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Background: It is unknown whether the unfolded protein response (UPR) mediates an angiogenic response during kidney
ischemia.
Results:TheUPR regulates the expression of VEGFA, bFGF, and angiogenin independently of HIF-1�, during kidney ischemia.
Conclusion: PERK is a central regulator of the angiogenic response to nutrient deprivation.
Significance:Our study identifies the UPR as a potential regulator of angiogenesis, independent of HIF-1�.

Ischemic injuries permanently affect kidney tissue and chal-
lenge cell viability, promoting inflammation and fibrogenesis.
Ischemia results in nutrient deprivation, which triggers endo-
plasmic reticulum stress, ultimately resulting in the unfolded
protein response (UPR). The aim of this study was to test
whether the UPR could promote an angiogenic response inde-
pendently of the HIF-1� pathway during ischemic stress in the
human kidney epithelium. Glucose deprivation induced the
secretion of vascular endothelial growth factor A (VEGFA),
basic fibroblast growth factor (bFGF) and angiogenin (ANG) in
humankidney epithelial cells independently ofHIF-1�. Glucose
deprivation, but not hypoxia, triggered endoplasmic reticulum
stress and activated the UPR. RNA interference-mediated inhi-
bition of the gene encoding the kinase PERK decreased VEGFA
and bFGF expression, but neither gene was affected by the inhi-
bition of IRE1� orATF6. Furthermore, we show that the expres-
sion of angiogenin,which inhibits protein synthesis, is regulated
by both IRE1� and PERK,which could constitute a complemen-
tary function of theUPR in the repression of translation. In a rat
model of acute ischemic stress, we show that the UPR is acti-
vated in parallel with VEGFA, bFGF, and ANG expression and
independently of HIF-1�.

Chronic kidney structural deterioration progresses as a
result of the dynamic combination of specific and nonspecific
insults that engage cycles of cell death, inflammation, and heal-
ing, ultimately resulting in maladaptive tissue remodeling and
loss of kidney function (1, 2). Ischemia occurs when the blood
supply to the tissue is so restricted that it induces cellular stress
and is a common factor in the progression of several, if not all,
chronic kidney diseases, as it induces inflammation, epithelial-
to-mesenchymal transition and fibrosis (3). A shortage of blood
can produce ischemia, during which the tissues cannot fulfill
their energetic demand. The cellular response to ischemia aims,

in a coordinated fashion, to improve the energy input (nutrients
and oxygen) and reduce the energy expenditure. This improve-
ment in the energy input relies on angiogenesis, the cellular
expression of nutrient transporters, or catabolic processes
including autophagy. Alternatively, the reduction of energy
expenditure can be achieved by a reduction in protein transla-
tion, which is a highly energy-consuming process. During
ischemia, the inhibition of mammalian target of rapamycin
(mTOR)2 signaling and the activation of the kinase PKR-like ER
Kinase (PERK),mediate the general inhibition of translation.Of
note, some of the proteins that are involved in the metabolic
adaptation to ischemia, such as activated transcription factor 4
(ATF4), which can mediate angiogenesis (4), can be selectively
translated and expressed despite the general inhibition of trans-
lation. At the cellular level, oxygen and nutrient deprivation
activate adaptive mechanisms that maintain basal metabolism
and vital functions. Althoughmainly protective, these signaling
pathways also actively participate in tissue remodeling by pro-
moting inflammation and fibrogenesis, which can result in
interstitial fibrosis, tubular atrophy, capillary rarefaction, and
loss of kidney function. These structural alterations cause a
progressive deterioration of the vascular network and exchang-
ing interfaces, changes that, in turn, aggravate ischemia (3, 5).
Therefore, a better understanding of the biological processes
activated within the cell in response to ischemia is critical both
for the identification of potential therapeutic targets, and to
slow structural kidney deterioration.
The best-known adaptive response to ischemia is the stabili-

zation of the transcription factor Hypoxia Inducible Factor-1�
(HIF-1�), which escapes from proteasomal degradation during
hypoxia. HIF-1� drives the transcription of genes involved in
adaptive responses to hypoxia, which include angiogenesis,
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nutrient transport, glycolysis, and inhibition of apoptosis (6).
The secretion of angiogenic factors by epithelial and endothe-
lial cells during ischemia contributes to the maintenance of an
intact tubulo-interstitial compartment and slows the progres-
sion of kidney disease, although the situation is complex, as a
dysregulated angiogenic response can result in deleterious
effects and amplify an injury (7, 8).
Other adaptive processes implicated in the response to nutri-

ent and oxygen deprivation involve the mTOR kinase (9, 10)
and the unfolded protein response (UPR) (11, 12). Hypoxia and
glucose starvation promote ATP shortage, decrease the intra-
reticular calcium concentration, impair the activity of chaper-
one molecules, interfere with disulfide bridge formation and
impair the maturation of native proteins, a process that pro-
motes endoplasmic reticulum (ER) stress and activates theUPR
(12, 13). The UPR involves three major mediators, PERK, the
protein kinase/endoribonuclease Inositol-requiring Enzyme
1� (IRE-1�) and the transcription factor ATF6. The role of the
UPR is tomodify cellular functions in response to ER stress and
to re-establish normal ER function both at the translational and
transcriptional levels. The UPR is responsible for the attenua-
tion of general mRNA translation by the phosphorylated form
of elongation Initiation Factor 2� (eIF2�) and transcriptional
regulation of the UPR genes encoding chaperones, folding, and
proteasomal degradation enzymes, and activation of macroau-
tophagy (13, 14).
It is currently unknownwhether the UPRmediates an angio-

genic response during kidney ischemia. The aim of this study
was to investigate whether the UPR modulates the production
of angiogenic factors by the human kidney epithelium during
ischemia. Here, we demonstrate that human renal epithelial
cells (HREC) subjected to glucose deprivation secrete vascular
endothelial growth factor A (VEGFA), basic fibroblast growth
factor (bFGF), and angiogenin (ANG) independently of HIF-
1�, and we identify the PERK pathway as a central regulator of
this angiogenic response. Additionally, we show that the
expression of the angiogenic mediator ANG, which is also a
translational repressor, is regulated by both IRE1� and PERK.
This provides the basis for the characterization of other func-
tions of the UPR in the inhibition of mRNA translation in
addition to the PERK-eIF2� pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—HREC of proximal origin (HK-2) were pur-
chased from ATCC/LGC Standards and cultured according to
previously published methods (15). Hypoxia experiments were
performed using theAnaerocult�P kit (MerckChemicals). The
Anaerocult� kit is a small chamber that produces an anaerobic
atmosphere due to the presence of chemicals that absorb oxy-
gen, including iron powder, citric acid, sodium carbonate, and
silica (kieselguhr), which are activated by water. The Petri
dishes are incubated within these chambers, in which the esti-
mated oxygen percentage is less than 0.1% beyond 1 h. This
chamber can be placed in a tissue culture incubator. HREC
were incubated in glucose-free DMEM to induce ischemic
stress.
siRNA Transfections—PERK, IRE1�, ATF6, and scramble

(control) small interfering synthetic RNAs (siRNAs) were

designed and obtained from Qiagen. Transfection was per-
formed using HiPerFect� (Qiagen) following the manufactur-
er’s protocol.
RNA Extraction and Real-time Quantitative Polymerase

Chain Reaction (RT-qPCR)—Total RNA was extracted using
the RNeasy Mini Kit� (Qiagen) following the manufacturer’s
protocol. The yield and purity of RNA were measured using a
NanoDrop ND-1000� spectrophotometer (Nanodrop Tech-
nologies). Transcript expression levelswere quantified by SYBR
green real-time PCR using an ABI PRISM 7900 sequence
detector system (Applied Biosystems). Vehicle-treated sam-
ples were used as the controls, and fold changes for each
tested gene were normalized to housekeeping genes (Ribo-
somal Protein L13A for in vitro and Tata-binding protein for in
vivo analyses). The relative expression levels were calculated
using the 2(���C(T)) (threshold cycle number) method (16).
Primers are listed in supplemental Table S1.
Protein Extraction andWestern Blot Analysis—Total protein

lysate from HREC was separated by sodium-dodecyl-sulfate
polyacrylamide gel electrophoresis under denaturing condi-
tions and transferred to a PVDF membrane (GE Healthcare).
Primary antibodies were visualized using horseradish peroxi-
dase-conjugated polyclonal secondary antibodies (Sigma
Aldrich) and detected by ECL reagent� (GE Healthcare). Anti-
body details are listed in the supplemental Table S2.
Cell Membrane Permeabilization Assessment—The level of

cell necrosis was measured using the ToxiLight� BioAssay Kit
(Cambrex), which is a bioluminescent assay designed to meas-
ure the release of adenylate kinase from damaged cells. Exper-
iments were performed according to the manufacturer’s
protocol.
Enzyme-linked Immunosorbent Assays—Subconfluent cells

were grown in 6-well plates for the indicated times under the
indicated conditions. Secretion of VEGFA, bFGF, ANG, and
PDGF-BB was quantified in the cell culture supernatant using
the Quantikine� human VEGF immunoassay, the Quantikine�
human bFGF immunoassay, the Quantikine� human ANG
immunoassay and theQuantikine�humanPDGF-BB immuno-
assay (RD Systems), respectively, according to the manufactur-
er’s protocol. VEGFA, bFGF, ANG, and PDGF-BB concentra-
tions in the culture medium were normalized to the number of
cells in the plate.
In Vivo Experiments—Adult male Sprague-Dawley rats

weighing 170–180 g were purchased from Charles River Labo-
ratories. To characterize the acute kidney ischemia injury that
occurs before kidney transplantation, we nephrectomized rats
and rinsed the kidneys in IGL1� preservation solution at 4 °C
for 24 h. The rats were anesthetized using intraperitoneal ket-
amine and xylazine. The abdomen was then opened by a mid-
line incision, and the kidneys were perfused with cold heparin-
ized saline. The kidneys were then washed with IGL1� and
incubatedwith IGL1� for 24 h at 4 °C (n� 4 for each group). All
procedures were strictly performed according to the Paris Des-
cartes University Animal Care recommendations.
Statistical Analysis—All data are expressed as the mean �

S.E. of three independent experiments, unless otherwise speci-
fied. Variables were compared with the Student’s t test. Statis-
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tical analyses were performed using Prism-GraphPad� soft-
ware. p values of less than 0.05 were considered significant.

RESULTS

Glucose Deprivation Induces the Expression of Angiogenic
Mediators—To test whether ischemia induces an angiogenic
response within the human kidney epithelium, we monitored
the expression of genes encoding mediators of angiogenesis in
HREC exposed to glucose-deprived medium, hypoxia, or both.
The combination of hypoxia and glucose starvation proved to
be too cytotoxic within our cellular model to provide interpret-
able results (supplemental Fig. S1A). We analyzed the expres-

sion ofVEGFA, bFGF,ANG, and platelet-derived growth factor
� (PDGFB), as these mediators are important regulators of
angiogenesis during kidney disease (7, 8, 17, 18).
After 24 h of culture in glucose-deprived culture medium

under normoxic conditions, VEGFA expression was signifi-
cantly increased comparedwith the controls (HRECcultured in
standard conditions) at both the transcriptional and protein
levels (Fig. 1A). As expected, hypoxia also promoted VEGFA
expression in our model (Fig. 1A). Glucose starvation for 24 h
significantly increased bFGF transcript levels relative to HREC
cultured in standard conditions, whereas hypoxia did not alter
bFGF gene expression (Fig. 1B). Glucose starvation, but not

FIGURE 1. Glucose deprivation induces the expression of angiogenic mediators. A, HREC were cultured in glucose-deprived medium or in standard
medium with or without hypoxia for 24 h. Left: VEGFA transcript levels were measured by qRT-PCR and are presented as the mean � S.E. relative to levels after
24 h of culture with standard conditions in four independent experiments. Right: secretion of VEGFA in the medium was quantified by ELISA. The concentration
is presented as the mean � S.E. of three independent experiments. *, p � 0.05. B, HREC were cultured in glucose-deprived medium or in standard medium with
or without hypoxia for 24 h. Left: bFGF transcript levels were measured by qRT-PCR and are presented as the mean � S.E. relative to levels after 24 h of culture
with standard conditions in four independent experiments. Right: secretion of bFGF in the medium was quantified by ELISA. The concentration is presented as
the mean � S.E. of three independent experiments. *, p � 0.05. C, HREC were cultured in glucose-deprived medium or in standard medium with or without
hypoxia for 24 h. Left: ANG transcript levels were measured by qRT-PCR and are presented as the mean � S.E. relative to levels after 24 h of culture with standard
conditions in four independent experiments. Right: secretion of ANG in the medium was quantified by ELISA. The concentration is presented as the mean � S.E.
of three independent experiments. *, p � 0.05.
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hypoxia, also significantly increased the secretion of bFGF into
the culture medium compared with basal culture conditions
(Fig. 1B). Glucose starvation induced ANG expression at both
the transcriptional and protein levels, as did hypoxia (Fig. 1C).
PDGFB expression did not increase under glucose starvation,
whereas hypoxia induced the expression of PDGFB transcripts
(supplemental Fig. S1,B andC).Overall, our results suggest that
the angiogenic factors VEGFA, bFGF, and ANG but not
PDGFB, are expressed by HREC in response to glucose depri-
vation but independently of hypoxia.
Glucose Deprivation Does Not Activate HIF-1� Signaling—

HIF-1� is a central regulator of the expression of various angio-
genic molecules during ischemia (19, 20). We therefore evalu-
ated whether glucose deprivation would activate the HIF-1�
pathway. HIF-1� did not accumulate in HREC cultured in glu-
cose-deprived medium under a normoxic atmosphere but was
elevated under hypoxic conditions (Fig. 2A). Additionally, the
expression of genes whose transcription is under control of
HIF-1�, such as 6-phosphofructo-2-kinase/fructose-2,6-bi-
phosphatase 3 (PFKFB3) and glucose transporter 1 (GLUT1),
was induced during hypoxia but not under glucose-deprived
conditions (Fig. 2B). These results suggest that glucose depri-
vation does not activate the HIF-1� signaling pathway and that
alternative pathways might be involved in the induction of the
expression of angiogenic mediators.
Glucose Deprivation, but Not Hypoxia, Activates the UPR in

HREC—TheUPR has been identified as an important conveyor
of tumoral tissue resistance in response to ischemia (11, 12) and
may regulate the expression of VEGFA under chemically
induced ER stress (21). Given these findings, we investigated

whether glucose deprivation activates the UPR in HREC. The
expression of genes typically activated during the UPR, includ-
ing glucose-related protein 78 (GRP78) and CCAAT/Enhanc-
er-binding protein homologous protein (CHOP) was signifi-
cantly increased during glucose deprivation, as was the spliced
form of X-box-binding protein-1 (XBP1) (Fig. 3A). These genes
were not expressed when HREC were cultured under hypoxic
conditions, suggesting that glucose deprivation, but not
hypoxia, activates theUPRwithin renal tubular cells.Moreover,
the ER stressor tunicamycin induced the expression ofVEGFA,
bFGF and ANG, but not PDGFB in HREC both at the tran-
scripts and protein levels (Fig. 3, B and C), suggesting that the
UPR might promote an angiogenic response in HREC.
RNA Interference Directed against Three Transducers of the

UPR—To test whether the UPR modulates the angiogenic
response of HREC following glucose deprivation, we inhibited
IRE1�, PERK, or ATF6 expression in HREC by siRNA-based
RNA interference. The efficacy of IRE1�, PERK, or ATF6 inhi-
bition of expression is depicted in Fig. 4. Glucose deprivation
elevates the preferential expression of IRE1� and ATF6; how-
ever, the biological significance of this result, to our knowledge,
is unknown. Given the known models for IRE1� and ATF6
activation during ER stress, it is unlikely that this positive reg-
ulation would interfere with the functions of the UPR.
VEGFA Expression Is Regulated by PERK—We first exam-

ined the role of PERK in modulating VEGFA expression in
response to glucose deprivation. Inhibition of PERK expression
by RNA interference significantly reduced the expression of
VEGFA at both the transcriptional and protein levels (Fig. 5A).
Interestingly, HREC exposed to salubrinal, a small molecule

FIGURE 2. Glucose deprivation does not activate HIF-1� signaling. A, HREC were cultured in glucose-deprived medium or in standard medium with or
without hypoxia for 24 h. HIF-1� protein expression was determined by immunoblotting. The immunoblot shown is representative of three independent
experiments. B, HREC were cultured in glucose-deprived medium or in standard medium with or without hypoxia for 24 h. PFKFB3 and GLUT1 transcript levels
were measured by qRT-PCR and are presented as the mean � S.E. relative to levels after 24 h of culture with standard conditions in four independent
experiments. *, p � 0.05.
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that inhibits eIF2� dephosphorylation and maintains the
PERK-eIF2� pathway activated (22), increased VEGFA expres-
sion (Fig. 5B). Conversely, inhibition of IRE1� or ATF6 expres-
sion did not alter VEGFA expression (Fig. 5, C and D and sup-
plemental Fig. S2, A and B). These results suggest that PERK,
but not IRE1� or ATF6, regulates the expression of VEGFA.
However, one cannot exclude that PERK may regulate the
intracellular trafficking or secretion of VEGFA in addition to its
production.
bFGF Expression Is Regulated by PERK—We next examined

the role of the UPR transducers in the production of bFGF in
response to glucose deprivation. Inhibition of PERK expression
significantly reduced the secretion of bFGF into the culture
medium but did not affect transcript levels (Fig. 6A). Salubrinal
treatment of HREC led to a significant increase in bFGF secre-
tionwithout alteration of transcript levels (Fig. 6B). Conversely,

inhibition of IRE1� or ATF6 expression did not alter bFGF
expression (Fig. 6,C andD, and supplemental Fig. S3,A and B).
These results suggest that PERK, but not IRE1� orATF6,medi-
ates bFGF expression in renal tubular cells during glucose dep-
rivation and that regulation may occur at both the transcrip-
tional and post-transcriptional levels.
ANG Expression Is Regulated by PERK and IRE1�—We next

focused on the regulation of ANG by the UPR. Inhibition of
PERK expression significantly increased ANG expression at
both the transcriptional and protein levels (Fig. 7A), whereas
salubrinal strongly inhibited it (Fig. 7B), suggesting that PERK
signaling inhibits ANG expression. Inhibition of IRE1� expres-
sion significantly reduced ANG expression at the transcrip-
tional and protein levels (Fig. 7C), suggesting that IRE1� acti-
vates ANG expression. Inhibition of ATF6 did not alter ANG
expression (Fig. 7D and supplemental Fig. S4). Together, these

FIGURE 3. Glucose deprivation, not hypoxia, activates the UPR in HREC. A, HREC were cultured in glucose-deprived medium or in standard medium with or
without hypoxia for 24 h, or with 2.5 �M tunicamycin for 8 h. GRP78, CHOP, and sXBP transcript levels were measured by qRT-PCR and are presented as the
mean � S.E. relative to levels after 24 h of culture with standard conditions in four independent experiments. GRP78 protein expression was determined by
immunoblotting. The immunoblot shown is representative of three independent experiments. *, p � 0.05. B, HREC were cultured with 2.5 �M tunicamycin for
8, 16, and 24 h. VEGFA, bFGF, ANG, and PDGFB transcript levels were measured by qRT-PCR and are presented as the mean � S.E. relative to levels in non-treated
cells in four independent experiments. The dotted line figures the expression level (� 1) of each gene in basal condition. C, HREC were cultured with 2.5 �M

tunicamycin for 16 h, and the secretion of VEGFA, bFGF, and ANG in the medium was quantified by ELISA.
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results suggest that ANG expression is positively regulated by
IRE1� and inhibited by PERK during glucose deprivation.
Given the fact that ANG promotes stress-induced translational
repression (23), our findings also unravel a new mechanism of
inhibition of protein synthesis activated by the UPR. This
mechanism seems to occur when the activity of the PERK-
eIF2� pathway is reduced because ANG expression is induced
when PERK expression is inhibited (Fig. 7A) and when the
phosphorylation of eIF2� is abolished (Fig. 7E).
Cold Ischemia in Rat Kidneys Activates the UPR and Gener-

ates an Angiogenic Response—To translate our in vitro findings
to an in vivo setting, we reproduced an ischemic kidney condi-
tion and analyzed the UPR and angiogenic responses in rat kid-
neys. To mimic cold ischemia, which occurs during kidney
transplantation, the rats were nephrectomized, and the kidneys
were stored in the IGL1� preservative solution at 4 °C for 24 h.
The expression of the UPR target genes homocysteine-induc-

ible endoplasmic reticulum stress protein (HERP), protein
disulfide isomerase, (PDI), CHOP, ATF4, and sXBP1, was sig-
nificantly increased in ischemic rat kidneys (Fig. 8A), the UPR
surrogate marker GRP78 was expressed after 24 h and the
PERK target eIF2� was phosphorylated (Fig. 8B), suggesting
that the UPR is activated during acute ischemia of the kidney.
We observed that bFGF, VEGFA, and ANG expression
increased after 24 h and paralleled the expression of the UPR
markers (Fig. 8C), whereas HIF-1� was not expressed in ische-
mic kidneys (Fig. 8D). Together, these results suggest that cold
ischemia activates the UPR and that VEGFA, bFGF, and ANG
expression also increases in parallel, independently of HIF-1�
expression.

DISCUSSION

Survival in an ischemic microenvironment requires a cell to
activate adaptive biological responses that regulate metabolic

FIGURE 4. RNA interference directed against three transducers of the UPR. A, HREC were transfected with siRNAs targeting IRE1� or control, non-targeted
(scramble) siRNAs. Twenty-four hours post-transfection, the culture medium was replaced with glucose-free medium or with standard medium. IRE1� tran-
script (left) and protein (right) levels were measured after an additional 24 h and compared with levels after 24 h of culture with standard conditions. *, p � 0.05.
B, HREC were transfected with siRNAs targeting PERK or control, non-targeted (scramble) siRNAs. Twenty-four hours post-transfection, the culture medium was
replaced with glucose-free medium or with standard medium. PERK transcript (left) and protein (right) levels were measured after an additional 24 h and
compared with levels after 24 h of culture with standard conditions. *, p � 0.05. C, HREC were transfected with siRNAs targeting ATF6 or control, non-targeted
(scramble) siRNAs. Twenty-four hours post-transfection, the culture medium was replaced with glucose-free medium or with standard medium. ATF6 transcript
(left) and protein (right) levels were measured after an additional 24 h and compared with levels after 24 h of culture with standard conditions. *, p � 0.05.
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reprogramming, angiogenesis, translation inhibition, andmac-
roautophagy. The angiogenic response generated by the ische-
mic kidney epithelium integrates components of these stan-
dard responses to ischemic stress to maintain the blood supply
and fulfill cell’s energetic demands. In addition to the HIF-1�-
mediated transcriptional program that responds to hypoxic
stress, other undefined adaptive pathways are also thought to
be involved, but their specific functions have not been experi-
mentally confirmed. Here, we describe an adaptive angiogenic
response of the human kidney epithelium to nutrient depriva-
tion that functions independently of hypoxia and HIF-1�. This
response links ER stress and the UPR to the production of the
angiogenic factors VEGFA, bFGF, and ANG. The fact that
PDGFB expression is not altered by the UPR transducers
implies that the UPR and HIF-1� drive angiogenic responses
with distinctive profiles. In addition to the regulation of angio-

genesis, our findings reveal a novel function of the UPR in the
inhibition of translation. In fact, in our model, ANG, an RNase
that inhibits translation in response to stressful conditions, is
tightly regulated by the UPR transducers PERK and IRE1�, and
its expression occurs when the PERK-eIF2� axis activity is
abolished.
The observation that nutrient starvation in HREC activates

the UPR, which in turn mediates the secretion of angiogenic
factors, adds complexity to the consequences of ER stress in the
progression of kidney disease. The secretion of angiogenesis
mediators, such as VEGFA, in response to ischemia is essential
for the maintenance of the tubulo-interstitial compartment, as
it prevents endothelial cell death and peritubular capillary col-
lapse, and helps tomaintain adequate oxygen and nutrient sup-
plies (24–26). Angiogenic mediators, however, also fuel inade-
quate tissue remodeling because they can facilitate leukocyte

FIGURE 5. VEGFA expression is regulated by PERK. A, HREC were transfected with siRNAs targeting PERK or control, non-targeted (scramble) siRNAs. Left:
VEGFA transcript levels were measured by qRT-PCR after the cells had incubated in glucose-free medium for 24 h and compared with levels after 24 h of culture
with standard conditions (n � 4). Right: secretion of VEGFA in the medium was quantified by ELISA after the cells had incubated in glucose-free or standard
medium for 48 h (n � 3). *, p � 0.05. B, HREC were incubated in standard medium and treated with or without 25 �M salubrinal for 48 h. Left: VEGFA transcript
levels were measured by qRT-PCR and compared with levels after 48 h of culture with standard conditions (n � 3). Right: secretion of VEGFA in the medium was
quantified by ELISA (n � 3). *, p � 0.05. C, HREC were transfected with siRNAs targeting IRE1� or control, non-targeted (scramble) siRNAs. The secretion of
VEGFA in the medium was quantified by ELISA after the cells had incubated in glucose-free or standard medium for 48 h (n � 3). *, p � 0.05. D, HREC were
transfected with siRNAs targeting ATF6 or control, non-targeted (scramble) siRNAs. The secretion of VEGFA in the medium was quantified by ELISA after the
cells had incubated in glucose-free or standard medium for 48 h (n � 3). *, p � 0.05.
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recruitment and promote inflammation, the epithelial-to-mes-
enchymal transition and fibroblast activation (8, 27, 28). Ther-
apeutic modulation of the UPRwith 4-phenyl-butyrate or salu-
brinal can alleviate the deleterious effects of the UPR, reduce
kidney injury and delay tissue remodeling (29, 30). Further
studies are required to address important questions regarding
the consequences of these angiogenic responses in the context
of kidney disease progression as well as the duration of the
response, the level of secretion of these mediators and the
nature of the initial injury.
Tomimic cellular energetic failures that occur in response to

ischemia, we analyzed the consequences of glucose starvation
on human epithelial cells. Glucose starvation induces intracel-
lular ATP depletion and serves as a relevant model of ischemic
stress (31). Tissue ischemia, which promotes profound nutrient
deprivation, including glucose deprivation, results in an ener-
getic failure that may induce ER stress. Ischemia in rat kidneys
is a far more complex process than glucose deprivation in cul-
tured cells, and this difference is a limitation of in vitromodels

for the study of ischemia. As an example of this limitation, the
combination of glucose starvation with hypoxia (which com-
monly occurs during tissue ischemia) was too toxic to be suita-
ble for further studies in vitro (32). Our in vitro model used
glucose starvation to induce the energetic failure that may
occur during ischemia in vivo. Because our aim was to investi-
gate the HIF-1�-independent involvement of the UPR in the
angiogenic response to ischemia, we did not include hypoxia in
our model, as it would not have been possible to delineate the
respective contributions of HIF-1� signaling and theUPR. This
model enabled us to characterize the role of the UPR transduc-
ers in generating an angiogenic response to energetic failure
that is independent of HIF-1�.
Our findings highlight the central and complex involvement

of the PERK kinase in the modulation of the angiogenic
response to glucose deprivation. PERK phosphorylates the
translational regulator eIF2�, resulting in a general inhibition
of translation.One factor that escapes translational inhibition is
the transcription factor ATF4, which regulates the expression

FIGURE 6. bFGF expression is regulated by PERK. A, HREC were transfected with siRNAs targeting PERK or control, non-targeted (scramble) siRNAs. Left: bFGF
transcript levels were measured by qRT-PCR after the cells had incubated in glucose-free medium for 48 h and compared with levels after 48 h of culture with
standard conditions (n � 4). Right: secretion of bFGF in the medium was quantified by ELISA after the cells had incubated in glucose-free or standard medium
for 48 h (n � 3). *, p � 0.05. B, HREC were incubated in glucose-free or standard medium and treated with or without 25 �M salubrinal for 48 h. Left: bFGF
transcript levels were measured by qRT-PCR and compared with levels after 48 h of culture with standard conditions (n � 3). Right: secretion of bFGF in the
medium was quantified by ELISA (n � 3). *, p � 0.05. C, HREC were transfected with siRNAs targeting IRE1� or control, non-targeted (scramble) siRNAs. The
secretion of bFGF in the medium was quantified by ELISA after the cells had incubated in glucose-free or standard medium for 48 h (n � 3). D, HREC were
transfected with siRNAs targeting ATF6 or control, non-targeted (scramble) siRNAs. The secretion of bFGF in the medium was quantified by ELISA after the cells
had incubated in glucose-free or standard medium for 48 h (n � 3).
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of nutrient transporters and antioxidants, amino acid synthesis
and the induction of autophagy (11, 31, 33). The mode of regu-
lation ofVEGFA expression byUPRmediators seems to depend
on the cell type and the identity of ER stress factor. In mouse
embryonic fibroblasts, VEGFA is transcriptionally regulated by

IRE1� and PERK through their respective transcription factors,
sXBP1 andATF4, but in theHepG2 hepatoma cell line,VEGFA
is regulated by ATF6 (21). A more complex regulation of
VEGFA was observed in a medulloblastoma cell line, involving
regulatory action at both the transcriptional and post-tran-

FIGURE 7. ANG expression is regulated by PERK and IRE1�. HREC were transfected with siRNAs targeting PERK or control, non-targeted (scramble) siRNAs.
Left: ANG transcript levels were measured by qRT-PCR after the cells had incubated in glucose-free medium for 24 h and compared with levels after 24 h of
culture with standard conditions (n � 4). Right: secretion of ANG in the medium was quantified by ELISA after the cells had incubated in glucose-free or
standard medium for 48 h (n � 3). *, p � 0.05. B, HREC were incubated in glucose-free or standard medium and treated with or without 25 �M salubrinal for 48 h.
Left: ANG transcript levels were measured by qRT-PCR and compared with levels after 48 h of culture with standard conditions (n � 3). C, HREC were transfected
with siRNAs targeting IRE1� or with control, non-targeted (scramble) siRNAs. Left: ANG transcript levels were measured by qRT-PCR after the cells had incubated
in glucose-free medium for 24 h and compared with levels after 24 h of culture with standard conditions (n � 4). Right: secretion of ANG in the medium was
quantified by ELISA after the cells had incubated in glucose-free or standard medium for 48 h (n � 3). D, HREC were transfected with siRNAs targeting ATF6 or
with control, non-targeted (scramble) siRNAs. The secretion of ANG in the medium was quantified by ELISA after the cells had incubated in glucose-free or
standard medium for 48 h (n � 3). E, phosphorylation status of eIF2�. HREC were transfected with siRNAs targeting PERK or control, non-targeted (scramble)
siRNAs. Phospho-eIF2� and eIF2� protein levels were measured after the cells had incubated in glucose-free or standard medium (n � 4). A representative
immunoblot is shown.
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FIGURE 8. Cold ischemia in rat kidneys activates ER stress and generates an angiogenic response. The rats were nephrectomized, and the kidneys were
rinsed and incubated in an IGL1� solution for 24 h. A, HERP, PDI, CHOP, ATF4, and sXBP1 transcript levels were measured by qRT-PCR in the rat kidneys after 24 h
of cold ischemia, and compared with levels in non ischemic kidneys (n � 4). *, p � 0.05. B, GRP78 and phospho-eIF2� protein levels were measured in the rat
kidneys after 24 h of cold ischemia. Left: a representative immunoblot is shown. Right: a densitometric analysis of immunoblots. n � 4. C, VEGFA, bFGF, and ANG
protein levels were measured in the rat kidneys after 24 h of cold ischemia. Left: a representative immunoblot is shown. Right: a densitometric analysis of
immunoblots, n � 4. D, HIF-1� protein levels were measured in rat kidneys after 24 h of cold ischemia. A representative immunoblot is shown. Hypoxic HREC
were used as control.
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scriptional levels (34). In our model, VEGFA expression
depends only on PERK. Moreover, a salubrinal-induced
increase in the activity of this pathway resulted in increased
expression of VEGFA. Therefore, PERK might represent a
potential therapeutic target for increasing VEGFA production.
PERK also regulates bFGF expression at both the transcrip-
tional and translational levels. The fact that salubrinal increases
bFGF secretion and the inhibition of the PERKpathway reduces
bFGF secretion without modifying transcript expression sug-
gest that the UPRmight activate bFGF secretion independently
of a transcriptional activity. bFGF lacks the signal peptide and is
secreted through a non-conventional pathway that does not
involve the trans-Golgi network (35). Instead, bFGF secretion
requires activation by caspase 1 within inflammasomes, fol-
lowed by direct release from the cell through the plasma mem-
brane (36). Recently, ER stress was shown to activate a non-
conventional secretion pathway mediated by Golgi reassembly
stacking proteins (GRASPs) (37). Other modes of non-conven-
tional secretion, including autophagy, may be involved in bFGF
secretion when the UPR is activated. PERK is known to activate
autophagy (38), and autophagy is implicated in the non-con-
ventional secretion of various molecules, including interleukin
1� (39), which is secreted in the same way as bFGF (36).
Whether bFGF is secreted during the UPR through a similar
non-conventional secretion pathway is an interesting hypothe-
sis that remains to be tested.
Our results also show that the UPR regulates ANG expres-

sion, a finding of considerable biological significance. In addi-
tion to its functions in kidney vasculogenesis (17), ANG is a
general inhibitor of translation in response to stress. ANG is a
secreted ribonuclease that generates stress-induced tRNA-de-
rived fragments (tiRNAs) that contribute to the displacement
of eIF4G/A from capped and uncapped mRNA and eIF4E/G/A
(eIF4F) from the m7G cap, thereby inhibiting translation and
inducing stress granule assembly (23). Our results suggest that,
in addition to the activation of PERK and the phosphorylation
of eIF2�, the UPR activates an ANG-mediated pathway that
may lead to a global repression of translation. Validation of this
hypothesis will require in-depth studies to precisely delineate
the respective roles of ANG-induced stress-induced tiRNAs
and eIF2� phosphorylation in the inhibition of translational
programs during the UPR.
In conclusion, nutrient deprivation in human epithelial cells

promotes an angiogenic response that involves VEGFA, bFGF,
and ANG secretion. This process occurs independently of HIF-
1�, with PERK acting as a central regulator, making it a prom-
ising therapeutic target. Additionally, the expression of ANG, a
stress-induced translational repressor, is modulated by both
IRE1� and PERK, representing an alternate pathway by which
the UPR might inhibit protein synthesis in response to stress.
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