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ABSTRACT

Chemotactic migration is a fundamental behavior of cells and its regulation is particularly relevant in
physiological processes such as organogenesis and angiogenesis, as well as in pathological processes such
as tumor metastasis. The majority of chemotactic stimuli activate cell surface receptors that belong to the
G protein-coupled receptor (GPCR) superfamily. Although the autophagy machinery has been shown to
play a role in cell migration, its mode of regulation by chemotactic GPCRs remains largely unexplored. We
found that ligand-induced activation of 2 chemotactic GPCRs, the chemokine receptor CXCR4 and the
urotensin 2 receptor UTS2R, triggers a marked reduction in the biogenesis of autophagosomes, in both
HEK-293 and U87 glioblastoma cells. Chemotactic GPCRs exert their anti-autophagic effects through the
activation of CAPNs, which prevent the formation of pre-autophagosomal vesicles from the plasma
membrane. We further demonstrated that CXCR4- or UTS2R-induced inhibition of autophagy favors the
formation of adhesion complexes to the extracellular matrix and is required for chemotactic migration.
Altogether, our data reveal a new link between GPCR signaling and the autophagy machinery, and may
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help to envisage therapeutic strategies in pathological processes such as cancer cell invasion.

Introduction

Cell migration is a key aspect of many physiological processes,
including angiogenesis, immune cell trafficking, and organogenesis,
as well as pathological processes such as tumor progression and
metastasis. In response to chemotactic stimuli, actin polymerization
at the front of the cell drives the formation of membrane protru-
sions, referred to as lamellipodia. Subsequently, lamellipodia are
stabilized by attachment to the extracellular matrix through integ-
rin-mediated adhesion complexes. Once coupled to adhesion com-
plexes, the actin cytoskeleton can then generate the forces
necessary to translocate the cell body forward."

The majority of chemotactic stimuli, including the chemo-
tactic cytokines (chemokines), bind to cell surface receptors
that belong to the G protein-coupled receptor (GPCR) super-
family. As a prototypical chemokine receptor, the GPCR
named CXCR4 (C-X-C motif chemokine receptor 4) has
received much attention. Activation of CXCR4 by its ligand,
CXCLI12 (C-X-C motif chemokine ligand 12), has been shown
to play a crucial role in the chemotaxis of many cell types
including leucocytes, endothelial cells, neurons>* and a wide
range of cancer cells.*”> Although not fully elucidated, the sig-
naling mechanisms by which CXCR4 promotes cell migration
appear to involve the coordinated activation of the small

GTPases RAC and RHOA, which participate in the formation
of lamellipodia and contractile actin-myosin filaments.® Besides
“classical” chemokine receptors, several other GPCRs display
chemotactic activity. This includes receptors for bioactive lip-
ids, and for vasoactive peptides such as angiotensin II, EDNs/
endothelins and UTS2 (urotensin 2). UTS2 is the most potent
vasoactive peptide identified so far, and binding of UTS2 to its
cognate GPCR, UTS2R (urotensin 2 receptor), stimulates the
migration of glioma cells,” fibroblasts,® endothelial progenitor
cells,” monocytes,'” LNCaP prostatic'' and colon cancer cells.'”
Importantly, UTS2-induced migration of glioma cells, endothe-
lial progenitors and LNCaP requires the activation of
RHOA,”>'" pointing to the idea that CXCR4 and UTS2R
engage similar signaling mechanisms during chemotaxis.
Macroautophagy (hereafter referred to as autophagy) is an evo-
lutionarily conserved lysosomal pathway involved in the degrada-
tion of long-lived proteins and cytoplasmic organelles. This
process, which is essential for normal turnover of cellular compart-
ments, is upregulated in response to nutrient starvation. One of the
first events in autophagy is the formation of the phagophore. The
edges of these phagophore membranes elongate and thereby engulf
portions of cytoplasm. After the scission of the membrane edges,
the structure becomes a completed autophagosome, which later
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fuses with lysosomes, resulting in the degradation of its lumenal
content. Several highly conserved autophagy-related (ATG) pro-
teins that function at key steps in the autophagy process have been
identified."” Initiation of the phagophore requires the BECN1/
Beclin 1-containing class III phosphatidylinositol 3-kinase
(PtdIns3K) complex, generation of phosphatidylinositol 3-phos-
phate (PtdIns3P), and recruitment of the PtdIns3P-binding protein
called WIPIL." WIPI1 in turn recruits the ATGI2-ATGS5-
ATGI6L1 ternary complex, along with phosphatidylethanol-
amine-conjugated MAP1LC3B/LC3B (LC3B-II), which are essen-
tial for elongation of the phagophore membrane. Whereas the
ATGI12-ATG5-ATG16L1 complex decorates the phagophore and
dissociates after completion of autophagosome formation,' part of
LC3B-II  remains  associated  with  fully = formed
autophagosomes.'®"”

Numerous membrane sources are involved in the formation
of autophagosomes, including the endoplasmic reticulum,'®°
mitochondria,”® and plasma membrane,* ">’ suggesting that
autophagy closely intersects with and depends on various
membrane trafficking events inside the cell. Regarding the
plasma membrane, it has been demonstrated that clathrin-
mediated  endocytosis  induces the formation of
ATG5-ATG16L1-positive vesicles, which traffic through recy-
cling endosomes and ultimately fuel the phagophore.*"**

Autophagic activity has been shown to play a role in cell
migration.”* % Nevertheless, the functional connection between
these 2 fundamental processes is still elusive, and the impact of
chemotactic GPCRs on the autophagy machinery remains
largely unexplored. Several lines of data demonstrated the auto-
phagic degradation of key proteins involved in the initiation
and maturation of adhesion complexes, such as integrins,*
RHOA,” PXN (paxillin),*® the SRC kinase,**** VCL (vinculin)
and ZYX (zyxin).”' We found here that ligand-induced activa-
tion of 2 chemotactic GPCRs, CXCR4 or UTS2R, triggers a
marked reduction in the biogenesis of autophagosomes. Che-
motactic GPCRs do not affect the early intracellular events of
autophagy, such as class III PtdIns3K activity, but strongly
reduce the targeting of ATGI6L1 to pre-autophagosomal
vesicles forming from the plasma membrane. We further dem-
onstrated that the anti-autophagic activity of CXCR4 and
UTS2R depends on the activation of CAPNs/calpains, favors
the formation of adhesion complexes at lamellipodia and is
required for chemotactic migration. Collectively, our data,
obtained with 2 GPCRs and in 2 cell lines (HEK-293 and U87
glioma cells), lead us to propose that inhibition of autophagy
represents a hallmark of chemotaxis and constitutes a necessary
event for the maintenance of adequate pools of phospholipids
and adhesion-complex proteins at the front of migrating cells.

Results

Activation of chemotactic GPCRs inhibits autophagosome
biogenesis

We first evaluated autophagic activity by the use of the Cyto-ID
autophagy dye, which has been shown to specifically bind to auto-
phagosomal membranes.*” Cell fluorescence intensity, measured
by flow cytometry, therefore correlates with the amount of auto-
phagosomes.”> HEK-293 cells were transiently transfected with
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cDNAs encoding human CXCR4 or UTS2R, and treated with
CXCLI12 or UTS?2, respectively. As shown in Figure 1A, activation
of chemotactic GPCRs with their respective ligands significantly
reduced Cyto-ID labeling, indicating a reduction in the total
number of autophagosomes. This effect could be due to either a
decrease in the flux of autophagosome biogenesis, or an increase in
the turnover of autophagosomes due to activation of the lysosomal
pathway. To distinguish between these 2 possibilities, we compared
the effects of each ligand alone, or in combination with chloroquine
(CQ), alysosomotropic agent that neutralizes the acidic pH of lyso-
somes, thereby preventing autophagosome turnover.'” As expected,
CQ treatment, by inducing accumulation of autophagosomes,
evoked an increase in Cyto-ID labeling (Fig. 1B). CXCL12 or UTS2
treatment reduced Cyto-ID labeling to a similar extent in the
absence or presence of CQ, indicating that the effects of the ligands
likely correspond to inhibition of autophagosome biogenesis.

We next assessed autophagic activity by the use of enhanced
green fluorescent protein (EGFP)-LC3B. LC3B protein is a well-
established effector of autophagy and a bona fide marker for auto-
phagosomes.”>** Punctate EGFP-LC3B staining provides a mea-
sure of ongoing autophagy because it marks the successful
processing of a cytosolic form, EGFP-LC3B-, to EGFP-LC3B-1I, a
phospholipid-conjugated form that is targeted to phagophore
membranes. We found that, in control conditions, the low number
of EGFP-LC3B dots per cell precluded the accurate determination
of UTS2 or CXCL12’s inhibitory effects. Nevertheless, prevention
of autophagosome degradation by the use of CQ evoked, as
expected, a marked increase in the number of EGFP-LC3B puncta
(Fig. 1C and 1D). Treatment with CXCL12 (Fig. 1C) or UTS2
(Fig. 1D) partially prevented the accumulation of the EGFP-LC3B-
labeled autophagosomes in the presence of CQ, confirming that
chemotactic receptors engage an intracellular signaling pathway
leading to inhibition of autophagosome biogenesis. We next evalu-
ated autophagosome accumulation in the presence of CQ, at steady
state (Dulbecco’s modified Eagle’s medium [DMEM] with 10%
serum), or upon serum starvation (Hank’s balanced salt solution
[HBSS] medium), a condition that stimulates autophagic flux. Acti-
vation of CXCR4 or UTS2R with their respective ligands markedly
reduced the formation of EGFP-LC3B puncta in cells maintained
in both complete or starvation medium (Fig. 1E), indicating that
chemotactic GPCRs are able to inhibit autophagosome biogenesis
under basal or stimulated conditions.

For further proof of CXCL12- and UTS2-evoked inhibition
of autophagy, we performed an immunocytochemical analysis
of endogenous SQSTM1/p62 levels. SQSTMI is a ubiquitously
expressed protein that can bind to ubiquitinated substrates and
to LC3B on phagophores, and is itself degraded by
autophagy.’>* Therefore, impaired autophagy is accompanied
by the accumulation of SQSTMI in the cytosol, and formation
of SQSTM1-ubiquitinated protein aggregates.”” As expected, a
6-h treatment with CXCL12 (Fig. 1F) or UTS2 (Fig. 1G) evoked
a significant increase in SQSTM1 immunolabeling, which dis-
played a punctate pattern, reminiscent of cytosolic aggregates.

CXCR4- and UTS2R-evoked inhibition of autophagy is not
relayed by MTOR kinase and the class Il Ptdins3K complex

As a first step to determine the signaling pathway relaying
the anti-autophagic effect of CXCR4 and UTS2R, we next
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checked whether CXCL12 or UTS2 had an effect on PP242-
induced autophagy. PP242 stimulates autophagy through
inhibition of MTOR (mechanistic target of rapamycin [ser-
ine/threonine kinase]).*® In line with starvation-related
results, EGFP-LC3B dot formation was markedly increased
after incubation with PP242 (Fig. 2A and 2B). Activation of
CXCR4 (Fig. 2A) or UTS2R (Fig. 2B) strongly reduced the
effects of PP242 on EGFP-LC3B staining. These data were
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Figure 1. For figure legend, see next page.
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confirmed by the use of the Cyto-ID autophagy fluorescent
probe. Treatment of cells with PP242 evoked an increase in
Cyto-ID labeling, consistent with autophagy induction, and
this effect was reversed by cotreatment with CXCL12 or
UTS2 (Fig. S1). The fact that chemotactic GPCRs can still
exert potent anti-autophagic activity in the presence of
MTOR inhibitors suggests that they act downstream of this
kinase.

-
I
i
o}
y
»
S
b3

-
o
=

=)
2
ce

(% of control)
(% of control)
2
2

o
i
fit

o
-

Median fluorescence intensit;

cQ+CXCL12

w
=3

[N
=]

puncta per cell

Number of EGFP-LC3B
=

N
o

- )
o =]

Number of EGFP-LC3B
puncta per cell
s

Q * DMEM 2 * HBSS

3 _ 60 * DMEM+UTS2 O _ gg = HBSS+UTS2

I3 E ] o
4 s

& 840 g

it « 8 40

oo o o

§520 85 20

23 g2

E o 5 o0

z 01 2 4 [ z 01 2 4 6

Time (hours) Time (hours)

250

200

-
o
o

SQSTM1 immunoreactivity
(% of control)
=
=3

o
o

o



Following MTOR inhibition, formation of the phagophore
requires the recruitment of the BECNI1-containing class III
PtdIns3K complex, generation of PtdIns3P and recruitment of
the PtdIns3P-binding protein called WIPI1."* Quantification of
WIPI1 puncta can then be used to monitor autophagy initia-
tion, and constitutes an indicator of class III PtdIns3K activ-
ity.'"* As a validation step, we first monitored the number of
humanized recombinant (hr)GFP-WIPI1 puncta upon treat-
ment of HEK-293 cells with a class III PtdIns3K inhibitor, 3-
methyladenine (3-MA), the autophagy inducer PP242, or a
combination of both drugs. As expected, treatment with 3-MA
significantly decreased, whereas PP242 significantly increased,
the number of hrGFP-WIPI1 puncta (Fig. 2C). Cotreatment of
PP242 with 3-MA abolished the effect of PP242 (Fig. 2C),
which is in agreement with the sequential involvement of
MTOR and the class III PtdIns3K in autophagosome biogene-
sis. Treatment of HEK-293 cells with CXCL12 or UTS2 had no
effect on the number of hrGFP-WIPI1 fluorescent dots, under
basal conditions or following autophagy induction by PP242
(Fig. 2D and 2E). These data strongly suggest that chemotactic
GPCRs exert their effects independently of the class III
PtdIns3K and recruitment of WIPI1 to the phagophore.

Chemotactic GPCRs inhibit the recruitment of ATG16L1 to
pre-autophagosomal endocytic vesicles

Recruitment of WIPII to the phagophore allows in turn the
recruitment of additional proteins of the autophagy machinery,
i.e. the ATG12-ATG5-ATGI16L1 ternary complex and LC3B.
Previous data indicated that endocytic formation of ATG16L1-
ATGS5-positive vesicles from the plasma membrane plays a key
role during autophagy induction, by providing a source of
phospholipids to the forming autophagosome membrane.*"**
We therefore hypothesized that activation of chemotactic
GPCRys, at the plasma membrane, may locally affect the forma-
tion of these pre-autophagosomal vesicles.

We first tested in our model the importance of endocytosis
in the formation of autophagosomes by blocking the scission of
endocytic vesicles with Dynasore, an inhibitor of DNM/dyna-
min.* Treatment of HEK-293 cells with Dynasore prevented
the CQ-dependent accumulation of EGFP-LC3B puncta
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(Fig. 3A), indicating that, in agreement with previous reports,*'
endocytic activity was required for the biogenesis of autophago-
somes. ATG16L1 has been previously shown to form a com-
plex, via the AP2/adaptin complex, with CLTC (clathrin heavy
chain) and to accumulate at the plasma membrane following
Dynasore treatment.”’ Accordingly, we observed, in the pres-
ence of Dynasore, an increase in the number of ATG16L1-posi-
tive structures, located at the plasma membrane (Fig. 3B and
3C; Fig. S2). Activation of CXCR4 or UTS2R with their respec-
tive ligands inhibited the Dynasore-induced accumulation of
ATGI16L1-positive structures (Fig. 3D), suggesting that chemo-
tactic GPCRs exert their anti-autophagic action by reducing the
targeting of ATG16L1 to these pre-autophagosomal vesicles.

The anti-autophagic effects of chemotactic GPCRs depend
on ATG5

Previous studies have identified a membrane binding site on
ATG5" and revealed that recruitment of ATG16L1 to mem-
branes is highly dependent on ATG5.*> We therefore wondered
whether chemotactic GPCR activation could inhibit the recruit-
ment of ATG16L1 to endocytic vesicles by altering the function
of ATG5. As a first step, we tested if siRNA knockdown of
ATG5 could mimic the effects of chemotactic GPCR activation.
In order to make sure that siRNA effects would not be due to
off-target effects, we performed experiments with 4 indepen-
dent siRNAs interacting with different regions of the ATG5
transcript. Effectiveness of each siRNA was verified by RT-
qPCR (Fig. S3A) and western blot analyses (Fig. S3B). As
expected and in agreement with previous reports,*' the knock-
down of ATG5 reduced the biogenesis of autophagosomes, as
evaluated by the accumulation of EGFP-LC3B puncta following
CQ treatment (Fig. 4A), and reduced autophagic flux, as evalu-
ated by analysis of SQSTM1 levels (Fig. S3C). We next tested
the involvement of ATG5 in ATGI16L1-targeting to endocytic
vesicles. As was the case for chemotactic GPCR activation,
siRNA knockdown of ATGS5, using any of the individual siR-
NAs, markedly reduced the Dynasore-induced accumulation of
ATGI6L1-positive structures at the plasma membrane
(Fig. 4B), indicating that ATGS5 is required to initiate the for-
mation of pre-autophagosomal vesicles from this compartment.

Figure 1. (See previous page) CXCR4 and UTS2R inhibit autophagosome biogenesis. (A) HEK-293 cells expressing CXCR4 (left panels) or UTS2R (right panels) were treated
(24 h) with the respective ligands (CXCL12, 1078 M; UTS2, 10~° M). After treatment, cells were incubated with the Cyto-ID autophagy dye and fluorescence intensity was
measured by flow cytometry. Data shown are cytometric profiles of a representative sample of each experimental group (10,000 cells per sample). a.u., arbitrary units;
MFI, median fluorescence intensity; unlabeled, background signal without Cyto-ID incubation. Histograms show the average MFI £ SEM (n = 4; 10,000 cells per sample).
(B) HEK-293 cells expressing CXCR4 (left panel) or UTS2R (right panel) were treated (24 h) with the respective ligands (CXCL12, 1078 M; UTS2, 10~° M), with or without
chloroquine (CQ; 5 x 10~ M), as indicated. After treatment, cells were incubated with the Cyto-ID autophagy dye and fluorescence intensity was measured by flow
cytometry. Data are expressed as median fluorescence intensity & SEM (n = 4; 10,000 cells per sample). (C) HEK-293 cells expressing CXCR4 and the fluorescent protein
EGFP-LC3B were treated (6 h) with or without CXCL12 (10~ M) and chloroquine (5 x 10~ M), as indicated. Cells were fixed and the number of EGFP-LC3B fluorescent
dots per cell was quantified on confocal images. Data represent means + SEM, from at least 100 cells per group. Scale bars: 10 wm. (D) HEK-293 cells expressing UTS2R
and the fluorescent protein EGFP-LC3B were treated (6 h) with or without UTS2 (107 M) and chloroquine (5 x 107> M), as indicated. Cells were fixed and the number of
EGFP-LC3B fluorescent dots per cell was quantified as in (C). Scale bars: 10 .um. (E) Left 2 panels: HEK-293 cells expressing CXCR4 and the fluorescent protein EGFP-LC3B
were pretreated (1 h) with chloroquine (5 x 10> M), then placed in either rich (DMEM, 10% serum) or nutrient-deprived (HBSS) media containing chloroquine, and
treated with or without CXCL12 (1078 M) for the indicated times. After incubations, cells were fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified
as in (C). Right 2 panels: HEK-293 cells expressing UTS2R and the fluorescent protein EGFP-LC3B were pretreated (1 h) with chloroquine (5 x 107> M), then placed in either
rich (DMEM, 10% serum) or nutrient-deprived (HBSS) media containing chloroquine, and treated with or without UTS2 (102 M) for the indicated times. After incubations,
cells were fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified as in (C). (F) HEK-293 cells expressing CXCR4 were treated (6 h) with or without
CXCL12 (1078 M). Cells were fixed and labeled with an anti-SQSTM1/p62 antibody (green). For each photographic field, SQSTM1 immunoreactivity was quantified and
normalized to the number of nuclei (DAPI stained, blue). Data represent means + SEM from 10 photographic fields per group. Scale bars: 20 um. (G) HEK-293 cells
expressing UTS2R were treated (6 h) with or without UTS2 (107° M). Cells were fixed and SQSTM1 immunoreactivity was measured as in (F). Scale bars: 20 ;«m. Statistical
significance was evaluated using a Mann and Whitney test (A, B, F, G) or an unpaired t test (C, D, E). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not statistically different.
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Figure 2. CXCR4- and UTS2R-evoked inhibition of autophagy does not depend on regulation of MTOR kinase or recruitment of WIPI1 to the phagophore. (A) HEK-293 cells
expressing CXCR4 and the fluorescent protein EGFP-LC3B were treated (6 h) with or without CXCL12 (1078 M), and the MTOR inhibitor PP242 (10~° M), as indicated. Cells
were fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified in confocal images. Data represent means + SEM, from at least 100 cells per group. (B)
HEK-293 cells expressing UTS2R and the fluorescent protein EGFP-LC3B were treated (6 h) with or without UTS2 (107° M), and the MTOR inhibitor PP242 (10 M), as indi-
cated. Cells were fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified as in (A). (C) HEK-293 cells expressing the fluorescent protein hrGFP-WIPI1
were treated (4 h) with or without 3-MA (10~2 M), a class Il Ptdins3K inhibitor, and PP242 (10~% M), as indicated. Cells were fixed and the number of hrGFP-WIPI1 fluores-
cent dots per cell was quantified on confocal images. Data represent means + SEM, from at least 100 cells per group. (D) HEK-293 cells expressing CXCR4 and the fluores-
cent protein hrGFP-WIPIT were treated (6 h) with or without CXCL12 (1078 M) and PP242 (10~° M), as indicated. Cells were fixed and the number of hrGFP-WIPI1
fluorescent dots per cell was quantified as in (C). (E) HEK-293 cells expressing UTS2R and the fluorescent protein hrGFP-WIPI1 were treated (6 h) with or without UTS2
(1072 M) and PP242 (10 M), as indicated. Cells were fixed and the number of hrGFP-WIPI1 fluorescent dots per cell was quantified as in (C). Statistical significance was

evaluated in all experiments using an unpaired t test. “*P < 0.01; ***P < 0.001; ns, not statistically different. Scale bars: 10 m.
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(A). ™*P < 0.001; ns, not statistically different.

We next tested whether CXCL12 or UTS2 treatment
could affect the subcellular localization of ATG5. Under
control conditions, immunodetection of a MYC-tagged
ATG5 showed that a significant fraction of this protein
localized at the plasma membrane (Fig. 4C). Quantification
of the “plasma membrane/whole cell” immunoreactive sig-
nal ratio revealed that CXCR4 and UTS2R activation
reduced the pool of ATG5 protein localized at the plasma
membrane (Fig. 4C). To rule out potential misinterpretation
due to volume variations at the cell periphery, we per-
formed confocal stack acquisitions and z-reconstructions on
MYC-ATGS5-labeled cells (Fig. S4). We also quantified the
amounts of plasma membrane-localized CDH2 (cadherin 2)
and found that they were not significantly affected by
CXCLI12 or UTS2 treatments (Fig. 4D). Together, our data
support the view that chemotactic GPCRs inhibit autophagy
by hindering the ability of ATG5 to bind the plasma mem-
brane. It should be noted that these effects were not depen-
dent on the energy status of the cells, since they were
observed in either DMEM (Fig. 4C), DMEM complemented
with 10% serum or starvation (HBSS) medium (Fig. S5A
and S5B).

In order to further evaluate this regulatory role of ATG5,
we attempted to block the anti-autophagic effects of CXCR4

or UTS2R by overexpressing recombinant ATG5. We first
evaluated the impact of ATG5 overexpression on autopha-
gic flux, estimated by the quantification of SQSTM1 immu-
noreactivity. Interestingly, in the absence of chemotactic
factors, SQSTM1 immunoreactivity was not modified by the
overexpression of ATG5 (Fig. S6A), suggesting that ATG5
does not constitute a limiting factor under these conditions.
However, CXCR4- or UTS2R-induced inhibition of auto-
phagic flux, revealed by a marked increase in SQSTM1
immunoreactivity, was efficiently blocked by overexpression
of ATGS5. These data, obtained in either DMEM (Fig. S6A),
DMEM complemented with 10% serum, or starvation
(HBSS) medium (Fig. S6B and S6C), suggest that activation
of chemotactic GPCRs hinders ATG5 function which then
becomes limiting for autophagic activity.

We next investigated the effect of ATG5 overexpression
on the biogenesis of autophagosomes, estimated by the
accumulation of EGFP-LC3B puncta in the presence of CQ.
Overexpression of ATG5 abolished the inhibitory effects of
chemotactic GPCRs on the biogenesis of mature autophago-
somes and, once again, these effects were observed in either
DMEM (Fig. 4E), DMEM complemented with 10% serum
or starvation (HBSS) medium (Fig. S7A and S7B). As a neg-
ative control, we performed experiments with a lysine
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Figure 4. The anti-autophagic effects of chemotactic GPCRs depend on ATG5. (A) HEK-293 cells were transfected with a vector encoding EGFP-LC3B, together with one of
the 4 siRNAs directed against ATG5 (siATG5-1, siATG5-2, siATG5-3 and siATG5-4) or with nontargeting siRNA (siCont). Cells were placed in DMEM without serum for 6 h with
or without chloroquine (CQ; 5 x 10> M), fixed, and the number of EGFP-LC3B fluorescent dots per cell was quantified in confocal images. Data represent means =+ SEM,
from at least 100 cells per group. (B) HEK-293 cells transfected with one of the 4 siRNAs directed against ATG5 (SIATG5-1, SiATG5-2, siATG5-3, siATG5-4) or with nontarget-
ing siRNA (siCont) were starved in HBSS for 1 h with or without Dynasore (Dyn; 10~* M), fixed and labeled with an anti-ATG16L1 antibody. For each photographic field,
the number of ATG16L1-positive structures was quantified and normalized to the number of nuclei. Data represent means & SEM from 15 photographic fields per group.
(C) HEK-293 cells expressing MYC-ATG5 together with CXCR4 (left panels) or UTS2R (right panels) were placed in DMEM without serum for 1 h with the respective ligands
(CXCL12, 1078 M; UTS2, 10~° M). Cells were fixed and labeled with an anti-MYC antibody. For each photographic field, the fraction of MYC-ATGS5 protein localized at the
plasma membrane was evaluated. Data represent means £ SEM from 15 photographic fields per group. Scale bars: 10 pm. (D) HEK-293 cells expressing MYC-ATG5
together with CXCR4 (left panels) or UTS2R (right panels) were placed in DMEM without serum for 1 h with the appropriate ligand (CXCL12, 1078 M; UTS2, 10~° M). Cells
were fixed and labeled with an anti-CDH2 antibody. For each photographic field, the fraction of CDH2 protein localized at the plasma membrane was evaluated. Data rep-
resent means £ SEM from 15 photographic fields per group. Scale bars: 10 um. (E) HEK-293 cells were transfected with EGFP-LC3B, together with either ATG5, the
ATG5*"3% mutant or an empty vector, and either CXCR4 (left panel) or UTS2R (right panel). Cells were placed in DMEM without serum for 6 h with or without chloroquine
(5 x 107> M) and CXCL12 (1078 M, left panel) or UTS2 (10~° M, right panel). Cells were fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified as in
(A). (F) HEK-293 cells were transfected with ATG5 or an empty vector together with CXCR4 (left panel) or UTS2R (right panel). Cells were starved in HBSS for 1 h with or with-
out Dynasore (107* M) and CXCL12 (1078 M, left panel) or UTS2 (107° M, right panel). Cells were fixed and the number of ATG16L1-positive structures was quantified as in
(B). Statistical significance was evaluated using a Mann and Whitney test (B, C, D, F) or an unpaired t test (A, E). P < 0.05; “**P < 0.001; ns, not statistically different.

mutant of ATG5 (ATG5%"*°%), which cannot be conjugated positive structures were completely abolished in cells over-
with ATG12, hence making it autophagy-incompetent. As expressing ATG5 (Fig. 4F).

expected, overexpression of the ATG5*"*°® mutant did not
interfere with the inhibitory effects of chemotactic GPCRs
on autophagosome biogenesis (Fig. 4E, S7A and S7B).

We next evaluated the effects of ATG5 overexpression on
the formation of pre-autophagosomal vesicles from the Several CAPN substrates, such as the clathrin adaptors
plasma membrane and we found that the inhibitory effects PICALM and the AP2 complex, participate in the formation of
of CXCL12 or UTS2 on the accumulation of ATGI6L1- pre-autophagosomal vesicles from the plasma membrane.*"*

Activation of CAPNs/calpains is a critical relay in the anti-
autophagic effects of chemotactic GPCRs
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Figure 5. The anti-autophagic effects of chemotactic GPCRs depend on CAPN activation. (A) HEK-293 cells expressing CXCR4 (left panel) or UTS2R (right panel) were
treated (1 h) with the respective ligands (CXCL12, 1078 M; UTS2, 10° M), with or without ALLN (10~° M), as indicated. For each group, CAPN activity was measured using
the BOC-LM-CMAC fluorescence assay. Data represent means = SEM from 20 photographic fields per group. (B) HEK-293 cells expressing CXCR4 (left panel) or UTS2R
(right panel) were starved in HBSS for 1 h in the absence or presence of Dynasore (Dyn; 10=* M), ALLN (107 M) and CXCL12 (1078 M, left panel) or UTS2 (10~° M, right
panel) as indicated. Cells were fixed and labeled with an anti-ATG16L1 antibody. For each photographic field, the number of ATG16L1-positive structures was quantified
and normalized to the number of nuclei. Data represent means 4 SEM from 15 photographic fields per group. (C) HEK-293 cells expressing MYC-ATG5 together with
CXCR4 (left panel) or UTS2R (right panel) were placed in DMEM without serum for 1 h with the respective ligands (CXCL12, 1078 M; UTS2, 10~° M), with or without ALLN
(107 M), as indicated. Cells were fixed and labeled with an anti-MYC antibody. For each photographic field, the fraction of MYC-ATGS5 protein localized at the plasma
membrane was evaluated. Data represent means &= SEM from 15 photographic fields per group. (D) HEK-293 cells expressing EGFP-LC3B together with CXCR4 (left panel)
or UTS2R (right panel) were placed in DMEM without serum for 6 h, with or without chloroquine (CQ, 5 x 10~° M), ALLN (107° M) and CXCL12 (108 M, left panel) or
UTS2 (1072 M, right panel) as indicated. Cells were then fixed and the number of EGFP-LC3B fluorescent dots per cell was quantified in confocal images. Data represent
means £ SEM, from at least 100 cells per group. (E) HEK-293 cells expressing Flag-CAPN1 together with CXCR4 (left panels) or UTS2R (right panels) were placed in DMEM
without serum for 1 h with the respective ligands (CXCL12, 1078 M; UTS2, 10~° M). Cells were fixed and labeled with an anti-Flag antibody. For each photographic field,
the fraction of Flag-CAPN1 protein localized at the plasma membrane was evaluated. Data represent means 4= SEM from 15 photographic fields per group. Scale bars:
10 em. (F) HEK-293 cells expressing Flag-CAPN2 together with CXCR4 (left panels) or UTS2R (right panels) were placed in DMEM without serum for 1 h with the respective
ligands (CXCL12, 108 M; UTS2, 10~° M). Cells were fixed and labeled with an anti-Flag antibody. For each photographic field, the fraction of Flag-CAPN2 protein localized
at the plasma membrane was evaluated. Data represent means 4= SEM from 15 photographic fields per group. Scale bars: 10 pm. (G) HEK-293 cells expressing MYC-ATG5
together with CXCR4 (left panel) or UTS2R (right panel) were placed in DMEM without serum for 1 h with the respective ligands (CXCL12, 1078 M; UTS2, 102 M), with or
without EGTA (5 x 10~3 M), as indicated. Cells were fixed and the fraction of MYC-ATG5 protein localized at the plasma membrane was evaluated as in (C). Statistical sig-
nificance was evaluated using a Mann and Whitney test (A, B, C, E, F, G) or an unpaired t test (D). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not statistically different.
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In vivo and in vitro experiments also identified ATG5,** as

well as ATG3, ATG4, ATG7, ATGY, ATG10, ATGI12 and
BECNT1 as direct CAPN substrates.*>** Moreover, CAPNs par-
ticipate in many aspects of chemotactic migration, including
cell spreading and formation of adhesion complexes,”” and
CXCR4 has already been shown to activate CAPNs in
neurons.*® This prompted us to evaluate whether the anti-
autophagic effects of chemotactic GPCRs could be relayed by
the activation of CAPNs. We first evaluated CAPN activity in
HEK-293 cells using the BOC-LM-CMAC fluorescence assay.
By using this approach, we detected an increase in CAPN activ-
ity after exposure of cells to either CXCL12 or UTS2 (Fig. 5A).
This effect was blocked by co-incubation with the CAPN inhib-
itor ALLN, thus validating the specificity of the assay (Fig. 5A).
We next examined the consequence of CAPN inhibition on the
GPCR anti-autophagic effects described so far. The inhibitory
effects of CXCL12 or UTS2 on the accumulation of ATG16L1-
positive structures, or on MYC-ATG5 localization at the
plasma membrane, were completely abolished by co-incubation
with the CAPN inhibitor ALLN (Fig. 5B and 5C). We next
investigated the involvement of CAPNs on the formation of
mature autophagosomes by the use of the EGFP-LC3B marker.
CXCLI12 or UTS2 treatment significantly reduced the number
of EGFP-LC3B puncta upon autophagy induction, and
co-incubation with the CAPN inhibitor ALLN totally reversed
these effects (Fig. 5D). Consistent with these results, siRNAs
directed against either CAPNI (calpain 1) or CAPN2 (calpain
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2) also blocked the anti-autophagic actions of CXCL12 or
UTS2 (Fig. S8, S9 and S10). Selective knockdown of the appro-
priate CAPN isoform with each siRNA was successfully con-
firmed by RT-qPCR and western blot analyses (Fig. S11).

Since GPCR-induced activation of CAPNs reduces the pool
of plasma membrane-localized ATGS5, recruitment of CAPNs
at plasma membrane subdomains may be critical in suppress-
ing the formation of pre-autophagosomal vesicles. We there-
fore monitored the impact of CXCR4 or UTS2R activation on
the subcellular localization of CAPN1 and CAPN2. In the
absence of chemotactic factors, significant amounts of
Flag-tagged CAPNI1 and Flag-tagged CAPN2 were observed at
the cell periphery (Fig. 5E and 5F). Although activation of
CXCR4 or UTS2R did not seem to affect the subcellular distri-
bution of Flag-CAPN1 (Fig. 5E), activation of either one of the
receptors markedly increased the amounts of Flag-CAPN2
localized at the plasma membrane (Fig. 5F). Recruitment of
CAPN2 at the plasma membrane through its PtdIns(4,5)P,
binding domain facilitates its access to specific substrates* !
and allows its activation by local increases in calcium concen-
tration resulting from calcium influxes.’”> We therefore tested
the effects of extracellular calcium chelation by bathing cells in
5 mM EGTA. In the absence of chemotactic factors, incubation
of cells with EGTA significantly increased the amounts of
plasma membrane-localized MYC-ATG5 (Fig. 5G). Moreover,
EGTA treatment blocked the inhibitory effects of CXCL12 or
UTS2 on the localization of MYC-ATG5 at the plasma
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Figure 6. Inhibition of autophagy is required for CXCR4- or UTS2R-induced chemotaxis. (A) HEK-293 cells expressing CXCR4 (left panel) or UTS2R (right panel) were loaded
in the upper chamber of transwells in DMEM without serum, containing or not the respective ligands (CXCL12, 1078 M; UTS2, 10~° M) in the upper or lower chamber, as
indicated. After 24 h, cells that migrated onto the lower surface of the membrane were fixed, stained and counted. Data represent means = SEM (n = 6). (B) HEK-293 cells
expressing CXCR4 (left panel) or UTS2R (right panel) were pre-incubated (1 h) with ALLN (107° M), then loaded in the upper chamber of transwells, in DMEM without
serum containing ALLN (107 M) in the upper and bottom chambers, and the respective ligands (CXCL12, 1078 M; UTS2, 10~° M) in the lower chamber. After 24 h, cell
migration was quantified as in (A). (C) HEK-293 cells were transfected with CXCR4 (left panel) or UTS2R (right panel), together with either siRNA targeting CAPN1 (siCAPNT),
CAPN2 (siCAPN2) or with nontargeting siRNA (siCont). Cells were then loaded in the upper chamber of transwells in DMEM without serum, containing or not the respective
ligands (CXCL12, 1078 M; UTS2, 10~° M) in the lower chamber. After 24 h, cell migration was quantified as in (A). (D) HEK-293 cells were transfected with CXCR4 (left panel)
or UTS2R (right panel), together with ATG5 or an empty vector. Cells were loaded in the upper chamber of transwells in DMEM without serum, containing or not the
appropriate ligand (CXCL12, 1078 M; UTS2, 10~° M) in the lower chamber. After 24 h, cell migration was quantified as in (A). Statistical significance was evaluated in all
experiments using a Mann and Whitney test. *P < 0.05; **P < 0.01; ns, not statistically different.



membrane (Fig. 5G), reinforcing the hypothesis that local acti-
vation of CAPNs at the plasma membrane relays the anti-auto-
phagic effects of the receptors.

We finally examined whether activation of CXCR4 or
UTS2R could directly induce the CAPN-dependent cleavage of
ATGS in HEK-293 cells. By western blot analyses, we were not
able to detect any ATG5 truncation product following activa-
tion of the receptors (data not shown), suggesting that CAPNs
may reduce the pool of plasma membrane-localized ATG5 in
an indirect manner, through the cleavage of yet unidentified
proteins facilitating ATG5 anchoring.

The anti-autophagic properties of CXCR4 and UTS2R
are required for chemotaxis and formation of
adhesion complexes

We next evaluated the directional migration of HEK-293 cells
using a transwell chemotaxis assay, in which cells loaded in the
upper chamber of the transwell migrate toward the bottom
chamber containing the chemoattractant. A gradient of
CXCL12 or UTS2 significantly stimulated the migration of
HEK-293 cells expressing CXCR4 or UTS2R, respectively
(Fig. 6A; Fig. S12). We verified that these effects correspond to
chemotaxis rather than stimulation of chemokinesis (random
motility) by disrupting the gradients of ligands. Addition of
equal concentrations of CXCLI12 or UTS2 in the upper and
lower chambers of the transwells abolished the stimulatory
effects of the ligands (Fig. 6A).

We next tested the effect of the CAPN inhibitor ALLN on
cell migration. Treatment of cells with ALLN totally suppressed
chemotaxis induced by CXCL12 or UTS2 (Fig. 6B). To confirm
these results, we used siRNAs against CAPNI or CAPN2 and
we found that, similar to autophagy experiments, the knock-
down of either one of these isoforms suppressed the pro-migra-
tory properties of CXCL12 or UTS2 (Fig. 6C). Since CAPNs are
well-known regulators of chemotactic migration®” and may
exert their effects independently of autophagy modulation, we
next wanted to selectively interfere with the anti-autophagic
properties of CXCR4 or UTS2R by overexpressing ATGS.
HEK-293 cells overexpressing recombinant ATG5 did not dis-
play any chemotactic behavior toward CXCL12 or UTS2
(Fig. 6D), suggesting that inactivation of ATGS5 is required for
GPCR-induced chemotaxis.

Chemokines are thought to regulate cell migration by coor-
dinating the formation of adhesion complexes at the cell front.
We therefore tested the effect of chemotactic GPCRs on the
number of adhesion complexes, monitored by the immunode-
tection of the focal adhesion protein VCL. In control condi-
tions, CXCL12 or UTS2 treatments induced the accumulation
of VCL-positive adhesion complexes, mainly found at the
periphery of cell protrusions (Fig. 7A and 7B). Similar to che-
motactic experiments, overexpression of ATG5 (Fig. 7A and
7B), or CAPN inhibition using ALLN (Fig. 7C and 7D) totally
abolished the formation of adhesion complexes induced by
CXCL12 or UTS2. We also found that knockdown of ATG5
induced a significant increase in the number of VCL-positive
adhesion complexes, therefore mimicking the effect of CXCL12
and UTS2 treatments (Fig. 7E). It should be noticed that adhe-
sion experiments were performed in either DMEM (Fig. 7),
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DMEM with serum (Fig. S13) or starvation (HBSS) medium
(Fig. S14), and showed almost identical results in these 3 condi-
tions, indicating that these effects did not depend on the cells’
energy status.

Collectively, these data suggest that inhibition of autophagy by
CXCR4 or UTS2R favors the formation of adhesion complexes
and efficient attachment of protrusions to the substratum, a nec-
essary event for forward translocation of the cell body.

Inhibition of autophagy is required for chemotactic
migration of glioma cells

Chemotactic migration is a key aspect of many physiological
and pathological processes, including cancer progression.
Among chemotactic GPCRs, CXCR4 is the most recognized in
this process, and is involved in the growth, invasion and metas-
tasis of a wide range of malignant tumors, including gliomas.*”
Furthermore, it has recently been demonstrated that UTS2R
and UTS2 are highly expressed in fresh glioblastoma explants
as well as in glioma cell lines, and mediate chemotactic migra-
tion of these tumor cells.” We therefore examined whether
autophagy inhibition was, as in HEK-293 cells, a crucial step
for GPCR-induced chemotaxis of glioma cells.

Using the U87 human glioblastoma cell line, we first tested
the effects of CXCL12 or UTS2 on endogenous SQSTM1
expression levels. Similar to HEK-293 cells, treatment of U87
cells with CXCL12 or UTS2 significantly increased SQSTM1
immunolabeling, indicative of autophagic flux inhibition
(Fig. 8A and 8B). We next tested the effects of CXCL12 or
UTS2 on the number of autophagosomes in control conditions
and under CQ, using the EGFP-LC3B puncta method. Once
again, the low number of EGFP-LC3B-labeled autophagosomes
in control conditions hindered accurate assessment of the
effects of CXCLI12 (Fig. 8C). However, we observed significant
reduction in the number of EGFP-LC3B dots after a 6-h treat-
ment with UTS2 (Fig. 8C). As expected, prevention of autopha-
gosome degradation with CQ markedly increased the number
of EGFP-LC3B dots per cell. In these conditions, treatment of
cells with CXCL12 and UTS2 partially prevented autophago-
some accumulation (Fig. 8C), indicating that activation of these
chemotactic GPCRs also led to impaired autophagosome bio-
genesis in U87 cells.

We next tested whether overexpressing the ATG5 protein
could impede CXCR4- and UTS2R-induced chemotactic
migration of U87 cells. Using a transwell chemotaxis assay, we
first demonstrated that CXCL12 and UTS2 significantly stimu-
lated the migration of U87 cells (Fig. 8D), as previously
described.”*®> We verified that these effects corresponded to
chemotactic migration rather than chemokinesis, since addition
of equal concentrations of CXCL12 and UTS2 in both cham-
bers of the transwell abolished the stimulatory effects of the
ligands (Fig. 8D). As was the case in HEK-293 cells, overexpres-
sion of recombinant ATG5 in U87 cells annulled their chemo-
tactic behavior toward CXCL12 or UTS2 (Fig. 8E). We then
tested the effects of ATG5 overexpression on the number of
focal adhesion complexes in U87 cells. As expected, CXCL12
and UTS2 treatment induced the accumulation of VCL-labeled
adhesion complexes at the cell periphery, and overexpression
of ATGS reversed these effects (Fig. 8F).
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Figure 7. Inhibition of autophagy is required for CXCR4- or UTS2R-induced formation of adhesion complexes. (A) HEK-293 cells were transfected with CXCR4, together
with ATG5 or an empty vector. Cells were then placed in DMEM without serum for 1 h in the absence (Control) or presence of CXCL12 (1078 M). Cells were fixed and adhe-
sion complexes were labeled with an anti-VCL antibody (green). For each photographic field, adhesion complexes were quantified and normalized to the number of
nuclei (DAPI stained, blue). Data represent means + SEM from 15 fields per group. (B) HEK-293 cells were transfected with UTS2R together with ATG5 or an empty vector.
Cells were then placed in DMEM without serum for 1 h in the absence (Control) or presence of UTS2 (1072 M). Cells were fixed and adhesion complexes were quantified
as in (A). (C) HEK-293 cells expressing CXCR4 were placed in DMEM without serum for 1 h, in the absence (Control) or presence of CXCL12 (1078 M) and ALLN (107° M),
as indicated. Cells were fixed and adhesion complexes were quantified as in (A). (D) HEK-293 cells expressing UTS2R were placed in DMEM without serum for 1 h, in the
absence (Control) or presence of UTS2 (1072 M) and ALLN (106 M), as indicated. Cells were fixed and adhesion complexes were quantified as in (A). (E) HEK-293 cells
were transfected with one of the 4 siRNAs targeting ATG5 (siATG5-1, siATG5-2, siATG5-3, siATG5-4) or a nontargeting siRNA (siCont). After being placed in DMEM without
serum for 1 h, cells were fixed and adhesion complexes were quantified as in (A). Statistical significance was evaluated in all experiments using a Mann and Whitney test.
***P < 0.001; ns, not statistically different. Scale bars: 50 pm.

Discussion represents a key step in the formation of adhesion complexes

and efficient cell migration toward chemotactic stimuli. More-

Data presented in this study provide a new link between GPCR
signaling and the autophagy machinery. We found that activa-
tion of 2 chemotactic GPCRs, CXCR4 or UTS2R, inhibits a
very early phase of autophagosome biogenesis, i.e., the recruit-
ment of ATG16L1 protein to endocytic vesicles. We demon-
strated that this anti-autophagic role of CXCR4 and UTS2R

over, experiments done in U87 glioma cells, endogenously
expressing both CXCR4 and UTS2R, suggest that GPCR modu-
lation of autophagy may have a profound impact on the inva-
sive properties of cancer cells.

Few GPCRs have been shown to directly regulate autophagic
activity.>® This includes the amino-acid responsive TASIR1-



AUTOPHAGY (&) 2355

2 > 2001 **
2 ‘ 2
3 400 &
oz [l Eg 10
g =
£ O £ 8 100
E 5 200 E'S
= =
£ 100 g 80
» 0
o <]
b7 ol LI @ 0
& A P
OF & <2’
T S

Cont CXCL12 uTs2
#

o 3 Cont
8_ B . CXCL12
<9 A — = uTs2
78 e
% 5
me
- 8 40
]
cQ CQ+CXCL12 CQ+UTS2 E E
1 204
2 ns
04
-CQ +CQ
D — 400, ——"—— E =400 = 3 Cont
S s —  Hlcont g BN CXCL12
5 = B CXCL12 E_ | = uTS?
Q 300 B uTs2 o 300
9 u—
s °
= 2 5004 _ns
< 200 o ns
= _ns
s S
= =
2 100 5 1007
=] Z
s =
0 0 -
Upper chamber - - + - + Empty ATG5
Lower chamber - + + + + vector
157 o O Cont

Empty vector

Number of focal adhesion
complexes per cell

Empty ATGS
vector

ATGS

Figure 8. Inhibition of autophagy is required for chemotactic migration of U87 glioma cells. (A) U87 cells were treated (24 h) without (Cont) or with CXCL12 (1 078 M). Cells
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LC3B were treated (6 h) with or without CXCL12 (10~8 M), UTS2 (108 M) and chloroquine (CQ; 5 x 107> M), as indicated. Cells were fixed and the number of EGFP-LC3B
fluorescent dots per cell was quantified in confocal images. Data represent means £ SEM, from at least 100 cells per group. Scale bars: 20 m. (D) U87 cells were loaded
in the upper chamber of transwells containing DMEM without serum, with or without CXCL12 (1078 M) or UTS2 (10~ M) in the lower or upper chamber, as indicated.
After 24 h, cells that migrated onto the lower surface of the membrane were fixed, stained and counted. Data represent means &= SEM (n = 6). (E) U87 cells were trans-
fected with an ATG5 expression vector or an empty vector. Cells were loaded in the upper chamber of transwells containing DMEM without serum, with or without
CXCL12 (1078 M) or UTS2 (10~8 M) in the lower chamber. After 24 h, cell migration was quantified as in (A). Data represent means =+ SEM (n = 6). (F) U87 cells were trans-
fected with ATG5 or an empty vector. Cells were then placed in DMEM without serum for 1 h in the absence (Control) or presence of CXCL12 (1078 M) or UTS2 (102 M).
Cells were fixed and adhesion complexes were labeled with an anti-VCL antibody (green). For each photographic field, adhesion complexes were quantified and normal-
ized to the number of nuclei (DAPI stained, blue). Data represent means £ SEM from 15 fields per group. Scale bars: 50 wm. Statistical significance was evaluated using a
Mann and Whitney test (A, B, D, E, F) or an unpaired t test (C). “P < 0.05; **P < 0.01; P < 0.001; ns, not statistically different.
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TASIR3 heterodimer, expressed in most tissues.”> Amino acid
signaling through TAS1R1-TASIR3 activates MTOR kinase,
leading to inhibition of class III PtdIns3K activity and reduc-
tion of autophagosome biogenesis.*® AGTRs/angiotensin recep-
tors were also found to inhibit autophagic activity in
cardiomyocytes,”” podocytes® and vascular smooth muscle
cells,” through activation of NADPH oxidase and generation
of reactive oxygen species. Here, we found that CXCR4- and
UTS2R-evoked inhibition of autophagy was not relayed by the
modulation of MTOR kinase or class III PtdIns3K, but relied
on impaired recruitment of ATG16L1 to endocytic vesicles.
Accumulation of ATG16L1 at clathrin-coated endocytic struc-
tures and vesiculation of ATG16L1-positive precursors from
the plasma membrane largely contribute to autophagosome
biogenesis.”' **> Indeed, these ATG16L1-positive vesicles have
been shown to undergo SNARE-mediated homotypic fusion or
heterotypic fusion with ATG9-positive vesicles, to ultimately
deliver an adequate source of phospholipids for the expansion
of the phagophore.”>*>% The importance of this phenomenon
is underlined by our experiments with Dynasore showing that,
in agreement with previous studies,”' endocytic activity was
required for the efficient formation of autophagosomes. The
exact nature and mode of formation of these precursor vesicles
is not fully elucidated. Data from Ravikumar et al.*' demon-
strated that CLTC was able to interact, via the AP2 complex,
with the amino terminus of ATG16L1. Data obtained here indi-
cate that ATGS5 also participates in the recruitment of
ATGI6L1 to endocytic vesicles. We can speculate that the
membrane-binding activity of ATG5* might allow the initial
docking of an ATG5-ATG16L1 complex to the plasma mem-
brane, in order to maximize the probability of interaction
between ATGI16L1 and AP2-CLTC. We demonstrated that
activation of CXCR4 or UTS2R markedly reduced the pool of
ATGS proteins localized at the plasma membrane. Therefore, it
can be envisaged that chemotactic GPCRs mainly act by pre-
cluding membrane docking of the ATG5-ATG16L1 complex.
Alternatively, since ATG5 has been shown to co-immunopre-
cipitate from cell lysates with ATG16L1 and CLTC,*" and the
N terminus of ATG16L1 allows both AP2-CLTC co-immuno-
precipitation*' and direct ATGS5 binding,'>*"** it is conceivable
that ATG5 may actually act as a “bridge” protein that connects
ATGI16L1 to the AP2-CLTC complex. Additional work is
clearly needed to decipher the exact role of ATGS5 in recruit-
ment of ATG16L1 to endocytic vesicles.

CAPNGs/calpains are well-characterized modulators of auto-
phagy****> and CXCR4 has already been shown to activate
CAPN s in neurons.”® We therefore investigated the involvement
of these proteases in the anti-autophagic effects of chemotactic
GPCRs. We observed that CAPN inhibition abrogated the auto-
phagy-related effects of CXCR4 and UTS2R, i.e. their abilities to
inhibit i) association of ATG5 with the plasma membrane, ii)
recruitment of ATGI16L1 to endocytic vesicles, and iii) formation
of mature LC3B-positive autophagosomes. A previous report has
shown that the CAPN-dependent cleavage of ATG5 could tightly
control basal autophagy.** Our attempts to demonstrate a direct
cleavage of ATG5 in our model, following CXCR4 or UTS2R
activation, were unsuccessful. This may be due to the fact that
only a minor, plasma membrane-associated, fraction of ATG5
undergoes cleavage, or to the potential instability of the cleaved

products. Alternatively, the anti-autophagic action of CAPN
could depend on the cleavage of other proteins such as PICALM
and/or the AP2 complex, since both proteins are critical for the
formation of pre-autophagosomal vesicles from the plasma
membrane*"** and have already been described as CAPN sub-
strates.***® The ATG? protein, which is also cleaved by CAPNs®’
and is essential for conjugation of ATG5 to ATGI2, represents
another candidate. Regardless of the CAPN substrate involved,
data presented here constitute, to our knowledge, the first dem-
onstration of GPCR-induced modulation of autophagy through
the activation of these proteases. We can speculate from the liter-
ature that this anti-autophagic pathway, shared by UTS2R and
CXCR4, may be relevant in chemotaxis induced by other
GPCRs, as well as non-GPCR membrane receptors. Indeed, the
spatial regulation of CAPN proteases is involved in many aspects
of chemotactic migration, including cell spreading, formation of
membrane protrusions, and adhesion complex formation and
turnover.” Moreover, cell migration triggered by several chemo-
tactic receptors, including the GPCR for N-formylmethionine-
leucyi-phenylalanine®* and the EGF- and VEGF-tyrosine kinase
receptors,”®”" depends on CAPN activation. It will be informa-
tive to extend our study to a large panel of chemotactic receptors
in order to test whether the CAPN-dependent repression of
autophagy represents a hallmark of chemotaxis.

Chemotactic receptors engage signaling pathways that coor-
dinate the formation of adhesion complexes at the cell front.
We found here that induction of this process through UTS2R
or CXCR4 activation was dependent on the repression of auto-
phagy since i) formation of adhesions was totally blocked by
pharmacological inhibition of CAPNs or overexpression of
ATGS, and ii) the effect of chemokines on adhesions was mim-
icked by siRNA targeting of ATG5. Several proteins involved in
formation of adhesions were found to localize in autophago-
somes. In particular, the SRC kinase, an essential protein for
integrin signaling, rapidly shuttles from focal adhesions to
autophagosomes when inducing cell-matrix detachment.*
Proteomic profiling also identified RHOB as an autophago-
some-associated protein in a pancreatic tumor cell line.”?
RHOB is a small GTPase that has recently been described as a
key player in cell adhesion and directional migration. Indeed,
Vega et al.”> demonstrated that RHOB stabilizes lamellipodial
protrusions by increasing ITGB1 (integrin subunit 8 1) surface
levels and activity, and that RHOB-depleted cells have impaired
directional migration in a chemotactic gradient of serum.”>”*
Recently, autophagic activity has been shown to be essential for
selective degradation of adhesion proteins such as PXN, VCL
and ZYX.***' More specifically, Kenific et al.’! found that the
GFP-LC3B protein colocalized with focal adhesions primarily
during disassembly. It can therefore be envisaged that inhibi-
tion of autophagy by chemotactic GPCRs may act as a master
switch that prevents autophagic degradation of key proteins
involved in the formation/maturation of adhesion complexes
and/or directional migration. Further work is needed to under-
stand how, mechanistically, these proteins could be targeted to
autophagy degradation. If membrane-associated, proteins
involved in cell adhesions could be internalized in early endo-
somes, which could later fuse with mature autophagosomes.”
Alternatively, cell-adhesion components could specifically asso-
ciate with ATG16L1-containing pre-autophagosomal vesicles



and thus be targeted to the growing phagophore. In this sce-
nario, inhibition of the formation of pre-autophagosomal
vesicles by chemotactic GPCRs could increase the localization
of cell-adhesion proteins at the cell front and in this manner
directly participate in the growth and stabilization of the lamel-
lipodium. It is interesting to note that a proteomic analysis of
ATG16L1-positive precursor vesicles already identified proteins
(CTTN [cortactin], CFL1 [cofilin 1]) involved in actin dynam-
ics and lamellipodium expansion.*?

Global inhibition of autophagosome biogenesis using inter-
fering RNAs against ATG proteins results in increased focal
adhesion size and reduced migration rate.”®*?! Although these
migration studies could appear to conflict with our present
data, indicating that autophagy inhibition by CXCR4 or
UTS2R stimulates migration, they actually stress the fact that
efficient chemotactic migration may imply compartmentalized
rather than general inhibition of the autophagy machinery. It
can therefore be proposed that activation of chemotactic
GPCRs at the front of polarized cells would allow, through
inhibition of autophagy, the efficient formation of adhesion
complexes, while autophagy would still remain active at a dis-
tance from the sites of GPCR activation/signaling in order to
enable focal adhesion disassembly. Caution should thus be
taken in the interpretation of migration studies using interfer-
ing RNAs targeting ATG proteins. Global inhibition of auto-
phagy using this method may indeed reflect the effects of cell
exposure to a homogeneous rather than a gradient concentra-
tion of chemokine, ie. induction of numerous, large and
unproductive focal adhesions at the entire cell periphery that
blunt migration. Demonstration of a compartmentalized regu-
lation of autophagy in cells exposed to a gradient of ligand may
require dynamic imaging of forming ATG5-ATG16L1-contain-
ing  pre-autophagosomal endosomes, as  previously
investigated.”!

Additional autophagy-related mechanisms may amplify
the pro-migratory properties of CXCR4 and UTS2R. We
found that inhibition of the autophagic flux following treat-
ments with CXCL12 or UTS2 induced, as expected, the
cytosolic accumulation of the SQSTM1 protein. Through its
LC3B-interacting region, SQSTM1 acts as a receptor protein
that contributes to the autophagic degradation of various
cargo, such as ubiquitinated protein aggregates®> and mito-
chondria.”® SQSTM1 has recently been shown to play a crit-
ical role in the migration processes. Indeed, SQSTM1 can
directly bind to and prevent the proteasomal degradation of
the transcription factor TWIST1,>>”” a core regulator in
both early embryonic morphogenesis and cancer metasta-
sis.”*”® Through this SQSTMI1-TWIST1 axis, autophagy-
defective cancer cells engage a transcriptional program,
called the epithelial-to-mesenchymal transition (EMT), that
strengthens their invasive phenotype.”>”’ Moreover, recent
data obtained in glioblastoma indicate that autophagy inhi-
bition, through the knockdown of ATG5 or ATG7, stimu-
lates the expression of the EMT regulators SNAI1/SNAIL
and SNAI2/SLUG,* as well as cell invasion. It can therefore
be envisaged that inhibition of autophagy by chemotactic
GPCRs contributes to EMT-like events during tumor pro-
gression. Further studies will be needed to address this
point.
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In summary, data from this study indicate that, in addition
to extracellular nutrients such as amino acids, detection of
extracellular guidance cues by GPCRs can tightly control auto-
phagic activity in order to optimize lamellipodial adhesions
and chemotactic migration. Based on the numerous studies
highlighting a key role of the CXCL12-CXCR4 and UTS2-
UTS2R systems in cancer cell invasion,*”'"'**" and on the
well-characterized action of the CXCL12-CXCR4 axis during
immune response,®” our data may have broad implications and
may help to envisage new therapeutic strategies for cancer or
immunological disorders.

Materials and methods
Antibodies and reagents

Antibodies were as follows: mouse monoclonal anti-SQSTM1/
p62 (Abcam, AB56416), mouse monoclonal anti-VCL/vinculin
(Sigma-Aldrich, V9264), mouse monoclonal anti-FLAG
(Sigma-Aldrich, F1804), mouse monoclonal anti-MYC (Santa
Cruz Biotechnology, sc-40), rabbit polyclonal anti-ATG16L1
(Cell Signaling Technology, 8089), sheep polyclonal anti-
CDH2/cadherin 2 (R&D Systems, AF6426). Secondary anti-
bodies used were Alexa Fluor 488-conjugated antibody against
mouse IgG (Invitrogen, A21202), Alexa Fluor 488-conjugated
antibody against rabbit IgG (Invitrogen, A21206), and Alexa
Fluor 633-conjugated antibody against sheep IgG (Invitrogen,
A21100). Other reagents in this study were 3-methyladenine
(3-MA; Sigma-Aldrich, M9281), human UTS2 (Polypeptide
Laboratories, SC1355), human CXCL12 (Bio-Techne, 350-NS-
050), N-acetyL-Leu-Leu-Norleu-al (ALLN; Sigma-Aldrich,
A6186), chloroquine (Sigma-Aldrich, C6628), DAPI (Invitro-
gen, D3571), Dynasore (Sigma-Aldrich, D7693), hematoxilin
(Sigma-Aldrich, HHS32), ethylene glycol-bis(S8-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA; Sigma-Aldrich,
E4378), FNl/fibronectin (Sigma-Aldrich, F0895), Mowiol
(Merck Millipore, 475904), normal donkey serum (Sigma-
Aldrich, D9663), paraformaldehyde (Sigma-Aldrich, 252549),
PP242 (Sigma-Aldrich, P0037), Dulbecco’s phosphate-buffered
saline (DPBS; Sigma-Aldrich, D1408), and Triton X-100
(Sigma-Aldrich, T9284).

Plasmid constructs and small interfering RNA (siRNA)

The expression vector encoding the fusion protein EGFP-
LC3B (24920, deposited by Toren Finkel) and the expression
vectors encoding the fusion proteins Flag-CAPN1 and Flag-
CAPN2 (60941 and 60942, deposited by Yi Zhang) are avail-
able from Addgene. The expression vector encoding the fusion
protein hrGFP-WIPI1 was obtained by PCR amplification of
c¢DNA prepared from HEK-293 cells, using the WIPII specific
primers 5'-GATCCTCGAGCGATGGAGGCCGAGGCCGC-3'
and 5'-GATCGAATTCTCATGACTGCTTCGTTTTGCCC-3'.
The PCR fragment was subsequently digested with Xhol
(Promega Corporation, R6161) and EcoRI (Promega Corpora-
tion, R6011), and cloned in-frame with humanized recombi-
nant GFP in the phrGFP-N1 expression vector (Agilent
Technologies, 240145). The expression vector encoding
human ATG5 was obtained by PCR amplification of cDNA
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prepared from HEK-293 cells, using the ATG5-specific pri-
mers 5'-GATCGGATCCATGACAGATGACAAAGATGTGC
T-3" and 5-GATCCTCGAGTCAATCTGTTGGCTGTGGGA
TG-3'. The PCR fragment was digested with BamHI (Promega
Corporation, R6021) and Xhol, and cloned into pcDNA3.1+
(Invitrogen, V790-20). The expression vector encoding MYC-
tagged human ATG5 was obtained by PCR amplification
using the ATGS5-specific primers 5-GATCGTCGACCATGA-
CAGATGACAAAGATGTGC-3" and 5-GATCCTCGAGTCA
ATCTGTTGGCTGTGGGATG-3'. The PCR fragment was
digested with Sall (Promega Corporation, R6051) and Xhol,
and cloned into pPCMV-MYC-N (BD-Biosciences, PT3282-5).
To produce the conjugation-defective ATG5 mutant
(ATG5""®), the plasmid encoding MYC-ATG5 was mutated
to replace Lys130 by Arg using the QuikChange Site-directed
Mutagenesis Kit (Agilent Technologies, 200523) using the spe-
cific primers 5-TTTATGTCATGTATGAGAGAAGCTGATG
CTTTA-3' and 5-TAAAGCATCAGCTTCTCTCATACAT-
GACATAAA-3'). Human CXCR4 and UTS2R cDNAs are
inserted into the pCMV-MYC-N vector, in frame with the
MYC epitope. For experiments utilizing the MYC-tagged
ATGS construct, we expressed untagged receptors by trans-
fecting cells with pcDNA3.14+ vectors containing human
CXCR4 or UTS2R cDNAs. All constructs were verified by
sequencing. Control (D-001810-03), ATG5-1-4 (J-004374-07,
J-004374-08, J-004374-09, J-004374-10), CAPN1 (L-005799)
and CAPN2 (L-005804) siRNA were purchased from
Dharmacon.

Cell culture and transfections

The multiform glioblastoma cell line U87-MG (WHO grade
IV) was purchased from American Type Culture Collection
(ATCC, HTB-14™). The HEK-293 cell line (ATCC,
CRL1573™) was generously provided by Dr. L. Prézeau, C.
Barrere and I. Bidaud (IGF, Montpellier, France). These cell
lines were routinely maintained in our laboratory according to
the instructions from ATCC. For all experiments, cells were
cultured in either DMEM (Gibco, 41965-039), supplemented
with 10% fetal bovine serum (Gibco, 10270-106) or HBSS
(Gibco, 14025). Transient transfections were performed using
either the Amaxa® Cell Line Nucleofector® Kit V (Lonza,
VCA-1003) or FuGene HD (Promega Corporation, E2311)
according to the manufacturer’s protocol. For experiments
done with siRNAs targeting CAPNI and CAPN2, HEK-293
cells were subject to 2 rounds of transfection in order to ensure
adequate knockdown of the long-lived proteins CAPN1 and
CAPN2.%

Immunocytochemistry and image analysis

Cells were fixed in paraformaldehyde (4%, 10 min), permeabi-
lized with Triton X-100 (0.05%, 5 min) and blocked with nor-
mal donkey serum (2%, 1 h). Cells were incubated overnight
with the appropriate primary antibody at 4°C followed by incu-
bation for 2 h at room temperature with the appropriate sec-
ondary antibody. Cells were counterstained with DAPI (1 pug/
mL, 10 min) to label nuclei, and imaged by confocal micros-
copy (Leica TCS SP2 confocal laser scanning microscope).

Focal adhesions: in VCL-labeled cells, the number of focal
adhesion complexes was calculated using a particle analysis
plug-in after successive image treatment by Image] software.
MYC-ATG5 and Flag-CAPN1/CAPN2 localization: the
amount of immunoreactive signal localized at the plasma mem-
brane was measured by defining a region of interest using the
Image] software, and expressed as a ratio to whole-cell immu-
noreactivity. ATGI16L1-positive structures: in ATGI16L1-
labeled cells, the number of ATG16L1-positive structures was
assessed with the Imaris software (Bitplane), using the auto-
mated spot detection function.

Autophagy assays

Cyto-ID labeling and Flow cytometry: HEK-293 cells were har-
vested in Accutase solution (Merck Millipore, SF006), rinsed in
DPBS and incubated for 30 min at room temperature in
DMEM without phenol red, containing 5% fetal bovine serum
and the fluorescent Cyto-ID probe (Cyto-ID® Autophagy
detection kit; Enzo Life Sciences, ENZ-51031K200). After incu-
bation, cells were washed and analyzed on a FACScalibur flow
cytometer (BD Biosciences) operated with the CellQuest soft-
ware. hrGFP-WIPI1 and EGFP-LC3B redistribution: cells
expressing either hrGFP-WIPI1 or EGFP-LC3B were fixed in
paraformaldehyde (4 %, 10 min) and imaged by confocal
microscopy (Leica TCS SP2 confocal laser scanning micro-
scope). The number of hrGFP-WIPI1 and EGFP-LC3B dots
was assessed using the Imaris software. SQSTM1/p62 accumu-
lation: autophagic flux was assessed by immunocytochemical
analysis of endogenous SQSTM1 levels as described above. The
integrated densities obtained from the green channel in 20 dif-
ferent images were normalized to the number of nuclei (DAPI
stained) and represent levels of the SQSTM1 protein.

Analysis of CAPN activity

CAPN activity was determined by using a fluorescent CAPN
substrate, t-butoxycarbonyL-Leu-L-Met-chloromethylamino-
coumarin (BOC-LM-CMAC; Molecular Probes, A6520). Cleav-
age by CAPNGs of this substrate produces fluorescence with an
emission maximum around 430 nm. Cells cultured on glass
slides (Menzel-Glaser, 0985) were incubated with the fluores-
cent substrate (50 uM) for 20 min at 37°C. Cells were then
fixed and imaged by confocal microscopy. The integrated den-
sities per area obtained from 20 different images were normal-
ized to the number of cells in the area and are representative of
CAPN activity.

Migration assay

Cells (100,000/filter) were seeded on FN1 (fibronectin 1)-
coated transwell filters (8-um pores, 24 wells; Corning Incor-
porated, 3422). The gradient of ligands was generated by addi-
tion of CXCL12 or UTS2 in the lower chamber. After 24 h,
cells on the upper surface of the filter were removed using a
cotton swab. Cells that migrated onto the lower surface were
fixed, stained with hematoxilin and filters were mounted on
glass slides with Mowiol and randomly photographed with a
Nikon microscope (Champigny-sur-Marne, France; 10 fields/



filter). Cells on photographic fields were counted by using the
“Cell counter” plug-in of Image] software.

Statistical analysis

Data are presented as the mean & SEM for each group of sam-
ples. Statistical analyses were performed using the GraphPad
Prism 5.00 software (GraphPad Software). Comparisons
between 2 groups were performed using unpaired ¢ test or
Mann and Whitney test.

Abbreviations

3-MA 3-methyladenine

ACTB actin 8

BECNI1 Beclin 1

CAPNI1 calpain 1

CAPN2 calpain 2

CDH2 cadherin 2

CLTC clathrin heavy chain

CQ chloroquine

CXCLI12 C-X-C motif chemokine ligand 12

CXCR4 C-X-C motif chemokine receptor 4

EGFP enhanced green fluorescent protein

DMEM Dulbecco’s modified Eagle’s medium

EMT epithelial-to-mesenchymal transition

HBSS Hanks balanced salt solution

GPCR G protein-coupled receptor

hrGFP humanized recombinant green fluorescent
protein

MAPILC3B  microtubule-associated protein 1 light chain 3
p

MTOR mechanistic target of rapamycin (serine/threo-
nine kinase)

PICALM phosphatidylinositol binding clathrin assembly
protein

PtdIns3K phosphatidylinositol 3-kinase

PtdIns3P phosphatidylinositol 3-phosphate

PtdIns(4,5)P, phosphatidylinositol 4,5-biphosphate

PXN paxillin

SQSTM1 sequestosome 1

VCL vinculin

UTS2 urotensin 2

UTS2R urotensin 2 receptor

WIPI1 WD repeat domain phosphoinositide interact-
ing 1

ZYX zyxin
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