrically determined using o-nitrophe-
nyl-B-D-galacotpyranoside {18}, The CAT levels were determined using
the CAT ELISA kit {Roche Muodecular Biochemicals) und the protocol
provided by the manufacturer. The relative IRES activity was deter-
mined as a ratio of CAT/B-galactosidase in three independent experi-
ments performed in triplicates. All dots are shown as an average = S.D.
of three independent experiments performed in triplicates,

RNA hrierference—293T cells were transfected in a 6-well plate with
control siRNA {CY3-labeled, 1147296, Dharmiacon) or with a PERK-
targeting Smartpool (M-004883.-01, Dharmacon) using RN AiFect ((ia-
gen} as per the manufacturer’s instructions. The cells were replated on
the next day, and the levels of PERK message were assessed by quanti-
fative RT-PCR 72 h post-transfection, For detection of Apaf-1 IRES
activity, the PERK or control siRNA transfected cells were transfected
the day fellowing siRNA transfection with the Apaf-1 bicistronic plas-
mid pBgal/ Apaf-1/CAT. The UVC irradiation and B-galactosidase and
CAT analyses were performed as described above,

Ribonuclease Protection Assay—Total RNA was isolated from UVC-
treated or control cells with TRIzol reagent {(Invitrogen) and treated
with 1 unit of DNase L The *P-labeled antisense RNA probes spanning
162 nucleotides of the XIAP 5 -UTR {coordinates B to —162}, the com-
plete Apaf-1 5°-UTR, or human glyeeraldehyde-3-phosphate dehydeo-
genase (BD Pharmingen) were synthesized using the MaxiScript T7
transeription kit {Ambien} and gel-purified. RPA analyses were per-
formed using the BPA IH kit {Ambion) and the protocel provided by the
manufacturer. Briefly, 10 pg of total RNA was hyvbridized overnight at
42 °Cwith5 » 10" epm of high specific activity probe and then digested
with an RNase A/RNase T1 mix. The digested samples were ethanel-
precipitated and separated on a denaturing polyacrvlamide gel. The
protected fragments were visualized by x-ray film and quantified on a
Bio-Rad Model GS-870 imaging densitometer,

Cuastitative RT-PCR—Total RNA was isolated from UV treated
or control cells that were previously transfected with the pBgali Apaf-1/
CAT reporter plasnid as described above. For guantitative RT-PCR,

AR LOLLME 281 -NUMBER 22« JUNE 2, 2006

145



Regulation of Apaf-1 by UVC Irradiation
B.

" . 35
Coomasie Blue

S-Met

FIGURE 1. BVC irradiation induces cell death
and inhibits nascent protein synthesis. &, 2937
cells were treated with the indicated doses of UYC
irradiation, and cell viability was determined 24 h
later as described under “Experimental Proce-
dures.” Each data point represents the average =+
5.D. determined from three indepandent experi-
ments performed in tiplicate. 8 UVC treated or
untreated 2937 cells were pulse-labeled with
P*SIMet for 1 b, and total cell extracts 30 pgdane}
were fesclved by 10% SDS-PAGE as described
under “Experimental Procedures.” The protein gel
was then stained with Coomassie Blue R-250 to
detect total proteins, followed by autoradivgra-
phy to visualize newdy synthesized proteins.
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reverse transcription was carried out using the First-Strand ¢DNA Syn-
thesis kit (Amersham Biosciences} with Notl-d(T},, primers. The quan-
titative PCR was performed using the QuantiTect SYBR green PCR kit
{Qiagen) and analyzed on an AB] Prisn 7008 sequence detection system
using the AB! Prism 7000 SDS Software. Quantitative PCRs were carried
out todetect B-galactosidase (5 -ACTATCCCGACCGCCTTACT -3 and
S -CTGTAGCGGCTGATGTTGAA-R Yand CAT (5 -GCGTGTTACG-
GTGAAAACCT-Y and 5 -GGGCGAAGAAGTTGTCCATA-3") as
described previously {18). The primers for detection of PERK were as fol-
lows: forward, 5-CTCACAGGCAAAGGAAGGAG-3, and reverss,
S -AACAACTCCARAGCCACCAC-Y,

RESULTS

LV Irradiation Induces Celf Death and Inhibits Protein Syntiesis—
To tnvestigate the regulatory mechanism of UVC-induced cell death,
we first determined the sensitivity of 293T cells to UVC irradiation.
Twenty-four hours after exposure to increasing doses of UVC the per-
centage of surviving 2937 cells was determined by viable cell caount
using the Beckrnan Coulter Vi-Cell 1.01 cell viability analyzer, UVC
irradiation was fournd to induce cell death in a dose-dependent manner,
with 50% cell survival at a UVC dose of 300 J/my® and only 10% survival
at 450 I/m” {Fig. 14). The 300 Jfm” dose was therefore chasen for sub-
sequent experiments.

We next asked whether the exposure of 2037 eells to UVC irradiation
also inhibits protein synthests in 2937 cells as have been shown previ-
ously for other cell lines {10-12). UV C-irradiated 293T cells were met-
abolically Inbeled with [P°S]Met, and protein lysates were analyzed by
SDS-PAGE followed by Coomassie Blue staining and autoradiography.
These analyses revealed that protein synthesiswas substantially reduced
inx the UV C-irradiated cells compared with non-irradiated 293T cells
(Fig. 18), vonfirming that UV irradiation inhibits protein synthesis in
2937 cells,

Apaf-1 but Not XIAP Proteln Expression Is Induced by UVC brradia-
Hon and Is Necessary for LV -induced Cell Death—We next investigated
whether UV irradiation affects the expression of Apaf-1and XIAP, two
proteins involved i the regulation of UV -medisted cell death. When
compared with the corresponding sxpression of vndogenous Apaf-1
and XIAP in non-irradiated 2937 cells, the expression of Apafl
increased significantly in UVC-irradiated cells, whereas the expression
of XIAP was slightly reduced {Fig 24). When we examined the RNA
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samples solated from treated and untreated cells by RPA analvsis we
noted that the Jevels of Apaf-l1 mRNA did not change in response to
UVC irradiation {Fig. 2B). This suggests that the observed increase in
Apat-1 protein levels following UVC irradiation could be due to trans-
lational up-regulation of Apaf-1.

1t has been demonstrated previously that IRES-dependent translation
is preferentially emploved during conditions of cetlular stress {1315,
201, Because both the Apaf-1 and X1AP mRNMAs have IRES elements
within their 5'-UTRs, we examined the effect of UVC irradiation on the
activity of Apafl and XIAP IRES elements. To study IRES-mediated
translation exclusively, we used the previously described bicistronic
pPealiCAT reporter plasmid that has the B-galactosidase gene and
chloramiphenicol acetyltransferase gene as first and second cistrons,
respectively, with the IRES to be tested inserted between the two cis-
trons {15}, In this system, expression of the second cistron (CAT) is
dependent on IRES activity. Bicistronic reporter plasmids carrying
either the Apafl IRES or the XIAP IRES were transfected into 2937
cells, and IRES-dependent translation of CAT was determined 24 hafter
treatment with increasing doses of UVCirradiation (Fig, 20}, The activ-
ity of the XIAP IRES {as measured by CAT expression) was inhibited to
the same extend as global protein synthesis (measured by B-galactosid-
ase expression). In sharp contrast, the activity of the Apaf-1 IRES par-
alleled the increase in UVC dose, with a 5-fold increase in activity at an
UV dose of 200 J/m?, and an 8-fold increase in activity at 450 J/m?®
{Fig. 2C and Table 1}

it is formally possible that the observed induction of Apaf-1 IRES
activity is due to transcriptional induetion, cryptic promeoter activity, or
spurious splicing of the bicistronic RNA transeript (Bgali Apaf-1/CAT)
produced from the pSgal/Apaf-1/CAT plasmid, thus altering the ratio
of CAT protein to S-galactosidase protein, We therefore determined
the effect of UVC irradiation on the integrity of the BgalfApaf-1/CAT
bicistronic RNA transcript using quantitative RT-PCR as described pre-
vieusly (19% Total RNA was isolated 24 h post-UVC irradiation and
subjected to quantitative RT-PCR of the Apai-1 bicistronic mRNA, and
this confirmed that the increase in Apaf-1 IRES activity was not due to
transcriptional induction, cryptic prometer activity, or spurious splic-
ing of the bicistronic mRMA (Fig. 2D

The results presented shove demonstrate that increasing doses of
UVC irradiation induce Apaf-1 IRES-dependent translation that corre-
lates with a loss of viability in 2937 cells. These data are in agresment
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FIGURE 2. WV induces the expression of Apaf-1 but not XIAP via IRES-mediated ranslation. A 2937 cells were treated with the indicated dose s of UNC inadiation, tetal protein

lysates were preparedt 24 h later and resolved by 19% SDS-PAGE. Endogenous expression of Apaf-1 and XIAP proted

d by W

was o blot analyses using antiboidles

againstApaf-1 and XIAP, respectively. The expression of B-actinin both UVZ -treated and untreated cells wes used as a control, &, ribonuclease protein assay (RPA of Apaf-1, XIAP, and
glyceraldehyde-3-phosphate dehydrogenase mRNAs in treated and untreated cells {same as A1, €, 293T cells were transiently transfected with the XIAP or Apaf-1 IRES bicistronic
reporter constructs and the effect of UNVCiradiation on XIAP iwhite bors) and Apaf-1 1RES {black bars) translation were determined 24 h later by messuring the g-galactosidase and
CAT activities as described under “Experimentsl Procedures.” The relative IRES activity in non-iradiated oells was set as 1 for each construct. The burs represent the average = $.D.
determined from three independent experiments performed in wriplicates, O, quantitative RT-PCR was performed on DNase Freated 1otal RNA isolated from 2937 cells transfected
with Apaf-1IRES bicistronic plasmids. The RNA was isolated and reverse transcribed as described under "Experimental Procedures. The quantitative real-time KT-PCR was performed
using the QuantiTect SYBR green RT-PCR kit {Qiagent and analyzed on an ABI Prism 7000 sequence detection system using the ABI Prism 700D SDS Software. Quantitative PCR
reactions were garried put to detect the 8-galactosidase and CAT cistrons of the bicistronic mRNA. The CAT/g-galactosidase ratio was cabrulated as 210878381 The pars

represent the raean = 5.E, of three experiments,

TABLE 1

UVCirradiation enhances Apaf-1 IRES-mediated translation but not
cap-dependent ot XIAP IRES-dependent translation

. . . g g Relative IRES
T oot b
Construct B-Galactosidase TAT activity”
Apaf.-1 (0 ¥m® 184 (EDH31) G213 (0080 1.157
Apaft {450 !J'rn") D105 (£ 0.023) 1021 (2008 723
XIAP {8 VMm% 0.210{X0.033) 2173 (X 0098} 10.347
XIAP (450 Jim™ DO {X0.029) Q538 (EOO7R) 6.518

“ Cells were transtected with the indicated plasmids and exposed to € or 450 Iim®
LB 24 h post-transfection as described under "Experimental Procedures.”

?-Galactoshtase {cap-dependent) and CAT (IRES-dependent) hevels were deter-
mined 24 h post-UY irradiation as described under "Experimental Procodures”
and are shown per 1 py of total protein,

* Relative IRES activity was determined as CAT/8-galactosidase

with previcusly published findings that repression of Apat-1 expression
using small interfering RNA (siRNAY to Apaf-1 (21}, or by deletion of
the Apaf-1 gene {57} resulted in the suppression of UV-induced apo-
ptosis. Conversely, restoration of Apaf-1 protein levels resensitized cells
to UV-induced apoptesis (6). Taken together, these data suggest that
continued transhtion of Apaf-1 afforded by the Apaf-1 IRES element is
required for cell death induced by UVCirradiation.

WV C-mediated Induction of Apaf-1 Is Caspasc-independent—\We
previously demonstrated that the activation of caspases is required for
the stimudation of Apafl IRES activity in etoposide-treated cells {13). To
determine if Apaf-1 IRES activity is regudated by the same mechanism

Al UHEMISTRY

during W C-induced cellular stress, 2937 cells were transfected with
either the Apaf-1 IRES or XIAP IRES biristronic plasmids, treated with
the browd-range caspase inhibitor z-VAD-fmk, and then irradiated. As
shown in Fig. 34, pre-treatment of rells with z-VAD-fmk had no effect
on the induction of Apafl IRES activity following UVC irradiation,
although it was sufficient to inhibit caspase-3 cleavage (Fig. 3B). These
datn suggest that the induction of Apaf-1 IRES activity by UVC irradi-
ation is caspase-independent.

LIVC-mediated Induction of Apai-1 Is Independent of elF2a Fhosphor-
ylation Status, but Is Modulated by PERK—Previous studies have shown
that diverse cellular stresses can stimulate the IRES-mediated transla-
tion of some mRNAs via a mechanism that requires transient phospho-
rylation of the ce-subunit of initiation factor 2 (elF 24} {22). Recently, two
distinct elF 2 kinases, GUN2 and PERK, were implicated in the phos-
phorylation of eIF2a and the consequent inhibition of protein synthesis
during UVC irradiation {10 -12}. We therefore investigated whether
GCN2, PERK, or phosphorylation of eIF2a are involved in the modula-
ton of Apaf-1 IRES activity by UVCirradiation. To test the requirement
for GCN2, 2937 cells were co-transfected with each of the bicistronic
constracts containing the X1AP IRES and Apaf-1 IRES and one of the
following  expression  vectorss pCl, FLAG-GCON2, or FLAG-
GONZK—» M, a eatalytically inactive dominant-negative GCN2 mutant.
The expression of GCNZ or GON2K— M had the expected effect on the
phosphorylation status of eIF 2a {Fig. 44). The relative IRES activities of
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IRES activity is independent of caspase activa- s 9 - APAF-1 T Jlm
tion. A, 2937 cells were transiently transfected A :
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s for 2 h and then exposed to the indicated
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“Experimental Procedures, and the IRES activity
wias determined. The relative IRES activity in the
rorriradiated cells was setas 1 for each IRES. The
bars represent the average » 5.D. determined
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against cleaved caspase-3.
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XIAPand Apaf-1 IRESs were then determined in both UV C-treated and
untreated cells. XIAP IRES activity did not change in response to UVC
irradiation regardiess of the GCN2 expression vector used (Fig. 4B}
Similarly, 2937 cells co-transfected with the Apaf-1 bicistronic plasmid
angd either of the GCM2 expression plasniids did not exhibit any changes
inn Apaf-1 IRES activity following UV lrradiation (Fig. 48). These
results indicate that UVC-induced Apaf-1 IRES activity is independent
of GCM2 activity,

To determine whether PERK plays a role in Apaf-1 IRES activity
following UVCirmadiation, 2937 cells were co-transfected with each of
the bicistronic constructs containing the XIAP IRES and Apaf-l IRES
and one of the following vectors: pCl, mye-PERK, or T7-PERKAC, a
catalytically inactive dominant-negative PERK mutant. Again, the
expression of PERK or PERKAC had the expected effect on the phos-
phorylation status of eIF2a (Fig. 4C). Twenty-four hours post-transfec-
tion, cells were UVC-irradiated. We ohserved that XIAP IRES activity
was not affected by the overexpression of either PERK or its inactive
mutant, PERKAC, in UVC-irradiated 2937T cells {Fig. 409}, In contrast,
overexpression of the dominant negative PERKAC mutant resulted in a
significant increase in the UVC-mediated induction of Apaf-1 IRES
activity when compared with the control vector (Fig, 4D} We detesr-
mined the effect of PERKAC overexpression on the integrity of the
Bealiapaf-17CAT bicistronic RNA transcript using guantitative RT-
FCR. Total RNA was isolated 24 h post-UVC irradiation and subjected
to squantitative RT-PCR. As shown in Fig. 4E, the ratio of CAT and
B-galactosidase transcripts was unchanged in PERKAC-transfected
cells treated with UVC as compared with non-irradiated cells, These
data confirm that the integrity of the bicistronic RNA transcript pro-
duced from the pBgali Apaf-1/CAT reporter plasmid is not affected by
PERKAC overexpression, and therefore spurious splicing did not con-
tribute to the apparent Apaf-1 IRES activity.

it is possible that overexpression of the PERK dominant-negative
mutant FERKAC has an inadvertent effect on IREL another ER-resi-
dent- and ER-stress-activated protein, which results in the observed
changes in Apaf-1 IRES activity. Although this notion is unlikely, we
nevertheless wanted to test this possibility, Thus. 2937 cells were co-
transfected with the bicistronic constructs containing the Apaf-1 IRES
and one of the following expression vectors: pCL mye-IRE1b, or myc-
IREIBAC, a dominant negative IRELD rautant. The overexpression of
IRELh or IREIBAC had no effect on the Apal-1 IRES activity following
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UV Cirradistion (supplementary Fig. 15). These results indicate that the
effect of PERKAC on UVC-induced Apaf-1 IRES sctivity is not medi-
ated through inadvertent inhibition of IRE1b.

Because activation of both GCN2 and PERK results in the phospho-
rylation of elF2n, one possible mechanism explaining how PERKAC
could modulate Apaf- 1 IRES activity is via the phesphorvation of o1F 20
To directly test this hypothesis, 2037 cells were co-transfected with
the Apaf-1 IRES or XIAP IRES bicistronic plasmids and a plasmid
expressing either elF2a or elF2a¢S51A, a non-phosphorylatable
mutant of elF2¢. We observed that overexpression of either e1F2ar or
lF2aS551A did not alter the Apaf-1 IRES activity following UVC
irradiation {Fig. 54), althongh the levels of elF2a phosphorylation
were significantly higher in elF2a- than in elF2aSR] A-transfected
cellg (Fig. 5B).

Taken together, these results suggest that the induction of Apaf-1
IRES nctivity by UVC irradiation is independent of the phosphorylation
skatus of elF2e. Furthermore, the expression of the doeminant-negative
catalytically inactive mutant of FERK increases the activity of the Apaf-1
IRES following UV stress, suggesting that PERK may function as a neg-
ative regulator of Apaf-1 IRES-mediated translation.

To turther verify the notion that PERK plays a role in Apaf-1 IRES
activity we utilized siRNA-mediated knock-down of PERK. 292T cells
were transfected either with control or PERK-targeting siRNA and the
efficiency of knock-down was determined in transfected cells by quan-
titative RT-PCR to be ~30% {Fig. 64} To functionally confirm that
PERK levels were lowered sufficiently, control or PERK siRNA-trans-
fected cells were exposed to thapsigargin (1 M}, an inducer of ER stress,
for 2 h, and the levels of ATF4 were determined by Western blot analysis
{Fig. 6B}, ATF4/CREB2 is a transcription factor that is translationally
induced in a PERK-dependent manner in response to ER stress {23},
Indeed, upon PERK depletion, we observed a significant reduction in
ATF4 in thapsigargin-treated cells, thus confirming our ability to suffi-
ciently reduce PERK levels. To determine the effect of PERK knock-
down on Apaf-1 IRES activity we transfected the control or PERK
siRMA-transtected cells with the Apaf-1 IRES bicistronic reporter pls-
mid and exposed the cells to UVC irradiation. We observed that in
PERK siRNA-transtected cells the activity of Apaf-1 IRES was signifi-
cantly enhanced in response to UVC (Fig. 6C), However, the extent of
Apaf-1 IRES activation was not as great as that observed with PERKAC
co-expression. This is likely due to the fact that we were only able to
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Regulation of Apaf-1 by UVC Irradiation

FIGURE 4. PERX kintase but not GCN 2 kinase reg-
ulates W C-mediated induction of Apaf-1 IRES
activity. A, 2937 cells were zo-transfected with
sither Apaft or XIAP IRES-comtaining bicistionic
plasmids and FLAG-GON2 or FLAG-GCNZK—M
expressing vector, and the exprassion levels of
FLAG-GCN2 and FLAG- GCRZK—M proteins were
determined by Western blot analysis using the
anti-FLAG antibodies. The levels of eiF2a phos-
phondlation were determined in UVC-irradiated
cells (300 ¥m%) using the anti-elF2a and anti-
phospho-elf 2« antibodies, respectively, 3 h post-
LVC irradiation, The levels of 2iF 2o and phospho-
rylated elf2x were determined using U-COR
Ddyssey (version 1.1), and the ratio of elF2a-P/
eiF2er 15 shown below the blot, 8 co-transfected
cells (as in A) were imadiated with 300 J/m® INC
24 h post-transfection, and the relative IRES activ-
ity was determined 24 h after UVE inadiation for
each IRES as described under *Experimental Pro-
cedures.” The RES activity in plC-tran sfected. non-
irractiated colls was setas 1. The bors regresent the
average > 5.D.of thiee independent experiments
performed in triplicates, £, 2537 cells were co-trans-
fected with elther Apafl or XIAP IRES-comtaining
bicistrenk: plasmids and mys-PERK- o T7-PERKAC-
expressing vector. Expression Jevels of myc-PERK
and T7-PERKAC proteins were determined by West-
em blot analysis using the anti-rmyc or anti-T7 anti-
badies. The levels of #iF 2a phosphorylation were
determined in UVC-iradiated cells (300 /m2 asin
AL B, cotransfected cells tas in G were irradhiated
with 300 1/m? UVC 24 h post-transfection. and the
relative IRES activity was detemmined 24 h after
LWVC irradiation for each IRES as described under
“Experimental Procedures.” The IRES activity in
pCl transfected, non-inadiated cells was setas 1.
The bars represent the average + 5.0 of three
independent experiments performed in triph-
rates. £, quantitative RT-PCR was performed on
DiNase Hreated total RNA isolated fram 293T rells
co-transfected with Apaf-1 IRES bicistronic plas-
mid and T7-PERKAC-expressing wector, The RNA
was isclated and reverse transcribed as described
under *Experimental Frocedures.” The quantita-
tive real-time RT-PCR was parformed using the
QuantiTect SYBR green RT-PCR kit {Qlagen) and
analyzed on an ABI Prism 7000 sequence detec-
tion systemn using the ABI Prism 7000 SDS soft-
wiare, Quantitatise PR reactions were cartied out
o detent the g-galactosidase and CAT cistrons of
the bicistronic mRNA. The CAT/S-galactosidase
ratlo was calculated as 2~ AT AR Tha sy
represent the swean * 5.E. of thiee experhivents,
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FAGURE 5. BVC-mediated induction of Apal-1
IRES activity is indepandent of the phosghoryl-
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with zither Apaf-1 or XIAR IRES<entaining bick-
tronk plasmids and elF 2ee o elf 20551 A-express-
ing vector. Cells were irradiated with 300 Jim?
UVC 24 h post-transfection, and the relstive IRES
activity was determined 24 4 after UVC iradiation
for each 1RES as described under *Experimental
Procedures.” The IRES acthvity in pCl-transfected,
non-rradiated cells was set as 1, The bors repre-
sent the average = S.D. of three independent
experiments performed in triplicates. 8, expres-
sion bevels of elfF2¢ and elF2e55 1A proteins and
thelr fevel of phosphorylation were determined
by Western blot analysis using the anti-elF 2o and
asnti-phospho-elf 20 antibodies.
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FIGURE 6. PERK kinase regulates UVC-mediated induction of Apaf-1 IRES activity, A,
the levels of PERK mRNA [refative to glycevaldehyde-3-phosphate dehydrogenase
{GAPDHY in 2557 cells transiently transfected with control or PERK-targeting sifNAs
were determined by quantitative RY-PCR analysis. The relstive expression of PERK in
control siRMA-tramsfected cells was setas 1. The bars iepresentthe average % 5.0.of two
independen experiments analyzed in trigdicates. 8 the functional consequence of PERK
down-requlation was verified by determining the levels of ATF4 in control and PERK
siRNA-treated cells exposed to thapsigargin (Tg. T jum) of Me, 50 contral. Actin was used
as & contml of equalibading. €, 2937 cells were transfected with contrel or PERK sifiNAs
and re-transfected with Apaft IREScontaining bicistronic plasmid 24 h later, Cells were
irradiated with 300 ¥m* UV 34 h aftes a second transfection, and the relative IRES
activity was determnined 24 h after UV irradiation as described under *Experimentat
Procedures.” The HRES activity in control siRNAtransfected, non-imadiated cells was set
as 1. The bars represent the average & 5.2 of two independent experiments performed
in tipdicates,

reduce PERK levels by ~~%0%, and the remmining PERK may be sufficient
> negatively regulate Apaf-1 IRES activity to some degree. In contrast,
overexpression of the PERKAC dominant-negative mutant likely inhib-
its nearly all endogenous PERK. Nevertheless, these data strongly sug-
gest that PERK may function as a negative regulator of Apaf-1 IRES-
mediated translation.

BERK-wmutl Cells Exhibit Increased Levels of Apaf-1 and Enbanced
Semsitivity to UVC—To examine the is vive role of PERK in Apaf-)
IRES-medisted translation following UV frradiation, we compared the
expression of Apaf-1 in mouse embryenic ibroblasts (MEFs) deleted for
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PERK {PERK™"") to the corresponding level of Apaf-1 expression in
normal MEF cells (PERK™/™). Western blot analysis revealed that the
basal level of Apaf-1 in PERK "~ cells is 3- to4-fold higher than the level of
Apaf-1expression in PERK** cells (Fig, 7A ), Similardy, the induction of the
Apaf-1 expressien following exposire to UVC irradiation was greatly
enhanced in the PERK ™ cells {Fig. 74). Moreover, the increased level of
Apaf- protein in the PERK ™'~ cells correlated with enhanced sensitiv-
ity of the PERK-null cells to UVC irradiation (Fig. 7B). These findings
suggest that PERK might function as a negative regulator of Apaf-1
translation i vive, and thus a negative regulator of Apaf-1 mediated cell
death following UVC irradiation.

DISCUSSION

To gain insight into the control of UVC-indured cell death, the pres-
ent study aimed to investigate the mechanisms that regulate expression
of two proteins involved in the contrel of apoptosis, the anti-apoptotic
protein XIAP, and the pro-apoptotic protein Apaf-1. Importantly, XIAP
and Apaf-1 play opposing roles in the regulation of apoptosis. Whereas
Apaf-1 is essential for the formation of the apoptosome and consequent
activation of the caspase cascade, XIAP is a potent intrinsic inhibitor of
caspases {19, 23). In addition, both Apaf-1 and XIAP are found associ-
ated with the apoptosome (4}, suggesting that their coordinated func-
tion is required for the fine tuning of the apoptotic response. To date,
many studies have been conducted to determine the invelvement of the
XIAP and Apaf-1 proteins in cell survival regulation during UV-induced
cellular stress. It was demonstrated that an increase in XIAP protein
levels parallels a decrease in sensitivity to UV-induced apoptosis {8).
Moreover, overexpression of XIAF inhibited UV-induced cell death in
MCF-7 cells (8). Similarly, the levels of X1AP protein decreased in kera-
tinocytes exposed to increasing doses of UVE irradiation {24} Con-
versely, it was shown that an increase in Apaf-1 protein levels parallels
an inerease in sensitivity to UV-induced apoptosis (5-7, 21). Lassus
st al. {21} showed thal repression of Apaf-1 expression using siRNA to
Apaf-1 resubted in the prevention of UV-induced apoptosis in
IMRIOELA cells. Furthermore, T cells from Apaf-1 knock-out mice (5},
as well as the Apaf-1-deficient KS62 and CEM leukemic cell lines {6, 73,
all exhibited increased resistance to UV-indueced apoptosis. Restoration
of Apaf-1 protein levels by transient transfection of the Apaf-1-deficient
levkemic cells with an Apaf-l plasmid resensitized these cells to UV-
induced apeptosis {63 Taken together, these findings provide substan-
tial evidence for the importance of the antagonistic roles of XIAP and
Apaf-1 proteins in regulating UV-induced apoptosis.

Fhe regulation of X1AP and Apaf-1 expression during UV-induced
cellular stress, however. has not been investigated. Interestingly, both
XIAP and Apaf-1 mRNAs are transhated by a cap-independent mecha-
nism facilitated by IRES elements Jocated in their respective 5 -UTRs. It
emerged recently that the 1RES mechanism is utilized preferentially
during conditions when normal cap-dependent translation initiation is
compromised (9, 25, 26). These conditions include diverse cellular
stress, differentiation, mitosis, and apoptosis. In fact, while only a soall
fraction of cellular mRNAs rontain IRES elements in their respective
5°-UTRs, the majority of these elements are found in genes invelved in
the control of cell growth, proliferation, and survival (9, 25-27).

LIV radiation inhibits nascent protein synthesis (10 -12). Paradoxi-
cally, protein synthesis is required for IIVC-induced cell death in 2937
cells, because treatment of cells with the protein synthesis inhibitor
eycloheximide significantly protects cells from UV C-induced death
{data not shown). "We and others have shown previously that IRES-
muediated translaticn escapes the control mechanisms that regulate cap-
dependent translation during cellular stress 113, 14, 20, 22, 28, 29). We
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A.

FIGURE 7. PERX-null mouse ambryonic fibro-

Fnt

blasts have increased lovels of Apaf-1 and are
more sensitive to UY irradiation, A, the expres-

4 it

sion of Apaf-1 In MEFs deteted for PERK{PFRIT ™),
compared with its expression in normal MEF cells
{PERKM*) was determined by Western blot anak
wsis in both UVC-iradiated and control cells using
anti-Apaf-1 moncclonalantbodies. The ampunt of
Apaf-1 relative to actin bs shown below the biot. The
refative expression of Apaf-1 in PERK* " non-imadi-
ated cells was st as 1. A representative blot is
showen, B MEF PERK™ " (bladk squares and MEF
PERK ™ {white squires) cells were treated with indi-
cated doses of UWC irmadiation, and the cell viability

e R o
Es aud

Cell wiirvival (%)

et

wasdetermined 24 hlater as described under “Mate-
riat and Methods” Each point represents the aver-
age = 5D. determinad from three independent

Apab-lAcin:

¢ g 7 ¥ T T
s 1% 58

9.2 054

expenments pedormed in riplicotes. PERK -
have also demonstrated that IRES-mediated transhtion of pro-survival
proteins is activated during transient stress conditions, whereas 1RES-
mediated translation of pro-death proteins is activated during severe
apoptotic conditions (131, Thus, we hypothesized that low dose {suble-
thal} UVC irradiation would resultin an increase in XIAP IRES activity,
whereas high dose (lethal) UVC irradiation would be accompanied by
an increase in Apaf-1 IRES-mediated franslation. Contrary to what we
axpected, exposure to various deoses of UVC did not result in significant
changes in XIAP IRES activity or XIAP protein levels. However, we
observed that incressing doses of UVC uradiation resulted in an
inerease in Apaf-1 IRES activity, paralleled by an increase of the endop-
enous Apaf-1 protein. This increase in Apaf-1 protein synthesis was
abserved despite the general cessation of protein synthesis evoked by
UV irradiiation. Thus, during UV stress, Apaf-1 IRES activity and the
corresponding increase in Apaf-1 protein levels is required for cell
death. Our finding that increasing doses of UVC irradiation do not
affect XIAP IRES activity, but significantly increase the activity of the
Apaf-1 IRES, points to the distinet regulation of IRES-mediated trans-
lation during cellular stress, which we previously suggested (13, 30}

We have previously demonstrated the activation of Apaf-1 IRES
activity during etoposide-induced cell death (13). We further showed
that Apaf-1 IRES activation is caspase-dependent and is mediated by the
caspase-cleaved fragments of the #1F4G transiation initiation factor
family members elF4G] and p97/DAPS/NAT1 {13). Surprisingly, the
UVC-mediated induction of Apaf-1 1RES activity does not appear to be
caspase-dependent, because z-VAD-fmk treatiment of cells prior to
UVC frradiation did not affect Apaf-1 IRES-mediated translation. This
suggests that cells may have evolved distinet regulatory pathways to
regulute expression of apoptotic proteins in response to divergent phys-
wiogical stresses.

it has been demonstrated that some, but not all, IRES elements are
regulated by the phosphorylation of the eukaryotic initistion factor
«lF2a (22, 31). Because elF2a is phosphorylated in response to UV
stress (10123, we investigated the invelvement of elF2a in UVC-
induced Apaf-1 IRES activity. The phospherviation of elF2e is impor-
tant for the control of cap-dependent translation, becasuse anincrease in
phasphorylation of elF2a attenuates formation of the ternary complex,
resulting in a reduction in global protein synthesis rates €32}, The phos-
phorylation of elF2a during UV stress is facilitated by two elF2a
kinases, GCN2 (11} and PERK {1, Gur results indicate that elF2a
phasphorylation is not required for UVC-mediated induction of Apaf-1
IRES activity, because the overexpression of the wild-type or the non-
phosphorylatable mutant of o1F2a did not affect Apaf-1 IRES activity
following irradiation. Purthermore, activation of the GUN2 kinase is
also not required, because the overexpression of a wild-type or a cate-
fytically inactive dominant-negative mutant GCN2 did not affect
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Apaf-1 IRES activity following UV irradiation. Surprisingly, however,
although Apaf-1 IRES activity following UV ikradiation was not affected
by the overexpression of the PERK kinase, Apaf-1 IRES activity was
considerably increased by the overexpression of the PERK dominant-
negative catalytically inactive mutant PERKAC or in cells with depleted
PERK levels. The involvement of PERK in the regulation of Apaf-1
expression was further confirmed in PERK-null MEFs that exhibit
ncreased levels of Apaf-1 and display enhanced susceptibility to UVC-
mediated death.

Qut findings support the hypothesis that thers exists specific reg-
wlatory mechanisms that control translation of distinet IRES ele-
ments in response to cellular stress (9, 13, 22, 30}, In addition, we
provide the first evidence that enbanced Apaf-1 IRES-mediated
translation assures the continued expression of the Apaf-1 protein
during UV stress. This increase in Apaf-1 IRES activity is required
for cell death following UVC irradiation. Although the exact molec-
wlar mechanism that induces Apaf-1 IRES-mediated translation fol-
lowing UVC irradiation needs to be further investigated, we show
that Apaf-1 IRES activity is negatively regulated by the PERK kinase.
PERK is the primary kinase involved signal transduction during endoplas-
mie reticulum stress and unfolded pretein response (331, Inthis cantext, the
regulation of Apaf-1 during endoplasmic stress and endoplasmic stress-
induced apoptosis warrants further examination.
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4. DISCUSSION

It 1s generally accepted that tumor hypoxia is an impediment to current anti-cancer
therapy due in large part to the ability of malignancies to adapt and survive in unfavorable
tumor microenvironments. The aim of this thesis was to identify cellular pathways that
mediate the development of hypoxia tolerance using microarray analysis of polysome-
associated mRNAs following hypoxic stress. In response to hypoxic stress, a rapid,
sustained, and reversible inhibition of protein synthesis, among other energy conserving
strategies, is observed. This process is mediated at least in part due to the phosphorylation of
elF2a by the ER resident kinase, PERK. Despite the severe inhibition in translation, a small
fraction of mRNAs continue to be translated. We hypothesized that amongst these mRNAs, a
subset of transcripts required for cellular adaptation and continued cell viability would be
preferentially translated during hypoxic stress. The strategy to assess polysome-associated
mRNAs by microarray, instead of ‘total cellular mRNAs, facilitated the discovery of genes
that are translationally regulated in response to hypoxia instead of relying on steady state
changes in total mRNA expression, which may or may not correlate with an increase in their
efficiencies of translation. A genome wide assessment of the effects of hypoxia on
translational control has permitted several main discoveries.

1) Polysome analysis of HeLa cells following prolonged exposure (16h) to severe
hypoxic stress, revealed the PERK-dependent preferential translation of an
important mediator of the ISR, ATF4. Combined with our findings that numerous
genes involved in the UPR demonstrated transcriptional and translational
induction during stress, suggests that hypoxia might signal through the ER

resulting in the induction of genes necessary for the adaptive response to stress.
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Inactivation of the ISR in cells results in their increased sensitivity to hypoxic
stress both in vitro and in vivo, supporting our findings that translational
regulation of important ISR genes is required for the development of hypoxia
tolerance. Moreover, tumors derived from mutant cell lines incapable of
activating the ISR, are smaller, display increased apoptosis, and appear less
vascularized, than tumors derived from wildtype cells.

Microarray analysis of polysome-associated mRNAs in PERK"" and PERK™
MEFs in response to acute (4hr) hypoxic stress implicate PERK in the
translational regulation of a cohort of pro-angiogenic genes including VCIP, an
integrin binding protein that promotes cellular adhesion. This finding was
supported by observations made in a mouse model of angiogenesis that the
microenvironment provided by PERK™ transformed MEFs results in fewer
functional blood vessels and an increase in the number of aberrant malformed
vessels, due perhaps, to abortive angiogenic signals.

VCIP and Tie2, two pro-angiogenic genes that demonstrate preferential
translation in response to hypoxic stress, contain active IRES elements within
their 5’UTRs. Translational regulation of VCIP appears to be positively regulated
by PERK as PERK” MEFs fail to mobilize VCIP mRNAs into the polysomes
upon hypoxic stress. Interestingly, PERK negatively regulates the IRES activity
of pro-apoptotic APAF-1 in response to UV-induced cell death, suggesting that
phosphorylation of elF2a and global attenuation of translation initiation may
represent only one of PERK’s known roles in the cellular response to stress.
Future studies will be required to fully elucidate PERK’s role in the regulation of

IRES mediated translational regulation.
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Despite our improved understanding of the importance of translational regulation to

the cellular response to hypoxic stress, numerous questions remain. These unresolved

subjects and the direction of future research in the field of tumor hypoxia are discussed.

4.1

The Biological Response to Hypoxic Stress

4.1.1  Apoptosis

Exposure of cells to hypoxic stress results in a rapid and sustained inhibition
in protein synthesis that is regulated in part through the phosphorylation of elF2a
by the ER resident kinase, PERK [115]. Translational inhibition in response to
hypoxia is fully reversible upon reoxygenation and appears to be independent of
HIF1 function as HIF1” MEFs demonstrate comparable levels of elF2a
phosphorylation in response to hypoxic stress [115]. Phosphorylation of elF2a and
the resulting translational attenuation leads to the paradoxical translational
induction of ATF4, an important mediator of the ISR [91]. ATF4 transcriptionally
activates genes that help to attenuate the ISR (GADD34 and BiP) [91, 96] and in
the event of uncontrolled cellular stress, cell death pathways are activated in part
through the ATF4-dependent transcriptional activation of CHOP/Gadd153 [91,
108]. Although the apoptotic response to hypoxic stress has not been fully
elucidated, cells experiencing prolonged periods of ER stress undergo
programmed cell death initiated from the ER. Cells with a compromised UPR are
substantially more sensitive to ER stress, presumable due to the continued
accumulation of misfolded proteins, a process termed “proteotoxicity” [88, 116].

The exact apoptotic mechanisms that are initiated in the ER have not been
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completely elucidated, however strong evidence supports that Ca®* release from
ER stores and the subsequent activation of a caspase cascade mediates cell death in
response to ER stress [67, 117-119]. Numerous pathways have been implicated in
the apoptotic response to cellular stress, including the ISR which results in the
induction of CHOP expression. CHOP leads to the depletion of cellular
glutathione and an increase in ROS production in the ER, due in part to the
transcriptional induction of EROla, an ER oxidase [105, 109]. Inhibition of
EROla reduces the accumulation of ROS vduring ER stress leading to
cytoprotection. A strong transcriptional and translational induction in CHOP
expression also occurs in response to hypoxic stress [67, 68]. Moreover, ATF4 and
CHOP protein expression were noted in hypoxic areas of human tumor biopsy
samples [67]. The knockdown of CHOP by siRNA transfection results in an
increase in the cellular resistance to severe hypoxic stress (Blais; unpublished
observations). Similar observations have been made in CHOP” MEFs in response
to ER stress however, CHOP” mice do not demonstrate increased sensitivity to
lethal doses of tunicamycin [108] suggesting that other proapoptotic pathways are
important to the cellular response to stress.

Another crucial activator of ER-induced apoptosis is the Bcl-2 family of
proteins. Traditionally thought to be localized to the mitochondrial membrane, a
pool of endogenous Bcl-2 has been demonstrated to reside in the ER membrane
[120]. Expression of an ER-targeted variant of Bcl-2 (Bcl-cb5) protects cells from
ER stress induced apoptosis presumably by maintaining the pro-apoptotic BH3

only proteins, Bax and Bak, in their inactive conformation [121-123]. ER stress-
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induces the oligomerization and activation of Bax and Bak, resulting in Ca?*
release from the ER and the induction of cell death [121, 122]. Studies using Bax™
/Bak”” MEFs have demonstrated exceptional resistance to ER stress [124, 125],
mmplicating Bax and Bak as major regulators of stress induced apoptosis.
Interestingly, it has been demonstrated that Bcl-2 is negatively regulated by CHOP
[105], suggesting that, indirectly, CHOP may play a role in mediating the
activation of a pro-apoptotic caspase cascade. Although the precedence for
Bax/Bak mediated apoptosis has been set for ER stress, their importance in
mediating hypoxia-induced apoptosis has not been elucidated. Considering the
importance of the UPR in the cellular adaptive response to hypoxia and the
parallels observed between the two pathways thus far, one might hypothesize
similar findings will be observed in response to prolonged periods of hypoxic
stress. Whether the increased sensitivity of PERK™ cells to hypoxic stress might
be explained in part due to increased Bax/Bak activation has not been determined,
however preliminary data demonstrates that expression of the ER-targeted Bcl-2
(Bcl-cb5) in PERK”™ MEFs partially rescues their overt sensitivity to hypoxic
stress (Koumenis, unpublished observations). The use of Bak™, Bax™ and Bax™
/Bak™ MEFs in future studies could assist in addressing their roles in mediating
the apoptotic response to hypoxic stress

The activation of caspase-12, a murine proapoptotic cysteine protease
associated with the ER membrane, plays a critical role in ER stress [73, 126, 127]
and hypoxic stress-induced apoptosis [67]. In a recent study it was demonstrated
that cells which were incapable of eliciting the UPR, undergo apoptosis more

readily, exhibit higher levels of activated caspase-12 and -3 and elevated levels of
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PARP cleavage in response to hypoxia compared to cells with an intact UPR [67].
Alhough caspase-12 may play a role in the activation of a caspase cascade, alone it
1s not sufficient to significantly impact the apoptotic response, as caspase-l2'/'
MEFs demonstrated equal sensitivity to hypoxic stress as their wildtype
counterpart [67]. Moreover, with few exceptions, human caspase-12 is presumed
functionally inactive due to the presence of a premature stop codon and a loss of
function mutation [128], suggesting the described role of caspase-12 in the
apoptotic response to ER or hypoxic stress may only be relevant to mouse models.
Recent studies have described that the human complements to caspase-12 may be
caspases-2/7 [129] and caspase-4 [130]. In one study, the identification of a
subpopulation of caspase-2 in ER-enriched microsomal fractions was
demonstrated to act as a proximal activator of ER-induced cell death [129].
Findings that ER stress, but not other forms of cellular stress (UV irradiation,
etoposide or staurosporine), result in the activation of ER localized caspase-4
suggest it may play a key role in ER stress-induced apoptosis in humans [130].
The roles of caspase-2 and -4 in hypoxia-induced cell death however, have not
been determined.

Together, deregulated apoptotic signaling pathways help to explain the
increased sensitivity of PERK™ cells to hypoxic stress as well as reduced tumor
growth observed when injected into nude mice [67, 68, 115]. Consistent with this
notion, hypoxic regions within PERK” tumors demonstrate significant overlap
with activated caspase-3 [67], indicating that the growth of PERK” tumors is

limited, in part, by their overt sensitivity to hypoxic stress.
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4.1.2  Translational Induction of Angiogenic Genes

Our recent findings that PERK regulates the translational efficiency of a
cohort of pro-angiogenic genes suggests that PERK™ tumors may experience
limited growth and development due not only to their increased apoptotic potential
but additionally due to aberrant angiogenic signals resulting in less vascularized
tumors. Tumor growth and development require the ability to induce cell
proliferation, evade the activation of cell death pathways, and activate angiogenic
pathways to recruit blood vessel growth from the surrounding stroma, to increase
the delivery of necessary oxygen and nutrients. VEGF is one of the most important
angiogenic growth factors in tumor angiogenesis due to its ability to induce
endothelial cell proliferation. The importance of VEGF in vascular development
was revealed upon deletion of the VEGF gene in mice; an embryonic lethal
phenotype due to the complete lack of vascular development [131]. VEGF
expression is rapidly and reversibly induced by hypoxic stress [132] due in part to
the presence of HRE sequences within its 5° and 3’flanking regions that convey
transcriptional activation by HIF1 [133]. VEGF protein expression is further
regulated by posttranscriptional mechanisms including increased mRNA stability
[35, 36, 134] and increased translational efficiency through IRES mediated
translational initiation [37-39].

The translational efficiency of a given mRNA is influenced by both positive
and negative regulatory elements within their respective 5° and 3’UTRs. The
importance of UTRs in the regulation of posttranscriptional gene expression is
exemplified by findings that these regions are often highly conserved and have

been proposed to act as sensors of environmental stress [135]. Functional IRES
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elements are estimated to occur in as many as 3-5% of all cellular transcripts [47].
The importance of IRES mediated translation is revealed by the observation that
mRNAs that contain IRES elements encode proteins that play important roles in
cell growth, proliferation, differentiation, and in the regulation of apoptosis;
cellular programs that are often usurped by malignant cells [60]. The identification
of active IRES elements in several hypoxia responsive genes including HIF-1a
[54], BiP [97], ODC [57], and the pro-angiogenic genes, VEGF [37], TIE2 [56]
(Appendix B), PDGF [136], and more recently, VCIP (Blais JD, submitted
Chapter 3), underscores the importance of IRES mediated translational regulation
of critical genes involved in signaling pathways that influence the cellular adaptive
response to stress. Together with findings that PERK regulates the translational
induction of VCIP, at least in part, by IRES-mediated translational initiation
during hypoxic stress, and the recent connection between elF2o phosphorylation
and IRES translation of other cellular transcripts implies that perhaps PERK may
play a critical role in stress-induced translational regulation. It is largely accepted

that phosphorylation of elF2a results in a global inhibition in translation initiation,

how PERK and/or elF2a phosphorylation mediate the cap-independent IRES
activity of particular transcripts has not been elucidated. One explanation may be
that these particular IRES elements are better able to compete for available
translational machinery and hence ensure their translational priority in times of
reduced protein synthesis.

Alternatively, the PERK-dependent expression of auxiliary cellular proteins

that may be induced during hypoxia may be required for efficient IRES-mediated
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translation of particular IRES-containing transcripts. Several IRES frans-acting
factors (ITAFs) have been implicated in IRES-mediated translation and, thus far,
their requirement appears to be IRES specific [137].

Another explanation includes the possibility that eIF2a is not a unique PERK

substrate. In response to ER stress, elF205!1A

cells failed to induce approximately
one-third of the genes that are normally induced by ER stress [92], suggesting
PERK is capable of mediating eIF2a independent gene regulation. Recently, the
bzip transcription factor Nrf2 was identified as a second PERK substrate [138]. In
response to PERK aétivation, Nrf2 translocates to the nucleus where it binds and
activates the transcription of antioxidant genes [139, 140]. Aberrant Nrf2
regulation may help to explain why cells experience increased oxidative stress in
the absence of PERK. Recently, the IRES-mediated translational regulation of pro-
apoptotic APAF-1 was determined to be negatively regulated by PERK in
response to UV-induced cell death (Appendix C). Protein synthesis is rapidly
inhibited in response to UV-irradiation due to the phosphorylation of elF2a by
PERK [141] and/or GCN2 [142, 143]. However the translational activation of a
subset of proteins is required for apoptosis to occur, including a critical regulator
of the apoptosome, APAF-1 [144, 145]. The translational efficiency of APAF-1
mRNAs is maintained due to the presence of an active IRES element within its
5’UTR [146, 147]. The ATP-dependent aggregation of APAF-1 results in the
formation of the apoptosome and activation of a caspase cascade following
cytochrome-c release from the mitochondria. This culminates in the activation of

cell death through the sequential activation of caspase-9 and caspase-3. Consistent
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with these findings, T-cells from APAF-1"" mice [83] and APAF-1 deficient K562
and CEM leukemic cells exhibit enhanced resistance to UV-induced apoptosis
[144]. In the study from Ungureanu et al. (Appendix C), PERK” MEFs
demonstrated an increased sensitivity to UV-irradiation which correlated with a 3-
4-fold induction in APAF-1 IRES activity [148]. Expression of a dominant
negative catalytically inactive PERK (dn-PERKAC) or siRNA mediated knock-
down of endogenous PERK, resulted in similar findings, suggesting that PERK
negatively regulates APAF-1 during UV-irradiation [148]. Expression of
elF2a>'*, an unphosphorylatable mutant of elF2a, however, did not result in
increased APAF-1 IRES activity [148]. This suggests that phosphorylation of
elF2a and induction of the ISR is not the only important cellular target subject to
PERK regulation and demonstrates the need for continued research in this field to
fully elucidate the pathways that are regulated by PERK during cellular stress.
4.1.3  Implications for Tumor Growth

We hypothesized that genes important to the adaptive response to hypoxia
would demonstrate a translational advantage during hypoxic stress. Through two
independent analyses of data generated by microarray analysis of polysome-
associated mRNAs, we have identified two critical adaptive pathways that appear
to be regulated by PERK; (i) the ISR arm of the UPR; (ii) the translational
induction of a cohort of pro-angiogenic genes. Adaptation and cell viability are
influenced by the induction of the ISR during hypoxic stress, as cells with a
compromised UPR exhibit increased apoptosis both in vifro and in vivo. Tumors

cells with abrogated PERK activity (PERK” MEFs and HT29 colorectal
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carcinoma cells expressing dn-PERKAC) as well as cells with abrogated elF2a
phosphorylation (elF20%°'*, HT29 colorectal carcinoma cells expressing a COOH-
truncated mutant of GADD34) display significantly reduced clonogenic survival
compared to their corresponding wildtype cells (Bi 2005 and Koumenis
unpublished observations). These findings have been substantiated in vivo as
transformed cells with an intact PERK-elF2a signaling pathway form tumors that
grow faster and appear better vascularized than tumors derived from cells with
abrogated PERK signaling (PERK™, PERKdnAC) or elF2a phosphorylation
(elF20>'* cells) [67] (Blais JD, submitted Chapter 3), suggesting that the
differential response of these cells to the tumor microenvironment must play a
critical role in tumor development. Using a mouse model of angiogenesis, we
discovered that the PERK™ tumor microenvironment influenced the increased
formation of non-functional, atypical vessels and resulted in the formation of
fewer functional vessels than the microenvironment provided by the PERK ™
tumors. Taken with findings that PERK influences the translational regulation of a
cohort of pro-angiogenic genes suggests that part of the PERK-dependent adaptive
response may include the regulation of tumor angiogenesis; a process currently
accepted to be largely HIF1 dependent. What has yet to be determined 1s whether
PERK™ tumors remain small and poorly vascularized due only to their increased
sensitivity to hypoxic stress, which arises early in tumor development, or
alternatively, due to inappropriate or incomplete angiogenic signaling that results
in limited tumor growth and development. Likely, a combination of a decreased

apoptotic threshold to ER stress and disregulated promotion of tumor angiogenesis
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will help to explain the limited growth of PERK™

tumors. Preliminary data
suggests that over-expression of the ER-targeted Bcl-2 (bcl-cb5) in PERK™ MEFs
partially rescues their heightened sensitivity to hypoxic stress, therefore future
mouse models might include comparing the growth and development of k-ras
transformed PERK™ MEFs stably expressing bcl-cb5 to wildtype cells. The
observation of limited tumor growth in PERK”/bcl-cb5 expressing cells would

suggest that the impaired adaptive response in PERK™ cells is mediated, at least in

part, by the translational inhibition of pro-angiogenic genes in response to hypoxia.

Biological Models of Tumorigenesis

4.2.1 Targeting the UPR

Tumor hypoxia presents a substantial problem to therapeutics efforts and is
currently viewed as a selective pressure that selects for more aggressive and
metastatic tumors. Cumulative evidence supports findings that hypoxia activates
the UPR as a mechanism of cellular adaptation and promotes tumor' growth and
increased resistance to chemotherapeutic agents [149]. However, activation of the
UPR in hypoxic tumors may provide a unique opportunity for tumor-specific
targeted therapies. One strategy to target the UPR in cancer cells is by developing
small molecule inhibitors to target PERK or IREl. While no specific inhibitors
have been identified, screening of small molecule libraries for inhibitors to PERK
and IRE1 could prove to be a fruitful avenue for future research. An alternative
approach would be to target tumor cells that demonstrate an overactive UPR with

pharmacological agents that further induce ER stress. It seems reasonable to
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hypothesize that tumor cells that utilize the UPR as an adaptive pathway could be
forced past their tolerance level and into apoptosis by subjecting these cells to
additional ER stress. This approach could be useful in the treatment of multiple
myeloma, a disease that relies heavily on the UPR for continued cell viability (see
below).
4.2.2  Targeting multiple myeloma by combination therapy

Both normal and malignant plasma cells produce and secrete large amounts of
immunoglobulins (Igs). This requires a well-developed ER with abundant
molecular chaperones to facilitate proper protein folding and export. Activation of |
the unfolded protein response (UPR) is vital for maintaining proper folding of Igs
in plasma cells [150]. XBP-1 is necessary for plasma cell differentiation [151], and
only the spliced XBP-1 species can reconstitute Ig secretion [152]. Furthermore,
studies have demonstrated abundant expression of XBP-1 in myelomas suggesting
a pivotal role for the UPR in plasma cell malignancies [151]. Agents that target the
proteasome, a proteolytic complex responsible for the degradation of ubiquitinated
proteins, have demonstrated therapeutic efficacy in the treatment of multiple
myeloma [153, 154]. Proteasome inhibitors have been demonstrated to
simultaneously induce ER stress and suppress the UPR by inhibiting the activity of
IRE1, and hence XBP-1 mRNA splicing, thereby preventing an effective UPR and
initiating cell death. Inactivation of PERK signaling may likewise render multiple
myeloma (MM) cells sensitive to cell death by compromising the UPR, as activity
of the ISR maintains XBP-1 mRNA levels [79]. We would therefore prédict that
MM cells treated with PERK inhibitors would be hypersensitive to additive

treatments with proteasome inhibitors such as MG-132 or PS-341 (Velcade). This
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may prove to be a potent therapeutic combination for the treatment of other
tumors, such as adenocarcinomas of the prostate, breast and ovary that also

originate from secretory cells.

4.2.3  Mouse models of human multiple myeloma

Tassone et al. recently developed a novel in vivo multiple myeloma (MM)
model by engrafting the interleukin 6 (IL-6)-dependent human MM cell line INA-6
into severe combined immunodeficiency (SCID) mice previously given implants
of a human fetal bone chip (SCID-hu mice). Both the level of soluble human IL-6
receptor (shulL-6R) in murine serum and fluorescence imaging of host animals
served as sensitive indicators of tumor growth. Due to the presence of the human
microenvironment, evaluation of anticancer therapeutics in this model is likely to
yield information predictive of their activity in MM patients. Amendment of
mouse models of human MM could facilitate the evaluation of novel therapeutics
including potential PERK inhibitors alone and in combination with other MM

treatment regiments including proteasome inhibitors.

Conclusions

Control of mRNA translation is an important cellular response to hypoxia. Despite

our improved understanding of the regulation of translation and the pathways involved in

the promotion of hypoxia tolerance, several questions remain to be addressed by future

studies

i)  To gain a better understanding of the cellular response to stress, we will need

to determine if a predominant mechanism of translational regulation occurs in
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response to stress and to what degree the control of mRNA translation during
hypoxia might be altered in cancer.

i1) In order to exploit the tumor microenvironment for the discovery of novel
anti-cancer therapeutics, the pro-apoptotic signaling pathways that mediate
cell death will need to be clearly elucidated.

ii1) Likewise, a better understanding of the pathways that help to regulate the
angiogenic response could expedite the discovery of novel anti-angiogenic
therapies that could contribute to the arrested growth and development of

malignancies.

The work presented here reveals the importance of PERK and the ISR in
promoting hypoxia tolerance and cytoprotection during periods of hypoxic stress.
Furthermore, these studies demonstrate the potential of using microarray technology to
assay the cellular proteome to identify key pathways in the cellular response to hypoxia.
The potential to exploit the UPR offers a novel approach to target the very stresses that

hinder existing anti-tumor treatments.
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Training Courses

1.

Gene Spring — Intermediate Course for the analysis of expression array data
Silicon Genetics — Redwood City California (February 20-21, 2002)
Details: Genome Installation, Experimental Data Import, Types of Normalization,
Experimental Parameters, Experimental Interpretations, Creating Gene Lists,
Expression Profile Correlations, Statistical Group Comparison, Biochemical
Pathways. ~

Gene Spring — Advanced Course for the analysis of expression array data
Silicon Genetics — Redwood City California (February 22, 2002)

Details: Global Error Models Clustering Techniques Principal Components
Analysis, Classification Inspector, Class Predictor, Data Mining, Homology
Tables, Scripts.



