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SUMMARY

Membrane trafficking of integrins plays a pivotal role
in cell proliferation and migration. How endocytosed
integrins are targetedeither for recycling or lysosomal
delivery is not fully understood. Here, we show that
fibronectin (FN) binding toa5b1 integrin triggers ubiq-
uitination and internalization of the receptor complex.
Acidification facilitates FN dissociation from integrin
a5b1 in vitro and in early endosomes, promoting re-
ceptor complex deubiquitination by the USP9x and
recycling to the cell surface. Depending on residual
ligand occupancy of receptors, some a5b1 integrins
remain ubiquitinated and are captured by ESCRT-
0/I, containing histidine domain-containing protein
tyrosinephosphatase (HD-PTP) andubiquitin-associ-
atedprotein 1 (UBAP1), andaredirected for lysosomal
proteolysis, limiting receptor downstream signaling
and cell migration. Thus, HD-PTP or UBAP1 depletion
confers a pro-invasive phenotype. Thus, pH-depen-
dent FN-integrin dissociation and deubiquitination of
the activated integrin a5b1 are required for receptor
resensitization and cell migration, representing po-
tential targets to modulate tumor invasiveness.

INTRODUCTION

Cell migration is central in development, wound healing, and

metastasis (Ridley et al., 2003). Migration is tightly regulated by

cytoskeletal proteins, Rho-family GTPases, and adhesion recep-

tors, such as integrins, which are constitutively internalized and

recycled at the cell leading edge to form new adhesion contacts

with extracellular matrix (ECM) molecules (Caswell et al., 2007).

Upon ECM binding, integrins undergo conformational changes

leading to activation of downstream signaling (Hynes, 2002).

Signaling intensity is partly defined by the density of integrins
C

at the plasma membrane (PM) and is regulated by the rate of

receptor secretion, internalization, recycling, and degradation

(reviewed in Rainero and Norman, 2013).

Integrin a5b1, a fibronectin (FN) receptor, can be ubiquitinated

(Lobert et al., 2010). Ubiquitination, a reversible posttranslational

modification, can serve as an endocytic and multivesicular body

(MVB)/lysosomal targeting signal for PM proteins (Barriere et al.,

2007; Piper et al., 2014). Ubiquitinated PM proteins are recog-

nized by a subset of endocytic adaptors containing ubiquitin

binding domains (UBD) and are internalized via clathrin-depen-

dent or independent pathways (Piper et al., 2014). Internalized

cargo may recycle back to the PM following the removal of Ub

moieties by deubiquitinating enzymes (DUB) at early endosomes

(McCullough et al., 2004). Alternatively, ubiquitinated cargo can

be captured by the UBDs of the endosomal sorting complex

required for transport (ESCRT) and sequestered into MVB/lyso-

somes (Henne et al., 2013; Katzmann et al., 2001). The histidine

domain-containing protein tyrosine phosphatase (HD-PTP) is an

endosomal pseudophosphatase that acts as a scaffold for the

ESCRT-0 and -I complexes via binding to Stam1-Hrs and

UBAP1 (Ali et al., 2013; Gingras et al., 2009). In concert with

HD-PTP and ESCRT-0, UBAP1 (a ubiquitin [Ub]-binding

ESCRT-I subunit) and a DUB (UBPY/USP8) have been shown

to orchestrate the lysosomal delivery of EGFR (Ali et al., 2013;

Stefani et al., 2011).

Upon depletion of the ESCRT-0 and -I subunits Hrs and

TSG101, the lysosomal degradation of integrin a5b1 was in-

hibited, similarly to replacement of the cytosolic tail Lys residues

in a5b1 (Böttcher et al., 2012; Lobert et al., 2010). Both modifica-

tions impeded cell migration, suggesting that lysosomal proteol-

ysis of the ubiquitinated FN- integrin a5b1 complex is required for

cell migration and invasion (Böttcher et al., 2012; Lobert et al.,

2010; Lobert and Stenmark, 2012). Other reports, however, indi-

cated that interfering with Rab11- or Rab4-dependent integrin

recycling, which is facilitated by SNX17, Rab25, and Syntaxin6,

compromised cellular migration/invasion (Böttcher et al., 2012;

Caswell et al., 2008; Tiwari et al., 2011). Rab25 directs acti-

vated integrin a5b1 to late endosomes; however, integrin a5b1
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Figure 1. FN Induces Integrin a5b1 Complex Ubiquitination

(A) Cell-surface integrins were labeled with a5 Ab on ice and immunoprecipitated (IP) after FN (10 mg/ml) exposure for 0–15min at 37�C, and the IP was probed by

immunoblotting (IB) with the P4D1 anti-Ub Ab. The ubiquitination signal, indicated by the vertical bracket, was normalized for the precipitated amount of integrin

a5 (right panel). Data are means ± SEM; n = 3; *p < 0.02.

(B) a5b1 blocking Ab prevents the FN-induced ubiquitination of the a5b1 complex. Cell-surface IP (cs-IP) and ubiquitination detection of a5b1 was performed by

using a5 or blocking a5 Ab, followed by FN stimulation at 37�C as in (A). Data are means ± SEM; n = 3; *p < 0.02.

(C) Inhibition of a5b1 internalization. Internalization of a5 was measured by cell-surface ELISA (cs-ELISA) in HeLa cells exposed to 0.3 M sucrose and/or 25 mg/ml

nystatin to inhibit clathrin- and caveolin-mediated endocytosis, respectively. Data are means ± SEM; n = 3; *p < 0.02.

(D) cs-IP and ubiquitination measurements of the a5b1 complex was performed as in (A) in the presence or absence of clathrin and caveolin endocytosis

inhibitors. Data are means ± SEM; n = 3; *p < 0.02.
is rerouted toward recycling in the presence of chloride intracel-

lular channel protein 3 (CLIC3) (Dozynkiewicz et al., 2012). To

elucidate the molecular mechanism of integrin a5b1 segregation

between recycling and lysosomal targeting and its influence on

cell migration, we determined the role of ligand-occupancy and

receptor ubiquitination in postendocytic sorting and signaling of

integrin a5b1.

Here, we show that FN binding induces rapid ubiquitination

and accelerated internalization of a5b1 receptors from the PM.

Most of endocytosed a5b1 receptors are deubiquitinated by

USP9x and recycled upon FN dissociation due to endosomal

acidification, while the residual amount of ubiquitinated re-

ceptors is targeted for lysosomal proteolysis. The latter requires

HD-PTP and UBAP1, depletion of which leads to enhanced a5b1

resensitization and cell migration/invasion.

RESULTS

FN Binding Stimulates the Ubiquitination of the Integrin
a5b1 Complex
While the ligand-induced ubiquitination of integrin a5b1 has been

shown (Lobert et al., 2010), neither the time course of ubiquitina-
600 Cell Reports 13, 599–609, October 20, 2015 ª2015 The Authors
tion nor its role in the a5b1 sorting has been fully elucidated. The

time course of integrin a5b1 ubiquitination was measured by

immunoprecipitation (IP) of anti-a5 antibody (Ab)-prelabeled

PM receptor after 0–15 min of FN stimulation at 37�C followed

by Ub detection by immunoblotting (IB). The ubiquitination of in-

tegrin a5b1 complexes was increased by �5-fold upon FN stim-

ulation (Figure 1A), and similar ubiquitination kinetics were

observed upon integrin b1 IP (Figure S1A). a5b1 ubiquitination

was abolished by JBS5 a5b1 blocking Ab, which prevented

integrin activation (Figure 1B). Internalization is not required for

ubiquitination of the receptor complex, since inhibition of cla-

thrin- and caveolin-mediated endocytosis of a5b1 (Barriere

et al., 2006) (Figure 1C) did not prevent its ubiquitination (Fig-

ure 1D). Thus, ligand binding acutely stimulates the ubiquiti-

nation of the a5b1 receptor complex at the PM and/or in

endosomes.

FN-Induced Ubiquitination Accelerates Integrin a5b1
Internalization
To determine the role of ubiquitination in integrin a5b1 trafficking,

its endocytic sorting was analyzed at three levels of activation.

Integrin a5b1 was either fully activated with exogenous FN, or



Figure 2. Lysosomal Targeting of Integrin

a5b1 Is Activation Dependent from the

Plasma Membrane

(A and B) Internalization (A) and steady-state

density (B) of the inactive, constitutively and

exogenously activated a5b1 were determined

using cs-ELISA. 5-min FN stimulation was per-

formed at 37�Cwhere indicated. FN caused 3-fold

acceleration in integrin internalization. The effect

of inactivation of a5b1 by blocking Ab was

measured by pretreating cells with blocking Ab

(block Ab), followed by cs-ELISA detection with

biotin-anti-a5 Ab (B). Data are means ± SEM; n =

5; *p < 0.05.

(C) FN activation transiently reduces the a5b1 PM

density, determined by cs-ELISA. After FN expo-

sure of HeLa cells for 15 min, the receptor PM

reappearance was measured in the presence or

absence (CTL) of cilengitide (1 mM). Data are

means ± SEM.

(D) Ubiquitination is required for FN-receptor

internalization, since the depletion of the E1 Ub-

activating enzyme abrogated the FN induced

internalization. E1 enzyme was inactivated at

40�C for 3 hr in ts20 cells, and av integrins were

inhibited with cilengitide (1 mM) for 30 min prior to

biotin-FN stimulation. FN receptors at the PM

were detected by biotin-FN labeling and cs-

ELISA. Data are means ± SEM; n = 3; *p < 0.02;

***p < 0.0002.

(E) Endolysosomal transfer kinetics of a5 integrin

and CD4-Ub chimeras. Mean vesicular pH (pHv) of

indicated cargo containing endocytic vesicles

was determined by FRIA in HeLa cells (see dia-

gram in Figure S2A). Anti-a5 integrin Ab, a5b1

blocking Ab, or anti-CD4 Ab and FITC-Fab were

bound on ice, and FRIA was performed during a

7-hr chase in the presence or absence of FN at

37�C. The graph shows the mean pHv at each

chase point. The transfer kinetics of CD4-chi-

meras bearing a poly-Ub (CD4t-Ubn), mono-Ub

chain (CD4t-UbRDG1), or tetrameric mono-Ub

(CD4cc-UbRDG4) are indicated. Data are means ±

SEM; n = 5.

(F and G) Activation-dependent PM turnover of

the integrin a5b1. The PM stability of a5 integrin

was measured either by cs-ELISA (F) or by cs-IP

and immunoblotting (G) with or without FN stimulation or in presence of a5 blocking Ab. CD4 chimera turnover is also indicated for reference in (F). Data are

means ± SEM.

(H) Ubiquitination detection of cell-surface integrin a5 during long FN stimulation was measured as described in Figure 1A. Data are means ± SEM; n = 5; ***p <

0.001.

(I) Recycling of a5 integrin in FN-stimulated or a5b1 blocking-Ab-treated cells measured by cs-ELISA. Integrins were cell-surface labeled with Ab on ice and

internalized by FN stimulation, and the remaining PM Ab was blocked with Fab on ice. The recycling of internalized integrins was induced at 37�C and the PM

returned pool of Ab-labeled integrins was quantified. Data are means ± SEM; n = 3; *p < 0.05.

(J) Internalization rate of a5 is FN activation dependent. Internalization was determined as in (C) at the indicated time after FN stimulation and washout. Data are

means ± SEM; n R 3; NS, non-stimulated; CTL, control.
inactivated with the JBS5 blocking Ab or studied in the presence

of endogenous FN (steady state). The internalization rate of the

inactive receptor (3.3% ± 2%/5min) was stimulated by >3-fold

(11% ± 3%/5min) and >10-fold (30% ± 3%/5min) in the presence

of endogenous and exogenous FN, respectively, as shown by

cell-surface ELISA (cs-ELISA) (Figure 2A). As a corollary, the

PM density of a5b1 decreased by 47% ± 5% or increased by

72% ± 19%, upon activation with exogenous FN or inactivation
C

with the JBS5Ab, respectively, relative to steady-stateconditions

(Figure 2B). A similar effect on a5b1 ubiquitination and a5b1 inter-

nalization kinetics was observed upon stimulation with RGD

peptide agonist (Figures S1B, S1C, and S1F). The FN-induced

intracellular retrieval of integrin a5b1 was transient, since after

15 min of FN treatment, the integrin a5b1 PM pool was gradually

replenished (Figure 2C), probably through the receptor recycling

to PM. Inhibition of other FN receptors (integrinavb3 andavb5) by
ell Reports 13, 599–609, October 20, 2015 ª2015 The Authors 601



cilengitideaccelerated thea5b1PMrecovery (Figure 2C) owing to

accelerated recycling of a5b1 (Caswell et al., 2008).

To assess the contribution of ubiquitination to activated

a5b1 internalization, a5b1 endocytosis was measured in ts20

CHO cells harboring a temperature-sensitive E1 Ub-activating

enzyme. Following heat inactivation of E1 (Apaja et al., 2010;

Kulka et al., 1988), FN-receptor internalization was inhibited by

50% (Figure 2D). After minimizing the contribution of av integrin

to FN uptake by cilengitide treatment, E1 inactivation delayed

the uptake of integrin a5b1 by 76%, (Figure 2D), suggesting

that FN-induced ubiquitination largely accounts for the acceler-

ated internalization of activated a5b1 integrins.

FN-Induced Transient Ubiquitination Promotes a5b1
Integrin Lysosomal Targeting
Toassesswhether thepostendocytic fateofa5b1 integrins is influ-

enced by their activation, the kinetics of a5b1 lysosomal transport

weredeterminedbymonitoring the pHofa5b1 containing vesicles

(pHv) by fluorescent ratiometric image analysis (FRIA; Figure S2A)

(Barriere and Lukacs, 2008). The PM a5b1-receptors were pre-

labeled with anti-a5 Ab on ice, and the pH-sensitive fluorescein

isothiocyanate (FITC)-Fab was monitored after synchronized

internalization by pHv measurement during a 1-hr to 7-hr chase.

While the inactive receptors were largely confined to recycling

endosomes at pHv�6.4 ± 0.1 even after 7 hr, most of the FN-acti-

vated receptors reached late endosomes (pHv < 5.58 ± 0.02) and

lysosomes (pHv�5.0± 0.2) after a 4-hr and 7-hr chase (Figures 2E

and S2B). The integrity of receptor-Ab complex and FITC fluores-

cence was preserved at pH7.4–5.5 (Figures S2C and S2D). These

observationsand theFN-inducedaccelerateda5b1 internalization

suggest that the activation state plays a determining role in the

turnover rate of the PM integrin a5b1 pool.

Consistent with the a5b1 endolysosomal transfer rate, the PM

half-life (T1/2) of integrin a5b1 is longer for the inactive (T1/2 > 9 hr)

than the activated (T1/2 �2 hr) state, measured by cs-ELISA

(Figures 2F and S1C). A similar relationship was observed

between the turnover and activation state of the internalized

receptor pool (Figures 2G, S1D, and S1E). Remarkably, the

observed PM turnover of integrin a5b1 was �10-fold slower

(T1/2 �2 hr; Figure 2F) than the value (T1/2 �0.2 hr) calculated

based on the receptor internalization rate (6%/min; Figure 2A).

Similarly, the slow lysosomal transfer kinetics of activated a5b1

was in contrast with the fast lysosomal delivery of ubiquitinated

model cargoes, CD4t-Ubn or the CD4tcc-UbRDG4 chimeras

(Figures 2E and 2F) (Apaja et al., 2010; Barriere et al., 2007),

and other PM receptors undergoing Ub-dependent downregula-

tion (Hicke, 1999).

A possible explanation for the slowPM turnover and lysosomal

delivery of activated a5b1 could be receptor deubiquitination at

endosomes. Indeed, the ubiquitination of the FN-activated a5b1

complex was decreased by 45% after 30 min of FN exposure

(Figure 2H). The incomplete deubiquitination of the integrin

a5b1 complex may explain the slower recycling rate of the

FN-activated a5b1 (38%/10 min) as compared to the inactive

receptor (54%/10 min; Figure 2I). The Ub-dependent internaliza-

tion rate was indeed decreased to the steady-state level after

30 min of exogenous FN washout (Figure 2J). Thus, endosomal

deubiquitination of a significant fraction of activated a5b1 re-
602 Cell Reports 13, 599–609, October 20, 2015 ª2015 The Authors
ceptor complexes may contribute to slow PM turnover and inef-

ficient lysosomal degradation of the activated a5b1 receptor,

facilitating its resensitization.

FN Dissociates from Integrins in Early Endosomes
Lysosomal degradation has been suggested to counteract

the recycling of the FN-integrin a5b1 complexes (Lobert et al.,

2010). Alternatively, dissociation of FN-integrin a5b1 has been

proposed in early endosomes (Arjonen et al., 2012; Rainero

and Norman, 2013). Since endosomal acidification-induced

conformational change of receptors can cause ligand dissocia-

tion (e.g., LDL, asialoglycoprotein, and mannose-6P receptors;

Davis et al., 1987; Harford et al., 1983; Rajan and Menon,

1985), we tested whether a similar paradigm prevails for integrin

a5b1. First, integrin a5b1 and FN were visualized after endo-

cytosis. a5b1 and FN colocalized after 5–15 min of uptake and

were confined to distinct compartments at the end of the

30-min chase (Figure 3A). Their divergent sorting was confirmed

by FRIA, as the mean pHv of FN- or a5-integrin-containing vesi-

cles was similar at 15 min (pHv �6.0 and �6.1, respectively) but

became different after a 20-min chase (pHv �5.7 and �6.2,

respectively) (Figures 3B and 3C). Eventually, FN was confined

to lysosomes (pHv �5.4), while a5 remained in early endosomes

(pHv �6.3; Figures 3B and 3C). The temporospatial segregation

of the ligand-receptor complex was in line with the 8-fold longer

half-life of the receptor (T1/2 �4 hr) versus that of internalized

biotin-FN (T1/2 �0.5 hr) (Figure 2G versus Figure 3D) and sug-

gested that endosomal acidification promotes FN dissociation.

pH-Dependent FN Binding to a5b1 Integrin at the Cell
Surface
The pH sensitivity of FN-integrin binding was monitored

following saturation of the PM receptors with biotin-FN and

measuring the pH-dependent FN dissociation kinetics. Nearly

70% of prebound FN was lost at pH �6.1 after a 10-min incuba-

tion (Figures S3A and S3B). Comparable dissociation kinetics

were observed upon av integrin block by cilengitide or av-block-

ing Ab (Figure S3C) and were confirmed by monitoring the

steady-state FN binding with cs-ELISA and immunofluores-

cence (Figures 3E, S3C, and S3D). Cilengitide treatment and

Ca2+ concentration did not affect FN dissociation, yet the FN

binding to integrin showed negative cooperativity with increasing

acidity (Hill coefficient: �2 ± 0.2), whereas inhibition of avb3

and avb5 integrins resulted in a loss of cooperativity (Hill coeffi-

cient: �1 ± 0.23; Figures S3C and S3E).

pH-Sensitive FN Dissociation from Recombinant a5b1
Integrin Ectodomain
We used immobilized biotin-FN and recombinant ectodomain of

the integrin a5b1 (containing 1–954 aa and 1–708 aa of a5 and

b1, respectively) to assess the intrinsic pH sensitivity of FN and

integrin a5b1 dissociation by biolayer interferometry (BLI) (Nagae

et al., 2012). The dissociation rate constant (koff) of the a5b1 ec-

todomain was increased by 2- and 6-fold at pH 6.0 and pH 5.0,

respectively, relative to koff at pH 7.5 (Figures 3F, 3G, and S3H).

The full ectodomain is required for pH-sensitive ligand binding,

since the truncated a5b1 head domain (1–623 aa and 1–445

aa) lost its pH sensitivity (Figures 3G, S3G, and S3H).



Figure 3. FN-a5b1 Association Is Regulated

by pH, and FN Dissociation Is Required for

Integrin a5b1 Deubiquitination

(A) Immunocolocalization dynamics of the inter-

nalized FN-a5 integrin complex in HeLa cells.

FN-a5 complexes were labeled with anti-a5 Ab

and biotin-FN on ice, chased at 37�C for the indi-

cated times, and visualized by Alexa Fluor 594-

conjugated secondary Ab and FITC-streptavidin,

respectively, using laser confocal fluorescence

microscopy. Colocalization was measured by

the Mander’s coefficient (right panel). Data are

means ± SEM; n = 110 cells.

(B and C) FRIA analysis of FITC-labeled biotin-FN

or integrin a5 endocytosis kinetics. (B) Represen-

tative pHv distribution of internalized biotin-FN and

integrin a5 after 15- and 20-min internalization. The

mean pHv of the distinct peaks and the number of

vesicles are indicated. FN and integrin a5 are

largely segregated into late endosome/lysosome

(pH�5.3–5.7) and recycling endosomes (pH�6.5),

respectively. Data are means ± SEM; n = 3.

(D) Degradation kinetics of FN analyzed by west-

ern blotting in HeLa cells. Biotin-FN was pre-

bound on ice, chased at 37�C, and quantified by

immunoblotting, using Neutravidin-HRP and the

ImageJ software. Data are means ± SEM.

(E) The pH-dependent dissociation of FN from

HeLa cells. The PM dissociation of biotin-FN was

measured by cs-ELISA after 10 min of incubation

at the indicated pH. Data are means ± SEM.

(F) Biolayer interferometry (BLI) sensorgrams of

full-length (FL) recombinant a5b1 ectodomain

binding to FN. For each measurement, the asso-

ciation rate was monitored for 2 min at pH 7.5,

followed by measurement of the dissociation rate

in indicated pH buffer.

(G) Dissociation rate constants for FN and full-

length or headpiece of a5b1 integrin at various pH,

obtained by BLI measurements as in (F). Data are

means ± SD; n = 3.

(H and I) Inhibition of a5 deubiquitination by weak

bases. a5 integrin ubiquitination was measured as

in Figure 2H after pre-incubation of cells with ly-

sosomotropic agents chloroquine (CQ, 100 mM,

20 min) or NH4Cl (4 mM, 5 min). Integrin deubi-

quitination was inhibited at 30 min of FN stimula-

tion. Data are means ± SEM; n = 3; *p < 0.03.
Based on the pH-dependent FN binding, endosomal alkalin-

ization may inhibit FN dissociation from, and consequent

deubiquitination of, a5b1 integrins. Dissipation of the endoly-

sosomal pH gradient by chloroquine (CQ) or NH4Cl (see Fig-

ure 3B) maintained the ubiquitination of FN-a5b1 integrin

complex (Figures 3H and 3I), consistent with persistent

ligand binding and activation of the receptor. Jointly, our

in vitro and in vivo results strongly suggest that the FN-a5b1

ligand dissociation is pH dependent, which plays a pivotal

role in endosomal a5b1 integrin complex inactivation and

deubiquitination.

Integrin a5b1 Complex Is Deubiquitinated by USP9x
To identify the deubiquitinating enzyme (DUB) responsible for

the endosomal deubiquitination of the activated a5b1 integrin
C

complex, we performed a phenotypic DUB small interfering

RNA (siRNA) screen, based on the assumption that sustained

ubiquitination would result in accelerated downregulation of

a5b1 complex from the PM. The extent of FN-induced receptor

downregulation was determined in HeLa cells treated with an

siRNA library of 110 DUBs by cs-ELISA after 60 min of FN expo-

sure (Figure S4A).

USP9x, which was identified and validated as the most

effective DUB, increased the a5b1 FN-stimulated removal

to 82% relative to control 60% (NT) (Figures 4A and 4B).

USP9x depletion did not affect the internalization of a5b1,

the recycling of the transferrin receptor (Tf), and the lysosomal

targeting of CD4-Lamp1 chimera (Figures S4B and S4C),

ruling out nonspecific effects. Importantly, USP9x depletion

augmented and maintained the FN-induced integrin a5b1
ell Reports 13, 599–609, October 20, 2015 ª2015 The Authors 603



Figure 4. USP9x Mediates Integrin a5b1

Complex Deubiquitination

(A andB) USP9x siRNA efficiency was validated by

western blot analysis and actin as a loading con-

trol. USP9x ablation decreases the a5b1 PM

density, measured by cs-ELISA after treating the

cells with individual (siUSP9x-1 and -2) and

SMARTpool siRNA (siUSP9x pool). Integrin a5

was labeled with a5 Ab at the PM, followed by a

60-min chase with FN at 37�C. Data are means ±

SEM; n = 3 **p < 0.01.

(C and D) FN-induced ubiquitination of a5 com-

plexes is augmented in USP9X depleted HeLa

cells. The ubiquitination level of a5 complexes was

monitored as described in Figure 2H in USP9X

siRNA-treated cells as a function of FN (10 mg/ml)

exposure time. Immunoglobulin G was used as a

nonspecific Ab control. Densitometric quantifica-

tion of ubiquitination was normalized for the a5

amount in the IP. Data are means ± SEM; n R 3;

*p < 0.05.

(E) HeLa cells were transfected with siUSP9x

SMARTpool and subjected to xCELLigence RTCA

(real-time cell analysis) system migration assay.

Depletion of USP9x leads to slower cell migration.

Data are means ± SEM; n > 3; *p < 0.05.
complex ubiquitination (Figures 4C and 4D) and led to a slower

migration rate (Figure 4E), suggesting that USP9x contrib-

utes to deubiquitination of the FN-activated integrin a5b1

complex, a prerequisite for receptor resensitization and PM

recycling.

Lysosomal Targeting of Ubiquitinated a5b1 Integrin
Requires HD-PTP and UBAP1
Despite the fact that the majority of integrin a5b1 is deubiquiti-

nated and recycled, a small but significant fraction of integrin

receptor maintains its ubiquitination and is targeted to ESCRT-

dependent lysosomal degradation (Lobert et al., 2010). Deple-

tion of ESCRT components HD-PTP and UBAP1 by small

hairpin RNAs (shRNAs) increased the a5b1 cellular and PM

levels (Figures 5A–5C), without affecting its transcript levels

(Figure S5A).

This could be attributed to impeded lysosomal delivery of in-

tegrin a5b1 as indicated by the receptor accumulation in early

and recycling endosomes and exclusion from lysosomes (Fig-

ures 5D and 5E). FRIA confirmed the inhibition of a5b1 lysosomal

delivery by shHD-PTP or shUBAP1, as internalized receptors

were retained in early endosomes (pHv �5.9–6.3) as compared

to control shRNA (pHv �4.7–5.6) cells (Figures 5F and S5B).

Importantly, HD-PTP and UBAP1 depletion had little effect on

a5b1 internalization, transferrin recycling, or the lysosomal tar-

geting of CD63/Lamp and FITC-dextran (Figures S5C and

S5D). HD-PTP and UBAP1 depletion, however, potentiated

a5b1 recycling by 2- to 3-fold (Figure 5G). The accelerated

a5b1 recycling could be explained by enhanced deubiquitination

(>30%) (Figures 5H and 5I) and decreased degradation of integ-
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rin a5b1 (Figure 5J). Thus, both HD-PTP

and UBAP1 are involved in the MVB/lyso-

somal targeting of ubiquitinated a5b1 in-
tegrins, and their loss of function stabilizes integrin a5b1 at the

PM and early endosome.

UBAP1 and HD-PTP Contribute to Ubiquitinated Cargo
Sorting in Endosomes
HD-PTP and UBAP1 are part of the ESCRT, as demonstrated by

co-IP with TSG101, Hrs, and Stam1, and are responsible for

MVB biogenesis (Figure S6A; Ali et al., 2013; Doyotte et al.,

2008). To confirm the role of HD-PTP and UBAP1 in ubiquiti-

nated cargo sorting, the endolysosomal transfer kinetics of two

model proteins (polyubiquitinated CD4t-Ubn and tetra mono-

Ub exposing CD4cc-UbRDG4) were measured by FRIA. Both

shHD-PTP and shUBAP1 abrogated the MVB/lysosomal deliv-

ery of CD4t-Ubn (Figures 6A and S5E). In contrast, shUBAP1

and shHD-PTP failed to prevent the MVB/lysosomal delivery of

CD4cc-UbRDG4, implying that these ESCRT constituents, in

contrast to Hrs, Stam1, and TSG101, are dispensable for the

recognition of the tetra-mono-Ub sorting signal (Figure 6A, lower

panel) and supporting the hypothesis of their Ub-chain-specific

sorting function (Wunderley et al., 2014).

While the V-domain of HD-PTP has K63-linked poly-Ub bind-

ing capacity (Pashkova et al., 2013), the Ub-chain specificity of

UBAP1 is unknown. We determined the Ub-chain binding spec-

ificity of UBAP1 by glutathione S-transferase (GST)-UBAP1 pull-

down, demonstrating its preference to K63-linked rather than

K48-linked poly-Ub chains or mono-Ub (Figure 6B). Accordingly,

a5 integrin could be isolated with GST-UBAP1 from FN-stimu-

lated cell lysates (Figure 6C). While these observations suggest

that both HD-PTP and UBAP1 may participate in the polyubiqui-

tinated a5b1 integrin recognition and lysosomal delivery, they



Figure 5. The ESCRT-0/I Components HD-

PTP and UBAP1 Are Required for Integrin

a5b1 Lysosomal Delivery

(A) Integrin a5b1 abundance is increased upon

HD-PTP or UBAP1 depletion by two independent

shRNAs, detected by immunoblotting in HeLa

cells.

(B) Steady-state level of a5b1 was monitored by

western blotting of in HD-PTP- or UBAP1-

depleted cells after serum starvation and FN

stimulation for 7 hr.

(C) The PM density of a5 integrin was increased in

HD-PTP or UBAP1 depleted HeLa cells, deter-

mined by cs-ELISA. Data are means ± SEM; n = 3;

***p < 0.001.

(D and E) Immunofluorescence colocalization of

internalized a5 with organelle markers. a5 Ab-

labeled receptors were chased for 7 hr at 37�C in

the presence of FN (10 mg/ml) and visualized with

EEA1 or LAMP1 (early endosomal and lysosomal

markers, respectively). The recycling compart-

ment was labeled with Alexa Fluor 594 transferrin.

Integrin a5 was observed primarily in early/re-

cycling compartments in HD-PTP- or UBAP1-

depleted HeLa cells, in contrast to control cells,

where a significant fraction was localized to the

late endosomal/lysosomal compartments. Scale

bar, 10 mm. (E) Quantification of integrin a5 co-

localization with EEA1, LAMP1, or transferrin from

experiments shown in (D) and using Mander’s

coefficient. Means ± SEM; n = 3; *p < 0.05; **p <

0.01; n = 30–40 cells/condition.

(F) The lysosomal delivery of integrin a5b1 was

significantly compromised in shHD-PTP- and

shUBAP1-depleted cells. Mean pHv of integrin-

a5b1-containing endocytic vesicles in shHD-PTP-

and shUBAP1-depleted cells was determined by

FRIA after a 2-hr to 7-hr chase as in Figure 2E.

Data are means ± SEM; n = 5; *p < 0.05; **p < 0.01.

(G) Integrin a5 recycling is activated by HD-PTP or

UBAP1 depletion. Biotin-based integrin recycling

was determined as described previously (Caswell

et al., 2007, 2008). Cell-surface proteins were

biotinylated with NHS-SS-biotin on ice and stim-

ulated with FN (10 mg/ml) for 10 min at 37�C. The
remaining PM biotin was stripped with MesNA on

ice, and recycling of integrins was allowed at 37�C. At the indicated time points, cells were stripped again with MesNA and lysed, and the biotinylated proteins

were bound to Neutravidin resins. The remaining pool of biotinylated integrins was quantified by western blot analysis. Integrin a5 is recycled faster in cells

depleted of HD-PTP or UBAP1 (**p < 0.01). Data are means ± SEM; n R 3.

(H and I) Deubiquitination of integrin a5 receptor complex is accelerated in HeLa cells depleted for HD-PTP or UBAP1. Ubiquitination of cells were surface labeled

a5 was measured at the indicated time after 10mg/ml FN stimulation in HD-PTP or UBAP1 depleted cells as in Figure 2H Data are means ± SEM; n = 3; *p < 0.05.

(J) a5 degradation from the PM is inhibited by HD-PTP or UBAP1 depletion. The remaining PM-labeled a5 was measured by cs-IP and immunoblotting after FN

stimulation after the indicated chase (as in Figure 2G). Data are means ± SEM; n = 3; *p < 0.05.
may also be integral to the functionality of other ESCRT constit-

uents, since HD-PTP depletion reduces the expression level

of TSG101, Stam1, and Hrs (Figures S6C and S6D). The loss-

of-expression phenotype conceivably contributes to enhanced

capacity of ESCRT to recognize and sort ubiquitinated cargoes.

Integrin a5b1-Dependent Cell Migration Is Suppressed
by HD-PTP and UBAP1
Integrin a5b1 stabilization, as a consequence of HD-PTP

or UBAP1 depletion, increased integrin signaling via phos-
C

phorylation of Akt, Erk1/2, FAK, and Src and led to a 2- to

3-fold increase in transwell cell migration and Matrigel inva-

sion of HeLa cells (Figures 7A, 7B, and S7A). In a wound-

healing assay, HD-PTP- or UBAP1-depletion also stimulated

cell movement but decreased motion persistence (Figures

7B–7D), a phenotype associated with increased a5b1 re-

cycling (White et al., 2007). Accelerated migration of HD-

PTP knockdown cells can be partly attributed to altered

sorting and signaling of integrin a5b1, since the JBS5-block-

ing Ab significantly reduced migration (Figure 7C) and FN
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Figure 6. HD-PTP and UBAP1 Are Required

for Poly-Ub Recognition and Ubiquitinated

Cargo Lysosomal Delivery

(A) The mean pHv of the indicated CD4-Ub

chimeras was measured in HD-PTP or UBAP1

depleted HeLa cells at the indicated chase time,

as in Figure 2E. Both HD-PTP and UBAP1 were

required for poly-Ub CD4t-Ubn, but not for the

tetrameric CD4cc-UbRDG4 lysosomal delivery.

Data are means ± SEM; n R 3.

(B) UBAP poly-Ub chain binding selectivity. The

pull-down assay was performed with GST-UBAP1

or GST and mono-, poly-K48, or poly-K63 Ub.

Bound Ub moieties were probed with P4D1 anti-

Ub Ab as described in Experimental Procedures.

GST-UBAP1 interacts specifically with poly-

K63 Ub chain; n = 3.

(C) Integrin a5 and K63-linked polyubiquitinated

proteins associate with GST-UBAP1. Western blot

analysis of GST pull-downs using recombinant

GST-UBAP1 incubated with serum-starved and

FN-stimulated (15 min) HeLa cell lysates; n = 3.
substrate preference for migration and spreading (Figures

S7E–S7G).

Migration of HD-PTP- or UBAP1-depleted cells was impeded

by chloroquine treatment (Figure 7D), consistent with sustained

ubiquitination of integrin a5b1 and inhibited receptor recycling

(Figures 3B and 3H), similarly to USP9x depletion (Figures 4D

and 4E). Thus, the deubiquitination-induced recycling of integrin

a5b1 mediated by USP9x promotes cell migration, while the

degradative HD-PTP/UBAP1 pathway is required for ESCRT-

dependent lysosomal degradation of integrin a5b1 to impede

cell migration and invasion. Importantly, the pro-migratory

phenotype of HD-PTP-depleted cells cannot be attributed only

to EGFR signaling (Ali et al., 2013; Doyotte et al., 2008), since

HD-PTP-depletion-induced accelerated migration was pre-

served upon EGFR inhibition by gefitinib (Figure 7E) and HD-

PTP depletion alone or with FN stimulation failed to activate

EGFR signaling (Figure S7H).

DISCUSSION

Here, we demonstrate the mechanism of pH-regulated ligand

binding to integrin a5b1 complex and its coupled ubiquitina-

tion-dependent sorting and signaling. We highlight previously

unrecognized regulatory targets for the postendocytic fate of

the activated a5b1 receptor complex that also helps to reconcile

two opposing propositions as prerequisites for integrin-depen-

dent cell migration, namely PM recycling or ubiquitin-driven lyso-

somal degradation of a5b1 (Caswell et al., 2008; Lobert et al.,

2010).

We propose that ligand-induced rapid ubiquitination of integ-

rin receptors drives its accelerated internalization. Subsequent

acidification of the endosomal lumen induces ligand-receptor

dissociation, as well as USP9x-mediated deubiquitination of

the receptor complex, which ensures that most of the receptors

escape from ESCRT-dependent lysosomal degradation in

favor of recycling to the PM. The remaining ubiquitinated pool

of integrin a5b1 is partly targeted CLIC3-mediated recycling
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from lysosomes (Dozynkiewicz et al., 2012) and partly degraded

in lysosomes. Thus, besides lysosomal degradation of the resid-

ual amount of activated receptor (Lobert et al., 2010), ligand-re-

ceptor dissociation in concert with coupled deubiquitination of

the receptor complex prevents the PM recycling of the ligand-

occupied adhesion contacts. It is likely that a similar endosomal

sorting mechanism prevails for other adhesion receptors, since

deubiquitination of neuronal adhesion molecule NCAM and

DN-GRASP is essential for their recycling to the PM (Thelen

et al., 2008; Wobst et al., 2012).

Transient ubiquitination of the integrin a5b1 complex pro-

motes its internalization, as well as PM and intracellular turnover.

This is in contrast to the unaltered internalization propensity of

the non-ubiquitinatable integrin a5b1 (a5-4K/R and b1-7K/R)

(Böttcher et al., 2012; Lobert and Stenmark, 2010). Extensive

mutagenesis, however, may induce conformational changes

that influence the association of a5b1 with components of the

activation complex (e.g., talin, vinculin, FAK, and Src). The acti-

vation-induced ubiquitination level of the integrin a5b1 complex

(Arjonen et al., 2012) will in turn modulate partitioning between

endocytic recycling of inactive receptors and lysosomal degra-

dation of activated receptors.

We provide evidence of endosomal acidification-induced

FN-a5b1 dissociation, with temporal coupling to receptor inacti-

vation, and subsequent deubiquitination, allowing receptor

resensitization and recycling to the cell surface. FN-receptor

dissociation and subsequent receptor deubiquitination in endo-

somes not only permit integrin recycling for further rounds of

ECM engagement during migration, but also ensure efficient

degradation of the dissociated FN molecules via fluid-phase

transport into lysosomes. The pH-dependent ligand dissociation

may prevail for other RGD receptors, since extracellular acidifi-

cation can remove the majority of prebound FN from the PM, ex-

pressing various integrins.

The deubiquitination event of the integrin a5b1 complex is at

least partly mediated by USP9x, a DUB with a demonstrated

role in cancer, development (reviewed in Murtaza et al., 2015),



Figure 7. Regulation of a5b1 Signaling and

Cell Migration by HD-PTP and UBAP1

(A) Phosphorylation state of pro-migratory (pFAK,

pSrc) and pro-survival (pAkt, pErk1/2) signaling

molecules in FN-stimulated (7 hr) HeLa cells.

(B) HeLa cells were subjected to migration or

Matrigel invasion assays using the xCELLigence

RTCA (real-time cell analysis) system. HD-PTP

and UBAP1 depletion potentiated pro-migratory

and pro-invasive phenotype (*p < 0.05; **p < 0.01).

Data are means ± SEM; n R 3.

(C) Inhibition of integrin a5b1 function by blocking

Ab has severely compromised migration in shHD-

PTP cells (*p < 0.05) as performed in (B). Cells were

incubated for 30 min with CTL mouse immuno-

globulin G or a5b1 blocking Ab. Data are means ±

SEM; n R 3.

(D) Disruption of integrin sorting by chloroquine

(100 mM CQ) leads to abrogation of cell migration

as performed in (B). Data are means ± SEM; nR 3.

(E) Inhibition of EGFR does not eliminate the

stimulatory effect of shHD-PTP on cell migration.

HeLa cells were treated with the EGFR inhibitor

gefitinib (2mM) for 30 min prior to the migration

assay that was conducted as in (B). Data are

means ± SEM; n R 3, *p < 0.05.
cell polarity, adhesion (Théard et al., 2010), and neuronal migra-

tion (Homan et al., 2014). The spatiotemporal regulation of the

USP9x and its recruitment to the integrin a5b1 complex remains

to be elucidated. USP9X has been reported to be associated

with components of vesicular trafficking in polarized epithelia

(Murray et al., 2004; Théard et al., 2010) and can form a complex

with Itch E3 ubiquitin ligase in endosomes (Mouchantaf et al.,

2006). In addition to acting on integrin a5b1 complex, USP9x

may modulate other E3 ligases (e.g., Cbl and SMURF1) (Magnif-

ico et al., 2003; Xie et al., 2013) and influence endosomal sorting

of other ubiquitinated receptors (Marx et al., 2010).

Despite recycling of the majority of integrin a5b1, a small frac-

tion of a5b1 maintains ubiquitination and is targeted for lyso-

somal degradation via the ESCRT pathway (Lobert et al., 2010).

Our study demonstrates the role of ESCRT-0 and -1 components

(HD-PTPandUBAP1)with K63poly-Ub chain recognition capac-

ity in delivering cargo to MVB and lysosomes (Agromayor et al.,

2012; Pashkova et al., 2013). The depletion of either HD-PTP or

UBAP1 delayed integrin a5b1 degradation and favored receptor

recycling. This phenotype is the reverse of USP9x depletion,

which promoted a5b1 complex ubiquitination and destabilization

at the PM and also diminished cell migration, in accordance

with USP9x loss-of-function phenotypes (Homan et al., 2014).

Overall, the competitive nature of integrin a5b1 recycling and

degradation is likely dependent on an interplay between dynamic

ubiquitination and the effect of other sorting motifs in the integrin

b1 cytoplasmic tail mediating recycling via the SNX17 pathway

(Böttcher et al., 2012; Steinberg et al., 2012). The latter is likely

to require USP9x, since ubiquitination status may be one of the

key factors in integrin endosomal sorting. In addition, receptor

cross-talks may influence ligand-receptor dissociation kinetics,

since cilengitide decreases FN cooperative binding to a5b1 and

enhances its recycling (Caswell et al., 2008).
C

The functional difference between individual ESCRT compo-

nents is illustrated by their ablation effect on cell migration.

Depletion of core components of the ESCRT0-I (Hrs/TSG101)

resulted in abrogation (Lobert and Stenmark, 2012), while the

depletion of HD-PTP or UBAP1 led to potentiation of cell migra-

tion. TSG101 depletion resulted in mislocalization of activated

Src and decreased myosin light chain phosphorylation, attenua-

tion of the promigratory signaling, contractility, and inhibition of

turnover of focal adhesions, all of which are processes required

for cell migration (Lobert and Stenmark, 2012; Tu et al., 2010).

Since TSG101 plays a broad role in various cellular functions

(Elia et al., 2011; Martin-Serrano et al., 2001), its depletion might

have nonspecific effects, masking its direct endocytic sorting

function in integrin-dependent migration. Possibly, different

ESCRT subcomplexes exist with distinct cargo specificity.

Thus, the essential components of ESCRT-1 such as TSG101,

Vps25, Vps28, and Vps37 act as the core machinery, whereas

BRO-domain proteins such as ALIX or HD-PTP may confer sub-

strate specificity (Wunderley et al., 2014).

In conclusion, we provide an innovative framework for future

studies of integrin a5b1 endocytic trafficking by identification of

previously unrecognized factors, including the receptor ligand-

dependent reversible ubiquitination, the role of endosomal acidifi-

cation that triggers FN-a5b1 endosomal dissociation and the

coupled USP9x-mediated deubiquitination, as well as the role of

HD-PTP/UBAP1 in integrin a5b1 postendocytic trafficking, which

has far-reaching implications in cell migration and invasion.
EXPERIMENTAL PROCEDURES

Cell-Surface Measurements of Integrin a5b1 Using cs-ELISA

Cell-surface ELISA-based assays were performed as described earlier (Apaja

et al., 2010) in live cells. Briefly, cells were serumdepleted, labeledwith integrin
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Abs on ice, and detected with horseradish peroxidase (HRP)-conjugated sec-

ondary Ab (Amersham Biosciences or Jackson Immunoresearch) and Amplex

Red (Life Technologies). Biotin-FN was bound on ice and detected with HRP-

Neutravidin (Pierce). Thermolabile E1 mutant CHO cells ts20 and control E36

cells were preincubated at 40�C for 3 hr to inactivate E1 (Apaja et al., 2010;

Kulka et al., 1988). Cilengitide (Selleckchem) was used to isolate specific

a5b1 signal. Internalization was measured for 5 min at 37�C both in HeLa

and CHO cells pretreatedwith 0.3M sucrose and/or 25 mg/ml nystatin (Sigma),

where indicated. In the recycling assay, serum-starved cells were labeled with

anti-a5 (CD49e) Ab and stimulated with FN (10 mg/ml) for 10 min at 37�C to

induce integrin uptake. The remaining Ab complexes were blocked with

mouse monovalent Fab0
2 fragments (Jackson Immunoresearch), recycling

was activated, and PM signal was measured.

Cell-Surface Ubiquitination Assay by IP

Anti-a5 or a5b1-blocking Abwas used in cs-IP for FN- and RGD-peptide-stim-

ulated cells. Cells were lysed in buffer A (supplemented with 20 mM N-ethyl-

maleimide, 1 mM MG-132, and 1 mM WP1130), and Ub signal was probed

with P4D1 Ab. Chloroquine (100 mM) and NH4Cl (4 mM) pretreatment was per-

formed for 20 min and maintained during FN stimulation. Ub signal was

normalized to the amount of integrin a5 in IP.

FN Dissociation Analysis In Vitro Using Biolayer Interferometry

Soluble human integrin a5b1 ectodomain fragments, either full length (1–954

aa of a5 and 1–708 aa of b1) or headpiece (1–623 aa of a5 and 1–445 aa of

b1), were expressed and purified as described before (Nagae et al., 2012).

Ligand dissociation kinetics of integrin at different pH were analyzed by BLI

using Octet RED system (Pall ForteBio) at 30�C with orbital sensor agitation

at 1,000 rpm, running buffer (20 mM MES, 150 mM NaCl, 1 mM MnCl2, and

0.005% Tween20 [pH range �5.0–7.5]). Streptavidin sensors were loaded

with 1 mg/ml biotinylated Fn7-10 fragment (Takagi et al., 2003). The sensors

were then transferred to 25 nM integrin solution (full length or headpiece) at

pH 7.5 for 2 min. Dissociation was initiated by transferring the sensor tips to

wells containing running buffers with varying pH and monitored for additional

5 min. Dissociation rate constants were derived using BIA evaluation software

(GE Healthcare).

FN Dissociation Analysis In Vivo and Vesicular Cargo Tracking Using

FRIA

Methodology for cargo-labeled vesicular pH determination in live cells by using

FRIA has been previously described in detail (Apaja et al., 2010, 2013; Barriere

and Lukacs, 2008). Integrin a5b1 receptor was labeled with anti-a5 (CD49e) or

a5b1-blockingAbandFITC-conjugatedgoat anti-mouse secondary Fab (Jack-

son Immunoresearch) on ice and chased for the indicated times. Transiently

expressed CD4-Ub or CD4tCCUb were used as before (Apaja et al., 2010).

Concentrated ascites fluid against CD63/LAMP2 1:1 mixture and the fluid-

phase marker, FITC-dextran (10 kDa, 50 mg/ml; Molecular Probes) were used

as controls for lysosomal delivery. Dextran was endocytosed for 1 hr and

chased for 2 hr at 37�C. For determining FN kinetics, cells were labeled on

ice with biotin-FN and FITC-Neutravidin and internalized for 5 min at 37�C.
The remaining FN was washed out with pH 5.0 MES buffer (140 mM NaCl,

5 mM KCl, and 10 mM MES.). A Zeiss Observer Z1 (Carl Zeiss MicroImaging)

equipped with the X-Cite 120Q system (Lumen Dynamics Group) and Meta-

Fluor software (Molecular Devices) was used to measure fluorescence inten-

sities. At least 300–600 vesicles were calculated in each experiment from

more than 50 cells. Histogramfigures are representatives of single experiments

with number of vesicles indicated. Mean vesicular pH (pHv) is a weightedmean

of histograms from multiple experiments. Data are means ± SEM (n R 3).

For additional experimental procedures, antibodies, and reagents, see Sup-

plemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.09.024.
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