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The E3 ubiquitin ligase membrane-associated ring-CH–type
finger 2 (MARCH2) is known to be involved in intracellular
vesicular trafficking, but its role in the early secretory pathway
between the endoplasmic reticulum (ER) and Golgi compart-
ments is largely unknown. Human ER–Golgi intermediate com-
partment protein 2 (ERGIC2) and ERGIC3 are orthologs of
Erv41 and Erv46 in yeast, proteins that form a heteromeric com-
plex, cycle between the ER and Golgi, and function as cargo
receptors in both anterograde and retrograde protein traffick-
ing. Here, we report that MARCH2 directs ubiquitination and
subsequent degradation of ERGIC3 and that MARCH2 deple-
tion increases endogenous ERGIC3 levels. We provide evidence
that the lysine residues at positions 6 and 8 of ERGIC3 are the
major sites of MARCH2-mediated ubiquitination. Of note,
MARCH2 did not significantly decrease the levels of an ERGIC3
variant with lysine-to-arginine substitutions at residues 6 and 8.
We also show that ERGIC3 binds to itself or to ERGIC2, whereas
ERGIC2 is unable to interact with itself. Our results indicate
that �1-antitrypsin and haptoglobin are likely to be cargo pro-
teins of ERGIC3. We further observed that �1-antitrypsin and
haptoglobin specifically bind to ERGIC3 and that ERGIC3
depletion decreases their secretion. Moreover, MARCH2
reduced secretion of �1-antitrypsin and haptoglobin, and coex-
pression of the ubiquitination-resistant ERGIC3 variant largely
restored their secretion, suggesting that MARCH2-mediated
ERGIC3 ubiquitination is the major cause of the decrease in
trafficking of ERGIC3-binding secretory proteins. Our findings
provide detailed insights into the regulation of the early secre-
tory pathway by MARCH2 and into ERGIC3 function.

Newly synthesized secretory proteins are transported by bulk
flow or selectively sorted into COPII2-coated vesicles during

ER-to-Golgi transport (1–3). Sorting of soluble cargo proteins
requires receptor-mediated transport. Cargo receptors are
transmembrane proteins that recognize both cargo proteins in
the ER lumen and coat components on the cytoplasmic side
during the formation of nascent vesicles (4 –6). Cargo receptors
cycle between ER and Golgi, binding cargo proteins in one com-
partment and releasing them in another. The putative human
cargo receptor ERGIC3 (also known as hErv46) is a member of
a small protein family, which includes ERGIC1 (also called
ERGIC32) and ERGIC2 (also named hErv41) (7). Yeast has two
homologous family members, ER-derived vesicle protein 41
(Erv41) and Erv46, which form a stable protein complex and are
enriched in COPII vesicles (8). Both Erv41 and Erv46 have short
tails at N and C termini exposed to the cytosol, whereas their
major parts are localized within the lumen (9). The C-terminal
cytosolic tails of Erv41 and Erv46 contain export signals
required for COPII-dependent transport from the ER (9). The
Erv41–Erv46 complex is reported to function as a cargo recep-
tor for the Golgi-resident mannosyltransferase Ktr4 in antero-
grade protein trafficking (10) and also plays a role in the retro-
grade transport of a group of escaped ER proteins as a
retrograde cargo receptor (11). The recently reported crystal
structure of the luminal domain of Erv41 reveals that it is
mainly composed of two �-sheets forming an unusual twisted
�-sandwich, which is presumed to serve as a cargo-binding site
(12). The mammalian counterparts of yeast Erv41 and Erv46
are mainly distributed to the ERGIC and cis-Golgi compart-
ments and cycle between the ER and Golgi (7, 13). Although
ERGIC3 is presumed to play a role as a cargo receptor similar to
the yeast ortholog Erv46, its cargo proteins have not been
identified.

MARCH2 is a member of the membrane-associated
RING-CH E3 ubiquitin ligase family (14) and localizes to the
ER, Golgi, endosomes, lysosomes, and plasma membrane (14 –
16). MARCH2 is known to participate in vesicular trafficking
between endosomes and the trans-Golgi network as well as the
endocytic recycling pathway by binding to syntaxin 6 (15).
MARCH2 substrates appear to be membrane proteins and PDZ
domain– containing proteins. At its C terminus, MARCH2 has
a PDZ-binding motif by which it interacts with and promotes
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ubiquitination of the cell polarity regulator DLG1, a PDZ
domain– containing protein (17). The �-blocker carvedilol
induces MARCH2-dependent ubiquitination of �2-adrenergic
receptors, leading to its endocytosis and lysosomal trafficking
(18). Other known substrates of MARCH2 include cystic fibro-
sis transmembrane conductance regulator (CFTR) (16, 19) and
Dishevelled (20). Although MARCH2 functions in vesicular
trafficking, it is not known whether trafficking between the ER
and Golgi is regulated by the ligase activity of MARCH2.

In our efforts to identify novel substrates of MARCH2, we
have applied a proximity-dependent biotin labeling method
recently devised to preferentially label substrates of a specific
E3 (21–23). In this study, we identified ERGIC3 as a substrate of
MARCH2. We revealed that MARCH2 regulates trafficking of
secretory proteins by promoting ubiquitination and subse-
quent degradation of ERGIC3.

Results

MARCH2 promotes ubiquitination and subsequent
degradation of ERGIC3

To identify potential MARCH2 substrates, FLAG-BirA-
MARCH2 and AP-HA-Ub expression constructs were trans-
fected into HeLa cells. After treating cells with biotin, biotin-
labeled proteins were affinity-purified from cell extracts using
streptavidin beads and digested with trypsin. Di-Gly antibody–
conjugated beads were then used to enrich peptides containing
diglycine-modified lysine as a signature of ubiquitination from
the tryptic digest. Mass spectrometric analysis of the di-Gly
peptide preparation identified a peptide derived from ERGIC3
(Fig. 1A). To directly test whether ERGIC3 is biotin-labeled by
FLAG-BirA-MARCH2 and AP-Ub, cells were transfected with
ERGIC3-HA, FLAG-BirA-MARCH2, and AP-Ub and biotin-
labeled. Immunoprecipitation of ERGIC3-HA and subsequent
immunoblotting revealed that ERGIC3 was strongly biotiny-
lated by FLAG-BirA-MARCH2 but much more weakly biotiny-
lated by FLAG-BirA and FLAG-BirA-MARCH2 C64,67S, a cat-
alytically dead MARCH2 variant (Fig. 1B), an observation
confirmed by immunofluorescence confocal microscopy (Fig.
1C). These data suggest that ERGIC3 is a candidate substrate of
MARCH2.

Next, we examined whether MARCH2 overexpression
affects ERGIC3 expression by transfecting HeLa cells with
FLAG-MARCH2 and ERGIC3-HA expression vectors. Expres-
sion of WT MARCH2, but not the ligase-dead MARCH2
C64,67S variant, reduced levels of ERGIC3-HA in a dose-de-
pendent manner (Fig. 2A). Similarly, endogenous ERGIC3 was
reduced by expression of WT MARCH2 but not by MARCH2
C64,67S variant (Fig. 2B). Immunofluorescence confocal
microscopy confirmed that endogenous ERGIC3 was dramati-
cally reduced only in cells transfected with WT MARCH2 (Fig.
2C). Compared with the WT MARCH2, a significantly greater
fraction of the ligase-dead MARCH2 variant was detected in
the plasma membrane (Fig. 2C). Because proteasome inhibitor
MG132 treatment increases the number of cells with trans-
fected WT MARCH2 localized to the plasma membrane (data
not shown), increased expression of the mutant MARCH2 due
to the defect in self-ubiquitination may cause more MARCH2

protein to be localized to the plasma membrane. The reduction
of ERGIC3 by MARCH2 overexpression was slowed down by
treatment with the proteasome inhibitor MG132 or with the
lysosome inhibitor NH4Cl in the presence of the translation
inhibitor cycloheximide (Fig. 2D). We noted that MARCH2
expression is also affected by proteasome and lysosome inhibi-
tors (Fig. 2D), presumably due to its autoubiquitination and
subsequent degradation. In addition, MG132 and NH4Cl
increased the stability of endogenous ERGIC3 (Fig. 2E),
suggesting that degradation of ERGIC3 is proteasome- and
lysosome-dependent.

To determine whether MARCH2 directs ERGIC3 degrada-
tion by promoting its ubiquitination, we performed in vitro
ubiquitination assays using purified components. Robust ubiq-
uitination of ERGIC3 was detected in the presence of ATP, Ub,
E1, E2, and MARCH2 (Fig. 2F). Deletion of any component
failed to support ubiquitination of ERGIC3. In addition, the
MARCH2 C64,67S variant was unable to promote ubiquitina-
tion of ERGIC3. We next examined ubiquitination of endoge-
nous ERGIC3 by MARCH2. HeLa cells were transfected with
the WT or mutant MARCH2 expression construct. After incu-
bating cells with MG132 for 6 h before harvest, ERGIC3 was
immunoprecipitated with an anti-ERGIC3 antibody and tested
for the conjugation of Ub by immunoblotting with an anti-Ub
antibody. Expression of WT MARCH2, but not the ligase-dead
MARCH2 variant, generated a ubiquitination smear of endog-
enous ERGIC3 (Fig. 2G). Taken together, these results indicate
that MARCH2 promotes degradation of ERGIC3 by mediating
its ubiquitination.

MARCH2 specifically interacts with ERGIC3

In yeast, Erv46 forms a stable complex with Erv41, and the
association of the two proteins stabilizes each other (8). To
investigate whether human ERGIC2 and ERGIC3 also form a
complex, we analyzed the interaction between ERGIC2 and
ERGIC3 by coimmunoprecipitation (co-IP). ERGIC2-FLAG
interacted with ERGIC3-HA but not with ERGIC1-HA,
ERGIC2-HA, or ERGIC53-HA, another cargo receptor unre-
lated to ERGIC1–3 (Fig. S1A). In a reciprocal co-IP assay,
ERGIC3-FLAG bound to both ERGIC2-HA and ERGIC3-HA
efficiently but weakly bound to ERGIC1-HA, whereas it did not
interact with ERGIC53-HA (Fig. S1B). This observation sug-
gests that ERGIC3 may form a heteromeric complex with
ERGIC2 and a homomeric complex with itself, whereas
ERGIC2 is unable to form a homomer.

We next investigated whether depletion of a component of
the ERGIC protein complex affected the expression of the bind-
ing partner. As shown in Fig. S1C, increasing doses of ERGIC3-
specific siRNA decreased not only endogenous ERGIC3 but
also ERGIC2-FLAG, suggesting that ERGIC3 was required for
the stable expression of ERGIC2. In contrast, whereas the treat-
ment of ERGIC2-specific siRNA efficiently reduced ERGIC2-
FLAG, it lowered endogenous ERGIC3 by about 30% and exog-
enously expressed ERGIC3-FLAG even less (Fig. S1D). Taken
together, it seems likely that monomeric ERGIC2 is unstable
unless it forms a heteromeric complex with ERGIC3, whereas
ERGIC3 is able to form a heteromeric or homomeric complex,
which is presumably more stable than the ERGIC3 monomer.
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We next examined the interaction between MARCH2 and
ERGIC3 by co-IP analysis. MARCH2 coprecipitated with
ERGIC3 but not ERGIC53 (Fig. 3A). In the reciprocal exper-
iment, ERGIC3, but not ERGIC53, coprecipitated with
MARCH2 (Fig. 3B). In addition, we noted that MARCH2
bound to ERGIC3 but not ERGIC2 (Fig. 3C). Taken together,
these results indicated that MARCH2 specifically recog-
nized ERGIC3 as its substrate.

Endogenous ERGIC3 is increased by siRNA-mediated depletion
of MARCH2

To further explore the effect of MARCH2 on ERGIC3 pro-
tein levels, we investigated whether depletion of MARCH2 by
siRNA could affect levels of endogenous ERGIC3. As shown
in Fig. 4, A and B, endogenous ERGIC3 was increased by
siRNA-mediated depletion of MARCH2 in a dosage-dependent

Figure 1. Identification of MARCH2 substrates by a proximity-directed biotin labeling method. A, the MARCH2-mediated ubiquitinated ERGIC3 was
purified using the K-�-GG affinity purification method (see “Experimental procedures”), and the peptides were analyzed by LC-MS/MS. B and C, HeLa cells were
cotransfected with AP-Ub and ERGIC3-HA along with FLAG-BirA, FLAG-BirA-MARCH2 WT, or FLAG-BirA-MARCH2 C64,67S for 24 h and then treated with biotin
(50 �M) and MG132 (25 �M) for 6 h. The cells were harvested, and the lysates were immunoprecipitated using anti-HA resin. Eluted samples were analyzed by
Western blotting (B) and visualized using confocal microscopy (C) with the indicated antibodies. Scale bar, 20 �m. IB, immunoblotting.
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fashion. In contrast, MARCH2-specific siRNA had no impact
on the levels of endogenous ERGIC53 (Fig. 5C), an observation
that suggests that the effect of MARCH2 depletion on ERGIC3
is specific. These data indicate that endogenous MARCH2 is
involved in regulating the cellular levels of ERGIC3.

Lysines at positions 6 and 8 of ERGIC3 are required for its
ubiquitination by MARCH2

ERGIC3 has 25- and 21-amino acid–long cytoplasmic tails at
the N and C termini, respectively. To map the ubiquitination

sites in ERGIC3, we generated cytoplasmic tail deletion
mutants and tested them for MARCH2-mediated degradation.
Although the C-terminal tail deletion mutant was decreased by
WT MARCH2, mutants with the N-terminal deletion and with
deletions at both termini were not affected by MARCH2
expression (Fig. 5A). We employed immunofluorescence con-
focal microscopy to confirm that expression of the ERGIC3
full-length protein and the C-terminal tail deletion mutant was
greatly reduced by coexpressed MARCH2 (Fig. 6B). We noted
that the full-length ERGIC3 and the C-terminal deletion

Figure 2. MARCH2 promotes the ubiquitination and subsequent degradation of ERGIC3. A, HeLa cells were transiently transfected with plasmid con-
structs expressing ERGIC3-HA and an increasing amount of FLAG-MARCH2 WT or FLAG-MARCH2 C64,67S. Lysates were analyzed by Western blotting using
anti-FLAG, -HA, and -�-actin antibodies. B, cells were transfected with empty vector, FLAG-MARCH2 WT, or FLAG-MARCH2 C64,67S, and then proteins were
detected by Western blotting with the indicated antibodies. C, HeLa cells were transfected with FLAG-tagged MARCH2 WT or C64,67S, and cells were
immunostained with an immunocytochemistry assay using the indicated antibodies and visualized by confocal microscopy. Scale bar, 20 �m. D, cells
were treated with cycloheximide with or without NH4Cl (20 nM) or MG132 (25 �M) for the indicated time in the absence or presence of FLAG-MARCH2 WT. Cells
were harvested, and the lysates were analyzed by Western blotting using the indicated antibodies (top). Each protein was quantified using ImageJ and is
visualized in the graph (bottom). Error bars show S.D. from the average obtained from three independent experiments. E, HeLa cells were treated with
cycloheximide (CHX) alone or with NH4Cl (20 nM) or MG132 (25 �M) for the indicated duration. Cells were harvested, and the lysates were analyzed by Western
blotting using the indicated antibodies. The endogenous ERGIC3 expression level was quantified using ImageJ and is visualized in the graph. Error bars
represent S.D. from three independent experiments. F, for the in vitro ubiquitination assay of ERGIC3, the purified ERGIC3-HA was incubated with reaction
mixtures containing Uba1 (E1), UbcH5c (E2), ubiquitin, ATP, and FLAG-MARCH2 WT or FLAG-MARCH2 C64,67S for 2 h, and the ubiquitination was detected by
immunoblotting (IB) with anti-HA antibody (left panel). FLAG-MARCH2 WT, FLAG-MARCH2 C64,67S, and ERGIC3-HA were purified from the transfected HeLa
cells with anti-FLAG– and -HA resin–agarose beads. The purified proteins were visualized by Coomassie Brilliant Blue (CBB) staining (right panel). G, HeLa cells
were transfected with empty vector, FLAG-MARCH2 WT, or FLAG-MARCH2 C64,67S. Cells were treated with MG132 (25 �M) for 6 h to stabilize ERGIC3. Cells were
lysed in 1% SDS and then immunoprecipitated with anti-ERGIC3 antibody and protein G–agarose beads. The ubiquitination of endogenous ERGIC3 was
determined by Western blotting using the anti-Ub antibody; other proteins were detected by Western blotting with the indicated antibodies.

Figure 3. MARCH2 interacts with ERGIC3. A and B, HeLa cells were transfected either with ERGIC3-FLAG, ERGIC53-FLAG, and HA-MARCH2 (A) or with
ERGIC3-HA, ERGIC53-HA, and FLAG-MARCH2 (B). After 24 h, cells were treated with MG132 (25 �M) to stabilize expression of MARCH2 for 6 h. The lysates were
immunoprecipitated with FLAG resin and analyzed by Western blotting with the indicated antibodies. C, cells were transfected with ERGIC2-HA or ERGIC3-HA
in the presence of FLAG-MARCH2 WT and treated with MG132 (25 �M) for 6 h. The lysates were immunoprecipitated with FLAG resin. Proteins were detected
by immunoblotting (IB) using the indicated antibodies. D, HeLa cells were transfected with ERGIC3 WT or ERGIC3 K6,8R in the presence or absence of
FLAG-MARCH2. The immunoprecipitated samples from FLAG resin were analyzed by Western blotting with the indicated antibodies.
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mutant were largely colocalized with the ligase-dead MARCH2
variant (Figs. 2B and 5B), whereas mutants with the N-terminal
deletion and with deletions at both termini were not colocalized
with MARCH2 (Fig. 5B), indicating that the N terminus, but
not the C terminus, of ERGIC3 contains information necessary
for its proper subcellular localization. Because reduction in
expression of the C-terminal deletion mutant by MARCH2 is
similar to that of the full-length ERGIC3, these results suggest
that the N-terminal cytoplasmic tail contains the major site(s)
for MARCH2-directed ubiquitination, an observation that is in
agreement with our MS analysis revealing that lysine at position
8 of ERGIC3 is ubiquitinated by BirA-MARCH2 (Fig. 1A).

The N-terminal cytoplasmic tail of ERGIC3 contains four
lysine residues. We substituted these lysine residues with argi-
nine and monitored their degradation by MARCH2. Substitu-
tion mutants K6R and K8R, but not K15R and K23R mutants,
were significantly stabilized against MARCH2-mediated degra-
dation compared with WT ERGIC3 (Fig. 5C), suggesting that
Lys-6 and Lys-8 are involved in MARCH2-directed ubiquitina-
tion of ERGIC3. To generate a more stable version of ERGIC3
against MARCH2, both lysines at position 6 and 8 were substi-
tuted with arginines. As shown in Fig. 6C, expression of the
mutant K6,8R was hardly affected by MARCH2. This observa-
tion was confirmed by analysis using immunofluorescence con-
focal microscopy (Fig. 5E). To investigate the possibility that
the stability of the mutant K6,8R against MARCH2 is due to the
impairment of MARCH2 binding to the mutant, we examined
the interaction of MARCH2 and the double-point mutant
K6,8R. Co-IP analysis revealed that MARCH2 bound to both
the WT and the mutant ERGIC3 (Fig. 3D), indicating that lysine
residues of ERGIC3 at positions 6 and 8 are not involved in
MARCH2 interaction. In addition, immunofluorescence con-
focal microscopy revealed that the WT and the mutant ERGIC3
had identical distribution patterns in the cell (Fig. 5F), indicat-
ing that mutations at Lys-6 and Lys-8 of ERGIC3 did not disturb
its intracellular localization. Using ubiquitination assays and
subsequent quantification by scanning the blot image, we noted
that the ubiquitination of the double-point mutant K6,8R by
MARCH2 was reduced to about 10% of that of the WT (Fig.
5D). Taken together, these results indicate that Lys-6 and Lys-8
of ERGIC3 are required for its ubiquitination by MARCH2.

Secretion of �1-antitrypsin and haptoglobin is impaired by
ERGIC3 depletion

Because the Erv41–Erv46 complex in yeast is known to func-
tion as a cargo receptor in anterograde and retrograde protein
trafficking, we examined the possibility that ERGIC3 possess a
similar function in human cells by monitoring protein secretion
following ERGIC3 depletion. GFP, a foreign protein not nor-
mally produced in human cells, does not require a specific cargo
receptor and instead uses a bulk flow mode of intracellular traf-
ficking when expressed as a secretory protein (1). For use as a
marker for protein trafficking by a bulk flow process, we gener-
ated a secretory version of GFP (sGFP) by fusing the signal
peptide of �1-antitrypsin to GFP. The secretion of sGFP was
monitored by analyzing the levels of sGFP in the culture
medium. In accordance with the expectation that the secretion
of sGFP is governed by the bulk flow mechanism, the secretion
of sGFP was not affected by siRNA-mediated depletion of
MARCH2, ERGIC3, or ERGIC53 (Fig. 6A). We next examined
the effect of MARCH2, ERGIC3, or ERGIC53 depletion on
three well-known secretory proteins (i.e. �1-antitrypsin, hapto-
globin, and transthyretin). ERGIC53-specific siRNA treatment
lowered secreted �1-antitrypsin (Fig. 6B, lane 4), confirming
that ERGIC53 functions as a cargo receptor of �1-antitrypsin
(24). Depletion of ERGIC3 by siRNA was also found to lower
secreted �1-antitrypsin (Fig. 6B, lane 3), suggesting that
ERGIC3 plays a similar role in secretion of �1-antitrypsin.
MARCH2 depletion did not significantly affect the secretion of
�1-antitrypsin, although it increased ERGIC3 (Fig. 6, A–D).
Secretion of haptoglobin was decreased by depletion of
ERGIC3 but not by that of ERGIC53 (Fig. 6C), revealing the
specificity of cargo receptors in cargo selection. Interestingly,
MARCH2 depletion, which increased ERGIC3, resulted in ele-
vation of secreted haptoglobin (Fig. 6C). These data suggested
that ERGIC3 may be a limiting factor regulating intracellular
trafficking and secretion of haptoglobin. In contrast to �1-anti-
trypsin and haptoglobin, transthyretin secretion was not signif-
icantly affected by depletion of MARCH2, ERGIC3, or
ERGIC53 (Fig. 6D), again showing the specificity in cargo
selection.

Because ERGIC2 forms a complex with ERGIC3, we exam-
ined the effect of ERGIC2 knockdown on secretion of haptoglo-
bin. As shown in Fig. S2, although ERGIC2 knockdown lowered

Figure 4. Endogenous ERGIC3 is increased by siRNA-mediated depletion of MARCH2. A, HeLa cells were treated with control siRNA (siCtrl), siMARCH2#1,
or siMARCH2#2 for 48 h. Cells lysates were probed by Western blotting with the indicated antibodies. B and C, HeLa cells were transfected with control siRNA
or an increasing amount of siMARCH2#2. Lysates were analyzed by Western blotting using the indicated antibodies. IB, immunoblotting.
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haptoglobin secretion, the effect of ERGIC2 depletion on hap-
toglobin secretion was much smaller than that of ERGIC3
depletion. Because ERGIC3 is able to interact not only with
ERGIC2 but with ERGIC3 itself, it is tempting to speculate that
the ERGIC3 homomeric complex functions as a cargo receptor
for haptoglobin trafficking as the ERGIC2–ERGIC3 complex
does.

To further confirm that siRNA-mediated knockdown of
ERGIC3 lowered secretion of �1-antitrypsin and haptoglobin
due to the suppression of ERGIC3 expression, we comple-
mented ERGIC3 knockdown cells with the siRNA-resistant
ERGIC3 transgene with silent missense mutations. Expression
of ERGIC3 almost completely restored secretion of �1-antit-
rypsin (Fig. 6E) and haptoglobin (Fig. 6F) in ERGIC3-knock-
down cells. Taken together, these results suggest that ERGIC3
is involved in trafficking of a specific subset of secretory pro-
teins such as �1-antitrypsin and haptoglobin.

ERGIC3 interacts with �1-antitrypsin and haptoglobin

To further explore the role of ERGIC3 in trafficking of �1-an-
titrypsin and haptoglobin, we investigated whether ERGIC3
could interact with �1-antitrypsin and haptoglobin. Cells were
transfected with FLAG-tagged �1-antitrypsin together with
ERGIC1-HA, ERGIC2-HA, ERGIC3-HA, or ERGIC53-HA.
Immunoprecipitation of intracellular �1-antitrypsin-FLAG
and subsequent immunoblotting using anti-HA antibodies
revealed that �1-antitrypsin specifically bound to ERGIC3 but
not ERGIC1 or ERGIC2 (Fig. 7A). Importantly, �1-antitrypsin
also bound to ERGIC53, a known cargo receptor of �1-antitryp-
sin (Fig. 7A, lane 4). We carried out a similar coimmunoprecipi-
tation analysis with haptoglobin. As shown in Fig. 7B, intracel-
lular haptoglobin specifically interacted with ERGIC3 but not
ERGIC1, ERGIC2, or ERGIC53. In addition, we found that
endogenous ERGIC3 interacted with �1-antitrypsin-FLAG and
haptoglobin-FLAG in co-IP analysis using anti-ERGIC3 anti-
body (Fig. 7C). In contrast, sGFP did not associate with
ERGIC1–3 or ERGIC53 (Fig. 7D). These data strengthen our
conclusion that ERGIC3 functions as a cargo receptor of �1-an-
titrypsin and haptoglobin.

MARCH2 overexpression leads to reduced secretion of �1-
antitrypsin and haptoglobin, which is rescued by the
ubiquitination-resistant version of ERGIC3

Because MARCH2 promotes ubiquitination and subsequent
degradation of ERGIC3 and because ERGIC3 functions as a
cargo receptor of �1-antitrypsin and haptoglobin, we examined
whether MARCH2 affected secretion of �1-antitrypsin and

haptoglobin. As shown in Fig. 8A, secreted �1-antitrypsin was
reduced by WT MARCH2 but not by the ligase-dead MARCH2
variant, whereas levels of the intracellular �1-antitrypsin were
not significantly affected. Furthermore, coexpression of the
ubiquitination-resistant ERGIC3 variant, but not the WT
ERGIC3, significantly restored secretion of �1-antitrypsin (Fig.
8A, lanes 4 and 5), suggesting that MARCH2-mediated ubiq-
uitination of ERGIC3 is the major cause of the observed reduc-
tion in �1-antitrypsin secretion by MARCH2. Haptoglobin
secretion was similarly affected by MARCH2 and ERGIC3 (Fig.
8B). Taken together, these results indicate that MARCH2 neg-
atively regulates ERGIC3, which in turn reduces secretion of its
cargos such as �1-antitrypsin and haptoglobin.

Discussion

MARCH2 is involved in vesicular trafficking (e.g. endosome-
to-Golgi network) and the endocytic recycling or degradation
pathway. However, the potential involvement of MARCH2 in
regulation of the early secretory pathway between the ER and
Golgi compartments has not been characterized. In this study,
we provide novel insight into the MARCH2-mediated regula-
tion of protein secretion. Our data reveal that MARCH2 directs
ubiquitination of ERGIC3 to modulate trafficking and secretion
of ERGIC3-dependent secretory proteins.

In yeast, Erv41 and Erv46 appear to form an obligatory het-
eromeric complex. We have shown that ERGIC2 and ERGIC3
also interact with each other and that ERGIC3, but not ERGIC2,
undergoes homomeric interaction (Fig. S1). In conjunction
with interdependence of ERGIC protein stability (Fig. S1), our
data support the notion that ERGIC3 forms a heteromeric com-
plex with ERGIC2, similar to the yeast proteins Erv41 and
Erv46, as well as a homomeric complex by itself.

We found that MARCH2 specifically interacts with and
ubiquitinates ERGIC3 (Figs. 2 and 3), leading to its degradation.
MARCH2-mediated ubiquitination of ERGIC3 was confirmed
in several experimental contexts. Ubiquitination sites of
ERGIC3 were identified by MS and deletion/point-mutation
analyses (Figs. 1 and 5). The ubiquitination-resistant version of
ERGIC3 attenuated MARCH2-dependent inhibition of
ERGIC3-binding cargo protein secretion (Fig. 8). Thus, this
study reveals that the early secretory pathway can be regulated
by ubiquitin-dependent degradation of a cargo receptor.

Ktr4, a Golgi-resident protein, is the only known cargo of the
Erv41-Erv46 complex in ER-to-Golgi anterograde transport
(10); however, its cargo receptor– binding domain and sorting
signal for ER exit have not been identified. With little known
about cargo proteins of the ERGIC2–ERGIC3 complex in

Figure 5. Lysines at positions 6 and 8 of ERGIC3 are required for its ubiquitination by MARCH2. A, a schematic depiction of cytosolic deletion mutants of
ERGIC3 (top). Cells were cotransfected with ERGIC3WT-HA, �N-ERGIC3-HA, �C-ERGIC3-HA, or �N,C-ERGIC3-HA and either FLAG-MARCH2 WT or FLAG-MARCH2
C64,67S (bottom). The cell lysates were analyzed by immunoblotting (IB) with the indicated antibodies. B, HeLa cells were transiently cotransfected with ERGIC3
WT-HA, �N-ERGIC3-HA, �C-ERGIC3-HA, or �N,C-ERGIC3-HA along with FLAG-MARCH2 WT. In a separate experiment, cells were cotransfected with �C-ER-
GIC3-HA and FLAG-MARCH2 C64,67S. Cells were immunostained with the indicated antibodies and visualized by confocal microscopy. Colocalization of
MARCH2 mutant and �C-ERGIC3 is indicated by arrowheads. Scale bar, 20 �m. C, schematic representation of the lysine sites of ERGIC3 (top). HeLa cells were
cotransfected with ERGIC3 WT-HA, K6R-HA, K8R-HA, K15R-HA, K23R-HA, or K6,8R-HA and FLAG-MARCH2 C64,67S or WT. The immunoblotting (IB) analysis was
performed to characterize the expression profile of ERGIC3 and MARCH2 using the indicated antibodies (bottom). D, HeLa cells were cotransfected with
ERGIC3WT-HA or ERGIC3K6,8R-HA and empty vector or FLAG-MARCH2 WT in the presence of T7-Ub. Lysates were immunoprecipitated with anti-HA–agarose
beads, and Western blot analysis was performed to determine the ubiquitination of ERGIC3 with the indicated antibodies. E and F, cells were transfected with
ERGIC3WT or ERGIC3K6,8R-HA along with FLAG-MARCH2 WT (E) or transfected with ERGIC3K6,8R-HA alone or with ERGIC3WT-FLAG (F). Cells were immuno-
stained with the indicated antibodies and visualized by confocal microscopy. ERGIC53 is a marker for the ERGIC organelle. Scale bar, 20 �m.
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human cells, we examined hepatic secretory proteins as poten-
tial candidate cargos because secretion of �1-antitrypsin is
known to require cargo receptor–mediated exit from the ER.

Our data provide evidence suggesting that the ERGIC2–
ERGIC3 complex and the ERGIC3 homomeric complex are
likely to function as cargo receptors for �1-antitrypsin and hap-

Figure 6. Secretion of �1-antitrypsin and haptoglobin is impaired by ERGIC3 depletion. HeLa cells were treated with negative control siRNA (siCtrl) or siRNAs
against MARCH2, ERGIC3, or ERGIC53 for 48 h and then transfected with sGFP (A), �1-antitrypsin (A1AT)-FLAG (B), haptoglobin (HP)-FLAG (C), or transthyretin (TTR) for
24 h. Both the medium and lysates were analyzed by Western blotting using the indicated antibodies. E and F, HeLa cells were treated with negative control siRNA or
ERGIC3 siRNA for 48 h and transfected with empty vector or siRNA-resistant mutant ERGIC3-HA (sm-ERGIC3-HA) for 24 h along with �1-antitrypsin-FLAG or haptoglo-
bin-FLAG. Cell lysates and precipitated medium were subjected to SDS-PAGE and immunoblotted (IB) with the indicated antibodies.
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toglobin. Depletion of ERGIC3 reduced secretion of �1-anti-
trypsin and haptoglobin (Fig. 6). ERGIC3 binds to �1-antitryp-
sin and haptoglobin under neutral pH conditions (Fig. 7).
Depletion of ERGIC3 does not appear to cause a general secre-
tion defect because secretion of transthyretin was not affected.
As reported previously (24), ERGIC53 interacts with �1-antit-
rypsin, and its depletion reduced secretion of �1-antitrypsin
(Figs. 6B and 7B). Thus, �1-antitrypsin appears to use at least
two cargo receptors for anterograde transport from the ER. We
have observed the binding of ERGIC3 to �1-antitrypsin and
haptoglobin but have failed to detect their interaction with
ERGIC2. Similarly, Ktr4 binds to Erv46, but not Erv41, in yeast.
This result suggests that ERGIC3 (and its yeast ortholog Erv46)
may be the major cargo-recognition subunit of the receptor and
supports the notion that that the ERGIC3 homomeric complex
may be fully functional as a cargo receptor. Structural analysis
of the Erv41 luminal domain revealed that it contains an
unusual �-sandwich with limited similarity to other known
�-sandwich domains (12). Erv46 and ERGIC3 are expected to

have a �-sandwich similar to that of Erv41; however, they con-
tain large insertions and more cysteine residues. Further anal-
ysis of the structural differences in the cargo receptor subunits
may provide clues to the cargo-binding domain and cargo
selectivity.

In addition to its role in the anterograde trafficking, the
Erv41–Erv46 complex is reported to function as a cargo recep-
tor in retrieving escaped ER-resident proteins through retro-
grade trafficking to the ER. These ER proteins include Gls1 and
Fpr2, components of folding machinery in the ER (11). Assum-
ing that the ERGIC2–ERGIC3 complex plays a role similar to
that of the yeast complex in retrograde trafficking, we cannot
exclude the possibility that inefficient folding of proteins in the
ER due to reduced folding machinery may contribute to the
decreased secretion of �1-antitrypsin and haptoglobin by
ERGIC3 depletion.

Because both MARCH2 and cargo proteins interact with
ERGIC3 but not ERGIC2, a domain unique to ERGIC3 is
expected to be involved in their binding. It is tempting to spec-

Figure 7. ERGIC3 interacts with �1-antitrypsin and haptoglobin. HeLa cells were transfected with ERGIC1-HA, ERGIC2-HA, ERGIC3-HA, or ERGIC53-HA along
with �1-antitrypsin (A1AT)-FLAG (A) or haptoglobin (HP)-FLAG (B). The lysates were immunoprecipitated with anti-FLAG resin. Eluted samples from anti-FLAG
resin were subjected to SDS-PAGE and detected by immunoblotting (IB) with the indicated antibodies. C, HeLa cells were transfected with �1-antitrypsin-FLAG
or haptoglobin-FLAG for 24 h. Cell lysates were immunoprecipitated using anti-ERGIC3 antibody with protein G–agarose beads in 1% NP-40 buffer, and the
precipitates were analyzed by Western blotting using the indicated antibodies. D, HeLa cells were cotransfected with sGFP (S-GFP) and ERGIC1-HA, ERGIC2-HA,
ERGIC3-HA, or ERGIC53-HA. Lysates were immunoprecipitated using anti-GFP and then incubated with protein G–agarose beads. Eluted samples were
analyzed by immunoblotting using the indicated antibodies.
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ulate that MARCH2 and cargo proteins compete with each
other for binding to ERGIC3, thus making cargo-free ERGIC3 a
preferential substrate of MARCH2.

The activity of ER in protein synthesis and export responds
dynamically to various extracellular and intracellular stimuli;
however, how the early secretory pathway is regulated by cargo
receptors remains poorly understood. Further analyses will be
required to understand the precise mechanism by which alter-
ation in activity of cargo receptors regulates COPII-dependent
protein trafficking.

Experimental procedures

Plasmids

Complementary DNAs (cDNAs) encoding human ERGIC1,
ERGIC2, ERGIC3, ERGIC53, �1-antitrypsin, haptoglobin, and
MARCH2 were purchased from DNASU Plasmid Repository
(Tempe, AZ). Plasmids expressing epitope-tagged proteins
were constructed by subcloning each PCR-amplified cDNA
(primers listed in Table S1) into pcDNA3.1 (Invitrogen), pYR
(25), or BirA expression vectors (21, 23). The construct for

sGFP was generated by inserting �1-antitrypsin signal-peptide
sequences into the pEGFP-N1 vector (Clontech).

Site-direct mutagenesis

The Lys-6 and Lys-8 residues of ERGIC3 and the Cys-64 and
Cys-67 residues of the MARCH2 RING domain were altered to
arginine and serine, respectively, using site-directed mutagen-
esis. To generate the siRNA-resistant ERGIC3 transgene, silent
missense mutations were introduced by site-directed mutagen-
esis using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s protocol
and the primers listed in Table S1. The accuracy of all the con-
structs was confirmed by sequencing.

RNAi

The siRNAs against MARCH2, ERGIC2, ERGIC3, and
ERGIC53 were generated by Bioneer Korea, and transfections
were accomplished using Lipofectamine RNAiMAX (Invitro-
gen) according to the manufacturer’s instructions. siRNA oligo-
nucleotide sequences were as follow: siMARCH2#1, 5�-CCGU-

Figure 8. MARCH2 expression leads to reduced secretion of �1-antitrypsin and haptoglobin, which is rescued by the ubiquitination-resistant version
of ERGIC3. A and B, HeLa cells were cotransfected with the indicated constructs and �1-antitrypsin (A1AT)-FLAG (A) or haptoglobin (HP)-FLAG (B). Both the
precipitated medium and lysates were analyzed by immunoblotting (IB) using the indicated antibodies. Quantification of secreted proteins (�1-antitrypsin and
haptoglobin) was carried out from three-independent experiments, and the relative amount is shown as the mean � S.D. (error bars).*, p � 0.05; **, p � 0.01;
and ***, p � 0.001.
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GCAUAAGAGCUGUCUGGAGAA-3� and 5�-UUCUCCAGA-
CAGCUCUUAUGCACGG-3�, sense and antisense, respectively;
siMARCH2#2, 5�-1GCGACAUGGUGUGUUUCCUGUU-
CAU-3� and 5�-AUGAACAGGAAACACACCAUGUCGC-3�,
sense and antisense, respectively; siERGIC2, 5�-GCCAUGAA-
GUGUCAAUAUG-3� and 5�-CATATTGACACTTCATGGC-
3�, sense and antisense, respectively; siERGIC3, 5�-GUCCAU-
GACUUGCAGAGCUUUGG-3� and 5�-CCAAAGCUCUGC-
AAGUCAUGGAC-3�, sense and antisense, respectively;
siERGIC53, 5�-GGACAGAAUCGUAUUCAUC-3� and 5�-
GAUGAAUACGAUUCUGUCC-3�, sense and antisense,
respectively.

Cell culture, transfection, and reagents

HeLa cells were cultured in DMEM (WELGENE) supple-
mented with 10% fetal bovine serum (Gibco), 100 units/ml pen-
icillin, and 100 �g/ml streptomycin at 37 °C and 5% CO2. Cells
were transiently transfected using Lipofectamine 3000, Lipo-
fectamine RNAiMAX, or polyethylenimine (Sigma). MG132
was purchased from Cayman Chemical Co.(Ann Arbor, MI,
USA), and biotin and cycloheximide were from Sigma.

Immunoprecipitation and Western blot analysis

Cells were transiently transfected with plasmids as indicated
in the figure legends and lysed using RIPA buffer (50 mM Tris-
Cl, pH 7.4, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 1% sodium
deoxycholate, 0.1% SDS, 1% aprotinin, 0.1 mM Na3VO4, 50 mM

NaF) 24 h post-transfection. Lysates were centrifuged at
12,000 � g at 4 °C for 15 min. The supernatants were diluted
using RIPA buffer and then incubated with anti-FLAG
M2–agarose (Sigma) or anti-HA resin (Sigma) overnight at
4 °C. After incubation, the samples were washed with RIPA
buffer and eluted with 2� SDS sample buffer. To characterize
protein expression levels, protein samples were separated by
SDS-PAGE, transferred to nitrocellulose membranes (Pall
Corp., Pensacola, FL), and visualized by Western blotting using
the following antibodies: anti-HA from Roche Applied Science
(catalog number 12CA5; 1:2,000), anti-FLAG from Sigma (cat-
alog number F3165; 1:10,000), anti-T7 from Novagen (catalog
number 69522; 1:10,000), anti-biotin from Sigma (catalog num-
ber B7653; 1:10,000), anti-ERGIC3 from Abcam (catalog num-
ber ab129179; 1:50,000), anti-MARCH2 from Abcam (catalog
number ab76397; 1:1,000), anti-ERGIC53 from Santa Cruz Bio-
technology (catalog number sc-365158; 1:1,000), and anti-�-
actin from Sigma (catalog number A2228, 1:10,000).

Affinity purification of biotinylated proteins

To purify biotinylated proteins using BirA-MARCH2, HeLa
cells were transfected with FLAG-BirA-MARCH2– and
AP-HA-Ub– encoding constructs for 24 h and then treated
with biotin for 4 h. The biotinylated-ubiquitinated proteins
were purified as described previously (21, 23).

Protein digestion and affinity purification of ubiquitinated
peptides

The biotinylated-ubiquitinated proteins immobilized on
beads were reduced, alkylated, trypsinized into peptides, and

purified using the ubiquitin branch motif (K-�-GG) affinity
purification method as described previously (21, 23).

Mass spectrometry

K-�-GG affinity–purified peptides were detected and quan-
titated by LC-MS/MS on an LTQ Orbitrap Velos (Thermo
Fisher Scientific Inc.) as described previously (21, 23).

Ubiquitination assay

HeLa cells were cotransfected with a T7-ubiquitin–
encoding construct along with the expression constructs as
indicated in the figure legends. After 24 h, cells were treated
with MG132 (25 �M) for 6 h and then lysed using RIPA buffer.
Cell lysates were boiled at 90 °C for 10 min and centrifuged at
10,000 � g for 15 min at 4 °C. Lysates were then diluted with 1%
NP-40 lysis buffer (50 mM Tris-Cl, 150 mM NaCl, pH 7.4, 1%
NP-40, 0.2 mM PMSF). For immunoprecipitation of HA-tagged
ERGIC3, the lysates were incubated with anti-HA–agarose
beads overnight at 4 °C. Samples were washed with 1% NP-40
lysis buffer three times and eluted in 2� SDS sample buffer. The
samples were analyzed with Western blotting using antibodies
as indicated in the figure legends.

Immunofluorescence

The immunofluorescence assay was performed as described
previously (21). The following antibodies were used for proteins
as indicated in the figure legends: anti-ERGIC3 (catalog num-
ber ab129179; 1:600), anti-ERGIC53 from Santa Cruz Biotech-
nology (catalog number sc-365158; 1:100), anti-FLAG from
Sigma (catalog number F3165; 1:200), and anti-HA from Roche
Applied Science (clone 12; 1:200).

In vitro ubiquitination assay

Purified ERGIC3 WT-HA was incubated with or without 100
ng of HA-Uba1, 250 ng of an E2 (UbcH5c; E2-627; Boston
Biochem), 1 �g of ubiquitin (sigma), and 5 mM ATP in the
absence or presence of the purified FLAG-MARCH2 WT or
FLAG-MARCH2 C64,67S in reaction buffer (40 mM Tris-HCl,
pH 7.6, 10 mM MgCl2, 1 mM DTT) for 2 h. After the ubiquiti-
nation reaction, the samples were boiled in 2� SDS sample
buffer and analyzed by immunoblotting with anti-HA antibody.

In vivo ubiquitination assay

To analyze the ubiquitination of endogenous ERGIC3, HeLa
cells were transfected with empty vector, FLAG-MARCH2
WT, or FLAG-MARCH2 C64,67S. After 24 h, cells were treated
with MG132 (25 �M) for 6 h and then lysed using RIPA buffer
containing 1% (w/v) SDS and 10 mM N-ethylmaleimide. The
lysates were boiled at 90 °C for 10 min, centrifuged at 10,000 �
g for 15 min at 4 °C, and then diluted with 1% NP-40 lysis buffer.
To immunoprecipitate the endogenous ERGIC3, cell lysates
were incubated with 500 ng of anti-ERGIC3 antibody and pro-
tein G–agarose beads (Invitrogen) overnight at 4 °C. Samples
were washed with 1% NP-40 lysis buffer three times, eluted in
2� SDS sample buffer, and analyzed by Western blotting using
antibodies as indicated in the figure legends.
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Analysis of secreted proteins

Cells were transiently transfected with the secreted protein
expression plasmids. After 24 h, cells were washed twice with
phosphate-buffered saline (PBS) and incubated in serum-free
medium (DMEM) for 12 h. The conditioned medium was col-
lected by centrifugation at 2,000 � g for 5 min and concentrated
using trichloroacetic acid (TCA; 25%) at 4 °C for 30 min. The
precipitated proteins were washed with cold acetone and dried
at 50 °C for 5 min. Dried samples were dissolved in 100 �l of
SDS sample buffer. Aliquots (25 �l) of protein samples were
used for Western blot analysis as described above.

Statistical analysis

Statistical analysis was performed with all the data produced
from three independent experiments, and data are expressed as
mean � S.D. Statistical significance was determined using
Student’s t test. All p values �0.05 were considered significant.

Author contributions—W. Y. data curation; W. Y. formal analysis;
W. Y. and E.-B. C. investigation; W. Y. methodology; W. Y. writing-
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funding acquisition.
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