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STING regulatory behavior in mouse macrophages. siRNA
knockdown of Tmem203 or Sting was performed in immortalized
bone marrow-derived macrophages (iBMDMs), followed by 3-h
stimulation with the physiological STING ligand 2′3′-cGAMP or
the synthetic ligand DMXAA, also known as Vadimesan (38),
that selectively targets the mouse but not the human protein.
Efficient suppression of both Tmem203 and Sting was confirmed
by RT-qPCR analysis (Fig. 3 E and F). Similar to MDMs, 2′3′-
cGAMP robustly induced IFN-I expression in iBMDMs (SI
Appendix, Fig. S3E), and this was impaired by Tmem203 or Sting
knockdown (Fig. 3G). However, IFN-I induction by DMXAA
was only reduced by the knockdown of Sting, but not Tmem203
(Fig. 3G), suggesting that Tmem203 regulation of Sting may be
ligand-dependent. To further test this, we used primary bone
marrow-derived macrophages (BMDMs) isolated from WT or
CRISPR-Cas9–targeted Tmem203 knockout (KO) mice (SI Ap-
pendix, Fig. S3F) and stimulated them with DMXAA or 2′3′-
cGAMP. In controls, both STING ligands induced a marked
Ifnb1 up-regulation (SI Appendix, Fig. S3G), but only 2′3′-
cGAMP and not DMXAA mediated Ifnb1 expression was re-
duced by Tmem203 deficiency (Fig. 3H). In HeLa cells, which
express lower levels of STING than the RAW 264.7 cells used in
our initial screening (21), overexpression of TMEM203 alone did
not elevate proinflammatory activities, as measured by the acti-
vation of a previously described (39) luciferase reporter, but it
augmented overexpressed STING-induced responses (Fig. 3I).
Constitutive overexpression of Tmem203 in RAW 264.7 cells (SI
Appendix, Fig. S4B) significantly potentiated STING ligand-
induced IFN activation (Fig. 3J). From the above data, we con-
clude that TMEM203 is a critical regulator of STING-induced

type I IFN production and that its suppression impedes this
process in response to specific STING ligands.

TMEM203 Levels Regulate TBK1/IRF3 Activation Downstream of
STING. To further characterize the functional contribution of
TMEM203 to cGAMP-induced STING-signaling events, activa-
tion of TBK1 and IRF3 was compared between control and
TMEM203-overexpressing or knockout RAW 264.7 cells. Each
of these signaling molecules has previously been shown to be
phosphorylated (and thus activated) in a STING-dependent
manner, including responses to cytosolic dsDNA sensing (15,
40). While CRISPR/Cas9-mediated Tmem203 knockout in RAW
264.7 cells (SI Appendix, Fig. S4A) resulted in an impaired TBK1/
IRF3 phosphorylation (Fig. 4A), Tmem203 overexpression (SI
Appendix, Fig. S4B) augmented TBK1/IRF3 activation after 3′3′-
cGAMP stimulation (Fig. 4B). Similar TMEM203-dependent
changes were seen in these cells after human simplex virus-1
(HSV-1) infection (Fig. 4C), a dsDNA virus known to activate
the STING/TBK1/IRF3 signaling axis (41). Consistently, HSV-
1–stimulated IFNβ secretion was enhanced in Tmem203 over-
expressing cells (Fig. 4 D, Right) while it was impaired in Tmem203
knockout cells (Fig. 4 D, Left), confirming the functional signifi-
cance of Tmem203 in the regulation of STING-IFN signaling.
Finally, we analyzed IRF3 activation downstream of STING by

measuring the nuclear localization of IRF3 in control and
Tmem203-overexpressing macrophages. Activated STING in-
duces TBK1-IRF3 activation, leading to nuclear translocation of
IRF3 that is critical for the initiation of transcription of the type I
IFN genes (15). Elevated Tmem203 expression in RAW
264.7 cells indeed led to an enhanced, 3′3′-cGAMP–induced
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Fig. 2. TMEM203 interacts with STING and STIM1. (A–C) Tmem203 expression is transiently induced by inflammatory stimuli. Murine bone marrow-derived
macrophages were stimulated with LPS (A), 2′3′-cGAMP (B), or 3′3′-cGAMP (C) for the time indicated. The expression of Tmem203 was determined by RT-
qPCR, n = 2. (D) TMEM203 coprecipitates with STING. HEK293 T cells were transfected with either empty vector, FLAG-TMEM203, or Myc-STING. TMEM203-
containing complexes were immunoprecipitated (IP) using anti-FLAG–coated beads and blotted for Myc and FLAG, as indicated. Lysates were also immu-
noblotted for Myc and FLAG. n = 2. (E) Illustration of TMEM203-STING interaction by PCA. Tmem203 was tagged at its N terminus with the V1 fragment of
Venus yellow fluorescent protein while Sting was tagged at its N terminus with the V2 Venus fragment. Both Tmem203 and Sting proteins are predicted to
encode for four transmembrane domains (22, 54). Thus, this arrangement was predicted to localize the V1 and V2 tags to the same side of the lipid
membrane. (F and G). TMEM203 and its complex with STING are located in the cytoplasm, in perinuclear structures. HeLa cells were transfected with the
above-described Venus fusion protein expression plasmids. The “Venus” fluorescent signal, demonstrating TMEM203-STING interaction (F) or
TMEM203 dimerization (G), was visualized. (Magnification, 80×.) (Scale bar: 20 μm.) (H) TMEM203 forms dimers and interacts with STING in live cells. HEK293
T cells were cotransfected with the indicated fusion protein expression vectors; the Venus fluorescence signal was detected by flow cytometry. n = 4. (I)
TMEM203 coprecipitates with STIM1: HEK293 T cells were transfected with either empty vector, HA-TMEM203, or FLAG-STIM1. TMEM203-containing com-
plexes were immunoprecipitated (IP) using anti-FLAG–coated beads and blotted for HA and FLAG, as indicated. Lysates were also immunoblotted for HA and
FLAG. n = 2. (J) TMEM203 and STIM1 compete for binding to STING: TMEM203 and STING were tagged with the 1.1 and 2.1 fragment of Renilla luciferase,
respectively, to test for a molecular interaction between these proteins in live cells. Tmem203 and Sting fusion protein expression vectors, together with an
increasing dose of STIM1 expression vector, were transfected into HEK293 T cells. Relative luciferase activity was assessed 24 h posttransfection, n = 3.
IB: immunoblotting; MFI: mean fluorescence intensity.
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IRF3 nuclear localization (Fig. 4 E and F), in line with the time
frame observed for IRF phosphorylation (Fig. 4B).

Transmembrane Domains of STING Are Required for the Formation of
Its Complex with TMEM203. Having demonstrated the functional
significance of TMEM203-mediated regulation of STING, we
sought to further explore the mechanisms by which these two
proteins interact and investigate the underlying mechanisms of
selective, TMEM203-mediated regulation of STING activation.
Since TMEM203 regulates cGAMP-, but not DMXAA-induced
STING activation in macrophages, we proposed that these li-
gands may differentially influence the physical contact between
TMEM203 and STING. We established the Renilla fragment
protein complementation assay (Renilla PCA), which is based on
expressing Tmem203 or Sting in fusion with either the small part
(1.1) or the large part (2.1) of an engineered Renilla luciferase,
NanoBit (Fig. 5A). The association of TMEM203 and STING
causes a reversible assembly of a functional Renilla luciferase
enzyme, which then catalyzes the breakdown of luciferin. A ro-
bust interaction between TMEM203 and STING was observed
upon cotransfecting the Renilla PCA fusion constructs, and their
strong association was demonstrated by comparison with the

RelA–IκBα complex, which has been reported to form a stable
complex in resting cells (Fig. 5B). Next, we coexpressed 2.1N-
Sting and 1.1C-Tmem203 in HEK293T cells that were stimulated
with either 2′3′-cGAMP or DMXAA. We detected a rapid, time-
dependent reduction of the TMEM203–STING complex fol-
lowing cGAMP treatment, in contrast to an enhanced associa-
tion of these proteins upon DMXAA treatment (Fig. 5C). This
opposing effect of the two STING ligands on STING-
TMEM203 association is likely to underlie the differential reg-
ulation of STING signaling by TMEM203 as demonstrated in
BMDMs (Fig. 3 G and H).
TMEM203 is a 136-amino acid transmembrane protein with

no obvious regulatory domains at the exposed short cytoplasmic
regions. The protein sequence is highly conserved across verte-
brates, with only a 3-amino acid difference in the sequence be-
tween the human and the mouse genes (22) (SI Appendix, Fig.
S1). Thus, we speculated that the interaction between STING
and TMEM203 is likely to be coordinated by STING, which
contains complex regulatory domains. Although human and
mouse STING are only 81% similar in primary sequence and
68% similar in amino acid composition (10), functional domains
in STING are nonetheless spatially and structurally conserved
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Fig. 3. TMEM203 down-regulation impairs cGAMP-induced STING-mediated type I IFN expression. (A and B) Efficient TMEM203 knockdown in human
monocyte-derived macrophages (MDMs). MDMs were transiently transfected by scrambled control (siCtrl) or TMEM203 targeting siRNA. Posttransfection,
MDMs were left stimulated with ±4 μg/mL 2′3′-cGAMP (A) or 1 μg/mL 3′3′-cGAMP (B) for 3 h. TMEM203 knockdown was quantified by RT-qPCR. Multiple
Student’s t tests with Holm–Sidak corrections, n = 10 (A) and n = 4 (B). (C and D) TMEM203 knockdown impairs 2′3′-cGAMP (C) and 3′3′-cGAMP (D) induced
IFN-β production in MDMs. 2′3′-cGAMP (4 μg/mL) or 3′3′-cGAMP (1 μg/mL) stimulated (3 h) IFN-β production of siCtrl vs. siTMEM203-transfected MDMs from
four donors was compared by normalizing IFN-β levels of siTMEM203-treated cells to the siCtrl treatment for each individual. Student’s t test, n = 4. (E and F)
Efficient Tmem203 (E) and Sting (F) knockdown in immortalized mouse bone marrow-derived macrophages (iBMDMs). iBMDMs were transiently transfected
by scrambled control (siCtrl), Tmem203, or Sting targeting siRNA. Posttransfection, cells were left stimulated with ±25 μg/mL DMXAA or 20 μg/mL 2′3′-cGAMP
for 3 h. Tmem203 and Sting knockdown was quantified by RT-qPCR. Multiple Student’s t tests with Holm–Sidak corrections, n = 4. (G) 2′3′-cGAMP, but not
DMXAA, induced Ifnb1 expression is impaired by Tmem203 knockdown in iBMDMs. IFN-β induction by DMXAA (25 μg/mL) or 2′3′-cGAMP (20 μg/mL) stim-
ulation (3 h) in the siTmem203 or siSting transfected iBMDMs was compared with that in the siCtrl-treated cells. One-way ANOVA, n = 4. (H) 2′3′-cGAMP, but
not DMXAA, induced Ifnb1 expression is impaired by Tmem203 knockout in bone marrow-derived macrophages (BMDMs). BMDMs derived from WT or
Tmem203 knockout C57BL/6 mice were stimulated with DMXAA (50 μg/mL) or 2′3′-cGAMP (10 μg/mL) for 3 h before Ifnb1 expression levels were analyzed by
RT-qPCR. Multiple Student’s t tests with Holm–Sidak corrections, n = 6. (I) Tmem203 overexpression augments Sting-induced IL-8 activation. HEK293 T cells
were cotransfected with IFN-β reporter and plasmids expressing Sting, Tmem203, or controls. Data are expressed as fold change in reporter induction relative
to the control plasmid, with (gray bars) or without (black bars) stimulation of DMXAA (100 μg/mL, 6 h). Two-way ANOVA, n = 3. (J) Tmem203 overexpression
augments Ifnb activation in RAW 264.7 cells. Vector or Tmem203 overexpression (OE Tmem203) transfected RAW 264.7 cells were stimulated with 3′3′-cGAMP
for the time indicated. The expression of Ifnb was determined by quantitative RT-qPCR. Student’s t tests, n = 3. DMEM: Dulbecco’s Modified Eagle Medium;
DMSO: dimethyl sulfoxide. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns: not significant.
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