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The discovery that endoplasmic reticulum (ER) luminal chaperones
such as GRP78/BiP can escape to the cell surface upon ER stress
where they regulate cell signaling, proliferation, apoptosis, and
immunity represents a paradigm shift. Toward deciphering the
mechanisms, we report here that, upon ER stress, IRE1α binds to
and triggers tyrosine kinase SRC activation, leading to ASAP1 phos-
phorylation and Golgi accumulation of ASAP1 and Arf1-GTP, resulting
in KDEL receptor dispersion from the Golgi and suppression of retro-
grade transport. At the cell surface, GRP78 binds to and acts in concert
with a glycosylphosphatidylinositol-anchored protein, CD109, in block-
ing TGF-β signaling by promoting the routing of the TGF-β receptor to
the caveolae, thereby disrupting its binding to and activation of Smad2.
Collectively, we uncover a SRC-mediated signaling cascade that leads to
the relocalization of ER chaperones to the cell surface and amechanism
whereby GRP78 counteracts the tumor-suppressor effect of TGF-β.

endoplasmic reticulum stress | SRC protein kinase | retrograde transport |
GRP78 | TGF-β signaling

Endoplasmic reticulum (ER) chaperones, originally identified
as glucose depletion-inducible proteins and protein foldases,

are increasingly recognized as major regulators of cellular ho-
meostasis in health and disease with unexpected roles beyond the
ER compartment (1–4). The recent discovery that ER stress not
only induces the expression of ER chaperones to cope with ER
protein quality control but also actively promotes their relocation to
the cell surface represents a paradigm shift for their functions (5).
For example, at the cell surface, the 78-kDa glucose-regulated
protein (GRP78), also referred to as “BiP/HSPA5,” acts as a re-
ceptor regulating signaling pathways as well as viral entry, while
other ER chaperones, such as GRP94, calreticulin (CRT), and
protein disulfide isomerase (PDI), modulate functions including
immune responses and cell–cell adhesion (1, 6, 7). Global profiling
of the cell-surface proteome of tumor cells also revealed a relative
abundance of cytosolic heat-shock proteins (8). Thus, relocalization
of stress-inducible ER and cytosolic chaperones to the cell surface
could represent a major common adaptive mechanism for cells to
expand the functionality of these proteins in response to proteotoxic
stress, turning on signaling pathways distinct from their intracellular
functions and thereby impacting both survival and death. This is
particularly important in the context of cancer where cell-surface
ER chaperones have been reported to regulate oncogenic signaling
pathways, proliferation, cell adhesion, and immunity (4, 6, 9).
Despite these advances, how ER stress actively induces cell-

surface relocalization of ER chaperones distinct from passive ex-
posure of ER content during cell death and how they exert their
biological functions at the cell surface are largely unknown. A
general feature among ER-resident proteins is a C-terminal tet-
rapeptide, Lys-Asp-Glu-Leu (KDEL), or related motifs as the ER-
retention signal (10). When the ER proteins arrive at the Golgi, the
KDEL receptors (KDELRs) recognize the KDEL and related

motifs and package them into coat protein complex I (COPI)
vesicles leading to Golgi-to-ER retrograde transport (7, 11, 12).
Thus, a potential escape mechanism for the ER chaperones upon
ER stress could be through perturbation of the KDELR retrieval
machinery, which remains to be established.
SRC is a nonreceptor protein-tyrosine kinase belonging to the

SRC family kinases (SFK) which is overexpressed and activated
in a large number of human malignancies (13). SRC activation is
majorly regulated via two phosphorylation sites including an
activating phospho-tyrosine, pY419, within the kinase domain
and an inhibitory phospho-tyrosine, pY530, at the regulatory tail.
As the most investigated proto-oncogene, SRC is known to play
important roles in cell morphology, differentiation, proliferation,
invasion, adhesion, and survival (13, 14). Interestingly, active
SRC has been reported to localize to the ER and Golgi complex
(15), and SRC activation inhibited the KDEL-dependent retro-
grade transport by dispersing KDELR from the Golgi with no
effect on anterograde transport (16). A major regulator of ret-
rograde vesicle assembly is ADP ribosylation factor 1 (Arf1), a
member of the Arf family of small GTPases (11). At the cis-Golgi,
Golgi-specific brefeldin A-resistance guanine nucleotide exchange
factor 1 (GBF1) is the GTP exchange factor (GEF) that forms Arf1-
GTP, which then recruits effectors to the Golgi to assemble retro-
grade vesicle (17, 18). Here, using a combination of biochemical,
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mutational, and imaging approaches, we uncover a signaling cascade
triggered by ER stress linking the ER stress sensor IRE1α and SRC to
the disruption of the dynamic equilibrium of KDELR in the Golgi and
leading to the escape of ER chaperones to the cell surface.
While the role of the ER form of GRP78 as a pivotal regulator of

the unfolded protein response (UPR) is well established (6, 19, 20),
how cell-surface GRP78 (csGRP78) regulates cell signaling is just
emerging. We recently discovered that csGRP78 majorly exists as a
peripheral protein on the plasma membrane via interaction with
other cell-surface proteins (21). In examining the repertoire of
csGRP78-interacting proteins, our proteomic analysis led to the

identification of CD109, the expression of which is up-regulated in a
wide range of cancers and is associated with poor prognosis (22, 23).
CD109, a member of the α-2-Macroglobulin (α2M) family and a
glycosylphosphatidylinositol (GPI)-anchored protein, blocks TGF-
β signaling by promoting degradation of the TGF-β receptors
(TβRs) (24, 25). Interestingly, activation of SRC suppresses
Smad2/3 phosphorylation, and ablation of SRC sensitizes TGF-
β–induced growth arrest and apoptosis (26, 27), although the
mechanism is not known. Here, we uncover a pathway linking
IRE1α, SRC, csGRP78, and CD109, leading to the protection
of cancer cells from the tumor-suppressor effect of TGF-β.

Fig. 1. IRE1α and SRC regulate cell-surface relocalization of ER chaperones. (A) HeLa cells were treated with Tg for the indicated times. The indicated proteins
from whole-cell lysate (WCL) and the cell surface (CS) were analyzed by Western blot with GAPDH and EphB4 serving as loading controls for whole-cell lysate
and cell-surface proteins, respectively. In all panels, “pSRC” indicates pSRC(Y419). The band intensities for pSRC and csGRP78 were quantified from three
experiments and graphed. (B) As in A, except stable HeLa cell lines expressing shSRC or control shRNA (−) were treated as indicated. (C) As in A, except HeLa
cells were transfected with SRC531 or empty vector (−) and were treated as indicated. (D) As in A, except HeLa cells were transfected with IRE1α shRNA
(shIRE1α) or control shRNA (−) and were treated with Tg. (E) Western blot analysis of the indicated proteins in HeLa cells with or without Tg treatment. (F)
HeLa cells with or without Tg treatment were subjected to co-IP using anti-IRE1α antibody. The indicated proteins were analyzed by Western blot along with
whole-cell lysate. (G) IRE1α-knockout HeLa cells expressing HA-IRE1α were treated or were not treated with Tg and were subjected to immunofluorescent
staining for the HA epitope (green) and SRC (red). In the merged image, yellow indicates costaining of the two proteins. (Scale bar, 10 μm.) (H) As in F, except
IRE1α-knockout HeLa cells transfected with WT HA-IRE1α or the mutant (ΔP) devoid of amino acids 965–977 were not treated or were treated with Tg and
subjected to co-IP. (I) Summary of IRE1α and SRC involvement in ER stress-induced chaperone relocalization. *P < 0.05, **P < 0.01, ***P < 0.005.
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Results
IRE1α and SRC Regulate Cell-Surface Relocalization of ER Chaperones.
To determine how ER stress actively promotes ER chaperones’
trafficking to the cell surface, HeLa cells with adherent proper-
ties well-suited to withstand the experimental protocol were
treated with the ER-stress inducer thapsigargin (Tg) for 6 h
before treatment with a membrane-impermeable biotinylating
reagent to specifically label cell-surface proteins which were
purified from intracellular proteins by avidin pull down (5, 21).
The ER luminal chaperones being analyzed include GRP78,
GRP94, CRT, and PDI, which all contain the KDEL motif, as
well as ERp72 containing the KEEL motif (Fig. S1A). EphB4, a
transmembrane cell-surface receptor known to traffic to the cell
surface via the Golgi, and MHC class I served as the loading
controls for the purified cell-surface protein fraction. Upon Tg
treatment, SRC activation, as monitored by pY419 level, was
readily detected at 2 h and increased 5.5-fold by 6 h (Fig. 1A).
SRC activation preceded the increase in the cell-surface form of
the ER chaperones. Within the first 6 h, while the UPR was being
activated as evidenced by eIF2α phosphorylation and XBP1 splicing,
the total ER chaperone and cell-surface EphB4 levels remained
constant (Fig. 1A and Fig. S1B). These results showed that the in-
crease in cell-surface ER luminal chaperones is unlikely to be due to
saturation of the KDELR or acceleration of anterograde trafficking.
Extending the analysis to 24 h showed increases in the levels of cell-
surface GRP78, GRP94, CRT, and PDI, all preceding the increase in
their total level from the whole-cell lysate (Fig. S1C). Furthermore,
knockdown of CRT, which is known to shuttle with ERp57 to the cell
surface (28), had no effect on csGRP78 expression (Fig. S1D).
To test the involvement of SRC in regulating ER chaperones’

translocation to the cell surface, HeLa cells were pretreated with
the SFK inhibitor SU6656 or were subjected to ectopic expres-
sion of a dominant-negative mutant of SRC in human breast
cancer MCF-7 cells. Both effectively blocked Tg-induced cell-
surface expression of all the ER luminal chaperones being
tested (Fig. S2 A and B). Previously, we discovered that cancer
cells resistant to therapeutic treatment, e.g., the androgen-
independent, metastatic prostate cancer cell line C4-2B, in-
trinsically expressed higher csGRP78 levels than its parental cell
line LNCaP (29). In these cells, pSRC(Y419) was also in-
trinsically elevated compared with LNCaP (Fig. S2C). Upon
treatment with SFK inhibitors (SU6656 or PP2), the levels of
pSRC(Y419) and cell-surface ER chaperones were all sup-
pressed, while total SRC and EphB4 levels were unaffected (Fig.
S2D). The requirement of SRC for this regulation was demon-
strated by the nearly complete suppression of cell-surface ex-
pression of ER chaperones in SRC-knockdown HeLa and C4-2B
cells treated with either Tg or tunicamycin (Tu) (Fig. 1B and Fig.
S2 E–G), as well as in HEK293 cells treated with Tg (Fig. S2H).
SRC dependence was observed in a wide range of cancer cell
lines, including both solid and blood tumors, while SRC in-
dependence was observed in the colon cancer cell line HCT116,
in which, in contrast to other cells, csGRP78 expression was
independent of Golgi integrity (Fig. S2I) (21). Furthermore,
overexpression of a constitutively active SRC mutant (SRC531)
(30) was more potent than Tg in driving ER luminal chaperones
to the cell surface, and the effect was enhanced in combination
(Fig. 1C). Collectively, these results demonstrate that SRC is
both sufficient and necessary for ER stress-induced relocaliza-
tion of ER chaperones to the cell surface.
To decipher how ER stress activates SRC, we tested the in-

volvement of the ER transmembrane sensor IRE1α, which is
activated upon ER stress. In HeLa cells, knockdown of IRE1α
potently suppressed Tg-induced pSRC(Y419) levels and cell-
surface relocalization of ER luminal chaperones without affect-
ing EphB4 (Fig. 1D). Dephosphorylation of inhibitory pY530 of
SRC is a major mechanism for SRC activation (13). Interestingly,

we detected no change in the pSRC(Y530) level in control and Tg-
treated cells, while, corresponding with pSRC(Y419) activation,
the SRC downstream effectors STAT1 and AKT were activated
(Fig. 1E). SRC can be activated in an Src homology 3 (SH3)- or Src
homology 2 (SH2)-dependent manner which requires protein–
protein interaction (31). Upon Tg treatment, SRC coimmunopre-
cipitated with IRE1α (Fig. 1F), consistent with the colocalization of
the two proteins at the perinuclear region as revealed by confocal
microscopy (Fig. 1G). In contrast to IRE1α, csGRP78 expression
was not affected by PERK or ATF6 deficiency (Fig. S3A).
Bioinformatic analysis predicted proline-rich motifs at the

cytosolic tail of IRE1α which match the class VIII noncanonical
SH3-binding motif (Fig. S3B) (32), suggesting a potential SRC-
binding site. To test this, we created CRISPR knockout of IRE1α
in HeLa cells, which mimicked the effects of IRE1α knockdown
(Fig. 1D and Fig. S3C) and showed that reconstitution with WT
IRE1α restored Tg-induced SRC binding, activation, and cell-
surface expression of ER-resident chaperones; however, the
IRE1α deletion mutant lacking the proline-rich motifs (ΔP) was

Fig. 2. The SRC substrate ASAP1mediates ER stress-induced KDELR1 dispersion
and ER chaperone relocalization. (A) HeLa cells were transfected with the full-
length F-GRP78 (FL) or the KDEL deletion mutant (Δ) in combination with either
SRC531 (Left) or HA-ASAP1 (Right). The indicated proteins from the whole-cell
lysate, cell surface, and conditioned medium (CM) were analyzed by Western
blot with GAPDH and EphB4 serving as loading controls. The lack of GAPDH in
the conditioned medium confirmed cell integrity. The relative csF-GRP78 level
under each condition was quantified and graphed. (B) HeLa cells were trans-
fected with KDELR1-HA, pretreated with SU6656 followed by Tg, and subjected
to immunofluorescent (IF) staining for the HA epitope (red) and GM130 (green),
with the latter serving as marker for cis-Golgi. In the merged image, yellow
indicates costaining of the two proteins. The white dashed lines outline the cell
shape. (Scale bar, 10 μm.) The immunofluorescent intensities of KDELR1-HA at
the cis-Golgi were quantified and graphed. (C) HeLa cells expressing shSRC or
control shRNA (−) with or without Tg treatment were subjected to immuno-
precipitation (IP) using anti–phospho-tyrosine (pTyr) antibody. The indicated
proteins were analyzed by Western blot along with whole-cell lysate. (D) As in
A, except HeLa cells expressing shASAP1 or control shRNA (−) transfected with
the SRC531 expression vector were treated as indicated. (E) As in B, except HeLa
cells expressing shASAP1 or control shRNA (shCtrl) were treated as indicated.
(Scale bar, 5 μm.) (F) Summary of ASAP1 and KDELR1 involvement in ER stress-
induced chaperone relocalization. *P < 0.05; ***P < 0.005.
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unable to do so (Fig. 1H and Fig. S3D). In contrast, IRE1α mutants
defective in dimerization (D123P), kinase (K599A), or RNase
activity (K907A), all lacking XBP1-splicing activity (Fig. S3B) (33,
34), were still able to rescue Tg-induced SRC activation and
csGRP78 expression (Fig. S3E). Collectively, these results imply
that, upon ER stress, SRC is recruited to form a complex with
IRE1α dependent on its proline-rich motif at its cytosolic tail and,
upon activation, triggers a cascade of events leading to the reloc-
alization of ER luminal chaperones to the cell surface (Fig. 1I).

ASAP1 Is the Downstream Substrate of SRC in Cell-Surface Relocalization
of ER Luminal Chaperones. In HeLa cells, SRC531 expression in-
creased cell-surface relocalization of the full-length FLAG-GRP78
(F-GRP78) but not the GRP78 KDEL-deleted mutant (Δ), which

was secreted into the medium (Fig. 2A), suggesting that SRC reg-
ulation acted through the KDELR retrieval machinery. Among the
KDELR isoforms, KDELR1 is the most abundant and exhibits the
highest affinity for KDEL (35). To monitor the cellular distribution
of KDELR1, we created KDELR1 bearing an HA tag at its C
terminus and confirmed by immunofluorescence that it is localized
to the cis-Golgi (Fig. 2B). Tg treatment caused about 70% disper-
sion of KDELR1 from the cis-Golgi in HeLa cells as well as in SK-
MEL-28 cells, and this required SRC activation since the effect was
blocked by SU6656 (Fig. 2B and Fig. S4A).
While SRC531 expression did not lead to tyrosine phosphor-

ylation of KDELR1 (Fig. S4B), in Tg-treated HeLa cells where
SRC was activated we observed prominent tyrosine phosphory-
lation of several protein bands, which could be SRC substrates as

Fig. 3. ER stress promotes ASAP1 and GBF1 complex formation and enhances GBF1 GEF activity. (A) HeLa cells transfected with HA-ASAP1 WT or mutant
expression vectors (M1, M2, and DM) were not treated or were treated with Tg. The indicated proteins from whole-cell lysate or the cell-surface preparations
were analyzed by Western blots with GAPDH and EphB4 serving as loading controls. The csGRP78 levels were quantified and graphed. (B) HeLa cells were
treated with Tg (Left) or were transfected with SRC531 expression vector (Middle) or both (Right). Whole-cell lysate was subjected to a pull-down assay with
GST-fused WT or mutant ASAP1 recombinant proteins (G-ASAP1). The indicated proteins from the eluate (E) were analyzed by Western blot. The relative
eluted GBF1 level under each condition was quantified and graphed with SD. (C) HeLa cells transfected with the HA-ASAP1 expression vector were not
treated (Ctrl) or were treated with Tg and were subjected to immunofluorescent staining for the HA epitope (red) or GBF-1 (green). Costaining of both
proteins (yellow) is shown in the merged images and the enlarged views. (Scale bars, 5 μm.) (D) HeLa cells were transfected with the SRC531 expression vector
followed by Tg treatment, and the whole-cell lysate was subjected to immunoprecipitation using IgG control, anti-GBF1, or anti-ASAP1 antibodies. The in-
dicated proteins were analyzed by Western blot. (E) HeLa cells were transfected with the SRC531 expression vector and were treated with Tg, DMSO, or GCA
as indicated. The whole-cell lysates were subjected to immunoprecipitation using anti-GBF1 or control IgG antibodies, and the immunoprecipitate was
subjected to the GTPase-Glo GEF activity assay. (F) As in E, except the GBF1 immunoprecipitates from the indicated treatment conditions were subjected to
the GTP exchange assay. (G) Summary of ASAP1 and GBF1 involvement in the ER stress-induced chaperone relocalization. *P < 0.05, **P < 0.01, ***P < 0.005.
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their phosphorylation was blocked by the SRC inhibitor dasatinib
(Das) currently in clinical use (Fig. S4C) (36). Among these, the
130-kDa band was identified as Arf-GAP with the SH3 domain, ANK
repeat, and PH domain-containing protein 1 (ASAP1) reported to
be an SRC substrate involved in retrograde transport (Fig. S4C) (37,
38). An in vivo kinase assay confirmed that ASAP1 was phos-
phorylated by SRC (Fig. S4D), and knockdown of SRC elimi-
nated ASAP1 phosphorylation upon ER stress (Fig. 2C).
ASAP1 is an essential downstream effector for the SRC effect,

since SRC531 failed to induce cell-surface relocalization of ER
chaperones in HeLa cells with efficient knockdown of ASAP1 by
shRNA in either the absence or presence of Tg (Fig. 2D). The
dependence on ASAP1 was also observed in MCF-7 cells (Fig.
S4E). Similar to SRC531, overexpression of ASAP1 led to the
increase of full-length F-GRP78, but not the KDEL-deleted (Δ)
mutant, at the cell surface (Fig. 2A). Furthermore, Tg was able to
disperse KDELR1 in scramble shRNA-expressing (shCtrl) HeLa
cells but not in shASAP1 HeLa cells (Fig. 2E). Other ER stress
inducers (DTT and hypoxia) also required the IRE1α/SRC/
ASAP1 axis for csGRP78 expression (Fig. S4F), correlating with
KDELR dispersion (Fig. S4G). Taken together, these results

indicated that ER stress activates SRC, which phosphorylates its
substrate ASAP1, leading to KDELR dispersion and cell-surface
relocalization of ER chaperones (Fig. 2F).

ER Stress Promotes ASAP1 and GBF1 Complex Formation and Enhances
GBF1 GEF Activity. Human ASAP1 contains tyrosine phosphoryla-
tion sites at Y312 and Y767 (Fig. S5A) (39). We first determined
that SRC531 could form complex and phosphorylate ASAP1 with
a mutation at either Y312F or Y767F (referred to as “M1” and
“M2,” respectively) but not when both were mutated (DM) (Fig.
S5B). Interestingly, only M1 and DM, but not M2, blocked Tg-
induced cell-surface relocalization of ER chaperones with no effect
on EphB4 (Fig. 3A). Correspondingly, M1 failed to promote
SRC531-induced cell-surface relocalization of ER chaperones (Fig.
S5C), indicating that Y312 is the critical ASAP1 phosphorylation
site to mediate the SRC effect. In probing for downstream tar-
gets of ASAP1 using a GST pull-down assay, we uncovered that
GBF1, a GEF localized to cis-Golgi and known to regulate
retrograde transport (38), could bind to GST-tagged ASAP1
(Fig. S5D). In such an assay, treatment of cells with Tg or
expressing SRC531 enhanced the formation of a GBF1 complex

Fig. 4. GBF1 facilitates the ER stress-induced Arf1-GTP increase at the cis-Golgi. (A) The indicated cancer cell lines were treated with Tg and GCA as indicated.
Cell-surface proteins were isolated and probed for the indicated proteins by Western blot with EphB4 serving as loading control. (B) Whole-cell lysate from
HeLa cells treated with Tg or transfected with SRC531 or HA-ASAP1 expression vectors were subjected to the Arf1 pull-down activation assay. The indicated
proteins from the eluate (E) or whole-cell lysate were analyzed by Western blot. The band intensities for Arf1-GTP were quantified and graphed. (C) As in B,
except the cells were treated additionally with GCA as indicated. (D) As in B, except SRC (shSRC)- or ASAP1 (shASAP1)-knockdown stable HeLa cell lines were
treated with Tg as indicated. (E) SK-MEL-28 cells were transfected with either WT Arf1-HA or the Q71L mutant expression vectors. The cells were not treated
(Ctrl), treated with Tg, or pretreated with SU6656 followed by Tg and were subjected to immunofluorescent staining for the HA epitope (red) or GM130
(green). Yellow indicates costaining of the two proteins in the merged images. The immunofluorescent intensities of Arf1-HA at the cis-Golgi under each
condition were quantified and graphed. (Scale bar, 10 μm.) *P < 0.05, ***P < 0.005.
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with GST-ASAP1, and this interaction was suppressed in the
M1 and DM mutants of GST-ASAP1 (Fig. 3B).
GBF1 primarily localizes in the cis-Golgi where it converts

Arf1-GDP to Arf1-GTP in regulating retrograde transport
(18). Tg treatment showed minimal effect on GBF1 localiza-
tion (Fig. S5E). In contrast, Tg promoted ASAP1 relocaliza-
tion from the cytosol to the cis-Golgi, where it showed strong
colocalization with GBF1 (Fig. 3C). Coimmunoprecipitation
(co-IP) further confirmed complex formation between en-
dogenous ASAP1 and GBF1 in stressed cells expressing acti-
vated SRC (Fig. 3D). In testing the effect of Tg and SRC on
the GEF activity of GBF1, we utilized the GTPase-Glo GEF
activity assay with recombinant Arf1 as substrate and observed
that both SRC531-expressing and ER-stressed cells accelerated
the GTP-loading reaction of GBF1 isolated from cell lysates,
which was blocked by a specific GBF1 inhibitor Golgicide A
(GCA) (Fig. 3E) (40). This observation was confirmed using
the GTP exchange assay under the same treatment conditions
(Fig. 3F). Thus, ER stress induces SRC activation, which
phosphorylates a key residue, Y312, on ASAP1 that promotes
its interaction with GBF1 in the cis-Golgi, leading to enhanced
GBF1 activity and cell-surface relocalization of ER chaperones
(Fig. 3G).

GBF1-Mediated Increase of Arf1-GTP and Accumulation in the cis-
Golgi Leads to KDELR Dispersion. In HeLa, MCF-7, and SK-
MEL-28 cells, the GBF1 inhibitor GCA potently suppressed Tg-
induced cell-surface relocalization of ER chaperones but not
EphB4 (Fig. 4A), suggesting that GBF1 is a common and es-
sential component of this process. A major substrate of GBF1 is
Arf1, which coordinates the assembly of retrograde vesicle (11).
Utilizing the Arf1 activation assay, we determined that, upon Tg
treatment or the expression of SRC531 or HA-ASAP1, the level
of Arf1-GTP, which is the active form of Arf1, was substantially
increased (Fig. 4B). GBF1 was required for the Tg- and SRC531-
mediated increase in Arf1-GTP, as this was suppressed by GCA
(Fig. 4C). Furthermore, SRC and ASAP1 are both essential for
the Tg-induced increase in Arf1-GTP levels, since knockdown of
either SRC or ASAP1 abolished the increase (Fig. 4D).
Arf1 binding to GTP causes the exposure and insertion of its

N-terminal amphiphilic helix and myristoyl group into the lipid
bilayer and stable association with membrane (41). Using con-
focal microscopy, we observed that, upon Tg stress, the level of
Arf1 at the cis-Golgi, as evident by colocalization with GM130,
increased by twofold, and this increase was blocked by the SFK
inhibitor SU6656 (Fig. 4E). Compared with WT Arf1, a three-
fold increase in Arf1(Q71L), a constitutively active GTP-locked
Arf1 mutant, was detected at the cis-Golgi, as expected.

Fig. 5. GTP-locked Arf1(Q71L) is sufficient to drive KDELR1 dispersion and ER chaperones to the cell surface. (A) The indicated cancer cell lines were
transfected with the Arf1-HA(Q71L) mutant expression vector and were treated with Tg as indicated. The indicated proteins from the whole-cell lysate and
the cell surface were analyzed by Western blot with GAPDH and EphB4 serving as loading controls. (B) As in A, except HeLa cells were transfected with the
indicated expression vectors, and conditioned medium was collected and assayed for secreted F-GRP78. The band intensities of csF-GRP78 were quantified and
graphed. (C) HeLa cells were transfected with the KDELR1-FLAG (KDELR1-F) expression vector alone or in combination with expression vectors for SRC531-His,
HA-ASAP1, or Arf1-HA(Q71L), as indicated, and were subjected to immunofluorescent staining for the indicated proteins. GM130 served as the marker for cis-
Golgi. (Scale bar, 5 μm.) (D) Summary of the ER stress-signaling cascade leading to the escape of ER luminal chaperones to the cell surface. *P < 0.05.
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In HeLa, MCF-7, and SK-MEL-28 cells, Arf1(Q71L) expres-
sion alone dramatically increased the cell-surface expression of
ER chaperones even in the absence of ER stress, and Tg treat-
ment did not appear to cause any further increase (Fig. 5A). This
suggests Arf1 activation is sufficient for the relocalization of
KDEL-bearing ER chaperones to the cell surface. In agreement,
Arf1(Q71L), known to regulate retrograde but not anterograde
transport (42), had no effect on EphB4 levels (Fig. 5A), and the
action of Arf1(Q71L) was dependent on the integrity of the
KDEL motif (Fig. 5B). Additionally, we demonstrated that ex-
pression of SRC531, ASAP1, or Arf1(Q71L) all caused disper-
sion of KDELR1 from cis-Golgi (Fig. 5C). Collectively, our
results demonstrate that ER stress activates SRC via IRE1α,
subsequently triggering a signaling cascade linking ASAP1,
GBF1, and Arf1 and leading to the disruption of the KDELR
retrieval machinery, thus allowing ER chaperones to escape to
the cell surface (Fig. 5D).

Identification of CD109 as a csGRP78-Binding Partner in TGF-β
Inhibition. While GRP78 is one of the best-characterized ER
chaperones (6, 43), how GRP78 regulates tumor proliferation
and survival from the cell surface is not well understood. Taking
advantage of the recent finding that a substantial level of
csGRP78 interacts with GPI-anchored cell-surface proteins (21),
we harvested proteins released from HeLa cells treated with
phosphatidylinositol-specific phospholipase C (PI-PLC) and
subjected those bound to csGRP78 to LC-MS/MS. This led to
the identification of CD109 as a potential binding partner of
csGRP78 (Fig. S6A). CD109 is known as a negative regulator of

TGF-β signaling via suppressing Smad2/3 phosphorylation and
promoting TβR degradation (25). The interaction between en-
dogenous CD109 and F-GRP78 in HeLa cells was confirmed by
co-IP (Fig. 6A), in agreement with confocal microscopy showing
colocalization of HA-CD109 and F-GRP78 on the surface of
nonpermeabilized cells (Fig. 6B). Analysis of the Gene Expres-
sion across Normal and Tumor Tissue (GENT) database (44)
further revealed that in 1,738 cancer cell lines representing
30 cancer types, CD109 is widely expressed, with the highest
levels in skin and cervical cancers (Fig. S6B). Interestingly, the
transcript level of Cripto, another TGF-β–inhibitory GPI-
anchored protein known to interact with csGRP78 (45), is
lower than CD109 in general but is highly expressed in colorectal
and rectal cancer cell lines. In the melanoma SK-MEL-28 cells
used as a model system in the studies described below, the relative
transcript levels of CD109 and Cripto from the GENT database
are 1,779 and 57, respectively.
Previously we have shown that transfection of cells with plas-

mid encoding for F-GRP78 leads to its expression at the cell
surface (5). In HeLa cells, we observed that Tg treatment and
the expression of SRC531, F-GRP78, or HA-CD109 all sup-
pressed TGF-β–induced Smad2 phosphorylation (pSmad2) (Fig.
6C). The GRP78 effect was dependent on CD109, since it was
prevented by CD109 knockdown (Fig. 6D). In SK-MEL-28 cells
with high CD109 levels, co-IP showed complex formation be-
tween endogenous CD109 and GRP78 (Fig. 6A). Knockdown of
GRP78 reduced the CD109 level and up-regulated TGF-
β–induced pSmad2 (Fig. 6E). Collectively, these results suggest
that ER stress activates SRC, leading to an increase in csGRP78,

Fig. 6. csGRP78 partners with CD109 in TGF-β inhibition. (A) Whole-cell lysate from HeLa cells expressing F-GRP78 (Upper) or SK-MEL-28 cells (Lower) were
subjected to immunoprecipitation with IgG, anti-FLAG, or anti-GRP78 antibodies as indicated. The immunoprecipitate along with the whole-cell lysate was
probed by Western blot for F-GRP78, GRP78, and CD109. (B) HeLa cells were cotransfected with F-GRP78 and HA-CD109 expression vectors and were subjected
to immunofluorescent staining for the HA (red) and FLAG (green) epitopes. Costaining of the two proteins is indicated by yellow in the merged image and the
enlarged view. (Scale bars, 5 μm.) (C) HeLa cells were treated with Tg or TGF-β and were transfected with SRC531, F-GRP78, or HA-CD109 alone or in
combination, as indicated. The indicated proteins were analyzed by Western blot. (D) As in C, except the CD109 (shCD109)- or control shRNA (shCtrl)-
knockdown stable HeLa cell line was treated as indicated. (E) As in D, except SK-MEL-28 cells were transfected with siRNA against GRP78 (siGRP78) and
were treated with TGF-β as indicated. The band intensities were quantified and graphed. *P < 0.05, **P < 0.01.
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which forms a complex with and stabilizes CD109, thereby sup-
pressing TGF-β signaling mediated by the TβR. To address
translational relevance, we treated primary acute myeloid leu-
kemia (AML) cells taken from a patient with relapsed disease
with bortezomib, a clinically used proteasome inhibitor known to
induce ER stress (46). Bortezomib treatment of AML cells led to
an increase in csGRP78 expression, correlating with the sup-
pression of TGF-β–induced Smad2 phosphorylation (Fig. S7).

csGRP78 Suppresses TGF-β Receptor Binding to Smad2 Through Promoting
Its Routing to the Caveolae. To determine how GRP78 blocks
Smad2 phosphorylation, we observed that F-GRP78 expression in
SK-MEL-28 cells suppressed TGF-β–induced binding of Smad2 to
TGF-β receptor 1 (TβR1), as revealed by co-IP (Fig. 7A). CD109 is
reported to regulate TβR endocytosis and degradation to inhibit
TGF-β signaling (25). Utilizing sucrose-gradient ultracentrifugation
to fractionate the caveolae containing lipid raft associated with
receptor degradation from nonraft membranes, which include the
plasma membrane, we observed that in control cells and F-GRP78–
expressing cells the majority of TβR1 was in the nonraft fraction,
with only a minority (12%) in the raft fraction (Fig. 7 B and C).
Upon the addition of TGF-β, we detected an increase in TβR1
(27%) in the raft fraction, where some endogenous GRP78 was
detected as well. Strikingly, TGF-β treatment of F-GRP78–express-
ing cells dramatically shifted more TβR1 (80%), as well as GRP78,
to the raft fraction (Fig. 7B). This suggests that GRP78, acting in
concert with CD109, promotes routing of the TβR to the caveolae,
leading to its degradation and the relief of growth inhibition
(Fig. 7C).

To test directly that csGRP78 regulates CD109/TGF-β signaling,
we showed that C20, an anti-GRP78 antibody targeting the C
terminus of GRP78, disrupted the cell-surface colocalization of F-
GRP78 and HA-CD109 in nonpermeabilized HeLa cells (Fig. 8A).
In agreement, upon TGF-β stimulation, C20 treatment resulted in
a 2.5-fold increase of Smad2 phosphorylation in SK-MEL-28 cells
(Fig. 8B). TGF-β signaling is known to reduce cell viability (47). In
the same cells, C20 treatment significantly reduced cell viability in
TGF-β–treated cells in combination with Tg but not in control cells
treated with DMSO (Fig. 8C). Taken together, these results un-
cover a pathway whereby ER stress, via SRC activation, promotes
ER chaperone relocalization to the cell surface, where GRP78
forms a complex with CD109 and negatively regulates TGF-β sig-
naling to sustain cell viability under stress (Fig. 8D).

Discussion
In cancer, an adverse tumor microenvironment caused by nu-
trient deprivation and hypoxia disturbs the protein-folding ca-
pacity and creates ER stress (48). The discovery that ER stress
actively promotes a process whereby ER chaperones can escape
from the ER compartment and relocalize to the cell surface,
where they assume regulatory roles impacting cell signaling,
proliferation, and survival, raises important questions about how
these effects can be achieved. In this study we dissected the fun-
damental mechanisms and uncovered a number of observations

Fig. 7. csGRP78 promotes the routing of TβR1 to the caveolae and disrupts
its interaction with Smad2. (A) SK-MEL-28 cells transfected with TβR1-His or
F-GRP78, alone or in combination were treated with TGF-β as indicated. The
cells were subjected to coimmunoprecipitation using anti-His antibody. The
indicated proteins were analyzed by Western blot. (B) SK-MEL-28 cells were
transfected with pcDNA3 or F-GRP78 or were treated with TGF-β alone or in
combination as indicated. The whole-cell lysate was subjected to sucrose-
gradient fractionation. The fractions were subjected to Western blot for
analysis of the indicated proteins. CAV-1, caveolin 1. The lipid raft was
enriched in fraction 5, and nonraft was enriched in fractions 9–12 with CAV-
1 and GAPDH serving as markers for the respective fractions. The percentage
of TβR1 in each fraction was quantified and graphed. (C) Model of the in-
hibition of TGF-β signaling by csGRP78/CD109. Upon TGF-β stimulation,
csGRP78/CD109 routes the TβR to the caveolae for degradation, disrupting
the binding of the receptor to Smad2 and its subsequent activation, thereby
blunting TGF-β–mediated growth inhibition.

Fig. 8. Effect of antibody targeting GRP78 on the interaction with
CD109 and TGF-β signaling. (A) HeLa cells cotransfected with F-GRP78 and
HA-CD109 were not treated (Ctrl) or were treated with IgG or the anti-
GRP78 antibody C20. The nonpermeabilized cells were subjected to immu-
nofluorescent staining for the HA (red) and FLAG (green) epitopes. The
yellow staining in the merged images and enlarged views indicate costaining
of the csF-GRP78 with HA-CD109, which was disrupted by C20 treatment.
(Scale bar, 10 μm.) (B) SK-MEL-28 cells were treated with IgG, C20, and TGF-β
as indicated. The indicated proteins were analyzed by Western blot. The
band intensities of pSmad2 were quantified and graphed. (C) As in B, except
the cells were treated with DMSO or Tg in combination with the antibodies
and then were treated with PBS or TGF-β and subjected to the WST-1 assay.
(D) Summary of GRP78/CD109 inhibition of TGF-β signaling and promotion
of survival under ER stress. **P < 0.01, ***P < 0.005.
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that could have major implications in cancer and other human
diseases.
First, our kinetic studies revealed that ER stress rapidly in-

duces cell-surface expression of ER chaperones before an in-
crease in their intracellular protein levels or the onset of
apoptosis; thus their escape from the ER is unlikely to be due to
over-saturation of the KDELR retrieval machinery or a passive
event preceding cell death. In cancer, SRC is well known to play
diverse roles in tumorigenesis, proliferation, survival, and me-
tastasis (13). SRC expression and activity, as well as cell-surface
expression of ER chaperones, increase as tumor advances (13,
49). Here we provide direct evidence that SRC, in addition to
being activated by ER stress (50–52), has a function in actively
promoting the cell-surface relocalization of ER chaperones in a
wide range of solid and blood cancer cell lines. Most importantly,
SRC is both sufficient and necessary for this process. How might
ER stress activate SRC? Evidence is emerging that the ER stress
sensor IRE1α forms a dynamic scaffold onto which many regu-
latory components assemble, as exemplified by activated IRE1α
binding to TRAF2 and regulating the JNK and NFκB pathways
independent of its RNase activity (48, 53). We discovered that,
upon ER stress, SRC forms a complex with IRE1α and is acti-
vated through Y419 phosphorylation. SFK, including SRC, can
be activated through SH3 interactions (54). While the detailed
mechanism awaits further investigation, here we determined that
the cytosolic tail of IRE1α containing noncanonical SH3-binding
proline-rich motifs is critical for ER stress-induced SRC binding
and activation and the escape of ER chaperones to the surface.
Given that ER luminal GRP78 dissociates from IRE1α upon ER
stress (55, 56), this could trigger changes in IRE1α leading to a
feed-forward mechanism promoting GRP78 to the cell surface.
In a context-dependent manner, other UPR signaling pathways
could also contribute to the ER escape mechanism, as it has been
reported that CRT exposure at the cell surface is dependent on
PERK in immune cells (57).
While the SRC requirement is prevalent in the panel of cell

lines that we examined, there are exceptions, such as the hu-
man colon cancer cell line HCT116, which utilized a Golgi-
independent mechanism for cell-surface expression of GRP78
(21), supporting the notion that the SRC mechanism of action is
mediated through the ER–Golgi axis. Thus, one scenario is that,
upon activation by ER stress, SRC triggers a signaling cascade
partially inhibiting Golgi–ER retrograde trafficking of chaper-
ones bearing KDEL or related motifs that are recognized by the
KDELR1 and thereby allowing a subfraction of these ER lu-
minal chaperones to escape to the cell surface. Earlier studies
hinted that SRC activation could lead to KDELR dispersion
from the Golgi; however, the mechanistic link between SRC
activation and KDELR dispersion is unclear. Our studies iden-
tified ASAP1 as a key SRC substrate mediating this pathway.
ASAP1 regulates recycling of cell-surface receptors (58) and is
implicated in tumor invasion, in which phosphorylation of murine
ASAP1 by SRC at Y782, corresponding to human ASAP1 at Y767,
is critical (37). An ultradeep phosphoproteomic analysis on HeLa
cells detects phosphorylation of ASAP1 at Y312 (59). Here we
determined that phosphorylation of ASAP1 at Y312 is critical for
its binding to GBF1, which subsequently leads to the Arf-GTP in-
crease at the cis-Golgi. While we cannot rule out the involvement of
other SRC downstream pathways, the ability of ASAP1 knockdown
to block escape of ER chaperones and the potency of the consti-
tutively active Arf1(Q71L) mutant in driving cell-surface expression
of ER chaperones in multiple cell model systems imply that the
ASAP1/GBF1/Arf1 axis is a major mechanism for ER stress-
mediated escape of ER chaperones to the cell surface.
TGF-β signaling transduced by TβR1 and TβR2 plays an im-

portant role in cancer and tissue fibrosis. CD109 in skin cells acts
as a coreceptor and inhibitor of TGF-β signaling by facilitating
TβR degradation in the caveolar compartment (25). Here we

identify CD109 as a binding partner of csGRP78 that mediates
the anti–TGF-β effect of GRP78. We discovered that GRP78, by
promoting the routing of TβR1 to the caveolae for degradation,
disrupts the binding of TβR1 to Smad2 and its downstream sig-
naling. Comparison of the transcript levels of CD109 and Cripto,
another GPI-anchored protein reported to suppress TGF-β sig-
naling via csGRP78 (45), revealed high-level expression of
CD109 in a wide range of cancers, whereas Cripto is notably highly
expressed in colorectal and rectal cancer cell lines. Cripto is
reported to interact with the N terminus of csGRP78 (60). In our
studies, we observed that, among the anti-GRP78 antibodies
tested, the one targeting the C terminus of GRP78 is most effective
in disrupting CD109 signaling. Future studies will be required to
dissect whether csGRP78 coregulates CD109 and Cripto through
similar or different mechanisms.
What are the therapeutic implications of our findings? The

ER chaperones on the cell surface are emerging as unique tar-
gets as well as mediators for antineoplastic treatment and im-
aging (4, 61–64). On a mechanistic level, csGRP78 promotes
PIP3 formation and regulates the PI3K/Akt pathway (29),
csGRP94 facilitates HER2 dimerization and promotes cell pro-
liferation in breast cancer (65), and cell-surface PDI mediates
integrin disulfide exchange and promotes cell adhesion in glioma
(6). Small-molecule SRC inhibitors such as Das are currently in
clinical use (36), and IRE1α inhibitors have been identified (20,
53). Thus, inhibition of SRC or its interaction with IRE1α could
block the cell-surface expression of ER chaperones and poten-
tially suppress their protumor functions. While this might
potentially impede cell-surface CRT expression in immune-
mediated toxicity, tumor cells are known to express other com-
pensatory ligands accessible by immune cells (66). In addition to
applications in oncology, ER chaperones on the cell-surface
function as receptor for pathogen infection. Viruses such as
Coxsackie virus, dengue virus, and Borna disease virus and fungi
such as Rhizopus oryzae recognize csGRP78 for entry or invasion
into the host (2), and the bacterial pathogen Listeria mono-
cytogenes requires csGRP94 to invade (67). The recent discovery
that GRP78 autoantibody associates with blood–brain barrier
disruption in neuromyelitis optica suggests that csGRP78 is a
potential target for promoting the transit of large-molecule
therapies for central nervous system diseases (68). Collectively,
understanding the biology of cell-surface chaperones could have
a major impact in combating cancer, infectious diseases, in-
flammatory disorders, and neuropathy and warrants vigorous
investigation.

Materials and Methods
Cell culture, expression vectors, recombinant protein, site-directed muta-
genesis, transfection, biotinylation, pull-down assays, assays for GEF activity,
GTP exchange, and cell viability, PI-PLC treatment, mass spectrometry, im-
munofluorescent staining, immunoprecipitation, immunoblot, sucrose-
gradient fractionation, CRISPR/Cas9 knockout, RNA preparation, RT-PCR,
and statistical analysis can be found in SI Materials and Methods. Also in-
cluded are the procedures for the isolation of primary human leukemic cells
and flow cytometry. Use of human material was approved by the University
of Southern California Institutional Review Board (IRB), and informed con-
sent was obtained for use of the material.
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