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Autophagy plays critical roles in themaintenance of endothe-
lial cells in response to cellular stress caused by blood flow.
There is growing evidence that both cell adhesion and cell
detachment can modulate autophagy, but the mechanisms re-
sponsible for this regulation remain unclear. Immunoglobulin
and proline-rich receptor-1 (IGPR-1) is a cell adhesionmolecule
that regulates angiogenesis and endothelial barrier function. In
this study, using various biochemical and cellular assays, we
demonstrate that IGPR-1 is activated by autophagy-inducing
stimuli, such as amino acid starvation, nutrient deprivation,
rapamycin, and lipopolysaccharide. Manipulating the IkB ki-
nase b activity coupled with in vivo and in vitro kinase assays
demonstrated that IkB kinase b is a key serine/threonine kinase
activated by autophagy stimuli and that it catalyzes phosphoryl-
ation of IGPR-1 at Ser220. The subsequent activation of IGPR-1,
in turn, stimulates phosphorylation of AMP-activated protein
kinase, which leads to phosphorylation of themajor pro-autoph-
agy proteins ULK1 and Beclin-1 (BECN1), increased LC3-II
levels, and accumulation of LC3 punctum. Thus, our data dem-
onstrate that IGPR-1 is activated by autophagy-inducing stimuli
and in response regulates autophagy, connecting cell adhesion
to autophagy. These findings may have important significance
for autophagy-driven pathologies such cardiovascular diseases
and cancer and suggest that IGPR-1 may serve as a promising
therapeutic target.

Autophagy (also called macroautophagy), the lysosomal deg-
radation of cytoplasmic organelles or cytosolic components, is
an evolutionarily conserved cytoprotective mechanism that is
induced in response to cellular stress, such as nutrient with-
drawal, loss of cell adhesion, and flow shear stress, or by thera-
peutic genotoxic agents and others (1–4).
Upon induction of autophagy, unc-51–like kinase 1 (ULK1

also known as ATG1) associates with autophagy-related pro-
tein 13 (ATG13) and focal adhesion kinase family interacting
protein of 200 kDa (FIP200) to form the ULK1 complex. ULK1
interaction with ATG13 and FIP200 is critical for ULK1 kinase
activity and stability (5). The ULK1 complex translocates to
autophagy initiation sites and recruits the class III phosphati-
dylinositol 3-kinase, vacuolar protein sorting 34 (VPS34) com-
plex consisting of BECLIN-1 (the mammalian orthologue of
the yeast autophagy protein Apg6/Vps30 (6) andmultiple other
ATGs leading to the phagophore formation (7). The serine/
threonine protein kinase mTOR complex 1 (mTORC1) is a key

regulator of autophagy in response to nutrient availability.
In the presence of amino acids, mTORC1 is activated and sup-
presses autophagy through phosphorylation of ULK1 and
ATG13. However, upon nutrient deprivation, mTORC1 activ-
ity is inhibited, leading to the activation of ULK1 that induces
the autophagy program (8, 9). Suppression of mTORC1 activity
by AMP-activated protein kinase (AMPK) is central to the reg-
ulation of autophagy. AMPK inactivates mTORC1 through
phosphorylation of RAPTOR, a key protein present within the
mTORC1 complex, and more importantly directly phosphoryl-
ates ULK1 at multiple serine residues and activates it (10, 11).
Commonly known autophagy-inducing conditions or agents

such as nutrient withdrawal including amino acid and serum
starvation, immunosuppressant rapamycin/Sirolimus, and LPS
all activate several key kinases such as the IkB kinase (IKK)
complex (1). The IKK complex is composed of at least three
proteins, including two catalytic subunits (IKKa and IKKb)
and the scaffold protein NF-kB essential modulator (NEMO;
also called IKKg) (12). In addition to its pivotal role in media-
ting phosphorylation of IkB (12), IKKb can regulate autophagy
in IkB-independent manner (13, 14) by mechanisms that are
not fully understood.
IGPR-1 was identified as a novel cell adhesion molecule

expressed in various human cell types, including endothelial
and epithelial cells, and it mediates cell–cell adhesion (15).
IGPR-1 regulates angiogenesis and endothelial barrier function
(15, 16), decreases sensitivity of tumor cells to the genotoxic
agent doxorubicin, and supports tumor cell survival in response
to anoikis (17). IGPR-1 is localized to adherens junctions and is
activated through transhomophilic dimerization (16). Addi-
tionally, IGPR-1 responds to various cellular stresses, because its
phosphorylation (i.e. Ser220) is significantly increased by flow
shear stress (18) and exposure to doxorubicin (17, 18). Curiously,
both shear stress (19) and doxorubicin (20, 21) are well-known
potent inducers of autophagy, raising a possibility for the involve-
ment of IGPR-1 in autophagy. In this study, we demonstrate that
upon the induction of autophagy, IGPR-1 is phosphorylated at
Ser220 via a mechanism that involves activation of IKKb. IKKb-
dependent phosphorylation of IGPR-1 stimulates phosphoryla-
tion of AMPK, leading to activation of BECN1 and ULK1, con-
necting cell adhesion and energy sensing to autophagy.

Results

IGPR-1 is activated by autophagy

Homophilic transdimerization of IGPR-1 regulates its phos-
phorylation at Ser220 (16). Additionally, genotoxic agents such
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as doxorubicin (17) and flow shear stress (18) also simulate
phosphorylation of IGPR-1at Ser220. Because both shear stress
and genotoxic agents are well-known for their roles in autoph-
agy, we asked whether IGPR-1 is activated in response to
autophagy. We used human embryonic kidney epithelial-293
(HEK-293) cells ectopically expressing IGPR-1 as a model sys-
tem to study the role of IGPR-1 in autophagy, because these
cells do not express IGPR-1 endogenously at a detectable level
(16). To this end, we first, tested whether amino acid starvation,
the best-known inducer of autophagy, can stimulate phospho-
rylation of IGPR-1. The cells were lysed, and whole cell lysates
were subjected toWestern blotting analysis followed by immu-
noblotting with pSer220 and total IGPR-1 antibodies. Phospho-
rylation of IGPR-1 at Ser220 was significantly increased by
brief amino acid starvation of HEK-293 cells. The increase
in phosphorylation of Ser220 peaked after 1 min with amino
acid starvation and remained highly phosphorylated until 15
min (Fig. 1A).
Furthermore, in an additional set of experiments we sub-

jected HEK-293 cells expressing IGPR-1 to various other
autophagy-inducing conditions or factors such as serum-star-
vation, rapamycin, and LPS treatments andmeasured phospho-
rylation of Ser220. Both rapamycin and LPS are known to induce
autophagy (1, 22, 23). Phosphorylation of IGPR-1 at Ser220 was
significantly increased by brief serum starvation of HEK-293
cells (Fig. 1B). Furthermore, both rapamycin and LPS treat-

ments of HEK-293 cells stimulated phosphorylation of IGPR-1
at Ser220 (Fig. 1, C and D). To demonstrate whether IGPR-1 is
phosphorylated by autophagy in biologically relevant human
endothelial cells in which IGPR-1 is expressed endogenously,
we subjected primary human microvascular endothelial cells
(HMVECs) to amino acid starvation. The result showed that
IGPR-1 is phosphorylated at Ser220 in HMVECs (Fig. 1E).
Taken together, the data demonstrate that IGPR-1 is acti-
vated by autophagy in HEK-293 cells and human primary
endothelial cells.

IKKb is activated by autophagy and phosphorylates IGPR-1

Activation of serine/threonine kinases represents a salient
mechanistic feature of autophagy. Particularly, activation of
IKKb by nutrient deprivation (24), LPS (25, 26), and rapamycin
(27) is known to play a central role in autophagy. Therefore, we
asked whether activation of IKKb by serum starvation, LPS, or
rapamycin can mediate phosphorylation of IGPR-1 at Ser220.
To this end, we overexpressed WT IKKb or kinase inactive
IKKb (IKKb-A44) in IGPR-1/HEK-293 cells. After 48 h of
transfection, the cells were either kept in 10% FBS or serum-
starved for 15, 30, or 60 min. The cells were lysed, and whole
cell lysates were immunoblotted for pSer220, total IGPR-1, and
phospho-IKKb. Expression of WT IKKb in IGPR-1/HEK-293
cells resulted in a robust phosphorylation of IGPR-1 in the

Figure 1. IGPR-1 is activated by autophagy stimuli. A, IGPR-1/HEK-293 cells were kept in 10% FBS or in amino acid–free medium for indicated times. The
whole cell lysates were prepared and subjected to Western blotting analysis and blotted with anti-phosphoserine 220 IGPR-1 antibody (pSer220), anti–IGPR-1
antibody, and anti-GAPDH antibody for protein loading control. The graph is representative of three independent experiments. Individual data sets are shown
(�). p, 0.05. B, IGPR-1/HEK-293 cells were seeded for 48 h in 10% FBS followed by serum starvation for 15 and 30 min by replacing the 10% DMEM with se-
rum-free DMEM or cells left in 10% FBS DMEM as a control (0). The cells were lysed, and the whole cell lysates were blotted with the same antibodies as A. The
graph is representative of three independent experiments. Individual data sets are shown (�). p, 0.05. C, IGPR-1/HEK-293 cells were treated with vehicle (0) or
with rapamycin (10 nM) for 1 h. The whole cell lysates were prepared and subjected to Western blotting analysis using the same antibodies as in A. The graph
is representative of three independent experiments. Individual data sets are shown (�). p = 0.021. D, IGPR-1/HEK-293 cells were treated with different concen-
trations of LPS for 1 h as indicated. The whole cell lysates were prepared and subjected toWestern blotting analysis and blotted with using the same antibod-
ies as in A. The graph is representative of three independent experiments. Individual data sets are shown (�). p, 0.05. E, HMVECs were kept in 10% FBS or in
amino acid–free medium for indicated times. The whole cell lysates were prepared, subjected to Western blotting analysis, and blotted using the same anti-
bodies as in A. Individual data sets are shown (�). P, 0.05.
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presence of 10% FBS, and this was further increased in response
to serum starvation (Fig. 2A). In contrast, overexpression of ki-
nase inactive IKKb-A44 in IGPR-1/HEK-293 cells markedly
reduced phosphorylation of IGPR-1 at Ser220 (Fig. 2A), indicat-
ing that IKKb kinase activity is required for the serum starva-
tion–dependent phosphorylation of IGPR-1 at Ser220. Similarly,
LPS-induced phosphorylation of Ser220 on IGPR-1 was inhib-
ited by a selective IKKb inhibitor, IKK inhibitor III/BMS-
345541 (28) (Fig. 2B). Furthermore, LPS stimulated phospho-
rylation of IKKb and IKK inhibitor blocked its phosphorylation
(Fig. 2B). Conversely, overexpression of a constitutively active
IKKb (IKKb-S177E/S181E) in IGPR-1/HEK293 cells aug-
mented LPS-induced phosphorylation of Ser220 (Fig. 2C), indi-
cating that IKKb activity also is required for LPS-induced phos-
phorylation of IGPR-1 at Ser220.

IGPR-1 is a substrate for IKKb and is phosphorylated by IKKb
in vitro and in vivo

Ser220 and the surrounding amino acids in IGPR-1 are
strongly conserved both in human and nonhuman primates
(Fig. 3A), suggesting an evolutionarily conserved mechanism
for the phosphorylation of Ser220. IKKb phosphorylates pep-
tides with aromatic residues at the 22 position, hydrophobic
residues at the11 position, and acidic residues at the13 posi-

tion (29), suggesting that IKKb is a likely candidate kinase
involved in the phosphorylation of IGPR-1 at Ser220 (Fig. 3B).
Therefore, we asked whether IKKb can phosphorylate IGPR-1
at Ser220 independent of the autophagy-inducing factors like se-
rum starvation or LPS and rapamycin. We overexpressed WT
IKKb or kinase inactive IKKb-A44 in IGPR-1/HEK-293, and 48
h after transfection, the cells were lysed, and phosphorylation
of IGPR-1 was determined by Western blotting analysis. Over-
expression of WT IKKb increased phosphorylation of IGPR-1,
whereas kinase inactive IKKb-A44 inhibited phosphorylation
of IGPR-1 at Ser220 (Fig. 3C). Similarly, IKKb inhibitor inhib-
ited both phosphorylation of IGPR-1 and IKKb (Fig. 3D).
In an additional approach, we knocked out IKKb via

CRISPR-Cas9 system and examined the effect of loss of IKKb
in IGPR-1 phosphorylation. To this end, cells were either
treated with a control vehicle or AMPK activator, oligomycin
and cells were lysed, and phosphorylation of IGPR-1 at Ser220

was determined. Stimulation of IGPR-1/Ctr.sgRNA/HEK-293
cells with oligomycin stimulated AMPK activation and phos-
phorylation of IGPR-1 at Ser220 (Fig. 3E). However, in IGPR-1/
IKKb.sgRNA/HEK-293 cells, phosphorylation of Ser220 was
not detected, and treatment with oligomycin also did not stim-
ulate phosphorylation of IGPR-1 at Ser220 (Fig. 3E). IKKb.
sgRNA-mediated knockout of IKKb is shown (Fig. 3E).

Figure 2. IKKb mediates serum starvation–dependent and LPS-induced activation of IGPR-1. A, IGPR-1/HEK293 cells were transfected with an EV, WT
IKKb (Wt.IKKb), or kinase-dead IKKb (IKKb-A44). After 48 h of transfection, the cells were either left in 10% FBS DMEM or serum-starved for 15 or 30 min. The
cells were lysed, and the whole cell lysates were immunoblotted for pSer220, total IGPR-1, phospho-IKKb, or total IKKb or blotted for GAPDH for protein loading
control. The graph is representative of three independent experiments. Individual data sets are shown (�). p, 0.05. B, IGPR-1/HEK-293 cells were treated with
LPS (5 mg/ml) alone or cotreated with LPS and IKK inhibitor III/BMS-345541 (100 hM) for 60 min. The cells were lysed, and the whole cell lysates were subjected
to Western blotting analysis and probed for pSer220, total IGPR-1, phospho-IKKb, total IKKb, and GAPDH for protein loading control. The graph is representa-
tive of three independent experiments. Individual data sets are shown (�). C, IGPR-1/HEK-293 cells were transfected with EV (2) or constitutively active IKKb
(IKKb-S177E/S181E). After 48 h the cells were either left untreated (2) or treated with LPS (5 mg/ml) for 60 min (1). The whole cell lysates were subjected to
Western blotting analysis and probed for pSer220, total IGPR-1, total IKKb, and GAPDH for protein loading control. The graph is representative of three inde-
pendent experiments. Individual data sets are shown (�). p = 0.033.
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We next asked whether IKKb can directly phosphorylates
IGPR-1 at Ser220. To examine the direct involvement of IKKb
in catalyzing the phosphorylation of IGPR-1, we carried out an
in vitro kinase assay using a purified recombinant GST–IGPR-
1 protein that only encompasses the cytoplasmic domain of
IGPR-1 and demonstrated that IKKb phosphorylates IGPR-1
at Ser220 (Fig. 3F). Taken together, our data identify IGPR-1 as a
novel substrate of IKKb. Furthermore, we carried additional
experiments to demonstrate the selectively of IGPR-1 phospho-
rylation at Ser220 by IKKb. To this end, we immunoprecipitated
IGPR-1 proteins from HEK-293 cells expressing either WT
IGPR-1, A220–IGPR-1, or D220–IGPR-1. The immunoprecipi-
tated proteins were subjected to calf intestinal alkaline phospha-
tase treatment, which removes phosphorylation. The removal
of phosphorylation on IGPR-1 was confirmed by Western blot-
ting analysis using pSer220 specific antibody (Fig. S1A). The de-
phosphorylated proteins were subjected to an in vitro kinase
assay using a recombinant IKKb. The result showed that IKKb
selectively phosphorylates IGPR-1 at Ser220 (Fig. S1B).

IGPR-1 activates AMPK and stimulates phosphorylation of
BECN1 and ULK1

We sought to determine whether IGPR-1 could activate
AMPK, a widely considered master regulator of autophagy
(10). HEK-293 cells expressing an empty vector (EV), IGPR-1,

or A220–IGPR-1 were either maintained in 10% FBS or serum-
starved for 30 min or 12 h. The pThr172-AMPK immunoblot of
whole cell lysates showed that expression of IGPR-1 in HEK-
293 cells bypassed the requirement for serum starvation–de-
pendent activation of AMPK because AMPK was strongly
phosphorylated at Thr172 in IGPR-1/HEK-293 cells in 10% FBS
compared with EV/HEK-293 cells (Fig. 4A). Phosphorylation of
AMPK was further augmented in IGPR-1/HEK-293 cells, par-
ticularly at 30 min, compared with control EV/HEK-293 cells
(Fig. 4A). Interestingly, A220–IGPR-1/HEK-293 cells showed
also an increase in phosphorylation of AMPK, notwithstanding
significantly less than the WT IGPR-1, but more than the con-
trol EV/HEK-293 cells (Fig. 4A). Phosphorylation of AMPKa at
Thr172 in the activation loop is required for AMPK activation
(30, 31), indicating that expression of IGPR-1 in HEK-293 cells
activated AMPK.
We next asked whether IGPR-1 induced AMPK activation

also stimulates phosphorylation of BECN1 and ULK1, which
are the best-known substrates of AMPK and play central roles
in autophagy (32). Similar to AMPK activation, phosphorylation
of BECN1 at Ser93 was significantly increased in IGPR-1/HEK-
293 cells compared with EV/HEK-293 or A220–IGPR-1 cells
(Fig. 4A), indicating that IGPR-1–induced activation of AMPK
in HEK-293 cells also induced phosphorylation of BECN1 (Fig.
4A) as previously reported (33). Furthermore, phosphorylation
of ULK1 at Ser555 was also increased in IGPR-1/HEK-293 cells

Figure 3. IGPR-1 is a substrate of and phosphorylated by IKKb. A, Ser220 and the surrounding amino acids on IGPR-1 in human and nonhuman primates is
conserved. B, IKKb phosphorylation motif and IGPR-1 Ser220 phosphorylation site. C, IGPR-1/HEK-293 cells were transfected with WT IKKb or kinase inactive
IKKb (IKKb-A44). After 48 h the cells were lysed and immunoblotted for pSer220, total IGPR-1, phospho-IKKb, total IKKb, and GAPDH. The graph is representa-
tive of three independent experiments. Individual data sets are shown (�). p = 0.0028. D, IGPR-1/HEK-293 cells were treated with IKK inhibitor III/BMS-345541
(100hM) for 60min. The cells were lysed and immunoblotted for pSer220, total IGPR-1, phospho-IKKb, and total IKKb. The graph is representative of three inde-
pendent experiments. Individual data sets are shown (�). p, 0.05. E, Ctr.sgRNA/IGPR-1/HEK-293 cells and IKKb-sgRNA/IGPR-1/HEK-293 cells were stimulated
with IKKb activator, Oligomycin (0.5 mM). The cells were lysed, subjected toWestern blotting analysis, and immunoblotted for the indicated proteins. F, in vitro
kinase assay was performed by incubation of purified GST-cytoplasmic domain of IGPR-1 and purified WT IKKb or kinase inactive IKKb-A44 in the presence of
ATP. In vitro kinase reaction was stopped after 30 min by heating the samples at 90 °C for 5 min. The samples were subjected toWestern blotting analysis, and
phosphorylation of Ser220 on GST–IGPR-1 was detected by immunoblottingwith pSer220 antibody.
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compared with control EV/HEK-293 cells. Interestingly, ULK1
phosphorylation was significantly reduced in A220–IGPR-1
cells, indicating that phosphorylation of Ser220, in part, is
required for phosphorylation of ULK-1 (Fig. 4A). The data indi-
cate that phosphorylation of Ser220 on IGPR-1 plays an impor-
tant role in the phosphorylation of AMPK, BECN1, and ULK1.

IGPR-1 induces autophagy in HEK-293 cells

We next examined the role of IGPR-1 in the autophagosome
formation by measuring expression of LC3-phosphatidyletha-
nolamine conjugate (LC3-II) and p62 endogenously expressed
in HEK-293 cells, which are required for autophagosome devel-
opment during autophagy (34), by Western blotting analysis.
HEK-293 cells expressing EV or IGPR-1 were either kept at
10% FBS or serum-starved for overnight. The cells were lysed,
and expression of LC3 and p62 levels was determined by immu-
noblotting with LC3 and p62 antibodies. Although expression
of LC3II was increased in response to serum starvation in EV/
HEK-293 cells, expression of LC3II was significantly higher
both in 10% FBS and in serum-starved conditions in IGPR-1/
HEK-293 cells (Fig. 5A), indicating that IGPR-1 through
increased in expression of LC3II regulates autophagosome for-
mation. Additionally, as expected, p62 level was markedly
decreased in response to serum starvation (Fig. 5A).
To further elucidate the role of IGPR-1 in induction of

autophagy, we established autophagic flux reporter cell lines by
creating GFP-LC3 (microtubule-associated protein 1 light
chain 3b)–RFP/HEK-293 and IGPR-1/GFP-LC3-RFP/HEK-
293 cell lines via a retroviral expression system as previously

reported (35). During autophagy, GFP-LC3-RFP labeled auto-
phagosomes fuse with lysosomes. Although the GFP signals are
quenched because of the acidic environment (GFP is acid-sen-
sitive) in the autolysosomes, the RFP signals remain stable
because RFP is acid-stable, and hence an increase in the num-
ber of RFP-LC3 (red only) puncta is considered a reflection of
autophagic flux (36). In the presence of 10% FBS, only a few
RFP-LC3 positive puncta were observed in GFP-LC3-RFP/
HEK-293 cells (Fig. 5, B andD). However, we observed a signifi-
cantly higher baseline of RFP-LC3–positive puncta, but not
GFP-LC3–positive puncta, in IGPR-1/GFP-LC3-RFP/HEK-
293 cells (Fig. 5, C and D). Moreover, when IGPR-1/GFP-LC3-
RFP/HEK-293 cells were induced to undergo autophagy by
serum starvation, they displayed a substantial increase in RFP-
LC3–positive puncta (Fig. 5, C and D), suggesting that IGPR-1
regulates the formation of autophagosomes.
Next, we asked whether Ser220 mutant IGPR-1 (A220–IGPR-

1) can induce RFP-LC3 puncta formation in HEK-293 cells.
Expression of IGPR-1, A220–IGPR-1, or D220–IGPR-1 in HEK-
293 cells (Fig. 5E). The result showed that the ability of A220–
IGPR-1 to induce RFP-LC3–positive puncta was significantly
reduced (Fig. 5, E and G). However, the phosphomimetic muta-
tion, D220–IGPR-1, largely maintained IGPR-1–mediated auto-
phagic flux (Fig. 5, F and G). Altogether, the data demonstrate
that IGPR-1 is activated by and regulates autophagy program.

Discussion

Previous studies have shown that the activation of IKKb reg-
ulates autophagy through mechanisms that involve expression

Figure 4. IGPR-1 stimulates phosphorylation of AMPK and mediates phosphorylation of ULK1. A, HEK-293 cells expressing EV, IGPR-1, or A220–IGPR-1
were either kept in 10% FBS DMEM or starved for 30 min or 12 h. The cells were lysed and immunoblotted for pT172-AMPK, pSer555-ULK1, pSer15-Beclin1,
pSer220–IGPR-1, total IGPR-1, and GAPDH. B, graphs showing activation of AMPK, Beclin1, and ULK1 are representative of three independent experiments. Indi-
vidual data sets are shown (�). p, 0.05.
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of pro-autophagic genes via the NF-kB–independent pathway
and phosphorylation of the p85 subunit of PI3K, which leads to
inhibition of mTOR (13, 24). We revealed the existence of a
previously unidentified pathway in autophagy that involves
IKKb-dependent activation of IGPR-1. We provide a mecha-
nistic link between activation of IKKb and phosphorylation of
IGPR-1 at Ser220. IKKb is activated by autophagy, leading to
phosphorylation of IGPR-1 at Ser220 both in vivo and in vitro.
Mechanistically, IKKb-mediated phosphorylation of IGPR-1 at
Ser220 leads to activation of AMPK, which plays a central role in
autophagy. Activation of IKKb plays an essential role in
autophagy because both the loss of function of IKKb in mice
and cell culture blocked autophagy (13). Likewise, IKKb null
cells are deficient in their ability to undergo autophagy in
response to cellular starvation (14), which further underscores
the critical role of IKKb in autophagy.
AMPK is believed to exert its effect in autophagy by multiple

mechanisms including, inactivating mTORC1 through phos-
phorylation of RAPTOR, a key protein present within the
mTORC1, phosphorylating ULK1 at multiple serine residues,
including Ser555, that lead to its activation (10, 11) and more
importantly phosphorylating BECN1 at Ser93 and Ser96 (33).
IGPR-1–mediated activation of AMPK in HEK-293 cells
increased phosphorylation of ULK1 at Ser555 and BECN1 at
Ser93. Activation of AMPK and phosphorylation of BECN1
requires phosphorylation of IGPR-1 at Ser220. Activation of

ULK1 and phosphorylation of BECN1 both play central roles in
autophagy. ULK1 phosphorylation enables ULK1 to form a
complex with ATG13 and FIP200 (focal adhesion kinase family
interacting protein of 200 kDa) that leads to its translocation to
autophagy initiation sites and subsequent recruitment of the
class III phosphatidylinositol 3-kinase, VPS34 (vacuolar protein
sorting 34) complex consisting of BECN1 and multiple other
autophagy-related proteins leading to the phagophore forma-
tion (6). Phosphorylation of BECN1 plays a key role in the ini-
tial steps in the assembly of autophagosomes from preautopha-
gic structures, which is the recruitment and activation of
VPS34 complex (32).
IGPR-1 is a cell adhesionmolecule thatmediates cell–cell ad-

hesion, and its activation regulates cell morphology and actin
stress fiber alignment (15, 16). The finding that IGPR-1 is acti-
vated by and regulates autophagy by stimulating activation of
AMPK not only suggests a significant role for IGPR-1 in
autophagy but also links cell–cell adhesion to energy sensing
and autophagy. Recent studies illuminated the key roles of
autophagy in endothelial cells in response to various metabolic,
blood flow–induced stresses and angiogenesis (37), the same
cellular events are also regulated by IGPR-1 (15, 16, 18).
Additionally, cellular stress induced by flow shear stress (19,

38) and exposure of cells to the chemotherapeutic agent doxor-
ubicin (20, 21) are linked to induction of autophagy, the condi-
tions in which IGPR-1 also is activated (17, 18). Moreover,

Figure 5. IGPR-1mediates serum starvation–induced autophagy. A, HEK-293 cells expressing EV, IGPR-1 were either kept in 10% FBS or serum-starved for
12 h. The cells were lysed and immunoblotted for LC3 and p26, total IGPR-1, and GAPDH. The graph is representative of three experiments. B and C, HEK-293
cells expressing GFP-LC3-RFP/HEK-293 alone or coexpressing GFP-LC3-RFP and IGPR-1 either were kept in 10% FBS DMEM (B) or in serum-free DMEM for 6 h
(C). The cells were fixed and stained with 49,6-diamino-2-phenylindole (DAPI, nucleus) and viewed under a fluorescence microscope, and pictures were taken.
Scale bar, 10mM. D, the graph is representative of three independent experiments. ImageJ was used to quantify images (n = 6–10 images for group). Individual
data sets are shown (�). p, 0.05. E, expression and phosphorylation of IGPR-1, A220–IGPR-1, or D220–IGPR-1 in HEK-293 cells. F, HEK-293 cells coexpressing
GFP-LC3-RFPwith IGPR-1, A220–IGPR-1, or D220–IGPR-1 were kept in serum-free DMEM for 6 h. The cells were fixed and stained with as in A and viewed under
a fluorescence microscope, and representative pictures were taken. Scale bar, 10mM. G, ImageJ was used to quantify images (n = 6–10 images for group). Indi-
vidual data sets are shown (�). p, 0.05.

IGPR-1 is activated by and regulates autophagy

16696 J. Biol. Chem. (2020) 295(49) 16691–16699



autophagy is associated with therapeutic resistance to chemo-
therapeutic agents (e.g. cisplatin, doxorubicin, temozolomide,
and etoposide), metabolic stresses, and small molecule inhibi-
tors, suggesting a pro-tumor function for autophagy (39, 40).
Curiously, IGPR-1 is strongly phosphorylated by doxorubicin
and regulates sensitivity of tumor cells to doxorubicin (17),
indicating that IGPR-1 through induction of autophagy pro-
gram could contribute to the development of resistance in can-
cer cells.
Taken together, the data presented here suggest a significant

role for IGPR-1 in autophagy and autophagy-associated dis-
eases such as cancer and cardiovascular diseases. We propose
IGPR-1 as a pro-autophagy cell adhesion molecule that upon
activation stimulates AMPK activation, leading to phosphoryl-
ation of BECN1 and ULK1, key proteins involved in autophagy
(Fig. 6), linking cell adhesion to autophagy, a finding that has
important significance for autophagy-driven pathologies such
cardiovascular diseases and cancer.

Materials and methods

Antibodies, plasmids, sgRNAs, and chemicals

Anti–IGPR-1 and anti-pSer220 antibodies are homemade
rabbit polyclonal antibodies previously described (15, 16). Phos-
pho-AMPK (Thr172), total AMPK, phospho-ULK1 (Ser555), total
ULK1, phosph-Beclin-1 (Ser93), total Beclin-1, phospho-IKK
(Ser176/180), total IKKb, and LC3A/B, GAPDH antibodies all
were purchased from Cell Signaling Technologies (Danvers,

MA, USA). The following plasmids were all purchased from
Addgene (Watertown, MA, USA): pcDNA3.FLAG-ULK1 (cata-
log no. 27636), pMRX-IP-GFP-LC3-RFP (catalog no. 84573),
pcDNA-IKKb-FLAG (catalog no. 23298), pcDNA-IKKb-A44
(catalog no. 23299), and constitutive active IKKb (S177E S181E,
catalog no. 11105). IGPR-1 constructs including WT IGPR-1
and Ser220 mutant, A220–IGPR-1 constructs were cloned into
retroviral vector, pQCXIP with C-terminal Myc tag as previ-
ously described (16–18). Retroviruses were produced in 293-
GPG cells as described (41). IKK inhibitor III and rapamycin
were purchased fromCalbiochem, and LPS was purchased from
Sigma. Oligomycin was purchased fromCell Signaling Technol-
ogies. A set of three human IKKb sgRNAs (catalog no. GSGH-
11938-16EG3551) were purchased from Dharmacon (Chicago,
IL, USA).

Cell culture assays

HEK-293 cells expressing EV, IGPR-1 or A220–IGPR-1 were
maintained in DMEM supplemented with 10% fetal bovine se-
rum and penicillin/streptomycin. To measure phosphorylation
of IGPR-1 in response to serum starvation, the cells were plated
in 60-cm plates with 10% FBS DMEM overnight with approxi-
mate 80–90% confluency. The cells were washed twice with
PBS, and the cells were starved for 15 and 30 min or as
described in the figure legends. The cells were lysed, and the
whole cell lysates were mixed with sample buffer (53) and
boiled for 5 min. The whole cell lysates were subjected toWest-
ern blotting analysis and immunoblotted with antibody of the
interest as described in the figure legends. In some experi-
ments, the cells were treated with a specific chemical inhibitor
or transfected with a particular construct as indicated in the fig-
ure legends. Human microvascular endothelial cells were pur-
chased from Cell Applications, Inc. (San Diego, CA, USA) and
were grown in endothelial cell medium.

Recombinant GST-fusion protein production

The generation of GST-fusion cytoplasmic domain of IGPR-
1 cloned into pGEX-2T vector as previously described (15).
The purified GST-fusion IGPR-1 protein was subsequently
used to measure the ability of IKKb to phosphorylate IGPR-1
in an in vitro kinase.

In vitro kinase assay

To detect phosphorylation of IGPR-1 at Ser220, the purified
recombinant GST–IGPR-1 encompassing the cytoplasmic do-
main of IGPR-1 was mixed with WT or kinase inactive IKKb
expressed in HEK-293 cells in 13 kinase buffer plus 0.2 mM

ATP and incubated at 30 °C for 15 min. The samples were
mixed in 23 sample buffer and after boiling at 95 °C for 5 min
were resolved on 12% SDS–PAGE followed by Western blot-
ting analysis using anti-pSer220 antibody.

Western blotting analysis

The cells were prepared as described in the figure legends
and lysed, and the whole cell lysates were subjected toWestern
blotting analysis. Normalized whole cell lysates were subjected

Figure 6. Proposed role of IGPR-1 in autophagy. Upon activation by
autophagy stimuli, IGPR-1 is phosphorylated at Ser220 via IKKb. IGPR-1 acts as
a pro-autophagy signaling receptor leading to activation of AMPK. AMPK cat-
alyzes phosphorylation of BECN1 and ULK1, key proteins involved in autoph-
agy. IGPR-1 is a dimeric protein and undergoes homophilic transdimerization
in a cell density–dependent manner (17) (not shown). Activation of IKKb was
previously thought to regulate autophagy by activation of AMPK, PI3K, and
induction of NF-kB.
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to Western blotting analysis using IGPR-1 antibody, pSer220

antibodies, or an appropriate antibody as indicated in the figure
legends. The proteins were visualized using streptavidin–horse-
radish peroxidase–conjugated secondary antibody via chemilu-
minescence system. For each blot, the films were exposed multi-
ple times, and the films that showed within the linear range
detection of protein bands were selected, scanned, and subse-
quently used for quantification. Blots from at least three inde-
pendent experiments were used for quantification purposes, and
representative data are shown. ImageJ software, an open source
image-processing program, was used to quantify the blots.

Immunofluorescence microscopy

The cells expressing IGPR-1 or other constructs were seeded
(1.53 106 cells) onto coverslips and grown overnight in 60-mm
plates to 90–100% confluence. The coverslips were mounted in
Vectashield mounting medium with 49,6-diamino-2-phenylin-
dole onto glass microscope slides. The slides were examined
using a fluorescence microscope.

Statistical analyses

The experimental data were subjected to Student’s t test or
one-way analysis of variance analysis where appropriate with
representative of at least three independent experiments. p ,
0.05 was considered significant or as indicated in the figure
legends.
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The data and reagents are available from the corresponding
author upon request.

Author contributions—R. A., R. X.-Y. H., and N. R. conceptualiza-
tion; R. A., T. A., R. X.-Y. H., Z. A., S. W., and N. R. data curation;
R. A. and N. R. formal analysis; R. A., S. W., and N. R. investigation;
R. A., T. A., Z. A., and N. R. methodology; R. A., R. X.-Y. H., and
N. R. writing-review and editing; N. R. resources; N. R. supervision;
N. R. funding acquisition; N. R. writing-original draft; N. R. project
administration.

Funding and additional information—This work was supported in
part by NCI, National Institutes of Health Grants R21CA191970
and R21CA193958 and Clinical and Translational Science Institute
Grant 1UL1TR001430 (to N. R.). The content is solely the responsi-
bility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

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

Abbreviations—The abbreviations used are: IGPR, immunoglobulin
and proline-rich receptor; LPS, lipopolysaccharide; AMPK, AMP-
activated protein kinase; mTORC, mTOR complex; IKK, IkB ki-
nase; HMVEC, human microvascular endothelial cell; EV, empty
vector; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
DMEM, Dulbecco’s modified Eagle’s medium; GST, glutathione
S-transferase; sgRNA, Synthetic guide RNA.

References

1. Kroemer, G., Mariño, G., and Levine, B. (2010) Autophagy and the inte-
grated stress response.Mol. Cell 40, 280–293 CrossRefMedline

2. Vlahakis, A., and Debnath, J. (2017) The interconnections between
autophagy and integrin-mediated cell adhesion. J. Mol. Biol. 429, 515–530
CrossRefMedline

3. Kenific, C. M., Wittmann, T., and Debnath, J. (2016) Autophagy in adhe-
sion andmigration. J. Cell Sci. 129, 3685–3693 CrossRefMedline

4. Fung, C., Lock, R., Gao, S., Salas, E., and Debnath, J. (2008) Induction of
autophagy during extracellular matrix detachment promotes cell survival.
Mol. Biol. Cell 19, 797–806 CrossRefMedline

5. Hurley, J. H., and Young, L. N. (2017)Mechanisms of autophagy initiation.
Annu. Rev. Biochem. 86, 225–244 CrossRefMedline

6. Kametaka, S., Okano, T., Ohsumi, M., and Ohsumi, Y. (1998) Apg14p and
Apg6/Vps30p form a protein complex essential for autophagy in the
yeast, Saccharomyces cerevisiae. J. Biol. Chem. 273, 22284–22291
CrossRef Medline

7. Huang, W. P., and Klionsky, D. J. (2002) Autophagy in yeast: a review of
the molecular machinery. Cell Struct. Funct. 27, 409–420 CrossRef
Medline

8. Jung, C. H., Jun, C. B., Ro, S. H., Kim, Y. M., Otto, N. M., Cao, J., Kundu,
M., and Kim, D. H. (2009) ULK–Atg13–FIP200 complexes mediate
mTOR signaling to the autophagy machinery. Mol. Biol. Cell 20, 1992–
2003 CrossRefMedline

9. Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y.,
Iemura, S., Natsume, T., Takehana, K., Yamada, N., Guan, J. L., Oshiro, N.,
andMizushima, N. (2009) Nutrient-dependent mTORC1 association with
the ULK1–Atg13–FIP200 complex required for autophagy.Mol. Biol. Cell
20, 1981–1991 CrossRefMedline

10. Kim, J., Kundu, M., Viollet, B., and Guan, K.-L. (2011) AMPK and mTOR
regulate autophagy through direct phosphorylation of Ulk1.Nat. Cell Biol.
13, 132–141CrossRefMedline

11. Egan, D. F., Shackelford, D. B., Mihaylova, M. M., Gelino, S., Kohnz, R. A.,
Mair, W., Vasquez, D. S., Joshi, A., Gwinn, D. M., Taylor, R., Asara, J. M.,
Fitzpatrick, J., Dillin, A., Viollet, B., Kundu, M., et al. (2011) Phosphoryla-
tion of ULK1 (hATG1) by AMP-activated protein kinase connects energy
sensing tomitophagy. Science 331, 456–461 CrossRefMedline

12. Perkins, N. D. (2007) Integrating cell-signalling pathways with NF-kB and
IKK function.Nat. Rev. Mol. Cell Biol. 8, 49–62 CrossRefMedline

13. Criollo, A., Senovilla, L., Authier, H., Maiuri, M. C., Morselli, E., Vitale, I.,
Kepp, O., Tasdemir, E., Galluzzi, L., Shen, S., Tailler,M., Delahaye, N., Tes-
niere, A., De Stefano, D., Younes, A. B., et al. (2010) The IKK complex con-
tributes to the induction of autophagy. EMBO J. 29, 619–631 CrossRef
Medline

14. Comb, W. C., Cogswell, P., Sitcheran, R., and Baldwin, A. S. (2011) IKK-
dependent, NF-kB–independent control of autophagic gene expression.
Oncogene 30, 1727–1732 CrossRefMedline

15. Rahimi, N., Rezazadeh, K., Mahoney, J. E., Hartsough, E., and Meyer, R. D.
(2012) Identification of IGPR-1 as a novel adhesion molecule involved in
angiogenesis.Mol. Biol. Cell 23, 1646–1656 CrossRef CrossRefMedline

16. Wang, Y. H. W., Meyer, R. D., Bondzie, P. A., Jiang, Y., Rahimi, I., Rezaza-
deh, K., Mehta, M., Laver, N. M. V., Costello, C. E., and Rahimi, N. (2016)
IGPR-1 is required for endothelial cell–cell adhesion and barrier function.
J. Mol. Biol. 428, 5019–5033 CrossRefMedline

17. Woolf, N., Pearson, B. E., Bondzie, P. A., Meyer, R. D., Lavaei, M., Belkina,
A. C., Chitalia, V., and Rahimi, N. (2017) Targeting tumor multicellular
aggregation through IGPR-1 inhibits colon cancer growth and improves
chemotherapy.Oncogenesis 6, e378 CrossRefMedline

18. Ho, R. X., Tahboub, R., Amraei, R., Meyer, R. D., Varongchayakul, N.,
Grinstaff, M., and Rahimi, N. (2019) The cell adhesion molecule IGPR-1 is
activated by, and regulates responses of endothelial cells to shear stress. J.
Biol. Chem. 294, 13671–13680 CrossRefMedline

19. Liu, J., Bi, X., Chen, T., Zhang, Q.,Wang, S. X., Chiu, J. J., Liu, G. S., Zhang,
Y., Bu, P., and Jiang, F. (2015) Shear stress regulates endothelial cell
autophagy via redox regulation and Sirt1 expression. Cell Death Dis. 6,
e1827 CrossRefMedline

IGPR-1 is activated by and regulates autophagy

16698 J. Biol. Chem. (2020) 295(49) 16691–16699

http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/20965422
http://dx.doi.org/10.1016/j.jmb.2016.11.027
http://www.ncbi.nlm.nih.gov/pubmed/27932295
http://dx.doi.org/10.1242/jcs.188490
http://www.ncbi.nlm.nih.gov/pubmed/27672021
http://dx.doi.org/10.1091/mbc.e07-10-1092
http://www.ncbi.nlm.nih.gov/pubmed/18094039
http://dx.doi.org/10.1146/annurev-biochem-061516-044820
http://www.ncbi.nlm.nih.gov/pubmed/28301741
http://dx.doi.org/10.1074/jbc.273.35.22284
http://www.ncbi.nlm.nih.gov/pubmed/9712845
http://dx.doi.org/10.1247/csf.27.409
http://www.ncbi.nlm.nih.gov/pubmed/12576634
http://dx.doi.org/10.1091/mbc.e08-12-1249
http://www.ncbi.nlm.nih.gov/pubmed/19225151
http://dx.doi.org/10.1091/mbc.e08-12-1248
http://www.ncbi.nlm.nih.gov/pubmed/19211835
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.1126/science.1196371
http://www.ncbi.nlm.nih.gov/pubmed/21205641
http://dx.doi.org/10.1038/nrm2083
http://www.ncbi.nlm.nih.gov/pubmed/17183360
http://dx.doi.org/10.1038/emboj.2009.364
http://www.ncbi.nlm.nih.gov/pubmed/19959994
http://dx.doi.org/10.1038/onc.2010.553
http://www.ncbi.nlm.nih.gov/pubmed/21151171
http://dx.doi.org/10.1091/mbc.e11-11-0934
http://dx.doi.org/10.1091/mbc.E11-11-0934
http://www.ncbi.nlm.nih.gov/pubmed/22419821
http://dx.doi.org/10.1016/j.jmb.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27838321
http://dx.doi.org/10.1038/oncsis.2017.77
http://www.ncbi.nlm.nih.gov/pubmed/28920928
http://dx.doi.org/10.1074/jbc.RA119.008548
http://www.ncbi.nlm.nih.gov/pubmed/31341021
http://dx.doi.org/10.1038/cddis.2015.193
http://www.ncbi.nlm.nih.gov/pubmed/26181207


20. Chen, H., Zhao, C., He, R., Zhou, M., Liu, Y., Guo, X., Wang, M., Zhu, F.,
Qin, R., and Li, X. (2019) Danthron suppresses autophagy and sensitizes
pancreatic cancer cells to doxorubicin. Toxicol In Vitro 54, 345–353
CrossRef Medline

21. Sui, X., Chen, R., Wang, Z., Huang, Z., Kong, N., Zhang, M., Han, W., Lou,
F., Yang, J., Zhang, Q., Wang, X., He, C., and Pan, H. (2013) Autophagy
and chemotherapy resistance: a promising therapeutic target for cancer
treatment.Cell Death Dis. 4, e838 CrossRefMedline

22. Xu, Y., Jagannath, C., Liu, X.-D., Sharafkhaneh, A., Kolodziejska, K. E., and
Eissa, N. T. (2007) Toll-like receptor 4 is a sensor for autophagy associated
with innate immunity. Immunity 27, 135–144 CrossRefMedline

23. Dunlop, E. A., and Tee, A. R. (2014) mTOR and autophagy: a dynamic
relationship governed by nutrients and energy. Semin. Cell Dev. Biol. 36,
121–129 CrossRefMedline

24. Comb, W. C., Hutti, J. E., Cogswell, P., Cantley, L. C., and Baldwin, A. S.
(2012) p85a SH2 domain phosphorylation by IKK promotes feedback in-
hibition of PI3K and Akt in response to cellular starvation. Mol. Cell 45,
719–730 CrossRefMedline

25. Yang, F., Tang, E., Guan, K., andWang, C. Y. (2003) IKKb plays an essen-
tial role in the phosphorylation of RelA/p65 on serine 536 induced by lipo-
polysaccharide. J. Immunol. 170, 5630–5635 CrossRefMedline

26. Dauphinee, S. M., and Karsan, A. (2006) Lipopolysaccharide signaling in
endothelial cells. Lab. Invest. 86, 9–22 CrossRefMedline

27. Dan, H. C., Cooper, M. J., Cogswell, P. C., Duncan, J. A., Ting, J. P. Y., and
Baldwin, A. S. (2008) Akt-dependent regulation of NF-kB is controlled by
mTOR and Raptor in association with IKK. Genes Dev. 22, 1490–1500
CrossRefMedline

28. Burke, J. R., Pattoli, M. A., Gregor, K. R., Brassil, P. J., MacMaster, J. F.,
McIntyre, K. W., Yang, X., Iotzova, V. S., Clarke, W., Strnad, J., Qiu, Y.,
and Zusi, F. C. (2003) BMS-345541 is a highly selective inhibitor of IkB ki-
nase that binds at an allosteric site of the enzyme and blocks NF-kB–de-
pendent transcription in mice. J. Biol. Chem. 278, 1450–1456 CrossRef
Medline

29. Hutti, J. E., Turk, B. E., Asara, J. M., Ma, A., Cantley, L. C., and Abbott,
D. W. (2007) IkB kinase b phosphorylates the K63 deubiquitinase A20 to
cause feedback inhibition of the NF-kB pathway.Mol. Cell Biol. 27, 7451–
7461 CrossRefMedline

30. Lizcano, J. M., Göransson, O., Toth, R., Deak,M.,Morrice, N. A., Boudeau,
J., Hawley, S. A., Udd, L., Mäkelä, T. P., Hardie, D. G., and Alessi, D. R.
(2004) LKB1 is a master kinase that activates 13 kinases of the AMPK sub-
family, includingMARK/PAR-1. EMBO J. 23, 833–843 CrossRefMedline

31. Hawley, S. A., Davison,M.,Woods, A., Davies, S. P., Beri, R. K., Carling, D.,
and Hardie, D. G. (1996) Characterization of the AMP-activated protein
kinase kinase from rat liver and identification of threonine 172 as the
major site at which it phosphorylates AMP-activated protein kinase. J.
Biol. Chem. 271, 27879–27887 CrossRefMedline

32. Menon, M. B., and Dhamija, S. (2018) Beclin 1 phosphorylation: at the
center of autophagy regulation. Front. Cell Dev. Biol. 6, 137 CrossRef
Medline

33. Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., Liu, R.,
Zhong, Q., and Guan, K. L. (2013) Differential regulation of distinct Vps34
complexes by AMPK in nutrient stress and autophagy. Cell 152, 290–303
CrossRefMedline

34. Schaaf, M. B., Keulers, T. G., Vooijs, M. A., and Rouschop, K. M. (2016)
LC3/GABARAP family proteins: autophagy-(un)related functions. FASEB
J. 30, 3961–3978 CrossRefMedline

35. Kaizuka, T., Morishita, H., Hama, Y., Tsukamoto, S., Matsui, T., Toyota,
Y., Kodama, A., Ishihara, T., Mizushima, T., and Mizushima, N. (2016) An
autophagic flux probe that releases an internal control.Mol. Cell 64, 835–
849 CrossRefMedline

36. Ni, H.-M., Bockus, A., Wozniak, A. L., Jones, K., Weinman, S., Yin, X.-M.,
and Ding, W.-X. (2011) Dissecting the dynamic turnover of GFP-LC3 in
the autolysosome.Autophagy 7, 188–204 CrossRefMedline

37. Nussenzweig, S. C., Verma, S., and Finkel, T. (2015) The role of autophagy
in vascular biology.Circ. Res. 116, 480–488 CrossRefMedline

38. Guo, F., Li, X., Peng, J., Tang, Y., Yang, Q., Liu, L.,Wang, Z., Jiang, Z., Xiao,
M., Ni, C., Chen, R., Wei, D., andWang, G. X. (2014) Autophagy regulates
vascular endothelial cell eNOS and ET-1 expression induced by laminar
shear stress in an ex vivo perfused system. Ann. Biomed. Eng. 42, 1978–
1988 CrossRefMedline

39. Amaravadi, R. K., and Thompson, C. B. (2007) The roles of therapy-
induced autophagy and necrosis in cancer treatment. Clin. Cancer Res. 13,
7271–7279 CrossRefMedline

40. Degtyarev, M., De Mazière, A., Orr, C., Lin, J., Lee, B. B., Tien, J. Y., Prior,
W.W., van Dijk, S.,Wu, H., Gray, D. C., Davis, D. P., Stern, H.M.,Murray,
L. J., Hoeflich, K. P., Klumperman, J., et al. (2008) Akt inhibition promotes
autophagy and sensitizes PTEN-null tumors to lysosomotropic agents. J.
Cell Biol. 183, 101–116 CrossRefMedline

41. Rahimi, N., Dayanir, V., and Lashkari, K. (2000) Receptor chimeras indi-
cate that the vascular endothelial growth factor receptor-1 (VEGFR-1)
modulates mitogenic activity of VEGFR-2 in endothelial cells. J. Biol.
Chem. 275, 16986–16992 CrossRefMedline

IGPR-1 is activated by and regulates autophagy

J. Biol. Chem. (2020) 295(49) 16691–16699 16699

http://dx.doi.org/10.1016/j.tiv.2018.10.019
http://www.ncbi.nlm.nih.gov/pubmed/30389604
http://dx.doi.org/10.1038/cddis.2013.350
http://www.ncbi.nlm.nih.gov/pubmed/24113172
http://dx.doi.org/10.1016/j.immuni.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17658277
http://dx.doi.org/10.1016/j.semcdb.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25158238
http://dx.doi.org/10.1016/j.molcel.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22342344
http://dx.doi.org/10.4049/jimmunol.170.11.5630
http://www.ncbi.nlm.nih.gov/pubmed/12759443
http://dx.doi.org/10.1038/labinvest.3700366
http://www.ncbi.nlm.nih.gov/pubmed/16357866
http://dx.doi.org/10.1101/gad.1662308
http://www.ncbi.nlm.nih.gov/pubmed/18519641
http://dx.doi.org/10.1074/jbc.M209677200
http://www.ncbi.nlm.nih.gov/pubmed/12403772
http://dx.doi.org/10.1128/MCB.01101-07
http://www.ncbi.nlm.nih.gov/pubmed/17709380
http://dx.doi.org/10.1038/sj.emboj.7600110
http://www.ncbi.nlm.nih.gov/pubmed/14976552
http://dx.doi.org/10.1074/jbc.271.44.27879
http://www.ncbi.nlm.nih.gov/pubmed/8910387
http://dx.doi.org/10.3389/fcell.2018.00137
http://www.ncbi.nlm.nih.gov/pubmed/30370269
http://dx.doi.org/10.1016/j.cell.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23332761
http://dx.doi.org/10.1096/fj.201600698R
http://www.ncbi.nlm.nih.gov/pubmed/27601442
http://dx.doi.org/10.1016/j.molcel.2016.09.037
http://www.ncbi.nlm.nih.gov/pubmed/27818143
http://dx.doi.org/10.4161/auto.7.2.14181
http://www.ncbi.nlm.nih.gov/pubmed/21107021
http://dx.doi.org/10.1161/CIRCRESAHA.116.303805
http://www.ncbi.nlm.nih.gov/pubmed/25634971
http://dx.doi.org/10.1007/s10439-014-1033-5
http://www.ncbi.nlm.nih.gov/pubmed/24838486
http://dx.doi.org/10.1158/1078-0432.CCR-07-1595
http://www.ncbi.nlm.nih.gov/pubmed/18094407
http://dx.doi.org/10.1083/jcb.200801099
http://www.ncbi.nlm.nih.gov/pubmed/18838554
http://dx.doi.org/10.1074/jbc.M000528200
http://www.ncbi.nlm.nih.gov/pubmed/10747927

	Cell adhesion molecule IGPR-1 activates AMPK connecting cell adhesion to autophagy
	Results
	IGPR-1 is activated by autophagy
	IKKβ is activated by autophagy and phosphorylates IGPR-1
	IGPR-1 is a substrate for IKKβ and is phosphorylated by IKKβ in vitro and in vivo
	IGPR-1 activates AMPK and stimulates phosphorylation of BECN1 and ULK1
	IGPR-1 induces autophagy in HEK-293 cells

	Discussion
	Materials and methods
	Antibodies, plasmids, sgRNAs, and chemicals
	Cell culture assays
	Recombinant GST-fusion protein production
	In vitro kinase assay
	Western blotting analysis
	Immunofluorescence microscopy
	Statistical analyses

	Data availability
	References


