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CELL BIOLOGY

CD13 tethers the IQGAP1-ARF6-EFA6 complex to
the plasma membrane to promote ARF6 activation,
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B1 integrin recycling, and cell migration
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Cell attachment to the extracellular matrix (ECM) requires a balance between integrin internalization and recycling
to the surface that is mediated by numerous proteins, emphasizing the complexity of these processes. Upon ligand
binding in various cells, the B1 integrin is internalized, traffics to early endosomes, and is returned to the plasma
membrane through recycling endosomes. This trafficking process depends on the cyclical activation and inactiva-
tion of small guanosine triphosphatases (GTPases) by their specific guanine exchange factors (GEFs) and their
GTPase-activating proteins (GAPs). In this study, we found that the cell surface antigen CD13, a multifunctional
transmembrane molecule that regulates cell-cell adhesion and receptor-mediated endocytosis, also promoted cell
migration and colocalized with B1 integrin at sites of cell adhesion and at the leading edge. A lack of CD13 resulted
in aberrant trafficking of internalized B1 integrin to late endosomes and its ultimate degradation. Our data indi-
cate that CD13 promoted ARF6 GTPase activity by positioning the ARF6-GEF EFA6 at the cell membrane. In migrating
cells, a complex containing phosphorylated CD13, IQGAP1, GTP-bound (active) ARF6, and EFA6 at the leading
edge promoted the ARF6 GTPase cycling and cell migration. Together, our findings uncover a role for CD13 in the
fundamental cellular processes of receptor recycling, regulation of small GTPase activities, cell-ECM interactions,
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and cell migration.

INTRODUCTION

Cell communication with the extracellular environment is a universal
property shared by distinct cell types that underlies many normal
biological processes, such that absent or dysregulated connections
can give rise to aberrant and sometimes lethal consequences. At sites
of interaction, cells form complexes containing hundreds of proteins
of diverse classes that link the cytoskeleton to the plasma membrane
and the extracellular matrix (ECM). These trigger signal transduc-
tion cascades to mediate the cytoskeletal rearrangements necessary
for cellular functions such as shape change and motility (1, 2). A
critical step in this process is the endocytic internalization and recy-
cling of components of these complexes, particularly the integrin
molecules that connect their ECM ligands to the actin cytoskeleton
(3). These processes are controlled by families of small guanosine
triphosphatases (GTPases) [adenosine diphosphate ribosylation factors
(ARFs), Rabs, etc.], their regulators, GTPase-activating proteins
(GAPs), and guanine exchange factors (GEFs) (4) that trigger the acti-
vation of Rho-GTPase signaling cascades and their numerous ef-
fectors (5). Pertinent to this study, the cyclic activation and inactivation
of the type III ARF, ARF6, mediates B1 integrin endocytic internaliza-
tion, subsequent endosomal trafficking, recycling to the membrane,
and, last, fusion with the plasma membrane, thus controlling cell-
ECM adhesion and migration by integrin availability (6). Blocking
or inhibiting ARF6 activation abrogates Bl integrin recycling and
consequent cell migration (7, 8). Subsequent ARF6 activities are
directed by various effector molecules and scaffolding proteins. For
example, the active form of the GTPase Rab35 recruits the ARF6-
GAP ACAP2 to inactivate ARF6 and block B1 integrin recycling (9),
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Rab5c-induced formation of an ARF6-AMAP1-f1 integrin complex
promotes B1 integrin recycling and cell motility (10), whereas the
ARF6-Racl-1Q motif-containing GAP 1 (IQGAP1) complex is
required for tumor cell migration (7). Pertinent to our study, these
complexes must be correctly positioned within the cell to carry out
their functions (7, 8). Although such communication complexes have
been studied for many years in numerous cell types, the wealth of new
reports identifying associated proteins, interactions, and functions
emphasizes the fact that important questions remain regarding the
regulation of the interactions and organization of these proteins and
their subsequent signaling pathways.

We have previously demonstrated that the multifunctional trans-
membrane peptidase CD13 participates in many activities that are
fundamental to cell adhesion and motility. In myeloid and endothelial
cells, CD13 is a regulator of receptor-mediated endocytosis and sub-
sequent endocytic signal transduction pathways (11-13). In addition,
we have shown that CD13 is an inflammatory adhesion molecule
(14-17) that also regulates endothelial cell migration by promoting
Cdc42 activation and filopodia formation during angiogenesis (11, 18),
prompting the current investigation into potential CD13-mediated
mechanisms regulating cell-ECM interactions. We focused our study
on the well-characterized B1 integrin-fibronectin (FN) interaction
and trafficking processes and demonstrated that CD13 expression
promoted cell adhesion, spreading, and migration in wild-type (WT)
and CD13%° murine fibroblasts, the human K$1767 Kaposi sarcoma
(KS) endothelial cell line engineered to delete CD13 by CRISPR tech-
nology (15), and human epithelial cells engineered to express WT but not
inactive human CD13 (HCD13). In addition, whereas surface 1 in-
tegrin was internalized and recycled back to the surface in WT cells
in response to ligand, B1 integrin was retained in intracellular vesicles
in cells lacking CD13, suggesting that CD13 contributes specifically
to B1 integrin recycling. Mechanistically, we show that a complex
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containing active WT CD13, B1 integrin, and its recycling coordina-
tors active ARF6, the ARF6-specific exchange factor EFA6, and
IQGAP1 localizes with F-actin at the leading edge of migrating cells
and is required to maintain ARF6 in its active guanine triphosphate
(GTP)-bound state. Therefore, CD13 tethers EFA6 at the cell mem-
brane with IQGAP1 and ARF6 to activate ARF6, which is essential
for proper B1 integrin endosomal trafficking and thus is a critical
regulator of cell-ECM interactions.

RESULTS

CD13 contributes to processes required for cell migration
We have previously demonstrated that CD13 functions as an inflam-
matory adhesion molecule on migrating monocytes (15-17, 19) that
also regulates endothelial cell migration through the ECM during
angiogenesis (11, 18), leading us to investigate potential CD13-
mediated mechanisms regulating cell-ECM interactions and motility.
Migration on the ECM involves a number of processes including
cell adhesion to the substrate, cell spreading, and cell movement.
Our previous studies have shown that the CD13 cytoplasmic tail is
phosphorylated by the tyrosine kinase Src at Tyr® in inflammatory
myeloid cells, where mutation of this residue to a nonphosphorylat-
able Phe (CD13-Y6F) abrogates cell-cell adhesion (13, 15). To address
this in ECM-adherent cells, we used WT or CD13*° murine embry-
onic fibroblasts (MEFs) or human epithelial cells engineered to ex-
press WT HCD13, phosphorylation-defective HCD13 (Y6F), or
empty vector (EV) controls in the presence of FN. These experiments

indicated that cell-ECM adhesion (Fig. 1, A and B) and relative cell
spreading over time (by measuring the area circumscribed by the
focal adhesion protein paxillin; Fig. 1, C and D, and fig. S1A) were
markedly reduced in cells lacking CD13 or treated with the CD13-
blocking antibody (Ab) SL13, as well as those expressing the mutant
HCD13-Y6F compared to cells expressing WT CD13. Similarly, in
an in vitro wound healing assay (Fig. 1, E and F, and fig. S1B), mi-
gration was substantially impaired over a 6-hour time period in the
absence of CD13 or in cells expressing the HCD13-Y6F mutant
compared to the WT counterpart. Therefore, CD13 contributes to
processes necessary for cell-ECM adhesion and motility.

CD13 is important for recycling g1 integrin

to the cell surface

Cell-ECM interactions are mediated primarily by the integrin family of
transmembrane adhesion proteins. The prototypic adhesion molecule
B1 integrin is activated upon binding to its ligand FN at the site of cell-
ECM attachment, forming adhesion complexes that establish a tight
link between the cytoskeleton and the ECM. Bl integrin—containing
adhesion complexes undergo requisite rounds of formation and disas-
sembly, where proteins are internalized and reexpressed on the surface
through highly regulated endocytic recycling mechanisms (3). We have
shown that a lack of CD13 increases the internalization of some recep-
tors upon ligand binding in myeloid and dendritic cells (12, 13), raising
the possibility that CD13 promotes adhesion by maintaining B1 integ-
rin on the cell surface. We performed an antibody-induced pulse-chase
assay in MEFs in which surface 1 integrin is initially labeled with an
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Fig. 1. Cell-ECM adhesion, cell spreading, and directional migration are substantially reduced in the absence of CD13. (A and B) Cell-ECM adhesion was assessed
in MEFs [WT, CD1 3K°, and WT treated with CD13-blocking Ab SL13; (A)] and human epithelial cells [C33A cells expressing EV, HCD13, or a phospho-tyrosine mutant CD13
(Y6F); (B)] plated in the presence of FN for the indicated time periods. Cells attached to ECM were stained with crystal violet dye, and absorbance was measured at 595
nm. OD, optical density. (C and D) Cell spreading was assessed in MEFs (C) and C33A cells (D) plated on FN and left alone to spread for the indicated time periods. Cells
were then stained with antibody against paxillin and imaged using confocal microscopy. Spreading was measured in cells of similar nuclear size as the area circumscribed
by paxillin staining (total cell body) using Fiji software. (E and F) Cell migration was assessed using an in vitro scratch assay, in which monolayers of MEFs (E) or C33As (F)
grown on FN for 6 hours (h) were allowed to migrate into the cleared space. For MEFs, the number of cells migrating into the wound area was counted, whereas for C33A
cells, the distance traveled by the leading front was measured by a phase-contrast microscopy and Fiji software. Data are means + SD of three independent experiments.
**P<0.01 and *P < 0.05 by two-tailed Student’s t test.
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untagged anti—f1 integrin antibody 9EG7 (recognizing ligand-bound
murine integrin) in the presence of FN, followed by incubation at 37°C
(pulse) to allow integrin/antibody internalization (scheme in fig. S2).
After the pulse, cells were acid-stripped to remove unbound and non-
internalized Abs, followed by incubation in the absence of the antibody
for 2 or 4 hours (Chase/2h or Chase/4h) to monitor recycling of inter-
nalized antibody/B1 integrin to the surface, which was detected with a
fluorescein isothiocyanate (FITC)-labeled secondary antibody. Quan-
tification of total immunofluorescence intensity indicated that there
was no significant difference in basal surface binding of clone 9EG7
(Fig. 2, A and B) or clone MB1.2 that recognizes B1 integrin inde-
pendently of conformation (fig. S3) between WT cells and those lacking
CD13. However, whereas recycled 9EG7 was readily apparent at the
surface by both 2 and 4 hours after chase in CD13" cells, it was markedly
lower in CD13-negative cells. Conversely, in permeabilized cells, the
abundance of cytoplasmic 9EG7 was higher in CD13%°© MEFs when
compared to WT cells (Fig. 2, A and B). These findings were confirmed
by flow cytometric analysis of surface B1 integrin (9EG7) expression
under similar experimental conditions (Fig. 2C). Last, consistent with a
role for CD13 in B1 integrin recycling mechanisms, treatment of WT
MEFs with the recycling inhibitor primaquine substantially reduced
WT 9EG7-surface expression to that of CD13X° MEFs (Fig. 2C).

'\ Pulse/th | WT MEFs

Chase/2h

Because a round of integrin recycling occurs over minutes, the
relatively extended chase periods in these experiments likely reflect a
composite effect of CD13 on both recycling and internalization. To
investigate the effects of CD13 on the relative rates of internalization
and recycling at earlier time points, we used a capture ELISA-based
pulse-chase assay (Fig. 2, D and E), as described in (20). Total cell
surface proteins were labeled with biotin, followed by internalization in
label-free conditions. Cells were harvested over a period of 0 to 30 min,
and the intracellular integrin pool was measured by ELISA and pre-
sented as a percentage of the initial surface-labeled B1 integrin (Fig. 2D).
Alternatively, to assess integrin recycling, surface-biotinylated proteins
were given time to internalize followed by a chase period in complete
medium for 30 min. The proportion of recycled integrin was calculated
on the basis of the loss of internalized integrin in the cells after chase
(Fig. 2E; see also Materials and Methods). Consistent with our immuno-
fluorescence and flow cytometric analysis, loss of CD13 diminished
9EGY recycling to the surface by 12 and 27% by 10 and 30 min of
chase, respectively. To determine whether B1 integrin trafficking
was affected by the lack of its CD13 partner in human cells as well,
we analyzed B1 integrin recycling in our panel of transfected C33A
human cell lines by immunofluorescence and flow cytometric analysis
using the mAb to human B1 integrin 12G10 (Fig. 3, A and B). Similar
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Fig. 2. Reduced 1 integrin recycling in MEFs lacking CD13. (A to C) Recycling of surface 1 integrin (green) was tracked in pulse-chase assays in WT and CD13° MEFs
grown on FN. Cell surface B1 integrin was tagged with unlabeled monoclonal antibody (mAb) clone 9EG7 for 30 min on ice, followed by incubation at 37°C (Pulse) for
1 hour to allow internalization. After pulse, cells were acid-stripped and washed to remove remaining surface antibody and chased for 2 or 4 hours in antibody-free medium
(Chase/2h or Chase/4h). After chase, FITC-labeled secondary Ab was added to either fixed cells to detect recycled surface integrin or to permeabilized and fixed cells to
detect both recycled and internalized 9EG7 by immunofluorescence analysis (A), quantification of fluorescence intensity of 9EG7 by Fiji software (B), and flow cytometry
(C) in the presence of vehicle (V) or the recycling inhibitor primaquine (PQ; 1 uM). Cells were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; blue). Scale bars,
5 um. (D and E) Biotin-labeled surface integrin was measured by capture enzyme-linked immunosorbent assay (ELISA) using 9EG7 mAb to determine % internalized 9EG7
(D) and % recycled 9EG?7 (E) over time in WT and CD1 3%O0 MEFs. Data are means + SD of three independent experiments. *P < 0.05 and **P < 0.01 by two-tailed Student’s
t test. A.U., arbitrary units; MFl, mean fluorescence intensity.
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to CD13X° MEFs, Bl integrin failed to recycle back to the plasma
membrane in C33A-EV cells lacking CD13. Cells expressing the in-
activatable phospho-tyrosine HCD13 mutant C33A-Y6F at an abun-
dance equivalent to that of C33A-HCD13 were also recycling defective
(Fig. 3, A to D), suggesting that active CD13 is necessary for proper
B1 integrin recycling to the cell surface. Flow cytometric analysis of
our panel of cells treated with the recycling inhibitor primaquine
showed reductions in C33A-HCD13 WT 12G10 surface abundance
to that of the C33A-EV or C33A-Y6F mutant (Fig. 3C). Last, to con-
firm our studies in an additional loss-of-function model, we generated
clones harboring a CRISPR-based deletion of CD13 in the human
KS endothelial model cell line KS1767. We have previously shown
that these express high amounts of CD13 comparable to primary
human umbilical vein endothelial cells and that CD13 is physiolog-
ically relevant in these cells (19, 21, 22). Flow cytometric analysis
indicated a total loss of CD13 expression in the CD13 CRISPR KS
clones compared to control clones containing scrambled guide RNAs
(fig. S4A). Similar to MEFs and epithelial cells, lack of CD13 expres-
sion led to markedly diminished cell- ECM adhesion, migration, and
recycling in two independent CD13 CRISPR KS clones compared
to controls (fig. S4, B to E). Therefore, our data together indicate that
CD13 regulates B1 integrin recycling in both humans and mice, in

Pulse/1h

Chase/2h

cells of distinct origin and in loss-of-function (endogenously CD13"
primary murine WT and CD13%° fibroblasts and WT and CD13%°
CRISPR-engineered KS endothelial cells) and gain-of-function (C33A
stably transfected cancer epithelial cell lines) studies.

CD13 regulates endocytic trafficking of 1 integrin

to Rab11* recycling endosomes

Recycled B1 integrin generally follows a path from Rab5" early en-
dosomes to Rab11* perinuclear recycling endosomes and is ultimately
recycled back to the plasma membrane (8, 23). To determine
whether the lack of CD13 affects this well-characterized pathway,
we tracked the endocytic fate of internalized 1 integrin in the pres-
ence or absence of CD13 by immunofluorescence (Fig. 4, A and B).
Analysis of B1 integrin trafficking in WT or CD13*° MEFs grown
on FN using mAb 9EG?7 illustrated that, regardless of CD13 expres-
sion, B1 integrin initially internalized into the Rab5" early endosomes
within 5 min (24). However, as trafficking proceeds, B1 integrin ac-
cumulates in Rab11" recycling endosomes after 60 min in WT cells
but appears to be redirected to Rab7" lysosomes in the absence of
CD13 (Fig. 4A). We confirmed these changes in localization by de-
termining the linear correlation between B1 integrin and the various
endosomal markers by Pearson’s correlation coefficient (r; Fig. 4B).
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Fig. 3. B1integrin recycle to the surface in epithelial cells expressing CD13 but not in the absence of CD13 or cells expressing CD13 phospho-tyrosine mutant.
(A) In a pulse-chase assay, human B1 integrin was labeled with Ab clone 12G10, and expression of B1 integrin (green) was tracked in antibody-pulsed cells for 1 hour (P/1h)
followed by chase in antibody-free medium for 2 or 4 hours (C/2h or C/4h) by immunofluorescence analysis. Cells were counterstained with DAPI (blue), fixed, and imaged
by confocal microcopy. Scale bars, 5 um. (B) Quantification of fluorescence intensity of 12G10 staining shown in (A) using Fiji software. (C) B1 integrin receptor surface
recycling was measured in a pulse-chase assay with flow cytometric analysis of human B1 integrin Ab clone 12G10 in C33A cells expressing EV, HCD13, or Y6F in the
presence or absence of recycling inhibitor primaquine (1 uM). (D) Equivalent level of CD13 expression in C33A expressing phospho-tyrosine mutant Y6F compared to
HCD13 indicated by Western blot analysis. Images (A) are representative and data (B to D) are means + SD of three independent experiments. *P < 0.05 and **P < 0.01 by
two-tailed Student’s t test.
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Fig. 4. B1integrinis directed to the lysosome for degradation in the CD13 deficient cells. (A) Cells were grown on FN for 0 to 60 min, and cells were fixed and stained
for B1 integrin (9EG7; green) and one of three endosomal markers (red): Rab5 (early endosomal marker), Rab7 (late endosomal/lysosomal marker), and Rab11 (recycling
endosomal marker). Cells were counterstained with DAPI (blue). Scale bars, 5 um. Blots are representative of three independent experiments. (B) Images represented in
(A) were quantified by MetaMorph software, and correlation coefficient (r) values of B1 integrin (9EG7) with endosomal markers determined by Pearson’s analysis are
shown. *P < 0.05 by two-tailed Student’s t test. (C) Quantification of Rab5", Rab7*, or Rab11* puncta per cell for in WT and CD1 3X0 MEFs. All cells in a field were counted,
and five fields were counted for each genotype. (D) C33A cells expressing EV and HCD13 were treated with cycloheximide (CHX; 100 ug/ml) to inhibit new protein synthesis
for the indicated time. Cell lysates were analyzed by immunoblotting for 1 integrin using the mAb 12G10. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served
as a loading control. Blots are representative of three independent experiments. (E and F) Quantification of immunoblot analysis represented in (D) by ImageJ Pro as a
ratio of 12G10 to GAPDH or 12G10 normalized to time = 0 hours. Data are means + SD of three independent experiments. (G and H) Total RNA was extracted from C33A
cells expressing EV or HCD13 treated with cycloheximide for the indicated time, and the abundance of ITGB7 (81 integrin) and GAPDH mRNA was determined by Real-time
PCR run on ethidium bromide-stained gels. Gels were analyzed by ImageJ Pro, and the ratio was plotted. Data in (B), (C), (E), (F), and (H) are means + SD of three indepen-

dent experiments. *P < 0.05 and **P < 0.01 by two-tailed Student’s t test.

In addition, the number of Rab5, Rab7, and Rabl1 puncta per cell
was equivalent between genotypes, arguing that a lack of CD13 does
not grossly affect endosome number or formation (Fig. 4C), although
it may affect endosomal distribution patterns [Fig. 4A: Rabll, WT
versus KO (knockout)].

To determine the eventual fate of Bl integrin in the absence of
CD13, we pretreated epithelial cells with cycloheximide to inhibit
new protein synthesis. Immunoblot analysis indicated that B1 inte-
grin abundance decreased over time and was diminished below de-
tection by 12 hours in culture in the C33A-EV cells, unlike in WT
cells (Fig. 4, D to F), indicating that CD13 participates in directing
endosomal B1 integrin to the recycling pathway and thus controls
cell surface expression. Real-time polymerase chain reaction (PCR)
analysis confirmed that decreased Bl integrin protein in CD13%°
cells is not due to effects on gene transcription, because we detected
equivalent amounts of Bl integrin transcripts in both genotypes,
suggesting that the loss of B1 integrin protein in cells lacking CD13
is a posttranscriptional event (Fig. 4, G and H), consistent with en-
hanced lysosomal degradation in the absence of CD13.

Ghosh et al., Sci. Signal. 12, eaav5938 (2019) 30 April 2019

Active CD13 forms a complex with ARF6-GTP and IQGAP1

We have previously demonstrated that coimmunoprecipitation of
CD13 with IQGAP1, an effector of the Rho family of small GTPases
and a fundamental regulator of cell migration (25), is necessary to
promote CD13-mediated cell-cell adhesion (15). IQGAP1 is a mul-
tifunctional scaffolding protein that recruits, assembles, and activates
small GTPases and their effectors to integrate cellular functions (26,
27). Relevant to potential mechanisms by which CD13 affects B1 in-
tegrin recycling, IQGAPI also interacts with and activates the small
GTPase ARF6, which is required for proper Bl integrin trafficking
and recycling (7, 8, 27-30). To assess the possibility that CD13 affects
B1 integrin recycling by an IQGAP1-ARF6-mediated mechanism,
we immunoprecipitated lysates of our panel of epithelial cell lines
expressing EV, WT, or Y6F-HCD13 with anti-HCD13 mAb 452 or
isotype control. Analysis of the complex showed that it contained
abundant IQGAP1 by Western blot and detectable amounts of active
AREF6 [as assessed by binding to the protein-binding domain (PBD)
of the ARF6 effector protein GGA3] only in those cells expressing
WT CD13 but not the EV or the Y6F mutant (Fig. 5A). Similarly,
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dominant-negative mutant cells expressing EV, HCD13, or Y6F were immunoprecipitated with biotinylated CD13 mAb or control IgG and probed for IQGAP1, ARF6, or HA
tag by immunoblot analysis. Active ARF6 was detected by pulldown with GGA3-conjugated beads from the immunoprecipitates. (C and D) ARF6 activity was measured
in C33A cells expressing EV or HCD13 after cell-ECM adhesion over the indicated time. Using ARF6 PBD of the effector protein GGA3-conjugated beads, which specifically
binds the GTP-bound form of ARF6, the subsequent pulldown of ARF6-GTP was quantified by immunoblot analysis using the ARF6-specific antibody. Blots (C) are repre-
sentative of and quantified data (D) are means + SD of three independent experiments. (E and F) B1 integrin receptor recycling was measured in a pulse-chase assay with
B1 integrin Ab clone 12G10 [for C33A cells; (E)] or 9EG7 [for MEFs; (F)] in the presence of N-myristolated ARF6 inhibitor peptide. Serum-starved cells were treated with B1
integrin Ab at 4°C for 30 min, pulsed for 1 hour to induce internalization, acid-stripped, washed, treated with myr-ARF6 peptide (10 uM) for 30 min, and allowed to recycle
at 37°Cfor 2 to 4 hours. Paraformaldehyde-fixed cells were stained with fluorescently conjugated secondary Ab, and MFI of surface B1 integrin was analyzed by flow

cytometry. Data are means + SD of three independent experiments. *P < 0.05 and **P < 0.01 by two-tailed Student’s t test.

expression of the hemagglutinin (HA)-tagged, inactive, dominant-
negative ARF6 mutant ARF6-T27N-HA in our panel of cell lines
illustrated that, although equivalent amounts of HA-tagged protein
are present in the cell lysate, inactive ARF6-HA does not associate
with WT CD13 (Fig. 5B). Because only the endogenous WT ARF6
can be activated, whereas the mutant protein sequesters ARF6-GEFs
but remains completely inactive (31), this result implies that CD13
only interacts with the active GTP-bound form of ARF6. The low
abundance of ARF6-T27N-HA expressed in these lines enables suf-
ficient residual, unbound ARF6 GEFs to activate endogenous ARF6.
In addition, in a cell-ECM adhesion assay, monitoring ARF6 activa-
tion over time by its ability to bind GGA3 illustrated that ARF6 acti-
vation is consistently and persistently reduced in the absence of
CD13 (Fig. 5, C and D). Furthermore, specifically blocking ARF6
activity with the N-terminal effector domain inhibitory peptide (32, 33)
in WT cells recapitulates the loss of 1 integrin cell surface expres-
sion in CD13%°- or CD13-Y6F-containing cells by flow cytometry,
further supporting a direct regulation of ARF6 by CD13 (Fig. 5, E
and F). Therefore, in WT cells, CD13, ARF6, and IQGAPI are present
in a complex that depends on both CD13 phosphorylation and acti-
vated ARF6. In addition, CD13 promotes optimal ARF6 activation
and 1 integrin surface expression.

CD13 recruits IQGAP1/ARF6 complex to

the leading edge in migration

In motile cells, IQGAPI is recruited to the migrating front where it
cross-links actin filaments at the plasma membrane to enable direc-
tional migration (27, 28, 34). Analysis of our panel of epithelial cell
lines in in vitro wound healing assays showed that IQGAP1 and F-actin
are localized to the leading edge of migrating cells at higher levels in
the presence of WT CD13 (Fig. 6, A to C), suggesting that active,
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phospho-CD13 enhances IQGAP1 recruitment to the plasma mem-
brane during migration (31). In agreement with this notion, CD13
also accumulates at the leading front, where it is coincident with
IQGAPI expression (Fig. 6, A to C). In addition, the number of cells
with F-actin, CD13, and IQGAP1 localized at the leading front was
substantially lower in cells containing the EV or Y6F mutant con-
structs compared to their WT counterparts (Fig. 6D). Western blot
analysis of fractionated cells confirmed that membrane-resident
IQGAP1 abundance increased in the presence of WT CD13 when
compared to control or mutant cells (Fig. 7, A and B). In addition,
active ARF6-GTP was found only in the membrane fraction in cells
expressing WT but not mutant CD13 (compared to E-cadherin
membrane expression), whereas total (active and inactive) membrane-
localized ARF6 abundance remained unchanged (Fig. 7, A and B).
Last, hyperactivation of heterotrimeric GTP-binding proteins (in-
cluding ARF6) (35) with aluminum fluoride (AIF) increased the
abundance of active ARF6 at the membrane, but again only in the
presence of WT CD13 (Fig. 7, A and B, and fig. S5), suggesting that
localization of active ARF6 at the membrane is CD13 dependent or
that interaction with CD13 is important to maintain ARF6 activation.

Membrane localization of the ARF6-GEF

EFAG6 requires WT CD13

The cyclic activation of ARF6 and other GTPases is regulated by
activating GEFs that enable the exchange of protein-bound guanine
diphosphate (GDP) to GTP and GAPs that terminate signaling by
hydrolyzing GTP to GDP. To determine the mechanism by which
CD13 regulates ARF6 activation, we focused on two ARF6-activating
GEFs, EFA6 and ARNO, which have been shown to regulate B1 integrin
traffic and transport (36-38). These GEFs are membrane-tethered,
but are not integral membrane proteins, suggesting that auxiliary
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Fig. 6. CD13 recruits IQGAP1 at the leading edge in directional cell migration. (A and B) In a scratch assay, after injury on the monolayer by creating a scratch, C33A
cells expressing HCD13 were allowed to migrate to the wound and fixed with 4% paraformaldehyde at the 6-hour time point. Cells were stained with phalloidin (red; left
rows) or CD13 (red; right rows) and IQGAP1 (green) and imaged using confocal microcopy; magnified inset of CD13/IQGAP1-stained C33A-HCD13 cells is shown (B). Scale
bars, 5 um. DAPI (blue). (C) Quantification of the area of F-actin and IQGAP1 accumulation at the migrating front of the cell, represented in (A), normalized to total cell area
by Fiji software. Five fields were counted for each genotype, and all cells in each field were measured. (D) Percentages of F-actin, CD13*, and IQGAP1" cells from (A) at
the leading front were measured in each of five fields for each genotype. Data are means + SD of three independent experiments. *P < 0.05 by two-tailed Student'’s t test.

transmembrane proteins may guide the GEFs to the plasma mem-
brane to activate ARF6 (39, 40). We addressed this possibility by
coimmunoprecipitation analysis of lysates from C33A cells with CD13
mAD 452 or control IgG. Western blot analysis indicated that EFA6 but
not ARNO was present in the immunoprecipitated complex in cells
expressing HCD13 but not EV or Y6F (Fig. 8, A and B), consistent with
CD13 acting as an EFA6 membrane tether. In support of this notion, we
found that EFA6 was localized at the leading edge of migrating cells
expressing HCD13, where it coincided with CD13 (Fig. 8, C and D), by
immunofluorescence and confocal image analysis. Quantification
showed that the number of EFA6" puncta at the leading edge was
markedly higher in cells expressing HCD13 compared to that in cells
expressing EV or Y6F, thereby establishing that EFAG6 is likely the GEF
for ARF6 in this context. Together, we conclude that CD13 must be
present in a complex containing the scaffolding protein IQGAP1, the
ARF6 GEF, EFAG6, active ARF6, and Bl integrin at the plasma mem-
brane for B1 integrin trafficking and cell migration to proceed normally.
In the absence of CD13, EFA6 is no longer membrane localized, ARF6
is not activated, and Bl integrin trafficking is dysregulated and is even-
tually degraded, leading to reduced cell migration (Fig. 9). Therefore,
this study describes a previously unknown role for CD13 as a mem-
brane tether and expands its functional contribution to the control of
fundamental cellular processes such as GTPase activation, receptor
recycling, cell-FECM interactions, adhesion, and migration.

Ghosh et al., Sci. Signal. 12, eaav5938 (2019) 30 April 2019

DISCUSSION

By establishing communication with the external matrix, integrins
trigger complex internal mechanisms by dictating membrane
and cytoskeletal interactions that are critical to regulate cell shape
and coordinated movement. Consequently, the various endocytic and
recycling routes that control integrin trafficking assume an essential
role as regulators of the cell surface integrin profile, stability, and,
ultimately, cell migration (28). These routes of integrin internaliza-
tion and recovery are acutely tied to numerous components of signal
transduction pathways, various molecular switches, and the cyto-
skeletal machinery at different points along the route, regulating in-
ternalization, sorting, trafficking, and recycling/degradation. As our
appreciation of the widespread biological impact of integrin trafficking
expands, the number of proteins of all types identified as contributors
and mediators of these pathways is escalating, revealing a tremen-
dous complexity in these systems and highlighting that much work
remains to be done. In the current study, we identify the transmem-
brane protein CD13 as a previously unknown mediator of B1 integrin
recycling that is located in a complex enriched in IQGAP1, EFA6, and
active ARF6 proteins. Mechanistically, we show that WT but not mu-
tant CD13 recruits IQGAPI and EFAG to the leading edge, allowing
ARF6 activation that is necessary for ARF6-mediated B1 integrin
expression on the cell surface, whereas in cells lacking CD13, B1 in-
tegrin accumulates in late endosomes and is eventually degraded.

7of 14

6T0Z ‘€T Ae|N uo /Blo Bewasualds axyis//:dny wolj papeojumoq


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

A
Veh AlF
EV Y6F H EV Y6F H

20 kDa-

150- - Sep -.-Il

150-

250-

150.| T WS AR || s— —

20-
250-
150-
20-

B
S: ’5 50 3 40
< < <
o < 40 = a0
< 2 30 £
I ot % 20
— (0] o
£ ? 20 d
& w =
o ® a 10
> 5 10 <
& o g
< 0 g 0

Veh AlF Veh AlF

Fig. 7. CD13 phosphorylation is necessary for maintenance of ARF6 activation. (A) C33A cells expressing EV,
HCD13, or Y6F were treated with vehicle (Veh) or AIF (50 uM) for 30 min, and membrane fractions were purified from
total cell lysates. Active ARF6-GTP in the fractions was measured by pull-down assay and normalized to total ARF6. Vali-
dation of the membrane fraction was verified by expression of plasma membrane marker E-cadherin. (B) Plots depict
quantification of immunoblot analysis of ARF6-GTP, CD13, and IQGAP1 normalized to E-cadherin in the plasma mem-
brane. Data are means + SD of three independent experiments. *P < 0.05 and **P < 0.01 by two-tailed Student’s t test.

Internalization of integrins occurs by various mechanisms,
including both clathrin-dependent and clathrin-independent
endocytosis (41, 42). Initially, most internalized receptors traffic
to the early endosomes, where sorting signals are interpreted to
dictate recycling to the surface or degradation in late endosomes/
lysosomes. Relevant to our study, it is thought that internalized
integrins traffic to lysosomes by default and thus are degraded
unless specifically recruited into recycling routes by interacting
with trafficking regulators (28). For example, proteins such as the
Arp2/3 activator WASH (43), SNX17 (44), or CLIC3 (41, 42) can

Ghosh et al., Sci. Signal. 12, eaav5938 (2019) 30 April 2019

bind to integrins and divert their traf-
ficking away from lysosomes, main-
taining levels of surface integrin. It is
possible that CD13 also functions as
such a regulator of B1 integrin endo-
cytic recycling, and thus, B1 integrin is
degraded in its absence. Alternatively,
Rabl1 staining appears to be more dif-
fuse in the CD13%© cells, perhaps sug-
gesting a role for CD13 in the dispersal
of the recycling endosome to affect re-
cycling. Although our study adds to our
limited knowledge of the molecules and
mechanisms regulating endosomal dis-
tribution and integrin endocytic fate,
the relative specificity of these for indi-
vidual integrin pairs is still unknown.
The tissue-specific expression and sig-
naling of distinct integrin heterodimers
would suggest that specific trafficking
mechanisms and regulators exist (3).
Therefore, similar studies identifying
additional regulatory proteins will be
important to allow us to decipher whether
trafficking regulators such as CD13 are
responsible for trafficking patterns of

ARF6-GTP (pulldown)

CD13 (150 KDa)

E-cadherin (135 KDa)

IQGAP1 (189 KDa)

Total ARF6 (20 KDa)

EEA1 (180 KDa)

Total ARF6 specific integrin pairs and/or their sig-
(cell lysate) naling pathways.

Alternatively, integrin-ECM inter-

actions at the plasma membrane trigger

notable changes in intracellular cyto-

skeletal dynamics that affect trafficking
and, consequently, integrin activity
and function. The scaffolding protein
IQGAPI interacts with nearly a hun-
dred proteins to assemble complexes
with defined cell functions and so
translates incoming receptor-mediated
signals into operational nodes to relay

functional outputs [reviewed in (45, 46)].
IQGAPI has been implicated in control
of cytoskeletal organization by directly
interacting with and organizing F-actin
and other adaptor proteins, regulation
of intracellular trafficking routes by ac-
tivation of the small GTPase ARF6 (27),
and directing cell-ECM interactions by
modulating B1 integrin recycling (8, 30).
We have previously reported that CD13
and IQGAP1 interact constitutively to promote inflammatory
myeloid-endothelial adhesion in a non-ECM adherent monocytic
cellline U937 (15), whereas in this study, we find that CD13 must be
phosphorylated at Tyr® to interact with and enhance IQGAP1 localiza-
tion to the leading edge in migrating epithelial cells. This discrepancy
could be due to differences in cell types (adherent versus nonadherent)
or distinct requirements for cell-cell versus cell-ECM interactions. Last,
another protein, the 4.1R protein, Ezrin, Radixin, Moesin—containing
4.1R, has been demonstrated to directly bind IQGAP1 and recruit
it to the plasma membrane, allowing subsequent engagement of

Veh

AlF
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downstream IQGAP1-binding proteins to facilitate cell migration.
However, the mechanism of 4.1R localization at the leading edge is
not known but is postulated to cotraffic either with polarized mem-
brane lipids such as phosphatidylinositol 4,5-biphosphate [P1(4,5)
P,] or with redistributing transmembrane receptors (34). In contrast,
CD13 itself actively redistributes to polarized areas in numerous cell
types where it accumulates at points of cell-cell contact (14, 47), areas
enriched in lamellipodia and filopodia (14, 19), sites of phagocytosis
(48, 49), at the apical membrane in polarized renal and intestinal
epithelial cells, (50, 51), endothelial cells (52) and at cell-ECM con-
tacts (current study), suggesting that, in some cellular processes,
CD13 serves to ensure that IQGAP1 is properly positioned to per-
form its functions. Thus, it may be expected that CD13 participates
in a number of functions also mediated by IQGAP1, such as phago-
cytosis (53), angiogenesis (54), cell motility (55), filopodia formation
(56), and endocytosis (57). Further investigation into this possibility
is underway.

The precise coordination of membrane and cytoskeletal dynamics
and receptor trafficking required for the spatiotemporal regulation
of integrin traffic is predominantly regulated by the Ras superfamily
of small GTPases (Rho, Rab, and ARF families) and their effectors.
In particular, the smallest family, the ARFs, tightly regulates mem-
brane dynamics, and ARF6 has a critical role in both integrin inter-
nalization (58) and recycling mediated by IQGAP1 (8, 29, 30). GTPase
activity is regulated by specific GEFs and GAPs, and we have demon-
strated that, similar to B1 integrin (8) and IQGAP1 (27), CD13 only
interacts with the active GTP-bound form of ARF6. Furthermore,
the membrane localization of both IQGAP1 and the ARF6-GEF,
EFAS®, is lost in the absence of CD13. Recent studies have shown
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Fig. 8. Active CD13 is necessary for interaction and membrane localization of ARF6 GEF EFA6. (A and B) Immunoblot analysis
of lysates from C33A cells expressing EV, HCD13 or Y6F, immunoprecipitated with CD13 mAb or control IgG and probed (IB) for
EFA6 and CD13 (A) or ARNO and CD13 (B). (C and D) Representative images (C) and quantitative analysis (D) of the number (per
field assessed) of EFA6" puncta (green) at the leading edge of cells expressing EV, HCD13 (red, top), or Y6F (red, bottom). Scale
bar, 5 um. Data are means + SD of three independent experiments. *P < 0.05 by two-tailed Student’s t test.

that the majority of endogenous EFA6 is membrane associated, as
are its GEF-defective mutants, but is not itself an integral mem-
brane protein. However, catalytically active constructs that contain
mutations disrupting either of two domains necessary for EFA6
membrane localization, the PI(4,5)P,-binding pleckstrin homology
(PH) and the coiled-coil (CC) domains, are less active and are un-
able to recruit ARF6 to the plasma membrane. These observations
confirm that EFA6 must be membrane-tethered to activate ARF6,
raising the possibility that auxiliary transmembrane proteins such
as CD13 may be required to guide or hold EFA6 at the plasma mem-
brane (39, 40). Further studies confirmed that the PH and CC do-
mains are required for membrane tethering and demonstrated that
the CC domain associates with actin by binding the actin-binding
protein a-actinin (59, 60). We have previously shown that both
o-actinin and IQGAP1 are physically associated with CD13 in
myeloid cells (15), suggesting that CD13 complexes with EFA6 by
interaction with a-actinin. Therefore, CD13 recruits and tethers the
complex containing IQGAPI, a-actinin, EFA6, and ARF6 at the
plasma membrane, thus correctly positioning EFA6 to enable acti-
vation of ARF6 and regulate endosomal membrane recycling.
This model is consistent with studies illustrating that recycling
endosomes require EFA6 activation of ARF6 to allow fusion with
the plasma membrane and promote B1 integrin surface expression
(39, 40). In this light, the proteins such as CD13 that position ARF6
and members of other families of small GTP-binding proteins and
their regulatory GEFs and GAPs at specific locations become critical
regulators of cell function. Similarly, as the importance of commu-
nication between ARF proteins and other small GTPases in the regu-
lation of intracellular processes is rapidly emerging, identification
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Fig. 9. Schematic of proposed mechanism. (A) In WT cells, phospho-CD13 and B1 integrin internalize into early endosomes, sort to recycling endosomes, and return to
the cell membrane, enabling cell-ECM adhesion and migration. (B) However, in cells lacking CD13 or expressing an inactive CD13 mutant, whereas B1 integrin internalizes
into early endosomes, it aberrantly traffics to Rab7* lysosomes and is ultimately degraded. Mechanistically, CD13 must be present in a complex containing the scaffolding
protein IQGAP1, active ARF6, its GEF EFA6, and B1 integrin at the plasma membrane to allow proper B1 integrin recycling and cell migration to proceed. In the absence of
CD13, no active ARF6 is detected in the plasma membrane, and IQGAP1 is not recruited to the migrating front, thereby diminishing cell adhesion, spreading, and migration.

of novel interacting proteins and the interactions that they orches-
trate will help clarify the complex cross-talk between signaling path-
ways mediated by multiple GTPases.

Our study strongly supports a role for CD13 in cell-ECM adhesion
mediated by regulation of integrins that are fundamental components
of numerous developmental, homeostatic, and disease processes, ex-
panding the potential for CD13’s participation in additional physio-
logical processes. Although we have demonstrated here that CD13
controls integrin recycling, whether CD13 participates in other activi-
ties such as cell-.ECM detachment and focal adhesion turnover is
currently unknown. Similarly, endosomal delivery and turnover of
transmembrane proteins is central to the homeostasis of all cell types,
and CD13 may regulate availability of additional receptors or play
other functions in membrane organization. Last, although we have

Ghosh et al., Sci. Signal. 12, eaav5938 (2019) 30 April 2019

shown physiologic roles for CD13-mediated cell adhesion in inflam-
matory myeloid cell trafficking (13, 15, 19, 61) and satellite stem cell
self-renewal (16, 62), we have not addressed whether its regulation
of integrin availability contributes to these processes. Therefore, fur-
ther investigation of CD13 in these essential intracellular processes
and their potential physiological consequences is warranted.

MATERIALS AND METHODS

Cell culture

Human cervical cancer epithelial cells, C33A (passages 5 to 15) pur-
chased from the American Type Culture Collection, were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S)
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at 37°C, and 5% CO,. KS KS1767 cells (passages 5 to 12) were ob-
tained and cultured as described previously (22). Briefly, KS7167
cells were maintained in MEM supplemented with 10% FBS, 5 mM
L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyru-
vate, 1x vitamins, and 1% P/S at 37°C and 5% CO,.

Generation of CD13%® KS1767 KS cells by CRISPR-Cas9

gene editing

Guide RNA were designed to specifically cut in the first exon of CD13
gene in the human genome, Ensembl sequences ENSG00000166825.
Oligos containing the guide RNA sequence were cloned into
lentiCRISPR v2 (Addgene plasmid no. 52961) (63). Scrambled guide RNA
was also designed as control. Guide RNAs used were as follows:
5'-CAGTGCGATGATTGTGCACA-3' for HCD13 and 5'-CAGTCG-
GGCGTCATCATGAT-3’ scramble control. Lentivirus was made using
the packaging plasmids psPAX2 and pMD2.G (Addgene plasmid nos.
12260 and 12259) into HEK293T (Human Embryonic Kidney 293 cells
expressing large T antigen) cells using Lipofectamine 2000 (Thermo Fisher
Scientific). Virus was harvested at 48 hours after transfection. Human
cell lines were plated and transduced by the lentivirus. Forty-eight
hours after transduction, puromycin (2 ng/ul) was added to the cul-
ture to select for lentiCRISPR integration. The region of CRISPR
binding was amplified by PCR and sequenced by Sanger sequenc-
ing. Clones that were shown to have frameshifts on both alleles were
expanded, confirmed, and tested further to confirm the knockout
of CD13 by immunoblot and flow cytometry analysis. Plasmid
pcDNA3 HA-tagged dominant-negative ARF6 T27N plasmid was
purchased from Addgene. The membrane-permeant, myristoylated
peptide that mimics the N terminus of ARF6, ARF6 inhibitory peptide
(myr-ARF6 peptide), was purchased from MyBioSource.

Animals

Global WT and CD13%° mice (C57BL/6 ] strain) generated in our
laboratory were housed in animal facilities at the University of Con-
necticut Health Center, and all experiments were performed in
accordance with a protocol approved by the Institutional Animal
Care and Use Committee.

Antibodies

Antibodies to paxillin [rabbit polyclonal (poly) Ab; Abcam, ab2264],
phalloidin-tetramethyl rhodamine isothiocyanate (Sigma, P1951), tu-
bulin (rat mAb; Millipore, MAB1864), actinin (mouse mAb; Abcam,
ab18061), talin (rabbit poly Ab; Abcam, ab71333), B1 integrin [mouse
mAD (Abcam, clone 12G10, ab30394) and rat mAb (BD Biosciences,
clone 9EG7, 553715)], MB1.2 (rat mAb; Millipore, MAB1997), Rab5
(rabbit mAb; Cell Signaling Technology, 3547), Rabl1 (rabbit poly
Ab; Thermo Fisher Scientific, 71-5300), Rab7 (rabbit poly Ab; Thermo
Fisher Scientific, PA5-22959), IQGAP1 [mouse mAb; BD Biosciences,
610612) and rabbit poly Ab (Abcam, ab86064)], ARF6 (rabbit poly
Ab; Cell Signaling Technology, 3546), HA (mouse mAb; Sigma, H9658),
E-cadherin (rabbit mAb; Cell Signaling Technology, 3195), GAPDH-
peroxidase (mouse mAb; Sigma, G9295), EFA6 (rabbit poly Ab; Atlas
Antibodies, HPA059237), EFAG6 (rabbit poly Ab; Thermo Fisher Scien-
tific, PA5-31153), and ARNO (goat poly Ab; Sigma, SAB2500109)
were purchased, as stated for each above.

Retroviral vector construction and infection
Full-length HCD13 complementary DNA (cDNA) was cloned into
pcDNA/V5/GW/D-TOPO (Invitrogen, San Diego, CA). The V5-
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tagged CD13 was then excised and cloned into the retroviral expres-
sion vector pBM-IRES-Puro to obtain C33A-EV- or C33A-HCD13-
expressing cells (15). Mutation of HCD13 Tyr® to phenylalanine
(Y6F) was performed as described previously (15). Cells were rou-
tinely cultured in DMEM supplemented with 10% heat-inactivated
FBS, 1% P/S, L-glutamine, and glucose (4.5 g/liter) in the presence
of puromycin (1 pg/ml). After the above procedure, C33A cells ex-
pressing T27N and EV or HCD13 or Y6F were generated.

Isolation of MEFs

MEFs from WT and CD13%° mice were generated as described (64).
MEFs were cultured in DMEM supplemented with 10% inactivated
FBS, 1% P/S, L-glutamine, and glucose (4.5 g/liter).

Flow cytometry

Cells (0.5 x 10°) were fixed with 2% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100, and blocked with 5% bovine serum
albumin (BSA) for 1 hour. Cells were stained with primary antibody
mouse anti-HCD13 (452; 1:500) or rat anti-mouse Bl integrin
(9EG?7; 1 pg/ml) or rabbit poly antibody (12G10; 1 pg/ml) or rat
anti-mouse B1 integrin antibody (MB1.2; 1 ug/ml) at 4°C for 30 min
followed by secondary goat anti-mouse Alexa fluor 488 Ab (1:5000) or
rabbit anti-mouse Alexa fluor 488 Ab (1:5000) at 4°C for 30 min.
Flow cytometry was performed on live cells using LSRII (BD Bio-
sciences), and the data were analyzed with FlowJo software (Tree Star).

Quantitative RT-PCR analysis

RNA was isolated using TRIzol according to the manufacturer’s instruc-
tions (Invitrogen). GAPDH was used as internal control gene. Sequences
of PCR primers are as follows: B1 integrin (ITGBI), 5-GAAGGGTTG-
CCCTCCAGA-3’ (forward) and 5'- GCTTGAGCTTCTCTGCT-
GTT-3’ (reverse); GAPDH, 5'-GGATTTGGTCGTATTGGG-3’ (forward)
and 5'-GGAAGATGGTGATGGGATT-3’ (reverse).

Waestern blotting

Cell lysates were prepared in 1% NP-40 lysis buffer containing 1x
cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche,
catalog no. 11836153001). Protein concentration was quantified
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
catalog no. 23225). Western blot samples were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes. The nitrocellulose membranes were
blocked in 1x TBST (tris-buffered saline, 0.1% Tween 20) contain-
ing 5% BSA for 1 hour followed by incubation in primary antibody
in blocking buffer overnight at 4°C.Blots were washed three times
in 1x TBST for 5 min each, followed by incubation at room tem-
perature for 1 hour in blocking solution containing appropriate sec-
ondary antibody (1:5000). Membranes were washed three times in
1x TBST and developed using Clarity Max Western ECL Substrate
(Bio-Rad, catalog no. 1705062) and imaged by ChemiDoc MP
Imaging System (Bio-Rad). GAPDH or E-cadherin was used as
loading controls.

Coimmunoprecipitation

Cell lysate (500 pug) was mixed with 5 pg of control IgG or CD13 mAb
452 overnight at 4°C with constant rotation, and proteins were im-
munoprecipitated with protein G-conjugated agarose beads (Invitro-
gen) by constant rotation for 2 hours at 4°C. The beads were washed
four times in 1% NP-40 buffer containing protease and phosphatase
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inhibitors, and the precipitated protein was analyzed by immunoblot
using anti-IQGAP1, anti-ARF6, or anti-EFA6 antibodies.

ARF6 pull-down activation assay

ARF6 activity was measured using the bead pull-down method ac-
cording to the manufacturer’s instructions (Cytoskeleton Inc). Briefly,
C33A cells expressing EV, Y6F, or Y6F were seeded on FN, cell-
ECM adhesion was allowed to proceed for 0 to 90 min, and cells
were lysed and immediately incubated with beads conjugated with
the PBD of the effector GGA3 protein, which specifically binds to
the active form of ARF6, ARF6-GTP. For ARF6-GTP activity bound
to CD13, lysates were mixed with 5 pg of control IgG or CD13 mAb
452 for 1 hour at 4°C, immunoprecipitated with protein G-conjugated
agarose beads, eluted, and subjected to pull-down assay. The lysates
were incubated with the beads, rotating at 4°C for 1 hour. The GGA3-
PBD beads and bound proteins were centrifuged at 5000g at 4°C for
2 min and washed twice. After the final centrifugation, beads were
resuspended in 2x Laemmli sample buffer and boiled for 2 min, and
proteins were analyzed by SDS-PAGE and Western blot analysis using
an ARF6-specific antibody provided in the kit.

Immunofluorescence analysis

Cells were grown on coverslips and serum-starved for 2 hours in plain
DMEM. Cells were fixed in 4% paraformaldehyde solution for 30 min at
room temperature, permeabilized with 0.1% Triton X-100 in phosphate-
buffered saline (PBS) for 5 min at room temperature, washed, and
blocked with normal donkey serum or 5% BSA for 1 hour at room tem-
perature, followed by primary Ab (1:500) in 5% BSA/PBS, overnight at
4°C. The cells were washed and treated with secondary Ab (1:1200) for
1 hour at room temperature. All antibody dilutions were made in 5%
BSA/PBS. For all colocalization studies, staining was performed se-
quentially, followed by treatment with TO-PRO-3 or DAPI (nuclear
stain), mounted with ProLong Gold antifade mounting medium (Life
Technologies), and analyzed by a Zeiss Axiovert fluorescence confocal
microscope. Specimens were visualized at the excitation wavelength
of 488 nm for Alexa 488, 543 nm for Alexa 594, 405 nm for DAPI,
and 633 nm for TO-PRO-3. Images were photographed with a Zeiss
LSM 880 microscope using the Zeiss Achroplan 63x or 100x oil objec-
tives. Images were analyzed by LSM software (Zeiss) and quantified
by MetaMorph software (Molecular Devices).

Pulse-chase experiments

Cells were serum-starved for 2 hours at 37°C in DMEM/0.5% BSA
and stained with unlabeled mAbs detecting either murine B1 integrin
(BD Biosciences, clone 9EG7) or human B1 integrin (Abcam, clone
12G10) at 5 pg/ml in DMEM/0.5% BSA on ice for 30 min (surface
binding). Cells were transferred to 37°C for 1 hour to allow inter-
nalization (pulse). After pulse, cells were briefly acid-rinsed in 0.5%
acetic acid and 0.5 M NaCl (pH 3.0) for 45 s to remove noninter-
nalized and surface-bound antibodies. Cells for pulse-only conditions
were either fixed (surface Pl integrin) or fixed and permeabilized
(internalized B1 integrin). Cells undergoing chase were chased in
antibody-free complete medium for 2 or 4 hours at 37°C to assess
receptor recycling back to the surface (Chase/2h or Chase/4h), and
cells were fixed or fixed/permeabilized. The remaining B1 integrin
mAbs in pulse-only and pulse/chase conditions were detected by
with an FITC-labeled secondary antibody and measured by IF or
flow cytometry. Cells were exposed to 25 uM of the myristoylated
ARF6 2-13 peptide or vehicle before assay.

Ghosh et al., Sci. Signal. 12, eaav5938 (2019) 30 April 2019

Capture ELISA

To assess internalization of integrin, serum-starved WT and CD13%°
MEFs or WT KS and CD13 CRISPR KS cells were surface-labeled
with NHS-S-Biotin (0.2 mg/ml; Pierce) at 4°C for 30 min. Labeled
cells were washed in cold PBS, and internalization was allowed to
proceed at 37°C for the times indicated in the figures, at which point
the remaining surface biotin was removed by treatment with 20 mM
MesNa in 50 mM tris-HCI (pH 8.6) and 100 mM NacCl for 15 min at
4°C. MesNa was quenched by iodoacetamide (20 mM) treatment.
Cells were lysed in radioimmunoprecipitation assay lysis buffer con-
taining a protease inhibitor cocktail, and the amount of internalized
B1 integrin was quantified. Cell lysate was normalized to total pro-
tein concentration, and amount of biotinylated integrin was deter-
mined by capture ELISA (20). Briefly, 96-well microtiter plates were
coated with 9EG7 (5 pug/ml; MEFs) or 12G10 (KS1767) in 0.05 M
sodium carbonate (pH 9.6) at 4°C. Plates were blocked in PBS con-
taining 5% BSA at room temperature for 1 hour. Captured integrin
was measured by overnight incubation of cell lysate (100 pg) at 4°C.
Plates were washed in PBS/Tween-20 and incubated with streptavidin-
HRP for 1 hour at 4°C, and biotinylated integrin was measured by
addition of a chromogenic agent ortho-phenylenediamine. Inter-
nalized integrin was represented as a percentage of the initial
surface integrin pool measured in cells without MesNa treatment at
time 0 min.

To determine integrin recycling, cells were surface biotin-
labeled, and internalization was allowed to proceed during a period
of unperturbed incubation for 30 min. Following removal with
MesNa, cells were chased in complete medium at 37°C for the times
indicated in the figures. At each harvest point, biotin was eliminated
from the surface by a second round of MesNa treatment to exclude
integrins that had recycled back to the surface, and the level of bioti-
nylated integrin remaining in the cells (internalized) was measured
in cell lysates by capture ELISA. The amount of recycled integrin is
based on the assumption that (% internal + % recycled = 100%) and
calculated as the difference between time 0 min (maximal internal-
ization) and the relative amount of integrin remaining in the cell
at each subsequent chase point or 100% - % internalized at chase
(internal at time x/max internal time 0 x 100) = % recycled.

Cell-ECM adhesion

The cell-ECM adhesion assay was performed as described previously
(65). Briefly, either MEFs pretreated with anti-mouse CD13 anti-
body (SL13) or C33A cells were washed in DMEM/Hepes medium
and allowed to adhere to microtiter plate for 0 to 1 hour at 37°C.
Before seeding, the microtiter plates were coated with FN (Millipore,
FCO010) for overnight at 4°C, followed by blocking with heat-
inactivated BSA at room temperature for 1 hour. Nonadherent cells
were removed by gentle aspiration and washing followed by fixation
with 5% glutaraldehyde for 20 min at room temperature. Cells were
stained with 0.1% crystal violet and 200 mM MES [2-(N-morpholino)-
ethanesulfonic acid] (pH 6.0) for 1 hour at room temperature, dye
was solubilized in 10% acetic acid, and absorbance was measured at
595 nm using a plate reader (Bio-Rad).

Cell spreading

The cell spreading assay was performed as described previously (65).
Briefly, MEFs or C33A cells at a density of 1 x 10 cells/ml were
seeded onto coverslips that were coated with FN and blocked with
BSA, as described in the adhesion assay, for 0 to 1 hour at 37°C.
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Cells were stained with the primary antibody recognizing the focal
adhesion protein paxillin, followed by Alexa 488-conjugated sec-
ondary antibody. The relative area of spreading was determined by
measuring the area circumscribed by paxillin staining and quanti-
tated using Fiji software. Cells of similar nuclear size were used for
measurement.

Cell migration

The cell migration assay was performed as described previously
(66). Briefly, a subconfluent monolayer of MEFs or C33A cells at a
density of 5 x 10° cells/ml were spread onto coverslips that were
coated with FN and blocked with BSA as described in the adhesion
assay. A scratch was created with a P20 pipette tip, the monolayer
was washed to remove debris, and cells were left to close the wound
for 0 to 6 hours at 37°C in complete growth medium. At the indicated
times, cells were fixed with 4% PFA (paraformaldehyde), stained
with crystal violet and imaged using phase-contrast microscopy. In
MEEF cell cultures, the number of cells migrating into the wound area
was counted, whereas in C33A cell cultures, the distance traveled by
the leading front over time was measured.

Plasma membrane isolation

Plasma membrane fraction from whole-cell lysate was isolated using
the Minute Plasma Membrane Protein Isolation Kit according to the
manufacturer’s instructions (Invent Biotechnologies, SM-005-P).
Briefly, whole-cell lysates were prepared in buffer A (provided by the
manufacturer) by vortexing three times for 5 s each and incubating
on ice for 20 min followed by centrifugation at 700g for 1 min to
separate pellet containing nuclei and larger debris. The supernatant
was transferred to a fresh microfuge tube and centrifuged at 4°C for
1 hour at 16,000g. The supernatant containing the cytosolic fraction
was transferred to a new tube, and the pellet containing total mem-
brane fraction (organelle membrane and plasma membrane) was
isolated. For isolation of plasma membrane fraction from total mem-
brane fraction, the pellet containing total membrane fraction was
thoroughly resuspended in 200 ml of buffer B (provided by the
manufacturer) by repeated pipetting followed by centrifugation at
8000g for 20 min at 4°C. The pellet containing organelle membrane
proteins was isolated. The supernatant was transferred to a fresh
microfuge tube to which 1.6 ml of cold 1x PBS was added, mixed,
and centrifuged at 16,000g for 1 hour. The pellet containing plasma
membrane proteins was resuspended in Minute Denaturing Protein
Solubilization reagent (provided by the manufacturer) for SDS-
PAGE and immunoblot analysis. Purity was verified by positive
expression of E-cadherin but negative expression of early endosome
antigen 1.

Statistical analysis

Results are presented as means * SD. Statistical analysis was per-
formed using unpaired, two-tailed Student’s ¢ test using GraphPad
Prism. Differences were considered significant at P < 0.05.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/579/eaav5938/DC1

Fig. S1.CD13 is necessary for cell spreading and migration.

Fig. S2. lllustration of the B1 integrin mAb-induced pulse-chase assay.

Fig. S3. Equivalent surface abundance of MB1.2 in WT and CD13K° MEFs.

Fig. S4.Impaired cell adhesion, migration, and B1 integrin recycling in CD13 CRISPR human
KS cells.

Fig. S5. Aluminum fluoride treatment led to actin-rich protrusions in C33A-HCD13 cells.
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Recycle and go forth!

Cell migration and motility are critical to embryonic development, immunity, and tissue repair, but uncontrolled
migration can lead to disease. Cell migration is mediated in large part through mechanical signals from the cell surface,
such as those mediated through the cyclic trafficking of integrins in response to contact with the extracellular matrix
(ECM). Ghosh et al. found that the presence of the multifunctional peptidase CD13 at the cell surface facilitated the
recruitment of a complex of proteins to the leading edge of migrating cells that promoted B1 integrin recycling to the
surface, rather than its degradation, after ECM contact-induced internalization, which enhanced cell migration. These

findings expand our understanding of cell migration mechanisms and identify possible targets to therapeutically control it.
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