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Introduction

The BCRP Concept Award helped support work that led to 4 manuscripts (3 published and 1 submitted) and 3 published
abstracts. In addition, unpublished data is presented here that documents our attempts to test the role of two transcription
factors, ATF6 and ATF4, that are activated in response to nutrient deprivation and UPR activation in the mechanism of
VEGF upregulation in response to nutrient stress. Although these studies are not publishable in their current state, they
have provide insight that is guiding further mechanistic studies.

Body

We confirmed the hypothesis that VEGF expression is responsive to ER stress and nutrient deprivation. We determined
that upregulation was due to transcriptional and post-transcriptional mechanisms. We tested the hypothesis that NF-xB
activity was responsible for increased VEGF transcription during glutamine deprivation and found that it was not.
(However, upregulation of IL-8 expression in response to glutamine deprivation was NF-kB-dependent.) We tested the

role of ATF4 in upregulation of VEGF in response to ER stress and oxidative stress. These studies led to the following
publications:

Publications:

1. P.L.Marjon, Y.V. Bobrobnikova and S.F. Abcouwer. Nutrient deprivation and chemical inducers of endoplasmic
reticulum stress upregulate the expression of pro-angiogenic factors vascular endothelial growth factor (VEGF) and
interleukin-8 (IL-8). Molecular Cancer 3:4-15, 2004,

2. CN.Roybal, S. Yang, C-W. Sun, D. Hurtado, D.L. Vander Jagt, T.M. Townes and S.F. Abcouwer. Homocysteine

increases the expression of VEGF by a mechanism involving endoplasmic reticulum stress and transcription factor
ATF4. J. Biol. Chem. 279:14844-52, 2004.

3. Y.V. Bobrobnikova, P.L. Marjon and S.F. Abcouwer. Glutamine deprivation of TSE breast cancer cells causes
upregulation of pro-angiogenic factors IL-8 and VEGF: the role of transcription factor NF-kappaB. Cancer Res.
64:4858-4869, 2004.

4. CN.Roybal, CN., H.A. Hunsaker, O. Barbash, D.L. Vander Jagt and S.F. Abcouwer. The oxidative stressor arsenite
activates VEGF mRNA transcription by an ATF4-dependent mechanism. In revision.

Published Abstracts:

1. Abcouwer, S.F., P.L. Marjon, Y.V. Bobrobnikova, C.N. Roybal, S. Yang and D.L. Vander Jagt. The role of nutrient

stress and ER stress mechanisms in control of pro-angiogenic gene expression. FASEB J. 17:A1091 (abstract
#681.4), 2003. ‘

2. P.L.Marjon, Y.V. Bobrobnikova and S.F. Abcouwer. Nutrient deprivation and chemical inducers of endoplasmic
reticulum stress upregulate the expression of pro-angiogenic factors vascular endothelial growth factor (VEGF) and
interleukin-8 (IL-8). FASEB J. 17:A1369 (abstract #867.5), 2003.

3. Y.V.Bobrobnikova, P.L. Marjon and S.F. Abcouwer. Glutamine deprivation of TSE breast cancer cells causes

upregulation of pro-angiogenic factors IL-8 and VEGF: the role of transcription factor NF-kappaB. FASEB J.
17:A1369 (abstract #867.4), 2003.

In addition to published data, we have tested the role of two transcription factors, ATF6 and ATF4, that are activated in
response to nutrient deprivation and UPR activation in the mechanism of VEGF upregulation in response to nutrient
stress.

Unpublished data:

Expression of a dominant negative (DN) mutant of ATF6 (ATF6A) that does not bind DNA seems to inhibit the response
of VEGF mRNA expression to glucose and glutamine deprivation. We constructed adenoviral vectors for the delivery and
expression of active wild type ATF6 and a DN mutant ATF6. Human breast carcinoma (TSE) cells infected with two
dilutions of these two vectors (1:40 and 1:20) were allowed t& express these proteins for 24 h and then treated with control
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medium, medium lacking glucose and media lacking glutamine for 18 h. Northern blotting was performed (Figure 1) to
determine the effects on expression of VEGF, glucose regulated protein 78 (GRP78) and growth arrest and DNA damage
inducible gene 153 (GADD153). Both GRP78 and GADD153 are induced by nutrient deptivation and both are responsive

to ATF6. The expression of all three genes seemed to be less in the presence of ATF6A, si ggesting that ATF6 function
may contribute to their expression.

ATFo6 ATFOA

VEGF

GRP78
GCADD153
18srRNA

Figure 1. Expression of VEGF, GRP78 and GADD153 mRNAs under nutrient deprivation conditions in the presence of
different amounts of ATF6 wt or ATF6 DN mutant (ATF6A).

Expression of a DN mutant of ATF6 (here designated ATF6M1) was further tested for the ability inhibit the response of
VEGF mRNA expression to glucose and glutamine deprivation. TSE cells were infected with adenoviral vectors
expressing active wt ATF6 (ATF6-1-373) or DN ATF6 (ATF6M1) or Empty viral vector and allowed to express for 24 h
and then treated with control medium, medium lacking glucose, media lacking glutamine or control medium in an anoxic
environment for 18 h. Northern blotting was performed (Figure 2) to determine the effects on expression of VEGF,
interleukin-8 (IL-8), GRP78 and GADD153. We recently found that IL-8 expression is responsive to nutrient deprivation
by a mechanism that requires NF-«xB and AP-1 function. In control conditions, ATF6 function had very little effect on
VEGF and IL-8 mRNA expression, although ATF6 DN expression may have reduced VEGF expression slightly. Wt
ATF6 expression increased GRP78 and GADDI153 expression, whereas ATF6 DN expression did not. Under glutamine-
starved conditions, VEGF and IL-8 mRNA expression was greatly increased in Empty vector infected cells. Expression of
wt ATF6 did not increase this effect, but expression of DN ATF6 did seem to decrease thi; effect slightly. Expression of
GRP78 and GADDI353 in glutamine-starved cells was markedly increased by wt ATF6, byt not effected by the DN ATF6.
In glucose-deprived cells the results were similar, but not identical. Expression of wt ATI'6 did not markedly increase the
expression of any of these genes. Expression of DN ATF6 did seem to decrease the effect of glucose deprivation on
VEGF expression slightly. Expression of GRP78 and GADDI153 in glucose-starved cells vas decreased by the DN ATF6
expression. ATF6 function did not affect the induction of VEGF expression by anoxia.




4 mM Gin -Gin -Glucose Anoxia
| 1 1 I 1

2 2 2 2
FEEEEEBEEZEE
W € « W < « g < « U < «
IL-8 D e
GRP78
GADD153
18srRNA @ml

Figure 2. Expression of VEGF, IL-8, GRP78 and GADD153 under nutrient/oxygen deprivation conditions in the presence
of ATF6 wt or ATF6 DN proteins.

The results shown in Figures 1 and 2 led us to conclude that ATF6 has only a minor role i the control of VEGF
expression in response to nutrient deprivation. However, because the DN ATF6 mutant did not dramatically reduce
GRP78 and GADDI153 expression, we looked for another way to inhibit ATF6 function. AEBSF is a protease inhibitor
that was recently shown to inhibit site-1 protease (S1P). The activity of this protease is re 1 jred for activation of ATF6,
by cleavage of ATF6-p90 to ATF6-p50 in the Golgi. AEBSF was shown to completely block ATF6 cleavage and
activation. Figure 3 shows the effects of AEBSF treatment on the expression of VEGF, I1.-8 GRP78 and GADD153
mRNA expression in control cells and cells subjected to nutrient deprivation, ER stress (tunicamycin treatment) and
extended anoxia. Surprisingly, AEBSF treatment slightly increased VEGF, GRP78 and GADD153 mRNA expression in
unstressed control cells. AEBSF inhibited VEGF, IL-8 and GRP78 mRNA expression in glutamine-starved cells. This is
true for glucose-starved cells as well. However, AEBSF did not effect GADD153 expression during glutamine
deprivation, but did decrease GADD153 expression during glucose deprivation. AEBSF |jad very little affect on
tunicamycin-treated cells. Cells were also subjected to 24 h of anoxia (which, compared to 18 h, causes increased VEGF
expression and upregulates IL-8, GRP78 and GADDI153). AEBSF did not inhibit VEGF imRNA expression in anoxic
cells, but it did inhibit GRP78 and GADD153 mRNA expression during anoxia.

The results shown in Figure 3 are hard to interpret. They may indicate that ATF6 processing by S1P is necessary for
VEGF upregulation in response to nutrient deprivation. However, there is a possibility that another S1P substrate is
actually necessary. In addition, AEBSF also inhibits NADPH oxidase activity. Thus, it is jossible that this inhibitor exerts
an effect on VEGF expression by blocking oxidative signaling by NADPH oxidase.
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Figure 3. Effect of site-1 protease (S1P) inhibitor AEBSF on the expression of VEGF, IL-8, GRP78, and GADD153
mRNA under nutrient deprivation ER stress (tunicamycin treatment, Tunic) and anoxia.

We next tested the necessity of ATF4 function on VEGF induction in response to nutrient deprivation. We constructed
adenoviral vectors for the delivery and expression of active wild type ATF4 and a DN mutant of ATF4 (ATF4ARK) that
does not bind DNA Human breast carcinoma (TSE) cells infected with these two vectors, were allowed to express these
proteins for 24 h and then treated with control medium, medium lacking glucose and me«|ia lacking glutamine for 18 h.
Northern blotting was performed (Figure 4) to determine the effects on expression of VEGF, I1-8, GRP78 and GADD153
mRNA. Expression of wt ATF4 slightly increased the expression of VEGF mRNA in control cells, but did not markedly
accentuate the expression of VEGF in stressed cells. Expression of the DN ATF4 decreased VEGF induction only
slightly. This effect was only considerable in tunicamycin and brefeldin A treated cells (both treatments that cause ER
stress). Thus, ATF4 function did not seem to be key to VEGF induction by nutrient deprivation.
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Figure 4, Effect of wt ATF4 and a DN mutant ATF4 (ATF4ARK) on the expression of VEGF, IL-8, GRP78 and
GADD153 mRNA under nutrient-deprived and ER stress conditions.

In conclusion, we have no definitive data to suggest that ATF6 or ATF4 function is necessary for upregulation of VEGF
expression in response to nutrient deprivation and ER stress. Our most intriguing finding |5 that AEBSF effectively blocks
VEGF upregulation. We are currently following up this result by expressing ATF6-1-373 und then treating cells with
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AEBSF. The ATF6-1-373 corresponds to ATF6p50, and therefore does not require cleavage by S1P. We are also planning
to examining the effects of inhibiting NADPH oxidase by means other than AEBSF, to test if this function causes the
effects of AEBSF on VEGF expression.

Key research Accomplishments

*  Determined that VEGF expression is upregulated by ER stress and nutrient deprivation.
¢ Determined that upregulation was both transcriptional and post-transcriptional.

»  Tested the necessity of NF-kB transcription factor in upregulation of VEGF.

*  Tested the role of ATF6 in upregulation of VEGF.

*  Tested the role of ATF4 in upregulation of VEGF.

*  Found that AEBSF inhibits upregulation of VEGF.

Reportable outcomes

Publications:

1. P.L. Marjon, Y.V. Bobrobnikova and S.F. Abcouwer. Nutrient deprivation and chemical inducers of endoplasmic

reticulum stress upregulate the expression of pro-angiogenic factors vascular endothelial growth factor (VEGF) and
interleukin-8 (IL-8). Molecular Cancer 3:4-15, 2004.

2. C.N.Roybal, S. Yang, C-W. Sun, D. Hurtado, D.L. Vander Jagt, T.M. Townes and S.F. Abcouwer. Homocysteine

increases the expression of VEGF by a mechanism involving endoplasmic reticulum .tress and transcription factor
ATF4. 1. Biol. Chem. 279:14844-52, 2004.

3. Y.V.Bobrobnikova, P.L. Marjon and S.F. Abcouwer. Glutamine deprivation of TSE breast cancer cells causes

upregulation of pro-angiogenic factors IL-8 and VEGEF: the role of transcription factor NF-kappaB. Cancer Res.
64:4858-4869, 2004.

4. C.N.Roybal, C.N.,, H A, Hunsaker, O. Barbash, D.L. Vander Jagt and S.F. Abcouwey'. The oxidative stressor arsenite
activates VEGF mRNA transcription by an ATF4-dependent mechanism. In revision.

Published Abstracts:

1. Abcouwer, S.F,, P.L. Marjon, Y.V. Bobrobnikova, C.N. Roybal, S. Yang and D.L. Vander Jagt. The role of nutrient

stress and ER stress mechanisms in control of pro-angiogenic gene expression. FASEB J. 17:A1091 (abstract
#681.4), 2003.

2. P.L.Marjon, Y.V. Bobrobnikova and S.F. Abcouwer. Nutrient deprivation and chemical inducers of endoplasmic

reticulum stress upregulate the expression of pro-angiogenic factors vascular endothelial growth factor (VEGF) and
interleukin-8 (IL-8). FASEB J. 17:A1369 (abstract #867.5), 2003.

3. Y.V. Bobrobnikova, P.L. Marjon and S.F. Abcouwer. Glutamine deprivation of TSE breast cancer cells causes
upregulation of pro-angiogenic factors IL-8 and VEGF: the role of transcription factor NF-kappaB. FASEB J.
17:A1369 (abstract #867.4), 2003.

Conclusions:

VEGF expression is responsive to ER stress and nutrient deprivation. The transcription factor ATF4 plays a role in this
regulation under some circumstances. However, the signal transduction mechanisms and transcription factors that are
responsible for increased VEGF transcription by breast cancer cells that are subjected to nutrient deprivation have not
been determined. The almost complete abrogation of VEGF induction by AEBSF provides starting place to determine a
mechanism. Two hypotheses are being tested: 1) AEBSF inhibits VEGF expression by blccking the activation of an
unknown transcription factor that is processed by S1P. 2) AEBSF inhibits VEGF expression by inhibiting NADPH
oxidase activity.
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APPENDIX 1

Expression of Angiogenic Factors Vascular Endothelial Growth Factor and
Interleukin-8/CXCLS8 Is Highly Responsive to Ambient Glutamine
Availability: Role of Nuclear Factor-«B and Activating Protein-1

Ekaterina V. Bobrovnikova-Marjon,1 Philip L. Marjon,1 Olena Barbash,! David L. Vander Jagt,l’2 and

Steve F. Abcouwer!?

‘Department of Biochemistry and Molecular Biology, University of New Mexico School of Medicine, and *University of New Mexico Cancer Research and Treatment Center,

Albuquerque, New Mexico

ABSTRACT

Vascular endothelial growth factor (VEGF) and interleukin-8/CXCL8
(IL-8) are prominent pro-angiogenic and pro-metastatic proteins that
represent negative prognostic factors in many types of cancer. Hypoxia is
thought to be the primary environmental cause of VEGF and IL-8 ex-
pression in solid tumors. We hypothesized that a lack of nutrients other
than oxygen could stimulate the expression of these factors and previously
demonstrated that expression of VEGF and IL-8 is responsive to amino
acid deprivation. In the present study, we examined the effect of glutamine
availability on the expression of these factors as well as the role of
transcription factors NFxB and activating protein-1 (AP-1) in the re-
sponse of TSE human breast carcinoma cells to glutamine deprivation.
VEGEF and IL-8 secretion and mRNA levels were dramatically induced by
glutamine deprivation. mRNA stabilization contributed to this response.
Glutamine deprivation increased NFxB (p65/p50) and AP-1 (Fra-l/c-
Jun+JunD) DNA-binding activities. Blocking NFxB and AP-1 activation
with curcumin as well as expression of dominant inhibitors, inhibitor of
nuclear factor-xB (IxB) super repressor (IkBM), and a mutant form of
¢-Fos (A-Fos) demonstrated that the activation of NFkB and AP-1 tran-
scription factors was necessary for the induction of IL-8 expression but
dispensable for the induction of VEGF expression. A macro-array con-
taining 111 NFxB target genes identified a total of 17 that were up-
regulated 2-fold or more in response to glutamine deprivation. These
included growth regulated oncogene o (GROa/GRO1/CXCLI), another
neutrophil chemoattractant implicated in tumor angiogenesis and metas-
tasis.

INTRODUCTION

Angiogenesis is regulated by a number of positively and negatively
acting effectors. Vascular endothelial growth factor A (VEGF), also
known as vascular permeability factor, is a prominent pro-angiogenic
and tumor growth-promoting hormone expressed in a wide range of
tumor cells. Expression of VEGF is often obligatory for tumor angio-
genesis, thus inhibition of VEGF expression or function has been
fervently pursued as a cancer treatment (1). It is well established that
VEGF expression is induced by hypoxia through transcriptional acti-
vation and mRNA stabilization (2—4). Thus, solid tumors respond to
low oxygen tension by increasing VEGF expression and thereby
promoting increased oxygen delivery through angiogenesis.

Interleukin-8 (IL-8, CXCL8) belongs to the ELR (Glu-Leu-Arg)
motif-positive (ELR+) CXC subclass of chemokines and is the most
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potent lymphocyte chemoattractant in this group. IL-8 has recently
been shown to contribute to cancer progression by acting as a mito-
genic, angiogenic, and motogenic factor (reviewed in Ref. 5). The role
of IL-8 in breast cancer was observed in several studies in which its
expression has been strongly correlated with metastatic phenotype
(6—8). However, the mechanisms by which IL-8 supports tumor
growth, angiogenesis, and metastasis are not precisely understood.
IL-8 has also been demonstrated to induce migratory responses of
endothelial cells through interaction with its cognate G protein-
coupled receptors CXCR1 and CXCR2 (9, 10). Thus, IL-8 may
promote the breakdown of extracellular matrix components within
solid tumors through its ability to attract protease-laden neutrophils
(11) and may stimulate nascent blood vessel growth and attraction by
acting on endothelial cells (12). IL-8 may trigger tumor egress by
directly inducing the motility of tumor cells that possess CXCR1 or
CXCR2 receptors (7, 13). Extrinsic factors and intrinsic genetic
influences control the expression of IL-8 by cancer cells. Like VEGF,
IL-8 is responsive to tumor-related environmental factors, including
hypoxia (14).

The tumor microenvironment is also characterized by insufficient
vascular delivery of nutrients such as glucose and amino acids. This
is exacerbated by the fact that cancer cells often exhibit greatly
increased rates of glucose utilization (via an aerobic glycolysis) and
glutamine consumption. For example, tumor tissues exhibit low in-
terstitial glucose concentrations (15, 16). In 1995, Keshet’s group first
demonstrated that VEGF expression was increased in response to
glucose deprivation (17, 18). In addition, we have shown that xe-
nografted tumors formed from a highly glutamine-dependent human
breast carcinoma cell line experience reduced intratumoral glutamine
contents as they grow in size (19). It seems logical that, in analogy to
oxygen deprivation, solid tumors would respond to glutamine depri-
vation by initiating angiogenesis. Alternatively, tumor cells could
escape a nutrient-poor environment by increasing their ability to
metastasize to a secondary tumor site. Thus, we hypothesized that
deprivation of glutamine could affect expression of pro-angiogenic
and pro-metastatic factors. We recently demonstrated that the expres-
sion of VEGF and IL-8 was induced by glucose and amino acid
deprivation of breast carcinoma cell lines (20). This was the first study
to demonstrate that IL-8 expression is responsive to nutrient depriva-
tion and only the second to demonstrate that VEGF expression is
responsive to amino acid deprivation, the first being our study using
a human retinal pigmented epithelial cell line (21). However, the
mechanisms and mediators of these inductions were not determined.
It seemed that transcription factors nuclear factor-kB (NFkB) and
activating protein-1 (AP-1) were likely candidates for this mechanism,
because they each affect the transcription of VEGF and IL-8 genes.
IL-8 transcription is highly responsive to activation of NFxB and
AP-1 (22, 23). IL-8 expression in melanoma and pancreatic cancer
cell lines has been shown to directly correlate with NF«B activity (24,
25). NF«B has also been implicated in the control of VEGF transcrip-
tion (26, 27), and VEGF and IL-8 seem to be coexpressed by several
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RESPONSE OF VEGF AND IL-8 TO GLUTAMINE DEPRIVATION

tumor types (28-32). Inhibition of NF«B activity reduced IL-8 and
VEGF expression as well as tumorigenicity and angiogenesis of
prostate and ovarian cancer cells (33, 34). AP-1 has been shown to act
synergistically with NFkB to promote IL-8 transcription (23, 35, 36)
and to play a role in IL-8 expression in response to hypoxia (35, 37).
AP-1 has also been shown to play a positive role in the induction of
VEGF expression by hypoxia, transforming growth factor-B, and
acidosis (38—41).

In the present work, the expression of VEGF and IL-8 in response
to glutamine deprivation was studied in detail using a highly
glutamine-dependent human breast carcinoma cell line (TSE cells).
We hypothesized that glutamine deprivation of TSE cells increases
VEGF and IL-8 transcription through NFkB and AP-1 activation.
However, when this study was initiated, there was no indication in the
literature that either NFxB or AP-1 activity is affected by nutrient
availability. Very recently, Jiang et al. (42) showed that NFkB is
activated in response to leucine deprivation. To test this hypothesis,
the effects of glutamine starvation on VEGF and IL-8 secretion,
mRNA levels, and mRNA turnover, as well as activation of NF«B and
AP-1 DNA-binding activities were examined. Glutamine deprivation
caused marked activation of AP-1 and NF«B, therefore pharmacolog-
ical and genetic means were used to inhibit NF«B and AP-1 activities
and to determine the effects on gene expression. Curcumin, a com-
ponent of the curry spice turmeric that is now in clinical trials as a
cancer preventative agent, was used to inhibit activation of NFkB and
AP-1. In addition, recombinant adenoviruses expressing dominant-
negative repressors of NFkB [inhibitor of nuclear factor-xB (IkB)
super repressor, IkBM] or AP-1 (A-Fos) functions were used to test
the necessity of these factors. Our results indicate that NFxB and
AP-1 activation was necessary for the induction of IL-8 transcription
in response to glutamine deprivation. In contrast, these transcription
factors were not necessary for the induction of VEGF expression.
Finally, a ¢cDNA macro-array containing 111 NF«B target genes
identified 17 genes that were up-regulated in response to glutamine
deprivation (including /L-8). Up-regulated genes also included the
neutrophil chemoattractant growth-regulated oncogene a (GRO«/
GROI/CXCL1I), which may play a role in tumor progression similar to
that of IL-8.

MATERIALS AND METHODS

Materials. Tissue culture media and medium supplements were purchased
from Invitrogen Life Technologies, Inc. (Grand Island, NY). All chemicals,
drugs, and reagents were purchased from Fisher Scientific (Pittsburgh, PA) or
Sigma Chemicals (St. Louis, MO) except for WST-1 cell proliferation reagent,
which was purchased from Roche Applied Science (Indianapolis, IN). Human
breast adenocarcinoma TSE cells were provided by Dr. Simon Powell (Radi-
ation Oncology, Massachusetts General Hospital, Boston, MA).

Cell Culture. TSE cells were cultured in DMEM (high glucose and no
glutamine formulation) supplemented with 4 mm L-glutamine, 10% (v/v) fetal
bovine serum, 10 pg/ml bovine insulin, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 0.25 pg/ml amphotericin B at 37°C, in a humidified atmo-
sphere of 5% CO, and 95% air. For Northern blotting and ELISA experiments,
cells were plated in 60-cm? tissue culture dishes, grown to confluence, and
refed with fresh media 1 day before being rinsed twice with Dulbecco’s PBS
and fed with fresh media (10 ml/plate) containing drugs or other treatments as
described in figure legends. For glutamine deprivation experiments, glutamine-
free media (DMEM lacking glutamine and supplemented with 10% (v/v)
dialyzed fetal bovine serum) was used as described in figure legends. For
DNA-binding activity ELISA-like assays, cells were plated in 150-cm? plates,
grown to confluence, and refed with fresh media 1 day before being rinsed
twice with Dulbecco’s PBS and fed with fresh media (30 ml/plate) containing
drugs or other treatments as described in figure legends.

Plasmids. The pCMV-IkBaM plasmid encoding NF«B dominant-negative
mutant [kB super repressor was purchased from Clontech (Palo Alto, CA). The

CMV500-8584hep-fosLZ(MO) plasmid-encoding c-Fos dominant-negative
mutant A-Fos (43) was kindly provided by Dr. Charles Vinson (Laboratory of
Biochemistry, National Cancer Institute, NIH).

Northern Blotting. Cells were harvested using RNA-STAT60 reagent
(TelTest, Friendswood, TX). The total cellular RNA was isolated using one-
step acid-phenol guanidinium procedure (44) with subsequent acid-phenol,
phenol/chloroform/isoamy! alcohol, and chloroform extractions and ethanol
precipitation in the presence of sodium acetate. Equal amounts of total RNA
(10 ug) were fractionated by electrophoresis, transferred to nylon membrane
(Micron Separations, Inc., Westborough, MA) by capillary action, and UV-
light cross-linked to the membrane at 120,000 wJ/cm?. Membrane was incu-
bated at 65°C for 5 h in blocking solution with final concentrations of 5X
saline-sodium phosphate-EDTA, 7.5X Denhardt’s solution, and 0.5% SDS.
Northern blotting was performed using cDNAs corresponding to human VEGF
(dbEST189750), glucose-regulated protein 78 [GRP78 (dbEST107273)]}, IL-8
(dbEST6044688), growth arrest and DNA damage-inducible gene 153
[GADDI153 (dbEST298470)], GADD45 (dbEST602435), and /85 rRNA as
templates to generate *?P-labeled probes with a random-primer labeling kit
(Amersham Biosciences, Piscataway, NJ). A rat 18§ *RNA cDNA template
was reverse transcription-PCR generated from total rat kidney RNA using
R18F2 sense (5'-GCTACCACATCCAAGGAAGGC-3’) and R18B1 antisense
(5'-CCCGTGTTGAGTCAAATTAAGCC-3') primers. Northern blots were
quantified using a STORM Phosphorimager and ImageQuant software (Mo-
lecular Dynamics, Sunnyvale, CA). Fold inductions were obtained by dividing
integrated band intensity volumes for experimental samples by that of control
(untreated, time zero, or complete media) samples.

ELISA. ELISA assays were performed using commercial VEGF and IL-8
ELISA kits from R&D Systems (Minneapolis, MN). Conditioned media was
collected from 60-cm? plates, aliquoted, and stored (1-4 months) frozen until
being assayed. Samples were diluted 4-20-fold in deionized water before
assaying. Assays were performed in triplicate, and readings were compared
with standard curves obtained with human recombinant VEGF s, provided
with the kit.

mRNA Stability Analysis. TSE cells were incubated for 6 h in glutamine-
free medium to induce VEGF and IL-8 mRNA levels and then transferred to
either fresh glutamine-free medium or amino acid-complete medium, both
containing 5 uM RNA synthesis inhibitor actinomycin D. Total cellular RNA
was isolated at time points indicated in figure legend and subjected to Northern
blotting. The data were quantified using phosphorimagery and expressed as a
fraction of the value obtained for time 0 (6 h of glutamine deprivation). To
calculate mRNA half-lives (#,,), the data were linearized by plotting the
natural logarithm of fractional response [fractional response = (R, — R,)/
(Rss — Rp)], where R, is the relative amount of mRNA at the time point ¢, R,
is the relative amount of mRNA after 24 h of treatment with actinomycin D,
and R is the steady-state relative amount of mRNA (after 6 h of glutamine
deprivation) versus time. The slope values obtained from linear regression
were used to calculate the £, (f,, = In2/slope).

DNA-Binding Activity Analysis. Nuclear extracts were obtained from
glutamine-starved and glutamine-fed TSE cells using TransFactor Extraction
kit (Clontech) according to the manufacturer’s protocol. Protein concentrations
were determined using the BCA protein assay kit (Pierce, Rockford, IL).
DNA-binding activity for transcription factor NFkB RelA/p65 in the nuclear
extracts was quantitated employing ELISA-like Mercury TransFactor kit
(Clontech) or TransAM NF«B kit (Active Motif, Carlsbad, CA) according to
the manufacturers’ protocol. Electrophoretic mobility shift assays (EMSAs)
were performed using Gel Shift Assay Systems (Promega, Madison, WI)
according to manufacturer’s protocol. The sequence of the double-stranded
DNA (dsDNA) fragment containing NF«B-binding element was 5'-AGTT-
GAGGGGACTTTCCCAGGC-3' and for AP-1 consensus was 5'-CGCTT-
GATGAGTCAGCCGGAA-3’ (oligonucleotides provided with the kit). In the
binding reactions, *?P-labeled DNA fragments were incubated with 10 pg of
nuclear extract. Binding assays were performed at room temperature for 20
min, and the DNA-protein complexes were separated by electrophoresis on 5%
Tris-borate EDTA PAGE gel and visualized using STORM Phosphorlmager
and Image Quant software (Molecular Dynamics, Sunnyvale, CA). For NF«xB
supershift studies, 1.5 ug of anti-NFkB p65-specific polyclonal antibody
(Zymed Laboratories, South San Francisco, CA) or 2 ug of anti-NF«B p50-
specific polyclonal antibody (sc-114; Santa Cruz Biotechnology, Santa Cruz,
CA) were included in the binding mixture 10 min before loading reactions on
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the gel. For AP-1 supershift studies, 4 pg of each rabbit polyclonal anti-c-Fos
(K-25), anti-c-Fos (H-125, recognizing an epitope common to c-Fos, FosB,
Fra-1, and Fra-2), anti-Fra-1 (R-20), anti-Fra-2 (L-15), goat polyclonal anti-
FosB (102; Santa Cruz Biotechnology), rabbit polyclonal anti-JunD (Ab425;
Abcam, Cambridge, MA), or rabbit polyclonal anti-c-Jun (Cell Signaling,
Beverly, MA) antibody were preincubated with 10 ug of nuclear extract at 4°C
for 1 h before addition of the *?P-labeled dsDNA probe.

Adenoviruses Construction and Production. 1xBM and A-Fos were ex-
pressed using the AdEasy adenoviral vector system (Ref. 45; kindly provided
by Bert Vogelstein at Howard Hughes Institute, Johns Hopkins University).
The A-Fos sense primer (5'-CAAACAACAGCGGCCGCCCACCATGGAC-
TACAAG-3") and the A-Fos antisense primer (5'-CCCTCTAGAAGCTT-
GAATTAA-3"), and the IkBM sense primer (5'-TATTCATCTGCGGCCG-
CAGCTTATGTTCCAGGCG-3’) and the IkBM antisense primer (5'-
AAATCGTTTAAGCTTTCATAACGTCAGACGCTG-3") were used to
introduce Notfl and HindIll restriction sites (underlined) at the 5’ and 3’
termini, respectively, of the A-Fos and IkBM cDNAs. PCR products were
cloned into pAdTrack-CMV adenoviral shuttle vector using Not#l and HindIIl
restriction sites. The shuttle vectors were then linearized with the restriction
enzyme Pmel and electroporated into DY329 electro-competent cells along
with the adenoviral backbone plasmid pAdEasy-1. Clones containing recom-
binant plasmids pAE-IkBM and pAE-AFos, formed by homologous recombi-
nation, were subsequently selected for kanamycin resistance and identified by
restriction analysis. Finally, recombinant adenoviral vectors were generated by
transfecting the 293 packaging cell line with Pacl-linearized pAE-IkBM and
PAE-AFos. Successful transfection and viral production were followed with
the aid of fluorescent microscopy because the pAdTrack vector contains an
enhanced green fluorescent protein expression cassette that is incorporated into
the viral vector. Transfected cultures were maintained until the percentage of
cells exhibiting green fluorescence approached 100%. Viruses were obtained
by freeze/thaw lysis (four times) of the cells in PBS, followed by clarification
of the lysates by centrifugation. The final high-titer viral stock in PBS was
prepared by transfecting ten 150-mm diameter plates of 293 cells. After
freeze/thaw lysis (four times) of the cells in PBS, cellular debris was pelleted
by centrifugation, and the raw supernatant was used at 1:20 in serum-free
media to infect target cells.

NFkB Target Gene Analysis. The expression of NF«kB target genes in
glutamine-starved and glutamine-fed TSE cells was analyzed using cDNA-
c¢DNA hybridization-based TranSignal NF«xB Target Gene Array kit (Panom-
ics, Redwood City, CA). Total RNAs from glutamine-fed and -starved cells
were isolated as described above and then used to produce biotin-labeled
cDNA probes using the manufacturer’s protocol and reagents. The arrays were
hybridized, washed, and developed per the manufacturer’s instructions. The
signal was detected using streptavidin-horseradish peroxidase conjugate and a
mixture of luminol enhancer and peroxide solution as substrate. The mem-
branes were then scanned and viewed using a MultiGenius Bioimaging System
(Cambridge, United Kingdom).

RESULTS

Effect of Ambient Glutamine Deprivation on VEGF and IL-8
Expression. To determine the effect of ambient glutamine limitation
on VEGF and IL-8 protein secretion by TSE cells, accumulation of
VEGF and IL-8 proteins in the culture media was analyzed by ELISA
of samples collected after various times of complete glutamine dep-
rivation (Fig. 14). Secreted VEGF protein increased continuously
during 4-48 h of glutamine starvation, reaching 15.3 = 0.2 ng/ml
concentration in the media compared with 0.53 * 0.04 ng/ml in media
of glutamine-fed cells at 22 h. IL-8 protein also continuously accu-
mulated over 48 h of glutamine deprivation, reaching a concentration
of 68 * 9.6 ng/ml compared with 0.88 * 0.25 ng/ml in media of
glutamine-fed cells at 22 h. Thus, TSE cells responded to glutamine
deprivation by secreting relatively large amounts of VEGF and IL-8
proteins. No cell death was visibly apparent when confluent cultures
of TSE cells were glutamine starved for as long as 48 or 72 h. The
ability of confluent TSE cell cultures to survive glutamine starvation
with no appreciable cell loss was confirmed by measuring reduction

of the cell proliferation reagent WST-1 to formazan dye in replicate
cultures subjected to total glutamine deprivation for various times up
to 48 h (data not shown).

The sensitivity of VEGF and IL-8 mRNA expression to ambient
glutamine concentration was examined using confluent cultures of
TSE breast carcinoma cells. Because amino acid deprivation causes
cellular stress resulting in the induction of expression of endoplasmic
reticulum (ER) chaperone protein GRP78 and transcription factor
GADDI153, the mRNA levels of these genes were used as indicators
of the activation of ER stress and nutrient stress response pathways.
Cell cultures were incubated with media containing serial dilutions of
glutamine from 4 to 0.06 mwm, as well as no glutamine, for 8 h, and
then relative mRNA levels were assayed by Northern blotting (Fig.
1B). As initial ambient glutamine concentrations fell below physio-
logical levels (0.6 mm), VEGF mRNA levels increased. The induction
was 2-fold at 0.25 mm glutamine and continued to increase with
decreasing glutamine concentration, reaching a 6-fold induction in the
absence of glutamine. The IL-8 mRNA levels showed a similar
sensitivity to ambient glutamine. IL-8 mRNA induction was 4-fold at
0.25 mm glutamine and continued to increase with decreasing gluta- .
mine, exhibiting a maximum induction of approximately 50-fold
when glutamine was absent. The expression patterns for GADDI153
and GRP78 mRNAs were qualitatively similar to those of VEGF and
IL-8. In fact, the induction of GADDI153 expression was nearly
identical to that of VEGF. However, GRP78 mRNA levels reached a
local maximum (1.9-fold induction) at 1 mm glutamine while dem-
onstrating an absolute maximum of 3-fold induction in the absence of
glutamine. Thus, the expression of VEGF and IL-8 mRNAs was
increased as initial ambient glutamine concentrations fell below phys-
iological levels, and these responses coincided with the expression of
ER stress and nutrient stress-responsive genes GRP78 and GADD153.

The temporal responses of VEGF and IL-8 mRNA levels to com-
plete glutamine deprivation were then determined and compared with
those for GADD153 and GRP78 mRNAs (Fig. 1C). VEGF mRNA
levels increased 3-fold within 4 h of glutamine deprivation and
continued to rise with time, reaching a steady-state level of 7.5-fold
induction at 16 h. The accumulation of IL-8 mRNA was more rapid,
resulting in a 4-fold induction after only 2 h of glutamine starvation.
IL-8 mRNA levels increased to a maximal 140-fold by 8 h and then
decreased to 55-fold above the basal level after 48 h of glutamine
deprivation. The expression pattern for GADD153 was quantitatively
similar to that for VEGF. However, GADD153 mRNA levels in-
creased 8-fold by 8 h and then slightly decreased down to 5.5-fold
induction over the next 40 h. The expression pattern for GRP78 was
qualitatively similar to VEGF. GRP78 mRNA levels demonstrated a
slow rise with a 1.4-fold induction at 4 h, reaching a steady-state level
of 3-fold induction at 16 h. Thus, VEGF mRNA levels showed a
sustained induction in response to glutamine starvation that was
temporally similar but to greater than that of GRP78 mRNA. IL-8
mRNA levels showed a very large sustained induction that was
temporally similar to but greater than that of GADD153.

The Effect of Glutamine on VEGF and IL-8 mRNA Turnover.
To evaluate the relative contributions of transcriptional and posttran-
scriptional mechanisms in up-regulating VEGF and IL-8 mRNAs
during glutamine deprivation, the decay rates of VEGF and IL-8
mRNAs were analyzed in glutamine-deprived and glutamine-fed TSE
cells. GADD45 mRNA decay was used as a positive control because
it was previously demonstrated to be stabilized by glutamine depri-
vation (46). To determine the effect of glutamine on mRNA decay
rates, cultures of TSE cells were first starved of glutamine to raise
mRNA levels, then treated with actinomycin D to stop transcription,
and incubated in the absence or presence of ambient glutamine for
various times when mRNA levels were assayed (Fig. 24). Decay
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Fig. 1. Expression of VEGF and IL-8 by glutamine-starved TSE cells. 4,
confluent TSE cells were cultured in complete medium containing 4 mum glutamine
(22 h; control) or in glutamine-free medium for the times indicated. An ELISA was
used to determine accumulation of VEGF and IL-8 protein in the media. Data
represent the mean concentration + SD. B, confluent TSE cells were cultured for
8 h in media containing the indicated concentrations of glutamine, Total RNA was
isolated, and Northern blot analysis was performed. Changes in mRNA levels are
reported as fold of induction compared with a 4 mm glutamine sample. Data
represent the mean of three experiments £ SD. C, confluent TSE cells were
cultured in glutamine-free medium for the times indicated. Total RNA was iso-
lated, and Northern blot analysis was performed. Changes in mRNA levels are
reported as fold of induction compared with a 0-h time point sample. Data
represent the mean of three experiments + SD.
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curves were fitted to a first order kinetic model to obtain decay
constants and calculate each mRNA half-life (¢, ,; Fig. 2, B and C).
The presence of glutamine accelerated VEGF mRNA decay. VEGF
mRNA exhibited a ¢,,, of 2.6 h in continuously glutamine-starved
cells and a #,,, of 1.2 h in glutamine-fed cells. This represents a
2.2-fold decrease in turnover rate caused by glutamine deprivation.
This magnitude of VEGF mRNA half-lives and the effect of gluta-
mine deprivation is remarkably similar to the values obtained in other
cell systems subjected to hypoxia, which also caused a 2-3-fold
increase in VEGF mRNA stability (47). The ¢,,, value for IL-8 mRNA
was raised 3.0-fold in the absence of glutamine, with a 2.8 h ¢,,,
compared with 0.93 h ¢, in glutamine-fed cells. The stability of
GRP78 mRNA was increased by 1.7-fold in glutamine-starved TSE
cells (¢, of 9.5 h versus 5.6 h). The stability of GADD145 mRNA
was increased 3.0-fold by glutamine starvation (¢,,, of 3.0 h versus
1.0 h) when compared with glutamine-fed TSE cells. Thus VEGF and
IL-8 mRNA turnover was affected by ambient glutamine. However,
the magnitudes of the effects were much less than the observed
increases in steady-state VEGF and IL-8 mRNA levels caused by
glutamine starvation. This is particularly true for IL-8 mRNA levels,
which were increased by up to 140-fold. Therefore, glutamine depri-
vation must affect VEGF and IL-8 expression by increasing transcrip-
tion rates as well as by increasing mRNA stability.

Fig. 2. VEGF and IL-8 mRNA decay rate analysis. Confluent TSE cells were starved
of glutamine for 6 h, causing an increase in VEGF and IL-8 mRNA levels. Cultures were
then treated with 5 pg/ml actinomycin D to inhibit transcription. One-half of the cultures
were fed with 4 mm glutamine. The remaining half of the cultures were not fed glitamine
and remaincd glutamine-starved. Glutamine-replete and glutamine-deprived cultures were
harvested at the times indicated. 4, total RNA was isolated, and Northern blot analysis was
performed. The decays of VEGF and GRP78 (B) and IL-8 and GADDA45 (C) mRNAs after
inhibition of transcription by actinomycin D are shown. Half-lives of mRNA species were
estimated by linear regression analysis of In[FR] versus time (insets in B and C), obtaining
decay constants from the slope of each curve. FR, fractional response (see “Materials and
Methods™); Gin, glutamine; O, glutamine.
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Role of NFxB and AP-1 in Induction of VEGF and IL-8 Ex-
pression in Response to Glutamine Deprivation. VEGF and IL-8
transcription can be influenced by NF«B and AP-1, however, the
effect of glutamine deprivation on the activity of these transcription
factors is not known. Therefore, we first tested the effect of glutamine
deprivation on the DNA-binding activity for the NF«B and AP-1
complex components. The EMSAs with radiolabeled dsDNAs con-
taining NF«B- and AP-1-binding sites demonstrated that complete
glutamine deprivation of TSE cells for 8 h caused NF«B and AP-1
DNA-binding activity in nuclear extracts to increase, resulting in the
shift of radiolabeled dsDNA probes (Fig. 3, 4 and B). When a
polyclonal antibody against the NFkB p65 subunit, the NF«xB p50
subunit, or both was included in the binding reaction with the «xB-
binding site, a supershift was observed, confirming the presence of
these NF«B subunits in the complex (Fig. 34). In case of AP-1
complex, an antibody that recognized several members of the Fos
family, including c-Fos, FosB, and Fos-related antigens (Fra-1 and
Fra-2), caused a supershift, whereas c-Fos-specific antibody did not
(Fig. 3B). Additional analysis demonstrated that Fra-1 member of the
Fos family of transcription factors was a part of the AP-1 complex
induced by glutamine starvation of TSE cells (Fig. 3C). The identity
of the second subunit of the AP-1 complex was determined by
inhibition of complex formation with the AP-1-binding site after
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Fig. 3. Induction of NFkB and AP-1 DNA-binding activitics by glutamine (G/n) starvation and inhibition by curcumin. Confluent TSE cells were glutamine starved for 8 h. Nuclear
extracts were prepared and used in EMSAs with radiolabeled dsDNA containing NFkB-binding sites (4) and AP-1-binding sites (B and C). Binding mixtures were separated by
electrophoresis, and bound radiolabeled dsDNAs were visualized by phosphorimagery. The position of the dsDNA complexed with NFkB p65/p50 and AP-1 is indicated. The
composition of the NFkB and AP-1 DNA-bound complexes was determined using supershift analysis (sec “Materials and Methods”). The specificity of the DNA binding was
demonstrated by including 50-fold molar excess of cold dsDNA probe containing corresponding binding site in the binding mixture (+cold oligo) and by including 50-fold molar excess
of cold unrelated dsDNA probe in the binding mixture. D, confluent TSE cells were glutamine starved for the times indicated. Nuclear extracts were prepared and used in a TransAM
(Active Motif) ELISA-like assay to quantitate thc NF«B p65 DNA-binding activity. Data were processed as described by the manufacturer, with correction for nonspecific binding
of the transcription factor. Data represent the fold induction of DNA-binding activity relative to that in the 0-h, 4 mM glutamine sample. E, to test the effect of curcumin on NF«B
activation, nuclear lysates were obtained from TSE cells treated with 0.1% DMSO carrier, 100 nv PMA, 20 ng/ml TNF-a, and 5 pg/ml tunicamycin or from glutamine-starved cells.
Nuclear lysates were assayed for NFkB p65 DNA-binding activity using Mercury TransFactor (Clontech) ELISA-like kit. Data for wells with immobilized mutated xB element-
containing DNA oligo, with immobilized wild-typc (WT) B element-containing DNA oligo, and with immobilized wild-type plus excess wild-type «B element-containing DNA oligo
in solution (Competitor) are shown. Data represent the difference of the optical densities at the measurement (450 nm) and reference (500 nm) wavelengths after color development.
Where error bars are shown, the data represent the means and SDs of triplicate wells. Nuclear extracts obtained from HeLa cells treated with 0.1 pg/m]l TNF-o were used as a positive
control.
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addition of anti-c-Jun and anti-JunD-specific polyclonal antibody
(Fig. 3C). The JunD antibodies caused considerably more inhibition
of complex formation than the c-Jun antibodies, suggesting that JunD
is the predominant AP-1-binding partner. Overexposure of these gels
showed that these polyclonal antibodies did cause a faint supershift
(data not shown).

TransAM ELISA-like assay was used to gain a quantitative assess-
ment of NFkB p65 DNA-binding activity in nuclear extracts. The
assay employs immobilized dsDNA corresponding to kB DNA ele-
ments to capture NF«B complexes and anti-RelA/p65 antibodies to
detect bound transcription factors. Immobilized mutant DNA ele-
ments and excess dsDNA-containing wild-type elements are used to
control for nonspecific factor binding. The time course of induction of
NF«B p65 DNA-binding activity in response to glutamine starvation
was examined (Fig. 3D). Within 2 h of glutamine starvation, NF«B
p65 DNA-binding activity was induced approximately 2-fold and
continued to increase within the next 4 h. NFkB p65 DNA-binding
activity reached a maximum of 6-fold induction at 6 h, followed by a
gradual decrease to 5-fold induction over the next 42 h. Thus, the time
course of NFkB activation closely resembles but somewhat precedes
the time courses of IL-8 and VEGF mRNA inductions in response to
glutamine deprivation (see Fig. 1C). This is consistent with this
transcription factor playing a causal role in the induction of IL-8 and
VEGF transcription in response to glutamine deprivation.

We next tested the effect of pharmacological inhibition of NF«B
and AP-1 activation by curcumin on the induction of VEGF and IL-8
expression. Curcumin (diferuloyl methane) is a yellow pigment com-
ponent of the curry spice turmeric and has been used in traditional
Indian medicine as an anti-inflammatory substance. Curcumin and
derivatives are now being developed as cancer chemopreventative
agents and as adjunct chemotherapeutic drugs. Curcumin is often used
as a nontoxic pharmacological means to inhibit NFkB and AP-1
activation (48-51). The analysis was performed with cells treated
with 5 pug/ml tunicamycin and with typical inducers of NF«B, tumor
necrosis factor a (TNF-«), and phorbol 12-myristate 13-acetate
(PMA) as well as glutamine-starved cells. Tunicamycin was selected
as a specific inducer of the unfolded protein response. Mercury
TransFactor assay was used to gain a quantitative assessment of the
effectiveness of curcumin by measuring the effects on NFkB p65
DNA-binding activity in nuclear extracts. Nuclear extracts were pre-
pared from TSE cells that were glutamine starved or treated with 0.1%
(v/v) dimethy! sulfoxide (DMSO) as a carrier control, 100 nm PMA,
20 ng/ml TNF-e, or 5 pg/ml tunicamycin in the presence or absence
of 50 uM curcumin (Fig. 3E). Nuclear extracts obtained from HeLa
cells treated with 0.1 pg/ml TNF-« were used as a positive control.
Glutamine starvation caused an approximately S-fold induction of
NFkB p65 DNA-binding activity. This level of NFkB DNA-binding
activity induction was similar to that observed in TNF-a and PMA-
treated TSE cells. In contrast, tunicamycin treatment resulted in only
a 50% increase in NFkB p65 DNA-binding activity. The presence of
curcumin completely abolished the up-regulation of NF«B DNA-
binding activity by all of the inducers tested. Thus, glutamine depri-
vation caused an activation of NFkB that was comparable with those
caused by PMA and TNF-«, and 50 uM curcumin was completely
effective in blocking NF«kB activation.

The effect of this dose of curcumin on VEGF and IL-8 mRNA
expression was therefore examined. Triplicate cultures of confluent
TSE cells were treated with either 0.1% (v/v) DMSO as a vehicle
control or 5 pg/ml tunicamycin or were completely deprived of
glutamine for 8 h in the presence or absence of 50 uM curcumin, and
Northern blotting analyses were conducted (Fig. 44). Curcumin was
most effective at inhibiting the induction of IL-8 mRNA expression in
response to glutamine starvation. Curcumin had no significant effect

on VEGF and IL-8 mRNA levels in control, DMSO-treated cultures
but did reduce the mRNA inductions in response to glutamine depri-
vation and tunicamycin treatment (Fig. 44). In the absence of curcu-
min, glutamine deprivation and tunicamycin induced VEGF mRNA
levels 6.5- and 6.3-fold, respectively. In the presence of 50 um
curcumin, glutamine deprivation and tunicamycin caused VEGF
mRNA inductions of 3.7- and 4.4-fold, respectively. IL-8 mRNA
expression was affected similarly by these agents. In the absence of
curcumin, glutamine deprivation and tunicamycin treatment induced
IL-8 gene expression 14.3- and 6.5-fold, respectively. In the presence
of 50 uM curcumin, IL-8 mRNA levels were induced 2.6-fold by
glutamine starvation and 4.5-fold by tunicamycin. Thus, curcumin
was able to inhibit the induction of VEGF and IL-8 mRNA expression
in response to glutamine deprivation by 43 and 80%, respectively. The
responses of VEGF and IL-8 expression to tunicamycin were both
reduced by approximately 30%. The fact that curcumin completely
inhibited NFkB activation and inhibited IL-8 mRNA induction by
80% is consistent with the response being primarily, but not com-
pletely, due to increased gene transcription that is dependent on NFxB
and/or AP-1 activation.

To further test the roles of NF«B and AP-1 transcription factors in
the control of VEGF and IL-8 transcription in response to glutamine
deprivation, recombinant adenoviral vectors encoding the IxB super
repressor (I1kBM) and A-Fos were constructed and used. IkBM is a
mutant form of IkBa with serine residues 32 and 36 mutated to
alanine residues (52). This protein binds NF«B and sequesters it in the
cytoplasm but is not phosphorylated and degraded in response to
NF«B-activating conditions. Overexpression of I«kBM therefore
blocks NFkB nuclear translocation. The A-Fos dominant-negative
mutant is an engineered c-Fos protein with an amphipathic acidic
extension appended at the NH, terminus of the leucine zipper domain
(43). The acidic extension heterodimerizes with the basic region of
binding partners and thereby effectively blocks AP-1 DNA binding.
Overexpression of A-Fos blocks formation of functional AP-1 com-
plexes by sequestering c-FOS-binding partners in nonfunctional com-
plexes. Confluent TSE cells were infected with recombinant adeno-
viruses in fetal bovine serum-free medium for 2 h. Infection with
empty viral vector that does not contain a cDNA insert was performed
to control for the effects of viral infection on gene expression. After
the 2-h infection in fetal bovine serum-free medium, complete me-
dium was added to the cells, and the virus was left on the cells for the
next 22 h. After the 24-h infection, the cells expressing IkBM or
A-Fos and the cells infected with the empty virus were treated with
complete control medium or glutamine-free medium or were sub-
jected to anoxia for 16 h. Total RNA was isolated, and Northern
blotting analysis was performed (Fig. 4B). Expression of these dom-
inant inhibitors demonstrated that NFxB and AP-1 transcription fac-
tors were necessary for the induction of IL-8 expression but dispen-
sable for the induction of VEGF expression in response to glutamine
starvation. IL-8 mRNA expression was induced by glutamine starva-
tion in cells infected with the empty virus, and expression of IkBM
and A-Fos inhibited the induction of IL-8 mRNA under glutamine-
starved conditions by 87 and 82%, respectively. VEGF mRNA levels
under glutamine-starved condition were only minimally affected by
the expression of either dominant-negative mutant, with the IkBM and
A-Fos causing 10 and 24.5% inhibition, respectively. Expression of
A-Fos also decreased the induction of VEGF mRNA expression in
response to anoxia by 29%. This result is in agreement with previous
observations that AP-1 is involved in control of VEGF expression
under hypoxic conditions (41, 53).

Analysis of NFkB DNA-binding activity in nuclear extracts from
the IkBM and wild type IxkBa (IkBwt) adenovirus-infected TSE cells
revealed that overexpression of IkBM, as well as IkBwt, completely
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Fig. 4. Effects of pharmacological and genetic inhibition of NFkB and AP-1 on VEGF and IL-8 mRNA expression. 4, to evaluate the effects of curcumin on VEGF and IL-8 mRNA
expression, triplicate confluent cultures of TSE cells were grown in medium containing 0.1% DMSO, medium without glutamine (—Glutamine), or medium containing 5 pg/ml
tunicamycin for 8 h in the presence or absence of 50 um curcumin. Total RNA was isolated, and Northern blot analysis was performed. The data represent the mean mRNA levels % SD.
B, to evaluate the effect of genetically inhibiting NF«B and AP-1 activation, confluent TSE cells were infected with recombinant adenoviruses expressing Ix<BM or A-Fos or with an
empty expression cassette as a control. Twenty-four h after infection, cells were glutamine (Gln) starved for 16 h. Anoxia treatment was used as a control for VEGF induction. Total
RNA was isolated, and Northern blot analysis was performed. C, the effect of IkB overexpression on NFxkB DNA-binding activity was evaluated. TSE cells were infected with
recombinant adenoviruses overexpressing IkBM or wild type IkBa (IkBwt) or with an empty expression cassette. Twenty-four h after infection, cells were glutamine starved for 8 h.
Nuclear extracts were isolated and used in EMSAs with radiolabeled dsDNA containing NF«B-binding site. The composition of the NF«B complex was determined employing
supershift analysis with anti-NF«B p65 («-p65) or anti-NF«B p50 («-p50) antibodies. D, the effect of A-Fos overexpression on AP-1 DNA-binding activity was evaluated. TSE cells
were infected with recombinant adcnoviruses overexpressing A-Fos or with an empty expression cassette. Twenty-four h after infection, cells were glutamine starved for 8 h. Nuclear
extracts were isolated and used in EMSAs with radiolabeled dsDNA containing AP-1-binding site.

excluded the NFxB p65 subunit from the DNA-binding complex, Effect of Ambient Glutamine Deprivation on Expression of
resulting in formation of inhibitory NF«B p50/p50 homodimers (Fig. NFkB Target Genes. To determine the specificity of IL-8 induction
4C). The extent of exclusion was in keeping with the 87% reduction by glutamine deprivation and possibly identify NFxB-responsive
in IL-8 mRNA levels caused by overexpression of IkBM (Fig. 4B).  genes besides /L-§ that were induced during glutamine starvation of
However, it was surprising that [xB overexpression did not exclude all  TSE cells, we performed a NF«B target gene array analysis (Fig. 5).
NF«B proteins from the nucleus but rather shifted the distribution of RNA. samples derived from control cells and cells starved for gluta-
NF«B complexes in nuclear extracts. Adenovirus-mediated overex- mine for 8 h (when IL-8 mRNA levels were at maximum; see Fig. 1C)
pression of A-Fos resulted in dramatically diminished AP-1 DNA-  were used to produce biotin-labeled cDNA probes that were hybrid-
binding activity in nuclear extracts (Fig. 4D), in keeping with the ized to the array containing 111 NF«B target genes. This analysis
observed 82% reduction in IL-8 mRNA levels due to A-Fos overex- confirmed the induction of IL-8 mRNA expression (spot positions
pression (Fig. 4B). H11/12; increased 8.8-fold) and demonstrated that only 17 of 111
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Control
i

Fig. 5. Effect of glutamine (GIn) deprivation on NF«B target gene
mRNA expression. The expression of 111 NFxB target genes in
glutamine-starved and glutamine-fed TSE cells was analyzed using a
commercial cDNA-cDNA hybridization-based gene array representing
111 NF«B target genes. Cell cultures were incubated in 4 mm glitamine-
containing or glutamine-free media for 8 h, and then total RNA was
isolated and used to produce biotin-labeled ¢cDNA probes that were

%% e

hybridized to the array membranes. The genes on the array are spotted in
duplicate. The spots along the right and bottom sides of the array
represent biotinylated DNA that has been spotted as a hybridization
control. On each array, three housekeeping genes have been spotted on
the right side of the array, from top to bottom: B-actin (ACTB; positions
A17/18); GAPDH (positions F17/18); and ubiquitin (UBC; positions
K17/18). Genes up-regulated by 2.0-fold or more include IFN-8 (posi-
tions B9/10), CYC-DI (positions D9/10), DDHI (positions E13/14),
GROI (positions F3/4), ICAM-1 (positions F13/14), insulin-like growth
Jfactor binding protein 2 (IGFBP2; positions G3/4), MAD-3 (positions
G5/6), IL15 (positions G13/14), IL8 (positions H11/12), IRF-2 (po-
sitions 13/4), JUN-B (positions 15/6), NFxB2 (positions K3/4), p53
(positions K7/8), THBS2 (positions M3/4), TNF-8 (positions M7/8),
vimentin (VIM; positions N5/6), and WT! (positions N7/8).

NF«B target genes were up-regulated by at least 2.0-fold in response
to glutamine deprivation. Genes up-regulated by 2.0-fold or more
included: IFN regulatory factor-2 (IRF-2; positions 13/4; 7.3-fold);
JUN-B (positions 15/6; 6.1-fold); dihydrodiol dehydrogenase-1
(DDH1; positions E13/14; 4.2-fold); intercellular adhesion molecule
1 (ICAM-1; positions F13/14; 4.1-fold); Wilm’s tumor suppressor
gene (WTI; positions N7/8; 3.6-fold), vimentin (positions N5/6; 3.1-
fold); cyclin-D1 (CYC-DI; positions D9/10; 2.7-fold); IkBo (MAD-3;
positions G5/6; 2.7-fold); GRO«/GRO1/CXCLI (positions F3/4; 2.6-
fold); insulin-like growth factor binding protein 2 (IGFBP2; positions
G3/4; 2.6-fold); NF«B2 (p100/p52; positions K3/4; 2.2-fold); p53
tumor suppressor (p53; positions K7/8; 2.2-fold); IFN-B (positions
B9/10; 2.2-fold); IL-15 (positions G13/14; 2.0-fold);, throm-
bospondin-2 (THBS2; positions M3/4; 2.0-fold); and TNF-B (posi-
tions M7/8; 2.0-fold). The expression of three housekeeping genes
spotted on the array were quantified: B-actin (4CTB; positions A17/
18; 1.3-fold); glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
positions F17/18; 0.75-fold); and ubiquitin (UBC; positions K17/18;
1.7-fold). The extent of decreased GAPDH mRNA expression in
glutamine-starved TSE cells is consistent with previous results (20,
46).

DISCUSSION

The present study demonstrated that a breast carcinoma cell line
responded to glutamine deprivation by greatly increasing the expres-
sion of two pro-angiogenic factors, VEGF and IL-8. The response is
partially due to mRNA stabilization. However, mRNA decay rates for
these mRNAs were not decreased enough to totally account for the
observed increases in steady-state mRNA levels. This is particularly
true for IL-8 mRNA, for which mRNA level increased by as much as
2 orders of magnitude and mRNA half-life was increased by only
3-fold. The NFxB and AP-1 DNA-binding activities were induced by
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glutamine starvation. In the case of NF«B, the induction was pro-
nounced and estimated to be 5—6-fold by a quantitative DNA-binding
protein capture assay. AP-1 induction was less pronounced, for ap-
preciable AP-1 DNA-binding activity was present in the nuclei of
control, glutamine-fed cells. Furthermore, curcumin, which inhibits
NF«B and AP-1 activation, inhibited the expression of VEGF and
IL-8 mRNAs. The effect of curcumin was most dramatic for IL-8
mRNA expression, blocking its induction by 80%. Curcumin inhib-
ited VEGF mRNA induction by only 40%. A specific genetic ap-
proach confirmed that NF«B and AP-1 transcription factors are me-
diators of the induction of IL-8 gene expression but not VEGF gene
expression. Similar to curcumin treatment, expression of IkBM and
A-Fos inhibited the increase in IL-8 mRNA levels after glutamine
deprivation by more than 80%. This level of inhibition is consistent
with a mechanism of induction that is primarily, but not completely,
transcriptional. IkBM (as well as IkBwt) and A-Fos expression were
also quite effective in inhibiting the formation of NF«xB p65/p50
complexes and AP-1 complexes, respectively. Surprisingly, expres-
sion of IkB proteins did not prevent p50/p50 complex formation in
nuclear extracts. However, because p50/p50 complexes are inhibitory
rather than transactivating, this is consistent with inhibition of IL-8
expression by blocking NFkB function.

Glutamine is the most abundant amino acid in the circulation and is
metabolized by tumor tissues at much higher rates than any other
amino acid. Glutaminolysis provides cells with metabolic precursors,
energy, and reductive equivalents. Because glutamine is such an
important nutrient, its absence from the cell culture medium may
perturb cellular function and induce cellular stresses such as energy
depletion, ER stress, oxidative stress, and osmotic stress. The present
study shows for the first time that glutamine deprivation leads to the
activation of transcription factors NFkB and AP-1. The particular
stress and molecular mechanism that leads to these responses is not
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yet known. Previous studies have demonstrated that supplemental
glutamine feeding can reduce plasma IL-8 levels and the release of
IL-8 by peripheral blood mononuclear cells in response to septic
insults (54, 55). Recently, glutamine availability was shown to de-
crease the expression of IL-8 by IL-1B-treated monocytes and by
LPS-treated intestinal cells (56, 57). However, there is only one
published study that established NF«B activation in response to
nutrient deprivation. While the present study was in progress, Jiang et
al. (42) clearly demonstrated that leucine deprivation caused NF«B
activation and that this response was dependent on phosphorylation of
the eukaryotic initiation factor 2 « (elF2a) by general control non-
derepressible kinase 2 [GCN2 (EIF2AK4)]. IxBa serine phosphoryl-
ation and IxB degradation were not involved, but eIlF2« activation did
coincide with loss of IkBa binding to RelA/p65. A role for GCN2 is
reminiscent of activation of NFxkB by another elF2a kinase, the
double-stranded RNA-activated protein kinase PKR, in response to
double-stranded RNA, IFN, and various cytokines (58). GCN2 is
activated by amino acid deficiency through binding to uncharged
transfer RNAs. Thus, activation of GCN2, and perhaps NF«B, would
only occur when cells experienced amino acid limitations sufficient to
suppress aminoacyl-tRNA synthetase reactions. Likewise, only one
previously published study examined the role of glutamine in AP-1
activation. Rhoads ez al. (59) found that feeding glutamine to previ-
ously glutamine-starved porcine IPEC-J2 cells and in rat IEC-6 cells
caused a transient stimulation of AP-1 activity. The effect of gluta-
mine deprivation on AP-1 activity was not examined by these authors,
and the mechanism of AP-1 stimulation was not addressed. We found
that AP-1 DNA-binding activity was increased by glutamine depri-
vation. Gel shift experiments suggested that the AP-1 complex in the
nuclei of glutamine-starved cells contained Fra-1, c-Jun, and JunD
proteins. We were unable to obtain a supershift with two different
c-Fos antibodies that have been shown to function in EMSA (Fig. 3B;
H-125 and data not shown). We have not compared the composition
of the basal AP-1 complex present in glutamine-fed cells with that of
glutamine-starved cells.

The induction of VEGF mRNA expression in response to glutamine
deprivation was well correlated with the inductions of the ER stress-
responsive genes GRP78 and GADD153. Thus, we hypothesize that
the expression of VEGF is responsive to an ER stress response
pathway. VEGF (and IL-8) has been shown to be responsive to
hypoxia. We have not proven that the hypoxia-inducible factors
(HIF-1 and HIF-2) are not involved in the response of VEGF and IL-8
to glutamine deprivation. However, the levels of HIF-1a and HIF-2«
proteins and hypoxia response element-binding activity were not
appreciably increased by glutamine deprivation of TSE cells.® If an
ER stress-response mechanism is responsible for the induction of
VEGF by glutamine deprivation, it is probably not the unfolded
protein response, because glutamine deprivation causes a minimal
increase in GRP78 expression and GRP78 transcription is extremely
responsive to the unfolded protein response. In addition, by monitor-
ing the editing of X-box-binding protein mRNA, we have found that
glutamine deprivation does not cause appreciable activation of the
endonuclease activity of IRE1, a marker for activation of the unfolded
protein response.> A recent study from our laboratory showed that
induction of VEGF expression by ARPE-19 cells in response to
homocysteine treatment was dependent on the ER stress-responsive
transcription factor ATF4, which results from elF2a kinase activation
(60).

Several previous studies have implicated NF«B in control of VEGF
transcription. Huang ef al. (33, 34, 61) demonstrated that inhibition of

3 E. V. Bobrovnikova-Marjon, unpublished data.

NF«B activity by expression of IkBM suppressed the induction of
IL-8 and VEGF in prostate, ovarian, and melanoma cancer cells. This
inhibition also reduced tumorigenicity, angiogenesis, and metastasis
of tumors formed from these cells. Bancroft ef al. (26) published very
similar results for a human head and neck squamous cell carcinoma
cell line. However, a recent report from this same group showed that
expression of IkBM blocked the induction of IL-8 but not VEGF in
head and neck squamous cell carcinoma cells treated with epidermal
growth factor (62). Likewise, in the present study, we observed that
expression of IkBM effectively blocked the induction of IL-8 expres-
sion in response to glutamine deprivation without appreciably affect-
ing the induction of VEGF expression. In addition, effective inhibition
of NFkB activation by curcumin did not suppress VEGF mRNA
expression nearly as much as IL-8 mRNA expression. We conclude
that NFkB and AP-1 play key roles in the control of IL-8 transcription
and only minor roles in the control of VEGF transcription by gluta-
mine in TSE cells.

In a recent publication, Lee ef al. (63) presented an explanation for
the often-observed coexpression of VEGF and IL-8. Using a cytokine
gene array, these authors discovered that treatment of brain micro-
vascular endothelial cells with VEGF caused severalfold increase in
IL-8 expression. We have tested the possibility that IL-8 expression is
secondary to autocrine stimulation of glutamine-starved cells by se-
creted VEGF. Treatment with conditioned media obtained from
glutamine-starved cells, after repletion of glutamine, did not cause
stimulation of IL-8 (or VEGF) expression.* In addition, glutamine
starvation was able to increase IL-8 mRNA expression even when
protein translation was inhibited by cycloheximide. Thus, we con-
clude that IL-8 expression in response to glutamine deprivation is not
simply the result of VEGF accumulation in the culture media. Fur-
thermore, in the same cytokine gene array experiment, Lee ef al. (63)
found that the expression of GRO« was reduced severalfold by VEGF
treatment. This is in sharp contrast to our finding that GRO« was
induced by glutamine deprivation.

Only a small subset of NFxkB-inducible genes was responsive to
glutamine deprivation. Interestingly, both IL-8 and GRO« were re-
sponsive to glutamine deprivation. The up-regulation of GROa by
glutamine deprivation and necessity of NF«xB function for this re-
sponse has been confirmed by Northern blotting analysis.> Like IL-8,
GRO« is a neutrophil chemoattractant that has been implicated in
cancer progression. GRO« is overexpressed in several tumors and
associated with tumorigenicity, invasiveness, and metastatic ability
(64—-67). Additionally, both IL-8 and GRO« stimulate the motility of
breast cancer cell lines (68). Another mRNA up-regulated by gluta-
mine deprivation was that of the intermediate filament vimentin,
Vimentin expression, besides being a marker of epithelial to mesen-
chymal transition, is also associated with malignant progression,
invasiveness, and metastasis in several tumors (for example, see Ref.
69).

In summary, we have shown that the expression of pro-angiogenic
and pro-metastatic factors VEGF and IL-8 by TSE breast carcinoma
cells is induced by glutamine deprivation. These inductions are par-
tially due to mRNA stabilization. We also present the novel observa-
tion that glutamine deprivation activates NFxB and AP-1 transcription
complexes. This is the first study to show AP-1 activation by nutrient
deprivation and only the second study to show that nutrient depriva-
tion of any kind causes NF«B activation. Furthermore, this study
demonstrated that activation of NF«xB and AP-1 transcription factors
was necessary for the induction of IL-8 mRNA expression, but not
VEGF expression, in response to glutamine starvation. Although the

4P. L. Marjon, unpublished data.
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data indicate that VEGF transcription might be responsive to activa-
tion of ER stress response pathway(s) engaged during glutamine
deprivation, the specific pathways and transcription factors involved
remain unknown. The results suggest that low glutamine concentra-
tions in the tumor microenvironment could contribute to angiogenic
factor expression through numerous mechanisms. These mechanisms
may represent novel targets for therapies directed at the angiogenic
switch rather than specific angiogenic factors.
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Abstract

Background: The expression of pro-angiogenic cytokines, such as vascular endothelial growth factor (VEGF) and
interleukin-8/CXCL8 (IL-8), plays an important role in tumor growth and metastasis. Low oxygen tension within
poorly-vascularized tumors is thought to be the prime stimulus causing the secretion of VEGF. The expression of
IL-8 by solid tumors is thought to be primarily due to intrinsic influences, such as constitutive activation of nuclear
factor kappa B (NF-kB). However, VEGF expression is responsive to glucose deprivation, suggesting that low
concentrations of nutrients other than oxygen may play a role in triggering the pro-angiogenic phenotype.
Glucose deprivation causes endoplasmic reticulum (ER) stress and alters gene expression through the unfolded
protein response (UPR) signaling pathway. A branch of the UPR, known as the ER overload response (EOR), can
cause NF-xB activation. Thus, we hypothesized that treatments that cause ER stress and deprivation of other
nutrients, such as amino acids, would trigger the expression of angiogenic cytokines by breast cancer cell lines.

Results: We found that glutamine deprivation and treatment with a chemical inducer of ER stress (tunicamycin)
caused a marked induction of the secretion of both VEGF and IL-8 protein by a human breast adenocarcinoma
cell line (TSE cells). Glutamine deprivation, glucose deprivation and several chemical inducers of ER stress
increased VEGF and IL.-8 mRNA expression in TSE and other breast cancer cell lines cultured under both
normoxic and hypoxic conditions, though hypoxia generally diminished the effects of glucose deprivation. Of all
amino acids tested, ambient glutamine availability had the largest effect on VEGF and IL-8 mRNA expression. The
induction of VEGF mRNA expression, but not IL-8, was sustained and closely corresponded with the upregulated
| expression of the ER stress-responsive genes glucose-regulated protein 78 (GRP78) and growth arrest and DNA
| damage inducible gene 153 (GADD53).

Conclusion: These results suggest that nutrient deprivation within the solid tumor microenvironment might
contribute to the activation of a pro-angiogenic phenotype. The angiogenic switch may act to increase blood
supply in response to nutrient deprivation as well as hypoxia.
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Background

It has become apparent that some aspects of malignant
progression are mediated through the effects of the tumor
microenvironment. Environmental conditions affect the
regulation of gene expression by both cancer cells and
stromal cells within the tumor. As tumors grow in size,
they must respond and adapt to a nutrient-limited envi-
ronment. Neoplastic progression includes genetic altera-
tions that allow malignant cells to ignore normal growth
controls. For these cells, growth is limited by the delivery
rate of oxygen and nutrients (such as glucose and amino
acids) and removal rate of waste products (such as CO,
and lactic acid) [1]. As a tumor grows in size, the cancer
cells and the stromal cells that surround them both expe-
rience progressive hypoxia, nutrient starvation and acido-
sis until the tumor microenvironment becomes
deleterious to growth or even toxic {1]. These cells survive
and adapt to this ischemic environment by producing
pro-angiogenic factors to initiate the formation and attrac-
tion of new blood vessels to the tumor [2]. In fact, an
increase in the synthesis of pro-angiogenic factors is a nat-
ural cellular response to an ischemic environment [3].

Many cancer researchers seem to associate ischemia only
with a lack of oxygen delivery. For this reason, much
attention has been devoted to understanding the way that
tumor cells respond and adapt to oxygen limitation.
Tumor hypoxia is a very active research area. We now
know that many genes important to both tumor cell
energy metabolism and angiogenesis are responsive to
hypoxia [4]. By far the most studied hypoxia-responsive
gene is vascular endothelial growth factor A, the original
member of the vascular permeability factor (VPF)/VEGF
family of proteins. Vascular endothelial growth factor A
(hereafter referred to as VEGF) is recognized as the single
most important angiogenic factor [5]. VEGF is a multi-
functional cytokine that is widely expressed by tumor cells
and increases microvascular permeability, induces
endothelial cell migration and division, and promotes
endothelial cell survival [ 6]. It may also act as an autocrine
survival factor for some cancer cells {7,8]. Plasma levels of
VEGF have prognostic value for several cancers, including
breast cancer [9,10].

In a tumor which has outgrown the existing vasculature,
ischemia results in hypoxia that induces the transcription
of VEGF through a well-defined signaling mechanism [4}].
This response to hypoxia stimulates angiogenesis to aug-
ment the existing vasculature and enable the delivery of
greater amounts of oxygen, effectively alleviating the
hypoxic stress. However, the hypoxic response mecha-
nism does not always completely explain the increased
VEGF expression by ischemic tissues. There are several
studies suggesting that hypoxia is not the cause of height-
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ened VEGF expression by ischemic tissues or tumors [11-
16}.

Several previous studies demonstrated that glucose depri-
vation also induces the expression of VEGF in cultured cell
lines, including HepG2 [17] and Hep3B {11} human
hepatomas, U-937 human monocytic cell line [18], C6 rat
glial tumor cell line [19], and ARPE-19 human retinal pig-
mented epithelial cell line [20]. However, none of these
studies demonstrated a mechanism for this effect. Glucose
deprivation and treatments that cause ER dysfunction lead
to the stressful accumulation of malfolded proteins
within the ER, resulting in an endoplasmic reticulum
stress response (ERSR) and activation of a signal transduc-
tion pathway known as the unfolded protein response
(UPR). The transcription of several ER stress-responsive
genes is highly induced by activation of the UPR, includ-
ing glucose-regulated protein 78 (GRP78) which encodes
the immunoglobin binding protein (BiP), and the growth
arrest and DNA damage inducible gene 153 (GADD153)
which encodes the CEBP-homologous protein
(CHOP10). Because there are several studies demonstrat-
ing the activation of ERSR pathways and the expression of
ER stress-responsive genes in tumor tissue [21-26], we rea-
soned that similar mechanisms could operate in cancer
cells and, if so, then this could contribute to the expres-
sion of VEGF by poorly vascularized tumors.
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Secretion of VEGF and IL-8 protein by TSE cells
treated with low glutamine-containing media, tuni-
camycin, and cobalt chloride. Triplicate cultures of con-
fluent TSE cells in six-well plates were incubated with 3 mL
per well of complete medium containing 4 mM glutamine
(Q), 0.25 mM glutamine, 5 pg/mL tunicamycin (Tunic) or 100
uM CoCl, for 24 hours. A commercial ELISA was used to
determine the amount of VEGF and IL-8 protein in the
media. Data represent the mean concentration + SD.
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In addition, we sought to determine if expression of the
CXC cytokine interleukin-8/CXCL8 (IL-8) was also
responsive to nutrient deprivation and ER stress. IL-8 was
first characterized as a neutrophil chemoattractant [27].
Soon after its discovery it was identified as a pro-ang-
iogenic factor, but its role in cancer has only recently been
fully appreciated [28]. Aberrant IL-8 expression has been
documented in several solid tumor types, including breast
[28]. IL-8 seems to function as both a pro-angiogenic and
a pro-metastatic factor [29-35]. Like VEGF, high serum
levels of IL-8 have been shown to be a negative prognostic
indicator in several cancers [36-39]. IL-8 expression is
highly dependent upon activity of nuclear factor kappa B
(NF-xB) [40-42]. In turn, NF-kB can be activated by ER
stress, through a UPR signaling pathway that has been
described as the ER overload response (EOR) [43]. How-
ever, to the best of our knowledge, the effect of nutrient
deprivation and ER stress on IL-8 expression has not yet
been described.

In the present study, a human breast carcinoma cell line
(TSE cells) was used as the model system to test the
hypothesis that VEGF and 1L-8 expression by tumor cells
is induced by nutrient deprivation and ER stress. The
expression of VEGF and IL-8 was compared to that of ER
and nutrient stress-responsive genes GRP78 and
GADD153, as well as the hypoxia-responsive gene glycer-
aldehyde-3-phosphate dehydrogenase {GAPDH). The
results show that VEGF expression by TSE cells, as well as
other breast carcinoma cell lines, is highly responsive to
nutrient deprivation and treatments that cause ER stress.
In addition, we present the novel observation that the
expression of IL-8 is responsive to nutrient deprivation
and ER stress. These findings suggest that a low concentra-
tion of nutrients other than oxygen in the tumor microen-
vironment, or any stress that disrupts ER function, has the
potential to increase tumor angiogenesis and metastasis.

Results

Effect of glutamine deprivation, tunicamycin, and cobalt
chloride on the secretion of VEGF and IL-8 protein by TSE
cells

To determine if VEGF and IL-8 proteins were secreted by
TSE cells under stress, as induced by glutamine depriva-
tion, tunicamycin (an inhibitor of protein glycosylation
in the ER), or hypoxia (mimicked by CoCl, [44]), tripli-
cate confluent cultures of the various cell types were
grown in 6-well plates and incubated with 3 mL per well
of complete media containing 4 mM glutamine as a con-
trol, 0.25 mM glutamine, 5 pg/mL tunicamycin, or 100
puM CoCl, for 24 hours. ELISA was used to determine accu-
mulated VEGF and IL-8 protein contents in the media
(Figure 1). At 4 mM glutamine (the control condition),
TSE cells showed a basal secretion of 5200 pg/mlL VEGF
protein. VEGF secretion increased to 6310 pg/mL with
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low glutamine conditions, to 10020 pg/mL with tuni-
camycin treatment and to 8340 pg/mL with CoCl, treat-
ment. Secreted IL-8 protein concentrations were 610 pg/
mL with control conditions, 1310 pg/mL with low
glutamine, 2640 pg/mL with tunicamycin treatment, and
560 pg/mL with CoCl, treatment. Thus, TSE cells demon-
strated an increased expression and secretion of both
VEGF and IL-8 protein during conditions of glutamine
deprivation and ER stress.

Response of VEGF and IL-8 mRNA expression to ER stress
and nutrient deprivation under normoxic (20% O,) and
hypoxic (2% O,) culture conditions

To test the hypothesis that VEGF is an ER stress-responsive
gene with characteristics of expression similar to other ER
stress-responsive genes, and that the mechanism of VEGF
mRNA upregulation through ER stress is distinct from the
well characterized hypoxia response of VEGF, TSE cells
were simultaneously subjected to ER stress or nutrient
deprivation under normoxic and hypoxic conditions. TSE
cells were grown to confluence, rinsed twice with PBS and
fed with either complete control medium, glutamine-free
medium, glucose-free medium, medium containing 5 pg/
ml tunicamycin, medium containing 10 uM A23187 (a
calcium ionophore which releases ER calcium stores),
medium containing 10 pg/mL Brefeldin A (an inhibitor of
ER-to-Golgi vesicle transport) or medium containing
0.1% (v/v) DMSO as a vehicle control. Cells under the
above conditions were treated in duplicate and cultured
either under normoxic (20% O,) or hypoxic (2% O,) con-
ditions for 24h. Total RNA was isolated and Northern
blotting analyses was performed (Figure 2A). Results were
compared to the untreated normoxic control.

This analysis showed that under normoxic conditions
nutrient deprivation and chemical inducers of ER stress
increase VEGF, GRP78 and GADD153 mRNA levels in
similar fashions. VEGF mRNA expression was increased to
the greatest extent (6-fold) in response to glutamine dep-
rivation. VEGF mRNA expression was induced 4-fold in
response to glucose deprivation, 3-fold in response to
tunicamycin treatment, 5-fold in response to A23187 and
4-fold in response to Brefeldin A. GRP78 and GADD153
mRNA expression increased the most following Brefeldin
A treatment (11-fold and 14-fold, respectively). After 24 h
of treatment, 1L-8 mRNA expression was increased only in
response to glutamine deprivation, glucose deprivation
and treatment with A23187 (2-fold, 3-fold and 22-fold,
respectively). Under hypoxic conditions, VEGF mRNA
was increased 4-fold in the complete media control sam-
ple compared to the VEGF mRNA level in the normoxic
control sample, confirming VEGF's well-characterized
response to hypoxia. Under hypoxic conditions,
glutamine deprivation, tunicamycin, A23187, and Brefel-
din A all caused further inductions of VEGF mRNA levels
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Figure 2

VEGF, IL-8, GRP78, GADDI153 and GAPDH mRNA
expression by TSE cells following glutamine depriva-
tion, glucose deprivation and treatment with chemi-
cal inducers of ER stress under normoxic or hypoxic
conditions. (A) Confluent TSE cells were fed with complete
control medium, glutamine-free medium (-Q), glucose-free
medium (-Gluc), medium containing 5 pg/mL tunicamycin
(Tunic), medium containing 10 pM A23187, medium contain-
ing 10 pg/ml Brefeldin A (Bref. A), or medium containing
0.1% (v/v) DMSO as a vehicle control and cultured under
either normoxic (20% O,) or hypoxic (2% O,) conditions.
Total RNA was isolated and Northern blotting analysis per-
formed. (B} Confluent TSE cells were cultured in media con-
taining the indicated concentrations of glucose while under
normoxic (20% O,) or hypoxic (2% O,) conditions for 24
hours. Total RNA was isolated and Northern blotting analy-
sis performed.
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compared to the hypoxic control. Glutamine deprivation
under hypoxic conditions raised VEGF mRNA levels 12-
fold, twice the induction observed when TSE cells were
glutamine starved under normoxic conditions. GAPDH
mRNA was raised slightly under all hypoxic conditions.
Of notice was the fact that glucose deprivation under nor-
moxic conditions induced VEGF and GRP78 mRNAs 4-
fold and 8-fold, respectively, but glucose deprivation
under hypoxic conditions failed to induce expression of
VEGF mRNA at all, and the induction of GRP78 mRNA
fell to 3-fold.

To confirm the observation that hypoxia impairs the
induction of VEGF and GRP78 mRNA normally seen as a
result of glucose deprivation, TSE cells were grown to con-
fluence rinsed twice with PBS and fed with DMEM con-
taining various concentrations of glucose: 0.0, 0.125,
0.25,0.5, 1, 2, 4, 16 or 25 mM. Dialyzed FBS was used to
supplement the media to prevent serum-derived glucose
from being added. Duplicate samples were then cultured
in hypoxic (2% O,) or normoxic (20% O,) conditions for
24 hours. Total RNA was isolated and Northern blotting
analysis for VEGF, GRP78, GADD153, IL-8 and GAPDH
mRNA was performed (Figure 2B). Samples were com-
pared with the normoxic control (25 mM glucose). Under
normoxic conditions, VEGF and GRP78 mRNAs were
maximally induced at 2 mM glucose to 7-fold and 13-
fold, respectively. In contrast, under hypoxic conditions
inductions of VEGF and GRP78 mRNAs were almost com-
pletely suppressed. Hypoxia suppressed GADDI153
mRNA inductions in response to glucose deprivation as
well, by about a multiple of 2 at all concentrations below
2 mM glucose. Under normoxic conditions, GADD153
mRNA was maximally induced 17-fold at 1 mM glucose.
However, at the same concentration of glucose under
hypoxic conditions GADD153 mRNA was induced only
8-fold. Under normoxic conditions, IL-8 mRNA was
greatly induced in a dose-dependent manner in response
to glucose deprivation, being maximally induced 43-fold
at 0.125 mM glucose and similarly induced as glucose
concentrations were reduced to zero. Thus, this dose-
response experiment confirmed that IL-8 mRNA expres-
sion was induced by glucose deprivation. However, inex-
plicably, a much greater level of induction of IL-8
expression by glucose deprivation was obtained in this
experiment than in the previous experiment (Figure 2A).
The induction of IL-8 was greatly reduced under hypoxic
conditions. For example, at 0.125 mM glucose IL-8 mRNA
was only induced by about 4-fold in the presence of
hypoxia. Thus, the effect of glucose deprivation upon the
expression of VEGF, IL-8 and other ER stress-responsive
genes was retained but markedly reduced under hypoxic
conditions.
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Expression of VEGF ard ER stress-responsive genes was
also examined and compared in TSE, MDA-MB-231,
MDA-MB-453, T47D, and MCF-7 human breast cancer
cell lines subjected to nutrient deprivation and ER stress
for 8 h under normoxic and hypoxic conditions. Conflu-
ent cells were fed with complete control medium,
glutamine-free medium, glucose-free medium, medium
containing 5 pug/mL tunicamycin, 500 nM thapsigargin,
10 pM A23187, 1 mM DTT, 10 pg/mL Brefeldin A, or
medium containing 0.1% (v/v) DMSO as a vehicle con-
trol. The cultures were then placed in 20% O, or 2% O,-
containing environments for 8 hours. Total RNA was iso-
lated and Northern blot analysis performed (Supplemen-
tal Figure 1 [see Additional File 1]). In response to
glutamine deprivation, VEGF mRNA expression was simi-
larly increased in all cell lines, with the greatest increase in
MDA-MB-231 (2.3-fold). Glucose deprivation increased
VEGF mRNA expression in every cell line tested with the
greatest induction seen in T47D cells (2.9-fold). Tuni-
camycin, thapsigargin, Brefeldin A and A23187 increased
VEGF mRNA expression in all cell lines tested. The MDA-
MB-231 cell line increased the expression of VEGF mRNA
to the greatest extent following treatment with the chemi-
cal inducers of ER stress, tunicamycin (2.5-fold), thapsi-
gargin (2.5-fold), A23187 (5.0-fold) and Brefeldin A (3.2-
fold). Under normoxic conditions, treatment with DTT
induced the expression of VEGF mRNA appreciably only
in the MDA-MB-231 cell line {1.9-fold).

Hypoxia alone increased VEGF mRNA expression in all
cell lines tested, with MDA-MB-453 cell line demonstrat-
ing the greatest induction (3.3-fold). Upon glutamine
deprivation under hypoxic conditions, TSE (3.3-fold),
T47D (3.6-fold) and MCF-7 (2.9-fold) cell lines showed
additionally increased VEGF mRNA expression compared
to the hypoxic control. Under hypoxic conditions, 8 h of
glucose deprivation also additionally upregulated VEGF
mRNA expression compared to the hypoxic control lanes
in TSE (2.9-fold) and MDA-MB-231 (8.8-fold). Glucose
deprivation under hypoxic conditions repressed the
expression of VEGF mRNA compared to the hypoxic con-
trol lanes in the MCF-7, T47D and MDA-MB-453 cancer
cell lines. Most treatments with chemical inducers of ER
stress during hypoxic culture conditions resulted in VEGF
mRNA levels that were higher than those produced by
hypoxia alone in the MCF-7, MDA-MB-231 and MDA-
MB-453 cell line. In T47D cells, only A23187 treatment
resulted in greater (4.0-fold) VEGF mRNA levels than
hypoxia alone.

Expression of IL-8 mRNA was detected only in TSE and
MDA-MB-231 cells, and was markedly increased under
both normoxia and hypoxia by treatment with glutamine-
free medium, glucose-free medium, thapsigargin, A23187
and Brefeldin A. The magnitude of inductions was not
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quantifiable because IL-8 mRNA was essentially undetec-
ted in control samples. However, A23187 induced the
greatest IL-8 responses, tunicamycin caused relatively
slight inductions and DTT did not appreciably induce IL-
8 expression in either TSE or MDA-MB-231 cells. Surpris-
ingly, hypoxia did not appreciably induce IL-8 mRNA
expression in any of these breast cell lines. Both tunicamy-
cin and DTT caused dramatic inductions of GRP78 mRNA
expression in each cell. GADD153 expression by these
cells was appreciably responsive to tunicamycin, but not
to DTT treatment.

Response of VEGF, GRP78, GADD 153 and IL-8 mRNA
expression to amino acid deprivation

To determine if VEGF mRNA expression is responsive to
the deprivation of amino acids other than glutamine, TSE
cells were incubated in media lacking one or all of the
amino acids found in modified Eagle's medium (MEM).
TSE cells adapted to MEM were grown to confluence,
rinsed twice and re-fed complete MEM, MEM lacking all
amino acids, or MEM deficient in one of each of the 13
amino acids present in complete MEM and incubated for
12 hours. Dialyzed FBS was used to negate the contribu-
tion of amino acids within the sera. Total RNA was iso-
lated and Northern blotting analyses were performed
(Figure 3B). The amount of VEGF, GRP78, GADD153, IL-
8 and GAPDH mRNA was determined relative to the
amount of 188 rRNA within each sample and mRNA con-
tents were compared to that of control cells in complete
MEM and amino acid-free MEM (Figure 3A). VEGF mRNA
expression was most responsive to glutamine deprivation
(9-fold). Deprivation of other amino acids elicited smaller
inductions. For example, lack of arginine induced VEGF
mRNA 7.6-fold and lack of leucine, lysine and methio-
nine each induced VEGF mRNA approximately 5-fold.
Deprivation of all 13 amino acids induced VEGF mRNA
5.6-fold. GRP78 mRNA was induced to a lesser extent
than VEGF by deprivation of various amino acids.
Glutamine deprivation had the greatest effect on GRP78
mRNA inducing it 2.3-fold. GADD153 mRNA was also
more responsive (3.9-fold) to glutamine deprivation than
to a lack of other amino acids. Total amino acid starvation
resulted in a marked 12.3-fold induction of GADD153. At
this time point, IL-8 expression was only responsive to
glutamine deprivation, with an induction of slightly more
than 2-fold. However, IL-8 mRNA expression was greatly
induced 12-fold by total amino acid starvation. Compari-
son of VEGF with GADD153 mRNA levels yielded a good
correlation (r = 0.79). Comparison of VEGF with GRP78
mRNA levels yielded a decreased correlation (r = 0.63).
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Figure 3

Response of VEGF, IL-8, GRP78, GADDI53 and
GAPDH mRNA expression to deprivation of various
amino acids. TSE cells adapted to MEM were grown to
confluence, and cultured for 12 hours in MEM without any
amino acids (-13 a.a.), containing the normal supplement of
amino acids (+13 a.a.), or in media in which one amino acid at
a time was deleted as indicated. Total RNA was isolated and
Northern blotting analysis was performed. Fold increases in
mRNA levels relative to the sample containing the normal
supplement of amino acids (+13 a.a.) are shown in (A).
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The kinetics and sensitivity of VEGF, IL-8, GRP78,
GADD53, and GAPDH mRNA expression to glutamine
deprivation

The effects of glutamine deprivation were further charac-
terized by monitoring the expression of VEGF, IL-8 and ER
stress response genes following various durations of com-
plete glutamine starvation and culture conditions with a
range of initial media glutamine concentrations. To exam-
ine the kinetics of inductions for VEGF, GRP78,
GADD153 and IL-8 mRNA expressions, TSE cells were
grown to confluence, rinsed twice and fed with glutamine-
free DMEM supplemented with dFBS. At various times (0,
3, 6, 12, 24, 48 and 72h) total RNA was isolated and
Northern blot analyses for VEGF, GRP78, GADD153, IL-
8, GAPDH and 18S rRNA were performed (Figure 44).
The amounts of these mRNAs were determined relative to
the amount of 18S rRNA in each sample and compared
with the 0 hour time point control. VEGF mRNA levels
increased rapidly to 3-fold the initial level by 3 hours and
continued to increase, reaching 7-fold at 72 hours of
glutamine deprivation. GRP78 mRNA expression was
induced 1.5-fold at three hours and, 2.5-fold at 6 hours
and maintained about a 2-fold induction for the rest of
the time course. GADD153 mRNA expression was
induced 3.2-fold at 3 hours and maintained roughly the
same level of expression until the 72 hour time point. IL-
8 mRNA expression was promptly induced, reaching 4.7-
fold by 3 hours and a maximal induction of 15-fold at 6
hours. Following a maximal induction at 6 hours, IL-8
mRNA levels decreased to about 4-fold at 24 hours and
maintained this level of expression until the 72 hour time
point. GAPDH levels actually decreased slightly during
glutamine deprivation.

To determine the sensitivity of VEGF and IL-8 expression
to ambient glutamine levels and to compare their expres-
sion with the expression of GRP78, GADD153, GAPDH
mRNA, TSE cells were grown to confluence, rinsed twice
and fed with DMEM containing 0.0, 0.06, 0.125, 0.25,
0.5, 1, 2, or 4 mM glutamine and supplemented with
dFBS. The cells were then cultured for 24 hours, total RNA
was isolated and Northern blotting analysis was per-
formed (Figure 4B). The amount of VEGF, GRP78,
GADD153, IL-8 and GAPDH mRNAs were determined
relative to the amount of 18S rRNA in each sample, and
these values compared with mRNA contents of the 4 mM
glutamine sample. VEGF mRNA expression increased
measurably as initial media glutamine concentrations
were reduced below 2 mM. At the relatively low glutamine
concentration of 250 pM, VEGF mRNA expression was
induced 4.7-fold, and was maintained at a 5-fold level
until glutamine was totally absent. Thus, VEGF expression
was very responsive to a range of glutamine concentra-
tions that compare favorably with the human physiologi-
cal plasma concentration of 0.6 mM. The dose-response
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Figure 4

Response of VEGF, IL.-8, GRP78, GADDI53, and
GAPDH mRNA expression to glutamine starvation
over time, and to various initial concentrations of
glutamine in the media. (A) Confluent TSE cells were cul-
tured in glutamine-free medium for the times indicated, or
(B) in media containing the indicated initial concentrations of
glutamine for 24 hours. Total RNA was isolated, and North-
ern blotting analysis was performed.
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of inductions for IL-8, GRP78, and GADD153 mRNAs all
closely resembled that of VEGF mRNA. Comparison of
VEGF and IL-8 mRNA levels gave a correlation coefficient
of r = 0.95. Comparison of VEGF with GADD153 mRNA
levels yielded a correlation coefficient of r = 0.99. Com-
parison of VEGF with GRP78 mRNA levels yielded a cor-
relation coefficient of r = 0.90. Thus, VEGF and IL-8
mRNA expression was induced rapidly in response to
glutamine starvation, was regulated within a physiologi-
cally Relevant range of glutamine concentrations, and cor-
related strongly with other ER stress-responsive genes.
GAPDH mRNA levels did not correlate with those of
VEGF.

Discussion

In 1992 Sweiki and co-workers published a landmark
paper suggesting that expression of VEGF in response to
hypoxia was responsible for neovascularization of gliob-
lastoma multiform [45]. Since then, numerous studies on
the regulation of VEGF by hypoxia have been published.
The relevance of this regulation was highlighted as it was
eventually experimentally demonstrated that rapidly
growing tumors are indeed generally hypoxic, with
regions of very low oxygen tensions [1,46-48]. Thus, there
is now the strong perception that oxygen is the limiting
environmental factor in tumor growth and the major fac-
tor in controlling tumor VEGF expression and
angiogenesis.

However, there are some inconsistencies in the tumor
hypoxia-VEGF theory. For example, Kotch and co-workers
studied the role of HIF-1 in embryonic growth and vascu-
lar development by creating a HIF-1a knockout mouse
[11]. Rather than expressing less VEGF as expected, HIF-
la-/- embryos expressed even more VEGF than the HIF-
lot/+ or HIF-10- embryos at the same stage. The authors
surmised that it was glucose deprivation that had caused
up-regulation of VEGF and demonstrated that cultured
cells increased VEGF expression in response to glucose
deprivation. When Tsuzuki and colleagues used HIF-1a-/-
embryonic stem (ES) cells to form tumors, they found that
tumor VEGF expression was diminished. However these
HIF-10-/- tumors expressed nearly two-thirds the amount
of VEGF that wild-type ES cell tumors expressed [12]. They
concluded that some of this VEGF expression was due to
tumor-infiltrating stromal cells. However, these HIF-1a/-
tumors expressed significantly more VEGF than tumors
formed from VEGF/-ES cells. Likewise, when Maxwell and
co-workers used HIF-1B-/- hepatoma cells to form tumors,
they found that the expression of the hypoxia-responsive
gene GLUT3 was abrogated, but the expression of VEGF
was only reduced [13]. In addition, when Griffiths and
colleagues [49] compared the vessel density of HIF-1{-/-
hepatomas to wild type hepatomas they observed "no dif-
ferences in vascularity." These results were not due to
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alternative mechanisms of hypoxic induction of VEGF, for
all these studies showed that basal VEGF expression was
negligible in HIF-1a7/- or HIF-1B/- cells and that VEGF
expression was not induced when these knockouts were
made hypoxic in vitro. Thus, from these studies we con-
clude that although hypoxia plays an important role in
induction of tumor VEGF expression, other factors also
contribute to the control of VEGF expression in vivo.

Raliegh and co-workers tested the role of hypoxia in the
induction of tumor VEGF expression when they compared
the distributions of VEGF protein and the hypoxic marker
pimonidazole in eighteen patients with invasive squa-
mous cell carcinoma of the uterine cervix and head and
neck [14]. These authors stated that, "a quantitative
immunohistochemical comparison of hypoxia and VEGF
protein expression revealed no correlation between these
two factors.” Similarly, Fukumura and colleagues studied
the distribution of a hypoxic marker and VEGF expression
in tumors and found no spatial correlation [15]. West and
co-workers used a needle polarographic oxygen electrode
to directly measure oxygen tensions in micro-regions of
38 human cervical cancers prior to tumor removal and
then compare these measurements to regional VEGF and
platelet-derived endothelial growth factor expression
levels measured by immunohistochemistry of tumor sec-
tions [16]. These authors stated that "There was no rela-
tionship between hypoxia and the expression of
angiogenic factors (VEGF, PD-ECGF)." From these data,
we conclude that it is unclear to what extent the mecha-
nism of VEGF induction by hypoxia contributes to tumor
angiogenesis. We propose that environmental factors
other than hypoxia may also contribute to induction of
VEGF expression in the tumor environment.

Tumor cells can also be subjected to glucose and amino
acid deprivation in the tumor microenvironment. We
hypothesized that cancer cells would respond to these
forms of nutrient deprivation by increasing the expression
of pro-angiogenic factors, such as VEGF and IL-8. This
response would allow tumor cells to overcome nutrient
deprivation, as well as hypoxia, by increasing the vascular
supply of nutrients or by metastasizing to a nutrient rich
environment. Using a human breast carcinoma cell line
we found that deprivation of glutamine and treatment
with tunicamycin caused increased secretion of both
VEGF and IL-8. This data suggests that VEGF and IL-8
mRNA continue to be translated and secreted even during
a stress, like tunicamycin treatment, that causes ER stress
and global translation inhibition. Deprivation of glucose,
deprivation of each MEM amino acid except cystine, and
specific chemical inducers of ER stress (tunicamycin,
Brefeldin A, and A23187) markedly increased the expres-
sion of VEGF mRNA. The inductions of VEGF mRNA
expression in response to various durations of glutamine
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deprivation and various glutamine concentrations were
well correlated with the inductions of mRNA expression
of ER stress-responsive genes GRP78 and GADD153, sug-
gesting that the induction of VEGF expression was also
due to a transcriptional ERSR. These studies extend previ-
ous findings with other cell types showing that VEGF is
responsive to glucose deprivation {11,17-19]. To the best
of our knowledge, this is only the second study published
that demonstrates that VEGF expression is responsive to
amino acid deprivation, the first being our previous study
with retinal pigmented epithelial cells [20]. In that study
we presented evidence that, similar to hypoxia, glutamine
deprivation increased steady-state VEGF mRNA levels
through both transcriptional activation and mRNA
stabilization.

Treatment with tunicamycin caused greater increases in
secreted VEGF and IL-8 protein accumulation during a 24
hour period than did treatment with 0.25 mM, glutamine-
containing media. In contrast, the level of VEGF and 1L-8
mRNAs at the end of 24 hour period were increased more
by glutamine starvation (0 mM) than tunicamycin treat-
ment. In response to tumicamycin, VEGF mRNA
increased by 3-fold and secreted protein accumulation
increased similarly, by approximately 2-fold. In response
to glutamine starvation, 1L-8 mRNA increased by 2-fold
and secreted protein accumulation increased similarly, by
slightly over 2-fold due to less severe glutamine depriva-
tion (0.25 mM). Surprisingly, the accumulation of
secreted IL-8 protein occurred with tunicamycin treatment
(Figure 1), while the level of IL-8 mRNA in like-treated
cells shown in Figure 2A is negligible. However, protein
accumulation in the media is expected to be a function of
the integrated temporal mRNA level over the 24-hour
period. As demonstrated for glutamine deprivation, the
temporal nature of the IL-8 response is transient (Figure
4A). Thus the mRNA level at 24 hours should not be
expected to be consistent with the protein accumulation.
We have not determined the temporal nature of the tuni-
camycin response.

VEGF mRNA expression by T47D, MCF-7, MDA-MB-453
and MDA-MB-231 breast carcinoma cell lines was also
increased in response to nutrient deprivation and chemi-
cal inducers of ER stress further suggesting that this is a
general phenomenon that occurs in several, if not all, cell
lines. Only TSE and MDA-MB-231 expressed IL-8 mRNA
levels that were detectable by Northern blotting, and both
cells exhibited induction of IL-8 by nutrient deprivation
and ER stress. However, chemical inducers of ER stress
had quite variable effects on IL-8 expression. It should be
noted that hypoxia did not appreciably induce IL-8
expression in any of the breast cancer cell lines tested. This
is surprising, given that IL-8 has been identified as being
responsive to hypoxia in several tumor cells (for review
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see [50]). The hypoxic induction of IL-8 expression is cer-
tainly cell-specific, for, in a recent study of a series of tran-
sitional cell carcinoma cell lines, Karashima and co-
workers found that some cell lines did and some cell lines
did not exhibit hypoxic induction of IL-8 expression [51].
It is not the case that 2% oxygen is not severe enough
hypoxia to induce IL-8 expression in breast cancer cells,
for we have tested total anoxia and not observed IL-8
induction (data not shown).

To the best of our knowledge this is the first demonstra-
tion that IL-8 expression is responsive to nutrient depriva-
tion and ER stress. In initial experiments, IL-8 mRNA
expression seemed relatively unresponsive to treatments,
with the exception of glucose deprivation, A23187 and
complete amino acid deprivation. However, the response
of IL-8 expression to glutamine deprivation was observed
to be substantial at an earlier time than first examined.
Because IL-8 transcription is very responsive to NF-kB,
which can be stimulated by ER stress [43], it was perhaps
predictable that IL-8 expression was induced by ER stress.
In contrast, amino acid deprivation would not be
expected to activate the UPR or EOR responses, but this
also upregulated IL-8 expression. Just recently, Jiang and
co-workers showed that amino acid deprivation activates
NF-kB, and that this is dependent on phosphorylation of
the eukaryotic initiation factor 2 alpha subunit
(elF2alpha) by GCN2 (EIF2AK4) [52]. Thus, it is perhaps
also not surprising that amino acid deprivation upregu-
lated IL-8 expression. We have recently found that NF-xB
and AP-1 activity is increased by glutamine deprivation of
TSE cells and that these factors are necessary for induction
of IL-8 expression in response to glutamine deprivation
(E. Bobrovnikova-Marjon, unpublished observations).
However, a macroarray experiment examining the expres-
sion 111 NF-xB-responsive genes found only 13 (includ-
ing 1L-8) that were induced by glutamine deprivation (E.
Bobrovnikova-Marjon, unpublished observations). Thus,
not all NF-xB-responsive genes are induced by glutamine
deprivation.

Glutamine deprivation and chemical inducers of ER stress
in conjunction with hypoxia induced the expression of
VEGF to a greater extent than hypoxia alone, suggesting
that hypoxia and an ERSR pathway can increase the
expression of VEGF through distinct mechanisms. In addi-
tion, unlike the expression of ER stress-responsive genes,
the hypoxia-responsive gene GAPDH was not regulated
similarly to VEGF or IL-8. Of interest was the observation
that glucose deprivation and hypoxia independently
increased the expression of VEGF mRNA, but together had
much less effect. A similar phenomena was previously
reported to occur in the C6 glial tumor cell line [53]. It is
possible that hypoxia combined with glucose deprivation
drastically impedes the cell's production of ATP and
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inhibits the signal transduction processes or transcription
factor expression needed for these responses. However,
GADD153 mRNA induction was not severely impeded by
the same combination of hypoxia and glucose
deprivation.

Of all the amino acids tested, glutamine deprivation
increased the expression of VEGF and IL-8 by the greatest
extent. Glutamine's function as a nitrogen transporter,
fuel source, and its high concentration in the blood make
it a prime candidate for the study of the effects of nutrient
availability on the expression of VEGF. TSE cells are par-
ticularly dependent upon glutamine for growth and via-
bility, compared to several other human breast carcinoma
cell lines [54]. However, it should be noted that confluent
cultures of TSE cells, like those used in the current study,
do not exhibit appreciable signs of cell death when
glutamine starved for even extended periods (data not
shown). We previously observed that tumor xenographs
formed from TSE cells contained progressively less
glutamine as tumor size increased, demonstrating that
glutamine deprivation can occur in vivo [55].

The main rationale for this study was to test the hypothe-
sis that nutrient deprivation and/or ER stress increases
cancer cell VEGF and IL-8 expression. This is comple-
mented by previous studies suggesting that tumor cells do
experience ER stress in vivo. Gazit and co-workers demon-
strated that the GRP78 promoter was able to drive high
expression levels of green fluorescent protein (GFP) in an
experimental murine fibrosarcoma tumor model [21].
This group went on to use the GRP78 promoter to drive
the tumor-specific expression of HSV-tk as a scheme for
cancer gene therapy [22]. Recently this group produced a
transgenic mouse containing the mouse GRP94 ER stress-
responsive promoter fused to the LacZ reporter gene [23].
This promoter, which contained three ER stress response
DNA elements (ERSRE), was inactive in all normal tissues
examined but was highly active in both spontaneously-
formed and DMBA-induced tumors. Close examinations
of these tumors revealed that LacZ expression was greatest
in both tumor cells and macrophages at the border of
necrotic areas. In addition, several other studies have
demonstrated that genes activated in response to ERSR
pathways are expressed in tumors. These include GRP78
[24,56], GRP78, GRPY4 and calnexin {25].

Conclusions

Recently, there have been a great number of discoveries
revealing the role of ERSR in normal development and
pathological processes. We contend that the solid tumor
environment, with its abnormal and insufficient vascula-
ture, is a prime candidate for ERSR activation and we
hypothesize that ERSR can trigger an angiogenic switch in
an effort to improve nutritional delivery. Further experi-
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ments are needed to determine if ERSR signal transduc-
tion pathways and transcription factors are involved in
the inductions of VEGF and IL-8 expression by nutrient
deprivation and ER stress. Perhaps more importantly, it
remains to be determined if these mechanisms are active
and contributing to the expression of VEGF and IL-8 and
thus the angiogenic and metastatic phenotype of tumor
cells in vivo.

Methods

Cell Culture

TSE human breast carcinoma cells were provided by Dr.
Simon Powell (Massachusetts General Hospital, Depart-
ment of Radiation Oncology, Boston, MA). T47D, MCF-7,
MDA-MB-453 and MDA-MB-231 breast carcinoma cell
lines were obtained from the American Type Culture Col-
lection (ATCC). Cells were maintained in Dulbecco's
modified Eagle's medium (DMEM, high glucose formula-
tion) supplemented with 4 mM L-glutamine, 10% v/v
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/
mL streptomycin, and 0.25 ug/mL amphotericin B. For
Northern blot analyses, cells were plated in 60 cm? tissue
culture dishes, grown to confluence, fed with fresh
medium one day before being rinsed twice with Dul-
becco's phosphate-buffered saline (DPBS), and re-fed
with fresh media containing drugs or other treatments as
described in the figure legends. For glutamine-deprivation
experiments, glutamine-free medium (DMEM supple-
mented with 10% v/v dialyzed FBS (dFBS) and no
glutamine) containing added glutamine or drugs was
used as described in the figure legends. Experiments
including glucose-starved conditions were performed
with glucose-free DMEM-based medium supplemented
with dFBS as described. Starvation for multiple amino
acids was performed with TSE cells adapted to growth
over several successive passages in modified Eagle's media
(MEM) supplemented as described above for DMEM and
dFBS was used during the experiments. Cells subjected to
hypoxic stress were grown under normoxic culture condi-
tions until treatment, rinsed twice with DPBS, then treated
as described in the legends and placed under hypoxic con-
ditions (37°C, 5% CO,, 2% O,, and 95% humidity). For
the ELISA, cells were plated in 10 cm?2 wells of G-well
plates, grown to confluence, fed with fresh medium one
day before being rinsed twice with DPBS, and re-fed with
fresh medium (3 mL per well), containing drugs or other
treatments, as described in the figure legend.

ELISA assays

ELISA assays were performed with commercial VEGF and
IL-8 ELISA kits (R&D Systems, Minneapolis, MN). Assays
for each sample were performed in duplicate, and read-
ings were compared with standard curves obtained with
human recombinant VEGF, ;s provided.

http://iwww.molecular-cancer.com/content/3/1/4

RNA isolation and analysis

Total RNA was isolated by the one-step acid-phenol gua-
nidinium procedure [57], with RNA extraction reagent
(RNA-Stat60; TelTest, Friendswood, TX), according to the
manufacturer's protocol, followed by an additional phe-
nol-chloroform extractions. Northern blot analysis was
performed as previously described {58] with cDNAs corre-
sponding to human VEGF (dbEST189750), GRP78
(HAEAC89; ATCC), GADD153 (dbEST298470), IL-8
(dbEST6044688), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH, pHcGAP; ATCC) and rat 188 rRNA used
as templates to generate 32P-labeled probes with a ran-
dom-primer labeling kit (Amersham Pharmacia Biotech,
Piscataway, NJ). The rat 18S rRNA cDNA template was RT-
PCR generated from total rat kidney RNA using R18F2
sense (5'-GCTACCACATCCAAGGAAGGC-3') and R18B1
anti-sense (5'-CCCGTGTTGAGTCAAATTAAGCC-3")
primers.

Statistical analyses

Results of Northern blot analyses were quantified using a
phosphorescence imager (STORM) and accompanying
software (ImageQuant; Molecular Dynamics, Sunnyvale,
CA). Integrated band intensities for the probed mRNAs
were divided by those for 185 rRNA to obtain normalized
values of mRNA levels in each sample. Fold increases were
obtained by dividing normalized integrated band intensi-
ties for experimental samples by that of a control
(untreated, time O, or complete media) sample. ELISA
assays were performed in duplicate, and readings were
compared with standard curves obtained with human
recombinant VEGF, g5 provided. Means and standard devi-
ations of concentrations in triplicate samples were com-
pared by Student's t-test.
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Supplemental Data Figure S1. VEGF, IL-8, GRP78, GADDI53, and
GAPDH mRNA expression in MDA-MB-453, T47D, MDA-MB-231,
TSE, and MCF-7 cells following 8 h of glutamine deprivation, glucose
deprivation or treatments with chemical inducers of ER stress under
normoxic and hypoxic conditions. Confluent cells were fed with complete
control medium (4Q), glutamine-free medium (-Q), glucose-free
medium (-Glucose), medium containing 5 ug/mL tunicamycin, 500 nm
Thapsigargin, 10 uM A23187, 1 mM DTT, 10 pg/mL Brefeldin A, or
medium containing 0.1% (vfv) DMSO as a vehicle control and cultured
under either normoxic (20% O,) or hypoxic (2% O,) conditions for 8

hours. Total RNA was isolated and Northern blotting analysis performed.
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Vascular endothelial growth factor (VEGF) plays a
key role in the development and progression of diabetic
retinopathy. We previously demonstrated that amino
acid deprivation and other inducers of endoplasmic re-
ticulum-stress (ER stress) up-regulate the expression of
VEGF in the retinal-pigmented epithelial cell line
ARPE-19. Because homocysteine causes ER stress, we
hypothesized that VEGF expression is increased by am-
bient homocysteine. pL.-Homocysteine-induced VEGF ex-
pression was investigated in confluent ARPE-19 cul-
tures. Northern analysis showed that homocysteine
increased steady state VEGF mRNA levels 4.4-fold.
Other thiol-containing compounds, including rL-homo-
cysteine thiolactone and DTT, induced VEGF expression
7.9- and 8.8-fold. Transcriptional run-on assays and
mRNA decay studies demonstrated that the increase in
VEGF mRNA levels was caused by increased transcrip-
tion rather than mRNA stabilization. VEGF mRNA in-
duction paralleled that of the ER-stress gene GRP78.
Homocysteine treatment caused transient phosphoryla-
tion of eIF2a and an increase in ATF4 protein level.
Overexpression of a dominant-negative ATF4 abolished
the VEGF response to homocysteine treatment and to
amino acid deprivation. VEGF mRNA expression by
ATF4—-/- MEF did not respond to homocysteine treat-
ment and the response was restored with expression of
wild-type ATF4. These studies indicate that expression
of the pro-angiogenic factor VEGF is increased by hom-
ocysteine and other thiol-containing reductive com-
pounds via ATF4-dependent activation of VEGF
transcription.

Vascular endothelial growth factor (VEGF)! is a secreted
glycoprotein with endothelial cell-specific mitogenic properties
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DTT, dithiothreitol; elF2a, eukaryotic initiation factor 2¢; GADD153,
growth arrest and DNA damage inducible gene 153; GFP, green fluo-
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and causes permeability changes in endothelial cell layers (1).
VEGF has a distinct role in physiologic angiogenesis and is
thus essential for normal embryogenesis (2). Regulation of
VEGF expression is involved in many angiogenesis-driven pa-
thologies including diabetic retinopathy (DR), a leading cause
of morbidity among diabetic patients and the leading cause of
new blindness for persons of working age (3). DR is character-
ized by loss of retinal capillaries leading to progressive retinal
ischemia, increased retinal vascular permeability, and new
retinal vessel growth. During proliferative stages of DR plasma
and vitreous levels of VEGF are elevated in diabetic patients
(4). Many different cell types in the eye produce VEGF, includ-
ing retinal pigment epithelium, endothelial cells, pericytes,
glial cells, and ganglion cells (5).

An understanding of the stimuli that up-regulate VEGF
expression in the diabetic retina is essential to development of
effective treatments for DR. Several theories have been pro-
posed to explain the VEGF-driven neovascularization of the
retina. Oxygen tension markedly affects VEGF expression, in-
creasing VEGF transcription and stabilizing VEGF mRNA (6).
In addition, VEGF expression is increased by advanced glyca-
tion end products (AGE) (7), high glucose (8, 9), glucose depri-
vation (10), and by exposure to chemical inducers of ER stress
(11). Thus, factors other than hypoxia may influence retinal
VEGF expression and play a role in triggering the vascular
complications associated with diabetes.

Although controversial (12, 13), several studies have shown
an association between homocysteinemia and vascular dis-
eases, including the development of DR (14, 15), ocular venous
occlusion (16, 17), and neovascular age-related macular degen-
eration (18). However, a mechanism by which elevated homo-
cysteine could contribute to development of retinal neovascu-
larization is obscure. Moore et al. (19) demonstrated that
intraocular injection of homocysteine in mice stimulated N-
methyl-p-aspartate (NMDA) receptors and apoptotic cell death
in the retinal ganglion cell layer in a manner that resembled
early diabetic degenerative processes. However, these authors
did not examine the effect of homocysteine on retinal VEGF
expression, permeability or neovascularization. Another effect
of homocysteine is perturbation of protein disulfide formation
and protein folding within the endoplasmic reticulum (ER) (20,

rescent protein; GRP78, glucose-regulated protein 78; IRE1, human
homologue of the yeast IRE1p inositol prototrophy gene; MEF, mouse
embryo fibroblasts; NSRE, nutrient stress response elements; PERK,
PKR-like ER kinase; UPR, unfolded protein response; Wt, wild-type;
XBP-1, X-box binding protein-1; ER, endoplasmic reticulum; DMEM,
Dulbecco’s modified Eagle’s medium; AS, asparagine synthetase; Heys,
homocysteine.
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21). Homocysteine induces ER stress-responsive genes, includ-
ing GRP78, GADD153, and ATF4 (22, 23). Werstuck et al. (24)
showed that the altered gene expression in homocysteine-
treated cells was due to activation the ER stress response
pathway known as the unfolded protein response (UPR).

The UPR represents a set of signaling cascades by which
conditions within the ER are communicated to the protein
translation machinery and to the nucleus in order to balance
the folding capacity of the ER with the protein processing
demand (25). These cascades are activated when the function of
the ER is perturbed, or when the substrate protein burden on
the ER outstrips the processing capacity. One branch of the
UPR is initiated by activation of PERK, an elF2« kinase.
Phosphorylation of elF2a inhibits GDP/GTP exchange and
thus the re-formation of ternary translation initiation com-
plexes, thereby slowing global protein translation. Decreased
initiation paradoxically leads to increased expression of ATF4.
The structure of ATF4 mRNA includes a number of short
upstream open reading frames (WORF) that precede the func-
tional coding sequence. Phosphorylation of eIF2« creates con-
ditions that favor downstream re-initiation and synthesis of
ATF4 in ER-stressed and nutrient-deprived cells (26). Ulti-
mately, ATF4 induces the expression of numerous genes, in-
cluding genes involved in amino acid import, metabolism, and
assimilation (27).

In this study, we demonstrate that homocysteine is a novel
inducer of VEGF expression in a human retinal pigmented
epithelial cell line (ARPE-19) and that homocysteine increases
VEGF expression due to ATF4-dependent activation of VEGF
transcription.

EXPERIMENTAL PROCEDURES

Cell Culture—ARPE-19 cells (American Type Culture Collection)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, low
glucose formulation) supplemented with 10% (v/v) fetal bovine serum,
100 units/ml penicillin, 100 pg/ml streptomycin, and 0.25 ug/ml am-
photericin B. Mouse embryo fibroblasts (MEF) obtained from homozy-
gous and heterozygous ATF4 knockout mice (28) were maintained in
DMEM (high glucose formulation) supplemented with 15% (v/v) fetal
bovine serum, 100 units/ml penicillin, 100 pg/ml streptomycin, 4 mm
glutamine, and 10 puM B-mercaptoethanol. For Northern blotting exper-
iments, cells were plated in 10-cm tissue culture dishes and grown to
confluence. One day prior to treatment, cells were rinsed twice with
Dulbecco’s phosphate-buffered saline and fed with fresh medium. pL-
Homocysteine, b-homocysteine thiolactone, L-homocysteine thiolactone,
or dithiothreitol (DTT) (Sigma) were prepared fresh in DMEM and
sterilized by filtration before added to the cell cultures. Reduced b- and
L-homocysteine were generated as previously described (29). Briefly, n-
and L-homocysteine thiolactone were incubated in 5 N NaOH for 5 min
at 20 °C, the solutions were then neutralized with HCIl, diluted in
DMEM, and administered to the cell cultures. For ELISA experiments,
10° cells per well were plated in 6-well plates, grown to confluence, fed
with fresh medium 1 day prior to rinse with DPBS (2X), and fed with
fresh medium (3 m! per well) containing DL-homocysteine or normal
medium. For mRNA decay experiments, cells were treated with homo-
cysteine for 3 h, followed by a dose of 5 pg/ul actinomycin D (actD)
(Sigma) and then incubated for various times as described in the figure
legends. For experiments utilizing adenoviral vectors, subconfluent cul-
tures of ARPE-19 cells were treated with either ATF4 wild-type (Wt),
ATF4 mutant (DN), or the empty AdEasy vector (empty). Twenty hours
postinfection, the percentage of cells infected was determined from the
expression of green fluorescent protein (GFP). Anoxic conditions were
created by sealing cell cultures within plastic bags along with a filter
paper bag containing finely divided iron (Anaerocult®, Merck, Darms-
tadt, Germany). Upon addition of water, an oxidative reaction produces
an oxygen-free environment confirmed by a colorimetric indicator strip
(Anaerotest®, Merck).

Northern Blot Analysis—Northern blotting was performed as previ-
ously described (30) using ¢cDNAs corresponding to human VEGF
(dbEST189750), GADD153 (dbEST 298470), GRP78 (HAEACS9,
ATCC), and asparagine synthetase (BI1752279 IMAGE Clone), and nor-
malized to 18 S rRNA. 18 S rRNA template was generated using mouse
RNA and the one-step RNA PCR reagent kit GeneAmp® Gold RNA
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PCR Reagent kit (Applied Biosystems, Foster City, CA) with the
following primers (6'-GCTACCACATCCAAGGAAGGC-3') and (5'-CC-
CGTGTTGAGTCAAATTAAGCC-3'). Total RNA was isolated by the
one-step acid-phenol guanidinium procedure (31) utilizing RNA-
Stat60™ Reagent (TelTest, Friendswood, TX) according to the manu-
facturer’s protocol followed by an additional acid-phenol, phenol/
chloroform/iscamyl alcohol, chloroform extraction, and ethanol pre-
cipitation in the presence of 0.1 volumes of 3 M sodium acetate. Total
RNA (12 pgllane) was fractionated on 0.2 M formaldehyde/1.0% (w/v)
agarose gels and transferred overnight onto a 0.45 micron Magna nylon
membrane (Osmonics, Westborough, MA) in 10X SSC. The RNA was
cross-linked using a CL-1000 UV cross-linker (UVP, Upland, CA) before
hybridization. Specific probes were generated by labeling the ¢cDNA
fragments with [@-32P]dCTP (PerkinElmer Life Sciences) using a ran-
dom primer DNA labeling kit (Amersham Biosciences). Membranes
were hybridized with radiolabeled DNA probe for 6-8 h at 60°C in a
solution containing 7% (v/v) SDS, 0.25 M Na,HPO, pH 7.2, as described
elsewhere (32). Blotting results were quantified by overnight exposure
to a phosphor screen followed by analysis using a STORM™ phospho-
rimager and Image Quant™ software (Molecular Dynamics, Sunnyvale,
CA). For each sample, hybridization to 18 S rRNA was used to normal-
ize results for mRNAs. Fold-inductions were determined by dividing
normalized mRNA band intensity volumes for experimental samples to
that of control (untreated or time 0) samples. RNA decay analysis was
performed using the single compartmental model (see Ref. 33 for review
of this model and its application to mRNA decay curves). mRNA half-
life was calculated as In(2)/k, where & is the decay constant estimated by
analysis of kinetic data. Decay constants used to calculate halflives of
VEGF mRNAs were estimated by fitting semi-log plots of (corrected,
normalized mRNA concentration) versus time (30).

RT-PCR Analysis—Complementary DNA (¢cDNA) was synthesized
from 100 ng of total RNA using a RNA PCR reagent kit GeneAmp ® Gold
RNA PCR Reagent kit. Polymerase chain reaction (PCR) amplification
was performed under the following conditions: 95 °C for 1 min, 54 °C for
1 min, and 72 °C for 1 min; 40 cycles, followed by a 4-min 72 °C incubation
performed in a DNA thermal cycler (PerkinElmer Life Sciences). The PCR
products were size-fractionated by agarose gel electrophoresis using 3.3%
Synergel® (Diversified Biotech, Boston, MA) according to the manufac-
turer’s recommendations and stained with 0.5 pg/ml ethidium bromide.
Products were photographed under UV light using the GENEGNOME®
imaging system (Synergene, Cambridge, UK). Forward and reverse prim-
ers used for the amplification of the edited segment of XBP-1 mRNA were
5'-GAAGCCAAGGGGAATGAAGTGAGG-3' and 5'- CATGGGGAGATG-
TTCTGGAGGGG-3', respectively.

Nuclear Run-on Assay—Triplicate 15 cm plates were treated as
described in the figure legend. 3 h post-treatment cells were mechani-
cally removed from flasks by scraping in cold phosphate-buffered saline.
Cells were pelleted at 500 X g for 5 min at 4 °C. Cell pellets were
resuspended in 4 ml of lysis buffer (10 mm Tris-HC), pH 7.4, 10 mMm
NaCl, 3 mm MgCl,, 0.5% Nonidet P-40), gently vortexed, and incubated
on ice for 10 min. Nuclei were pelleted and washed once with cold lysis
buffer. Nuclear pellets were resuspended in 130 ul of RNase free water
along with 1 pl of Rnasin and 150 ul of 2X reaction buffer (10 mM
Tris-HCI, pH 8.0, 5 mm MgCl,, 0.3 m KC1, 20 um ATP, 1 mm CTP, 1 mMm
GTP, and 1 mM UTP). Transcription was initiated by addition of 10 ul
of 10 mCi/m! [«-*?P]ATP. Nuclei were then incubated in a 30 °C water
bath for 30 min. The reaction was then terminated by addition of 50 ul
of DNase I buffer (60 mm Tris-HC], 3.0 M NaCl, 30 mm MgCl,, 12 mM
CaCl,) and ~600 units of DNase I followed by incubation for 10 min at
30 °C. Protein digestion was then carried out at 42 °C for 30 min with
the addition of 20 ul (5% (w/v) SDS, 0.5 M Tris-HCl, pH 7.4, 0.125 M
EDTA), 10 ul of 20 mg/m! proteinase K (200 pg/sample). Following
digestion, the nuclear RNA was extracted with the RNeasy® system
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. La-
beled nuclear RNA was captured by immobilized, in vitro transcribed
chloramphenicol acetyl transferase, GAPDH, and VEGF antisense
RNAs. The DNA templates were derived by PCR using the following

- primers to amplify fragments of ¢DNAs with the addition of T7 pro-

moter sequences (underlined); VEGF (5'-GCCACCACACCATCACCA-
TCG-3') and (5'-TAATACGACTCACTATAGGGTCTTTCTGTCCGTCT-
GACCTGGG-3'), GAPDH (5'-TCAACGGATTTGGTCGTATTGGG-3")
and (5'-TAATACGACTCACTATAGGGAGAAAAGGTGGAGGAGTGG-
GTGTCG-3'), and chloramphenico! acetyl transferase (5’-ACATTTTG-
AGGCATTTCAGTCAGTTGC-3') and (5-TAATACGACTCACTATAG-
GTCAGCGGCATCAGCACCTTGTCG-3"). 1 ug of each template DNA
was then used to synthesize unlabeled antisense RNA probes using
MAXIscript™ in vitro transeription kit (Ambion, Austin, TX). RNA was
then blotted onto nylon membrane as described previously (35). Mem-
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branes were blocked for 30 min in 5 ml of ULTRAhyb® (Ambion) at
68 °C. Hybridization with the labeled nuclear RNA (1-3 X 10° cpm/ml)
was then carried out for 24 h at 68 °C in ULTRAhyb®. Washing of
membranes and detection of captured RNA transcripts was performed
as described for Northern blotting analysis (above).

ELISA—ELISA assays were performed using commercial VEGF
ELISA kits from R&D Systems (Minneapolis, MN). Conditioned media
was collected from wells, aliquoted, and stored frozen until assayed.
Samples were diluted 10-fold in dilution buffer provided with the kit
prior to assaying. Assays were performed in triplicate, and the readings
were compared with standard curves obtained with human recombi-
nant VEGF ¢, provided with the kit.

ATF4 Adenoviral Vector Construction—Wild-type and DN mutant
ATF4 cDNAs were expressed using the AdEasy adenoviral vector sys-
tem (36) provided by Bert Vogelstein (Howard Hughes Institute, Johns
Hopkins University). Plasmids containing murine wild-type ATF4 (Wt)
¢DNA and DN mutant ATF4 (DN) ¢DNA were kindly provided by
Jawed Alam (Department of Biochemistry and Molecular Biology, Lou-
isiana State University Health Sciences Center) who generated the
ATF4 Wt plasmid (pEFmATF4myc) by inserting the murine ATF4
c¢DNA into the PmlI site of the pEF/myc¢/mito vector (Invitrogen), thus
removing the mitochondrial targeting sequence (37). These authors
constructed the ATF4ARK (DN) plasmid (pEF/mATF4M) by PCR-gen-
erated overlap extension to create seven amino acid substitutions
within the DNA-binding domain (2*2RYRQKKR?®® to 222GYLEAAA%),
The mutant ¢cDNA was cloned into the PmlI-Notl sites of the pEF/myc/
mito vector, again removing the mitochondrial targeting sequence. To
clone into the AdEasy system, Wt and DN coding sequences from these
vectors were amplified by PCR using a 5'-NotI-containing (underlined)
forward primer (5'-AACAACAACGCGGCCGCTGTCGTGAACACCAT-
GACCGAG-3') and a 5'-HindI1I-containing (underlined) reverse primer
(5'-GTTGTTGTTAAGCTTTAGACTATGCGGCCCCATTCAG-3'). The
PCR reaction was carried out with Taq polymerase (Applied Biosys-
tems) under the following conditions: 95 °C 1 min, 55 °C 2 min, 72°C 1
min, for 35 cycles followed by a 7-min 72 °C incubation. The PCR
products were cloned into the pAdTrack-CMV adenoviral shuttle vector
encoding kanamycin resistance and containing a second expression
cassette encoding GFP. The shuttle vectors were then linearized with
the restriction enzyme Pmel and electroporated into DH5« electrocom-
petent cells along with the adenoviral backbone plasmid pAdEasy-1.
Clones containing recombinant plasmids pAE-ATF4-Wt and pAE-
ATF4-DN, formed by homologous recombination, were subsequently
selected for kanamycin resistance and identified by plasmid size in
conjunction with endonuclease analysis. At this stage the coding se-
quences and insertion points of pAE-ATF4-Wt and pAE-ATF4-DN
c¢DNAs were confirmed by the University of New Mexico School of
Medicine DNA Sequencing Facility. Recombinant adenoviral vectors
were generated by transfecting the 293 packaging cell line with Pacl-
linearized pAE-ATF4-Wt and pAE-ATF4-DN. Transfected cultures
were maintained until the percentage of cells exhibiting green fluores-
cence approached 100%. Viruses were obtained by freeze/thaw lysis of
the cells in phosphate-buffered saline, followed by clarification of the
lysates by centrifugation at 6,000 X g at 4 °C for 10 min. Lysates were
used to infect large scale cultures of 293 cells for production of viral
stock as described above.

Western Blot Analysis of ATF4 Production—Cells were grown to
confluence in 12-well plates. ATF4 virus was serially diluted from 1:20
to 1:160 in serum-free medium to determine the protein expression of
the virus in the ARPE-19 cell line. 24 h following addition of the virus,
cells were scraped from the dishes and lysed in ice-cold lysis buffer
(0.1% SDS, 0.5% SDC, 1% Triton X-100, 50 mm Tris-HCl, pH 8.0).
Protein contents of cleared lysates were determined with a BCA Protein
Assay Kit (Pierce), and equal amounts of proteins (40 ug) were loaded
into each lane and separated on a 10% SDS-polyacrylamide (SDS-
PAGE) gel. The protein bands were then transferred to a nitrocellulose
membrane (Bio-Rad) and probed with antibodies specific for ATF4
(Santa Cruz Biotechnology), phosphorylated elF2« (Cell Signaling
Technology, Beverly, MA), or B-actin (Sigma). Proteins were detected
with ECL™ chemiluminescence kit (Amersham Biosciences) according
to the manufacturer’s instructions. Membranes were then scanned and
viewed by MultiGenius Bioimaging System® (Cambridge, UK).

RESULTS
Response of VEGF, GADD153, and GRP78 mRNA Expression
in ARPE-19 Cells to Homocysteine and other Thiol Com-
pounds—To test the hypothesis that expression of VEGF mRNA
is responsive to homocysteine and reductive stress, confluent
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Fic. 1. Expression of VEGF and ER stress-responsive genes
GRP78 and GADDI53 in response to homocysteine and other
thiol containing compounds. A, Northern blotting analysis with
coinciding numerical values of relative mRNA inductions. Confluent
ARPE-19 cells were cultured for 4 h in normal medium (Control),
medium containing 10 mm pL-Heys, medium containing 10 mM cysteine,
medium containing 10 mM L-homocysteine thiolactone (z-Hcys-Thio), or
medium containing 5 mm DTT. B, total RNA was isolated and Northern
blotting analysis was performed. C, RT-PCR analysis of XBP-1 mRNA
splicing by IRE1. RT-PCR analysis was performed with primers flank-
ing the XBP-1 mRNA splice site using total RNA. Smaller bands dem-
onstrate the removal of the 26-bp segment by IRE1 endonuclease.

ARPE-19 cells were cultured for 4 h in the following: 1) normal
medium; 2) medium containing 10 mM pr-homocysteine; 3) me-
dium containing 10 mum L-cysteine; 4) medium containing 10 mm
L-homocysteine thiolactone (the intramolecular ring counterpart
to homocysteine); and 5) medium containing 5 mm DTT (a reduc-
ing agent known to cause ER stress). Total RNA was isolated,
and normalized mRNA contents for each sample were compared
with that of the untreated control (Fig. 14). The ARPE-19 cells
contained detectable amounts of a single mRNA species corre-
sponding to VEGF. The amounts of VEGF mRNA relative to 18
S rRNA were increased 4.4-fold by pL-homocysteine, 7.9-fold by
L-homocysteine thiolactone, and 8.8-fold by DTT. Cysteine
caused an apparent 1.8-fold increase in VEGF mRNA content
that was not statistically significant. To differentiate between the
D- and L- isomers of homocysteine, p- and L-homocysteine thiolac-
tone were hydrolyzed to produce - and 1-homocysteine, and cells
were treated with 10 mm of each compound. Both p- and 1-
homocysteine were equally capable of inducing VEGF expression
(data not shown), suggesting that the effect did not depend upon
the cellular metabolism of homocysteine.

The expression of ER stress-responsive genes was also ex-
amined to determine if these treatments caused activation of
the UPR. The expression of GADD153 was also up-regulated
4.5-fold by pr-homocysteine, 1.9-fold by L-homocysteine thiolac-
tone, and 3.8-fold by DTT. 1-cysteine did not significantly up-
regulate GADD153 expression compared with the control. In
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FiG. 2. Response of VEGF and GRP78 mRNA expression to various concentrations of pL-homocysteine. Confluent ARPE-19 cells were
cultured in 0.1, 1.0, and 10.0 mM DL-homocysteine for the times indicated. Total RNA was isolated, and Northern blotting analysis was performed.

Changes in mRNA levels are reported under “Results.”

addition, GRP78 was up-regulated 7.3-fold by DL-homocysteine,
3.3-fold by 1-homocysteine thiolactone, and 4.8-fold by DTT. 1-
Cysteine did not significantly affect GRP78 mRNA expression.
These results are in good agreement with past studies demon-
strating the effect of homocysteine on these genes (22, 23).

The ability of thiol-containing compounds to activate an ER
stress response was further evaluated by measuring the splic-
ing of X-box binding protein-1 (XBP-1) mRNA. Upon activation
of the UPR, the ER transmembrane protein IRE1 acquires an
endonuclease activity that subsequently excises a 26-base pair
segment from XBP-1 mRNA, thereby, upon ligation, creating
the open reading frame that encodes the transcription factor
(38). RT-PCR analysis with primers flanking the splicing site
served as an extremely sensitive measure of UPR activation.
Fig. 1B shows that a large fraction of XBP-1 mRNA is spliced in
cells treated with pL-homocysteine, L-homocysteine thiolactone,
and DTT. No XBP-1 splicing was detected in the control cells.
Treatment with 10 mM cysteine caused only a very small
amount of XBP-1 splicing that is illustrated by overloading of
that PCR sample.

The Time and Dose Response of VEGF to Homocysteine—To
better define the rapidity of this response, a time course study
was carried out with hourly measurements from 1 to 5 h in the

presence of medium containing 0.1, 1.0, and 10 mM pL-homo-
cysteine (Fig. 2). The time course for 0.1 mM pL-Heys showed a
2.0-fold increase in VEGF mRNA content within 1 h of treat-
ment. The response to 0.1 mm pi-Heys was maximal at 2.0 h
with a 3.8-fold induction and decreased rapidly thereafter. The
up-regulation of GRP78 mRNA expression correlated closely
with the up-regulation of VEGF mRNA during the 0.1 mm time
course. The time course seen with 1.0 mum showed a similar but
more extensive induction of VEGF mRNA, with an apparent
increase within 1 h that reached 5.2-fold maximum induction
at 2 h, followed by a rapid decline of mRNA levels. The 10 mm
homocysteine time course experiment demonstrated an initial
VEGF mRNA up-regulation occurring within 1 h and increas-
ing until 5 h, at which time the relative VEGF mRNA level
reached 12-fold the initial content. The response to 10 mm
homocysteine returned to basal levels at 16 h (data not shown).
The time course of GRP78 mRNA response also mirrored the
VEGTF response in cells treated with 1.0 and 10 mM homocys-
teine. These data show that the induction of VEGF in response
to homocysteine treatment was time-and-dose-dependent and
that the up-regulation of an ER stress-responsive gene resem-
bled the induction of VEGF.

Secretion of VEGF by Homocysteine-treated Cells—Global



14848

Y 5
s 8

« ACTD

B
£

#HCYS + ACTD

&
8

£ N{cortected,
normatized mRNA)

&

a

o
8

“Tire {h} after
Actinomycin D

Fic. 3. Effect of homocysteine on VEGF mRNA decay rate.
Cells were treated for 3 h in the absence or presence of DL-homocysteine,
followed by addition of 5 pg/ml actinemycin D. Total RNA was collected
at the times indicated and Northern blotting analysis performed. Semi-
log graph of normalized relative mRNA levels, corrected by subtraction
of the values obtained after 6 h of decay, versus time along with lines
obtained by linear regression are shown.

protein synthesis is attenuated during the UPR through phos-
phorylation of the translation initiation factor eIF2« (39). Since
VEGF is a glycosylated and secreted protein, its synthesis is
dependent on ER function. We therefore tested whether VEGF
was secreted during homocysteine-induced ER stress. The lev-
els of VEGF secreted in the medium from cells treated with 10
mM homocysteine were increased 1.3-fold (p = 0.024) relative to
untreated controls (data not shown). This level of secretion
corresponds closely with the previously demonstrated 1.3-fold
increased secretion of VEGF observed with glutamine-deprived
ARPE-19 cells (11). Although VEGF protein accumulation was
significantly increased, it was not proportional to the observed
increase of VEGF mRNA levels caused by the same treatment.
While this is probably due in part to the transient nature of
VEGF mRNA increases during homocysteine treatment, it may
also reflect inhibition of translation or protein secretion.

The Effect of Homocysteine on VEGF mRNA Stability—Hy-
poxia and glutamine deprivation increase VEGF expression by
both transcriptional and post-transcriptional mechanisms (11,
40). We investigated the effect of homocysteine on mRNA
degradation rate to differentiate between transcription and
post-transcriptional effects on VEGF expression. Confluent
ARPE-19 cells were treated with 10 mm pL-homocysteine for
3 h, causing VEGF mRNA levels to increase, and then were
treated with 5 pg/ml actinomycin D (actD). Control and homo-
cysteine-treated cells were harvested at 0.5, 1, 2,3,4,and 6 h
after actD treatment and the decline of VEGF mRNA levels
were analyzed by Northern blotting (Fig. 3). Decay constants of
0.24 h™! (» = 0.80) and 0.48 h™* (» = 0.99) were obtained for
VEGF mRNA decay in control and treated cells, respectively,
suggesting that homocysteine did not cause stabilization of
VEGF mRNA. In fact, there was an apparent destabilization of
VEGF mRNA upon homocysteine treatment. Although the basal
VEGF decay rate obtained agrees with previous reports from
other cell types (41-43), it should be noted that accurate meas-
urement of VEGF mRNA decay in untreated cells was difficult
due to the low basal level. Regardless, it appeared that mRNA
stabilization could not account for the increase of VEGF mRNA
levels produced by homocysteine. This suggests that homocys-
teine causes transcriptional activation of the VEGF gene.

Transcriptional Up-regulation of VEGF—To further investi-
gate the role of transcription in the up-regulation of VEGF
mRNA a nuclear run-on assay was conducted in ARPE-19 cells
treated with either normal medium or 10 mm pL-homocysteine.
The slot-blot capture of the radiolabeled nuclear RNA showed
that homocysteine increased the transcription rate of VEGF (Fig.
4A). Normalization to GAPDH showed a 2.3-fold (p = 0.03) in-
crease in VEGF transcription (Fig. 4B). The chloramphenicol
acetyl transferase RNA was used as a control for nonspecific
binding. As shown in Fig. 4A there is very little nonspecific
binding in the assay. The results demonstrate increased tran-
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FiG. 4. Effect of homocysteine on VEGF transcription rate. A,
slot blot capture of radiolabeled nuclear RNA. Triplicate 15-cm plates
were treated with normal medium (Control) or 10 muM pL-homocysteine
for 3 h at which time the nuclei were harvested, and the nuclear run on
assay was performed. B, quantitative analysis of triplicate assays.

scriptional initiation of the VEGF gene, which could implicate a
transcription factor that is ER stress responsive.

elF2a Phosphorylation and ATF4 Protein Expression in
ARPE-19 Cells—Two previous studies reported that the ex-
pression of ATF4 mRNA was induced by homocysteine treat-
ment (22, 23). Computer analysis of the human VEGF pro-
moter region sequence revealed the presence of four amino acid
response elements (AARE) within reasonable proximity of the
transcription start site (data not shown). Because AARE are
bound and activated by transcription factor complexes contain-
ing ATF4, we hypothesized that this factor contributes to the
activation of VEGF transcription in response to homocysteine.
Therefore, the effects of 10 mm homocysteine on phosphoryla-
tion of eIF2a and ATF4 protein levels were analyzed. Phospho-
rylation of eIF2« following homocysteine treatment was rapid
and transient (Fig. 5A). Greatly increased levels of phosphoryl-
ated eIF2« protein was detected following 5 min of treatment
and returned to basal levels within 60 min. An immunoreactive
band corresponding to ATF4 protein was detectable at 60 min
and continued to increase in intensity through 240 min (Fig.
5B). (The upper and lower bands detected by this antibody were
determined to be nonspecific binding as demonstrated below.)
These data indicate that homocysteine-treated ARPE-19 cells
respond by attenuating protein synthesis through eIF2« phos-
phorylation resulting in increased ATF4 protein translation.
Thus, ATF4 is available to activate VEGF transcription.

The Role of ATF4 in the Expression of VEGF in ARPE-19
Cells—To examine the role of ATF4 in the up-regulation of
VEGF expression, the AdEasy adenoviral vector system was
used to express dominant-negative (ATF4 DN) and wild-type
(ATF4 Wt) proteins (37). First, the effects of various amounts of
Wt and DN mutant ATF4 adenovector stocks (1:20 to 1:160
dilutions) on the intracellular level of ATF4 antibody-reactive
protein were examined at 20-h postinfection (Fig. 64). Viral
infection was assessed by determining the percentage of cells
that exhibited GFP fluorescence. ATF4 expression was evalu-
ated by Western blotting analysis. Both of the exogenously
produced ATF4 proteins were antigenic. Although infection
rates were comparable, the expression of the ATF4 DN mutant
was approximately twice that of the ATF4 Wt protein at each
viral stock dilution. Exogenously produced proteins were ex-
pressed at levels much higher than those of the endogenous
ATTF4. A titration curve for the empty virus was determined by
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Fic. 5. Effect of homocysteine on elF2a phosphorylation and
ATF4 protein expression. A, Western blot analysis of eI[F2a phos- 0
phorylation (eIF2a-p) in ARPE-19 whole cell lysates. Cells were treated M.

with 10 mM pr-homocysteine for the indicated times. B, Western blot
analysis of ATF4 protein levels in ARPE-19 whole cell lysates. Cells
were treated with 10 mM pL-homocysteine for the indicated times.

evaluating the percentage of cells exhibiting GFP fluorescence
20-h postinfection. Viral infection of ARPE-19 cells with 1:40,
1:80, and 1:80 dilutions respectively of Wt, DN, and empty virus
resulted in infection rates >90% for each (data not shown).

To evaluate the role of ATF4 function in the induction of
VEGF expression by various stresses, ARPE-19 cells were
infected with empty, ATF4 Wt, and ATF4 DN adenovectors.
20 h after contact with the viruses, cells were fed with fresh
medium, and then cells from each virus treatment group
were subjected to the following: no treatment (incubated with
control medium for 5 h), incubated with medium containing
10 mM pL-homocysteine for 4 h, incubated with medium con-
taining no glutamine (—Q) for 5 h, or incubated in normal
medium but subjected to anoxia for 5 h. VEGF mRNA expres-
sion was then analyzed by Northern blotting (Fig. 6). VEGF
mRNA was up-regulated by pL-homocysteine, nutrient depri-
vation (—Q), and anoxia. Compared with cells infected with
empty vector, the expression of Wt ATF4 increased VEGF
mRNA levels in the control cells and had little effect on VEGF
levels in pL-homocysteine-treated and glutamine-starved
cells. In contrast, the expression ATF4 DN greatly inhibited
VEGF expression under all conditions, including anoxia.
However, under anoxic conditions the response was some-
what different, in that both the Wt and DN proteins greatly
reduced VEGF expression. These results indicate that ATF4
positively affects VEGF mRNA expression, as would be expected
if this factor activates VEGF transcription. In addition, ATF4
function is necessary for induction of VEGF expression by hom-
ocysteine and glutamine deprivation. However, because both Wt
and DN ATF4 protein diminish induction of VEGF mRNA ex-
pression during anoxia, it is most likely that these proteins are
sequestering an ATF4 binding partner that plays a role in hy-
poxic induction of this gene.

The expression ATF4 Wt slightly increased the expression of
GADD153 mRNA in the control cells. The induction of
GADDI153 expression in response to homocysteine, nutrient
deprivation, or anoxia was inhibited by the expression of ATF4
DN. Surprisingly, both the Wt and DN viruses blocked induc-
tion of GADD153 by pr-homocysteine. GRP78 was recently
shown to be an ATF4-responsive gene (44). These data confirm
the recent findings of Luo et al. (44) using these same adeno-
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FiG. 6. Effects of overexpression of wild-type and DN mutant
forms of ATF4 on VEGF expression. A, Western blotting analysis of
ATF4 proteins in lysates of cells infected with serial dilutions of the
ATF4 Wt and DN virus stocks. Subconfluent cultures of ARPE-19 cells
were infected with WT or DN virus and 20-h postinfection cells were
harvested, and Western blotting with anti-ATF4 antibodies was per-
formed. B, Northern blotting analysis of subconfluent cultures of
ARPE-19 cells infected with empty, Wt, or DN viruses. 20-h postinfec-
tion cultures were treated with normal medium (Control), medium
containing 10 mM DL-homocysteine, glutamine-free medium, or normal
medium in an oxygen-free environment (Anoxia). After 45 h of treat-
ment, total RNA was isolated, and Northern blotting analysis was
performed.

viral vectors. That study demonstrated that ATF4 Wt protein
expression increased GRP78 mRNA expression and ATF4 DN
expression repressed GRP78 expression under all treatment
conditions (44). Asparagine synthetase (AS), a gene known to
be ATF4 responsive (45), was greatly induced by the Wt virus
in all treatment groups. Unexpectedly, both Wt and DN ATF4
induced AS under anoxic conditions.

VEGF Expression in ATF4—/— MEF—To further confirm the
ATF4 DN results, the effect of homocysteine on VEGF expression
was examined in MEF cultures obtained from homozygous (—/—)
and heterozygous (+/—) ATF4 knockout mice. The absence of
ATF4 was demonstrated in ATF4—/— MEF via Western blotting
(Fig. 7A). Again, this antibody detected two nonspecifically im-
munoreactive bands corresponding to the bands observed with
ARPE-19 lysates (Fig. 5A). However, only in lysates from
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Fic. 7. Effects of homocysteine
treatment and nutrient deprivation
on VEGF expression in ATF4-—/—
MEF. A, Western blot analysis of ATF4
expression in DL-Hcys treated and gluta-
mine (—Q)-starved cells in ATF4+/— and
ATF4—/— MEF. MEF were treated with
10 mM DL-homocysteine (4 h) or glutamine
starved for 5 h. B, Northern blotting anal-
ysis of VEGF, GRP78, and GADD153 ex-
pression in MEF. MEF were treated with
either 10 mm prL-homocysteine (4 h), glu-
tamine-starved (5 h), or anoxia (5 h). Fold
inductions of VEGF mRNA are shown. C,
Northern blotting analysis of VEGF,
GRP78, and GADD 153 mRNAs in
ATF4—/— MEF. Cells received no treat-
ment (control), 10 mM DL-homocysteine (4
h), homocysteine + ATF4 Wt, or homocys-
teine + ATF4 DN. Fold inductions of
VEGF mRNA are shown.
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ATF4+/— MEF was a band of the expected size of ATF4 protein
detected. Both MEF cell types were treated with either 10 mm
DL-homocysteine for 4 h or glutamine-starved for 5 h. The band
corresponding to ATF4 greatly increased in intensity with hom-
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To determine the role of ATF4
treatments described in Fig. 6

increased with glutamine

in VEGF expression, the
were repeated with the
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ATF4+/— and ATF4-/— MEF cells. ATF4+/— MEF had a
higher basal level of VEGF mRNA compared with the
ATF4—/— MEF (Fig. 7B). The ATF4—/— MEF were not capable
of increasing VEGF mRNA levels following homocysteine treat-
ment. In contrast, both the ATF4—/— and ATF+/— MEF were
capable of inducing VEGF following glutamine starvation and
anoxia. When ATF4 Wt protein was introduced by adenoviral
infection, ATF4—/— MEF did increase VEGF mRNA expres-
sion in response to homocysteine treatment (Fig. 7C). In con-
trast, ATF4 DN had very little effect on the VEGF mRNA
induction. This analysis also confirmed that induction of
GRP78 mRNA expression was dependent upon ATF4 protein.
Although ATF4 was not essential for GRP78 mRNA induction
by homocysteine (Fig. 7B), ATF4 Wt protein did greatly increase
the induction (Fig. 6C). This analysis also demonstrated that
ATF4 protein, if not essential, is important to GADD153 mRNA
induction in response to homocysteine. In conclusion, ATF4 plays
a vital role in the induction of VEGF expression by MEF and
ARPE-19 cultures in response to homocysteine treatment.

DISCUSSION

The present study includes the following novel findings. 1)
Homocysteine induced the expression of VEGF mRNA in a
time- and dose-dependent manner in a retinal-pigmented epi-
thelial cell line, and D-and 1.-homocysteine had the same effect.
2) Homocysteine thiolactone and DTT also induced VEGF ex-
pression. 3) Homocysteine did not cause VEGF mRNA stabili-
zation. 4) Homocysteine increased transcription from the
VEGF gene. 5) Homocysteine, its thiolactone and DTT induced
the expression not only of VEGF but also ER stress-responsive
genes and the activation of IRE1 endonuclease activity (as
measured by XBP-1 mRNA splicing). 6) Homocysteine treat-
ment produced a transient phosphorylation of eIF2« followed
by an increase in ATF4 protein level. 7) Inhibition of ATF4
function abrogated the VEGF response to homocysteine and to
glutamine deprivation by ARPE-19 cells; and 8) ATF4—/-
MEF were unable to induce VEGF in response to homocysteine
treatment and the VEGF response was restored in the
ATF4—/— MEF with expression of Wt ATF4.

Since VEGF was elevated by both the p- and L- isoforms of
homocysteine, it is likely that the up-regulation of VEGF is a
chemical effect that does not require metabolism of this amino
acid. The up-regulation of VEGF by homocysteine thiolactone
and DTT suggest that the thiol group may be key to the induction
of VEGF. We suggest that the reductive potential of these com-
pounds interferes with thiol oxidation and protein disulfide for-
mation in the ER, thus inhibiting correct protein folding. Such is
the case for DTT (46, 47). The amino acid L-cysteine had no
significant effect on VEGF expression. In addition, homocysteine,
thiolactone and DTT caused ER stress, whereas cysteine did not.
A previous study also reported that cysteine did not cause ER
stress (24). Whether this is the result of a lower reductive poten-
tial of the thiol group, cellular distribution, or cellular metabo-
lism is not known.

Treatment of ARPE-19 cells with fresh medium containing
homocysteine resulted in temporary increases in VEGF and
GRP78 mRNA levels. The transient nature of these responses
may be due to the fact that homocysteine is unstable in medium
and thus causes a short-lived reductive insult. However, by
measuring the amount of reactive free thiols in medium using
5,5'-dithiobis-2-nitrobenzoic acid (DTNB), we estimated that
reduced homocysteine decays with a half-life of 25 h in the
medium used (data not shown). Thus, an initial concentration
of 10 mM homocysteine would still be ~6 mM by 16 h, at which
time the VEGF response had effectively run its course.

Regardless of the cause, VEGF mRNA levels responded to
homocysteine in a temporal manner that correlated closely to
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that of GRP78 mRNA. Because the response of GRP78 expres-
sion is known to be transcriptional, the correlation is consistent
with the idea that transcription of VEGF is ER stress-respon-
sive. This relation supports our past finding linking nutrient
deprivation and chemical inducers of ER stress to the tran-
scription of VEGF (11). mRNA decay rates indicated that hom-
ocysteine did not cause VEGF mRNA stabilization. In fact,
mRNA decay curves showed a slight destabilization of VEGF
mRNA by homocysteine. This is an unexpected result that should
be interpreted with caution since measurement of VEGF decay
below basal levels was difficult to achieve. We have interpreted
the results only as indicative of a transcriptional up-regulation of
VEGF, rather than a post-transcriptional mechanism. Nuclear
run-on assays confirmed that homocysteine increased the rate of
transcriptional initiation of the VEGF gene.

Furthermore, our results demonstrate that homocysteine
causes a transient phosphorylation of elF2« followed by an in-
crease in ATF4 protein levels. This complements previous studies
that indicated that ATF4 mRNA expression is induced by hom-
ocysteine (23, 48). ATF4 is a transcription factor that is expressed
in response to nutrient and ER stress. ATF4 mRNA levels are
increased in response to activation of the UPR and translation of
the ATF4 protein is responsive to phosphorylation of eIF2a (26).
Conditions that are known to activate eIlF2« kinases include ER
stress, amino acid deprivation, the presence of double-stranded
RNA and heme deficiency. ATF4 may therefore be a common
integrated response to signaling by stress-induced eIF2« kinases.
The phosphorylation of eIF2a and the resultant increase in ATF4
precede temporally the up-regulation of VEGF mRNA, which is
consistent with their involvement in VEGF gene regulation. A
DN ATF4 adenoviral vector demonstrated that VEGF up-regu-
lation in response to homocysteine and glutamine deprivation is
dependent upon ATT4 function. Overexpression of the transcrip-
tion factor ATF4 increased VEGF mRNA levels and expression of
a DN mutant form of this transcription factor was capable of
diminishing both homocysteine and glutamine starvation-in-
duced VEGF mRNA levels in ARPE-19 cells. The present results
also confirmed that AS and GRP78 expression are greatly af-
fected by ATF4 activity. The role of ATF4 in control of GRP78
expression was just recently discovered (44).

The ATF4 DN mutant functions by competitively inhibiting
the formation of functional complexes containing endogenous
ATF4 proteins. Thus, the ability of the DN mutant to abrogate
the VEGF response to homocysteine, nutrient stress, and anoxia
supports the role of ATF4 in the up-regulation of VEGF. How-
ever, the sequestering of ATF4 binding partners in nonfunctional
complexes with the DN mutant can also inhibit the normal func-
tion of those proteins. Thus, the negative effect of ATF4 DN
overexpression must be interpreted with caution. Significantly,
overexpression of wild-type ATF4 was sufficient to increase
VEGF mRNA levels in unstressed cells, and did not inhibit the
expression in nutrient and ER-stressed cells. This rules out a
mechanism of action that relies on sequestration of other factors.
Such a mechanism may, however, explain the negative effects of
both wild-type and DN proteins on VEGF expression in anoxic
cells. Anoxia has been shown to upregulate several members of
the bZIP (basic/leucine zipper domain) transcription factor class,
including ATF4 (49). Fig. 6 suggests that ATF4 and its binding
partners play a role in the control of VEGF under a wide range of
conditions.

The results of the ATF4 DN were confirmed in ATF4—/— MEF
cultures. The absence of VEGF induction in the homocysteine
treated ATF4-/— MEF suggest that ATF4 is an essential factor
in homocysteine induced VEGF. The ability of Wt ATF4 protein
expression to restore this response shows that ATF4 has a clear
role in the up-regulation of VEGF under reductive stress. The
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decrease in basal levels of VEGF in the ATF4—/— MEF suggests
a broader role for ATF4 in basal VEGF expression. The ability of
anoxia and glutamine deprivation to induce VEGF in the
ATF4~/— MEF points toward complexity of VEGF regulation.
Glutamine deprivation was expected to resemble homocysteine
based on the effects of expressing the ATF4 DN in ARPE-19 cells.
However, unlike homocysteine treatment, glutamine deprivation
did not increase ATF4 protein levels in the ATF4+/— MEF. Thus,
glutamine deprivation was seemingly able to induce VEGF ex-
pression by a mechanism independent of ATF4. Similar results
were obtained with breast carcinoma cells.? These data indicate
varying modes of transcriptional control of VEGF in different cell
types and with different stresses.

Genes regulated by ATF4 include ones involved in amino acid
import, metabolism and assimilation (27). We propose that ATF4
also up-regulates VEGF in order to satisfy increased nutritional
needs of the cell under ER stress or to alleviate a nutritional
deficiency that caused ER stress. In fact, the VEGF promoter
region contains several sequences that match the AARE that are
targets for binding of transcription factor complexes that contain
ATF4. Our analysis of the DNA sequence of an 11.7-kb HindIII
genomic fragment containing the human VEGF promoter (Gen-
Bank™ accession no. AL136131) has revealed several putative
AARE elements (also referred to as nutritional stress response
elements or NSRE). One of the NSRE sequences is identical to
one found in the gene for the LIM-only protein DRAL promoter
(TTTCCATCA) (50). Two other sites are both identical to the
NSRE element within the GADD153 promoter region (GTT-
TCACCA) (51). Another NSRE present in the second intron of the
VEGF gene is identical to the element in the AS promoter (AT-
TACATCA) (45).

In summary, the results of the present study indicate that
expression of the pro-angiogenic factor VEGF is increased by
homocysteine and other thiol-containing reductive compounds.
Our data provide evidence that the effect of homocysteine on
VEGF expression is due to ATF4-dependent activation of VEGF
transcription. ATF4 plays a role in the control of VEGF transcrip-
tion in cells exposed to abnormally high homocysteine concentra-
tions. These results suggest a mechanism by which hyperhomo-
cysteinemia could contribute to the development of retinal
neovascularization through stimulation of VEGF expression by
retinal cells. However, we are not aware of any direct evidence
that homocysteine levels are increased in the vitreous or in ret-
inal cells during development of any retinal disease. The only
indirect suggestion that this may occur was provided by Naggar
et al. (34) who demonstrated that expression of the reduced-folate
transporter RFT-1 was down-regulated in RPE cells by high
glucose and was reduced in the RPE of diabetic mice. Thus
suggesting a mechanism whereby hyperglycemia could lead to
elevated intracellular homocysteine levels in the RPE. The in-
volvement of ATF4 gives direct evidence linking ER stress and
angiogenesis. This finding could have broader applications in
many other angiogenesis-driven pathologies. Further studies are
aimed at determining essential ATF4 binding sites within the
VEGF promoter as well as the ATF4 binding partner that is
involved in this induction.
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