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Mobilization of intracellular calcium is essential for a wide
range of cellular processes, including signal transduction, apo-
ptosis, and vesicular trafficking. Several lines of evidence have
suggested that apoptosis-linked gene 2 (ALG-2, also known as
PDCDe6), a calcium-binding protein, acts as a calcium sensor
linking calcium levels with efficient vesicular trafficking, espe-
cially at the endoplasmic reticulum (ER)-to-Golgi transport
step. However, how ALG-2 regulates these processes remains
largely unclear. Here, we report that MAPK1-interacting and
spindle-stabilizing (MISS)-like (MISSL), a previously uncharac-
terized protein, interacts with ALG-2 in a calcium-dependent
manner. Live-cell imaging revealed that upon a rise in intracel-
lular calcium levels, GFP-tagged MISSL (GFP-MISSL) dynami-
cally relocalizes in a punctate pattern and colocalizes with
ALG-2. MISSL knockdown caused disorganization of the com-
ponents of the ER exit site, the ER-Golgi intermediate compart-
ment, and Golgi. Importantly, knockdown of either MISSL or
ALG-2 attenuated the secretion of secreted alkaline phospha-
tase (SEAP), a model secreted cargo protein, with similar reduc-
tions in secretion by single- and double-protein knockdowns,
suggesting that MISSL and ALG-2 act in the same pathway to
regulate the secretion process. Furthermore, ALG-2 or MISSL
knockdown delayed ER-to-Golgi transport of procollagen type L.
We also found that ALG-2 and MISSL interact with microtu-
bule-associated protein 1B (MAP1B) and that MAP1B knock-
down reverts the reduced secretion of SEAP caused by MISSL or
ALG-2 depletion. These results suggest that a change in the
intracellular calcium level plays a role in regulation of the secre-
tory pathway via interaction of ALG-2 with MISSL and MAP1B.

Mobilization of intracellular calcium is essential for a wide
range of cellular processes, including signal transduction, apo-
ptosis, and vesicular trafficking (1, 2). In the secretory pathway,

nascent secretory proteins enter into the endoplasmic reticu-
lum (ER),? and transport vesicles containing the secretory pro-
teins bud from specialized ER membranes designated as the ER
exit site (ERES) or transitional ER by virtue of the coat protein
complex II (COPII) machinery and then move to Golgi via the
ER-Golgi intermediate compartment (ERGIC) (3, 4). Golgi-de-
rived transport vesicles are ultimately fused with plasma mem-
branes to release the secretory proteins. Recent studies have
indicated that calcium released from the ER and transport ves-
icles appears to play an important role in the regulation of
proper secretion. Indeed, the previous study using BAPTA-AM
(1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
acetoxymethyl ester), a cell-permeable calcium chelator, indi-
cated that alocal calcium signal is required for ERGIC-to-Golgi
trafficking in ER-to-Golgi transport (5, 6). In addition, reduc-
tion of the calcium level in the ER or transport vesicles by treat-
ment of cells with cyclopiazonic acid, a reversible sarco/endo-
plasmic reticulum Ca®" -ATPase (SERCA) inhibitor, resulted in
a decrease in the rate of ER-to-Golgi transport (7), although the
detailed mechanism of calcium requirement remains largely
unclear.

Apoptosis-linked gene 2 (ALG-2, also known as PDCD6) is a
calcium-binding protein that possesses the domain of five EF-
hands (penta-EF-hand (PEF) domain) (8). Binding of calcium to
ALG-2 induces a conformational change (9), which facilitates
the interaction with various proteins, including ALG-2-inter-
acting protein X (ALIX) (an auxiliary protein of the endosomal
sorting complex required for transport (ESCRT)) (10, 11),
Sec31A (outer shell component of COPII) (12-14), and
annexin A1l (a calcium-dependent lipid-binding protein) (15,
16). Through sequence comparison among regions of ALIX,
Sec31A, and PLSCR3 responsible for binding with ALG-2, we
previously identified two different types of binding motif of
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3 The abbreviations used are: ER, endoplasmic reticulum; MISS, MAPK1-inter-
acting and spindle-stabilizing; MISSL, MAPK1-interacting and spindle-sta-
bilizing-like; SEAP, secreted alkaline phosphatase; ERES, ER exit site; COPII,
coat protein complex Il; ERGIC, ER-Golgi intermediate compartment;
SERCA, sarco/endoplasmic reticulum Ca?*-ATPase; PEF, penta-EF-hand;
ALIX, ALG-2-interacting protein X; ESCRT, endosomal sorting complex
required for transport; ABM, ALG-2-binding motif; TFG, Trk-fused gene;
VSV-G, vesicular stomatitis virus glycoprotein; TG, thapsigargin; BFA,
brefeldin A; HBSS, Hanks’ balanced salt solution; siRNA, small interfering
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ANOVA, analysis of variance; PFA, paraformaldehyde; EGFP, enhanced
GFP.

J. Biol. Chem. (2017) 292(41) 17057-17072 17057

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.


http://www.jbc.org/cgi/content/full/M117.800201/DC1
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M117.800201&domain=pdf&date_stamp=2017-9-1

MISSL-ALG-2-MAP1B regulation of secretory pathway

ALG-2, and we designated the motifs as ALG-2-binding motif
(ABM)-1 and ABM-2 (17). The two motifs were further char-
acterized by X-ray crystal structure analysis of ALG-2 together
with the binding peptide derived from ALIX or Sec31A and by
mutagenesis analysis of the minimal binding motif (9, 18), and it
was shown that ABM-1 is composed of PPYP(X),YP, whereas
ABM-2is (PO)PX(PP)G(FW)() (where PP is Pro or hydropho-
bic; FW is Phe or Trp; () is large side chain; and X, variable) (19).
ALG-2 forms a homodimer (10, 20, 21) and a heterodimer
with another PEF-containing protein, peflin (21). The ALG-2
homodimer is able to bind to two different proteins simultane-
ously and thereby can function as an adaptor to regulate
calcium-dependent cellular processes. For instance, ALG-2
binds to both ALIX and TSG101, an ESCRT-I protein (22, 23),
or binds to both Sec31A and annexin A1l to regulate ER-to-
Golgi transport (16). ALG-2 also binds to Trk-fused gene (TFG)
molecules to promote TFG polymerization by its adaptor func-
tion (24).

Several recent studies have suggested that ALG-2 regulates
the secretory pathway at the ER-to-Golgi transport step. In in
vitro experiments, ALG-2 was shown to inhibit homotypic
fusion of COPII vesicles (25) and COPII vesicle budding from
the ER membrane (26), although the effects of ALG-2 on the
fusion and budding remain to be established in vivo. More
recent studies have suggested that ALG-2 may regulate ER-to-
Golgi transport at least in the specific cellular context in vivo (7,
16, 27). Knockdown of ALG-2 or its binding partner annexin
A11 enhanced the rate of ER-to-Golgi transport of a tempera-
ture-sensitive mutant of vesicular stomatitis virus glycoprotein
(VSV-G) in HT1080 cells (16), whereas no difference in the rate
of transport was observed in HeLa cells (12). In contrast, Helm
et al. (7) reported that ALG-2 knockdown or ALG-2 overex-
pression together with a fragment containing the ALG-2-bind-
ing region of Sec31A can delay ER-to-Golgi transport. In addi-
tion, knockdown of peflin, potentially leading to an increase in
the population of ALG-2 homodimers, promotes ER-to-Golgi
transport (27). Thus, ALG-2 may be an important calcium sen-
sor linking intracellular and/or luminal calcium levels with reg-
ulatory machinery of the secretory pathway. Indeed, it was
reported recently that the ALG-2—peflin heterodimer acts as a
coadaptor relaying a transient calcium rise into CUL3-medi-
ated Sec31A ubiquitylation, allowing the formation of large
COPIl vesicles responsible for collagen secretion (28), although
the regulatory mechanism(s) of ALG-2 for general ER-to-Golgi
transport in response to an alteration of the calcium level
remains largely unknown.

We previously searched for novel ALG-2-interacting pro-
teins through in silico screening based on the presence of ALG-
2-binding motifs within proline-rich regions, and we found sev-
eral new candidate proteins by far-Western analysis (29). One
of the candidates is MAPK1-interacting and spindle-stabilizing
(MISS)-like (MISSL). Although the primary sequence of MISSL
is similar to that of MISS (30), the functional regions of MISS,
including a MAPK-docking site, a PEST sequence, and a bipar-
tite nuclear localization signal, are lacking in MISSL, and the
cellular function of MISSL has therefore remained completely
unknown. In this study, we found that MISSL indeed interacts
with ALG-2 in a calcium-dependent manner and that MISSL
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and ALG-2 act in the same pathway regulating the secretion
process. Furthermore, our results suggest that ALG-2 links
MISSL and microtubule-associated protein 1B (MAP1B) in a
calcium-dependent manner, which likely plays an important
role in the regulation of efficient secretion.

Results
MISSL binds to ALG-2 in a calcium-dependent manner

We previously identified several potential ALG-2-binding
proteins through in silico screening and far-Western blotting
using biotin-labeled ALG-2 as a probe (29). Here, we focused on
MISSL, a previously uncharacterized protein, and examined
further whether MISSL indeed binds to ALG-2. To examine the
interaction between MISSL and ALG-2, GFP-tagged MISSL
(GFP-MISSL) was transiently expressed in HeLa cells and
was tested for interaction with endogenous ALG-2 (Fig. 1A).
Endogenous ALG-2 was coimmunoprecipitated with GFP-
MISSL but not with GFP, and the interaction was diminished
in the presence of EGTA, a calcium chelator. To determine
whether endogenous MISSL interacts with endogenous ALG-2
as well, endogenous MISSL was immunoprecipitated using an
anti-MISSL antibody. As shown in Fig. 18, ALG-2 was coim-
munoprecipitated with MISSL in the presence of calcium but
not EGTA. Together, these results suggest that MISSL is a bona
fide ALG-2-interacting partner.

Our previous results indicated that ALG-2 preferentially
binds to two different types of motifs (ABM-1 and ABM-2)
present in proline-rich regions (9, 17, 18). MISSL contains two
ABM-1-like sequences as shown in Fig. 1C. To determine
whether the two sites are essential for binding with ALG-2, we
compared the interactions of GFP-MISSL and a mutant (GFP-
MISSLAA) lacking the two sequences (101-117 and 167-175
amino acids) with ALG-2. GFP-MISSL and GFP-MISSLAA
showed similar interactions with ALG-2 by immunoprecipita-
tion analysis (Fig. 1D), suggesting that MISSL is still able to bind
to ALG-2 through a region different from the two sequences.
To narrow down the ALG-2-binding site(s) in MISSL, GFP-
MISSL, and its N- or C-terminal deletion mutants were tran-
siently expressed, and their binding abilities were tested by far-
Western blotting using biotin-labeled ALG-2 as a probe (Fig.
1E). Deletion of either the N-terminal (A1-138) or C-terminal
region (A93-245 and A147-245) dramatically reduced the
binding of ALG-2. Similarly, endogenous ALG-2 was efficiently
coimmunoprecipitated with the full-length and A1-90 mutant
but to a lesser extent with A1-138, A93-245, and A147-245
mutants (Fig. 1F). Thus, MISSL appears to bind to ALG-2
through multiple sites in the whole region, attributed to high
proline-rich contents in MISSL. The involvement of multiple
sites in the interaction with ALG-2 is also found in pro-
teins containing ABM-1-like, such as TSG101, VPS37B, and
VPS37C, and it has been difficult to identify particular sites
sufficient for binding to ALG-2 in those proteins (data not
shown). We also cannot rule out the possibility that the deletion
of the N- or C-terminal portion of MISSL (e.g. A1-138 or
A147-245) perturbs the tertiary structure or conformation of
the remaining region, thereby leading to the reduced binding to
ALG-2.
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Figure 1. MISSL is a bona fide ALG-2-interacting protein. A, Hela cells were transiently transfected with plasmids for expression of GFP or GFP-MISSL, and
cell lysates were subjected to immunoprecipitation (/P) with an anti-GFP antibody in the absence or presence of 5 mm EGTA (+EGTA). The immunocomplexes
were analyzed by immunoblotting with the indicated antibodies. B, HeLa cell lysate was subjected to IP with an anti-MISSL antibody (sc-243408) or control (ctr/)
1gG in the presence of 5 mm EGTA or 100 um CaCl,. The immunocomplexes were analyzed by immunoblotting with the indicated antibodies. C, schematic
representation of MISSL structure. Two putative ABM-1-like sequences, which are located at 101-117 and 167-175 amino acids (a.a.), are shown. The deletion
mutants used are also shown below the MISSL structure. D, HeLa cells were transiently transfected with GFP and GFP-tagged full-length MISSL (FL) GFP-MISSL
lacking both 101-117 and 167-175 amino acids (AA), and the cell lysates were subjected to IP with the anti-GFP antibody. The immunocomplexes were
analyzed by immunoblotting with the indicated antibodies. £, HEK293T cells transfected with the plasmids for expression of the indicated proteins were lysed,
and GFP or GFP-MISSL variants were immunopurified using the anti-GFP antibody. The immunoprecipitates were separated by SDS-PAGE and subjected to
far-Western (FW) analysis using biotin-labeled ALG-2 (biotin-ALG-2) and to Western blotting (WB) with the anti-GFP antibody. F, IP analyses using Hela cells
transiently expressing GFP, GFP-MISSL full-length (FL), or GFP-MISSL deletions were performed as in D.

MISSL dynamically relocates at ALG-2-positive dots upon
intracellular calcium rise

amino acid-starved condition, GFP-MISSL was diffusely dis-
tributed throughout the cells (Fig. 24, —AA). Upon amino acid

To investigate the subcellular localization of MISSL in living
cells, GFP-MISSL was transiently expressed in HeLa cells, and
the localization was observed through live cell imaging. We also
expressed a fluorescent calcium indicator, R-GECO1 (31),
to monitor the intracellular calcium rise simultaneously. To
increase intracellular calcium by a physiological condition, we
used amino acid addition to amino acid-starved cells, a known
treatment to increase intracellular calcium (32). Under the
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addition, intracellular calcium was increased as shown by the
enhanced fluorescence signal of R-GECO1 (Fig. 2, A and B), and
GFP-MISSL rapidly relocalized to the punctate pattern (Fig.
2A, +AA, and supplemental movie S1). Similar relocalization
of GFP-MISSL was also observed when thapsigargin (TG), a
SERCA inhibitor, was used to artificially increase the cytosolic
calcium level (Fig. 2C, t = 83 s). Furthermore, the appearance of
the GFP-MISSL puncta was transient and correlated with the
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Figure 2. MISSL relocalizes to ALG-2-positive compartments upon a calcium rise in living cells. A, Hela cells transiently expressing both GFP-MISSL and
R-GECO1 were starved of amino acids for 60 min, and then an amino acid mixture was added (t = 0). Time-lapse images were captured before (—AA) and after
(+AA) amino acid supplementation. Representative images of GFP-MISSL and R-GECO1 before (—AA, t = — 153 s5) and after (+AA, t = 159 s) are shown. Bar, 10
um. B, changes of R-GECOT1 fluorescent intensities in the area indicated by a rectangle in the R-GECO1 image in A are plotted. C, HelLa cells transiently expressing
both GFP-MISSL and R-GECO1 were treated with thapsigargin (TG) at t = 0. Time-lapse images before and after TG treatment were captured. Representative
images of GFP-MISSLand R-GECO1 before (t = — 124 s) and after (t = 83 sand t = 343 s) are shown. Insets show magnified images of the region indicated by white
squares. Bars, 5 um. D, changes of R-GECO1 fluorescent intensities in the area indicated by a rectangle in the R-GECO1 image in C are plotted.

intracellular calcium rise, because GFP-MISSL puncta disap-
peared at the time when the intracellular calcium level returned
to the original level, which was monitored by R-GECO1 fluo-
rescent signal changes (Fig. 2, Cand D, and supplemental movie
S2).

To determine whether ALG-2 is involved in the GFP-MISSL
relocalization, we first examined whether the GFP-MISSL
puncta colocalized with ALG-2. To this end, both GFP-
MISSL and mCherry-tagged ALG-2 (mCh-ALG2) were tran-
siently expressed in HeLa cells. Under the amino acid-starved
condition, most of the GFP-MISSL and mCh-ALG-2 were dif-
fuse throughout the cells, but a small population of GFP-MISSL
tended to form small puncta that overlapped with mCh-ALG-2
puncta (Fig. 34, —AA, inset). Upon intracellular calcium rise
caused by amino acid replenishment, mCh-ALG-2 also dynam-
ically changed its location and formed large puncta (Fig. 34,
+AA). Consistent with MISSL binding to ALG-2 (Fig. 1, A and
B), GFP-MISSL puncta were overlapped with mCh-ALG-2
puncta upon calcium rise (Fig. 34, +AA, Merge and graph). To
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further examine whether the GFP-MISSL relocalization relies
on ALG-2, the cellular ALG-2 level was reduced by an RNA
interference method (Fig. 3, B and C). Depletion of ALG-2 sig-
nificantly reduced GFP-MISSL puncta formation, although the
degrees of calcium rise after amino acid supplementation
were similar in both cell types (Fig. 3B). Furthermore, GFP-
MISSLA147-245, which failed to bind to ALG-2 (Fig. 1), did
not relocalize to ALG-2-positive dots upon amino acid replen-
ishment (Fig. 3D). These results suggest that ALG-2 recruits
MISSL to the sites where ALG-2 functions upon calcium rise.
ALG-2 is known to bind several proteins (19, 29, 33). Of the
known interacting proteins, Sec31A was shown to be the strong
binding partner of ALG-2, and most of ALG-2 colocalized with
Sec31A-positive dots (12—14). Sec31A is a component of the
outer coat of the COPII vesicle and is used for an ERES marker.
To investigate the subcellular localization of MISSL, we immu-
nostained MISSL and ALG-2 together with several organelle
markers, including Sec31A. Unfortunately, none of the three
commercially available antibodies against endogenous MISSL

SASBMB
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Figure 3. MISSL is recruited to and colocalizes with ALG-2 at the ERES. A, GFP-MISSL puncta colocalize with mCh-ALG-2 puncta upon a calcium rise. HeLa
cells transiently expressing both GFP-MISSL and mCherry-ALG-2 (mCh-ALG-2) were starved of amino acids for 50 min, and then an amino acid mixture was
added. Representative time-lapse images of GFP-MISSL and mCh-ALG-2 before (—AA) and after (+AA) addition of the amino acid mixture are shown. Bars, 5
um. Mander’s correlation coefficient between GFP-MISSL and mCh-ALG-2 before (—AA) and after (+AA) addition of amino acid mixture was graphed as
mean = S.D. (n = 7). **, p < 0.01, two-tailed t test. B, knockdown of ALG-2 resulted in failure of the formation of GFP-MISSL puncta upon a calcium rise. HelLa
cells that had been transfected with siRNA for a control (NC7) or ALG-2 (siALG-2#4) were transiently transfected with plasmids expressing GFP-MISSL and
R-GECO1. The cells were starved of amino acids for 50 min, and then an amino acid mixture was added at t = 0. Time-lapse images of GFP-MISSL and R-GECO1
before (—AA, t = —1205s) and after (+AA, t = 152s) are shown. Changes of fluorescent intensities of R-GECO1 at the region shown in the R-GECO1 images during
the experiment are plotted. Bars, 10 um. C, Hela cells were transfected with siRNA for a control (NC7) and ALG-2 (siALG-2#4), and the cell lysates were analyzed
by immunoblotting with the indicated antibodies. D, HelLa cells transiently expressing both GFP-MISSLA147-245 and R-GECO1 were starved of amino acids for
50 min, and then an amino acid mixture was added. Representative images of GFP-MISSLA147-245 and R-GECO1 before (—AA) and after (+AA) addition of the
amino acid mixture are shown. Bar, 10 um. E, GFP-MISSL puncta colocalize with Sec31A and ALG-2. Hela cells transiently expressing GFP-MISSL were starved
of amino acids for 50 min (—AA), and then an amino acid mixture was added for 10 min (+AA). Cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.1% Triton X-100 for 5 min. ALG-2 and Sec31A were immunostained with anti-ALG-2 and anti-Sec31A antibodies, respectively, and
fluorescence signals were obtained by confocal microscopy. Merged images of GFP-MISSL (green), ALG-2 (cyan), and Sec31A (magenta) are also shown (Merge).
Insets show magnified images of the region indicated by white squares. Bars, 5 um.

were found to be appropriate for observing the accurate local-
ization of endogenous MISSL, and we monitored GFP-MISSL
instead. Under the amino acid-starved condition, GFP-MISSL
showed a mostly dispersed distribution throughout the cells
and faint dots, yet it colocalized with ALG-2 (Fig. 3E, —AA).
ALG-2 was stained as a punctate pattern even in the amino
acid-starved condition (Fig. 3E, —AA), slightly different from
live cell imaging. This might be due to fixation and permeabili-
zation procedures in the immunostaining, i.e. cytosolic fraction
of ALG-2 might be washed out, and therefore smaller pools of
ALG-2 dots could become remarkable. Upon amino acid supple-
mentation, GFP-MISSL puncta were apparent, and these puncta
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were significantly colocalized with endogenous ALG-2 (Fig. 3E,
+AA), consistent with the live cell imaging. MISSL tagged with
either Myc at the N terminus or GFP at the C terminus also
showed similar colocalization with ALG-2 (data not shown). Fur-
thermore, most of the GFP-MISSL puncta also colocalized with
Sec31A (Fig. 3E, +AA) but not with LAMP1 (a lysosome marker)
or EEA1 (an early endosome marker) (supplemental Fig. S1).
Although ALG-2 strongly binds to Sec31A, we were unable to
detect a ternary complex composed of MISSL, ALG-2, and Sec31A
through immunoprecipitation (Fig. 1B), suggesting that MISSL
localizes at the ERES upon calcium rise but binds to a subpopula-
tion of ALG-2 that is not associated with Sec31A.
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Figure 4. Knockdown of MISSL affects the localization of ERES and ERGIC components. A, top panel, HelLa cells were transfected with control siRNA (NCT)
or two different siRNAs for MISSL (siMI#3 and siMI#4). After 48 h, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and then
immunostained with indicated antibodies. Merged images of Sec31A (green) and ALG-2 (magenta) are also shown (Merge). Insets show magnified images of the
region indicated by white squares. Bars, 5 um. Bottom panel, Mander’s correlation coefficient between ALG-2 and Sec31A was graphed as mean = S.D. (n = 15).
B, top panel, HelLa cells were treated as in A and immunostained with Sec16A and +y-tubulin for the ERES and the centrosome, respectively. Magnified images
of the region indicated by a white square are also shown. Bars, 5 um. Bottom panel, individual distances of Sec16A-positive dots from the centrosome were
measured from 15 cells for NC1- and siMISSL#4-treated cells and from 14 cells for siMISSL#3-treated cells, and they are represented by box and whisker plots. The
boxes denote the 25th to 75th percentile with a line at the median, and whiskers denote the 10th to 90th percentile. *, p < 0.05. C, top panel, HeLa cells were
treated as in A. Bar, 10 um. Bottom panel, cis-Golgi area relative to the cell volume was calculated and represented as mean = S.D. from four independent
experiments. **, p < 0.01. D, Hela cells were treated as in A and immunostained with an antibody for p230, a trans-Golgi marker. Insets show magnified images
of the region indicated by white squares. Bars, 5 um. E, HeLa cells that were transfected with siRNA for MISSL (siMISSL#4) for 24 h were then transfected with the
expression plasmid for GFP or GFP-MISSL for 24 h, treated as in A, and immunostained with anti-Sec16A and anti-GM130 antibodies. Knockdown with
siMISSL#4 targets the sequence in the 3’-untranslated region (UTR) of human MISSL and therefore does not affect expressions of GFP-MISSL constructs, which
lack 3’UTR. The transfected cells are shown by arrows. Bar, 10 wm. The percentages of the recovery of the perinuclear localization of both Sec16A and GM130
(recovered) or that of either protein (partially recovered) upon expression of GFP, full-length GFP-MISSL (FL), or GFP-MISSL deletion mutants are also shown (GFP,
n = 51; GFP-MISSL FL, n = 45; GFP-MISSLA1-90, n = 53; GFP-MISSLA1-138, n = 43; GFP-MISSLA147-245, n = 44; GFP-MISSLA93-245, n = 39).

MISSL regulates the proper distribution of the components of
ERES, ERGIC, and Golgi

Several lines of evidence have suggested that ALG-2 plays a
role in ER-to-Golgi vesicular trafficking and that ALG-2 deple-
tion or specific disruption of the interaction between ALG-2
and Sec31A causes redistribution of the ER-to-Golgi compo-
nents (7, 16). Therefore, we examined the effect of MISSL
depletion on the ER-to-Golgi compartment by indirect immu-
nofluorescence. First, Sec31A and ALG-2 were immunostained
in HeLa cells. In control cells, the immunofluorescence signal
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from the Sec31A antibody displayed staining of the peripheral
region of the nucleus. In contrast, depletion of MISSL mediated
by two different siRNAs caused dispersed localization of
Sec31A (Fig. 44). ALG-2 also showed slight relocalization and
dispersed staining, but most of ALG-2 was still colocalized with
Sec31A at a level comparable with that in control cells, as indi-
cated by the colocalization index (Fig. 44, lower panel). To
determine whether the distribution of ERESs was altered, we
stained Secl16A, another ERES marker. Again, Sec16A staining
peripheral to the nucleus in control cells was disturbed upon
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MISSL knockdown (Fig. 4B). Quantification of the distance
between Sec16A-positive dots and the centrosome marked by
y-tubulin showed that the increase in the distance between
Secl6A and the centrosome was statistically significant (Fig.
4B, lower panel), indicating the redistribution of Sec16A-posi-
tive dots close to the nucleus toward the peripheral region of
the cells. Concomitant with the Sec31A and Secl16A disturb-
ance, ERGIC-53, an ERGIC marker, and GM130, a cis-Golgi
marker, also showed aberrant distribution upon MISSL knock-
down (Fig. 4C), whereas the expression of these proteins was
not significantly altered (supplemental Fig. S2). Quantification
of the ratio of the GM130-staining area to the cell volume indi-
cated a 1.6 —1.8-fold expansion upon MISSL knockdown (Fig.
4C, lower panel). Moreover, MISSL knockdown also caused
aberrant distribution of p230, a trans-Golgi marker (Fig. 4D),
suggesting the altered distribution of Golgi compartments. To
further examine whether altered distributions of Sec16A and
GM130 were dependent on the ability of MISSL to bind to
ALG-2, we reintroduced GFP, GFP-MISSL, or GFP-MISSL
deletion mutants. The aberrant distributions of Sec16A and
GM130 were significantly recovered by reintroduction of GFP-
MISSL but not GFP (Fig. 4E), although those were not fully
recovered by GFP-MISSL most likely due to partial cellular
damages during siRNA-mediated knockdown followed by
transfection procedures. Nonetheless, GFP-MISSLA147-245,
which failed to bind to ALG-2 (Fig. 1), was able to recover the
aberrant distributions of Sec16A and GM130 to some extent
(Fig. 4E, graph), suggesting that altered distributions of these
compartments appear to be caused by the loss of MISSL func-
tion different from binding to ALG-2. Consistent with this, it
was reported that knockdown of ALG-2 did not affect the Golgi
organization (16). Together, these results suggest that MISSL
knockdown induces rearrangement of the ERES, ERGIC, and
Golgi compartments and that MISSL likely plays a role in reg-
ulation of these organelle organizations independent from its
ALG-2-binding ability.

MISSL and ALG-2 regulate the secretory pathway

To investigate the role of MISSL in the secretory pathway, we
monitored the secretion of secreted alkaline phosphatase
(SEAP) as a model secretory protein (34—36). We examined
SEAP secretion over a period of 60 min by measuring SEAP
activity in the medium and in the cell-associated fraction. As
expected, addition of brefeldin A (BFA), which is known to
inhibit ER-to-Golgi transport, dramatically reduced the secre-
tion of SEAP (Fig. 54). Although control siRNA (NC1) treat-
ment had no effect on the secretion of SEAP compared with
mock-treated cells, knockdown of either MISSL or ALG-2
resulted in reduction of SEAP secretion by 20—40%. Further-
more, simultaneous knockdown of MISSL and ALG-2 did not
have any additive effect on the reduction of SEAP secretion,
although MISSL and ALG-2 were significantly depleted (Fig.
5B). These results suggest that MISSL and ALG-2 act in the
same pathway regulating the secretion process.

Previous reports have suggested that ER stresses affect the
distributions of ERES, ERGIC, and Golgi and reduce secretion
(37-39), similar to the change observed upon MISSL knock-
down. Thus, we measured XBP1 mRNA splicing, a known
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event induced during ER stresses, to determine whether MISSL
knockdown induced ER stress. Neither MISSL knockdown nor
ALG-2 knockdown induced XBP1 splicing in the unstressed
condition (supplemental Fig. S3). Furthermore, even after DTT
treatment, which induces ER stress and thereby increases XBP1
mRNA splicing, the increased levels of XBP1 mRNA splicing in
MISSL and ALG-2 knockdown cells were comparable with
those in mock-treated and control siRNA (NC1)-treated cells.
Therefore, it is unlikely that MISSL indirectly contributes to the
secretory pathway by inducing ER stress-mediated regulation.

To further examine the role of MISSL in ER-to-Golgi trans-
port, we monitored the effect of MISSL knockdown in ER-to-
Golgi transport of procollagen type I (procollagen-I), which is
previously reported to be delayed by ALG-2 knockdown (28).
To this end, we maintained IMR-90 cells at 40 °C to retain pro-
collagen-Iin the ER and then shifted at 32 °C to relieve export of
procollagen-I. As shown in Fig. 5, C-E, ALG-2 knockdown
delayed the procollagen-I reached at Golgi compared with
mock and control siRNA (NC1)-treated cells. Strikingly, MISSL
knockdown (siMISSL#3 and siMISSL#4) also consistently
delayed transport of procollagen-I to Golgi. Taken together,
these results suggest that MISSL and ALG-2 regulate ER-to-
Golgi transport.

MISSL and ALG-2 form a complex with MAP1B

To gain an insight into the mechanism by which MISSL and
ALG-2 play a role in regulation of the secretory pathway, we
tried to identify novel interacting proteins. To this end, we used
HeLa cells stably expressing GFP or GFP-MISSL, and the cell
lysates were immunoprecipitated with the anti-GFP antibody.
The immunoprecipitates were separated on SDS-PAGE and
visualized by silver staining (Fig. 6A). Several bands specific to
the immunoprecipitates from the GFP-MISSL-expressing cell
lysate were cut and analyzed by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS). We identified
ALG-2, which was a positive control of the analysis. Further-
more, a band with >220 kDa was identified as microtubule-
associated protein 1B (MAP1B). Because the secretory pathway
involves microtubules for efficient transport (40-42) and
MAP1B is known to regulate microtubule dynamics in neurons
(43), we focused on MAP1B for further analysis.

To confirm the interaction between MISSL, ALG-2, and
MAPI1B, cell lysates from HeLa cells stably expressing GFP or
GFP-MISSL were immunoprecipitated with the anti-MAP1B
antibody. As shown in Fig. 6B, GFP-MISSL, but not GFP, was
specifically detected in immunoprecipitates with the anti-
MAP1B antibody. Furthermore, endogenous MISSL also inter-
acted with MAP1B (Fig. 6C). Addition of EGTA abolished the
interaction of MAP1B with MISSL and ALG-2 (Fig. 6, Band C),
suggesting that MISSL, ALG-2, and MAP1B form a complex in
a calcium-dependent manner. Because Sec31A, a strong bind-
ing partner of ALG-2, did not bind to MAP1B (Fig. 6C), MAP1B
appears to selectively bind to a subpopulation of ALG-2, includ-
ing MISSL. Although MAP1B was identified as an MISSL-bind-
ing protein (Fig. 6A), the fraction of ALG-2 associated with
MAP1B was larger than that of MISSL, and the formation of a
ternary complex was calcium-dependent, implying that MISSL
binds to MAP1B through ALG-2. To further examine whether
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Figure 5. MISSL and ALG-2 are involved in proper secretion. A, Hela cells stably expressing SEAP were transfected with siRNAs for a control (NCT7), for MISSL
(siMI#3 and siMI#4), or for ALG-2 (siALG-2#4) or were not transfected with siRNA (mock). After 48 h, the cells were washed once with media and then incubated
for 60 min in fresh media. SEAP activity in media and cellular SEAP activity were measured, and the ratio of secreted SEAP activity to cellular SEAP activity was
calculated as secreted SEAP. Data are represented as relative secreted SEAP, which was normalized to the secreted SEAP in the control (NCT). Data are shown
as mean = S.D. BFA was also included as a positive control for the inhibition of secretion. Biological replicates are as follows: NC1 (n = 10); mock (n = 7);
NC1+BFA (n = 7); siALG-2#4 (n = 10); siMI#3 (n = 5); siMI#4 (n = 10); siALG-2#4+siMI#3 (n = 5); and siALG-2#4+siMI#4 (n = 10).**, p < 0.01. B, HeLa cells were
transfected with the indicated siRNAs. The cell lysates were analyzed by immunoblotting with the indicated antibodies. C, IMR-90 cells were incubated at 40 °C
for 3 h and then were shifted to 32 °C to promote procollagen-I export for 15 min. The cells were fixed and immunostained with anti-procollagen-I (green) and
anti-GM130 (magenta) antibodies. Representative merged images are shown. Bar, 10 um. D, Mander’s correlation coefficient between procollagen-I and
GM130 at 0 and 15 min of export was graphed as mean = S.D. Numbers of cells analyzed were as follows: mock 0 min (n = 14), NC1 0 min (n = 16), siALG-2#4
0min (n = 14), siMISSL#3 0 min (n = 14), siMISSL#4 0 min (n = 15), mock 15 min (n = 11),NC1 15 min (n = 20), siALG-2#4 15 min (n = 15), siMISSL#3 15 min (n =
16), and siMISSL#4 15 min (n = 15).**, p < 0.01. E, IMR-90 cells were transfected with indicated siRNAs. The cell lysates were analyzed by immunoblotting with
the indicated antibodies.

ALG-2 mediates the association between MISSL and MAP1B,
we constructed ALG-2 knock-out (KO) HeLa cells stably
expressing GFP or GFP-MISSL. In the ALG-2 KO cells, GFP-
MISSL was not coimmunoprecipitated with MAP1B (Fig. 6D).
Furthermore, the interactions between ALG-2 and MAP1B
were not reduced in MISSL KO cells (Fig. 6E). These results
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suggest that ALG-2 mediates the association between MISSL
and MAP1B and that binding of ALG-2 to MAP1B is indepen-
dent from MISSL binding to ALG-2.

To further examine whether ALG-2 colocalized with
MAP1B, HeLa cells were immunostained with anti-ALG-2 and
anti-MAP1B antibodies. In the formaldehyde-fixed condition,
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Figure 6. MAP1B associates with ALG-2 and MISSL in a calcium-dependent fashion. A, cell lysates prepared from Hela cells stably expressing GFP or
GFP-MISSL were subjected to IP with GFP-TrapA. The immunoprecipitates were resolved by 4-20% gradient SDS-PAGE followed by silver staining. MAP1B and
ALG-2 (indicated by filled triangles) were identified by LC-MS/MS. The bands corresponding to GFP and GFP-MISSL are also shown (open triangles). B, lysates
from Hela cells stably expressing GFP or GFP-MISSL were subjected to IP with control IgG or the anti-MAP1B antibody in the presence (+) or absence (—) of
EGTA. The immunoprecipitates were analyzed by immunoblotting using indicated antibodies. An asterisk indicates IgG heavy chain (HC) and light chain (LC).
Cell lysates (Input) corresponding to 2% for anti-MAP1B and 0.5% for anti-ALG-2 and anti-GFP antibodies were also loaded. C, HelLa cell lysates were subjected
to IP with control IgG or the anti-MAP1B antibody in the presence (+EGTA) or absence of EGTA. The presence of indicated proteins in the immunoprecipitates
was analyzed by immunoblotting. An asterisk indicates IgG light chain. The cell lysates (Lysate) correspond to 0.5% of respective immunoprecipitates. D, lysates
from HelLa cells (parental) or ALG-2 KO cells (KO*-“) stably expressing GFP or GFP-MISSL were subjected to IP with the anti-MAP1B antibody. The immuno-
precipitates were analyzed by immunoblotting using indicated antibodies. Cell lysates (Input) corresponding to 7% for anti-MAP1B and 1% for anti-ALG-2 and
anti-GFP antibodies were also loaded. E, lysates from HeLa cells (parental), ALG-2 KO cells (KO*:%2) or MISSL KO cells (KO"*5!) were subjected to IP with the
anti-MAP1B antibody. The immunoprecipitates were analyzed by immunoblotting using indicated antibodies.

MAPI1B localized diffusely throughout the cytoplasm (data not
shown), as reported previously (44), and we alternatively used
methanol fixation. Although the anti-MAP1B antibody used
showed nuclear staining, the cytoplasmic microtubule-like
staining by the anti-MAP1B antibody could indeed detect
endogenous MAP1B localization as validated by using MAP1B
KO HelLa cells (supplemental Fig. S4). As shown in Fig. 7, A and
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B, in methanol fixation ALG-2 also showed microtubule-like
staining, which was colocalized with MAP1B, in addition to
larger dots colocalized with Sec31A. Further analyses of signals
corresponding to ALG-2, MAP1B, and Sec31A (Fig. 7, Cand D)
suggested three types of colocalization as follows: the colocal-
ization of ALG-2 with both MAP1B and Sec31A (arrow); the
colocalization of ALG-2 with MAP1B but not Sec31A (arrow-
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Figure 7. ALG-2 partially colocalizes with MAP1B. A, HeL a cells were fixed with methanol and were immunostained with the indicated antibodies. Bar, 5 um.
B, magnified images of the region indicated by a white square in A are shown. White arrows indicate representative ALG-2 located along MAP1B. Bar, 5 um.Cand
D, fluorescence signal intensities of ALG-2, MAP1B, and Sec31A along lines (p1 to p2) were measured using ImageJ and plotted. Respective fluorescence
intensities were represented as the fluorescence intensities relative to the respective maximal value. An arrow indicates the colocalization of ALG-2 with MAP1B
and Sec31A. Arrowheads and open arrowheads indicate the colocalization of ALG-2 with MAP1B and the colocalization of ALG-2 with Sec31A, respectively. Bars,

5 um.

heads); and the colocalization of ALG-2 with Sec31A but not
MAPI1B (open arrowheads). The ratio of colocalization of the
three proteins to the colocalization of ALG-2 and Sec31A was
less frequent (19.8% from two independent experiments and
637 dots analyzed). Unfortunately, we were currently unable to
observe the exact localization of GFP-MISSL in the methanol-
fixed condition, most likely due to the inaccessibility of anti-
GFP antibodies. Consistent with biochemical analyses, these
results suggested that ALG-2 partially associates with MAP1B
in the cells.

Knockdown of MAP1B complements the reduced secretion
caused by MISSL and ALG-2 depletion

Because knockdown of either MISSL or ALG-2 resulted in
reduced secretion of SEAP (Fig. 54), we tested the effect of
MAP1B knockdown on the secretion. MAP1B was efficiently
depleted in HeLa cells without affecting MISSL and ALG-2
expression (Fig. 84). In the secretion assay using SEAP, the
depletion of MAP1B alone did not affect the secretion (Fig. 8B).
In contrast, the depletion of MAP1B could rescue the reduced
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secretion of SEAP by either MISSL or ALG-2 depletion to a
level similar to that in control cells (Fig. 8B). These results sug-
gest that MAP1B specifically acts downstream of MISSL and
ALG-2 in the secretion process.

Discussion

Our results demonstrated that ALG-2 regulates the secretory
pathway via interaction with both MISSL, a previously unchar-
acterized protein, and MAP1B. Because depletion of MAP1B
could revert the reduced secretion caused by MISSL or ALG-2
depletion (Fig. 8B) and ALG-2 bridges MISSL and MAPI1B in
the presence of calcium (Fig. 6, B—D), we speculate that the
binding of MISSL and ALG-2 likely inhibits MAP1B action,
thereby leading to the calcium-dependent fine-tuning of the
secretory pathway in response to cellular and environmental
demands (Fig. 8C). Thus, our findings provide a new insight
into the molecular mechanism of ALG-2-dependent calcium
signaling that regulates the secretory pathway by the MISSL—
ALG-2-MAP1B complex identified in this study in addition to
the Sec31A-ALG-2—annexin All complex as shown previ-
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transport. See text for details.

ously (16). These two modes of regulation highlight the impor-
tance of the calcium/ALG-2-mediated fine-tuning of the secre-
tory pathway.

MAPIB expression is developmentally regulated and is high
in neurons (43). In neurons, MAP1B was shown to regulate
microtubule dynamics (45, 46). MAP1B binds to dynamic
microtubules rather than stable microtubules (47) and also reg-
ulates the stability of microtubules (48). Although MAP1B
expression in HeLa cells appears to be relatively low, our find-
ings suggest that MAP1B is important for the regulation of
secretion that relies on ALG-2 and MISSL in non-neuronal
cells.

Previous reports have indicated that ER-to-Golgi transport
along microtubules at least in part depends on the direct inter-
action between Sec23, the inner coat component of COPII, and
the dynein-dynactin complex (41). Dynein and MAP1B share
similar microtubule-binding motifs (49), and MAP1B associa-
tion to microtubules was reported to interfere with the binding
of dynein (50, 51), like other microtubule-associated proteins
such as Tau and MAP2 (52). MAP1B was also reported to bind
to Lis1, a regulator of dynein (53, 54), and to affect the binding
of Lisl with dynein (55). Thus, it is likely that the binding of
MISSL with MAP1B through the ALG-2 adaptor function may
prevent binding of MAP1B to microtubules, thereby allowing
the binding of dynein with microtubules to accelerate ER-to-
Golgi transport. A global or local calcium rise, which is benefi-
cial for efficient transport (5-7), might affect the access of
MAPI1B to microtubules via ALG-2 and MISSL. In contrast,
under an ALG-2 or MISSL-depleted condition, MAP1B can
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bind to microtubules and inhibit dynein binding to microtu-
bules and/or dynein movement. This scenario is also consistent
with the lack of an effect of single MAP1B knockdown on the
secretion of SEAP, when MAP1B action was already inhibited
by MISSL and ALG-2. Because MAP1B is phosphorylated by
several kinases such as GSKf3 and casein kinase Il and the phos-
phorylation status is involved in the maintenance of a stable/
dynamic microtubule population (48), it is possible that MISSL
and ALG-2 binding to MAP1B contributes to the post-transla-
tional modifications of MAP1B. Very recently, ALG-2 was
shown to bind to a-tubulin and was suggested to regulate
microtubule dynamics in an unknown fashion (56, 57).
Although the detailed mechanism of ALG-2 action on micro-
tubule dynamics remains unknown, ALG-2 might regulate
these intracellular events through binding to MAP1B and
MISSL.

We showed that MISSL and MAPI1B bind to ALG-2 in a
calcium-dependent fashion. Although MISSL contains ABM-
1-like motifs, they were not essential for binding with ALG-2
(Fig. 1), and our results suggested that MISSL likely binds to
ALG-2 through multiple regions. Because MISSL is composed
of proline-rich sequences (34% for proline residues in the whole
region) and ALG-2 preferentially binds to ABM-1 and ABM-2
in the proline-rich regions, multiple interactions may support
the overall binding ability between MISSL and ALG-2. Previous
results indicate that the splicing isoform of ALG-2 lacking
121GF'*? (ALG-2AGF) fails to bind to proteins containing
ABM-1 (17, 33, 58). Because MISSL could not bind to ALG-
2AGF in a pulldown assay (data not shown), MISSL binding to
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ALG-2 most likely involves the ABM-1-like binding mode,
which requires formation of the ALG-2 homodimer, suggesting
that the ALG-2 homodimer acts as an adaptor that bridges
MISSL and MAPIB. In contrast, it remains unknown how
MAP1B binds to ALG-2, due to the lack of apparent ABM-1
and ABM-2. It is possible that ALG-2 interacts with MAP1B
through a distinct binding mode involving novel interacting
motifs.

We previously demonstrated that ALG-2 bridges Sec31A
and annexin A11 to regulate ER-to-Golgi transport, possibly by
stabilizing the Sec31A turnover to ERES (16). In contrast,
ALG-2 is unable to link MISSL with Sec31A and annexin
A11 (Fig. 1B, and data not shown). Furthermore, Sec31A was
excluded in the MISSL-ALG-2-MAP1B complex (Fig. 6C).
These results suggest that the MISSL-ALG-2-MAP1B com-
plex identified in this study exists as functionally distinct
machinery from the Sec31A—ALG-2-annexin All complex.
Thus, ALG-2 likely plays a role in the proper control of ER-to-
Golgi transport through formation of these two types of distinct
complex in response to the cellular status or demand.

Our results showing that MISSL knockdown causes dramatic
changes in the localization of ERES (Sec31A and Secl6A),
ERGIC (ERGIC-53), and Golgi (GM130 and p230) suggest that
MISSL also functions as a modulator of the organization of
these compartments. Because GFP-MISSLA147-245, but not
GFP-MISSLA93-245, could rescue aberrant localizations of
Sec16A and GM130 to some extent (Fig. 4E), a region spanning
93-146 amino acids might be responsible for their proper dis-
tribution. It is possible that the change in secretion rate results
from alteration in the organization of ERES and Golgi. How-
ever, the reduction of secretion by MISSL depletion is unlikely
to be due to the disorganization of ERES, ERGIC, and Golgi per
se because MAP1B depletion could fully rescue the reduced
secretion (Fig. 8B) but not the localization of these compart-
ments (data not shown). These results also suggest that MISSL
has an additional function regulating the localization of these
organelles other than the MISSL-ALG-2-MAP1B complex. It
is currently unknown which compartment is a primary defect
upon MISSL depletion, because localization of these organelles
is interdependent. However, given the GFP-MISSL localization
at the ERES, it is likely that MISSL primarily contributes to the
proper organization of ERES.

In summary, identification of the novel calcium-dependent
complex MISSL-ALG-2-MAP1B will expand the importance
of ALG-2 sensor function and provide a molecular framework
for the complex regulation of secretory pathways that are nec-
essary for the proper adaptation of dynamic cellular and envi-
ronmental changes.

Experimental procedures
Antibodies and reagents

Anti-GFP (B-2, s¢-9996), anti-MISSL (C-16, sc-243408),
anti-MAP1B (N-19, sc-8970), anti-MAP1B (H-8, sc-365668),
anti-Sec23 (E-19, sc-12107), and anti-GAPDH (6C5, sc-32233)
antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX). Anti-MISSL (HPA034506), anti-ERGIC53 (E1031),
anti-a-tubulin (DM1A), and anti-+y-tubulin (GTU88) antibod-
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ies were from Sigma. Anti-Sec16A (A300-648A) was from
Bethyl Laboratories (Montgomery, TX). Anti-GM130 (clone
35), anti-p230 trans-Golgi (clone 15), anti-EEA1 (clone 14), and
anti-LAMP1 (H4A3) antibodies were from BD Transduction
Laboratories (San Jose, CA). The anti-procollagen type I C-
peptide antibody (clone PC5-5) was purchased from Takara
(Shiga, Japan). The anti-GM130 rabbit polyclonal antibody
(PMO061) was purchased from MBL (Nagoya, Japan). Rabbit
polyclonal antibodies against ALG-2 and Sec31A and a goat
polyclonal antibody against ALG-2 were produced as described
previously (13, 29). Horseradish peroxidase (HRP)-conjugated
goat antibodies against mouse IgG and rabbit IgG and an HRP-
conjugated rabbit antibody against goat IgG were from Jackson
ImmunoResearch (West Grove, PA). For immunofluorescence,
AlexaFluor488-, AlexaFluor555-, or AlexaFluor647-conjugated
donkey anti-mouse IgG, AlexaFluor488-, AlexaFluor555-, or
AlexaFluor647-conjugated donkey anti-rabbit IgG, and Alex-
aFluor488-, AlexaFluor555-, or AlexaFluor647-conjugated donkey
anti-goat IgG antibodies were purchased from Invitrogen and
used as secondary antibodies. Thapsigargin (TG) and brefeldin
A (BFA) were purchased from Wako (Tokyo, Japan).

Expression plasmids

To create expression plasmids for GFP-MISSLA1-90, GFP-
MISSLA147-245, GFP-MISSLA93-245, and GFP-MISSLA1-
138, pEGFP-C3-MISSL (pEGFP-C3-MISSL was previously
designated MISS but renamed MISSL in this article according
to the change of nomenclature under UniProt Q8NDCO0) (29)
was digested with BamHI, BspEI and Sall, BspEI and Scal, and
EcoRIand Pstl, respectively, followed by blunt-ending and liga-
tion. The expression plasmid for GFP-MISSLAA was generated
by site-directed mutagenesis using a primer set (5'-CCCCAC-
CTGGTGGTACACCAAATATGCC-3', 5'-GGCATATTTG-
GTGTACCACCAGGTGGGG-3', 5'-CTACCCCTAATATG-
GCTCCTCCTCCTCC-3', and 5-GGAGGAGGAGGA-
GCCATATTAGGGGTAG-3’) and PrimeSTAR Max DNA
polymerase (Takara). The sequences of plasmids were verified
by DNA sequencing. To create a retrovirus vector for EGFP-
MISSL, pEGFP-C3-MISSL was digested with Agel and Sall, and
the DNA fragment containing EGFP-MISSL was ligated into
the BspEI and Mlul sites of pCX4pur (59).

The plasmids encoding Cas9 (pSpCas9(BB)-2A-puro(PX459)
V2.0, Addgene plasmid no. 62988 (60)) and Cas9 with improved
specificity (61) (eSpCas9(1.1), Addgene plasmid no. 71814)
were gifts from Dr. Feng Zhang. To create an eCas9 expression
plasmid (eSpCas9(1.1)-2A-puro) that possesses the puromy-
cin-resistant gene cassette, pSpCas9(BB)-2A-puro was digested
with Fsel and Notl, and the DNA fragment containing the
puromycin-resistant gene region was inserted into the Fsel
and Notl sites of eSpCas9(1.1). To generate a plasmid (eSp-
Cas9(1.1)-2A-puro/ALG-2) used for generation of human
ALG-2 knock-out cells, primers hALG-2 sgRNA-top (5'-cacc-
gagggccggggeggtaagagt-3') and hALG-2 sgRNA-bottom (5'-
aaacactcttaccgccccggecctce-3') were annealed and then ligated
into the BbslI site of eSpCas9(1.1)-2A-puro. Similarly, primers
hMISSL sgRNA-top (5'-caccggagcctggecagecttgagg-3') and
hMISSL sgRNA-bottom (5'-aaaccctcaaggctggecaggetec-3') or
primers hMAP1B sgRNA-top (5'-caccgtgttgcegatggeacgecge-
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3') and hMAP1B sgRNA-bottom (5'-aaacgcggcgtgccatc-
ggcaacac-3’) were annealed and ligated into Bbsl sites of
eSpCas9(1.1)-2A-puro to construct plasmids (eSpCas9(1.1)-
2A-puro/MISSL or eSpCas9(1.1)-2A-puro/MAP1B) used for
generation of human MISSL or MAP1B knock-out cells.

The expression plasmid for mCherry-ALG-2 (pmCherry-
C1/ALG-2) was described previously (62). The expression plas-
mid for R-GECO1 (CMV-R-GECO1) (31) was a gift from Dr.
Robert Campbell (Addgene plasmid no. 32444).

Mammalian cell culture, transfection, and retroviral infection

HEK293T, HeLa, and IMR-90 (normal lung fibroblast) cells
were grown at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM) with 1,000 mg/liter glucose (Nissui) supplemented
with 10% fetal bovine serum under a 5% CO, atmosphere. HeLa
cells stably expressing SEAP (36) were a kind gift from Dr.
Ayano Satoh (Okayama University). Transient transfection of
the indicated plasmids was performed using the calcium phos-
phate method for HEK293T cells and FuGENE 6 (Promega,
Madison, W1I) for HeLa cells according to the manufacturer’s
instructions. HeLa cells stably expressing EGFP or EGFP-
MISSL were generated by retroviral infection essentially as
described previously (63). Retroviruses were prepared from
culture media of PLAT-A cells (64) (kindly provided by Dr.
Toshio Kitamura, University of Tokyo) that had been trans-
fected with pCX4pur-EGFP-C1 (laboratory stock) or pCX4pur-
EGFP-MISSL using FuGENE 6.

Amino acid starvation and readdition were done as described
before (65) with modifications. In brief, cells were washed once
with Hanks’ balanced salt solution (HBSS) and incubated in
HBSS for 50—60 min. For replenishment of amino acids, an
amino acid mixture was added at the following final concentra-
tions (mg/liter): L-Arg, 84; L-Cys, 48; L-His, 84; L-1le, 105; L-Leu,
105; L-Lys, 145; L-Met, 30; L-Phe, 66; L-Thr, 95; L-Trp, 20; L-Tyr,
72; 1-Val, 94; 1-Gln, 584.

Generation of ALG-2, MISSL, and MAP1B knock-out HelLa cells

Generation of ALG-2, MISSL and MAP1B knock-out HeLa
cells by the CRISPR/Cas9 system was done as described
previously (60). Briefly, HeLa cells were transfected with
the plasmid (eSpCas9(1.1)-2A-puro/ALG-2, eSpCas9(1.1)-2A-
puro/MISSL or eSpCas9(1.1)-2A-puro/MAP1B) using FUuGENE
6. After 24 h, cells were selected with 1 ug/ml puromycin for 3
days to remove untransfected cells. Then the cells were plated
on 96-well plates in media without puromycin, and single col-
onies were selected. ALG-2, MISSL, or MAP1B knock-out cells
were identified by Western blotting with anti-ALG-2, anti-
MISSL, and anti-MAP1B antibodies, respectively.

Small interfering RNA (siRNA)-mediated RNA interference

HeLa cells were transfected with Dicer-substrate siRNAs
(DsiRNAs) (Integrated DNA Technologies, Coralville, IA)
using the Lipofectamine RNAiMax reagent (Invitrogen) according
to the manufacturer’s instruction. The following DsiRNAs,
which were composed of RNA and DNA, with the sense strand
sequences indicated were used: negative control (NC1, 5'-cgu-
uaaucgcguauaauacgcguAT-3’, DNA parts shown in upper-
case); human ALG-2 (siALG-2#4, 5'-aaagacaggaguggagugaua-
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ucAG-3'); human MISSL (siMISSL#3, 5'-ugaaccucaaacuaga-
uaaacccTA-3'; siMISSL#4, 5'-accucucagagaagauaacugccTC-
3’); and human MAPI1B (siMAP1B#1, 5'-gucauugugacgc-
caaugaauuuCA-3’).

Cell lysate preparation and immunoprecipitation

HelLa cells grown on a 100-mm dish were washed once with
ice-cold PBS and lysed with 1 ml of lysis buffer A (40 mm
HEPES-NaOH (pH 7.5), 120 mMm NacCl, 0.3% CHAPS, 50 mm
NaF) containing 3 ug/ml leupeptin, 1 um pepstatin A, and 0.1
mM Pefabloc. In Fig. 6, lysis buffer A containing 9 ug/ml leu-
peptin, 3 uM pepstatin A, and 0.3 mMm Pefabloc was used for cell
lysis. After centrifugation at 9,000 X g for 10 min, the superna-
tant was incubated with anti-MISSL or anti-MAP1B antibody
in the absence or presence of 100 um CaCl, or 5 mm EGTA
overnight. The immunocomplexes were collected by the addi-
tion of Dynabeads protein G (Invitrogen) and washed three
times with the respective buffer conditions used for incubation
with the antibody. In Fig. 1, A, D, and F, after 24 —48 h of trans-
fection the cells were lysed with buffer A containing 3 ug/ml
leupeptin, 1 uM pepstatin A, and 0.1 mm Pefabloc and centri-
fuged at 9,000 X g for 10 min. The cell lysates were incubated
with GFP-TrapA (Chromotek, Planegg-Martinsried, Germany)
for 3 h in the absence or presence of 100 um CaCl, or 5 mm
EGTA and washed three times as above.

Far-Western blotting

Far-Western blotting using biotin-labeled ALG-2 as a probe
was carried out essentially as described previously (29). After
24 h of transfection, cells were lysed with lysis buffer B (50 mm
Tris-HCI (pH 7.5), 150 mm NaCl, 0.2% Triton X-100) contain-
ing 3 ug/ml leupeptin, 1 um pepstatin A, and 0.1 mm Pefabloc.
After centrifugation at 9,000 X g for 10 min, the supernatant
was incubated with GFP-TrapA for 3 h. Immunoprecipitates
were resolved by SDS-PAGE and incubated with biotin-labeled
ALG-2 in the presence of 100 um CaCl, or with anti-GFP
antibody.

Live-cellimaging

Live-cell imaging analyses were done essentially as described
previously (16, 62). Briefly, HeLa cells were seeded in a glass-
bottom dish (Asahi Glass, Tokyo, Japan) and were transiently
transfected with expression vectors. After 24 h, cells were then
treated as follows. For amino acid starvation, the medium was
replaced with HBSS for 60 min. Time-lapse images were
acquired under an FV1000-D confocal laser-scanning micro-
scope equipped with a 1.35 numerical aperture oil-immersion
objective (UPLSAPO60XO, Olympus, Tokyo, Japan) before
and after addition of an amino acid mixture at 37 °C. For TG
treatment, the medium was replaced with Leibovitz’'s L15
medium (Invitrogen) containing 1% fetal bovine serum, and
then TG was added at the final concentration of 2 um.

Indirect immunofluorescence

HeLa cells were seeded onto cover glasses and transfected
with siRNAs. After 48 —72 h, the cells were washed once with
PBS(—) and fixed with 4% PFA/PBS(—) for 15 min, followed by
washing three times with PBS(—). Then the cells were permea-
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bilized with 0.1% Triton X-100/PBS(—) for 5 min, followed by
washing three times with PBS(—). After blocking with 0.1% gel-
atin/PBS(—) for 60 min, the cells were incubated with primary
antibodies at 4 °C overnight and washed five times with 0.1%
gelatin/PBS(—). Cell were then incubated with secondary antibod-
ies at room temperature for 60 min in the dark and then washed
five times with 0.1% gelatin/PBS(—) and mounted. Images were
acquired under an FV1000-D confocal laser-scanning microscope.

For detection of colocalization between ALG-2, MAP1B, and
Sec31A (Fig. 7), HeLa cells were washed once with PBS(—) and
fixed with prechilled methanol at —20 °C for 15 min, followed
by washing three times with PBS(—). For the procollagen-I
transport assay, cells were fixed with 4% PFA/PBS(—) and then
treated as above except for the use of 1% BSA/PBS(—) instead of
0.1% gelatin/PBS(—).

Mander’s coefficient correlation between GFP-MISSL and
mCh-ALG-2 was calculated by Image] JACoP plugin using
threshold values determined manually, and represented as the
ratio of GFP-MISSL signals overlapped with mCh-ALG-2 sig-
nals to total GFP-MISSL-positive signals. The same threshold val-
ues were applied to individual cells before and after amino acid
stimulation. Mander’s coefficient correlation between Sec31A and
ALG-2 was calculated using Image] colocalization threshold
plugin and represented as the ratio of ALG-2 signals overlapped
with Sec31A signals to total Sec31A-positive signals.

Quantification of ERES distribution was done as described
previously (16) with minor modifications. In brief, cells were
immunostained with Sec16A and y-tubulin to detect the ERES
and the centrosome, respectively, and z-stacks of optical sec-
tions spanning the entire cell were captured. Each z-stack was
projected onto a single plane, and the cells with a single centro-
some adjacent to the nucleus were selected for quantification.
The distance of each Secl6A dot excluding nuclear regions
from the centrosome was measured using Image]. Individual
distances in 14 selected cells from two independent siRNA-
treated samples were measured.

Mander’s coefficient correlation between GM130 and pro-
collagen-I was calculated using Image] colocalization threshold
plugin. The z-stacks of optical sections were analyzed. Areas of
signals derived from procollagen-I were surrounded as regions
of interest, and the ratio of procollagen-I signals overlapped
with GM130 signals to total collagen type I-positive signals was
calculated using automatic threshold values of colocalization
threshold plugin. Statistical analysis was done by one-way anal-
ysis of variance (ANOVA) followed by Tukey’s test.

Quantitative reverse transcription-polymerase chain reaction
(RT-gPCR)

Total RNA was isolated from HeLa cells using Sepasol Super
G (Nacalai Tesque, Kyoto, Japan), followed by treatment with
DNase I (Nippon Gene, Tokyo, Japan). cDNAs were synthe-
sized using a PrimeScript RT reagent kit (Perfect Real Time,
Takara), and then qPCR was carried out in LightCycler Nano
(Roche Applied Science, Penzberg, Germany) using FastStart
Essential DNA Green Master (Roche Applied Science) and
primers for spliced XBP1 (5'-CTGAGTCCGAATCAGGTG-
CAG-3' and 5'-ATCCATGGGGAGATGTTCTGG-3') and
for total XBP1 (5'-TGGCCGGGTCTGCTGAGTCCG-3' and
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5'-ATCCATGGGGAGATGTTCTGG-3') according to the
manufacturer’s instructions.

Mass spectrometry

HelLa cells stably expressing EGFP or EGFP-MISSL grown on
four 100-mm dishes were washed once with ice-cold PBS and
lysed with lysis buffer A. After centrifugation at 9,000 X g for 10
min, the supernatant was pre-cleared by incubating beads (bab-
20, Chromotek) for 3.5 h. The pre-cleared lysates were then
incubated with GFP-trapA for 3 h, and the beads were washed
three times with buffer A. The proteins were resolved by SDS-
PAGE, followed by silver staining. The bands were excised and
digested with trypsin (Promega, Madison, WI). The resulting
peptides were analyzed by Triple TOF 5600+ (AB Sciex,
Framingham, MA) essentially as described previously (24).

SEAP assay

HeLa cells stably expressing SEAP seeded in 12-well plates
were transfected with siRNAs. After 48 h, the cells were washed
once with the medium and then incubated in 600 ul of a fresh
medium for 60 min. For the BFA addition experiment, BFA was
included in the fresh medium at the final concentration of 2
pg/ml. An aliquot of the medium was centrifuged at 500 X g for
1 min, and the medium was analyzed to measure secreted SEAP
activity using the Phospha-Light system (Applied Biosystems,
CA) and the luminometer (ATTO AB-2250, Tokyo, Japan). For
measuring cellular SEAP activity, cells were washed twice with
PBS(—) and then lysed with a buffer containing 0.2% Triton
X-100 by incubating for 10 min. After centrifugation at 9,000 X
g for 2 min, cell lysates were analyzed according to manufactu-
rer’s instructions. Statistical analysis was done by one-way anal-
ysis of variance (ANOVA) followed by Tukey’s test.

Procollagen transport assay

Human lung fibroblast IMR-90 cells were transfected with
siRNAs. After 48 h, cells were incubated at 40 °C for 3 h. Then
the cells were transferred into medium containing 50 ug/ml
cycloheximide and 50 ug/ml ascorbate (L-ascorbic acid phos-
phate magnesium salt n-hydrate, Wako), which was pre-
warmed at 32 °C, and were incubated for 15 min at 32 °C.
Immunostaining was done as described under “Indirect immuno-
fluorescence” using the anti-procollagen type I C-peptide antibody
and the anti-GM130 rabbit polyclonal antibody. Statistical analysis
was done by one-way ANOVA followed by Tukey’s test.
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