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formation by stabilizing MSec
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Tunneling nanotubes (TNTs) are membrane conduits that
mediate long-distance intercellular cross-talk in several
organisms and play vital roles during development, patho-
genic transmission, and cancer metastasis. However, the
molecular mechanisms of TNT formation and function re-
main poorly understood. The protein MSec (also known as
TNF�-induced protein 2 (TNFAIP2) and B94) is essential
for TNT formation in multiple cell types. Here, using affinity
protein purification, mass spectrometric identification, and
confocal immunofluorescence microscopy assays, we found
that MSec interacts with the endoplasmic reticulum (ER)
chaperone ERp29. siRNA-mediated ERp29 depletion in
mammalian cells significantly reduces TNT formation,
whereas its overexpression induces TNT formation, but in a
strictly MSec-dependent manner. ERp29 stabilized MSec
protein levels, but not its mRNA levels, and the chaperone
activity of ERp29 was required for maintaining MSec protein
stability. Subcellular ER fractionation and subsequent lim-
ited proteolytic treatment suggested that MSec is associated
with the outer surface of the ER. The ERp29 –MSec interac-
tion appeared to require the presence of other bridging pro-
tein(s), perhaps triggered by post-translational modification
of ERp29. Our study implicates MSec as a target of ERp29 and
reveals an indispensable role for the ER in TNT formation,
suggesting new modalities for regulating TNT numbers in
cells and tissues.

Eukaryotic cells communicate by several means, depending
on organism and cell type. Intercellular communication plays

an important role in the physiological processes of multicellular
organisms. Diverse signaling pathways have been documented
for the exchange of molecular information between cells, such
as direct interaction (1, 2), gap junctions (3, 4), extracellular
vesicles and exosomes (5, 6), as well as plasmodesmata (7). A
novel mechanism for intercellular communication named tun-
neling nanotubes (TNTs)4 was recently discovered in several
organisms and cell types (8, 9). TNTs constitute a diverse vari-
ety of long, membrane-enclosed, tubular cytoplasmic conduits
that connect eukaryotic cells several hundred micrometers
apart (8, 10, 11) and mediate a wide spectrum of critical cellular
functions. These include ion signaling (12), antigen presenta-
tion (13), intercellular organelle transfer (14), morphogen
transfer during development (15, 16), astrocyte–neuron com-
munication (17), metastatic cell homing (18), intercellular viral
transmission (19 –21), prion protein transfer (22), and bacterial
surfing between cells (10). TNTs are also induced in response to
cellular stress (23, 24). TNTs are usually open at both ends with
a propensity to “hang” between the connected cells above the
substratum in culture and use distinct actin regulators for their
formation (25–27), which are some of the properties that dis-
tinguish them from other similar cellular extensions like filop-
odia and cytonemes (in Drosophila), even though they are mor-
phologically similar. TNTs thus represent a novel mode of
intercellular communication across various in vitro and in vivo
systems that are rapidly gaining widespread importance in biol-
ogy (15, 16, 28 –35).

Despite their demonstrated importance in health and disease
as exemplified above, there is little mechanistic understanding
of the formation, growth, maintenance, and function of TNTs.
Several questions of importance remain unanswered. Which
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proteins regulate TNT formation? What are the reliable bio-
chemical markers for TNTs? What is the order, strength, and
nature of interactions between these proteins? What is the
mechanism of membrane addition in elongating TNTs? Are
these molecules and mechanisms conserved across evolution?
Recently, the protein MSec (also called TNFAIP2/B94) was
reported to be essential for TNT formation (36, 37). MSec
interacts with a few key proteins that help mediate TNT forma-
tion, including the exocyst complex, the small GTPase RalA,
and LST1 in macrophages (36, 38). The GTPase activity of RalA
is required for TNT formation through the engagement of the
exocyst complex, which is a known effector of RalA (36). RalA–
exocyst is known to induce membrane addition in other con-
texts, such as epithelial membrane trafficking and anchorage-
independent growth signaling (39, 40). It is therefore likely that
other protein(s), such as MSec, may recruit the RalA– exocyst
complex specifically at sites of TNT formation on the plasma
membrane. Given the wide spectrum of functions performed by
TNTs in a variety of cell lines and organisms (41), it is likely that
a larger set of cellular proteins interacts with MSec to assist it in
TNT formation and possibly to enable TNTs to function as
transport conduits. In an effort to understand the molecular
mechanisms of TNT formation, we determined the cellular
interactome of MSec from a human osteosarcoma cell line
(U2OS) by mass spectrometric analysis. Here, we characterize
the function and mechanism of one of the novel interactors
of MSec, the endoplasmic reticulum (ER)-based chaperone
ERp29 and demonstrate that it is required for the induction of
TNT formation. ERp29 is a 29-kDa ER-resident protein and is
well-studied as an unconventional chaperone of the protein-
disulfide isomerase (PDI) family that binds with, stabilizes, and
escorts various protein substrates (42–45). In this study, we
show that ERp29 regulates TNT formation through stabiliza-
tion of MSec and thus reveal a new role for the ER in TNT
induction. Our study suggests that the underlying mechanisms
of TNT formation span a wider molecular spectrum than so far
anticipated.

Results

Stably expressing TAP-tagged MSec induces TNT formation in
U2OS cells

Earlier studies have demonstrated that MSec is required for
TNT formation (41). Depletion of MSec from cells leads to a
reduction in TNT numbers, whereas overexpression leads to
increased TNT numbers (36). Given the importance of MSec-
induced TNTs across a diverse functional spectrum, we
hypothesized that MSec interacts with a larger set of cellular
proteins to mediate TNT formation than is currently known.
To identify new interaction partners of MSec, we generated a
mammalian U2OS cell line (human osteosarcoma origin) stably
expressing MSec fused with a multifunctional tag containing
a C-terminal yellow fluorescent protein tag with an embed-
ded tandem affinity purification tag consisting of octa-His,
FLAG, and streptavidin-binding peptide (SBP) biochemical
tags (mVenus-MTAP (46)) that has been used successfully
for interactomic as well as imaging studies in human cells.
Mouse MSec (residues 42– 691; kind gift from H. Ohno (36))

complementary DNA (cDNA) was cloned into this vector to
generate MSec-MTAP (Fig. 1A and Table S1). This fragment
of mouse MSec can complement the loss of human MSec and
can efficiently induce TNT formation (36). We determined
the expression levels of both endogenous MSec and trans-
genic MSec-MTAP by Western blotting with an antibody
that recognizes MSec and chose a clonally selected cell line
(clone 1) that stably expressed the transgene at levels equiv-
alent to endogenous MSec (Fig. 1B (left and right top panels)
and Fig. S1). We also generated a U2OS cell line stably
expressing the empty MTAP (eMTAP) vector as a negative
control (Fig. 1B, right bottom panel). The tagged MSec-
MTAP protein induced TNTs significantly, as reported ear-
lier for MSec with other tags (36, 37) compared with the tag
(empty vector) alone (Fig. 1, C and D), demonstrating that
the transgenic MSec-MTAP construct was functional with
respect to its ability to induce TNT formation.

We performed a series of standard assays to validate that the
tubes under study were indeed TNTs. First, we established
through x-z/y-z visualization of confocal z-stacks that the tubes
counted in both cell lines (MSec-MTAP and eMTAP) did not
contact the substratum, but rather “hung” between the two
connected cells (Fig. 1C and Fig. S2), a well-documented char-
acteristic of bona fide TNTs (26, 36). To ascertain the function
of these tubes, we performed live-cell, time-lapse confocal
imaging to visualize the transport of mitochondria (labeled
with Mitotracker red), a well-known cargo transported through
TNTs (47, 48). We could clearly observe the transport of mito-
chondria from one cell to another in both stable cell lines (Fig.
1E and Movies S1 and S2). Another well-documented cargo of
TNTs is the HIV-1 virus (21). We infected U2OS cells with
HIV-1 (JRFL envelope pseudotyped virus) and immunostained
for the virus using an established antibody (49). We could
clearly observe HIV-1 immunofluorescence in TNTs emanat-
ing from infected cells, but not in TNTs arising from uninfected
cells (Fig. S3A). y-z projection clearly showed the TNTs “hang-
ing” between the two cell bodies with the HIV-1 signal appear-
ing to transfer from the infected toward the uninfected cell
through the TNT (Fig. S3A, box). In addition, TNT formation
in U2OS cells was reduced significantly among cells treated
with a validated TNT-inhibitor (Fig. S3, B and C) (21).
Together, the above experiments confirmed the identity of
these tubes in our study as TNTs.

ERp29 is a novel interactor of MSec

We used MSec-MTAP as the bait to identify its cellular inter-
actome using methods adapted from earlier reports that have
successfully used such multifunctional tags for interactomic
analyses (46, 50 –54). We lysed the U2OS cells stably expressing
either MSec-MTAP or the MTAP tag alone under cryogenic
conditions to help preserve the integrity of protein–protein
interactions and subjected cell lysates to SBP affinity purifica-
tion on a Streptactin column. We analyzed trypsinized eluates
by electrospray ionization (ESI)-LC-MS (Fig. S4A) and evalu-
ated the MS data with optimal search parameters (see “Materi-
als and methods”) for the identification of the MSec interac-
tome. The interactome obtained using the control tag
(eMTAP) was subtracted from the MSec-MTAP interactome
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(Fig. S4B). Analysis of the unique interactome of MSec appear-
ing in at least three experiments (Table S2 and Fig. S4C) with
the help of the STRING (http://www.string-db.org)5 (105) and
PANTHER (http://www.pantherdb.org)5 databases revealed
that the interactors grouped into various functional classes (Fig.
S4D and Tables S3 and S4), suggesting that MSec has a broad
cross-talk with various functional pathways in the cell. One of
the interacting proteins of MSec that appeared consistently and
specifically only in the MSec-MTAP experiments was the endo-
plasmic reticulum chaperone ERp29, belonging to the class of
unconventional protein chaperones belonging to the PDI-like
family (42, 55). We confirmed the specificity of the interaction
of ERp29 with MSec by immunoprecipitation, which validated
that ERp29 interacted specifically with MSec-MTAP, but not

with the empty vector (Fig. 2A). ERp29 is well-known as a
marker for the ER and is hence highly enriched in this compart-
ment at the perinuclear region (42, 56). We observed strong ER
enrichment of MSec in U2OS cells as well as prominent co-lo-
calization with ERp29 at the perinuclear boundary through
confocal microscopy (Fig. 2B), suggesting that MSec is associ-
ated with the ER. These data are supported by distinct ER-like
localization of MSec-MTAP as well (Fig. S3B, bottom). To bio-
chemically ascertain whether MSec localized with the ER, we
performed subcellular fractionation of cell lysates and isolated
the rough ER (as explained under “Materials and methods”).
Western blot analysis confirmed that MSec was present in the
rough ER fraction in U2OS cells, MSec-MTAP-U2OS cells,
HeLa cells, and MDAMB231 cells (Fig. 2C and Fig. S5). These
observations suggested that a substantial fraction of cellular
MSec is associated strongly with the ER in multiple human cell
types.

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 1. Stably expressed affinity-tagged MSec induces TNT formation in U2OS cells. A, MSec was cloned into a mammalian expression vector that
imparts a multiaffinity tag (His-SBP-FLAG) embedded inside a fluorescent (mVenus) tag. B, expression levels of stably expressing empty vector (eMTAP) and
exogenous mouse MSec (MSec-MTAP) equivalent to the endogenous human MSec assessed by immunoblotting (IB). C, live confocal microscope images taken
from stably expressing MSec-MTAP and empty MTAP cells (both green). TNTs are indicated by arrows. The analyzed TNTs were not adhered to the substratum.
Shown is an x-z/y-z visualization of confocal z-stacks of TNTs that were counted in both cell lines (MSec-MTAP and eMTAP). Scale bar, 20 �m. D, quantification
of the number of TNTs per 100 cells from the confocal images. Data represent mean � S.D. (error bars) based on three independent experiments, 100 cells
counted per experiment (paired t test, two-tailed; **, p � 0.01). E, time lapse confocal images showing the transport of mitochondria from one cell to another.
Arrowheads, position of the mitochondria.

ERp29 regulates TNT formation

J. Biol. Chem. (2019) 294(18) 7177–7193 7179

http://www.jbc.org/cgi/content/full/RA118.005659/DC1
http://www.jbc.org/cgi/content/full/RA118.005659/DC1
http://www.string-db.org
http://www.pantherdb.org
http://www.jbc.org/cgi/content/full/RA118.005659/DC1
http://www.jbc.org/cgi/content/full/RA118.005659/DC1
http://www.jbc.org/cgi/content/full/RA118.005659/DC1
http://www.jbc.org/cgi/content/full/RA118.005659/DC1


ERp29 is required for TNT formation

To probe whether ERp29 plays a functional role in TNT for-
mation, we depleted it from U2OS cells using sequence-specific
siRNAs. We confirmed depletion of protein levels using West-
ern blotting (Fig. S6). Confocal microscopic analysis revealed
that ERp29 depletion led to a significant loss in the number of
TNTs formed by these cells (Fig. 3, A and B). Conditions such as
serum deprivation, oxidative stress, pH changes, and nutrient
shortage are known to induce the formation of TNTs (23, 24,
57–59), although the detailed cellular mechanisms have not
been elucidated. We assessed whether ERp29 was required
for induction of TNTs when cells were subjected to stress
due to serum starvation. Control siRNA-treated cells cul-
tured under stress conditions (2.5% serum, low-serum)
induced more TNTs as compared with the optimal serum
levels (10% serum). However, whereas serum starvation
induced a marked increase in TNT numbers in control
siRNA-treated cells, it failed to elicit this response upon
either ERp29 depletion or MSec depletion (Fig. 3, A and B).
Notably, we observed similar reduction in TNT numbers
upon ERp29 depletion as seen for MSec depletion. Similarly,
we repeated this experiment in HeLa cells, which also
showed a significant reduction in their ability to form TNTs
upon the depletion of ERp29 (Fig. S7).

ERp29 influences TNT formation through its action on MSec

The above data clearly demonstrated that ERp29 was
required for TNT formation. As a corollary, we tested whether
ERp29 overexpression could induce the formation of a higher
number of TNTs. We therefore transfected an exogenous
ERp29 construct (EGFP-ERp29 (43)) into U2OS cells and com-

pared the ability of the cells to induce TNT formation com-
pared with cells transfected with a vector expressing EGFP
alone. Confocal imaging of the cells followed by quantification
showed that exogenous expression of ERp29 in U2OS cells led
to a significant (almost 2-fold) increase in the number of TNTs
formed per cell compared with cells treated with the empty
vector alone (Fig. 4, A (top) and B). This result confirmed that
the ability of the cells to form TNTs was directly proportional to
the cellular expression levels of ERp29. We also asked whether
exogenous expression of ERp29 could induce TNT formation
even in the absence of MSec. To test this, we depleted MSec in
U2OS cells using siRNA treatment and simultaneously overex-
pressed exogenous ERp29 (Fig. 4C). Despite robust expression
of the exogenous ERp29 (Fig. 4C), induction of TNTs was dra-
matically reduced upon depletion of MSec (Fig. 4, A (bottom),
B, and C). This observation suggested that ERp29 could induce
TNTs only in the presence of MSec in the cell. We performed
live cell, time-lapse confocal microscopy in eMTAP cells and
observed that most of the TNTs formed were through the
dislodgement of adjacent cells in culture, a mode of TNT
formation already documented (27). ERp29-depleted cells
appeared to move apart to shorter distances than the control
cells, leading to the formation of shorter TNTs on average
(Fig. S8A). This effect could be due to the direct effect of
ERp29 on MSec, which has been shown to have a role in cell
migration (60). We observed that ERp29 depletion led to a
reduction in the overall lifetime of TNTs (Fig. S8B), suggest-
ing that ERp29 may modulate TNT stability. We also mea-
sured the rate of elongation of growing TNTs, which did not
show any measurable differences between the control and
ERp29 depleted cells (Fig. S8C). These results together sug-

Figure 2. ERp29 interacts with MSec. A, FLAG immunoprecipitates of the MSec-MTAP and empty-MTAP U2OS cell lysates probed for ERp29 by immunoblot-
ting. B, confocal images showing co-localization of MSec (red) with ERp29 (green) in the ER region. Pearson’s correlation coefficient (Rcoloc) of the whole frame
is 0.6766, and that of the selected cell is 0.6866. Scale bar, 20 �m. C, Western blotting of the whole-cell lysate (WCL) and rough endoplasmic reticulum (RER)
fractions from U2OS cells probed for the respective proteins as indicated. Shown are ER-positive markers (calnexin and ERp29), cytosolic marker (�-actin), Golgi
complex marker (GM130), nuclear marker (histone-3), and cell membrane marker (EGFR).
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gested that ERp29 may not be required for the elongation of
growing TNTs, but may instead be needed for stabilizing
already formed TNTs, in addition to its effect on TNT initi-

ation. Further detailed investigation would be needed to
build upon these observations on the precise role of ERp29 in
regulating TNT stability.

Figure 3. ERp29 is required for TNT formation. A, confocal microscopy images of cells co-stained with Alexa FluorTM 594 – conjugated phalloidin (red, to
visualize F-actin) and 4�,6-diamidino-2-phenylindole (blue, to visualize the nucleus) after 48 h of the indicated siRNA transfection. Arrows, TNTs connecting
neighboring cells. Scale bar, 20 �m. B, quantification of the number of TNTs per 100 cells from the confocal images in both normal (10% serum) and stress (2.5%
serum) conditions, respectively. Data represent mean � S.D. (error bars) based on three independent experiments, 100 cells counted per experiment (paired
t test, two-tailed; **, p � 0.01).

Figure 4. ERp29 overexpression induces TNTs in an MSec-dependent manner. A, U2OS cells transiently expressing either EGFP-ERp29 or luminal EGFP
(control vector) were treated with siRNAs against MSec or luciferase (control) and co-stained with anti-GFP antibody (green) and phalloidin conjugated with
Alexa FluorTM 594 (red). Cells were imaged using confocal microscopy. Arrows indicate TNTs connecting neighboring cells. Scale bar, 20 �m. B, quantification
of the number of TNTs per 100 cells from the confocal images. Data represent mean � S.D. (error bars) based on three independent experiments, 100 cells
counted per experiment (two-way ANOVA, Sidak’s multiple-comparison test; *, p � 0.05; ****, p � 0.0001). C, efficiency of overexpression of EGFP-ERp29 and
depletion of MSec analyzed by immunoblotting with their corresponding antibodies.

ERp29 regulates TNT formation

J. Biol. Chem. (2019) 294(18) 7177–7193 7181



ERp29 stabilizes MSec protein but not its mRNA

ERp29 is reported as a predominantly ER-resident protein
and is an atypical chaperone that stabilizes and escorts various
protein substrates. These include integral plasma membrane
proteins like connexin 43, E-cadherin, occludin, cystic fibrosis
transmembrane receptor, and epithelial sodium channel and
secreted proteins like thyroglobulin (43, 44, 61, 62). A third
major class of ERp29 substrates are localized at the cortex in the
cytosol (e.g. �-catenin, PAR3, scribble, and zona occludens 1
(ZO1)) (61). ERp29 shares structural similarity with the PDI
family of chaperones. However, it lacks the cysteine-binding
residues common to PDIs and also does not have the ability to
hydrolyze ATP, a common feature of several cellular chaper-
ones, due to which it is named an unconventional PDI-like
chaperone (63, 64). The mode of action of ERp29 appears to be
to bind, stabilize, and escort its substrates to the correct desti-
nations in the cell. Given that the effect of ERp29 on TNT for-
mation depended on the presence of MSec (Fig. 4), we checked
whether the levels of MSec were reduced upon ERp29 depletion
in U2OS cells. Western blot analysis following siRNA treat-
ment revealed that the levels of MSec protein in cell lysates
reduced considerably upon ERp29 depletion, almost mimick-
ing siRNA-mediated depletion of MSec itself (Fig. 5, A and B).
However, the converse was not true; depletion of MSec did not
change the protein levels of ERp29 (Fig. 5A), indicating that the
loss of ERp29 could be destabilizing MSec but not vice versa.

To test whether the reduction of MSec protein levels was due
to transcriptional down-regulation or due to regulation at the
level of translation, we quantified the mRNA levels of both
genes upon depletion of the other using RT-qPCR. Both MSec
and ERp29 mRNA levels remained essentially unchanged upon
siRNA-mediated depletion of the other mRNA using sequence-
specific siRNAs (Fig. 5C), indicating that loss of ERp29 protein
led only to reduced MSec protein levels. We tested whether loss
of ERp29 could also impact the stabilization of other MSec-
associated proteins required for TNT formation, namely sub-
units of the exocyst complex and the small GTPase RalA (36).
We depleted ERp29 in U2OS cells and checked the protein
levels of RalA and exocyst complex components Exoc2 (Sec5),
Exoc3 (Sec6), and Exoc4 (Sec8). Western blot analysis revealed
that depletion of ERp29 did not affect the protein stability of
RalA and exocyst complex (Fig. S8). Conversely, we also tested
whether increased expression of ERp29 would stabilize MSec
and increase its cellular mRNA or protein levels. Indeed, exog-
enous expression of EGFP-ERp29 elevated the protein levels of
endogenous MSec significantly while not affecting the endoge-
nous ERp29 levels (Fig. 5, D and E). RT-qPCR analysis revealed
that overexpression of EGFP-ERp29 did not enhance the
mRNA expression of MSec (Fig. 5F), demonstrating that the
higher levels of MSec observed were not due to transcriptional
up-regulation. ERp29 has been reported to bind to protein sub-
strates through its C-terminal domain (43, 55, 65). We there-

Figure 5. ERp29 stabilizes MSec protein levels but not its mRNA. A, siRNA-mediated depletion of ERp29 or MSec in U2OS cells using sequence-specific
siRNAs. Control was luciferase siRNA. Efficiency of knockdown was analyzed by immunoblotting with anti-ERp29, anti-MSec, and anti-�-actin (loading control)
antibodies, respectively. B, -fold change in protein expression of MSec quantified from the immunoblots using densitometry. C, relative mRNA expression
levels of ERp29 and MSec (for the samples in A) quantified by RT-qPCR after respective siRNA treatment. D, immunoblots depicting exogenous expression of
EGFP-ERp29 or EGFP-ERp29-NTD, endogenous ERp29 levels, and endogenous MSec levels in U2OS cells. Loading control was �-actin. E, -fold change in protein
expression of MSec quantified from the immunoblots using densitometry. F, relative mRNA expression levels of ERp29 and MSec (for the samples in D)
quantified by RT-qPCR after respective siRNA treatment. Data in B and E were analyzed by ordinary one-way ANOVA and Dunnett’s multiple-comparison test
and represent mean � S.D. (error bars) based on three independent experiments. Data in C and F were analyzed by two-way ANOVA and Sidak’s multiple-
comparison test and represent mean � S.E. (error bars) based on three independent experiments with three technical replicates each (*, p � 0.05; **, p � 0.01;
****, p � 0.0001; ns, not significant).
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fore tested whether an ERp29 construct with a truncated C
terminus (EGFP-ERP29-NTD, residues 33–153 (43)) could also
stabilize MSec in a manner similar to full-length ERp29. We
observed that overexpression of EGFP-ERp29-NTD failed to
lead to an increase in MSec protein levels (Fig. 5D). Taken
together, the above results suggest that ERp29 stabilized the
MSec protein while not impacting its transcription and that the
C-terminal domain of ERp29 was important for this function.

The chaperone function of ERp29 is required for TNT
formation

ERp29 has been well-studied as an unconventional chaper-
one that binds with and stabilizes various protein substrates

(42–45). We therefore predicted that the chaperone function of
ERp29 may be required for it to stabilize MSec. Whereas the
C-terminal domain of ERp29 is required for stabilizing the
MSec protein, several amino acid residues within the N-termi-
nal domain have been implicated in its chaperone-like activity
or in stabilization of the ERp29 protein itself (43, 65, 66). Muta-
tions at these residues are known to abrogate or reduce the
chaperone activity and/or stability of ERp29 (45, 62, 65). We
generated individual site-directed mutants of ERp29 at these
various conserved residues (chaperone mutants D61A, Y64S,
Y66K, Y96Q, and P116D and a destabilizing mutant, C157S;
Fig. 6A) in a mammalian expression vector with an N-terminal
EGFP tag. The mutated fusion constructs when transfected

Figure 6. The chaperone activity of ERp29 is required for TNT formation. A, sequence alignment of ERp29 from multiple species showing conservation of
chaperone (highlighted in red) and stabilization (highlighted in green) residues. B, confocal microscopy images of cells expressing either luminal EGFP (control)
or the various chaperone point mutants of EGFP-ERp29 and co-stained with Alexa FluorTM 594 – conjugated phalloidin (red, to visualize F-actin) and anti-GFP
antibody (green, to visualize the EGFP/EGFP-ERp29 proteins). Arrows, TNTs connecting neighboring cells. Scale bar, 20 �m. C, quantification of the number of
TNTs per 100 cells from the confocal images. Data were analyzed by the paired two-tailed t test and represent mean � S.D. (error bars) based on three
independent experiments, 100 cells counted per experiment. **, p � 0.01; ***, p � 0.001. D, immunoblots showing expression levels of endogenous MSec,
EGFP-ERp29 constructs, and endogenous ERp29 probed with the respective antibodies as indicated upon expression of the EGFP-ERp29 WT and various
mutant constructs. Loading control was �-actin.
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individually in U2OS cells expressed and localized to the peri-
nuclear region like the native WT construct (ERp29 FL), indic-
ative of normal ER localization (Fig. 6B). We performed an anal-
ysis of the number of TNTs formed upon expression of each of
these constructs. Expression of the WT EGFP-ERp29 led to a
marked increase in the ability of cells to induce TNTs (Figs. 4
and 6 (B and C)). In comparison, none of the mutants was able
to induce any appreciable increase in the number of TNTs over
control EGFP (vector only)-transfected cells (Fig. 6 (B and C))
despite the proteins being expressed (Fig. 6, B and D) for most
of the mutants. Closer analysis revealed that the protein levels
of the D61A, Y64S, and Y66K mutants of ERp29 appeared to be
lower than the WT and the other mutants (data not shown).
These mutants of ERp29 have been shown earlier to co-degrade
with their substrates through the proteasome (45). To test this
possibility, we treated cells with the proteasome inhibitor
MG132 and observed that the expression levels of these three
mutants were restored to levels similar to the WT ERp29 and its
other mutants (data not shown). We tested whether the chap-
erone mutants were capable of stabilizing endogenous MSec
protein levels the way full-length ERp29 could (Fig. 5), by
assessing the levels of MSec expression by Western blotting.
None of the chaperone mutants was able to stabilize MSec pro-
tein levels over control (luminal EGFP vector alone) levels, sug-
gesting that their chaperone activity was abolished (Fig. 6D).
These results together confirmed that the chaperone activity of

ERp29 was required for induction of TNT formation through
the stabilization of the MSec protein.

Characterization of the ERp29 –MSec interaction

The strong binding of ERp29 to MSec (Fig. 2A), its ability to
stabilize MSec levels (Fig. 5), and its requirement for TNT for-
mation (Fig. 6) prompted us to characterize its physical inter-
action with MSec. To examine whether ERp29 interacts with
MSec directly, we purified hexahistidine-tagged MSec (His-
MSec in the pET28a vector), GSH-S-transferase–tagged MSec
(GST-MSec), and GST-tagged ERp29 (GST-ERp29) as recom-
binant proteins as well as GST alone as control (Fig. 7A). We
first ascertained whether the bacterially purified recombinant
proteins would directly bind to each other. Surprisingly, puri-
fied MSec did not bind to GST-ERp29 with any higher effi-
ciency than to the GST tag alone (Fig. 7B), precluding a direct
interaction between the two proteins. We reasoned that the
apparent absence of any detectable interaction could be due to
the need for post-translational modification(s) (PTM(s)) on
either or both proteins, which is absent during bacterial expres-
sion. To test whether PTM(s) on MSec could be important for
this interaction, we passed U2OS cell lysates on beads that had
GST-ERp29 immobilized. We again found that the MSec from
cell lysates did not bind to GST-ERp29 (Fig. 7B). We therefore
tested the opposite possibility, namely whether purified GST-
MSec immobilized on beads could capture ERp29 from U2OS

Figure 7. Characterization of the ERp29 –MSec interaction. A, SDS-PAGE profiles (Coomassie-stained) of the purified reombinant MSec and ERp29 proteins
as indicated. B, purified ERp29 shows no interaction with either purified MSec or MSec from cell lysate. The bottom strips show immunoblots with the respective
antibodies as indicated. C, purified MSec does not interact with purified ERp29 but interacts with ERp29 from cell lysate. The bottom strips show immunoblots
with the respective antibodies as indicated. D, protease protection assay with proteinase K reveals that MSec is associated with the ER surface toward its
cytosolic side. Markers used in immunoblots were calnexin (ER lumen) and Sec61�-cytosolic side (ER surface).
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cell lysates. Indeed, we found that ERp29 from cell lysates could
bind to bacterially purified GST-MSec, whereas the GST tag
alone could not (Fig. 7C). This result suggested that PTM(s) of
ERp29 is likely to be required for its interaction with MSec. It
also left open the possibility of one or more additional proteins
assisting the MSec–ERp29 interaction, perhaps triggered by the
initial PTM(s) on ERp29. However, the exact identities of the
PTM(s) and of any other potential protein(s) remain to be
determined.

MSec is strongly associated with the ER fraction (Fig. 2 and
Figs. S3B (bottom) and S5). However, MSec is reported as a
predominantly cytosolic protein in the literature (21, 36, 37,
67), whereas ERp29 is believed to be mainly localized to the ER
lumen (42, 56, 68). We therefore asked whether the ERp29 –
MSec interaction occurs in the ER lumen or in the cytosol, or
whether it could occur across the ER membrane. To test this,
we isolated ER microsomes by subcellular fractionation from
U2OS cell lysates and subjected them to a protease protection
assay. Briefly, ER microsomes were subjected to limited prote-
olysis with proteinase-K to digest all proteins/protein domains
associated with the outer ER membrane facing the cytosol (69,
70). As controls, we confirmed through Western blot analysis
that the cytosolic domain of the Sec61� subunit of the translo-
con was completely digested, whereas the luminal ER protein
calnexin remained intact, as it was inaccessible to the protease
(Fig. 7D). Similar to the Sec61� cytosolic domain, MSec was
also almost completely digested by the protease, both in plain
U2OS cells (Fig. 7D) and in U2OS cells stably expressing MSec-
MTAP or HA-MSec (Fig. S10). These results confirmed that
MSec is associated with the ER toward its cytosolic site and is
unlikely to enter the ER lumen. Overall, these results suggest
that ERp29 (which largely resides in the ER lumen) interacts
with MSec (which is largely cytosolic) indirectly through a third
(ER transmembrane) protein, which may require certain PTM(s)
on ERp29.

Discussion

TNTs mediate the long-distance communication between
animal cells and serve to facilitate the exchange of intracellular
material between cells in normal physiological conditions as
well as in disease conditions like cancer (13, 71–76). These
structures are also implicated in the intercellular transmission
of a variety of pathogenic organisms (10, 19 –21, 77– 81) and
could serve as transport channels used by pathogens to evade
extracellular defense responses of the body in combating path-
ogenic infection. It is therefore of prime importance to eluci-
date the (presently poorly understood) molecular mechanisms
that underlie the formation and function of these enigmatic
structures. Such knowledge would help to gain a fundamental
understanding of this new form of intercellular communication
as well as to devise strategies to modulate their numbers as a
way of controlling the spread of several diseases.

MSec, also known as TNFAIP2 and B94, is a protein with
well-established functions in vasculogenesis, inflammation,
wound healing, focal adhesion formation, cell migration, inva-
sion, and metastasis during cancer (60, 82–92). Thus, MSec
plays key roles in vital physiological processes. Interestingly,
MSec was also established as a key component in the machinery

required for TNT formation in multiple cell lines (21, 36 –38,
67), implicating MSec as one of the most important proteins
required for TNT formation. Tubulogenesis from the plasma
membrane is a complex cellular process that requires the con-
certed action of various cellular mechanisms (93–96). We
hypothesized that the small list of known cellular interactors of
MSec (38, 67) would not be sufficient to explain its role in TNT
formation, especially in the context of the upstream regulation
of MSec itself. We therefore performed whole-proteome inter-
actomic analyses for MSec, which unveiled the role of the ER
chaperone ERp29 in the formation of TNTs (Fig. 2).

ERp29 appeared as a reproducible novel interactor of MSec
in our interactomic experiments (Figs. 2 and S4 and Tables
S2–S4) and is well-known to localize in the ER (42, 56). We
observed the co-localization of MSec with ERp29 at the perinu-
clear region, strongly reminiscent of the ER (Fig. 2B and Fig.
S3B (bottom)). The subcellular rough ER fraction also showed
an enrichment of both endogenous MSec and MSec-MTAP in
our biochemical assays in multiple cell lines (Fig. 2C and Fig.
S5). These results together with the observation of a cellular
interaction between the two proteins suggests that MSec inter-
acts with ERp29 as a prerequisite for it to eventually localize at
the plasma membrane and initiate TNT formation. It is worth
noting that ERp29 is unable to exert any measurable influence
on TNT formation in the absence of MSec (Fig. 4). This obser-
vation again confirmed that the interaction of MSec with
ERp29 is required prior to the initiation of TNT formation. It
was instructive that we observed similar levels of disruption of
TNT formation upon ERp29 depletion as seen for MSec deple-
tion (Fig. 3). Thus, interaction of MSec with ERp29 appears to
be a requirement for TNT formation.

The pronounced effect of ERp29 on the protein levels of
MSec but not on its mRNA levels suggested that the action of
ERp29 on MSec was as a protein chaperone (Figs. 5 and 6), an
activity of ERp29 previously demonstrated and characterized
on several other substrates (42–45). The chaperone activity was
consistently observed upon either depletion of ERp29 (leading
to reduction in MSec protein levels; Fig. 5) or, conversely, upon
exogenous expression of ERp29 (leading to increased MSec
protein levels; Figs. 5 and 6). C-terminally truncated ERp29
(ERp29-NTD) could not stabilize MSec levels the way full-
length ERp29 could (Figs. 5D and 6D), with cell death observed
upon exogenous expression of this construct (empirical obser-
vations; not shown), suggesting a dominant negative effect (43).
We generated point mutants of ERp29 known to abolish its
chaperone activity. Expression of each of these chaperone-de-
fective mutants of full-length ERp29 led to lower cellular levels
of MSec protein as well as to significantly lower TNT numbers
(Fig. 6). Interestingly, the point mutants of ERp29 at sites D61A,
Y64S, and Y66K themselves showed lower protein levels, as also
seen for the substrate MSec, suggesting that these ERp29
mutants might co-degrade along with MSec (data not shown).
This phenomenon has been reported for another ERp29 sub-
strate as well (45). Indeed, upon MG132 treatment to block
proteasome activity and hence prevent protein degradation, the
levels of these mutants and of MSec went back to normal (data
not shown). These experiments also revealed that in the
absence of ERp29, MSec is degraded by the proteasome, as has
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been shown for other ERp29 substrates like Pipe (45), presum-
ably because MSec does not get properly folded.

The ERp29 –MSec interaction observed from cell lysates
(Fig. 2A) was not recapitulated with the purified proteins or
when MSec from cell lysates was incubated with purified ERp29
(Fig. 7B). Interestingly, purified MSec could only interact with
ERp29 from cellular lysates (Fig. 7C). These results suggest that
the MSec–ERp29 interaction could require post-translational
modification(s) on ERp29. The exact identity and site(s) of this
PTM(s) would be an interesting and valuable future pursuit to
delineate the mechanism of MSec stabilization by ERp29.
These results could also be interpreted to conclude that there is
possibly a third protein from the cell lysate that is required for
this interaction and/or stabilization, perhaps dependent on the
initial PTM(s). Our imaging and biochemical experiments sug-
gested that MSec is strongly present either inside the lumen or
on the surface of the ER or possibly both (Fig. 2 (B and C) and
Figs. S3B and S5). However, limited proteolytic treatment of ER
microsomes to “shave” off ER-associated surface proteins fac-
ing the cytosol revealed that MSec is present only on the surface
of the ER and not in the lumen (Fig. 7D and Fig. S10). These
results suggest two possible models for the action of ERp29
on MSec. The largely ER lumen–resident ERp29 could inter-
act with ER surface–localized MSec through a bridging
transmembrane–ER protein(s) that remains to be identified.
An alternative, although less likely, possibility is that a small
cytosolic fraction of ERp29 (97, 98) stabilizes MSec. Further
detailed studies will be needed to reveal the exact mecha-
nism of MSec stabilization by ERp29. However, our study
possibly suggests a generic mechanism that could be em-
ployed by ERp29 to stabilize a cohort of substrates that are
known to localize at the cortex in the cytoplasm (e.g.
�-catenin, ZO1, scribble, PAR3).

The stabilization of MSec by ERp29 is reminiscent of the
well-documented interactions of ERp29 with other important
proteins that reach the vicinity of the plasma membrane like
connexin 43, thyroglobulin, PAR3, scribble, zona occludens 1
(ZO-1), occludin, and �-catenin, which are all substrates of
ERp29 (43, 61, 65). It has been suggested that several of these
substrates of ERp29 may follow broadly similar routes to traffic
through the cell from the ER to the plasma membrane following
stabilization through their interactions with ERp29 (61). How-
ever, at or near the plasma membrane, these proteins reach one
among the following distinct destinations: 1) integral to the
plasma membrane (connexin 43, cystic fibrosis transmembrane
receptor, occludin (43, 44, 61)); 2) secreted out of the cell (thy-
roglobulin (42, 65)), or 3) localized to the subcortical region of
the plasma membrane (MSec (this study); �-catenin, scribble,
PAR3, ZO1 (61)). It is intuitive to rationalize that the first two of
these classes of proteins would be accessed by ERp29 in the
lumen of the ER (43, 44, 61, 65). Following stabilization, these
proteins follow the classical secretory pathway and reach the
plasma membrane (43, 44) or the exterior of the cell (65). How-
ever, if cortical substrates belonging to the third class first enter
the ER lumen for interaction with ERp29, it is unclear how they
would exit the endomembrane system to reach the cytosol
following stabilization by ERp29 (61). Most of these proteins
are also not reported to show ER surface localization as

observed for MSec (Fig. 2B and Fig. S3B). The possibility that
a small fraction of ERp29 may be present in the cytosol,
probably coming through the endoplasmic reticulum–
associated protein degradation pathway, to stabilize MSec as
well as other substrates cannot be ruled out (97, 98). How-
ever, it is not clear how and where these proteins access
ERp29 for their stabilization, and this is a subject worthy of
detailed independent investigation.

Among the proteins known so far to be important for TNT
formation (exocyst complex, RalA, Cdc42, LST1, filamin, con-
nexin 43 (17, 36, 67, 99)), only connexin 43 is a known substrate
of ERp29 (43). Our study adds MSec as a new member in this
category, making it attractive to hypothesize that ERp29, and
perhaps the endoplasmic reticulum itself, could be a vital cog in
the cellular machinery required for TNT formation through its
action on multiple protein substrates. However, it remained
possible that other known cortical inducers of TNT formation
like RalA and the exocyst complex are also chaperone sub-
strates of ERp29. However, our results unequivocally show that
protein levels of neither RalA nor multiple exocyst complex
subunits are affected upon ERp29 depletion (Fig. S9), suggest-
ing that MSec is one of the central targets of ERp29 in the
regulation of TNT formation in addition to connexin 43.

Overall, this study reveals a novel role for the endoplasmic
reticulum in directly controlling TNT formation through one
of its chaperones ERp29. We show that MSec interacts with
ERp29 and is stabilized by the resulting interaction, which is a
prerequisite for MSec to be properly localized at the plasma
membrane. In the absence of this stabilizing interaction, MSec
is incapable of inducing TNT formation. We establish a hith-
erto unknown but essential role for the chaperone activity of
ERp29 in inducing TNTs, by using an array of chaperone-de-
fective ERp29 point mutants. We also show that in the absence
of MSec, ERp29 has virtually no role in TNT formation. Thus,
our study delineates an essential upstream molecular mecha-
nism that regulates TNT formation through stabilization of
MSec. The work highlights that the molecular mechanisms of
TNT formation and function may be more complex than so far
anticipated. Further fundamental mechanistic studies would
reveal the contributions of other important proteins and pro-
cesses in TNT biology. This knowledge offers an opportunity
for the design and development of precisely targeted methods
of modulating TNT numbers both for basic studies and for
therapeutic purposes in TNT-mediated diseases.

Materials and methods

Cell lines

The U2OS cell line (kind gift from Stephen J. Doxsey, Uni-
versity of Massachusetts Medical School), HeLa cells, and
MDAMB231 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1�
antibiotic solution (100�, 10,000 units of penicillin and 10 mg
of streptomycin per ml (HiMedia)). Cells were maintained at
37 °C with 5% CO2 and 95% humidity.

Generation of stably expressing MSec cell lines

Mouse MSec (NM_009396.2; nucleotides 124 –2076) was
cloned into the mammalian expression vector pcDNA4-TO-
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Hygromycin-mVenus-MAP (Addgene), which we then named
the MSec-MTAP construct (Table S1). Sanger sequencing was
performed to rule out any inadvertent mutations. The recom-
binant construct was transfected into U2OS cells using the
X-tremeGENE HP DNA transfection reagent (Roche Applied
Science/Sigma). Cells stably expressing MSec-MTAP were
selected after culturing the transfected cells under selection
medium containing antibiotic (hygromycin B, 300 �g/ml,
TOKU-E) over a month. Surviving cells were sorted by serial
dilution (one cell per well in a 24-well plate) into individual
clones expressing different levels of the transgene MSec-MTAP
and confirmed by Western blotting (Fig. S1). From these clones,
we selected a clone (clone 1) expressing the transgene MSec-
MTAP at levels comparable with endogenous MSec, which was
used for proteomic and functional studies. A U2OS cell line
stably expressing the empty vector (eMTAP) was generated in
parallel to use for control experiments.

Transfection of HIV-1 (JRFL) into U2OS

For making the pseudotyped virus, we co-transfected U2OS
cells with two plasmids, one that expresses HIV-1 JRFL enve-
lope (gp160) and one (pSG3deltaenv) that expresses all of the
genes of HIV-1 with a premature stop codon at the env gene as
described previously (100 –102). Transfection was performed
in a 6-well cell culture plate using a FuGENE6 transfection kit
(catalogue no. E2691, Promega Inc.). After 48 h of transfection,
the supernatant was removed, and cells were washed twice with
1� PBS and immmunostained and imaged as explained under
“Immunofluorescence and confocal microscopy.”

Experimental design and statistical rationale for proteomics

Affinity purification—The stably expressing (MSec-MTAP)
U2OS cells were cultured in large scale in selection medium for
affinity purification. Cultured cells were harvested in resuspen-
sion buffer containing 50 mM Tris-HCl, pH 7.5, 125 mM NaCl, 1
mM EDTA, 5% glycerol, Igepal CA-630 (0.025– 0.2%) and a pro-
tease inhibitor mixture (Roche Applied Science). Harvested
cells were lysed cryogenically by grinding them (using a mortar
and pestle under liquid nitrogen) to preserve the integrity of
protein complexes. The total cell lysate was centrifuged at
14,000 � g for 30 min at 4 °C to separate insoluble material. The
supernatant was subjected to SBP-based affinity purification
using a StrepTrap HP 1-ml column (GE Healthcare). The affin-
ity column was equilibrated with resuspension buffer at a flow
rate of 0.5 ml/min, and the supernatant was applied to it at a
flow rate of 0.3 ml/min. The supernatant was incubated for 30
min and drained, and the column was subsequently washed
with wash buffer containing 50 mM Tris-HCl, pH 7.5, 250 mM

NaCl, Igepal CA-630 (0.05%), and protease inhibitor mixture.
Bound protein was eluted in elution buffer containing 25 mM

Tris-HCl, pH 7.5, 125 mM NaCl, 2.5 mM desthiobiotin, and pro-
tease inhibitor mixture. Four biological experiments were per-
formed at varying Igepal CA-630 concentrations from 0.025 to
0.2% to identify protein interactions consistently observed over
this range of detergent concentrations.

Mass spectrometry—After affinity elution, the protein solu-
tion (eluate) was concentrated using Amicon-Ultra centrifugal
filters (Millipore). Concentrated protein was estimated by

using the bicinchoninic acid kit (BCA; Thermo Scientific) and
subsequently processed by the filter-assisted sample prepara-
tion (FASP protocol (103)) followed by digestion with trypsin
using Trypsin Gold (Promega) at 37 °C for 14 –16 h.
Trypsinized peptides were desalted using ZipTips (Millipore)
and analyzed by ESI-LC-MS by injecting a total of 1 �g of pep-
tides on to a nano-reverse phase HPLC (RP-HPLC) C18 column
(Thermo Scientific) equilibrated with buffer A (2% acetonitrile
� 0.1% formic acid in water). Peptides were eluted using a gra-
dient of buffer B (98% acetonitrile � 0.1% formic acid in water)
applied at a flow rate of 200 nl/min over 80 min.

Search parameters and acceptance criteria (for MS/MS
data)—The results obtained from the MS experiments (peptide
and fragmentation spectra) were analyzed through the peaklist-
generating software, ProteinPilotTM (version 4.5) and Mascot
search engine (version 2.3.02) with optimal parameters as fol-
lows. The sequence database used for protein search was Swiss-
Prot 57.15, which contained 515,203 sequences (181,334,896
residues) in the database. The taxonomy (species) of the data-
base used to analyze the data was Homo sapiens (human). The
protease used to generate peptides was Trypsin Gold (Promega,
V528A). The number of missed and/or nonspecific cleavages
permitted was one. Fixed and variable modifications consid-
ered were carbamidomethyl (C) and oxidation (M), respec-
tively. Mass tolerance for precursor and fragment ions was
�0.5 and �0.2 Da, respectively. The threshold score (confi-
dence threshold) for accepting individual spectra was 5%. The
estimated false discovery rates for peptide and protein identifi-
cations were 5% based on the significance threshold (p � 0.05).
The positive hits present in the bait (MSec-MTAP) experi-
ments with a significant score from each of the four experimen-
tal conditions were overlapped using Venny version 2.1 soft-
ware (http://bioinfogp.cnb.csic.es/tools/venny/index.html)5

and selected for further classification into various functional
categories by using the PANTHER database (http://www.
pantherdb.org/)5 and to assess for protein-protein interactions
through the STRING database (http://www.string-db.org)5

(105). Further details of the unique MSec interactome appear-
ing in at least three experiments are listed in Table S2. The MS
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (104) partner repository with the
data set identifier PXD012441.

Co-immunoprecipitation

MSec-MTAP cells were harvested and washed twice with 10
volumes of ice-cold 1� PBS. Cells were lysed in 1� lysis buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Igepal 630, 5 mM

2-mercaptoethanol, 1 mM EDTA, 5% glycerol) containing pro-
tease inhibitor mixture tablet (Roche Applied Science) and
phosphatase inhibitor cocktails 2 and 3 (Sigma). Cells were
lysed by sonication on ice three times for 10-s pulses each with
an amplitude of 50% and 0.5 cycles. Lysed (sonicated) samples
were centrifuged for 20 min at 14,000 � g and 4 °C, and the
supernatant was transferred to a prechilled microcentrifuge
tube (kept on ice). In parallel, 50 �l of preconjugated agarose-
anti-FLAG M2 beads (Sigma) were washed three times with 1�
lysis buffer. The beads were incubated with supernatant at 4 °C
overnight with gentle rotation (5 rpm). The lysate-bead-anti-
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body conjugate mixture was washed three times with 1� lysis
buffer to remove nonspecifically adhered proteins. 2� sample
buffer was added to the beads and boiled at 95 °C for 5 min.
Boiled beads were centrifuged at 14,000 � g for 1 min, and the
supernatant was resolved by SDS-PAGE, transferred onto a
polyvinylidene difluoride (PVDF) membrane, and analyzed by
Western blotting using appropriate antibodies against the
respective antigens.

RNAi and RT-qPCR

Cells growing at �40% confluence were transfected with 67
nM gene-specific (ERp29/MSec/control luciferase) siRNAs
(Dharmacon) using the Lipofectamine RNAiMax (Invitrogen)
transfection reagent. After 48 h of transfection, cells were har-
vested, and the efficiency of knockdown was confirmed by
Western blotting. Alternatively, total RNA was extracted using
a NucleoSpin RNA isolation kit (Macherey Nagel) after 48 h of
siRNA transfection. 1 �g of total RNA was used to synthesize
cDNA using the iScript cDNA synthesis kit (Bio-Rad).
RT-qPCR was conducted using a 7500 fast real-time PCR
system (Applied Biosystems/Life Technologies). 100 ng of
cDNA/reaction was used for real-time amplification using
SYBR� Premix Ex TaqTM II reagents (TaKaRa). PCR conditions
used were as follows: initial denaturation at 95 °C for 2 min,
followed by denaturation at the cycling stage at 95 °C for 5 s, and
annealing and extension at 60 °C for 30 s for a total of 40 cycles.
The CT value was normalized to that of 18S mRNA. Three bio-
logical experiments (each with three technical replicates) were
performed. Primers used for qPCR amplification are listed in
Table S5.

Western blotting

Cultured cells were harvested and lysed, and the total protein
concentration was estimated using the CB-XTM protein assay
kit (G-Biosciences), and an equal amount of total protein was
loaded in each lane. Proteins were resolved by SDS-PAGE and
transferred onto a PVDF membrane. The PVDF membranes
were incubated in blocking buffer (5% skimmed milk and 0.1%
Tween 20 in 1� PBS) at room temperature for 2–3 h and then
probed with specific primary antibodies (at 4 °C overnight) and
secondary antibodies (at room temperature for 1 h). The anti-
bodies used were rabbit anti-TNFAIP2 (1:200; Santa Cruz
Biotechnology, Inc., catalogue no. sc-30138), mouse anti-
TNFAIP2-F6 (1:200; Santa Cruz Biotechnology, catalogue
no. sc-28318), rabbit anti-ERp29 (1:2000; Abcam, catalogue no.
ab11420), mouse anti-�-actin (1:2000; Sigma, catalogue no.
A3853), rabbit anti-GFP (1:2000; Abcam, catalogue no. ab6556),
rabbit anti-calnexin (1:4000; Abcam, catalogue no. ab22595),
mouse anti-FLAGM2 (1:4000; Sigma, catalogue no. F1804), rabbit
anti-GM130 (1:2000; Abcam, catalogue no. ab52649), rabbit anti-
histone-3 (1:20,000; Abcam, catalogue no. ab1791), rabbit anti-
EGFR (1:2000; Abcam, catalogue no. ab52894), mouse anti-RalA
(1:4000; BD Transduction Laboratory, catalogue no. 610221), rab-
bit anti-Sec5 (1:1000; Proteintech, catalogue no. 12751-1-AP),
mouse anti-Sec6 (1:200; Thermo Fisher Scientific, catalogue no.
MA1-25480), mouse anti-Sec8 (1:1000; ENZO Life Sciences, cat-
alogue no. ADI-VAM-SV016), mouse anti-Sec61� (1:100; Santa
Cruz Biotechnology, catalogue no. sc-393633), anti-mouse

m-IgGk BP-HRP (1:2000; Santa Cruz Biotechnology, catalogue no.
sc-516102), donkey anti-mouse IgG-HRP (1:10,000; Jackson
Immunoresearch, catalogue no. 715-035-150), and donkey anti-
rabbit IgG-HRP (1:10,000; Jackson Immunoresearch, catalogue
no. 711-035-152). Chemiluminescent signals were developed
using HRP substrate (Merck Millipore, catalogue no.
WBLUF0500), and the signals were analyzed using an
ImageQuantTM LAS-4000 gel documentation system (GE
Healthcare). Protein band intensity was quantified using the
ImageJ software.

Immunofluorescence and confocal microscopy

Cells were cultured in 6-well plates on sterilized glass cover-
slips. After 48 h of incubation, cells were washed twice with 1�
PBS and fixed with 3.7% paraformaldehyde for 4 –5 min. Alter-
natively, MSec-MTAP cells were fixed with chilled methanol
for 30 min at �20 °C. After two washes with 1� PBS, cells were
permeabilized with 0.1% Triton X-100 for 10 min. After two
more washes with 1� PBS, cells were blocked with 5% (w/v)
BSA in 1� PBS for 45 min. Cells were incubated with primary
antibodies (VRC01 (1:200; obtained from the National Insti-
tutes of Health AIDS reagent program (49), mouse anti-
TNFAIP2-F6 (1:100; Santa Cruz Biotechnology, catalogue no.
sc-28318), rabbit anti-ERp29 (1:200; Abcam, catalogue number
ab11420), and rabbit anti-GFP antibody (1:1000; Abcam, cata-
logue number ab6556, for visualizing EGFP-ERp29 constructs))
for 60 –90 min, followed by three washes with 1� PBS. Cover-
slips were incubated with the corresponding secondary anti-
bodies (goat anti-human (1:250; Jackson Immunoresearch, cat-
alogue no. 109-095-064), m-IgGk BP-CFL 555 (1:100; Santa
Cruz Biotechnology, sc-516177)), donkey anti-rabbit DL 488
(1:800; Jackson Immunoresearch, catalogue no. 711-485-152)
for 60 min, followed by three washes with 1� PBS. F-actin fil-
aments were stained with Alexa FluorTM 594 – conjugated
phalloidin (1:20; Invitrogen, catalogue no. A12381) for 40 – 60
min. Cells were then incubated with 4�,6-diamidino-2-phe-
nylindole to stain the nucleus for 2–3 min. After three final
washes with 1� PBS, the coverslips were mounted onto glass
slides using ProLongTM Gold or ProLongTM Diamond antifade
mounting medium (Invitrogen). All steps were performed at
ambient room temperature, and all antibody dilutions were
made in 5% BSA in 1� PBS. Both fixed and live cells were
imaged using a Leica TCS SP8 confocal microscope (Leica
Microsystems). Mitochondria were labeled with Mitotracker
red (Thermo Scientific, catalogue no. M22425) for 30 min, and
live cell imaging was performed subsequently. The TNT inhib-
itor was used at 10 �M for 24 h as described previously (21).
Image analysis was performed by the LASX offline analysis soft-
ware (Leica), ImageJ, and the IMARIS software suite (Bitplane).

Isolation of ER microsomes and proteinase K treatment

Rough ER was isolated by the protocol outlined in the Sigma
catalogue (product no. ER0100), with manual preparation of
the recommended solutions required for isolation. Briefly, cells
were harvested and washed with 10 volumes of ice-cold 1�
PBS. The cell pellet was resuspended in three volumes of 1�
hypotonic buffer and incubated at 4 °C for 20 min. Swollen cells
were microcentrifuged at 600 � g for 5 min at 4 °C, and the cell
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pellet was resuspended in two volumes of 1� isotonic buffer.
Cells were disrupted (lysed) using a micropestle, and the cell
homogenate was microcentrifuged at 1000 � g for 10 min at
4 °C. The post-nuclear supernatant was microcentrifuged at
12,000 � g for 15 min at 4 °C to separate the PMF. The PMF was
then titrated dropwise with 8 mM CaCl2 (7.5 times the volume
of PMF) with gentle mixing with a suitable magnetic spin bar.
After titration, the sample was microcentrifuged at 8000 � g for
10 min at 4 °C to pellet down the rough ER microsomes, which
were then resuspended in 2� Laemmli sample buffer and
boiled at 95 °C for 5 min. Alternatively (for the protease protec-
tion assay), the PMF was ultracentrifuged at 1,00,000 � g in a
preparative ultracentrifuge (Hitachi, model no. CP100WX) at
4 °C for 60 min. The pellet containing the ER microsomes was
resuspended in the 1� isotonic buffer and subjected to protein-
ase K treatment (final concentration 20 ng/�l; Sigma, catalogue
no. P2308) for 10 min on ice. After incubation, 2� Laemmli
sample buffer was added, and the sample was boiled at 95 °C for
5 min. The samples were then resolved by SDS-PAGE, trans-
ferred onto a PVDF membrane, and analyzed by Western
blotting.

Generation of ERp29 mutant constructs by site-directed
mutagenesis

The recombinant human ERp29 full-length construct
(EGFP-ERp29FL) was a kind gift from Dr. Michael Koval (43).
Using this construct as a template, various ERp29 single point
mutant (D61A, Y64S, Y66K, Y96Q, P116D, and C157S) con-
structs were generated using a standard site-directed mutagen-
esis protocol with primers incorporating the desired mutations.
Primers used are listed in Table S5.

Purification of recombinant (His-, GST-tagged) proteins and
GST pulldown assay

ERp29 cDNA was cloned into a bacterially expressed
pGEX6P1 vector, and MSec cDNA was cloned into both
pGEX6P1 and pET28a vectors to impart the respective tags
(GST or His6) for affinity purification and for subsequent inter-
action studies. After sequencing to rule out inadvertent muta-
tions, these recombinant vectors were transformed and
expressed in Rossetta cells. GST-tagged proteins (GST-ERp29,
GST-MSec, and GST alone) were purified by using a GST-
PrepTM FF 16/10 column (GE Healthcare). Briefly, the GST-
Prep column was equilibrated with 10 column volumes of
resuspension/binding buffer (50 mM Tris-HCl, pH 8.0, 300 mM

NaCl, 5 mM 2-mercaptoethanol, protease inhibitors, PMSF, and
pepstatin). The supernatant containing bacterially expressed
recombinant proteins was applied by pumping it onto the col-
umn using the sample pump (of the FPLC, AKTA Explorer, GE
Healthcare) at a flow rate of 0.3 ml/min. The column was
washed with 10 column volumes of resuspension buffer at a
flow rate of 3 ml/min to remove unbound protein. Bound pro-
tein was eluted with five column volumes of elution buffer (50
mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol,
10 mM reduced GSH) at a flow rate of 2 ml/min. Fractions
containing GST-tagged protein were collected by monitoring
UV absorption at 280 nm into a prechilled 50-ml tube. To
cleave the GST tag from the protein of interest, PreScission

protease (GE Healthcare) was added to GST-tagged protein
(eluate) and subjected to dialysis against a buffer containing 50
mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol,
1 mM EDTA, 0.02% Igepal CA-630 overnight at 4 °C, with buffer
changes at regular intervals. After overnight dialysis, the sample
was applied to an equilibrated GSTprep column to remove the
GST tag from the protein of interest. The flow-through (con-
taining the protein of interest) was collected by monitoring UV
absorption at 280 nm into a prechilled 50-ml tube. The purity of
the eluted protein was analyzed by SDS-PAGE. Fractions con-
taining highly pure (	95%) protein of interest were pooled into
a prechilled container. Protein was concentrated using Ami-
con-Ultra centrifugal filters (Millipore). His-tagged MSec was
purified by nickel-nitrilotriacetic acid (Ni-NTA) affinity chro-
matography. Briefly, Ni-NTA beads (Qiagen) were equilibrated
with resuspension/binding buffer and incubated with the
supernatant (as prepared above) for 2–3 h at 4 °C with gentle
rotation. The lysate/Ni-NTA mixture was loaded into a filter
column, and the flow-through was collected. Protein-bound
Ni-NTA beads were washed with wash buffer (50 mM Tris-HCl,
pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol, 20 mM imid-
azole), and bound protein was eluted in elution buffer (50 mM

Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol, 500
mM imidazole) and dialyzed (50 mM Tris-HCl, pH 8.0, 300 mM

NaCl, 5 mM 2-mercaptoethanol) to remove imidazole. Dialyzed
His-MSec was further purified by anion-exchange chromatog-
raphy (Mono-Q 10/100, GE Healthcare). Briefly, the anion-ex-
change column was equilibrated with 10 column volumes of
buffer containing 50 mM Tris-HCl, pH 8.0, 5 mM 2-mercapto-
ethanol, 100 mM NaCl. The dialyzed sample was applied to the
anion-exchange column at a flow rate of 1–2 ml/min. Unbound
protein was washed out with five column volumes of the equil-
ibration buffer. A linear gradient of 100 –500 mM NaCl (in the
equilibration buffer) over 20 column volumes was used to elute
the protein. Eluted fractions containing the protein of interest
were collected by monitoring UV absorption at 280 nm into
fresh microcentrifuge tubes. The purity of the eluted protein
was analyzed by SDS-PAGE. Fractions containing highly pure
(	95%) protein of interest were pooled into a prechilled tube.
Both His-tagged and GST-tagged proteins were further puri-
fied by size-exclusion chromatography (Superdex 200 16/60 GL
(preparative) and Superdex 200 10/300 GL (analytical), GE
Healthcare). Briefly, size-exclusion columns were equilibrated
with one column volume of buffer C (50 mM Tris-HCl, pH 8.0,
5 mM 2-mercaptoethanol, 150 mM NaCl) at a flow rate of 0.5
ml/min. A concentrated protein sample of interest was injected
onto the column and run at a flow rate of 0.5 ml/min. Eluted
fractions containing the protein of interest were collected, ana-
lyzed by SDS-PAGE, pooled, and concentrated as above. Pro-
tein concentration was estimated using the bicinchoninic acid
(BCA) assay kit (Thermo Scientific, catalogue no. 23227). 10%
glycerol was added as cryoprotectant and stored in the �80 °C
freezer after snap freezing in liquid nitrogen until further use.

Statistical analysis

All results of cell culture experiments were obtained from
three independent biological repeats and expressed as the
mean � S.D. RT-qPCR experiments were carried out in tripli-
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cates and repeated at least three times and expressed as mean �
S.E. Paired test (two-tailed) and one-way or two-way ANOVA
were used to analyze the significance of variance, and p � 0.05
was considered as significant. GraphPad Prism version 7 soft-
ware was used for analysis and plotting the graphs.
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