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The GOLD Domain-containing Protein TMED1 Is Involved in
Interleukin-33 Signaling*
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Dympna J. Connolly1, Luke A. J. O’Neill, and Anne F. McGettrick
From the Trinity Biomedical Sciences Institute, School of Biochemistry and Immunology, Trinity College Dublin, Dublin 2, Ireland

Background: A putative association between the trafficking protein TMED1 and the IL-33 receptor ST2L has previously
been reported; however, the functional consequence of this remained unknown.
Results: TMED1 binds ST2L, and TMED1 knockdown impairs IL-33-induced IL-8 and IL-6 production.
Conclusion: TMED1 is required for optimal IL-33-induced signal activation.
Significance: These results further implicate the TMED family as an important family in immune signaling pathways.

The proinflammatory danger signal IL-33, which is released
from damaged or dying cells, achieves its effects via the IL-1R
family member ST2L. The detection of IL-33 by ST2L initiates
downstream signaling pathways that result in the activation of
MAPKs andNF-�B. Here, we show that TMED1 associates with
ST2L. Using a series of mutation and deletion constructs, we
demonstrate that this interaction is mediated by the GOLD
domain of TMED1 and the TIR domain of ST2L. Our findings
also demonstrate that TMED1 is required for optimal IL-33-
induced IL-8 and IL-6production.This discovery provides addi-
tional support to the concept that the TMED family members
are important players in innate immune signaling.

ST2 is a member of the IL-1 receptor (IL-1R)2/Toll-like
receptor (TLR) superfamily. The ST2 gene encodes three
known isoforms: ST2L, a transmembrane receptor; sST2, a
secreted soluble form that can act as a decoy receptor; and
ST2V, which is present mainly in gastrointestinal organs (1, 2).
ST2L (also known as T1, IL-1RL1, and DER4) is a classic type I
membrane receptor that contains three extracellular Ig-like
domains, a transmembrane domain, and an intracellular TIR
(Toll/IL-1 receptor) domain and is the primary receptor for the
IL-1 family member IL-33 (3). It is expressed on several
immune cell types, including Th2 lymphocytes, mast cells, nat-
ural killer cells, natural killerT-cells,monocytes, dendritic cells,
and granulocytes as well as epithelial and endothelial cells (4).
Following IL-33 association with ST2L, the IL-1R accessory

protein is in turn recruited to the complex in a ligand-depen-
dent manner, allowing the initiation of downstream signaling
pathways (5, 6). MyD88 (myeloid differentiation factor 88),
IRAK-4 (interleukin-1 receptor-associated kinase 4), IRAK-1,
and TRAF6 (TNF-� receptor-associated factor 6) are also
recruited to ST2L, similar to other members of the IL-1R/TLR
superfamily (3, 7). The activation of these pathways results in

the phosphorylation of the MAPKs ERK1/2, p38, and JNK. In
addition, the phosphorylation and degradation of I�B� (inhib-
itor of �B�) allows the NF-�B protein subunits p50 and p65 to
enter the nucleus and induce gene expression (8). BothMyD88
and TRAF6 are required for the activation of NF-�B, p38, and
JNK, whereas ERK activation can occur in the absence of
TRAF6 (7). IL-33 is an endogenous proinflammatory danger
signal that is released from damaged or dying cells (9, 10), and
the IL-33/ST2L signaling axis has been implicated in numerous
conditions, notably certain allergic and cardiovascular diseases
(11, 12). Accordingly, a number of negative regulators of this
pathway have been identified, including sST2 and SIGIRR (8,
13). In addition, IL-33 induces the internalization, phosphory-
lation, and ubiquitination of ST2L, targeting it for proteasomal
degradation, thereby limiting IL-33-induced signaling (14).
The TMED (transmembrane emp24 domain-containing

protein)/p24 family is involved in the vesicular trafficking of
proteins. These proteins are highly conserved in eukaryotes,
and 10TMED genes have been identified inmammals. They are
separated into four subfamilies, �, �, �, and � (15), and have
been reported to exist as dimers, oligomers, and hetero-oligo-
mers (16, 17). TMED proteins localize to membranes of the
early secretory pathway, such as the endoplasmic reticulum
(ER) and Golgi (15), and possess a GOLD (Golgi dynamics)
domain, which is a �-strand-rich domain found in several pro-
teins involved in Golgi dynamics and intracellular protein traf-
ficking (18). In recent years, several GOLD domain-containing
proteins have been implicated in the regulation of innate
immune signaling pathways. A TMED homolog in Drosophila,
LOGJAM, has been implicated in the negative regulation of a
large number of immune-related genes, including targets of the
Toll and Imd signaling pathways (19). In addition, the GOLD
domain-containing proteins TAG (TRAMadaptor with GOLD
domain) and the TMED family member TMED7 have been
shown to limit TLR4 signaling to the transcription factor IRF3
(interferon regulatory factor 3). They act by displacing the
adaptor TRIF (TIR domain-containing adaptor-inducing inter-
feron-�) from TRAM (TRIF-related adaptor molecule) in the
endosomal TLR4 signaling complex (20, 21).
Formany years, ST2Lwas known as an orphan receptor with

no known ligand. Prior to the discovery of IL-33, studies were
undertaken to identify the ligand for ST2L. In one such study,
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although unsuccessful in discovering the ST2L ligand, Gayle et
al. (22) identified and cloned a putative ST2L-binding protein.
Sequence analysis revealed that this putative ST2L-binding
protein is a 227-amino acid type I transmembrane protein
known as tp24, p24�1, or TMED1 (15).
In this study, we sought to investigate the putative associ-

ation between TMED1 and ST2L and to determine whether
TMED1 is involved in IL-33 signaling. We demonstrate that
TMED1 and ST2L interact. Using a series of mutation and
deletion constructs, we demonstrate that the GOLD domain of
TMED1and theTIRdomain of ST2L are required for this inter-
action. Protease protection assays revealed that the GOLD
domain of TMED1 protrudes into the cytosolic compartment,
facilitating the interaction. Furthermore, we illustrate that
TMED1 positivelymodulates IL-33-induced IL-8 and IL-6 pro-
duction. These data therefore further implicate theTMED fam-
ily in innate immunity by implicating TMED1 in IL-33
signaling.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—TMED1-GFP and TMED7-GFP
were purchased fromGeneCopoeia. Antibody HA.11 was from
Cambridge Bioscience. Anti-TMED1 antibody (HPA018507),
anti-rabbit IgG, puromycin, and�-thioglycerol were purchased
from Sigma-Aldrich. Anti-ST2L antibody (AF523) and IL-8
and IL-6 ELISA kits were purchased from R&D Systems. Anti-
GFP antibody and Protein A/G Plus-agarose beads were pur-
chased from Santa Cruz Biotechnology. Horseradish peroxi-
dase-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories, and Alexa Fluor 647-
labeled anti-mouse antibody was purchased from Invitrogen.
Primers were obtained from MWG. AllStars negative con-
trol siRNA and siRNA oligonucleotides targeting TMED1
(SI00092568 and SI00092575) were purchased from Qiagen.
IL-33 was purchased from PeproTech.
Cell Culture—HEK-293 cells stably expressing human ST2L

(HEK-293-hST2L) and HEK-293T cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% (v/v)
FCS and 1% (v/v) penicillin/streptomycin. HEK-293-hST2L
cells were also cultured with 1 �g/ml puromycin. The human
mast cell line HMC-1.1 was cultured in Iscove’s modified Dul-
becco’s medium with 10% (v/v) FCS, 1% (v/v) penicillin/strep-
tomycin, and 1.2 mM �-thioglycerol. Human umbilical vein
endothelial cells (HUVECs) were obtained from Millipore and
cultured using the EndoGRO-LS complete media kit (Milli-
pore) with 10% (v/v) FCS and 1% penicillin/streptomycin.
Co-immunoprecipitation Assay—HEK-293-hST2L and

HEK-293T cells were seeded at 2 � 105 cells/ml in 10-cm
dishes. 24 h later, cells were transfected with a total of 8 �g of
the indicated plasmids using GeneJuice� and cultured for an
additional 48 h before harvesting. 5 � 106 HMC-1.1 cells per
point were used for each co-immunoprecipitation. Co-immu-
noprecipitations performed with GFP-Trap beads (Chro-
moTek) were carried out according to the manufacturer’s
instructions. Cell lysates were incubated with the beads at 4 °C
for 1–2 h. For co-immunoprecipitations performed with Pro-
tein A/G Plus-agarose beads, cells were lysed in 10% (v/v) glyc-
erol, 50 mMNaF, 20 mM Tris-Cl (pH 8.0), 2 mM EDTA, 137 mM

NaCl, 1% (v/v) Nonidet P-40, 100 �g/ml PMSF, 1 mM sodium
orthovanadate, 1�g/ml leupeptin, and 6�g/ml aprotinin for 15
min at 4 °C. Lysates were then centrifuged at maximum speed
for 10 min at 4 °C, and 50 �l of the samples was removed as the
whole cell lysate. Prior to incubation with the remainder of the
sample, 1�g of the relevant antibodieswas incubatedwith 25�l
of Protein A/G Plus-agarose beads overnight at 4 °C and
washed three times with lysis buffer. The remainder of the
lysates were then incubated with antibody-coupled beads for
2 h at 4 °Cwith rotation. The lysates and beadswere centrifuged
at 2200� g for 3min at 4 °C, the supernatant was removed, and
the beads were washed three times with 1ml of lysis buffer. The
immune complexes were eluted by the addition of 50 �l of
SDS/Laemmli buffer and analyzed by SDS-PAGE andWestern
blotting.
Confocal Microscopy—HEK-293T cells were set up at 0.5 �

105 cells/ml on poly-L-lysine-coated coverslips. 24 h later, they
were cotransfected with plasmids encoding TMED1-GFP and
ST2L-HA or TMED1-GFP and ER-cyan fluorescent protein
(CFP) or Golgi-CFP. 48 h post-transfection, cells were washed
twice with PBS and fixed by incubation with 2% formaldehyde
for 15 min at room temperature. If required, samples were
washed three times with PBS and then permeabilized with 0.2%
(v/v) Triton X-100 (Sigma) in PBS on ice for 10 min. Cells were
washed again and blocked with 2% (w/v) BSA in PBS for 1 h.
Primary anti-HA and secondary Alexa Fluor 647-labeled anti-
mouse antibodies were diluted in 2% BSA, and each one was
incubated with cells at room temperature for 1 h. Coverslips
were mounted on glass slides with Aqua-Poly/Mount (Poly-
Sciences, Inc.), sealed, and viewed with andOlympus FluoView
FV1000 imaging system.
Site-directed Mutagenesis of TMED1 and ST2L—The

QuikChange site-directed mutagenesis kit (Stratagene) was
used to mutate or delete certain bases in the TMED1 and ST2L
genes and to add a HA tag to the C terminus of ST2L. The
manufacturer’s instructionswere followedusing primers incor-
porating the desired mutations, deletions, or insertions.
Biochemical Protease Protection Assay—HEK-293T cells

were set up at 2� 105 cells/ml. 24 h later, cells were trypsinized
and washed twice with Dulbecco’s modified Eagle’s medium
and three times with Krebs-Henseleit buffer (110 mM potas-
sium acetate, 20 mM HEPES, and 2 mM MgCl2). Whole cell
extracts were prepared from one-quarter of the cells, and the
remaining three-quarters were transferred into three reaction
tubes. Cells in the three tubes were permeabilized on ice for 10
min in Krebs-Henseleit buffer containing 20 �M digitonin.
After permeabilization, one tube was spun down at 100,000 �g
for 30 min at 4 °C. The supernatant (cytosolic fraction) and the
pellet (membrane fraction) were separated and boiled in SDS/
Laemmli buffer. The two other tubes were incubatedwith 1mM

trypsin (Sigma) in the absence or presence of 1% (v/v) Triton
X-100 on ice for 30 min and then ultracentrifuged. The pellets
were boiled in SDS/Laemmli buffer and analyzed by SDS-PAGE
and Western blotting.
Transfection of HEK-293-hST2L Cells and HUVECs with

siRNA—HEK-293-hST2L cells were seeded at 1� 105 cells/ml,
and HUVECs were seeded at 7 � 104 cells/ml. 24 h later, HEK-
293-hST2L cells or HUVECs were transfected with a final con-
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centration of 5 nM or 10 mM siRNA oligonucleotides, respec-
tively, using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. After 48 h, cells were stimulated
with IL-33 for the times indicated. Supernatants were then col-
lected for analysis of cytokine levels.
Western Blotting—Protein samples were resolved on SDS-

polyacrylamide gels and transferred onto PVDF membranes
using a semidry transfer system (Cleaver Scientific). Mem-
branes were blocked in 5% (w/v) dried milk in TBS-T (50 mM

Tris-HCl (pH 7.6), 150 mM NaCl, and 0.1% (v/v) Tween 20) for
1 h at room temperature. Themembranes were incubated with
primary antibody diluted 1:1000 in 5% (w/v) dried milk in
TBS-T at 4 °C overnight or at room temperature for at least 2 h.
The membranes were then incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody diluted
1:2000 in 5% (w/v) dried milk in TBS-T for 1 h before being
developed by ECL (Cell Signaling Technology, Inc.) according
to the manufacturer’s instructions. Some membranes were
stripped using RestoreTM PLUS Western blot stripping buffer
(Thermo Scientific) according to the manufacturer’s instruc-
tions before being reprobed.
RT-PCR—Total RNA from cells seeded in 24-well plates was

extracted using the RNeasy kit (Qiagen) and was reverse-tran-
scribed by the SuperScript II reverse transcription kit (Invitro-
gen) according to the manufacturers’ instructions. The cDNA
generated served as a template for the amplification of TMED1
or GAPDH by real-time PCRwith Platinum SYBRGreen qPCR
SuperMix (Invitrogen) to determine the relative amounts of
TMED1 mRNA. The 7900HT fast real-time PCR system
(Applied Biosystems) was used for real-time PCR, and the
cycling threshold method (2���Ct) was used for relative quan-
tification by the comparative method after normalization to
GAPDH expression. The TMED1 primers used were 5�-TCC-
GAGAAGCTGGTGTTCTT-3� (forward) and 5�-CAGTAG-
CGTGAGCATCTGGA-3� (reverse).
Enzyme-linked Immunosorbent Assay—For cytokine mea-

surements, HEK-293-hST2L cells orHUVECswere transfected
with siRNA in triplicate. 48 h post-transfection, theywere stim-
ulated in triplicate with IL-33 at 20 or 40 ng/ml for the required
time. Supernatants were then removed and analyzed for IL-8 or
IL-6 using ELISA kits according to the manufacturer’s
instructions.

RESULTS

TMED1 Interacts with ST2L—Aprevious study carried out to
identify ST2L-binding proteins led to the identification of a
novel protein, nowknown asTMED1.The putative ST2L-bind-
ing protein was identified by screening cell lines for their ability
to bind a ST2L-Fc fusion protein, and cDNA clones of the puta-
tive binding protein were then isolated using an expression
cloning strategy (22). Although this method resulted in the
identification of TMED1, the purported interaction was not
confirmed by any othermeans, and the functional consequence
of this interaction remained unknown.
We sought to confirm the interaction using alternative

approaches. Co-immunoprecipitation assays were performed
in HEK-293-hST2L cells. As shown in Fig. 1A, TMED1-GFP
immunoprecipitated together with ST2L in HEK-293-hST2L

cells, whereas empty vector-GFP did not (compare lanes 1 and
2). ST2L appears as a doublet on the Western blot, and this is
more than likely due to glycosylation of ST2L. To determine the
specificity of this interaction, we utilized the related TMED
proteins TMED2-GFP, TMED3-GFP, and TMED7-GFP and
found that none of these could interact with ST2L (Fig. 1B,
compare lane 1 with lanes 2–4). The association between
TMED1 and ST2L was also confirmed with endogenous pro-
teins in the human mast cell line HMC-1.1. Fig. 1C shows that
endogenous TMED1 co-immunoprecipitated with endoge-
nous ST2L in human mast cells (compare lanes 1 and 2).
We also examined the co-localization of TMED1 and ST2L

inHEK-293T cells using confocal microscopy. As shown in Fig.
1D (lower left panel), transiently overexpressed TMED1-GFP
and ST2L-HA co-localized. TMED1-GFP primarily formed a
reticular pattern throughout the cell. This is a characteristic ER
pattern, and TMED1 localization in the ER was confirmed with
the use of ER-CFP (Fig. 1E, lower left panel). TMED1 was also
capable of Golgi localization, which was confirmed using con-
focal microscopy, although this was less frequent than its local-
ization at the ER (Fig. 1F, lower left panel). ST2L also had an
ER-like pattern with amore prominent concentration in a peri-
nuclear Golgi region (Fig. 1D).
Defining the Domains Responsible for the Interaction—Hav-

ing confirmed an interaction between TMED1 and ST2L, we
next investigated which domains of both proteins mediate the
interaction. Two additional ST2L constructs were generated
and are depicted Fig. 2A. As shown in Fig. 2A, the three Ig
domains of ST2L were removed, resulting in the construct
termed �IGST2L, whereas the TIR domain was removed in
�TIRST2L. Fig. 2B illustrates the results from the interaction
analysis with these constructs. Lane 2 in the first and second
panels of Fig. 2B shows the interaction between ST2L and
TMED1 as seen before. The Ig domains of ST2L were not
required for the interaction (Fig. 2B, first panel, lane 3). How-
ever, although �TIRST2L was expressed better in lysates (Fig.
2B, fifth panel, lanes 4 and 8) and pulled itself down to a greater
degree than WT ST2L (third panel, lanes 4 and 8), its ability
to interact with TMED1 was greatly impaired (first panel,
lane 4). These results were confirmed by immunoprecipitating
HA-tagged ST2L and blotting for TMED1-GFP (Fig. 2B, second
panel). The interaction was observed again (Fig. 2B, lane 2) and
was also evident with the Ig domains deleted from ST2L (lane
3). However, removal of the TIR domain obliterated the inter-
action (Fig. 2B, lane 4).
To determine which domains in TMED1 are responsible for

the interaction, four additional TMED1 constructs were gener-
ated shown in Fig. 3A. The GOLD domain of TMED1 contains
two cysteine residues at positions 45 and 106, which are well
conserved throughout the TMED family and are thought to
form a disulfide bond within this domain (18). In the construct
termed SSTMED1, both of these cysteine residues were con-
verted to serine residues, whereas domains were removed in
each of the other TMED1 constructs as shown in Fig. 3A.
TMED1 co-immunoprecipitated with ST2L (Fig. 3B, upper
panel, lane 2); however, each of the changes made to TMED1
greatly reduced its ability to interactwith ST2L.Mutation of the
cysteine residues and deletion of the GOLD domain both sig-
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nificantly disrupted the interaction to a similar degree (Fig. 3B,
upper panel, lanes 3 and 5, respectively). This demonstrates
that correct folding of the GOLD domain is of critical impor-
tance. However, removal of the linker and coiled-coiled regions
(Fig. 3B, upper panel, lane 6) further disrupted the interaction.
Deletion of the transmembrane domain also had a negative
impact on the interaction (Fig. 3B, upper panel, lane 4).

These experiments mapping the domains of TMED1 and
ST2L responsible for the interaction suggest that this is medi-
ated primarily by the GOLD domain of TMED1 and the TIR
domain of ST2L. The TIR domain of IL-1R/TIR family mem-
bers is known to be a cytosolic domain, required for intracellu-
lar signal transduction (23, 24). Therefore, whether ST2L is
positioned in a compartment of the early secretory pathway

FIGURE 1. TMED1 and ST2L interaction. A and B, HEK-293-hST2L cells were transfected with plasmids encoding empty vector-GFP, TMED1-GFP, TMED2-GFP,
TMED3-GFP, or TMED7-GFP as indicated. 48 h post-transfection, cells were lysed, 50 �l was kept as the whole cell lysate, and the remainder was immunopre-
cipitated (IP) with GFP-Trap beads for 1–2 h at 4 °C. Whole cell lysates and immunoprecipitated samples were analyzed by Western blotting using anti-GFP
and anti-ST2L antibodies. Results presented are representative of five (A) and two (B) independent experiments. IB, immunoblot. C, 2 � 107 HMC-1.1 cells
were lysed, and 50 �l was kept as the whole cell lysate. The remainder was immunoprecipitated with anti-rabbit IgG, anti-TMED1, or anti-ST2L
antibody-coupled Protein A/G Plus-agarose beads for 2 h at 4 °C. Whole cell lysates and immunoprecipitated samples were analyzed by Western
blotting using anti-TMED1 and anti-ST2L antibodies. Results presented are representative of four independent experiments. D, HEK-293T cells were
transiently transfected with plasmids encoding TMED1-GFP and ST2L-HA. 48 h later, cells were fixed, stained with anti-HA antibodies, and visualized by
confocal microscopy. Data shown are representative of a total of 70 cells analyzed in three independent experiments. The GFP tag is represented in
green, and ST2L-HA is represented in red. HEK-293T cells were transiently transfected with plasmids encoding TMED1-GFP and ER-CFP (E) or TMED1-GFP
and Golgi-CFP (F). 48 h later, cells were fixed and visualized by confocal microscopy. Data shown are representative of 82 (E) and 10 (F) cells from three
experiments in which a total of 82 cells were analyzed. The GFP tag is represented in green, and the CFP tag is represented in red.
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(such as the ER or Golgi), in an endocytic compartment, or at
the plasma membrane, the TIR domain will be in the cytosol.
To mediate the interaction, the GOLD domain needs to be
in the same cellular compartment. We have demonstrated that
TMED1 localizes to the ER and Golgi and wished to investigate
if the GOLD domain of TMED1 resides in the lumen of the ER
and Golgi or if it projects into the cytosol. We therefore carried
out a biochemical protease protection assay to determine this
(25). Western blots were immunoblotted using anti-TMED1
antibody generated using the immunogen sequence from posi-
tions 26 to 91 of TMED1 and therefore directed against the first
half of the GOLD domain. In Fig. 4, lane 1 shows TMED1
expression in whole cell lysates, and lane 2 reveals TMED1 in
the membrane fraction. No TMED1 was detected in the cyto-
solic fraction (Fig. 4, lane 3). Permeabilization of the plasma
membrane with digitonin allowed trypsin to digest the GOLD
domain of TMED1, as revealed by the disappearance of immu-
noreactivity to TMED1 using the antibody to its GOLDdomain
(Fig. 4, lane 4). Permeabilization of all membranes with Triton
X-100 also allowed TMED1 to be digested (Fig. 4, lane 5).

FIGURE 2. The TIR domain of ST2L is required for the TMED1/ST2L
interaction. A, schematic representation of full-length and truncated
ST2L-HA constructs tested for their ability to bind TMED1-GFP. SP, signal
peptide; Ig, immunoglobulin domain; TM, transmembrane domain.
B, HEK-293T cells were transfected with plasmids encoding empty vector-
GFP or TMED1-GFP along with wild-type ST2L-HA or truncated ST2L con-
structs (�IGST2L or �TIRST2L). 48 h following transfection, cells were
lysed, 50 �l was kept as the whole cell lysate, and the remainder was
immunoprecipitated (IP) with anti-GFP or anti-HA antibody-coupled Pro-
tein A/G Plus-agarose beads for 3 h at 4 °C. Whole cell lysates and immu-
noprecipitated samples were analyzed by Western blotting using anti-
GFP and anti-ST2L antibodies. Asterisks indicate antibody heavy chain
bands. Results presented are representative of three independent exper-
iments. IB, immunoblot.

FIGURE 3. The GOLD domain of TMED1 is required for the TMED1/ST2L
interaction. A, schematic representation of full-length, mutated, and trun-
cated TMED1-GFP constructs tested for their ability to bind ST2L. SP, signal
peptide; L CC, linker and coiled-coiled domain; TM, transmembrane domain;
C, C-terminal tail. B, HEK-293-hST2L cells were transfected with plasmids
encoding empty vector-GFP (EV-GFP), wild-type TMED1-GFP (WT), TMED1-
GFP mutant (SS), or truncated constructs (�TM, �GOLD, or �GLCC) as shown.
48 h post-transfection, cells were lysed, 50 �l was kept as the whole cell lysate,
and the remainder was immunoprecipitated (IP) with GFP-Trap beads for 1–2
h at 4 °C. Whole cell lysates and immunoprecipitated samples were ana-
lyzed by Western blotting using anti-GFP and anti-ST2L antibodies.
Results presented are representative of three independent experiments.
IB, immunoblot.
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This assay revealed that in digitonin-permeabilized cells, the
GOLD domain of endogenous TMED1 is sensitive to trypsin
digestion, suggesting that the GOLD domain extends into the
cytosol. This demonstrated, as expected, that TMED1 is mem-
brane-associated, but also showed that the GOLD domain of
TMED1 actually projects into the cytosol, thus allowing it to
associate with the TIR domain of ST2L.
TMED1 Is Involved in IL-33-mediated IL-8 and IL-6

Production—As TMED1 interacts with ST2L, we next investi-
gated if TMED1 plays a role in IL-33 signaling. Using two dif-
ferent siRNA oligonucleotides, we knocked down endogenous
TMED1 expression in HEK-293-hST2L cells. Fig. 5A shows
that TMED1-targeted siRNA reducedTMED1mRNAand pro-
tein levels in HEK-293-hST2L cells. Following siRNA transfec-
tion,HEK-293-hST2L cells were stimulatedwith either 20 or 40
ng/ml IL-33 for 8 or 24 h. TMED1 knockdown with both
siRNAs resulted in reduced IL-33-induced IL-8 production
using both concentrations of IL-33 and following stimulation
for either 8 or 24 h (Fig. 5B). Impaired IL-8 production was
statistically significant in all cases when TMED1 was knocked
down using siRNA-2. Although the effect did not reach statis-
tical significance when TMED1 was knocked down using
siRNA-1, the same trend of reduced IL-8 production in the
absence of TMED1was also observed in each case, again at both
concentrations of IL-33 and with stimulation for either 8 or
24 h.
To further examine the involvement of TMED1 in IL-33-

induced signal transduction, we evaluated the levels of IL-33-
induced IL-8 and IL-6 production in primary HUVECs follow-
ing TMED1 knockdown. Analysis of mRNA and protein levels
revealed that TMED1-targeted siRNAs were also successful in
reducing TMED1 mRNA and protein levels in primary
HUVECs (Fig. 5C). Knockdown of TMED1 in HUVECs clearly
impaired the IL-33-induced response, resulting in a significant
reduction in IL-8 production (Fig. 5D). Furthermore, TMED1
knockdown also resulted in reduced IL-33-induced IL-6 pro-
duction (Fig. 5E). These results demonstrate that results
obtained with HEK-293-hST2L cells are extendable to primary
cells and further strengthen the evidence of a role forTMED1 in
the IL-33 signaling pathway.

DISCUSSION

This study indicates a role for TMED1 in the ST2L signaling
pathway by demonstrating an interaction betweenTMED1 and
ST2L and the impairment of IL-33-induced IL-8 and IL-6 pro-
ductionwhenTMED1 is knocked down.The IL-1R/TLR super-
family member ST2L was classified as an orphan receptor for
many years until the identification of its ligand, IL-33, in 2005
(3). One study to identify the ST2L ligand identified the puta-
tive ST2L-binding protein TMED1 (22), a 227-amino acid type
I transmembrane protein that contains a GOLD domain, a
domain found mainly in proteins involved in vesicular trans-
port. There is mounting evidence of a role for GOLD domain-
containing proteins in the innate immune system. A TMED
homolog in Drosophila known as LOGJAM has been impli-
cated in the negative regulation of a large number of immune-
related genes, including targets of the Toll and Imd signaling
pathways (19). In mammals, TMED10 can bind to the MHC
class I heavy chain and may protect free MHC class I heavy
chains from destruction by ER-associated degradation (26).
TAG and TMED7, which contain GOLD domains, have been
demonstrated to negatively regulate MyD88-independent
TLR4 signaling by displacing the adaptor TRIF from TRAM in
the TLR4 signaling complex (20, 21). Given that TMED7 regu-
lates TLR4 signaling and that TMED1 has been shown to
potentially interactwith ST2L,we sought to determinewhether
TMED1 is involved in the ST2L signaling pathway.
Since the discovery of TMED1, no further progress has been

made with regard to the functional consequence of its pur-
ported association with ST2L. As the putative interaction was
revealed by a screening method to identify novel ST2L-binding
proteins and was not confirmed using other means, we first
sought to verify the interaction. Based on co-immunoprecipi-
tation and co-localization data, we can confirm an association
between TMED1 and ST2L by overexpression as well as
between the endogenous proteins.
Confocal microscopy revealed that TMED1 has a distinct

reticular pattern and localizes primarily to the ER but is also
capable of localizing to the Golgi. TMED proteins are mem-
brane-spanning proteins that were thought to have their N ter-
minus and GOLD domain located in the ER/Golgi lumen and
their C terminus on the cytosolic side of the membrane. How-
ever, recent data regarding TMED7 have demonstrated that it
possesses an N-terminal transmembrane domain that is
responsible for its ability to traverse the membrane and that its
GOLDdomain is actually located in the cytosolic compartment
(20). Transmembrane prediction programs used to analyze the
TMED1 sequence suggest that it does not possess a second
transmembrane domain located at the N terminus, which cor-
responds to the region in which the transmembrane domain in
TMED7 is found. However, protease protection experiments
have demonstrated that, like TMED7, the GOLD domain of
TMED1 projects into the cytosol. This topology provides a
rationale for how the TIR domain of ST2L, which is known to
be cytosolic (23, 24), and the GOLD domain of TMED1 can
associate, as it implies that both domains are in the cytosol.
As TMED7 has been implicated in the regulation of TLR4

signaling, we next sought to determine whether TMED1 is

FIGURE 4. The GOLD domain of TMED1 projects into the cytosol. Shown
are the results from a biochemical protease protection assay of HEK-293T
cells. Lane 1, whole cell lysate (WCL); lane 2, membrane fraction (MF); lane 3,
cytosolic fraction (CF); lane 4, membrane fraction plus trypsin; lane 5, mem-
brane fraction plus trypsin plus Triton X-100 (TX-100). Samples were analyzed
by Western blotting and probed with anti-TMED1 antibody. Results are rep-
resentative of three independent experiments. IB, immunoblot.
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involved in ST2L signaling. siRNA-mediated knockdown of
TMED1 did affect IL-33-induced signal activation, resulting in
reduced IL-8 and IL-6 production. Although TMED7 has been
implicated in the negative regulation of TLR4 signaling,
TMED1 has been found to positively modulate the ST2L sig-
naling pathway.
Receptor trafficking is now known to be an important player

in signal transduction,whether it is to aid receptor trafficking to

the correct location to allow signal transduction or to negatively
regulate signaling (27). The exactmechanismwhereby TMED1
is required for ST2L function still remains unclear. One possi-
bility is that TMED1 is needed to aid ST2L trafficking to the cell
surface bymodulating themovement of ST2L through the early
secretory pathway. Currently, there is limited information
available on TMED1. It is known to localize to the ER, ER/Golgi
intermediate compartment, and Golgi, and in the Golgi, it can

FIGURE 5. TMED1 is involved in IL-33 signaling. HEK-293-hST2L cells (A and B) or HUVECs (C–E) were transfected with control siRNA, TMED1 siRNA-1, or
TMED1 siRNA-2. RNA or protein from HEK-293-hST2L cells (A) or HUVECs (C) transfected with siRNA was analyzed by real-time PCR and Western blotting to
determine the levels of TMED1 knockdown. mRNA expression was normalized to GAPDH and is presented relative to negative siRNA-transfected cells, which
was set to 1. Data in A and C are representative of three independent experiments. IB, immunoblot. 48 h following transfection, HEK-293-hST2L cells (B) or
HUVECs (D and E) were stimulated with 20 or 40 ng/ml IL-33 for the times indicated, and supernatants were analyzed by ELISA. Results are expressed as percent
human (h) IL-8 or IL-6 induction and represent the mean � S.E. of results for three independent experiments, each carried out in triplicate. The asterisks indicate
statistical significance (unpaired two-tailed Student’s t test): *, p � 0.05; **, p � 0.01; ***, p � 0.001. NS, not significant.
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co-localize with TMED10 (16, 28). TMED1may also localize to
endocytic compartments, such as early endosomes, as the
related family member TMED7 has been shown to do so (20).
Although the internalization of ST2L ultimately results in the
degradation of the receptor, acting as a mechanism to limit
signal activation (14), it is possible that signal activation can
occur from intracellular endocytic compartments as well as
from the plasma membrane while ST2L is being internalized.
The localization of TMED1 at endocytic compartments may
allow TMED1 to associate with ST2L following the internaliza-
tion of the receptor complex (14) after IL-33 stimulation,
thereby allowing TMED1 to carry out its role in the IL-33/ST2L
signaling pathway.
In conclusion, we have confirmed the binding of the traffick-

ing protein TMED1 to the IL-33 receptor ST2L and have dem-
onstrated that TMED1 is required for optimal IL-33 responses.
Further investigation into the role ofTMED1 in the IL-33/ST2L
pathway will aim to decipher the mechanism by which this
occurs.
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