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ABSTRACT Two independent functions of cTAGES have been reported in collagen VIl export
from the endoplasmic reticulum (ER). cTAGES not only forms a cargo receptor complex with
TANGO1, but it also acts as a scaffold to recruit Sec12, a guanine-nucleotide exchange factor
for Sar1 GTPase, to ER exit sites. However, the relationship between the two functions re-
mains unclear. Here we isolated point mutants of cTAGES that lost Sec12-binding ability but
retained binding to TANGO1. Although expression of the mutant alone could not rescue the
defects in collagen VIl secretion mediated by cTAGE5 knockdown, coexpression with Sar1,
but not with the GTPase-deficient mutant, recovered secretion. The expression of Sar1 alone
failed to rescue collagen secretion in cTAGE5-depleted cells. Taken together, these results
suggest that two functionally irreplaceable and molecularly separable modules in cTAGES are
both required for collagen VIl export from the ER. The recruitment of Sec12 by cTAGES con-
tributes to efficient activation of Sar1 in the vicinity of ER exit sites. In addition, the GTPase
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cycle of Sar1 appears to be responsible for collagen VIl exit from the ER.

INTRODUCTION

Collagens synthesized in the endoplasmic reticulum (ER) fold into
trimers of long (>300 nm), rigid structures that are secreted to con-
stitute the extracellular matrix (Ishikawa et al., 2015; Malhotra and
Erlmann, 2015). The mechanism of collagen export from the ER
seems distinct from conventional transport mechanisms because
normal carriers budding from the ER as COPII-coated vesicles are
~60-90 nm in diameter and too small to accommodate collagens
(Miller and Schekman, 2013; Malhotra et al., 2015; Saito and Katada,
2015).

Several molecules specifically involved in collagen exit from
the ER have been identified (Saito et al., 2009, 2011, 2014; Jin
et al., 2012; Venditti et al., 2012; Nogueira et al., 2014; Santos
et al., 2015). Among them, cTAGES forms a collagen VII cargo
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receptor complex with TANGO1. cTAGES and TANGO1 are both
integral membrane proteins localized at ER exit sites and interact
with each other by their cytoplasmic coiled-coil regions. C-termi-
nal, proline-rich sequences of both proteins bind to the COPII in-
ner-coat complex Sec23/Sec24, and the N-terminal SH3-like fold
in TANGOT1 interacts with collagen VI, indicating that these inter-
actions modify the mechanism of conventional COPII transport to
accommodate collagen VIl into the carriers (Saito et al., 2009,
2011).

cTAGES has also been reported as a scaffold for Sec12, a gua-
nine-nucleotide exchange factor (GEF) for Sar1 GTPase. This inter-
action seems required not only for concentration of Sec12 to the ER
exit sites, but also for collagen VIl to exit from the ER (Saito et al.,
2014). However, why cTAGE5-mediated accumulation of Sec12 to
the ER exit sites is necessary for collagen export and how cTAGES
coordinates these two independent functions as a cargo receptor
and a scaffold remain unclear.

In the present study, we isolated cTAGES mutants that lost Sec12
binding without affecting their interaction with TANGO1. By analyz-
ing these mutants, we find that two functionally irreplaceable and
molecularly separable modules in cTAGES are both required for col-
lagen VIl export from the ER. Proper localization of Sec12 induced
by cTAGES serves for efficient production of activated Sar1 around
ER exit sites, and the GTPase cycle of Sar1 seems to be required for
collagen VIl export from the ER.
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RESULTS AND DISCUSSION

Construction of cTAGES point mutants lacking
Sec12-binding activity

One of the two coiled-coil regions of cTAGES corresponding to
amino acids (aa) 61-300 is reported to be responsible for interaction
with Sec12 (Saito et al., 2014). To elucidate further the precise Sec12
interaction domain in cTAGES, we coexpressed FLAG-tagged
cTAGES deletion constructs with the hemagglutinin (HA)-tagged
Sec12 cytoplasmic domain in 293T cells. Sec12 interacts with the aa
61-221 region in cTAGES but not with aa 115-300 (Figure 1A). This
indicates that the interaction of cTAGES with Sec12 is mediated by
aa 61-115, which is immediately C-terminus of the transmembrane
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region of cTAGES (Figure 1B). To ascertain further the importance of
this region, we produced a cTAGES construct in which the aa 61—
115 region is replaced with the corresponding region of TANGO'1
(@aa 1199-1253). As shown in Figure 1C, the mutant is still able to
bind TANGO1, but not with Sec12, confirming the importance of aa
61-115 for the interaction with the GEF.

Next we sought to generate specific point mutants of cTAGES
that are deficient in binding to Sec12. We compared sequence simi-
larities of the region in cTAGE5 among different species and
changed the conserved amino acids to alanine, as shown in Figure
1B. Although some of the point mutants were still capable of inter-
acting with Sec12, several point mutants (E75A K76A, K89A L93A,
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FIGURE 1: Construction of cTAGES point mutants lacking Sec12-binding ability. (A) 293T cells were transfected with
FLAG tag only, FLAG-tagged cTAGES coil1 (aa 61-300), cTAGES coil2 (aa 301-650), cTAGES (aa 61-221), or cTAGES
(aa 115-300) with HA-tagged Sec12 (aa 1-386). Cell lysates were immunoprecipitated with anti-FLAG antibody and
eluted with the FLAG peptide. Eluates and cell lysates were analyzed by SDS-PAGE followed by Western blotting with
FLAG or HA antibodies. (B) Alignment of human cTAGES (aa 61-115) with corresponding regions from other species.
Identical amino acids are shaded in black, and similar amino acids are shaded in gray. (C) 293T cells were transfected
with FLAG tag only, FLAG-tagged cTAGES5 wild type, cTAGES (aa 61-300) T1, or cTAGES5 (aa 61-115) T1 with HA-
tagged Sec12 or TANGO1. (D) 293T cells were transfected with FLAG tag only, FLAG-tagged cTAGES5 wild type,
cTAGES R61A S65A, S68A R69A, Y71A, E75A K76A, K89A L93A, S97A, or L112A with HA-tagged Sec12. (E) 293T cells
were transfected with FLAG tag only, FLAG-tagged cTAGES wild type, E75A K76A, K89A L93A, or S97A with HA-
tagged TANGO1. (F) 293T cells were transfected with FLAG tag only, FLAG-tagged cTAGES5 wild type, K89A L93A, or
K89A with HA-tagged Sec12 or TANGO1. (C-F) Cell lysates were immunoprecipitated with anti-FLAG antibody and
eluted with the FLAG peptide. Eluates and cell lysates were analyzed by SDS-PAGE followed by Western blotting with

FLAG or HA antibodies.
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and S97A) showed severe reduction of binding ability to Sec12
(Figure 1D). Moreover, these mutants still bound TANGO1, indicat-
ing that the mutations do not destroy the overall conformation of
cTAGES (Figure 1E). The K89A single point mutation seemed to be
enough to reduce binding to Sec12 (Figure 1F). These experiments
allowed us to pinpoint critical residues in cTAGES5 involved in bind-
ing to Sec12.

The point mutants of cTAGES lacking Sec12-binding ability
fail to export collagen Vil from the ER

A previous report showed that Sec12 localization to the ER exit sites
is mediated by its interaction with cTAGES (Saito et al., 2014). To
evaluate the ability of cTAGES point mutants to recruit Sec12 to the
ER exit sites, we expressed mutants in cells in which endogenous
cTAGES was depleted by small interfering RNA (siRNA) and
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examined the localization of Sec12. We previously showed that
cTAGES knockdown leads to the severe reduction of Sec12 signals
in methanol-fixed cells, although the protein expression level was
unchanged. Further study revealed that Sec12 was dispersed
throughout the ER under these conditions, whereas the localization
and intensity of Sec16, a bona fide ER exit site marker, remained the
same (Saito et al., 2014). In accordance with these reports, cTAGES
knockdown led to the severe reduction of Sec12 signals from Sec16-
positive structures (Figure 2A, cells with asterisks). The expression of
wild-type cTAGES efficiently rescued localization of Sec12 to the ER
exit sites in cTAGES-depleted cells (Figure 2A, top left; Saito et al.,
2014). The extent of Sec12 concentration at the ER exit sites was
quantified as the signal of Sec12 divided by that of Sec16, as de-
scribed in Materials and Methods (Figure 2B). Overall the mutants
capable of binding to Sec12 efficiently recruited Sec12 to the
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cTAGES5 mutants lacking Sec12-binding ability fail to recruit Sec12 to the ER exit sites. (A) HSC-1 cells were
transfected with cTAGES siRNA and cultured for 24 h. cTAGE5-FLAG wild-type and mutant constructs were transfected,
and the cells were cultured for another 24 h, fixed, and stained with Sec12 (clone 6B3), FLAG, and Sec16 antibodies.
Scale bar, 10 pm. Typically, >90% of the cells showed efficient reduction of cTAGES expression by siRNA transfection
(cells with asterisks). Less than 10% of the cells were transfected with FLAG-tagged constructs. Cells with asterisks
indicate that the cells were efficiently depleted for cTAGES, but FLAG-tagged constructs were not transfected.
(B) Quantification of Sec12 immunofluorescence intensity at ER exit sites in A. A.U., arbitrary units. Fifty ER exit sites
from 10 cells, n = 50 (analysis of variance). Error bars represent mean + SEM; **p < 0.001 compared with wild-type
expression; n.s., p > 0.05 compared with wild-type expression. The data shown are from a single representative

experiment out of three repeats.
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FIGURE 3: Sar1 coexpression with cTAGES mutant recovers collagen
VIl secretion from the ER. HSC-1 cells were treated with control or
cTAGEDS siRNA and cultured for 24 h. For cTAGES siRNA-treated cells,
cTAGES5-FLAG wild type or mutants (A) or cTAGES-FLAG constructs
together with HA-Sar1a constructs (B) were transfected and further
cultured for 24 h. The cells were fixed and stained with collagen VIl and
FLAG (A) or collagen VII, FLAG, and HA antibodies (B). Collagen VII
immunofluorescence signal per cell (A.U., arbitrary units) were
quantified in each cell category as described later. The cells positively
stained with FLAG or HA antibodies were categorized as the constructs
expressed, and the surrounding unstained cells were categorized as
nontransfected counterparts. Within each well, cells transfected with
constructs are labeled as +, and nontransfected cells are labeled as —.
Analysis of variance. Error bars represent mean + SEM; **p < 0.001;
*p < 0.05; n.s., p>0.05. The data shown are from a single
representative experiments out of three repeats. (A) Cells treated with
control siRNA (n = 78); cells treated with cTAGES5 siRNA and wild
type- (n = 140); wild type+ (n = 49); 60-300aaT1- (n=111); 60-
300aaT 1+ (n = 49); S68A R69A- (n = 131); S68A R69A+ (n=50); E75A
K76A- (n=114); E75A K76A+ (n = 48); and K89A- (n = 167); K89A+
(n=751). (B) Cells treated with control siRNA (n = 75); cells treated with
cTAGEDS siRNA and HA-Sar1aWT- (n = 62); HA-Sar1aWT+ (n=12);
HA-Sar1aH79G- (n = 135); HA-Sar1aH79G+ (n = 37); E75AK76A-,
Sar1aWT- (n = 358); E75AK76A+, Sar1aWT- (n = 74); E75AK76A+,
Sar1aWT+ (n = 54); E75AK76A—, Sar1aH79G- (n = 272); E75AK76A+,
Sar1aH79G- (n = 67); and E75AK76A+, Sar1aH79G+ (n = 54).

correct localization, whereas the mutants that lost Sec12-binding
ability failed to recruit the protein to the ER exit sites (Figure 2, A
and B). Next we checked whether the mutants could promote col-
lagen VlI secretion from the ER. We quantified the signals of accu-
mulated collagen VIl within the ER as an index of its secretion (Saito
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et al., 2014). As shown in Figure 3A, the expression of mutants de-
fective in Sec12 recruitment to the ER exit sites could not rescue the
block of collagen VII secretion induced by cTAGE5 knockdown, al-
though the wild type and mutants capable of interacting with Sec12
efficiently rescued collagen secretion.

Sar1 coexpression with cTAGES mutant lacking
Sec12-binding ability recovers secretion of collagen VIl

from the ER

The foregoing results strongly suggest that cTAGE5-mediated con-
centration of Sec12 to ER exit sites is necessary for collagen VIl se-
cretion, independent of cTAGES formation of the cargo—receptor
complex with TANGO1. However, the biological meaning of the
concentration of Sec12 to specific sites has not been fully ad-
dressed. Because Sec12 is a GEF for Sar1 GTPase, we hypothesized
that Sec12 accumulation at ER exit sites is responsible for the effi-
cient production of activated Sar1 in the vicinity of ER exit sites. Thus
we overexpressed Sarl GTPase together with the cTAGES5 double
mutant in cTAGES-depleted cells. As shown in Figure 3B, expres-
sion of Sar1 GTPase alone had no effect or even increase accumula-
tion of collagen VII within the ER, whereas the expression of both
cTAGES mutant and Sar1 GTPase markedly recovered the secretion
of collagen VIl in cTAGES5-depleted cells. Of interest, expression of
the GTPase-deficient activated form of Sar1 (Sar1 H79G) together
with cTAGES5 mutant failed to rescue the accumulation of collagen
VII (Figure 3B).

Dual function of cTAGES in collagen export from the ER
In this study, we identified specific and critical residues in the Sec12-
binding region of cTAGES5 (E75A K76A, K89A, and S97A) and con-
firmed that cTAGES-mediated Sec12 accumulation at ER exit sites is
required for collagen VIl secretion. In our previous study, we used a
cTAGES5 construct in which one of the coiled-coil domains was
swapped with that of TANGO1 to show the importance of Sec12
recruitment for collagen VIl secretion (Saito et al., 2014). However,
this mutant might be structurally inactive or could abrogate not only
Sec12 binding but also other, unidentified functions required for
collagen transport due to the extensive alterations of amino acids.
Of note, the constructs used in the present study are only single or
double point mutants, so that block of collagen secretion should be
directly mediated by defects in Sec12 recruitment. Because involve-
ment of ubiquitination in collagen secretion has been reported (Jin
etal., 2012), we examined whether Sec12 binding to cTAGE5 might
also be regulated by ubiquitination. Although K89 is a candidate
residue to be ubiquitinated within the Sec12-binding domain, the
ubiquitination status of cTAGES is not changed with the K89A point
mutation, indicating that this residue is not critical for ubiquitination
(Supplemental Figure S1). During the preparation of the manuscript,
we also found that cTAGE5S can form a homodimer, and so we ex-
amined whether the point mutant can also still homodimerize. As
shown in Supplemental Figure S2, HA-tagged cTAGES was effi-
ciently immunoprecipitated with FLAG-tagged cTAGES, as well as
in the mutant lacking Sec12-binding affinity. These results indicate
that the cTAGES mutant retained these properties of wild-type
cTAGES, except for its affinity for Sec12. The detailed characteriza-
tion of cTAGES dimerization will be reported elsewhere. The di-
meric properties of cTAGES5 have no influence on the interpretation
of the present characterization, as the cTAGES rescue experiment
replaces cTAGES within the cells, and thus the properties observed
in this article are derived solely from expressed cTAGES.

The most important feature of the present study is that the de-
fect in Sec12 recruitment of the cTAGES mutant can be rescued by

Dual function of cTAGE5S | 2011
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FIGURE 4: Schematic representation of collagen receptor complex under conditions used in this study. In wild-type
cells, cTAGE5/TANGO1/Sec12 acts as a cargo receptor for collagen VIl and also produces activated Sar1 in the vicinity
of ER exit sites (scheme 1). cTAGES5 knockdown renders cargo receptor incompetent and leads to Sec12 dispersion,
which inhibits the production of activated Sar1 around ER exit sites. Therefore collagen VIl secretion is impaired
(scheme 2). The expression of cTAGES5 mutants in cTAGE5-depleted cells rescues the formation of cargo receptor
complex, but production of activated Sar1 remains inefficient. Collagen VII cannot be secreted (scheme 3). The
expression of only Sar1 is not efficient for the formation of cargo-receptor complex, thereby inhibiting collagen VI
secretion (scheme 4). The coexpression of Sar1 and cTAGES mutants rescues the formation of the cargo-receptor
complex and the amount of activated Sar1 around ER exit sites. Thus collagen VIl secretion can be rescued (scheme 5).

overexpression of Sarl GTPase. In yeast, the phenotype of the
Sec12 ts mutant can be rescued by the addition of Sar1, indicating
that overexpressed Sar1 is functional in the absence of efficient GEF
activity (Nakano and Muramatsu, 1989; Oka et al., 1991). However,
of note, the conditions in this study are slightly different. As shown
previously, cTAGES knockdown leads to the dispersion of Sec12
throughout the ER, but the proteins are indeed present within the
ER. Moreover, conventional cargo can be effectively transported
with the scattered Sec12, and only when Sec12 was depleted by
siRNA was conventional cargo secretion blocked in addition to that
of collagen (Saito et al., 2014). Thus not only is the rescue of colla-
gen VIl secretion probably achieved by the production of activated
Sar1, but its local concentration around ER exit sites should also be
critical. These functions of cTAGE5 may cooperate with that of
Sec16 to stabilize Sar1-GTP around ER exit sites (Kung et al., 2012;
Yorimitsu and Sato, 2012; Bharucha et al., 2013). Coexpression of
the activated form of Sar1 with the double mutant failed to rescue
collagen VIl secretion. This is in good agreement with the case in
yeast (Oka et al., 1991). It is also interesting to note that sedlin has
been isolated as being essential for collagen | transport and re-
ported to be involved in the inactivation of Sar1 GTPase (Venditti
et al., 2012). These results suggest that not only the activation, but
also the inactivation process of Sar1 GTPase would be critical for
collagen export from the ER.

A summary of our findings is presented schematically in Figure 4.
Knockdown of cTAGES renders the cargo receptor incompetent and
causes inefficient production of activated Sar1 in the vicinity of ER
exit sites (Figure 4, scheme 2). The expression of the cTAGES dou-
ble mutant alone (Figure 4, scheme 3) or Sar1a (Figure 4, scheme 4)
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is not sufficient to rescue the blockage of collagen VII secretion,
but the expression of both constructs is required to sufficiently
substitute cTAGES functions for collagen VIl secretion (Figure 4,
scheme 5). Therefore we conclude that cTAGES has two distinct and
irreplaceable roles in collagen VIl export from the ER. cTAGE5 might
act as a core factor for coordinating these two functions.

The components required for collagen VIl export have begun to
emerge. Additional work is required to reveal the temporal order
and special regulation of these players to achieve collagen Vil secre-
tion from the ER.

MATERIALS AND METHODS

Antibodies

Anti—collagen VII monoclonal antibody (NP-185) was kindly pro-
vided by Lynn Sakai (Oregon Health and Science University). Other
antibodies were used as described previously (Saito et al., 2009,
2011, 2014).

Cell culture and transfection

Hela, HSC-1, and 293T cells were cultured in DMEM supplemented
with 10% fetal bovine serum. Lipofectamine RNAi max (Thermo
Fisher Scientific, Waltham, MA) was used for transfecting siRNA.
For plasmid transfection, polyethylenimine MAX (Polysciences,
Warrington, PA) or FUGENE 6 (Promega, Madison, WI) was used.

Immunoprecipitation and Western blotting

The experiments were essentially performed as described previ-
ously (Saito et al., 2014). Briefly, extracted cells were centrifuged at
100,000 x g for 30 min at 4°C. Cell lysate was immunoprecipitated

Molecular Biology of the Cell



with FLAG M2 antibodies. The beads were washed five times with
Tris-buffered saline/0.1% Triton X-100 and processed for sample
preparation.

Immunofluorescence microscopy

Immunofluorescence microscopy analysis was performed as de-
scribed previously (Saito et al., 2009, 2011). Cells grown on cover-
slips were washed with phosphate-buffered saline (PBS), fixed with
methanol (6 min, —20°C), washed with PBS, and blocked in blocking
solution (5% bovine serum albumin in PBS with 0.1% Triton X-100
for 30 min). After blocking, cells were stained with primary antibody
(1 h at room temperature), followed by incubation with Alexa Fluor—
conjugated secondary antibody (1 h at room temperature). Images
were acquired with confocal laser scanning microscopy (Zeiss
LSM700, Plan-Apochromat 63x/1.40 numerical aperture (NA) oil im-
mersion objective lens). The acquired images were processed with
Zeiss Zen 2009 software (Carl Zeiss, Oberkochen, Germany). Sec12
and Sec16 immunofluorescence intensities were quantified by the
profile mode. Because the signals of each marker should be propor-
tional to the size of ER exit sites in nontreated cells, Sec12 intensity
was normalized to that of Sec16 (Farhan et al., 2008).

Quantification of collagen VIl staining

Quantification of collagen VIl accumulation was essentially performed
as described previously (Saito et al., 2011, 2014). Stained cells were
analyzed by Zeiss Axio Imager M1 microscopy (EC Plan-Neofluar
40x/ 0.75 NA objective lens) and processed with AxioVision software
(Carl Zeiss). Area calculation and intensity scanning were done by
ImageJ software (National Institutes of Health, Bethesda, MD).
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