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A disintegrin and metalloproteinase 10 (ADAM10) is a type I
transmembrane glycoprotein responsible for the ectodomain
shedding of a number of proteins implicated in the pathogenesis
of diseases ranging fromcancer toAlzheimerDisease. ADAM10
is synthesized in an inactive form, which is proteolytically acti-
vated during its forward transport along the secretory pathway
and at the plasmamembrane. Therefore, modulation of its traf-
ficking could provide a mechanism to finely tune its shedding
activity. Here we report the identification of an endoplasmic
reticulum (ER) retention motif within the ADAM10 intracellu-
lar C-terminal tail. Sequential deletion/mutagenesis analyses
showed that an arginine-rich (723RRR) sequence was responsi-
ble for the retention of ADAM10 in the ER and its inefficient
surface trafficking.Mutating the second arginine to alanine was
sufficient to allow ER exit and surface expression in both heter-
ologous cells and hippocampal neurons. As synapse-associated
protein 97 (SAP97) binds ADAM10 at its cytoplasmic tail and
facilitates forward ADAM10 trafficking in neurons, we tested
whether SAP97 could modulate ER export. However, neither
expression nor Ser-39 phosphorylation of SAP97 in heterolo-
gous cells or hippocampal neurons were sufficient to allow
the ER exit of ADAM10, suggesting that other signaling path-
ways or alternative binding partners are responsible for
ADAM10 ER exit. Together, these results identify a novel
mechanism regulating the intracellular trafficking and mem-
brane delivery of ADAM10.

A disintegrin and metalloproteinase 10 (ADAM10)2 belongs
to a large family of membrane-anchored metalloproteases,
which are known as the ADAM protein family. ADAMs medi-
ate the proteolytic cleavage of transmembrane proteins in their
juxtamembrane region, causing their shedding, i.e. the release
of their extracellular domain in a soluble form. In addition,
through the intracellularly retained stubs, ADAMs can initiate

the activation of intracellular signaling cascades. Because of
their metalloprotease, integrin binding, cell adhesion, and sig-
naling functions, ADAMs are well positioned to coordinate cel-
lular processes that are required for neural development, plas-
ticity, and repair (1–3).
ADAM10 works as a sheddase for a large number of trans-

membrane proteins involved in a variety of biological functions,
and has been implicated in the pathogenesis of diseases ranging
from cancer to Alzheimer Disease (AD) (4, 5). Because of these
links, much effort is currently directed toward developing tools
which modulate ADAM10 activity and can be used to target
these pathologies.
ADAM10 is a multidomain transmembrane glycoprotein

which is expressed ubiquitously (6). It contains an N-terminal
signal sequence followed by a prodomain, a metalloprotease
domain, a disintegrin domain, a cysteine-rich region, an EGF-
like repeat, a transmembrane domain and a SH3-binding cyto-
plasmic tail (7). ADAM10 is synthesized in an inactive form that
carries a proprotein convertase (PC) recognition sequence
between the prodomain and the catalytic domain. Both PC7
and furin can cleave ADAM10 at the predicted PC cleavage
motif to yield a mature, active form (8). ADAM10 cleavage
and maturation occur in the trans-Golgi network, in vesicles
of the secretory pathway and at the cell surface (9, 10);
indeed, it has been suggested that the active form of
ADAM10 can exert its catalytic activity both along the secre-
tory system and at the plasmamembrane (7). Yet, despite the
importance of forward secretory trafficking for ADAM10
activity, the mechanisms regulating its trafficking and local-
ization are largely unknown.
Multiple signaling pathways could regulate ADAM10 traf-

ficking and, consequently, modulate its activity in different cel-
lular systems. For instance, calcium influx stimulates ADAM10
activity in fibroblasts, an effect that requires the intracellular C
terminus (11). In neurons, the interaction between ADAM10
and synapse-associated protein-97 (SAP97), a protein involved
in the dynamic trafficking of proteins to excitatory synapses,
regulates the localization of ADAM10 at the postsynaptic
membrane (12). However, before reaching the plasma mem-
brane and inserting into synapses, newly synthesized ADAM10
must be transported through the endoplasmic reticulum (ER)-
Golgi secretory pathway via a set of processes that remain
poorly understood.
ER retention is a common mechanism used by many cell

types to control the forward trafficking and surface expression
of integral membrane proteins. Specific ER retention/retrieval
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signals and ER export signals have been identified in the intra-
cellular domains of various channels and receptors, and these
signals govern their surface density (13–15). ER exit has also
been reported to be a rate-limiting step for the surface traffick-
ing of ADAM12 and ADAM22, two members of the ADAMs
family. This process is regulated by ER retention signals in their
cytoplasmic tails, and binding to 14-3-3 proteins allows ER
release and membrane targeting of ADAM22 by masking the
retention signals (16–18). We have now investigated the traf-
ficking and surface expression of ADAM10, and report the
identification of a novel arginine-rich ER retentionmotif within
its intracellular C terminus. Our results identify a novel mech-
anism regulating the intracellular trafficking and membrane
delivery of ADAM10.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: mouse anti-
SAP97 (NeuroMab, Davis, CA), rabbit anti-calnexin (Stressgen
Biotechnologies, Victoria, Canada), rabbit anti-calreticulin
(Affinity Bioreagents, Golden, CO), rat anti-ADAM10 (R&D,
Minneapolis, MN), chicken anti-GFP (Millipore, Billenica,
MA), goat anti-Tac antibody (Sigma Aldrich, St. Louis, MO),
rabbit anti-giantin (Covance, Princeton, NJ); mouse anti-Tac
antibody (clone 7G7) was kindly provided by Dr. Bonifacino.
Cell Culture and Transfection—Primary neuronal cultures

were prepared from E18-E19 rat hippocampi as described (19).
Neurons were transfected using the calcium phosphate precip-
itation method at 10 days in vitro. COS7 cells were grown in
DMEM supplemented with 10% bovine serum, 1 mM sodium
pyruvate, and 50 units/ml penicillin/streptomycin. COS7 cells
were transiently transfected with cDNA expression constructs
using Superfect� Transfection Reagent (Qiagen, Hilden, Ger-
many) and were grown for 24 h before fixation for immunocy-
tochemistry or lysis for Western blot analysis.

Generation of TacADAM10 Chi-
mera and Mutants of TacADAM10
and Full-length ADAM10—Chime-
ras of the extracellular domain of
the human interleukin-2 receptor
(Tac) with the intracellular C-ter-
minal domain of mouse ADAM10
were generated by amplifying the
ADAM10 C-terminal domain with
the following set of primers:
forward 5�-TGCCCAAGCTTCC-
GGATTTATCAAGATTTGCA-
GTG-3� and reverse 5�-GCTC-
TAGATTAGCGTCGCATGTGT-
CCC-3�. Deletion mutants Tac737�,
Tac734�, and Tac721� were gen-
erated by PCR amplification using
the same forward primer and dif-
ferent reverse primers: 5�-GCTC-
TAGATTACCTCTGACGCGGG-
GGCTG-3� for Tac737�, 5�-GCT-
CTAGATTACGGGGGCTGCTG-
AATGGG-3� for Tac734�, 5�-GCT-
CTAGATTATAAAGTGCCTGG-

AAGTGGTTT-3� for Tac721�. After digestion with HindIII
and XbaI, PCR fragments were ligated into the linearized Tac
pCDM8 expression vector. TacADAM10, full-length mouse
ADAM10 (flADAM10) point mutations, and the stop codon
resulting in the flADAM10 721� construct were introduced
using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA), following the manufacturer’s instructions.
All constructs were verified by sequencing.
Immunofluorescence—To evaluate surface and total stain-

ing, transfected COS7 cells or neurons were fixed with 4%
paraformaldehyde, 4% sucrose in phosphate-buffered saline
pH 7.4, and then incubated with either anti-Tac 7G7 antibody
(for Tac constructs) or anti-ADAM10 antibody. To visualize
surface expression, cells were then blocked with 4% normal
serum, followed by a Cy3-conjugated secondary antibody.
Afterward, cells were permeabilizedwith 0.1%TritonX-100 for
10min and intracellular expressionwas determined by incubat-
ing cells with the appropriate antibody and labeling the total
receptor fraction with a FITC-conjugated secondary antibody.
For colocalization experiments, transfected COS7 cells were
permeabilized with 0.2% saponin before incubation with anti-
Tac 7G7 antibody and anti-calnexin/calreticulin (ER marker)
or giantin antibodies (Golgimarker) followed by corresponding
secondary antibodies. Wide-field fluorescence images were
acquired in a Zeiss Axiovert 200M epifluorescence microscope
with a Zeiss �40 or 25 objective and a CoolSnap CCD camera.
Images were analyzed using Metamorph Imaging software
(Molecular Devices, Sunnyvale, CA).
Data Analysis—For quantification of surface and total ex-

pression intensities, images were acquired using the same set-
tings and exposure times. The average intensity of surface fluo-
rescence staining (Cy3, red) was determined after cell tracing
and normalized to the total intensity (FITC, green) to correct
for differences in expression. Surface ratios were obtained by

FIGURE 1. The intracellular C-terminal tail of ADAM10 limits its surface expression. A, left, schematic cartoons
of the reporter Tac, a type I transmembrane protein, and the TacADAM10 chimera carrying the ADAM10 C terminus.
Right, after transfection into COS7 cells, surface expression of Tac and TacADAM10 was visualized using antibody
uptake assays and intracellular localization was visualized after permeabilization, as described under “Experimental
Procedures.” Note that Tac displayed strong surface expression, whereas TacADAM10 was not detectable on the cell
surface. Insets, intracellular TacADAM10 accumulates in a perinuclear compartment and displays a reticular pattern,
whereas Tac is also found in vesicular structures. Scale bar, 20 �m. B, quantitative analysis of surface/total expression
ratios. The average intensity of surface fluorescence staining was measured after cell tracing and normalized to the
total intensity to correct for differences in expression. In this and all subsequent figures, data represent mean � S.E.
(*, p � 0.001; n � 6 cells per condition).
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dividing the background subtractedCy3 and FITC fluorescence
intensities. Statistical differences were analyzed by ANOVA
followed by the Bonferroni test.
Analysis of Protein Glycosylation—Aliquots of transfected

COS7 lysates were treated with or without 2 units of N-glyco-
sidase F for 2 h at 37 °C in the buffer recommended by the
supplier (Roche Diagnostics, Manheim, Germany). Endoglyco-
sidase H (EndoH; 5milliunits, Roche Diagnostics) was added to
aliquots of transfected COS7 proteins and incubated in 40 mM

sodium acetate, pH 5.4 for 17 h at 37 °C. Denaturing buffer
was added to digested samples, which were loaded on SDS-
PAGE and probed by immunoblotting using goat anti-Tac
antibody. A control digestion with no enzyme added demon-
strated that samples did not undergo spontaneous degrada-
tion during incubations.

RESULTS

ATacADAM10 Chimera Is Not Expressed at the Cell Surface—
Previous studies suggested that ADAM10 traffics inefficiently
to the plasma membrane in recombinant systems and is
retained in intracellular compartments, with only a small frac-
tion reaching the cell surface (7). Because we had previously
reported that the C terminus of ADAM10 is responsible for its
intracellular trafficking (12), we constructed chimeras of the
ADAM10 C-terminal tail (695–749 amino acids of mouse
ADAM10) with the surface reporter protein Tac (human inter-
leukin-2 receptor �-subunit) (20). Tac is normally transported
to the plasma membrane, where it accumulates at steady state
andhas beenused extensively as a tool to define signals involved
in secretory and endocytic membrane trafficking by attaching
candidate sequences to its C terminus (15, 21, 22). Either Tac
alone or TacADAM10 were transiently transfected into COS7
cells, and their surface expression was evaluated using an
immunofluorescence-based antibody uptake assay. Consistent
with previous reports, Tac displayed strong plasma membrane
expression (Fig. 1A). Remarkably, addition of the C-terminal
tail of ADAM10 completely prevented surface localization,
despite intense intracellular labeling (Fig. 1, A and B, Tac sur-
face/total expression� 1.99� 0.27; TacADAM10 surface/total
expression � 0.02 � 0.003; p � 0.001). The intracellular stain-
ing patterns ofTac andTacADAM10 also differed;whereasTac
was present in intracellular vesicles, intracellular TacADAM10
exhibited a reticular appearance (see insets in Fig. 1A) and accu-
mulated in a perinuclear compartment.
TacADAM10 Is Retained in the Endoplasmic Reticulum—To

identify the intracellular compartments where TacADAM10
was retained, we analyzed the subcellular localization of Tac
and TacADAM10 using fluorescence microscopy. Tac was
present along the secretory pathway, as showed by its partial
colocalizationwith the ERmarker calreticulin (Fig. 2A, top) and
the Golgi-resident protein giantin (Fig. 2B, top), and its local-
ization in vesicular structures. In contrast, TacADAM10 largely
colocalized with two different ERmarkers, calreticulin and cal-
nexin (Fig. 2A), and was excluded from Golgi structures (Fig.
2B, bottom). Further evidence of ER retention of TacADAM10
was obtained by Western blot analysis. Whereas a single
band was present in homogenates of COS7 cells transfected
with TacADAM10, two different bands appeared in cells

transfected with Tac (Fig. 2C). The result is consistent with
previous observations (15) that Tac is expressed as both
mature high and immature low molecular weight species, and
suggests that TacADAM10 is present only as an ER-retained
immature species.
This was confirmed by deglycosylation experiments where

we compared the glycosylation state of Tac and TacADAM10

FIGURE 2. The C-terminal tail of ADAM10 contains an endoplasmic reticu-
lum retention signal. A, COS7 cells transfected with Tac or TacADAM10 were
permeabilized and stained with antibodies against Tac (green) and either calre-
ticulin or calnexin (red). Overlays (yellow) show extensive colocalization of
TacADAM10 with both calreticulin and calnexin. Tac colocalizes only partially
with calreticulin and is present in small intracellular vesicles. Scale bar, 20 �m.
B, transfected COS7 cells were permeabilized and costained with antibodies
against Tac (green) and the Golgi marker giantin (red). Image overlays show
partial colocalization between Tac and giantin, whereas TacADAM10 is
excluded from Golgi apparatus. Scale bar, 20 �m. C, Western blot analysis of
Tac and TacADAM10. Two different bands were detected in lysates of COS7
cells transfected with Tac, while TacADAM10 appeared as a single band.
D, TacADAM10 remained sensitive to EndoH. Note that Tac is normally pres-
ent as both a mature, high molecular weight, EndoH-resistant species, and an
immature EndoH-sensitive species that migrates at a lower molecular weight.
After incubation with PNGase F, both Tac and TacADAM10 exhibited
increased electrophoretic mobility, indicating PNGase F-sensitivity. Open cir-
cles indicates EndoH-resistant bands, which are transported through the
Golgi; asterisks indicate EndoH-sensitive species, which are retained in the ER.

ER Retention of ADAM10

10378 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 14 • APRIL 2, 2010



by assessing their sensitivity to two different glycosidases:
endoglycosidase H (EndoH), an enzyme that hydrolyzes the
high mannose N-glycans present on immature secretory pro-
teins in the ER (23) but not complex forms of N-linked oligo-
saccharide, and N-glycosidase F (PNGase F), an enzyme that
cleaves all N-linked oligosaccharides (24). Because conversion
of high mannose glycans into complex oligosaccharides occurs
in the Golgi, resistance to EndoH indicates that a glycoprotein
has reached this compartment. On the contrary, EndoH sensi-
tivity is considered an indicator of immaturity. Treatment with
EndoH demonstrated that the single TacADAM10 band was
EndoH-sensitive and confirmed that it was retained in the ER as
an immature protein (Fig. 2D, lower panels). In contrast, Tac
appeared as both a mature, high molecular weight, EndoH-re-
sistant species and a immature EndoH-sensitive species that
migrated at a lower molecular weight (Fig. 2D, top panels). All
Tac and TacADAM10 species exhibited increased electro-
phoretic mobility after PNGase F treatment, demonstrating
PNGase F sensitivity (Fig. 2D). This combination of biochemi-
cal and immunocytochemical experiments provides strong evi-
dence of selective ER retention mediated by the C-terminal
domain of ADAM10.

An Amino Acid Stretch in
ADAM10 Tail Is Responsible for ER
Retention—Next, we analyzed the
amino acid sequence of the
ADAM10 cytoplasmic tail to search
for putative ER retention motifs.
Based upon homology with known
ER retention/retrieval consensus
sequences in KATP channels and the
NMDA receptor subunit NR1 (13–
15), we noted three arginine-based
motifs within the C-terminal tail
that could be responsible for ER
retention (for review see Refs. 25,
26 and Fig. 3A). Then we made a
series of C-terminal truncations in
TacADAM10 to evaluate the role of
the motifs 723RRR, 734RQR, and
748RR in ER retention and surface
expression. Deleting the last 12
amino acids of ADAM10 (Tac737�)
did not allow surface expression.
Similar results were obtained with
the Tac734� mutant (Fig. 3B), indi-
cating that the 748RR and 734RQR
sequences do not play a major role
in ER exit. In contrast, removal
of the last 28 amino acids yielded
robust surface staining of the
Tac721� mutant when compared
with TacADAM10 (TacADAM10
surface/total expression � 0.04 �
0.001; Tac721� surface/total ex-
pression � 2.38 � 0.74, p � 0.01,
Fig. 3B).
We then assessed the intracellu-

lar localization of the deletion mutants by colocalization
with calnexin. Tac737� and Tac734� mutants showed, as
TacADAM10, strong perinuclear staining which colocalized
with calnexin, suggesting that they were confined to the ER
(supplemental Fig. S1). The surface-expressed Tac721�
mutant displayed a more diffuse intracellular pattern and did
not colocalize with calnexin (Fig. 3C, top). In a small percentage
of cells, Tac721� accumulated intracellularly in giantin-posi-
tive structures (Fig. 3C, bottom), indicating that it was released
from the ER and reached the Golgi apparatus. However, most
cells exhibited a diffuse staining reflecting an efficient forward
trafficking of this construct.
In Western blot analyses, the Tac721� mutant was pres-

ent as both high and low molecular weight species, whereas
TacADAM10 and Tac734� mutants appeared as single
bands. The Tac737� mutant was expressed as a doublet (Fig.
3D). Both the single Tac734� band and the Tac737� doublet
were, as TacADAM10, EndoH-sensitive (Fig. 3E), confirming
that these constructs do not exit the ER and suggesting that the
Tac737� doublet reflects multiple glycosylation sites rather
than states of maturation. In contrast, the prominent higher
molecular weight Tac721� band was EndoH-resistant, indicat-

FIGURE 3. An amino acid stretch within the ADAM10 cytoplasmic tail mediates ER retention. A, amino acid
sequences of the ADAM10 C terminus deletion mutants fused to Tac. In bold, arginine-rich motifs located in the
ADAM10 cytoplasmic tail. B, left, surface and total expression of TacADAM10 deletion mutants expressed in
COS7 cells. Right, quantification of surface/total expression ratios. (*, p � 0.01 versus TacADAM10; n � 8 –9 cells
per condition). Scale bar, 20 �m. Note that only the Tac721� mutant was able to reach the cell surface. C, COS7
cells transfected with Tac721� were permeabilized and stained with antibodies against Tac (green) and either
calnexin or giantin (red). Scale bar, 20 �m. Inset shows colocalization of Tac721� with giantin in a population of
cells. D, comparative Western blot analysis of Tac, TacADAM10, and deletion mutants. Note that Tac and
Tac721� deletion mutant were detected as two species. E, glycosylation analysis reveals that the Tac737�
doublet and Tac734� band are EndoH-sensitive, indicating that they are retained in the ER. The Tac721�
higher molecular weight species is EndoH-resistant but remains sensitive to PNGase F, indicating that it is able
to leave the ER and enter the Golgi. Open circles, EndoH-resistant bands; asterisks, EndoH-sensitive bands.
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ing transport to the late Golgi. As a forward trafficking index,
we measured the optical densities of the mature and immature
species, and compared the mature/immature ratio of the
Tac721� mutant with that of Tac alone. The Tac721� mature/
immature ratiowas 2.26, higher than the ratio of 1 estimated for
Tac. This result is consistent with a trend toward higher surface
expression of the Tac721� mutant when compared with Tac
(Fig. 3B) and indicates that removal of the distal part of the
ADAM10 cytoplasmic tail, alongwith deleting the ER retention
motif, could unmask forward trafficking signals. Taken
together, these experiments demonstrate that a 12 amino acid
fragment (721–734) in ADAM10 plays an inhibitory role on its
trafficking to post-ER compartments and toward the cell
surface.
The 723RRR Motif Is Responsible for ER Retention—To map

the motif responsible for ER retention, we carried out alanine
substitutions in the arginine-rich putative ER retention
sequence (723RRR) located within the 12 amino acid fragment
and analyzed the behavior of the TacADAM10 mutants by
immunofluorescence and deglycosylation experiments. Dis-
ruption of the RRR sequence by replacing all three arginine
residues with alanine yielded strong surface expression (RRR to
AAA� 5.53� 0.22-fold increase in the surface/total ratio com-
pared with TacADAM10, p� 0.001, Fig. 4,A and B). Substitut-

ing the first or third arginines with
alanine had no effect, but mutation
of the second argininewas sufficient
to allow surface expression (RRR to
RAR � 3.64 � 0.22-fold increase in
the surface/total ratio compared
withTacADAM10, p� 0.001, Fig. 4,
A and B). Nevertheless, the effect on
surface expression of this single
substitution was significantly lower
than that of the triple alanine
mutant (p� 0.001, RRR toAAA ver-
sus RRR to RAR, Fig. 4B). To evalu-
ate the importance of the sequence
context, we generated double argi-
nine mutants and observed a signif-
icantly increased surface expression
of the RRR to AAR mutant when
compared with the RRR to RAR
mutant (p � 0.001, Fig. 4B). Indeed,
the surface/total expression ratio of
the RRR to AAR mutant was virtu-
ally identical to the triple mutant.
Western blot and deglycosyla-

tion analyses revealed that the
RRR to RAR mutant was present
as both a mature, high molecular
weight, EndoH-resistant species and
a smaller, immature EndoH-sensi-
tive species, as previously seen for
Tac721� (Fig. 4, C and D). Notably,
the RRR to AAA and RRR to AAR
mutants were detected mainly as a
highmolecularweightmature species

(Fig. 4C) not sensitive toEndoHtreatment (Fig. 4D). SingleRRR to
ARR and RRR to RRAmutants were detected as a single EndoH-
sensitive band, further confirming their ER retention (Fig. 4,C and
D). Therefore, and despite a major role of the second arginine
within the 723RRR motif in TacADAM10 ER retention, the
amino acid context also influences TacADAM10 maturation
and surface expression.
To rule out the possibility that ER retention of TacADAM10

reflects, rather than an endogenous mechanism to limit surface
expression, a lack of trafficking factors in COS7 cells whichwould
be available in a native environment for ADAM10 expression, we
monitored the surface expression of TacADAM10 in neurons.
Cultured hippocampal neurons were transfected with either
Tac or TacADAM10 constructs, and their localizationwas ana-
lyzed by immunofluorescence. Whereas Tac was expressed at
the surface and displayed punctate intracellular labeling along
dendrites, TacADAM10wasmainly found intracellularly in the
cell body (Fig. 5). Surface staining of TacADAM10 represented
a very faint signal at the soma, matching our results in COS7
cells (Fig. 5). In contrast, Tac721� and TacADAM10 mutants
lacking the retention motif (RRR to AAA and RRR to RAR)
were located at the neuronal surface and in intracellular vesicles
along dendrites (Fig. 5), suggesting that removal of the ER
retention signal favors the dendritic targeting and surface

FIGURE 4. Identification of an arginine-based ER retention signal and key residues required for ER reten-
tion. A, surface and total expression of TacADAM10 arginine mutants expressed in COS cells. B, surface/total
expression ratios of TacADAM10 mutants were measured and normalized to TacADAM10 surface/total ratios
(*, p � 0.001 versus TacADAM10; #, p � 0.001 RRR to AAA and RRR to AAR versus RRR to RAR; n � 14 –27 cells per
condition). Scale bar, 20 �m. C, Western blot analysis of Tac, TacADAM10, and point mutants. D, deglycosyla-
tion analysis reveals that RRR to ARR and RRR to RRA are sensitive to EndoH deglycosylation, indicating that
they are retained in the ER. In contrast, higher molecular weight bands corresponding to RRR to AAA, RRR to
AAR, and RRR to RAR mutants are resistant to Endo-H indicating that they leave the ER and enter the Golgi.
Open circles, EndoH-resistant bands; asterisks, EndoH-sensitive bands.
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expression of TacADAM10 in hippocampal neurons and indi-
cating that ER retention is a mechanism controlling ADAM10
localization in neurons.
We then asked whether ER retention plays a role in the con-

text of the full-length ADAM10 protein, as it is possible that
folding or other factors permit ER release. Indeed, it has been
previously reported that ADAM10 is localized in the Golgi,
albeit it trafficks inefficiently to the surface (7). COS7 cells were
transfected with full-length ADAM10 (flADAM10), a deletion
mutant lacking the last 28 amino acids (flADAM10 721�) or a
mutant lacking the second arginine of the ER retention motif,
and their surface expression was analyzed by immunofluores-
cence. flADAM10 showed a strong perinuclear staining and
was weakly expressed at the surface, whereas the mutants dis-
played amore diffuse intracellular pattern and stronger surface

staining (Fig. 6A). Quantification revealed significant increases
in surface/total expression ratios when the RRR motif was
removed (Fig. 6B, p � 0.001 versus wild-type flADAM10).
Neither Expression nor Ser-39 Phosphorylation of SAP97

Allow ADAM10 ER Exit—Recent studies showed that PDZ
(PSD95/DLG/ZO-1) domain-containing scaffolding proteins
that associatewith receptors and channels early in the secretory
pathway can facilitate or inhibit their ER to Golgi transport (14,
15, 27). ADAM10 binds the PDZ domain protein SAP97, inter-
action which facilitates its trafficking to postsynaptic compart-
ments (12). To test whether SAP97 could favor ADAM10 ER
exit, TacADAM10 and SAP97were cotransfected inCOS7 cells
and surface expression was determined. However, SAP97 did
not allowTacADAM10 surface expression (Fig. 7A, center pan-
els). The result was confirmed by deglycosylation analysis,
which showed that SAP97 coexpression did not modify Tac-
ADAM10 maturation, because only the EndoH-sensitive state
was attained (Fig. 7B).
Alternatively, the activation of specific signaling pathways

might be required for ADAM10 transport along the secre-
tory pathway. For instance, SAP97-Ser-39 phosphorylation
by CaMKII favors the release of a SAP97/NR2A complex
from the ER (28). In order to evaluate the putative role of
SAP97 phosphorylation in modulating the ER release of
ADAM10, we cotransfected COS7 cells with TacADAM10 and
SAP97 mutants that prevent (GFPSAP97-S39A) or mimic
(GFPSAP97-S39D) CaMKII-dependent phosphorylation. Nei-
ther SAP97-S39D nor SAP97-S39A cotransfection allowed
TacADAM10 surface expression in COS7 cells (Fig. 7C).
Given that SAP97 can interactwith several neuronal proteins

which would be absent from COS7 cells, we evaluated whether
phosphorylated SAP97 couldmediateADAM10ER exit in neu-
rons. Surface expression of TacADAM10 in hippocampal neu-
rons cotransfected with TacADAM10 and either GFPSAP97-
S39A or GFPSAP97-S39D was analyzed. As shown in Fig. 7D,
neither SAP97-S39D nor SAP97-S39A allowed redistribution
of TacADAM10 to dendrites or modified surface expression.
These data suggest that other signaling pathways or alternative
binding partners are responsible for ADAM10 ER exit.

DISCUSSION

Previous reports suggested that correct secretory trafficking
and localization of ADAM10 at the plasma membrane are
required for the shedding activity of the enzyme toward its sub-
strates. Here we demonstrate that the C-terminal tail of
ADAM10 carries an ER retention signal that limits ADAM10
ER exit and forward secretory trafficking. Our findings are in
line with previous reports showing limited surface expression
of ADAM10 in heterologous systems (7), and provide a func-
tional explanation by demonstrating a role for ER retention on
ADAM10 localization at the cell surface.
It was generally thought that once folded and assembled,

proteins targeted to later compartments of the secretory path-
way leave the ER by default, with no need for specific traffic
signals (29). However, studies on the trafficking of oligomeric
ion channels and receptors have revealed that, instead, complex
interactions between ER retention/retrieval signals (13–15, 30,
31) and anterograde export signals located within intracellular

FIGURE 5. Deletion/mutagenesis of the ER retention motif allows
TacADAM10 surface expression in neurons. Primary hippocampal neurons
were transfected with the indicated Tac constructs at DIV10, and surface/total
staining analyzed 48 h later. Note that TacADAM10 was faintly expressed at
the surface, and exclusively at the soma, whereas TacADAM10 constructs
lacking the ER motif were targeted to the cell surface and displayed a punc-
tate staining along dendrites. Scale bar, 20 �m.
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domains work in concert to retain or favor the ER exit of fully
folded and assembled proteins (26, 32, 33). These mechanisms
are crucial to prevent ER export of malfunctioning proteins,
and to maintain adequate surface expression levels of certain
plasma membrane proteins. The process is regulated via inter-
actionswith chaperones or scaffolds, such as PDZ-domain con-
taining proteins or Homer, that affect ER to Golgi transport of
the associated protein, and/or by post-translational modifica-
tions such as phosphorylation (14, 15, 27, 34, 35).
The mechanisms regulating ER retention/exit of KATP chan-

nels (13), GABAB receptors (30), NR1 subunit of NMDA recep-
tor (14, 15) and potassium channels (26) have been extensively
studied. Although less known, ER retentionmotifs also regulate
the membrane transport of other transmembrane proteins,
includingmembers of theADAMs family such asADAM12 and
ADAM22 (17, 18). In this study, we focused on ADAM10. We
provide the first description of an ER quality control mecha-
nism that regulates its delivery to the plasma membrane, and
reveal the presence of an ER retention signal within the C-ter-
minal intracellular domain of ADAM10, which controls its
maturation and surface expression.
To restrict the search for putative trafficking signals to the

ADAM10 cytoplasmic tail and minimize effects of other
domains, we chose to isolate the contribution of the C-ter-
minal domain by using chimeras with the Tac protein,
approach, which has been used extensively to identify ER
retention signals (36, 37). Immunofluorescence analyses
showed thatTacADAM10was not able to reach the cell surface,
and demonstrated that the C-terminal domain of ADAM10 is
sufficient to prohibit the surface expression of TacADAM10 in
heterologous cells. Consistent with its retention in the ER and
failure to reach the Golgi, TacADAM10 remained sensitive to
EndoH, enzyme that preferentially hydrolyzes the high man-
nose N-glycans present on immature ER-resident proteins.
An analysis of the amino acid sequence of the C terminus of

ADAM10 led to the identification of three putative arginine-
based ER retention motifs. Arginine motifs (typically RR or
RXR) are a class of cytosolic ER-sorting signals that, in contrast
to the better knownC-terminal di-lysine signals, do not need to

be exposed at the distal terminus of
a membrane protein (38). Imaging
and biochemical assays of a battery
of constructs created by sequential
truncation or mutagenesis of the
ADAM10 cytoplasmic tail demon-
strated that one arginine stretch,
723RRR, was responsible for ER re-
tention.Within thismotif, the second
arginine was sufficient to mediate ER
retention of TacADAM10. One of
the adjacent arginines was impor-
tant as well, because imaging analy-
sis showed that the surface expres-
sion of the RRR to AARmutant was
greater than the RRR to RAR mu-
tant, and indeed matched surface
ratios of the triple RRR to AAA
mutant. Additionally, our quantita-

tive data showing higher surface expression of the Tac721�
mutant versus Tac suggest that the C terminus of ADAM10
might contain additional forward trafficking signals which are
unmasked by removal of discrete ER retentionmotifs, and point
toward a possible second mechanism for controlling ADAM10
targeting to the cell surface.
Importantly, deletion or mutations of the ER-retention

motif identified in the context of TacADAM10 also affected
the surface expression of the full-length ADAM10 protein,
proving that this motif is relevant not only for the trafficking
of chimeric TacADAM10 but regulates the trafficking of the
wild-type species.
Despite the existence of ER retention mechanisms, a signifi-

cant pool of ADAM10 reaches the surface in neurons (12).
What are the mechanisms for unmasking? ER retention signals
can be overcome via differentmechanisms. ER retentionmotifs
in ATP-sensitive potassium channels and GABA receptors are
masked during subunit oligomerization, allowing forward traf-
ficking of only correctly folded assemblies (13, 30). ER retention
mediated by an RXRmotif in the NMDA receptor subunit NR1
can be suppressed by PKC phosphorylation of serine residues
adjacent to the retention signal (15). In addition to their orga-
nizational role, scaffold proteins that associate with channels
and receptors early in the secretory pathway can facilitate/in-
hibit their ER toGolgi transport (14, 15). For instance, the PDZ-
domain protein SAP97 is involved in the correct targeting and
clustering of ionotropic glutamate receptors and potassium
channels (39); interactions between SAP97 and the potassium
channel Kv 1.4 begin in the ER, causing ER retention of both
proteins (35). Interestingly, SAP97 also binds the cytoplasmic
tail of ADAM10, and activation of NMDA receptors in hip-
pocampal neurons promotes SAP97-mediated ADAM10 deliv-
ery to the postsynaptic compartment (12). However, and
despite its reported roles on synaptic ADAM10 trafficking and
channel ER export, expression of SAP97 was not sufficient for
ER exit suggesting that ADAM10/SAP97 complexes are likely
formed in later secretory compartments and that interaction
with other proteins, yet to be identified, or activation of specific
signaling pathways might be required for ADAM10 ER exit

FIGURE 6. Mutations in the ER retention motif favor surface expression of the full-length ADAM10 pro-
tein. A, wild-type flADAM10 and deletion or point mutants lacking the ER retention motif were transfected into
COS7 cells and surface/total labeling was analyzed. flADAM10 was faintly localized at the surface despite
intense intracellular labeling. In contrast, all the mutants tested displayed strong surface staining. Scale bar, 20
�m. B, quantification of surface expression ratios (*, p � 0.001 versus flADAM10, n � 7–20 cells per condition).
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and forward transport. Because phosphorylation of SAP97 by
CaMKII represents the driving force to release SAP97/NR2A
complex from the ER (28), we considered a potential role of
SAP97-Ser-39 phosphorylation in modulating ADAM10

release from the ER.However, TacADAM10 surface expression
was not affected.
ER retention motifs play roles in permitting the forward

secretory trafficking of only properly folded ion channels, and
regulate the number of functional channels and receptors
exposed at the cell surface (13–15). In this context, ADAM10
retention in early secretory compartments might constitute a
biological checkpoint to control ADAM10 folding, but also a
rate-limiting step for surface expression which would affect its
enzymatic activity (7, 12). Given that PC cleavage occurs after
ADAM10 leaves the ER, limiting the amount of ADAM10
which reaches the late secretory pathway might provide a
means to keep the enzyme in an inactive, latent form by
slowing down trafficking rates. Regulated exit might then
enable processing and activation, and regulate the supply of
active ADAM10 to the surface.
ADAM10 is crucial to many biological processes, and is

thought to be involved in the pathogenesis of different diseases
because various surface proteins undergo regulated cleavage by
ADAM10. The list of substrates includes molecules involved in
brain pathology, inflammation, and cancer. In the brain,
ADAM10 mediates neuroprotective cleavage events such as
prevention of amyloid � production; proteolytic cleavage of the
amyloid precursor protein (APP) by ADAM10 precludes the
formation of amyloidogenic peptides and favors the release of
soluble APP fragments into the extracellular milieu. A moder-
ate neuronal overexpression of ADAM10 in transgenic mouse
models of AD reduces the formation of amyloid � peptides,
prevents their deposition in plaques and alleviates cognitive
deficits (40). Conversely, expression of a dominant-negative
form of ADAM10 potentiates plaque formation in AD mouse
models (41). In inflammatory settings, cytokine signaling is
triggered by proteolytic release of soluble agonists and leuko-
cyte recruitment is controlled by the cleavage of adhesion mol-
ecules. In tumors, ADAM10-mediated shedding events trigger
proliferative signaling via activation of growth factors, includ-
ing ErbB familymembers. As a result, specific and potent inhib-
itors of ADAM10 can be of use to suppress tumor progression
in vivo (3).
Nevertheless, and despite the therapeutic promise of target-

ing pathways that increase ADAM10 activity to limit neurode-
generation, or suppress it to block inflammation or tumor
growth, the feasibility of such strategies has yet to be carefully
studied.Amoredetailed knowledge of themechanisms regulating
ADAM10 intracellular trafficking and activity will be essential to
understand if this process is affected (and how) in disease, and to
design specific tools to overcome such alterations. If so, manipu-
lations of the cellular systems controlling ADAM10 trafficking
could foster thedevelopmentofnovel therapeutic strategieswhich
took advantage of the endogenous physiological processes that
modulate ADAM10 enzymatic activity.

Acknowledgments—We thank A. Longhi, A. Zandueta, and E.
Zianni for technical assistance and V. Marinaccio for excellent
practical work. We appreciate the gift of mouse ADAM10 cDNA
from Dr. Saftig (Biochemical Institute, Christian-Albrechts-Uni-
versity Kiel, Germany).

FIGURE 7. SAP97 does not influence ADAM10 ER exit. A, COS7 cells were
cotransfected with constructs encoding TacADAM10 and GFP-tagged SAP97,
and stained for TacADAM10 surface/total expression. Scale bar, 20 �m. B, deg-
lycosylation analysis of TacADAM10 in SAP97-transfected COS7 cells shows a
single EndoH-sensitive band, indicating that SAP97 does not affect ADAM10
maturation and ER exit. Asterisk indicates EndoH-sensitive band. C, COS7 cells
were transfected with TacADAM10 and either GFP-SAP97-S39A or GFP-
SAP97-S39D as indicated, and stained for TacADAM10 surface/total expres-
sion. Scale bar, 20 �m. D, primary hippocampal neurons were transfected with
TacADAM10 and either GFP or GFP-SAP97-S39A or GFP-SAP97-S39D. Neither
GFP-SAP97-S39A nor GFP-SAP97-S39D cotransfection affected TacADAM10 sur-
face expression or intracellular colocalization. Scale bar, 20 �m.
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