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Neuropeptide Y (NPY) is an abundant neurohormone in the
central and peripheral nervous system involved in feeding
behavior, energy balance, nociception, and anxiety. Several
NPY receptor (NPYR) subtypes display elevated expression in
many cancers including in breast tumors where it is exploited
for imaging and diagnosis. Here, we address how hypoxia, a
common feature of the tumor microenvironment, influences
the expression of the NPYRs. We show that NPY1R and
NPY5R mRNA abundance is induced by hypoxia in a hypoxia
inducible factor (HIF)-dependent manner in breast cancer cell
lines MCF7 and MDA-MB-231. We demonstrate that HIFs
bind to several genomic regions upstream of the NPY1R and
NPY5R transcription start sites. In addition, the MAPK/ERK
pathway is activated more rapidly upon NPY5R stimulation in
hypoxic cells compared with normoxic cells. This pathway re-
quires insulin-like growth factor 1 receptor (IGF1R) activity in
normoxia, but not in hypoxic cells, which display resistance to
the radiosensitizer and IGF1R inhibitor AG1024. Furthermore,
hypoxic cells proliferate and migrate more when stimulated
with NPY relative to normoxic cells and exhibit a more robust
response to a Y5-specific agonist. Our data suggest that
hypoxia-induced NPYRs render hypoxic cells more sensitive to
NPY stimulation. Considering that breast tissue receives a
constant supply of NPY, hypoxic breast tumors are the perfect
storm for hyperactive NPYR. This study not only highlights a
new relationship between the HIFs and NPYR expression and
activity but may inform the use of chemotherapeutics targeting
NPYRs and hypoxic cells.

The 36-amino acid neuropeptide Y (NPY) neurohormone
family is broadly distributed throughout the central and pe-
ripheral nervous systems and is the most abundant neuro-
peptide in the brain (1, 2). Within the central nervous system,
NPY is involved in the regulation of feeding behavior, energy
balance, nociception, and anxiety. In the peripheral nervous
system, the pleiotropic actions of NPY include regulation of
vascular tone, chemotaxis of endothelial and vascular smooth
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muscle cells, leukocyte migration, and angiogenesis (1, 3).
Within the periphery, NPY is primarily stored and released
from sympathetic nerves of the autonomic branch of the pe-
ripheral nervous system and is released following high-
frequency neuronal stimulation (3).

There are five well-defined NPY receptor (NPYR) subtypes
in mammals: Y1, Y2, Y4, Y5, and Y6. However, NPY6R is
encoded by a nonfunctional pseudogene in primates and
NPY4R exhibits low affinity for NPY (4). Thus, NPY1R,
NPY2R, and NPY5R are the most biologically significant
subtypes in humans (3, 5). NPYRs are class I rhodopsin-like
family of G-protein–coupled receptors and mediate their ef-
fects through a trimeric inhibitory GTP-binding protein (Gi/o)
(3). All NPYRs decrease adenylyl cyclase activity, but addi-
tional receptor-mediated signaling pathways are generally less
understood based on subtype- and tissue-specific interactions
(3, 6). Sharing 60% of the same amino acids (7), NPY1R and
NPY5R have been implicated in activating the MAPK pathway
in cardiomyocytes (8) and breast cancer cells (9, 10), and in
HEK293 cells through transactivation with insulin-like growth
factor-1 receptor (IGF1R) (11).

A growing body of evidence has linked NPYR expression
with neoplastic transformation. NPY1R and NPY5R expression
has been reported in several types of endocrine and epithelial
malignancies, such as ovarian, prostate, breast, and neural
crest tumors relative to normal tissue (10, 12–16). Approxi-
mately 85% of primary human breast carcinomas exhibit
elevated NPY1R expression (10). Furthermore, many
commonly used breast cancer cell lines such as MCF7 and
MDA-MB-231 express NPY1R and NPY5R (10). Increased
NPY5R expression in these cells leads to clustering of NPYR in
the plasma membrane. Breast tissue is highly innervated by the
sympathetic nervous system; thus, it is provided with a large
supply of NPY ligand. High local NPY concentration in
combination with increased NPYR clustering leads to height-
ened NPYR activity (9, 10). NPY1R and NPY5R stimulation
promotes cellular proliferation, migration, and angiogenesis in
breast cancer models (9, 17, 18). These observations highlight
these NPYRs as not only markers of cancer but also potential
targets of therapeutic intervention. Since epithelial malig-
nancies such as breast carcinomas form into solid tumors, it is
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HIF-dependent regulation of NPY1R and NPY5R
important to consider how the tumor microenvironment af-
fects the progression of these cancers and the regulation of the
NPYRs.

Hypoxia is a hallmark of solid tumors where oxygen con-
sumption exceeds supply due to aberrant blood vessel for-
mation (19). Tumor hypoxia leads to resistance to chemo- and
radiation therapy and promotes metastasis (20). The hypoxia
inducible factors (HIFs) are central regulators of the tran-
scriptional response to hypoxia. These heterodimeric tran-
scription factors are linked to cancer progression and consist
of an oxygen-regulated α-subunit (HIF-1α or HIF-2α) and a
constitutively expressed β-subunit (HIF-1β) (21, 22). The
hypoxic stabilization of both HIFs leads to angiogenesis,
metabolic reprogramming, immortalization, evasion of
apoptosis, migration and invasion, generation of cancer stem
cells, and chemo- and radiotherapy resistance. HIF-1α and
HIF-2α share most of their transcription targets but do have
distinct set of gene targets (23). Cancer cells can exploit HIF-
mediated changes during neoplastic transformation to accel-
erate carcinogenesis, leading to a more aggressive tumor
phenotype (19). In Ewing sarcoma cells, hypoxia shifts NPY
activity from NPY1R/Y5R-mediated cell death in physiological
conditions to NPY2R/Y5R-driven cell proliferation, migration,
and angiogenesis (24).

Here, we investigate the relationship between NPYR
signaling, hypoxia, and the cell migration and proliferation of
breast cancer cell lines MCF7 and MDA-MB-231. Our data
show that NPY1R and NPY5R mRNA is induced in hypoxia in
a HIF-dependent manner. Furthermore, the HIFs bind to
several regions upstream of the NPY1R and/or NPY5R tran-
scription start site (TSS). We show that NPY stimulation ac-
tivates the MAPK/ERK pathway through IGF1R but that this
pathway is resistant to IGF1R inhibition in hypoxia. The in-
duction of NPY1R and NPY5R sensitizes hypoxic cells to NPY
ligand by activating MAPK/ERK more rapidly, and producing
more cell migration and proliferation, relative to normoxic
cells. Our data highlight that hypoxic cancer cells in an envi-
ronment with high local NPY, such as in the breast, may be
resistant to radiosensitizers that inhibit IGF1R and are strong
candidates for NPYR antagonist therapy.
Results

NPY1R and NPY5R are induced by hypoxia at the mRNA and
protein levels

MCF7 and MDA-MB-231 cells were incubated in hypoxia
(1% O2) for 24 h, and RNA was collected at 0, 1, 3, 6, 12, and
24 h. The temporal induction of NPY1R and NPY5R mRNA
was measured via quantitative RT-PCR (qRT-PCR). We
selected this time frame because the major hypoxic gene
expression pathway, HIF-mediated transcription, is only fully
active at 24 h with each HIF-α isoform peaking at different
times. HIF-1α protein peaks within 2 h of hypoxic exposure,
whereas HIF-2α requires 24 h to achieve peak levels (25). In
MCF7, the NPY1R displayed a significant 2.03 ± 0.09-fold
increase in mRNA abundance after 1 h of hypoxia and a sig-
nificant 3.92 ± 0.2-fold increase after 3 h before returning to
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normoxic levels (time 0) after 24 h (Fig. 1A). In MDA-MB-231,
NPY1R mRNA abundance peaked at a significant 2.9 ± 0.16-
fold increase after 24 h of hypoxia relative to 0 h (Fig. 1B).
The NPY5R mRNA abundance peaked at a significant 4.74 ±
0.13-fold increase at 3 h in MCF7 cells (Fig. 1C) and 3.93 ±
0.29 at 1 h in MDA-MB-231 cells (Fig. 1D) relative to 0 h.
Although the NPY1R and NPY5R mRNA abundance returned
to baseline levels by 24 h in MCF7 cells (Fig. 1, A and C), it
remained at 2- to 3-fold baseline levels after 24 h in MDA-MB-
231 (Fig. 1, B and D). The focus of this investigation will be on
NPY1R and NPY5R because NPY2R mRNA levels in MCF7
and MDA-MB-231 were below detection limits in a previous
study (10). We confirmed these very low levels of NPY2R
mRNA and showed that NPY2R mRNA is not induced by
hypoxia (Fig. S1).

We next verified whether NPY1R and NPY5R hypoxic
protein expression was consistent with the observations at the
mRNA level. In both cell lines, NPY1R and NPY5R protein
levels displayed significant increases with peaks that were
delayed by several hours from the mRNA abundance data in
Figure 1, A–D. The NPY1R protein levels significantly
increased by 2.11 ± 0.11-fold at 12 h of hypoxic exposure in
MCF7 cells (Fig. 1, E and F) and by 2.04 ± 0.05-fold at 72 h in
MDA-MB-231 relative to 0 h (Fig. 1, E and G). The NPY5R
protein levels displayed significant increases in the 48- to 72-h
range in MCF7 cells with a peak increase of 1.72 ± 0.05-fold at
72 h of hypoxic exposure relative to 0 h (Fig. 1, E and H). In
MDA-MB-231, NPY5R protein levels displayed significant
increases in the 24- to 72-h range with a peak of 2.44 ± 0.08-
fold at 72 h of hypoxic exposure relative to 0 h (Fig. 1, E and I).
The NPY1R antibody detects other bands besides the pre-
dicted 43-kDa functional protein (Fig. S2). Some of these
bands could be glycosylated versions of NPY1R or covalent
homo- or heterodimers (26). These data suggest that NPY1R
and NPY5R expression is induced in a hypoxia-dependent
manner in MCF7 and MDA-MB-231 cells.
A hypoxia mimetic that stabilizes the HIFs increases the mRNA
abundance of NPY1R and NPY5R

To test whether an increase in HIF stability was responsible
for the observed hypoxic increase in NPY1R and NPY5R
mRNA abundance, we treated cells with dimethyloxalylglycine
(DMOG). DMOG is a cell-permeable prolyl-4-hydroxylase
inhibitor, which mimics hypoxia by preventing the hydroxyl-
ation of the HIF-α subunits leading to their stabilization.
MCF7 and MDA-MB-231 cells were treated with 1 mM
DMOG for 30 min, 1 h, and 2 h followed by RNA collection
and qRT-PCR. Short exposures and no preincubation with
DMOG were used both to capture peak HIF stability at 2 h of
treatment and to minimize off-target effects of DMOG on
mitochondrial respiration that can occur within this time
frame (27). In MCF7, DMOG treatment produced a peak in-
crease of 2.0 ± 0.06-fold for NPY1R mRNA at 1 h (Fig. 2A) and
2.41 ± 0.09-fold for NPY5R mRNA at 2 h relative to 0 h
(Fig. 2B). In MDA-MB-231, NPY1R and NPY5R mRNA levels
both peaked at 2 h of DMOG treatment with increases of



Figure 1. NPY1R and NPY5R are induced by hypoxia at the mRNA and protein levels. A and B, NPY1R mRNA and (C and D) NPY5R mRNA levels were
measured by quantitative RT-PCR in MCF7 (A and C) and MDA-MB-231 (B and D) breast cancer cells in a hypoxic (1% O2) time course of 0, 1, 3, 6, 12, and
24 h. Data were normalized to endogenous control genes RPLP0 and RPL13A and made relative to time 0 h (dotted line). E, NPY1R (black arrow) and NPY5R
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Figure 2. A hypoxia mimetic that stabilizes the HIFs increases the
mRNA abundance of NPY1R and NPY5R. NPY1R and NPY5R mRNA
abundance was measured in MCF7 (A and B) and MDA-MB-231 (C and D)
breast cancer cells treated with a hypoxia mimetic, dimethyloxalylglycine
(DMOG), which is a cell permeable prolyl-4-hydroxylase inhibitor. Cells were
lysed after 0.5, 1, and 2 h of DMOG treatment, and mRNA abundance was
measured by qRT-PCR. Data were made relative (dotted line) to dimethyl
sulfoxide vehicle control (time 0 h) and normalized to endogenous control
genes RPLP0 and RPL13A. Data (n = 3), mean ± SEM. * represents p < 0.05
using one-way ANOVA and Tukey’s HSD post hoc test.

HIF-dependent regulation of NPY1R and NPY5R
1.88 ± 0.12-fold and 6.95 ± 0.44-fold, respectively, relative to
0 h (Fig. 2, C and D). These data support that NPY1R and
NPY5R mRNA abundance is not only increased by hypoxia in
general but specifically via HIF-α stabilization.

Overexpression and inhibition of the HIFs affects NPY1R and
NPY5R mRNA abundance

Exogenous HIF-α subunits were transfected into MCF7 and
MDA-MB-231 cells to investigate whether they could drive
NPY1R and NPY5R expression. These exogenous HIF-α sub-
units contain proline to alanine mutations that stabilize them
in normoxia by escaping proteasomal targeting via prolyl hy-
droxylases (Fig. S3). Cells were incubated in normoxia or
hypoxia corresponding to peak NPYR expression from
Figure 1, A–D (3 h in MCF7, and 24 h for NPY1R and 1 h for
NPY5R in MDA-MB-231). In MCF7, NPY1R mRNA abun-
dance significantly increased by 2.0 ± 0.07-fold in normoxia
and by 2.27 ± 0.08-fold in hypoxia when exogenous stable HIF-
2α was introduced relative to control (Fig. 3A). Exogenous
stable HIF-1α significantly increased NPY1R mRNA abun-
dance in MCF7 only in hypoxia by 1.48 ± 0.04-fold relative to
control (Fig. 3A). NPY5R mRNA abundance significantly
increased in normoxia by 1.67 ± 0.06-fold when stable HIF-1α
was introduced and in hypoxia by 2.94 ± 0.09-fold when stable
HIF-2α was introduced relative to control (Fig. 3B). In nor-
moxic MDA-MB-231 cells, introduction of both exogenous
HIF-α subunits produced significant increases in both NPY1R
(2.0 ± 0.06-fold for HIF-1α and 1.6 ± 0.04-fold for HIF-2α) and
NPY5R (4.97 ± 0.31-fold for HIF-1α and 5.32 ± 0.08-fold for
HIF-2α) mRNA abundance relative to control (Fig. 3, C and
D). In hypoxia, MDA-MB-231 cells displayed a significant
increase only in NPY5R mRNA abundance by 3.51 ± 0.26-fold
when exogenous stable HIF-1α was introduced relative to
control (Fig. 3D). These data show that exogenous introduc-
tion of stable HIF-α subunits mostly increased the mRNA
abundance of NPY1R and NPY5R.

We next turned to pharmacological inhibition of endoge-
nous HIFs. We treated MCF7 and MDA-MB-231 cells with
Echinomycin or TC-S 7009, selective inhibitors of HIF-1 and
HIF-2, respectively. Cells were incubated for 24 h with or
without Echinomycin or TC-S 7009 and then in normoxia or
hypoxia for an amount of time corresponding to peak NPYR
expression from Figure 1, A–D. After normalizing the data to
their respective normoxic condition, inhibition of HIF-1 in
hypoxic MCF7 cells reduced NPY1R and NPY5R mRNA
levels to 0.37 ± 0.03-fold and 0.41 ± 0.02-fold the levels of the
control, respectively (Fig. 3, E and F). Similarly, inhibition of
HIF-2 reduced hypoxic NPY1R and NPY5R mRNA levels to
0.26 ± 0.03-fold and 0.22 ± 0.04-fold the levels of the control,
respectively (Fig. 3, E and F). Treating hypoxic MDA-MB-
231 cells with Echinomycin reduced NPY1R and NPY5R
mRNA levels to 0.42 ± 0.04-fold and 0.48 ± 0.01-fold the
levels of the control, respectively (Fig. 3, E and F). Conversely,
protein levels measured in MCF7 and MDA-MB-231 cells in a hypoxic time cou
Quantification by densitometry of Western blots in (E) using ImageJ software fo
MDA-MB-231 (I) cells. Data (n = 3), mean ± SEM. * represents p < 0.05 using

4 J. Biol. Chem. (2022) 298(3) 101645
treatment of MDA-MB-231 cells with TC-S 7009 did not
reduce the hypoxic mRNA levels of NPY1R or NPY5R (Fig. 3,
E and F). These data show that the HIFs are involved in the
hypoxic induction of NPY1R and NPY5R.

The HIFs bind to the promoters of NPY1R and NPY5R and
upstream sequences

To test whether the HIFs are more directly implicated in the
hypoxic induction of NPY1R and NPY5R transcription, we
performed a chromatin immunoprecipitation (ChIP) assay.
HIFs recognize hypoxia response elements (HREs; 50-RCGTG-
30) in the promoters of hundreds of genes to enhance their
hypoxic expression (28). HREs are functionally activated when
the downstream region contains an adjacent hypoxia ancillary
sequence (HAS; 50-CA(G|C)(A|G)(T|G|C)-30) within 7 to 15
nucleotides (29). The NPY1R and NPY5R promoters and up-
stream regions were scanned for HREs and adjacent HASs.
Several regions of interest fitting these criteria were identified,
and primers were designed to amplify these genomic locations.
Cells were transfected with stable exogenous HIF-1α, HIF-2α,
or empty vector control followed by immunoprecipitation and
RT-PCR. HIF-1α interacted with six of the seven genomic
regions surveyed containing HREs and adjacent HASs within
rse of 0, 1, 3, 6, 12, 24, 48, and 72 h. GAPDH was used as a loading control.
r NPY1R in MCF7 (F) and MDA-MB-231 (G) cells, and NPY5R in MCF7 (H) and
one-way ANOVA and Tukey’s HSD post hoc test.



Figure 3. Overexpression and inhibition of the HIFs affects NPY1R and NPY5R mRNA abundance. A and B, MCF7 and MDA-MB-231 (C and D) breast
cancer cells were transfected with exogenous HIF-1α, HIF-2α, or their respective empty vector backbone control (Ctrl), and NPY1R (A and C) and NPY5R
(B and D) mRNA levels were measured via qRT-PCR. Exogenous HA-HIF-α or FLAG-GFP-HIF-2α contain proline to alanine mutations that stabilize them in
normoxia by escaping proteasomal targeting via prolyl hydroxylases. Data were made relative to the normoxic empty vector control (dotted line). (E) NPY1R
and NPY5R (F) mRNA levels were measured via qRT-PCR in normoxic or hypoxic cells treated for 24 h with DMSO vehicle control, or specific inhibitors of HIF-
1 (Ech; Echinomycin) or HIF-2 (TC-S 7009) DNA binding activity. Data were made relative to the respective normoxia of each treatment (dotted line). Hypoxic
incubation corresponds to peak receptor expression shown in Figure 1, A–D (3 h in MCF7, and 24 h for NPY1R and 1 h for NPY5R in MDA-MB-231). All data
(n = 3) were normalized to endogenous control genes RPLP0 and RPL13A and represented as mean ± SEM. * represents p < 0.05 using one-way ANOVA and
Tukey’s HSD post hoc test.

HIF-dependent regulation of NPY1R and NPY5R
15 kilobases of the NPY1R TSS in MDA-MB-231 (Fig. 4A) and
four of the seven regions in MCF7 (Fig. 4B). Three sites con-
taining HREs and adjacent HASs were identified within 15
kilobases upstream of the NPY5R TSS. All three sites were
positive for HIF-1α interaction in MDA-MB-231 (Fig. 4C), and
one of three sites were positive for HIF-1α association in
MCF7 (Fig. 4D). HIF-2α did not interact with any of the seven
HRE/HAS-containing regions upstream of the NPY1R TSS in
MDA-MB-231 (Fig. 4E) and three of these sites in MCF7
(Fig. 4F). HIF-2α did interact with the three genomic regions
surveyed upstream of the NPY5R TSS in MDA-MB-231
(Fig. 4G) and one of these three regions in MCF7 (Fig. 4H).
A positive interaction was scored (+) if band intensities were at
least at comparable levels with the positive control HIF-1α and
HIF-2α target genes BIRC5 (30) and CITED2 (31), respectively
(Fig. 4, I and J). These data show that HIF-1α and HIF-2α
directly interact (except HIF-2α upstream of the NPY1R TSS
in MDA-MB-231) with the NPY1R and NPY5R promoter and
upstream regions.
Stimulation of NPY1R and NPY5R induces MAPK signaling
more rapidly in hypoxia

We next sought to determine whether the hypoxic induc-
tion of NPY1R and NPY5R had biological significance by
measuring the activity of associated signaling cascades. NPY1R
J. Biol. Chem. (2022) 298(3) 101645 5



Figure 4. The HIFs bind to the promoters of NPY1R and NPY5R and upstream sequences. Chromatin immunoprecipitation of exogenous HIF-1α (A–D)
and HIF-2α (E–H) was performed in hypoxic MDA-MB-231 and MCF7 breast cancer cells. Genomic regions up to 15 kilobases upstream of the NPY1R and
NPY5R transcription start sites (TSS) were scanned for hypoxia response elements and downstream adjacent hypoxia ancillary sequences. Seven regions that
fit these criteria were identified in the NPY1R TSS (A, B, E, and F) and three regions in the NPY5R TSS (C, D, G, and H). Primers were designed to amplify DNA
regions via PCR that associated with either HIF-1α or HIF-2α. Control (Ctrl) antibody was a nontargeted IgG. Input (IN) was 10% whole-cell lysate prior to
immunoprecipitation. A genomic region was designated as positive (+) for HIF binding if the PCR-amplified fragment was enriched in the HIF immuno-
precipitation (IP) relative to the control. BIRC5 (I) and CITED2 (J) are two positive control genes that are known to have HIF-1α- and HIF-2α-binding sites,
respectively, in their promoter regions.

HIF-dependent regulation of NPY1R and NPY5R
and NPY5R have been implicated in activating the MAPK
pathway with subsequent increases in ERK1/2 phosphorylation
(9, 10). We stimulated normoxic and hypoxic MCF7 and
MDA-MB-231 cells with either NPY (broad stimulation of
NPYRs), NPY1R-specific ligand (Y1 agonist), or NPY5R-
specific ligand (Y5 agonist). Hypoxic MCF7 cells responded
more rapidly to NPY and Y5 agonist with a significant 1.75-
and 5.25-fold higher pERK1/2, respectively, relative to nor-
moxia at 5 min of stimulation (Fig. 5, A and B). Conversely,
stimulation of MCF7 cells with Y1 agonist produced a signif-
icant 2.57-fold higher pERK1/2 levels in normoxia relative to
hypoxia at 5 min but similar responses throughout the rest of
the time course (Fig. 5C). Hypoxic MDA-MB-231 cells also
responded more rapidly to NPY and Y5 agonist relative to
normoxia with 3.28- and 1.94-fold higher pERK1/2 after 5 min
of stimulation, respectively (Fig. 5, D and E). Y1-specific
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stimulation of MDA-MB-231 cells produced little activation
of ERK1/2 and similar responses in normoxia and hypoxia
(Fig. 5F). These data suggest that hypoxic cells are primed to
respond to NPY more rapidly than normoxic cells through
NPY5R rather than NPY1R.

Since NPYR can mediate the activation of ERK1/2 via
transactivation with IGF1R in HEK293 cells (11), we tested
whether IGF1R activity was required for NPY-dependent
ERK1/2 phosphorylation in breast cancer cells. We pre-
treated MCF7 and MDA-MB-231 cells with the specific IGF1R
inhibitor AG1024 for 1 h, then stimulated with NPY to
monitor ERK1/2 activation. In normoxic MCF7 cells, pERK1/2
peaked at 1.8 ± 0.17-fold induction at 15 min of NPY stimu-
lation alone relative to time 0 (blue line; Fig. 5A). When
AG1024 was present, normoxic NPY-dependent pERK1/2 in-
duction was abolished with an initial decrease after 5 min that



Figure 5. Stimulation of NPY1R and NPY5R induces MAPK signaling more rapidly in hypoxia. A–C, MCF7 cells were treated with the general NPYR
ligand NPY (A), NPY1R-specific Y1 agonist (B), and NPY5R-specific Y5 agonist (C) in normoxia (21% O2) and hypoxia (1% O2) for 5, 15, 30, and 60 min. MDA-
MB-231 cells were treated with the NPY (D), Y1 agonist (E), and Y5 agonist (F) in normoxia and hypoxia for 5, 15, 30, and 60 min. G and H, the IGF1R-specific
inhibitor AG1024 was used to pretreat MCF7 (G) and MDA-MB-231 (H) cells for 1 h before stimulating with NPY for 5, 15, 30, and 60 min. Activated ERK1/2
(pERK1/2) was normalized to total ERK1/2, quantified by densitometry, and made relative to time 0 for each condition. Data (n = 3), mean ± SEM.
* represents p < 0.05 using one-way ANOVA and Tukey’s HSD post hoc test.

HIF-dependent regulation of NPY1R and NPY5R
was 0.44 ± 0.08-fold relative to time 0 (blue line; Fig. 5G). In
hypoxic MCF7 cells, AG1024 did not repress pERK1/2 in-
duction, as similar peaks of 2.13 ± 0.09- and 2.07 ± 0.19-fold
relative to time 0 were observed for NPY alone (red line;
Fig. 5A) or with AG1024 (red line; Fig. 5G), respectively. In
normoxic MDA-MB-231 cells, pERK1/2 displayed a mild in-
duction that peaked at 1.2 ± 0.14-fold induction at 15 min of
NPY stimulation alone relative to time 0 (blue line; Fig. 5D). In
the presence of AG1024, normoxic NPY-dependent pERK1/2
induction was reversed with 0.2 ± 0.19-fold pERK1/2 levels
after 15 min relative to time 0 (blue line; Fig. 5H). In the
presence of AG1024, hypoxic MDA-MB-231 cells were still
able to induce pERK1/2 with a peak of 2.21 ± 0.1-fold after
5 min of NPY stimulation relative to time 0 (red line; Fig. 5H),
similar to the 2.76 ± 0.13-fold 5-min induction observed with
NPY alone (red line; Fig. 5D). These data suggest that NPY-
dependent stimulation of the MAPK/ERK pathway requires
IGF1R activity in normoxia but not in hypoxia.
Hypoxic cells proliferate and migrate more than normoxic
cells upon NPY stimulation

The phosphorylation of ERK1/2 stimulates cell proliferation
and migration within the hypoxic tumor microenvironment
(32, 33). Therefore, we tested whether our observation of
hypoxic MCF7 and MDA-MB-231 cells being more sensitive
to NPY and Y5 stimulation produced more cell proliferation
and migration in this context. NPY stimulation in MCF7 cells
significantly increased cell migration in a scratch wound assay
in both normoxia and hypoxia relative to their controls, but
the increase was larger in hypoxia (2.29-fold) relative to nor-
moxia (1.54-fold) (Fig. 6A). Furthermore, only hypoxic MCF7
cells displayed an increase in cell migration when stimulated
with Y5 agonist with a 1.88-fold increase relative to control
(Fig. 6A). In MDA-MB-231, the only agonist that produced a
significant increase in migration relative to the control was Y5
in hypoxia with a 1.63-fold change (Fig. 6A). Transwell assays
produced similar findings to the scratch wound assay. In
MCF7, NPY stimulation produced a significantly larger in-
crease in migration in hypoxia (2.19-fold) than in normoxia
(1.82-fold) relative to their controls (Fig. 6B). The Y5 agonist
only produced an increase in migration in hypoxic MCF7 cells
with a significant 2.49-fold change relative to control (Fig. 6B).
None of the agonists produced an increase in MDA-MB-
231 cell migration in the transwell assay beyond the effect of
hypoxia alone (Fig. 6B). In both cell lines and both cell
migration assays, the Y1 agonist did not produce an increase in
migration but rather abolished the increase produced by
J. Biol. Chem. (2022) 298(3) 101645 7



Figure 6. Hypoxic cells proliferate and migrate more than normoxic cells upon NPY stimulation. A, a scratch wound was generated on a confluent
monolayer of MCF7 and MDA-MB-231 cells that were stimulated with the general NPYR ligand NPY, NPY1R-specific ligand Y1 agonist, NPY5R-specific ligand
Y5 agonist, or vehicle control in normoxia (21% O2) and hypoxia (1% O2). Data (n = 3) represent the mean % wound closure after 18 h (MCF7) or 6 h (MDA-
MB-231) of stimulation by NPYR ligand relative to normoxic vehicle control. B, transwell migration assay in MCF7 and MDA-MB-231 cells stimulated with
NPY, Y1 agonist, Y5 agonist, or vehicle control in normoxia and hypoxia. Data (n = 3) represent the number of cells that migrated after 18 h (MCF7) or 6 h
(MDA-MB-231) of stimulation by NPYR ligand relative to normoxic vehicle control. C, cell proliferation measured in MCF7 and MDA-MB-231 cells stimulated
with NPY, Y1 agonist, Y5 agonist, or vehicle control in normoxia and hypoxia. Data (n = 3) represent the mean % BrdU-positive cells after stimulation with
NPYR ligand relative to normoxic vehicle control. Error bars, SEM. * represents p < 0.05 using one-way ANOVA and Tukey’s HSD post hoc test.
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hypoxia (Fig. 6, A and B). Hypoxia significantly increased
proliferation in both cell lines, but the agonists only produced
further increases in hypoxia. NPY and Y5 stimulation
increased proliferation by 1.5- and 2.35-fold, respectively,
relative to hypoxic control (Fig. 6C). In MDA-MB-231 cells, Y1
and Y5 agonists produced proliferation increases of 1.6- and
1.63-fold, respectively, relative to hypoxic control (Fig. 6C).
These data show that stimulation with NPY, likely through
NPY5R, has a greater effect on cell migration in hypoxia.
Moreover, stimulation with NPY produces more proliferation
in hypoxic cells through both NPY1R and NPY5R. Hypoxia is
likely to sensitize noncancerous cells to NPY since NPY1R and
NPY5R mRNA was induced in the hypoxic immortalized
breast epithelial cell line MCF10A (Fig. S4).
Discussion

The NPYRs have received attention in the past couple de-
cades because of their overexpression in a variety of human
cancers. Breast cancer in particular has intrigued researchers
8 J. Biol. Chem. (2022) 298(3) 101645
because of its high frequency of NPYR overexpression and
density compared with all other NPYR-positive tumors (16).
This characteristic has been exploited to develop chemically
modified analogs of NPY that are used in breast cancer im-
aging and diagnosis (34–36). We show that NPY1R and
NPY5R mRNA can be induced by hypoxia in noncancerous
breast epithelial cells, and even by a greater fold-change
compared with normoxia relative to cancer cells (Figs. 1,
A–D and S4). This is likely a normal physiological response
that is hijacked by cancer cells partly through the chronic
hypoxia and higher baseline HIF activity found in tumors (37).
Since breast tissue is highly innervated by the sympathetic
nervous system, the high local NPY concentration could lead
to heightened NPYR activity and the perfect storm for tumor
progression (9, 10). Therefore, cancer therapeutics are also
being aimed at the NPYRs.

We first examined whether NPYR expression in breast
cancer cells was sensitive to changes in oxygen. Hypoxia is a
feature of the tumor microenvironment that is also exploited
by noninvasive imaging techniques to better treat, manage,
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and diagnose patients (38). Furthermore, hypoxia shifts NPY
activity away from promoting cell death to drive cell prolif-
eration, migration, and angiogenesis in Ewing sarcoma cells
(24). We have directly implicated the HIFs in the hypoxic in-
duction of NPY1R and NPY5R. The breast cancer cell lines in
this study represent models of two different breast cancer
subtypes: MCF7 is an estrogen receptor-positive model of the
luminal A subtype and MDA-MB-231 is a triple-negative
breast cancer (TNBC) basal-like subtype (39). We performed
a variety of assays to test whether both cell lines had similar
hypoxic NPY1R and NPY5R, and whether both HIF-1α and
HIF-2α were involved. The hypoxic induction of NPY1R and
NPY5R displayed a temporal pattern in both cell lines (Fig. 1,
A–D) with increases after 1 h followed by a return to baseline
levels. The exception was NPY1R in MDA-MB-231 cells that
took 12 h to display a significant increase in mRNA abundance
(Fig. 1B). The specific HIF-1α and HIF-2α inhibitors (Echi-
nomycin and TC-S 7009, respectively) were potent at reducing
NPY1R and NPY5R hypoxic induction except in MDA-MD-
231 cells, which were insensitive to TC-S 7009 (Fig. 3, E and F).
Furthermore, overexpressing stable HIF-2α had no effect on
both NPY1R and NPY5R hypoxic induction in MDA-MB-
231 cells but did have an effect in normoxia where endogenous
HIF levels are low (Fig. 3, C and D). Overexpression studies are
less elegant than inhibiting the endogenous protein, especially
since endogenous HIFs saturate many of their binding sites in
hypoxia (40). Considering this, we expected that normoxic
expression of stable HIFs could have a stronger effect than in
hypoxia. However, when stable HIFs did drive NPY1R or
NPY5R expression, we observed similar increases of 2- to
5-fold in normoxia and hypoxia relative to their respective
controls. The basal breast cancer subtype, which includes
MDA-MB-231, has an elevated baseline hypoxic gene signa-
ture relative to other subtypes (41). Moreover, TNBC has a
high baseline HIF pathway activation and high endogenous
HIF levels in normoxia possibly due to a paracrine signaling
mechanism that involves glutamate secretion (42, 43). Indeed,
we observed a lower hypoxic induction of HIF-2α in MDA-
MB-231 compared with MCF7 cells, possibly due to higher
baseline HIF-2α levels in normoxic MDA-MB-231 cells
(Fig. S3). Our data support that the HIFs are involved in the
hypoxic induction of NPY1R and NPY5R and that HIF-1α is
the dominant homolog in basal subtypes of TNBC. We
detected larger bands via Western blot with the NPY1R anti-
body that could be glycosylated versions or covalent homo- or
heterodimers (26). These appear to be differentially regulated
in both cell lines by hypoxia and could be an interesting future
avenue of research.

A HIF-dependent induction of NPY1R and NPY5R does not
indicate that the HIFs are directly involved. For example, a
HIF-dependent gene could initiate a chain of events leading to
increased NPY1R and NPY5R expression. The HIFs bind to
HREs, but these core sequences of 50-RCGTG-30 vastly
outnumber the 50 to 100 validated HIF target genes to permit
prediction of HIF binding (28). HIF binding has often been
determined through conservation in mammals and proximity
to the TSS, but this overrepresents short distance interactions
(44). The identification of HIF enhancer regions 7 to 15 nu-
cleotides downstream of HREs, termed HAS, has narrowed
strong candidate HIF-binding sites (29). An unbiased analysis
of HIF binding across the whole genome through ChIP and
next-generation high-throughput sequencing showed that
HIFs can bind to DNA far from the TSS. Over 60% of HIF-1α-
and 80% of HIF-2α-binding sites were more than 2.5 kb from
the TSS, with some even greater than 100 kb (45). The range of
HIF-binding sites identified through ChIP in our study were
between 5 and 15 kb from the NPY1R and NPY5R TSS (Fig. 4).
MDA-MB-231 displayed more HIF binding in these regions
than MCF7, and a preference for HIF-1, which is consistent
with basal-type TNBC having a more active HIF pathway
(41–43) and a preference for HIF-1α (Figs. 3, C–F and S3).
There is evidence in the literature that the HIFs can function at
long genomic intervals, but we cannot rule out that NPY1R
and NPY5R expression is indirectly induced by HIF-regulated
networks. Reporter assays could be performed to investigate
HIF functional transactivation within these NPY1R and NPY5R
genomic regions. However, one should be mindful of the
complexity of interpreting these experiments since HREs can
be enhanced by distant sequences and function as multimers
(46).

Hypoxia sensitized cells to NPY stimulation where pERK1/2
levels peaked earlier than in normoxic cells. This is especially
evident in MDA-MB-231, an aggressive cell line with high
baseline pERK (47), where normoxic NPY stimulation pro-
duced modest changes in pERK1/2 levels compared with sig-
nificant induction in hypoxia (Fig. 5, D–F). Furthermore, of the
isotype-specific agonists, only the Y5 agonist demonstrated
hypoxic sensitization (Fig. 5, B and E), suggesting that NPY5R
has a greater role in hypoxia. To further explore the mecha-
nism, we show that IGF1R activity is involved in NPY-
mediated activation of MAPK/ERK in normoxic cells but not
in hypoxic cells (Fig. 5, G and H). Hypoxic cells were also more
responsive to NPY and Y5 agonist than normoxic cells with
respect to cell migration and proliferation, the latter an
outcome of active MAPK/ERK (Fig. 6). The Y1 agonist negated
the hypoxic increase in cell migration in both cell lines (Fig. 6,
A and B) and did not increase cell proliferation in MCF7
compared with its hypoxic control (Fig. 6C). Indeed, NPY1R
stimulation can be inhibitory, including toward cell growth in
MCF7 (48). Our data suggest that hypoxic cells are more
sensitive than normoxic cells to NPY mostly through NPY5R.
This could be due to the increased levels of NPY1R and
NPY5R in hypoxia. IGF1R is also a hypoxia-induced protein
(49), which could affect the stoichiometry with its inhibitor
AG1024, reducing the effect of this chemotherapeutic on
hypoxic cells. Since hypoxia affects drug metabolism and
pharmacokinetic capacity (50), this should also be considered
as a possible mechanism. In breast cancer, NPY stimulation of
NPY5R could have a prominent role in hypoxia-driven
metastasis.

A growing body of evidence suggests that neuroendocrine
factors contribute to the initiation, development, and pro-
gression of breast cancer. NPY contributes to proliferation
(9, 10) migration (9, 10), and angiogenesis (18); however,
J. Biol. Chem. (2022) 298(3) 101645 9
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NPYR activity in hypoxia had yet to be examined in a breast
cancer model. Our findings that NPYRs are sensitive to
changes in oxygen support the postulate that NPY in a low
oxygen microenvironment may contribute to tumor progres-
sion and metastasis. Questions remain whether tumor
neuronal release of NPY or proteolytic cleavage of NPY is
affected by hypoxia as reported in other models (24). Future
in vivo studies may help elucidate the effects of hypoxia on
ligand, proteolytic activity, receptors, and the functional
impact of the NPY system within the tumor microenviron-
ment. Our data highlight NPY1R and NPY5R as hypoxia
inducible and HIF dependent, rendering hypoxic cells more
sensitive to NPY stimulation. This study should inform the
development and use of NPYR antagonists in breast cancer
therapy whereby targeting the NPY5R could exploit a
vulnerability in hypoxic cells, which are more metastatic (20).

Experimental procedures

Cell culture, cell lines, and pharmacological treatments

MDA-MB-231, MCF7, and MCF10A cells were obtained
from the from the American Type Culture Collection and
maintained as suggested. These were tested for mycoplasma
contamination and characterized by short tandem repeat and
Q-band assays. Normoxic cells were maintained in a hu-
midified chamber (ambient O2, 5% CO2, and 37 �C). Hyp-
oxic cells were incubated in a HypOxystation H35
(HypOxygen) at 1% O2, 5% CO2, and 37 �C. The hypoxia
mimetic DMOG (Cayman Chemical) was used at 1 mM for
0.5, 1, and 2 h in normoxia. The HIF-1α inhibitor Echino-
mycin (Tocris; 20 nM) and the HIF-2α inhibitor TC-S 7009
(Tocris; 100 μM) were given to cells for 24 h before hypoxic
incubation. Echinomycin is a DNA-binding agent that spe-
cifically blocks HIF-1 DNA binding activity (51). TC-S 7009
binds the HIF-2α PAS-B domain to disrupt its hetero-
dimerization with HIF-1β and decreasing HIF-2 DNA
binding (Tocris). The specific inhibitor of IGF1R autophos-
phorylation, AG1024 (MedChemexpress; 10 μM), was given
to cells 1 h prior to treatment with NPYR agonists (Tocris;
10 nM): NPY (cat#1153), NPY1R specific (Cat#1176), or
NPY5R specific (cat#1365).

RNA isolation and qRT-PCR

RNA was extracted using RiboZol (VWR) per the manu-
facturer’s instructions. RNA (2 μg) was reverse transcribed
using a high-capacity cDNA reverse transcription kit (Applied
Biosystems). Primers (50 to 30) were as follows: NPY1R,
CCATCGGACTCTCATAGGTTGTC (forward) and GACC
TGTACTTATTGTCTCTCATC (reverse); NPY2R, ACTCCT
AGAGGTGAACTGGTCC (forward) and CATGGATCACC
AAGGAGTTGCC (reverse); NPY5R, CCTCAGGTGAAA
CTCTCTGGCA (forward) and GAGAAGGTCTTTCTGG
AGCAGG (reverse); RPLP0, AACATCTCCCCCTTCTCC
(forward) and CCAGGAAGCGAGAATGC (reverse). Quan-
titative PCR was performed using SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad). Data were analyzed with
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CFX manager software (Bio-Rad). Relative fold change in
expression was calculated using the ΔΔCT method, and
transcript levels were normalized to endogenous controls
RPLP0 and RPL13A.

Western blotting

Standard Western blotting procedure was used. Primary
antibodies: NPY1R (Abcam, NPY1R11-A), NPY5R (Abcam,
NPY5R11-A), HIF-1α (Novus Biological, NB100-123), HIF-2α
(Novus Biological, NB100-122), Phospho-p44/42 MAPK
(T202/Y204) (Cell Signaling, 4370S), p44/42 MAPK (Erk1/2)
(Cell Signaling, 4695S), GAPDH (Cell Signalling, 5174S). HRP-
conjugated antibodies: Promega anti-Rabbit IgG (W401B) and
anti-mouse IgG (W402B). Densitometry was performed using
Image Lab (Bio-Rad).

DNA constructs and transfection

Transient HIF-1α and HIF-2α expression was performed
using the following expression vectors: FLAG–GFP–HIF-2α in
a pAdlox backbone was a gift from Stephen Lee (Miami, FL),
and HA–HIF-1α was a gift from William Kaelin (Addgene
plasmid 18955, RRID:Addgene_18955 (http://n2t.net/
addgene:18955). These vectors produce stable nondegradable
proteins that can be expressed in normoxia and retain their
function. Cells were transfected with 4 μg DNA complexed
with 10 μl Lipofectamine 2000 (Invitrogen) diluted in 500 μl of
serum-free Dulbecco’s modified Eagle’s medium and added to
cells at 37 �C for 8 h followed by replenishment with complete
medium for an additional 16 h. Transfected cells were incu-
bated in normoxia or hypoxia before isolating protein and
RNA.

Chromatin immunoprecipitation

MCF7 and MDA-MB-231 cells were transfected with empty
vector control, HA-HIF-1ɑ, or FLAG-GFP-HIF-2ɑ. Trans-
fection was followed by 24 h of hypoxia. Samples were sub-
jected to protein–DNA cross-linking with 1%
paraformaldehyde for 10 min. Cells were washed with 1X PBS,
and fixation was arrested using 125 mM glycine. Phenyl-
methylsulfonyl fluoride, 1%, in 1X PBS was applied to cells and
then pelleted. Hypotonic lysis buffer (10 mM Tris-HCl, pH 8.1,
10 mM KCl, 2 mM MgCl2, 2.5 mM sodium pyrophosphate,
1 mM beta-glycerophosphate, 1 x protease inhibitor cocktail
[NEB], 2 mM N-ethylmaleimide [NEM], 2 mM sodium
orthovanadate [NaO], 2 mM sodium fluoride [NaF], 1 mM
dithiothreitol) was added on ice for 10 min to release nuclei.
IGEPAL, 10%, was added to the solution, and the sample was
vortexed and incubated on ice briefly. The pellet was resus-
pended in nuclear lysis buffer (50 mM Tris-HCl, pH 8.1,
10 mM EDTA, 1% sodium dodecyl sulfate (SDS), 1 x protease
inhibitor cocktail, 2 mM NEM, 2 mM NaO, 2 mM NaF).
Samples were sonicated and cellular debris removed via
centrifugation. The supernatant was diluted with ChIP dilution
buffer (10 mM EDTA, 1% Triton X-100, 150 mM NaCl,
20 mM Tris-HCl, pH 8.1, 1 × protease inhibitor cocktail,
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2 mM NEM, 2 mM NaO, 2 mM NaF). Magnetic beads (Cell
Signaling), Anti-HA Magnetic Beads (Pierce), and Anti-FLAG
M2 Magnetic Beads (Sigma) were blocked with 2% bovine
serum albumin, suspended in TBS, and then the lysate was
applied to the beads. Following overnight incubation, beads
were washed subsequently in low-salt immune complex wash
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCl, pH 8.1, 150 mM NaCl), high-salt immune complex wash
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCl, pH 8.1, 500 mM NaCl), lithium chloride immune
complex wash buffer (0.25 mM LiCl, 1% IGEPAL NP-40, 1%
sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1),
and a Tris-EDTA wash buffer (10 mM Tris-HCl, pH 8.1 and
1 mM EDTA). The bound complexes of interest were then
eluted using SDS buffer (1% SDS and 50 mM NaHCO3).
Cross-linking was reversed with 2.5 M NaCl at 65 �C for 2.5 h.
Samples were then treated with 1 mg/ml of RNase at 65 �C for
2.5 h, followed by 0.5 M EDTA, 1 M Tris-HCl, pH 6.5, and
10 mg/ml Proteinase K at 37 �C for 1 h. Finally, samples were
purified using the GenepHlow Gel/PCR Kit (Geneaid) and
separated on an agarose gel via electrophoresis. Histone H3
(Cell Signaling) antibody (2 μg/ml) was used as a positive
control. Primers were designed to amplify short NPY1R and
NPY5R promoter region amplicons using PCR (Table S1).
Known HIF-1 target CITED2 (forward, CAAGTCAAT-
GAACCAAACGG and reverse, ATAGATAACGTGG
TAATCGC) and HIF-2 target survivin (forward 50-GCGTT
CTTTGAAAGCAGT-30 and reverse 50-ATCTGGCGGT-
TAATGGCG-30) were used as positive controls.
Cell migration assays

For wound closure assays, 106 cells were seeded in a 6-cm
plate and grown to 80% confluence. Cells were washed with
PBS and incubated with serum-reduced (0.5% FBS) media
overnight at 37 �C in normoxia or hypoxia. Five scratches were
made using a P200 pipette tip, followed by a PBS wash. Cells
were incubated with serum-reduced media supplemented with
Insulin-Transferrin-Selenium (Gibco). Treatment media con-
taining 10 nM agonists NPY, NPY1R specific, or NPY5R
specific were then added to plates that were incubated in either
normoxia or hypoxia. Wounds were imaged at 0 and 18 h for
MCF7 or 6 h for MDA-MB-231 post treatment using the Ti-S
microscope (Nikon) and analyzed with NIS-Elements software
(Nikon).

For transwell migration assays, 12-well inserts with 8-μm
pores (BD Biosciences) were used to assess cell chemotaxis.
After 24 h of serum starvation, 5 × 104 cells were seeded in the
upper chamber in serum-free media. Peptidergic (10 nM
agonist)-treated media (NPY, NPY1R specific, or NPY5R
specific) were added to the bottom chamber. After 18 h
(MCF7) or 6 h (MDA-MB-231) of incubation in normoxia and
hypoxia, nonmigrated cells were scraped from the membrane
with a cotton swab and migrated cells were fixed in methanol
and stained with Hoescht. The membranes were removed,
mounted on slides, and imaged on a TiS microscope (Nikon).
Migrated cells were quantified using Matlab software by a
blinded experimenter as described (52).

Bromodeoxyuridine-ELISA

Cells (5 × 103) were seeded in a 96-well plate followed by
24 h of serum starvation. The medium was replaced with
serum-reduced (0.5% FBS) treatment medium containing
NPY, NPY1R-specific, or NPY5R-specific agonists at 10 nM.
Cells were incubated at 37 �C in normoxia or hypoxia for
20 h and then with 1X bromodeoxyuridine (BrdU) substrate
for an additional 4 h. The substrate is from the BrdU Cell
Proliferation ELISA Kit (Abcam), and the manufacturer’s
instructions were subsequently followed. The plates were
read using a spectrophotometric microtiter plate reader at
450 nm.

Statistical analyses

Statistical analyses were performed using GraphPad, and
data are presented as mean ± SEM. Statistical differences be-
tween treatments were evaluated by one-way ANOVA fol-
lowed by Tukey’s HSD test.

Data availability

All data are contained within the article.

Supporting information—This article contains supporting
information.

Acknowledgments—We thank Roger Moorehead (Guelph) for re-
agents. We thank Erin Specker and Colin Jamieson for their tech-
nical assistance. This work was funded by the Ontario Ministry of
Research and Innovation and the Cancer Research Society grant
number 25212.

Author contributions—P. J. M., S. A. P., S. M. K., and B. K. A. formal
analysis; P. J. M., S. A. P., and S. M. K. investigation; P. J. M., S. A. P.,
S. M. K., and J. U. writing – original draft; J. U. supervision; J. U.
funding acquisition.

Funding and additional information—This work was funded by the
Natural Sciences and Engineering Council of Canada grant number
04807 to J. U.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ChIP, chromatin
immunoprecipitation; DMOG, dimethyloxalylglycine; HAS, hypoxia
ancillary sequence; HIF, hypoxia inducible factor; HRE, hypoxia
response element; IGF1R, insulin-like growth factor-1 receptor;
NPY, neuropeptide Y; NPYR, NPY receptor; qRT-PCR, quantitative
RT-PCR; TSS, transcription start site; TNBC, triple-negative breast
cancer; BrdU, bromodeoxyuridine.

References

1. Brothers, S. P., and Wahlestedt, C. (2010) Therapeutic potential of neu-
ropeptide Y (NPY) receptor ligands. EMBO Mol. Med. 2, 429–439
J. Biol. Chem. (2022) 298(3) 101645 11

http://refhub.elsevier.com/S0021-9258(22)00085-0/sref1
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref1


HIF-dependent regulation of NPY1R and NPY5R
2. Cabrele, C., and Beck-Sickinger, A. G. (2000) Molecular characterization
of the ligand-receptor interaction of the neuropeptide Y family. J. Pept.
Sci. 6, 97–122

3. Dimitrijevic, M., and Stanojevic, S. (2013) The intriguing mission of
neuropeptide Y in the immune system. Amino Acids 45, 41–53

4. Michel, M. C., Beck-Sickinger, A., Cox, H., Doods, H. N., Herzog, H.,
Larhammar, D., Quirion, R., Schwartz, T., and Westfall, T. (1998) XVI.
International Union of Pharmacology recommendations for the nomen-
clature of neuropeptide Y, peptide YY, and pancreatic polypeptide re-
ceptors. Pharmacol. Rev. 50, 143–150

5. Zhang, L., Bijker, M. S., and Herzog, H. (2011) The neuropeptide Y
system: Pathophysiological and therapeutic implications in obesity and
cancer. Pharmacol. Ther. 131, 91–113

6. Nie, M., and Selbie, L. A. (1998) Neuropeptide Y Y1 and Y2 receptor-
mediated stimulation of mitogen-activated protein kinase activity. Regul.
Pept. 75-76, 207–213

7. Weinberg, D. H., Sirinathsinghji, D. J., Tan, C. P., Shiao, L. L., Morin, N.,
Rigby, M. R., Heavens, R. H., Rapoport, D. R., Bayne, M. L., Cascieri, M.
A., Strader, C. D., Linemeyer, D. L., and MacNeil, D. J. (1996) Cloning and
expression of a novel neuropeptide Y receptor. J. Biol. Chem. 271,
16435–16438

8. Pellieux, C., Sauthier, T., Domenighetti, A., Marsh, D. J., Palmiter, R. D.,
Brunner, H. R., and Pedrazzini, T. (2000) Neuropeptide Y (NPY) poten-
tiates phenylephrine-induced mitogen-activated protein kinase activation
in primary cardiomyocytes via NPY Y5 receptors. Proc. Natl. Acad. Sci. U.
S. A. 97, 1595–1600

9. Medeiros, P. J., Al-Khazraji, B. K., Novielli, N. M., Postovit, L. M.,
Chambers, A. F., and Jackson, D. N. (2012) Neuropeptide Y stimulates
proliferation and migration in the 4T1 breast cancer cell line. Int. J.
Cancer 131, 276–286

10. Sheriff, S., Ali, M., Yahya, A., Haider, K. H., Balasubramaniam, A., and
Amlal, H. (2010) Neuropeptide Y Y5 receptor promotes cell growth
through extracellular signal-regulated kinase signaling and cyclic AMP
inhibition in a human breast cancer cell line.Mol. Cancer Res. 8, 604–614

11. Lecat, S., Belemnaba, L., Galzi, J. L., and Bucher, B. (2015) Neuropeptide
Y receptor mediates activation of ERK1/2 via transactivation of the IGF
receptor. Cell. Signal. 27, 1297–1304

12. Korner, M., and Reubi, J. C. (2008) Neuropeptide Y receptors in primary
human brain tumors: Overexpression in high-grade tumors. J. Neuro-
pathol. Exp. Neurol. 67, 741–749

13. Korner, M., Waser, B., and Reubi, J. C. (2004) High expression of neu-
ropeptide Y receptors in tumors of the human adrenal gland and extra-
adrenal paraganglia. Clin. Cancer Res. 10, 8426–8433

14. Korner, M., Waser, B., and Reubi, J. C. (2004) Neuropeptide Y receptor
expression in human primary ovarian neoplasms. Lab. Invest. 84, 71–80

15. Magni, P., and Motta, M. (2001) Expression of neuropeptide Y receptors
in human prostate cancer cells. Ann. Oncol. 12(Suppl 2), S27–S29

16. Reubi, J. C., Gugger, M., Waser, B., and Schaer, J. C. (2001) Y(1)-mediated
effect of neuropeptide Y in cancer: Breast carcinomas as targets. Cancer
Res. 61, 4636–4641

17. Korner, M., and Reubi, J. C. (2007) NPY receptors in human cancer: A
review of current knowledge. Peptides 28, 419–425

18. Medeiros, P. J., and Jackson, D. N. (2013) Neuropeptide Y Y5-receptor
activation on breast cancer cells acts as a paracrine system that stimu-
lates VEGF expression and secretion to promote angiogenesis. Peptides
48, 106–113

19. Brahimi-Horn, M. C., Chiche, J., and Pouyssegur, J. (2007) Hypoxia and
cancer. J. Mol. Med. (Berl) 85, 1301–1307

20. Semenza, G. L. (2007) Hypoxia and cancer. Cancer Metastasis Rev. 26,
223–224

21. Majmundar, A. J., Wong, W. J., and Simon, M. C. (2010) Hypoxia-
inducible factors and the response to hypoxic stress. Mol. Cell 40,
294–309

22. Schito, L., and Semenza, G. L. (2016) Hypoxia-inducible factors: Master
regulators of cancer progression. Trends Cancer 2, 758–770

23. Raval, R. R., Lau, K. W., Tran, M. G., Sowter, H. M., Mandriota, S. J., Li, J.
L., Pugh, C. W., Maxwell, P. H., Harris, A. L., and Ratcliffe, P. J. (2005)
Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in
12 J. Biol. Chem. (2022) 298(3) 101645
von Hippel-Lindau-associated renal cell carcinoma. Mol. Cell. Biol. 25,
5675–5686

24. Tilan, J. U., Lu, C., Galli, S., Izycka-Swieszewska, E., Earnest, J. P.,
Shabbir, A., Everhart, L. M., Wang, S., Martin, S., Horton, M., Mahajan,
A., Christian, D., O’Neill, A., Wang, H., Zhuang, T., et al. (2013)
Hypoxia shifts activity of neuropeptide Y in Ewing sarcoma from
growth-inhibitory to growth-promoting effects. Oncotarget 4,
2487–2501

25. Holmquist-Mengelbier, L., Fredlund, E., Lofstedt, T., Noguera, R., Nav-
arro, S., Nilsson, H., Pietras, A., Vallon-Christersson, J., Borg, A., Gradin,
K., Poellinger, L., and Pahlman, S. (2006) Recruitment of HIF-1alpha and
HIF-2alpha to common target genes is differentially regulated in neuro-
blastoma: HIF-2alpha promotes an aggressive phenotype. Cancer Cell 10,
413–423

26. Czarnecka, M., Lu, C., Pons, J., Maheswaran, I., Ciborowski, P., Zhang, L.,
Cheema, A., and Kitlinska, J. (2019) Neuropeptide Y receptor interactions
regulate its mitogenic activity. Neuropeptides 73, 11–24

27. Zhdanov, A. V., Okkelman, I. A., Collins, F. W., Melgar, S., and Pap-
kovsky, D. B. (2015) A novel effect of DMOG on cell metabolism: Direct
inhibition of mitochondrial function precedes HIF target gene expression.
Biochim. Biophys. Acta 1847, 1254–1266

28. Wenger, R. H., Stiehl, D. P., and Camenisch, G. (2005) Integration of
oxygen signaling at the consensus HRE. Sci. STKE 2005, re12

29. Liu, Y., Cox, S. R., Morita, T., and Kourembanas, S. (1995) Hypoxia
regulates vascular endothelial growth factor gene expression in endo-
thelial cells. Identification of a 5’ enhancer. Circ. Res. 77, 638–643

30. Peng, X. H., Karna, P., Cao, Z., Jiang, B. H., Zhou, M., and Yang, L. (2006)
Cross-talk between epidermal growth factor receptor and hypoxia-
inducible factor-1alpha signal pathways increases resistance to
apoptosis by up-regulating survivin gene expression. J. Biol. Chem. 281,
25903–25914

31. Aprelikova, O., Wood, M., Tackett, S., Chandramouli, G. V., and Barrett,
J. C. (2006) Role of ETS transcription factors in the hypoxia-inducible
factor-2 target gene selection. Cancer Res. 66, 5641–5647

32. Bobrovnikova-Marjon, E., Grigoriadou, C., Pytel, D., Zhang, F., Ye, J.,
Koumenis, C., Cavener, D., and Diehl, J. A. (2010) PERK promotes cancer
cell proliferation and tumor growth by limiting oxidative DNA damage.
Oncogene 29, 3881–3895

33. Nagelkerke, A., Bussink, J., Mujcic, H., Wouters, B. G., Lehmann, S.,
Sweep, F. C., and Span, P. N. (2013) Hypoxia stimulates migration of
breast cancer cells via the PERK/ATF4/LAMP3-arm of the unfolded
protein response. Breast Cancer Res. 15, R2

34. Ahrens, V. M., Frank, R., Boehnke, S., Schutz, C. L., Hampel, G., Iffland,
D. S., Bings, N. H., Hey-Hawkins, E., and Beck-Sickinger, A. G. (2015)
Receptor-mediated uptake of boron-rich neuropeptide y analogues for
boron neutron capture therapy. ChemMedChem 10, 164–172

35. Hofmann, S., Maschauer, S., Kuwert, T., Beck-Sickinger, A. G., and
Prante, O. (2015) Synthesis and in vitro and in vivo evaluation of an (18)F-
labeled neuropeptide Y analogue for imaging of breast cancer by PET.
Mol. Pharm. 12, 1121–1130

36. Khan, I. U., Zwanziger, D., Bohme, I., Javed, M., Naseer, H., Hyder, S. W.,
and Beck-Sickinger, A. G. (2010) Breast-cancer diagnosis by neuropeptide
Y analogues: From synthesis to clinical application. Angew. Chem. Int. Ed
Engl. 49, 1155–1158

37. Pressley, M., Gallaher, J. A., Brown, J. S., Tomaszewski, M. R., Borad, P.,
Damaghi, M., Gillies, R. J., and Whelan, C. J. (2021) Cycling hypoxia
selects for constitutive HIF stabilization. Sci. Rep. 11, 5777

38. Daimiel, I. (2019) Insights into hypoxia: Non-invasive assessment through
imaging modalities and its application in breast cancer. J. Breast Cancer
22, 155–171

39. Neve, R. M., Chin, K., Fridlyand, J., Yeh, J., Baehner, F. L., Fevr, T., Clark,
L., Bayani, N., Coppe, J. P., Tong, F., Speed, T., Spellman, P. T., DeVries,
S., Lapuk, A., Wang, N. J., et al. (2006) A collection of breast cancer cell
lines for the study of functionally distinct cancer subtypes. Cancer Cell 10,
515–527

40. Smythies, J. A., Sun, M., Masson, N., Salama, R., Simpson, P. D., Murray,
E., Neumann, V., Cockman, M. E., Choudhry, H., Ratcliffe, P. J., and
Mole, D. R. (2019) Inherent DNA-binding specificities of the HIF-1alpha

http://refhub.elsevier.com/S0021-9258(22)00085-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref3
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref3
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref12
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref12
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref12
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref14
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref14
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref20
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref20
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref22
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref22
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref40


HIF-dependent regulation of NPY1R and NPY5R
and HIF-2alpha transcription factors in chromatin. EMBO Rep. 20,
e46401

41. Cancer Genome Atlas, N. (2012) Comprehensive molecular portraits of
human breast tumours. Nature 490, 61–70

42. Briggs, K. J., Koivunen, P., Cao, S., Backus, K. M., Olenchock, B. A., Patel,
H., Zhang, Q., Signoretti, S., Gerfen, G. J., Richardson, A. L., Witkiewicz,
A. K., Cravatt, B. F., Clardy, J., and Kaelin, W. G., Jr. (2016) Paracrine
induction of HIF by glutamate in breast cancer: EglN1 senses cysteine.
Cell 166, 126–139

43. Kao, J., Salari, K., Bocanegra, M., Choi, Y. L., Girard, L., Gandhi, J., Kwei,
K. A., Hernandez-Boussard, T., Wang, P., Gazdar, A. F., Minna, J. D., and
Pollack, J. R. (2009) Molecular profiling of breast cancer cell lines defines
relevant tumor models and provides a resource for cancer gene discovery.
PLoS One 4, e6146

44. Ortiz-Barahona, A., Villar, D., Pescador, N., Amigo, J., and del Peso, L.
(2010) Genome-wide identification of hypoxia-inducible factor binding
sites and target genes by a probabilistic model integrating transcription-
profiling data and in silico binding site prediction. Nucleic Acids Res.
38, 2332–2345

45. Schodel, J., Oikonomopoulos, S., Ragoussis, J., Pugh, C. W., Ratcliffe, P. J.,
and Mole, D. R. (2011) High-resolution genome-wide mapping of HIF-
binding sites by ChIP-seq. Blood 117, e207–e217

46. Kaluz, S., Kaluzova, M., and Stanbridge, E. J. (2008) Regulation of gene
expression by hypoxia: Integration of the HIF-transduced hypoxic signal
at the hypoxia-responsive element. Clin. Chim. Acta 395, 6–13
47. Zagorac, I., Fernandez-Gaitero, S., Penning, R., Post, H., Bueno, M. J.,
Mouron, S., Manso, L., Morente, M. M., Alonso, S., Serra, V., Munoz, J.,
Gomez-Lopez, G., Lopez-Acosta, J. F., Jimenez-Renard, V., Gris-Oliver,
A., et al. (2018) In vivo phosphoproteomics reveals kinase activity profiles
that predict treatment outcome in triple-negative breast cancer. Nat.
Commun. 9, 3501

48. Li, J., Shen, Z., Ma, X., Ren, W., Xiang, L., Gong, A., Xia, T., Guo,
J., and Wu, A. (2015) Neuropeptide Y Y1 receptors mediate [cor-
rected] targeted delivery of anticancer drug with encapsulated
nanoparticles to breast cancer cells with high selectivity and its
potential for breast cancer therapy. ACS Appl. Mater. Inter. 7,
5574–5582

49. Uniacke, J., Holterman, C. E., Lachance, G., Franovic, A., Jacob, M. D.,
Fabian, M. R., Payette, J., Holcik, M., Pause, A., and Lee, S. (2012) An
oxygen-regulated switch in the protein synthesis machinery. Nature 486,
126–129

50. Fradette, C., and Du Souich, P. (2004) Effect of hypoxia on cytochrome
P450 activity and expression. Curr. Drug Metab. 5, 257–271

51. Kong, D., Park, E. J., Stephen, A. G., Calvani, M., Cardellina, J. H., Monks,
A., Fisher, R. J., Shoemaker, R. H., and Melillo, G. (2005) Echinomycin, a
small-molecule inhibitor of hypoxia-inducible factor-1 DNA-binding
activity. Cancer Res. 65, 9047–9055

52. Al-Khazraji, B. K., Medeiros, P. J., Novielli, N. M., and Jackson, D. N.
(2011) An automated cell-counting algorithm for fluorescently-stained
cells in migration assays. Biol. Proced. Online 13, 9
J. Biol. Chem. (2022) 298(3) 101645 13

http://refhub.elsevier.com/S0021-9258(22)00085-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref50
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref50
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref52
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref52
http://refhub.elsevier.com/S0021-9258(22)00085-0/sref52

	Expression of hypoxia inducible factor–dependent neuropeptide Y receptors Y1 and Y5 sensitizes hypoxic cells to NPY stimulation
	Results
	NPY1R and NPY5R are induced by hypoxia at the mRNA and protein levels
	A hypoxia mimetic that stabilizes the HIFs increases the mRNA abundance of NPY1R and NPY5R
	Overexpression and inhibition of the HIFs affects NPY1R and NPY5R mRNA abundance
	The HIFs bind to the promoters of NPY1R and NPY5R and upstream sequences
	Stimulation of NPY1R and NPY5R induces MAPK signaling more rapidly in hypoxia
	Hypoxic cells proliferate and migrate more than normoxic cells upon NPY stimulation

	Discussion
	Experimental procedures
	Cell culture, cell lines, and pharmacological treatments
	RNA isolation and qRT-PCR
	Western blotting
	DNA constructs and transfection
	Chromatin immunoprecipitation
	Cell migration assays
	Bromodeoxyuridine-ELISA
	Statistical analyses

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


