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Abstract 

Background TBK1 positively regulates the growth factor‑mediated mTOR signaling pathway by phosphorylating 
mTOR. However, it remains unclear how the TBK1‑mTOR signaling pathway is regulated. Considering that STING 
not only interacts with TBK1 but also with MARCH1, we speculated that MARCH1 might regulate the mTOR signaling 
pathway by targeting TBK1. The aim of this study was to determine whether MARCH1 regulates the mTOR signaling 
pathway by targeting TBK1.

Methods The co‑immunoprecipitation (Co‑IP) assay was used to verify the interaction between MARCH1 with STING 
or TBK1. The ubiquitination of STING or TBK1 was analyzed using denatured co‑immunoprecipitation. The level 
of proteins detected in the co‑immunoprecipitation or denatured co‑immunoprecipitation samples were determined 
by Western blotting. Stable knocked‑down cells were constructed by infecting lentivirus bearing the related shRNA 
sequences. Scratch wound healing and clonogenic cell survival assays were used to detect the migration and prolif‑
eration of breast cancer cells.

Results We showed that MARCH1 played an important role in growth factor‑induced the TBK1‑ mTOR signaling path‑
way. MARCH1 overexpression attenuated the growth factor‑induced activation of mTOR signaling pathway, whereas 
its deficiency resulted in the opposite effect. Mechanistically, MARCH1 interacted with and promoted the K63‑linked 
ubiquitination of TBK1. This ubiquitination of TBK1 then attenuated its interaction with mTOR, thereby inhibiting 
the growth factor‑induced mTOR signaling pathway. Importantly, faster proliferation induced by MARCH1 deficiency 
was weakened by mTOR, STING, or TBK1 inhibition.

Conclusion MARCH1 suppressed growth factors mediated the mTOR signaling pathway by targeting the STING‑
TBK1‑mTOR axis.
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Background
mTOR, as a serine/threonine protein kinase, belongs to 
the PI3K-related kinase family [1] and forms two dis-
tinct protein complexes, namely mTORC1 and mTORC2. 
mTORC1 is composed mainly of RAPTOR (regulatory 
associated protein of mTOR), mLST8 (also known as 
GβL), PRAS40 (proline-rich AKT substrate 40  kDa), 
and mTOR [2–5], while mTORC2 contains mainly Ric-
tor, mSin1, mLST8, and mTOR [1, 6–9]. mTORC1 and 
mTORC2 both respond to stimulation by growth fac-
tors. These growth factors activate mTORC1 via the 
phosphatidylinositol 3-kinase (PI3K)-AKT signaling 
pathway. After being activated, mTORC1 phosphoryl-
ates its downstream substrates, such as p70S6 Kinase 1 
(S6K1) and ULK1 [10, 11]. In response to growth factors, 
mTORC2 enhances its interaction with ribosomes via 
PI3K signaling [12], and then phosphorylates and acti-
vates downstream substrates, such as the AGC kinases 
Akt (also known as PKB) and SGK1 [13–15].

TBK1 is a serine/threonine kinase that takes part in 
diverse cellular processes, including innate immunity 
and cell survival/proliferation [16–18]. In antiviral innate 
immunity, cGAS (cGAMP synthase)-STING (a stimula-
tor of IFN genes, also known as MITA, MPYS and ERIS)-
TBK1 signaling pathway plays an important role against 
DNA virus infections [19, 20]. Upon detecting cyto-
plasmic DNA, STING is activated by cyclic-GMP-AMP 
(cGAMP) produced by cGAS, and translocates from 
the endoplasmic reticulum to the ER-Golgi intermedi-
ate compartment (ERGIC) [20]. STING then recruits 
and interacts with TBK1 to phosphorylate interferon 
regulatory factor 3 (IRF3), subsequently promoting the 
transcription of type-I interferon [19]. STING can also 
interact with and be phosphorylated at site Tyr245 by the 
epidermal growth factor receptor (EGFR), subsequently 
activating TBK1-IRF3-mediated interferon synthesis 
[21]. The interaction of STING and TBK1 therefore plays 
an important role in antiviral immunity. In addition to 
its role in immunity, aberrant TBK1 activation has been 
implicated in the oncogenesis of several types of cancer, 
such as breast and non-small cell lung cancer (NSCLC) 
[18]. TBK1 promotes cancer cell survival and prolif-
eration by phosphorylating mTOR at Ser 2159 [22, 23]. 
Moreover, TBK1 also interacts with S6K to regulate the 
mTORC1 signaling pathway [24]. Although the TBK1-
mediated mTOR signaling pathway has been investigated 
in detail, it remains unclear how the pathway is regulated.

Membrane-associated RING-CH-1 (MARCH1) is a 
member of the MARCH family of membrane-bound E3 
ubiquitin ligases, which play an important role in immu-
nity [25]. MARCH1 ubiquitinates CD86 to promote 
antigen presentation in dendritic cells (DCs) [25]. In B 
cells, MARCH1 promotes the ubiquitination of major 

histocompatibility complex class II (MHC-II) proteins 
[26]. In response to a human cytomegalovirus (HCMV) 
infection, MARCH1 is upregulated, which is helpful for 
the production of infectious virus titers by regulating 
iron levels [27]. Furthermore, MARCH1 inhibits IFN-I 
signaling pathway by promoting degradation of STING 
[28]. STING regulates the activity of TBK1 by directly 
interacting with TBK1 in innate immunity [19], whereas 
the TBK1-mediated mTOR signaling pathway plays an 
important role in tumor progression [22, 24]. However, 
it is unclear whether MARCH1 regulates tumor progres-
sion by targeting the TBK1-mTOR signaling pathway.

In this study, we showed that MARCH1 negatively reg-
ulated proliferation and migration of breast cancer cells 
by targeting the STING-TBK1-mTOR signaling pathway. 
MARCH1 interacted with TBK1 and promoted its K63-
linked ubiquitination, thereby suppressing its interaction 
with mTOR. Taken together, these results indicate that 
the MARCH1-STING-TBK1-mTOR axis plays an impor-
tant role in tumor progression of breast cancer cells.

Materials and methods
Cell culture and plasmids
The Sum159 and HEK293T cells were maintained in 
DMEM (Hyclone, USA) supplemented with 10% fetal 
bovine serum (OPCEL, China) and 1% penicillin- strep-
tomycin (SparkJade, China). The MCF7 and MFM223 
cells were maintained in RPMI1640 (Hyclone, USA) sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin. All the cells were cultured at 37 °C in a 
humidified atmosphere containing 5% CO2. The cell lines 
were all monitored to detect mycoplasma contamination, 
that showed they were not contaminated. The cells were 
then transfected with the related plasmids and 1  mg/
ml of PEI (YEASEN Biotech, China) according to the 
instructions of the manufacturer.

The related genes were amplified from HEK293T 
cDNA and then subcloned to pCDN3.1-flag, NBLV0051, 
MC-Myc-pCS2, or MC-HA-pCS2. The site directed 
mutagenesis of the related plasmids was constructed 
using a pair of complementary primers with the desired 
mutation.

Antibodies and reagents
The antibodies and reagents used in the study were as 
follows: p-TBK1 S172 (CST, 5483S); TBK1 (Protein-
tech, 28397-1-AP); p-S6K1 T389 (ABclonal, AP1059); 
S6K1 (ABclonal, A2190); p-AKT S473 (ABclonal, 
AP0637); AKT1 (CST, 2938S); mTOR (CST, 2983S); 
MARCH1 (ImmunoWay, YT2642); DYKDDDDK-Tag 
(Abmart, M20008L); MYC-Tag (CST, 2276S); V5-Tag 
(Abclonal, AE017); HA (CST, 3724S); HA (Abclonal, 
AE036); GAPDH (Abmart, M20006L); β-actin 
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(Abclonal, AC038); β-tublin (Abmart, M20005L); 
p-ULK1(S757) (CST, 6888); ULK1(Abclonal, 
A8529); SGK1(CUSABIO, CSB-PA021189LA01HU); 
p-SGK1(S422) (CUSABIO, CSB-PA050044); goat anti-
Mouse IgG HRP (Abmart, M21001S); goat anti-rabbit 
IgG HRP (Abmart, M21002S); goat anti-mouse IgG 
AF 488 (Abmart, M21011M); goat anti-rabbit IgG AF 
594 (Abmart, M21014M); goat anti-mouse IgG AF 
594 (Abmart, M21013M); goat anti-rabbit IgG AF 488 
(Abmart, M21012M); EGF (Solarbio, P00033); insulin 
(Solarbio, I8830); Rapamycin (Selleck, S1039) and H151 
(MCE, HY-112693); MG132 (Millipore, 474790); Torin 
1 (MCE, HY-13003); GSK8612 (MCE, HY-111941); and 
ZSTK474 (MCE, HY-50847).

Establishment of stable knock‑down cells
The shRNA sequences against the negative controls 
(NCs), MARCH1, or TBK1 were synthesized by Tsingke 
Biotech Co., Ltd and then ligated to the pLKO.1-TRC 
plasmid. The constructed shRNA plasmids were then 
transfected with psPAX2 and pMD2.G plasmids in 
HEK293T cells using 1  mg/ml of PEI (YEASEN Bio-
tech, China) according to the manufacturer’s instruc-
tions. After transfection for 48 h, the cell supernatant of 
HEK293T was collected and filtered using a 0.45 μm filter 
to infect the related cell lines. After infection for 48 h, the 
cells were selected with puromycin (2 ug/ml for Sum159, 
7 ug/ml for MCF7, and 1 ug/ml for HEK293T) until a sin-
gle cell colony was formed. The sequences against NC, 
MARCH1, TBK1, and Rictor were synthesized as follows: 
TTC TCC GAA CGT GTC ACG T for NC, GCA AGA TAT 
CAA CCA TGT ATT for MARCH1, GCA GAA CGT AGA 
TTA GCT TAT for TBK1, and CGT CGG AGT AAC CAA 
AGA TTA for Rictor.

Western blotting
The cells were rinsed with phosphate buffered saline 
(PBS) and then lysed with 1 × SDS loading buffer and 
boiled at 100℃ for 10 min. The cell lysates were electro-
phoresed on SDS-PAGE gels to separate the target pro-
teins and then transferred to polyvinylidene difluoride 
(PVDF) membranes (Cobetter, China). After blocking 
with 5% skimmed milk in tris-buffered saline with Tween 
20 (TBST) at room temperature for 1 h, the PVDF mem-
brane was sequential incubated with the related pri-
mary antibodies overnight at 4℃ and the corresponding 
secondary antibodies for 2  h at room temperature. The 
enhanced chemiluminescence (ECL) reaction was per-
formed using a ECL chemiluminescence substrate kit 
(Biosharp, China). All the experiments were repeated 
three times.

Immunoprecipitation
The HEK293T cells seeded in 100  mm cell culture 
dishes were co-transfected for 24  h with the corre-
sponding plasmids to overexpress the target proteins. 
After washing with PBS, the cells were lysed with ice 
cold NETN buffer (20 mM Tris pH-8.0, 150 mM NaCl, 
0.5% NP-40, and 1  mM EDTA) supplemented with an 
EDTA-free complete protease inhibitor cocktail (Sell-
eck). After shaking for 30 min at 4℃, the protein sam-
ples were separated by centrifugation at 4℃ for 10 min 
at 15,000 g and then incubated with the corresponding 
beads for 6 h at 4℃. After washing three times with ice 
cold NETN buffer, the Flag-bead bound proteins were 
eluted with 1 × SDS loading buffer and then boiled for 
5  min. The samples were separated and analyzed by 
Western blotting as described in the previous section. 
All the experiments were repeated three times.

For the denatured immunoprecipitation of ubiq-
uitination, HEK 293  T cells were lysed with 1 × SDS 
loading buffer and boiled at 100℃ for 10 min. The cell 
lysates were then mixed into octuple ice cold NETN 
buffer and incubated with the corresponding beads for 
6 h at 4℃. After washing three times with NETN buffer 
the beads were lysed with 1 × SDS loading buffer and 
boiled at 100℃ for 10 min.

Insulin and EGF assay
For growth factor stimulation, the cells were starved 
with serum-free cell medium for 50  min and then re-
stimulated with insulin or EGF for the indicated times. 
The final concentration of growth factors was kept 
at 100  nM for insulin and 25  ng/ml for EGF. Torin 1, 
GSK8612, H151, Rapamycin, and ZSTK474 were dis-
solved in dimethyl sulfoxide (DMSO) and added to the 
culture medium to a final concentration of 100 nM, 2 
μM, 1 μM, 5 μM, and 100 nM, respectively. Torin 1, 
GSK8612, Rapamycin, and ZSTK474 were added 50 
min prior to being lysed, while H151 was added 6 h 
prior to being lysed.

Scratch wound healing assay
When the MCF7 cells reached 90 -100% confluence in 
the six-well cell culture plates, linear scratch wounds 
were made on the cell surface layer using a 10 μL pipette 
tip. The cells were washed twice with PBS to remove 
cellular debris and then supplemented with a fresh cell 
culture medium free of fetal bovine serum. The scratch 
wounds were imaged at 0, 6, 12, 24, and 48 h and the area 
of the scratch wounds was measured by Image J The data 
were analyzed statistically using Student’s t-test. All the 
experiments were repeated three times.
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Clonogenic cell survival assay
MCF7 cells were seeded in six-well cell culture plates 
with about 1000 cells per well and then cultured for 14 
d in RPMI1640 with 10% fetal bovine serum. The cell 
culture medium was changed every three days. After 
cell colonies were observed, the cells were rinsed twice 
with PBS and then fixed with 4% paraformaldehyde for 
10  min. After washing three times with PBS, the cells 
were stained with 1 ml of crystal violet nonahydrate for 
10 min and the cells were then rinsed with PBS, dried, 
and imaged.

Statistical analyses
The gray value of each blot from p-AKT1, p-S6K1, 
p-TBK1, p-ULK1, and p-SGK1 was calculated with 
Image J (FIJI) and normalized to the loading control 
(β-actin for Figs. 1, 2, 3 and 5K and β- tubulin for Figs. 4 
and 5A, J). The normalized data from Figs. 1, 2, 3 and 
5K were then re-normalized to the value obtained from 
the first line of each blot. Similarly, the normalized data 
from Fig. 4B-I was re-normalized to the value obtained 
from the second or third lane of each blot.

Student’s t-test was used to compare two experimen-
tal conditions (Figs. S1E-N, S2F, I-O, S3C, S3G, S3I-K, 
S4A-C, S4E-G, S4I, 6B, D and F). For comparison of 
more than two conditions, a one-way ANOVA test was 
applied (Figs. S1A-D, S2A-E, S2G-H, S3A-B, S3D-F, 
S3H, S4D, S4H, and S4J-K).

All the statistical analyses and preparation of the col-
umns in the figures were performed using Graphpad 
Prism 8.0.

Results
MARCH1 negatively regulates the mTOR signaling pathway
To determine the role of MARCH1 in the mTOR 
signaling pathway, we constructed the MARCH1 
knocked-down breast cancer cell line. We showed that 
a deficiency of MARCH1 enhanced the phosphoryla-
tion level of S6K1 at T389 (p-S6K1) and AKT1 at S473 
(p-AKT1) in response to insulin stimulation (Figs.  1A 
and S1A). Similar results were obtained by stimula-
tion with EGF (Figs. 1B and S1B). However, overexpres-
sion of MARCH1 decreased insulin or EGF-induced 
p-S6K1 and p-AKT1 (Figs. 1C-D and S1C-1D). Moreover, 
MARCH1 overexpression suppressed the mTOR signal-
ing pathway in MFM223 cells (Figs.  1E and S1E),which 
express low level of endogenous MARCH1. A deficiency 
of MARCH1 also enhanced phosphorylation of ULK1 at 
S757 and SGK1 at S422 (Figs. 1F and S1F), which are the 
direct downstream proteins of mTORC1 and mTORC2, 
respectively. To determine whether the enhancement of 
the mTOR signaling pathway in MARCH1 deficient cells 
was due to a lack of MARCH1, we rescued shRNA-resist-
ant MARCH1 plasmids in MARCH1-deficient cells. The 
results showed that enhancement of the mTOR signaling 
pathway in MARCH1 deficient cells was attenuated by 
overexpression of MARCH1 (Figs.  1G and S1G). These 
results demonstrated that MARCH1 negatively regulated 
growth factor induction of the mTOR signaling pathway.

To further confirm whether MARCH1 acted upstream 
of the mTOR signaling pathway, we first incubated 
MARCH1-deficient cells with Rapamycin, an inhibi-
tor of mTORC1. In response to growth factor stimula-
tion, Rapamycin inhibited the enhanced p-S6K1 in the 
MARCH1-deficient cells, whereas it had little effect 

Fig. 1 MARCH1 negatively regulates growth factor induced mTOR signaling pathway. A‑B A deficiency of MARCH1 enhanced growth factor 
induced the mTOR signaling pathway. The stable knocked‑down negative control (shNC) and MARCH1 (shMARCH1) Sum159 cells lines were 
starved of serum for 50 min and re‑stimulated with 100 nM of insulin (A) or 25 ng/ml EGF (B) for 10 or 15 min. C‑D MARCH1 overexpression 
attenuated the mTOR signaling pathway. MCF7 cells expressing EV or MARCH1‑flag were starved of serum for 50 min and re‑stimulated with insulin 
(C) or EGF (D) at the times indicated. E MARCH1 overexpression suppressed the mTOR signaling pathway in MFM223 cells. MFM223 cells 
expressing EV or MARCH1‑flag were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. F The mTOR signaling pathway 
was enhanced in MARCH1‑deficient cells. shNC and shMARCH1 MCF7 cells were treated as described in A. G The rescue of MARCH1 in shMARCH1 
cells suppressed the mTOR signaling pathway. shMARCH1 Sum159 cells were rescued with a shRNA‑resistant MARCH1 plasmid. The cells were 
treated as described in F. H‑I Rapamycin suppressed the enhancement of the mTORC1 signaling pathway. Stable shNC or shMARCH1 Sum159 
cells were starved of serum for 50 min and re‑stimulated with insulin (H) or EGF (I) for 15 min. Rapamycin (5 μM) was added to the cells for 50 min 
prior to lysis of the cells. J An absence of Rictor inhibited the MARCH1 deficiency induced by mTORC2 activation. The shNC, shRictor, shMARCH1, 
or shMARCH1 + Rictor MCF7 cells were treated as described in F. K Torin 1 inhibited the mTOR signaling pathway. shNC and shMARCH1 MCF7 
cells were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. DMSO or Torin 1 (100 nM) was added to the cell culture 
medium for 50 min prior to lysis of the cells. L Torin 1 suppressed the enhancement of the mTOR signaling pathway in MFM223 cells. MFM223 
cells were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. DMSO or Torin 1 (100 nM) was added to the cell culture 
medium for 50 min prior to lysis of the cells. M ZSTK474 showed little effect on the mTOR signaling pathway in MARCH1‑deficient cells. The shNC 
and shMARCH1 MCF7 cells were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. DMSO or ZSTK474 (100 nM) 
was added to cell culture medium for 50 min prior to lysis of the cells. N The overexpression of the mTOR mutant (mTOR‑S2159D) prevented 
the attenuation of the mTOR signaling pathway induced by overexpression of MARCH1. MCF7 cells were overexpressed with the indicated plasmids 
and then starved of serum for 50 min, followed by stimulation with insulin (100 nM) for 15 min. All the experiments were repeated three times

(See figure on next page.)
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on p-AKT1 (Figs.  1H-I and S1H-1I). In addition, a lack 
of Rictor, an important component of mTORC2, only 
affected p-AKT1 in the MARCH1-deficient cells (Figs. 1J 
and S1J). Torin 1, an ATP-competitive mTOR inhibi-
tor with preferential activity against mTOR compared 

to PI3K [29], significantly inhibited the mTOR signaling 
pathway in MARCH1-deficient cells (Figs. 1K and S1K). 
Torin 1 also suppressed the mTOR signaling pathway in 
MFM223 cells (Figs. 1L and S1L). To determine the role 
of PI3K in the MARCH1-mediated mTOR signaling 

Fig. 1 (See legend on previous page.)
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pathway, we treated cells with ZSTK474, an ATP-com-
petitive inhibitor of PI3K and a weak mTOR inhibitor 
[30]. ZSTK474 treatment did not prevent the enhance-
ment of the mTOR signaling pathway in MARCH1-
deficient cells (Figs. 1M and S1M), which indicated that 
the MARCH1-mediated mTOR signaling pathway did 
not involve PI3K. Importantly, the overexpression of the 
mTOR phosphomimetic mutants (mTOR-S2159D, myc-
Mutant) restored the attenuation of the mTOR signaling 
pathway induced by MARCH1 overexpression (Figs. 1N 
and S1N). These results therefore suggest that MARCH1 
acts upstream of the mTOR signaling pathway.

TBK1 acts as the downstream protein of MARCH1 
to regulate the mTOR signaling pathway
Considering that TBK1 regulates the mTOR signal-
ing pathway by directly interacting with mTOR [22, 23], 
we speculated that MARCH1 may regulate the mTOR 
signaling pathway by targeting TBK1. To prove this 
hypothesis, we examined the effects of MARCH1 on 
the phosphorylation of TBK1 at the Ser172 site (p-TBK1 
S172), the marker of TBK1 activation. As expected, insu-
lin stimulation enhanced p-TBK1 S172 (Fig. 2A and S2A), 
which was markedly attenuated by overexpression of 
MARCH1 (Figs.  2A and S2A). As expected, MARCH1 
deficiency greatly enhanced p-TBK1 S172 (Figs.  2B-C 
and S2B-2C). These results suggested that MARCH1 may 
regulate the mTOR signaling pathway by targeting TBK1.

To further determine the role of TBK1 in the 
MARCH1-mediated mTOR signaling pathway, we first 
examined its effect on the mTORC1 signaling path-
way. Overexpression of TBK1 enhanced the p-S6K1 
in response to insulin stimulation (Figs.  2D-E and 

S2D-2E). Correspondingly, a lack of TBK1 suppressed 
the enhancement of p-S6K1 in MARCH1-deficient 
cells (Figs.  2F and S2F). In addition to promoting the 
mTORC1 signaling pathway, TBK1 overexpression also 
enhanced the mTORC2 signaling pathway (Figs.  2G-H 
and S2G-2H). Correspondingly, a lack of TBK1 atten-
uated the enhancement of p-AKT1 in MARCH1-
deficient cells (Figs.  2I and S2I). Furthermore, the 
decreased activity of the mTOR signaling pathway was 
not further attenuated by MARCH1 overexpression in 
TBK1-deficient cells (Figs.  2J and S2J). The rescue of 
shRNA-resistant MARCH1 plasmids in MARCH1-defi-
cient cells suppressed the activation of p-TBK1 S172 
(Figs. 2K and S2K). In addition, GSK8612, an inhibitor 
of TBK1 [31], clearly decreased the enhancement of the 
mTOR signaling pathway in MARCH1-deficient cells 
(Figs. 2L and S2L). GSK8612 also suppressed the mTOR 
signaling pathway in MFM223 cells (Figs. 2M and S2M). 
Importantly, GSK8612 did not attenuate the mTOR 
signaling pathway by overexpression of mTOR phos-
phomimetic mutants (mTOR-S2159D, myc-Mutant) 
(Figs. 2N and S2N). This finding further confirmed the 
upstream role of TBK1 in the mTOR signaling path-
way. To further determine the role of TBK1 in the 
mTOR signaling pathway, we detected phosphorylation 
of ULK1 (S757) and SGK1 (S422) in response to the 
mTOR inhibitor, Torin 1. The results showed that Torin 
1 clearly attenuated the enhancement of p-ULK1 and 
p-SGK1 induced by overexpression of TBK1 (Figs.  2O 
and S2O). Based on the results above, we consider that 
TBK1 acts as a downstream protein of MARCH1 to 
regulate the mTOR signaling pathway.

(See figure on next page.)
Fig. 2 TBK1 acts as the downstream protein of MARCH1 to regulate the mTOR signaling pathway. A MARCH1 overexpression attenuated 
the phosphorylation of TBK1 at S172. MCF7 cells overexpressing MARCH1‑flag were starved of serum for 50 min and re‑stimulated with insulin 
(100 nM) for 10 or 15 min. B‑C A deficiency of MARCH1 enhanced the phosphorylation of TBK1 at S172. The shNC and shMARCH1 Sum159 
(B) or MCF7 (C) cells were treated as described in A. D‑E TBK1 overexpression enhanced mTORC1 activity. The wild‑type (D) or shMARCH1 
(E) MCF7 cells expressing EV or TBK1‑flag were treated as described in A. F A deficiency of TBK1 suppressed the enhanced mTORC1 activity 
in MARCH1‑deficient cells. The shNC, shTBK1, shMARCH1, and shMARCH1 + TBK1 MCF7 cells were starved of serum for 50 min and re‑stimulated 
with insulin (100 nM) for 15 min. G‑H TBK1 overexpression enhanced the mTORC2 signaling pathway. Wild‑type (G) or MARCH1‑deficient MCF7 
cells (H) transfected with TBK1‑flag were treated as described in A. I A deficiency of TBK1 suppressed the enhanced mTORC2 signaling pathway 
in MARCH1‑deficient cells. The shNC, shTBK1, shMARCH1, and shMARCH1 + TBK1 MCF7 cells were treated as described in F. J The attenuated mTOR 
signaling pathway in TBK1‑deficient cells was not affected by MARCH1 overexpression. The shNC and shTBK1 MCF7 cells expressing MARCH1‑flag 
were treated as described in F. K The rescue of MARCH1 in shMARCH1 cells inhibited the phosphorylation of TBK1 at S172 induced by insulin. 
The shMARCH1 Sum159 cells were rescued with shRNA‑resistant MARCH1 plasmid. The cells were then treated as described in F. L GSK8612 
suppressed the enhanced mTOR signaling pathway in MARCH1‑deficient cells. The shNC and shMARCH1 Sum159 cells were starved of serum 
for 50 min and re‑stimulated with insulin for 10 and 15 min. DMSO or GSK8612 (2 μM) was added to cells for 50 min prior to them being lysed. M 
GSK8612 attenuated the mTOR signaling pathway in MFM223 cells. The wild type MFM223 cells were starved of serum for 50 min and re‑stimulated 
with insulin for 15 min. DMSO or GSK8612 (2 μM) was added to the cells for 50 min prior to them being lysed. N The overexpression of the mTOR 
mutant (mTOR‑S2159D) prevented the attenuation of the mTOR signaling pathway induced by GSK8612. MCF7 cells expressing the indicated 
proteins were treated as described in L. O Torin 1 aborted the enhancement of the mTOR signaling pathway in cells overexpressing TBK1. MCF7 
cells expressing EV or TBK1‑flag were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. Torin 1 (100 nM) was added 
to the cells for 50 min prior to them being lysed. All the experiments were repeated three times
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STING mediates the signal transduction from MARCH1 
to TBK1
Since TBK1 activation requires STING [21, 32], we then 

examined whether STING was involved in the growth 
factor-mediated MARCH1-TBK1-mTOR axis. H151, 
an inhibitor of STING activation, not only attenuated 

Fig. 2 (See legend on previous page.)
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p-TBK1 S172 but also attenuated p-S6K1 in response to 
insulin stimulation (Figs. 3A and S3A). Moreover, H151 
not only decreased p-S6K1 in MARCH1 overexpressed 
cells (Figs.  3B and S3B), but also decreased p-S6K1 in 

MARCH1-deficient cells (Figs.  3C and S3C). However, 
the overexpression of STING enhanced insulin-induced 
p-S6K1 (Figs. 3D and S3D). These results indicated that 
the activity of STING plays an important role in the 

Fig. 3 STING mediates signal transduction from MARCH1 to TBK1. A‑B The STING inhibitor H151 suppressed the mTORC1 signaling pathway. 
Wild‑type (A), or MARCH1 overexpressed (B) MCF7 cells were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 10 or 15 min. 
DMSO or H151 (1 μM) was added to the medium for 6 h prior to the cells being lysed. C H151 attenuated enhancement of the mTORC1 signaling 
pathway in MARCH1‑deficient cells. The shNC and shMARCH1 Sum159 cells were starved of serum for 50 min and re‑stimulated with insulin 
(100 nM) for 15 min. DMSO or H151 (1 μM) was added to medium for 6 h prior to the cells being lysed. D The overexpression of STING enhanced 
the mTORC1 signaling pathway. MCF7 cells expressing EV or STING‑flag were starved of serum for 50 min and re‑stimulated with insulin (100 nM) 
for 10 or 15 min. E‑G H151 suppressed the mTORC2 signaling pathway. Wild‑type (E), MARCH1‑overexpressed (F) or MARCH1‑deficient (G) Sum159 
cells were treated as described in A. H STING overexpression activated the mTORC2 signaling pathway. MCF7 cells expressing EV or STING‑flag 
were treated as described in D. I H151 attenuated the mTOR signaling pathway. The wild type MFM223 cells were starved of serum for 50 min 
and re‑stimulated with insulin (100 nM) for 15 min. DMSO or H151 (1 μM) was added to medium for 6 h prior to the cells being lysed. J A deficiency 
of TBK1 attenuated the enhancement of the mTOR signaling pathway induced by STING overexpression. The shNC and shTBK1 MCF7 cells 
expressing EV or STING‑MYC were starved of serum for 50 min and re‑stimulated with insulin (100 nM) for 15 min. K The overexpression of the mTOR 
mutants (mTOR‑S2159D, myc‑Mutant) prevented the attenuation of the mTOR signaling pathway induced by H151. MCF7 cells expressing 
the indicated plasmids were treated as described in C. All the experiments were repeated three times



Page 9 of 17Li et al. BMC Cancer          (2024) 24:902  

Fig. 4 STING mediates the indirect interaction between MARCH1 and TBK1. A MARCH1 did not interact with TBK1. HEK293T cells expressing 
the indicated proteins were lysed with NETN lysis buffer and then immunoprecipitated with flag beads to detect these proteins. B MARCH1 
interacted with STING. HEK293T cells transfected with the indicated plasmids were lysed with NETN lysis buffer and then immunoprecipitated 
with flag beads to detect the indicated proteins. 10 μM MG132 was added to the cells for 12 h prior to them being lysed. C MARCH1 interacted 
with the TBK1 in the presence of STING. HEK293T cells expressing the indicated proteins were treated as described in B. D The interaction 
between TBK1 and mTOR was enhanced in response to insulin stimulation. HEK293T cells expressing the indicated proteins were starved of serum 
for 16 h and re‑stimulated with insulin (100 nM) for 15 min. The collected cells were treated as described in A. E GSK8612 attenuated the interaction 
between TBK1 and mTOR. HEK293T cells expressing the indicated proteins were incubated with GSK8612 (2 μM) or Torin 1 (100 nM) for 50 min 
prior to the cells being lysed. F MARCH1 decreased the interaction between TBK1 and mTOR. HEK293T cells expressing the indicated proteins 
were treated as described in B. G MARCH1 decreased the interaction between TBK1 and S6K1. HEK293T cells expressing the indicated proteins 
were treated as described in B. H H151 decreased the interaction of TBK with mTOR or S6K1. HEK293T cells expressing EV or TBK1‑flag were 
treated with H151 (1 μM) for 6 h, and then subjected to immunoprecipitation with flag beads to detect the indicated proteins. I The interaction 
between STING and mTOR was weakened by a lack of TBK1 or overexpression of MARCH1. The shNC and shTBK1 HEK293T cells expressing 
the indicated proteins were treated as described in B. All the experiments were repeated three times
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growth factor- mediated MARCH1-TBK1-mTOR signal-
ing pathway.

In addition to its role in mTORC1, STING also regu-
lated the mTORC2 signaling pathway. We showed 
that H151 decreased p-AKT1 not only in wide type 
cells (Figs.  3E and S3E) but also in cells overexpressing 
MARCH1 (Figs.  3F and S3F). The increased activity of 
p-AKT1 in MARCH1-deficient cells was attenuated by 
H151 treatment (Figs.  3G and S3G). However, overex-
pression of STING enhanced insulin-induced activity 
of p-AKT1 (Figs.  3H and S3H). Importantly, H151 also 
attenuated the mTOR signaling pathway in MFM223 cells 
(Figs. 3I and S3I). Based on these results, we concluded 
that STING acts as a bridge to mediate signaling trans-
duction from MARCH1 to TBK1 to regulate the mTOR 
signaling pathway.

To further determine the role of STING in the TBK1-
mTOR signaling pathway, we overexpressed STING in 
TBK1-deficient cells. The results showed that enhance-
ment of the mTOR signaling pathway induced by STING 
overexpression was attenuated due to a lack of TBK1 
(Figs.  3J and S3J). Moreover, H151 treatment had lit-
tle effect on mTOR phosphomimetic mutants (mTOR-
S2159D, myc-Mutant) induced the increased activity of 
mTOR signaling pathway (Figs. 3K and S3K). This finding 
further emphasized the important role of STING activity 
in the mTOR signaling pathway.

STING mediates the interaction between MARCH1 
and TBK1
To determine how STING mediated signaling transduc-
tion from MARCH1 to TBK1, we detected whether these 
three proteins interacted with each other. The results of 
the immunoprecipitation assay showed that MARCH1 

did not interact with TBK1 in HEK293T cells (Fig. 4A). 
This may have been due to the deficient expression of 
STING in the HEK293T cells [33, 34]. MARCH1 was 
shown to interact with STING (Figs. 4B and S4A), a find-
ing consistent with that of a previous report [28]. Moreo-
ver, MARCH1 interacted with TBK1 in the presence of 
STING (Figs. 4C and S4B). Therefore, STING acted as a 
crucial medium for the interaction between MARCH1 
and TBK1.

Considering that TBK1 interacts with mTOR to regu-
late the mTOR signaling pathway [22], we decided to 
determine whether MARCH1 affected the interaction 
between TBK1 and mTOR. We showed that TBK1 inter-
acted with mTOR (Fig.  4D), and this interaction was 
enhanced in response to insulin stimulation (Figs.  4D 
and S4C). However, this interaction was attenuated in 
response to the TBK1 inhibitor, GSK8612 (Figs.  4E and 
S4D), although the interaction was little affected by treat-
ment with the mTOR inhibitor, Torin 1 (Figs.  4E and 
S4D). In addition, the interaction was markedly attenu-
ated by overexpression of MARCH1 (Figs. 4F and S4E). 
TBK1 also interacted with S6K1 (Fig.  4G), a finding 
consistent with that of a previous report [22]. However, 
this interaction was also decreased by overexpression 
of MARCH1 (Figs.  4G and S4F). H151, an inhibitor of 
STING activity, also decreased the interaction between 
TBK1 and mTOR or S6K1 (Figs. 4H and S4G). As shown 
in Fig. 4I, STING interacted with mTOR. However, this 
interaction was attenuated by a lack of TBK1 or overex-
pression of MARCH1 (Figs. 4I and S4H). This indicated 
that the interaction between STING and mTOR was 
mediated by TBK1. Taken together, these results sug-
gested that the interaction between TBK1 and mTOR 
was regulated by MARCH1 and STING.

Fig. 5 MARCH1 promotes the ubiquitination of TBK1. A MARCH1 promoted the degradation of STING. HEK293T cells expressing the indicated 
proteins were incubated with DMSO or MG132 (10 μM) for 12 h. B MARCH1 promoted the ubiquitination of STING. HEK293T cells transfected 
with the indicated plasmids were lysed with 1 × SDS loading and then subjected to denatured immunoprecipitation with flag beads to detect 
the indicated proteins. 10 μM MG132 was added to cells for 12 h prior to the cells being lysed. C The ubiquitination of TBK1 was attenuated 
in response to insulin stimulation. HEK293T cells transfected with the indicated plasmids were starved of serum for 16 h and re‑stimulated 
with insulin for 15 min. The collected cells were lysed with 1 × SDS loading and then subjected to denatured immunoprecipitation with flag beads 
to detect the indicated proteins. D MARCH1 promoted the ubiquitination of TBK1. HEK293T cells expressing the indicated proteins were treated 
as described in B. E The ubiquitination of TBK1 mediated by MARCH1 was attenuated in response to insulin treatment. HEK293T cells expressing 
the indicated proteins were starved of serum for 16 h and re‑stimulated with insulin for 15 min. MG132 (10 μM) was added to cells for 12 h prior 
to the cells being lysed. F MARCH1 promoted the K63‑linked ubiquitination of TBK1. HEK293T cells expressed the indicated proteins treated 
as described in B. G MARCH1 mediated the K63‑linked ubiquitination of TBK1. HEK293T cells expressed the indicated proteins treated as described 
in B. H The ubiquitination of TBK1 induced by MARCH1 was not mediated by an autophagy process. HEK293T cells expressing the indicated 
proteins were lysed with 1 × SDS loading and then subjected to denatured immunoprecipitation with flag beads to detect the indicated proteins. 
DMSO or Bafilomycin A1 (Baf A1, 0.2 μM) was added to the cells for 12 h prior to them being lysed. I TBK1 K154R aborted its ubiquitination 
mediated by MARCH1. HEK293T cells expressing the indicated proteins were treated as described in B. J The decreased interaction between TBK1 
and mTOR induced by MARCH1 overexpression was restored by TBK1 K154R. The collected cells were lysed with NETN lysis buffer and then 
immunoprecipitated with flag beads to detect the indicated proteins. K TBK1 K154R enhanced the mTOR signaling pathway. The shNC and shTBK1 
MCF7 cells were rescued with shRNA‑resistant TBK1 or TBK1 K154R plasmids. The cells were then lysed to perform Western blotting

(See figure on next page.)
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MARCH1 promotes the ubiquitination of TBK1
As one of the membrane-bound E3 ubiquitin ligases, 
MARCH1 overexpression promoted ubiquitin 

proteasome-mediated degradation of STING (Figs. 5A-B 
and S4I), a finding consistent with those of a previ-
ous report [28]. However, overexpression of MARCH1 

Fig. 5 (See legend on previous page.)
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did not affect the protein level of TBK1 (Fig.  5A). We 
then investigated whether MARCH1 could ubiquit-
inate TBK1. Considering that HEK293T cells respond 
to stimulation by growth factors [35], we detected the 
ubiquitination of TBK1 in response to insulin stimulation 
in HEK293T cells. Following serum starvation, TBK1 
underwent ubiquitination (Fig.  5C), which was attenu-
ated in response to insulin stimulation (Fig. 5C). Moreo-
ver, the ubiquitination of TBK1 was enhanced greatly by 
overexpression of MARCH1 (Fig. 5D), which could also 
be decreased in response to insulin stimulation (Fig. 5E). 
Moreover, TBK1 primarily underwent K63-linked ubiq-
uitination mediated by MARCH1 (Figs.  5F-G). In addi-
tion, this ubiquitination mediated by MARCH1 was not 
via an autophagy process (Fig. 5H). To identify the ubiq-
uitinated site of TBK1, we constructed different mutation 
plasmids by mutating lysine (K) of TBK1 to arginine (R) 
and showed that the mutation of TBK1 K154 to R (TBK1 
K154R) aborted the MARCH1-mediated ubiquitina-
tion of TBK1 (Fig.  5I). Correspondingly, TBK1 K154R 
not only restored its decreased interaction with mTOR 
(Figs.  5J and S4J), but also enhanced the activity of the 
mTOR signaling pathway (Figs.  5K and S4K). Based on 
these results we concluded that MARCH1 promoted the 
k63-linked ubiquitination of TBK1.

MARCH1 deficiency promotes faster proliferation 
and migration of breast cancer cells
To explore the role of MARCH1 in the proliferation of 
cancer cells, we performed a clonogenic cell survival 
assay using MARCH1-deficient MCF7 cells. As shown 
in Fig. 6A-B, a deficiency of MARCH1 clearly promoted 
proliferation of MCF7 cells, whereas H151 or rapamy-
cin treatment markedly decreased the faster prolifera-
tion of MARCH1-deficient MCF7 cells (Fig.  6C-F). To 

determine the role of TBK1 and mTOR in cell prolif-
eration, we treated MARCH1-deficient cells with the 
TBK1 inhibitor, GSK8612 or the mTOR inhibitor, Torin 
1. The results showed that treatment with GSK8612 or 
Torin 1 obviously attenuated the faster proliferation in 
MARCH1-deficient cells (Fig.  6G-H). Moreover, TBK1 
K154R overexpression also promoted faster prolifera-
tion in breast cancer cells, which further confirmed the 
important role of TBK1 K154 (Fig.  6I-J). To further 
determine the effect of MARCH1 on the migration of 
tumor cells, we performed a scratch wound healing assay. 
The results showed that the MARCH1 deficient cells 
migrated faster than wild type MCF7 cells (Fig.  6K-L). 
These results confirmed the important role of MARCH1 
in the proliferation and migration of breast cancer cells.

Discussion
As an important hub of metabolic regulation, mTOR 
signaling, including mTORC1 and mTORC2, needs to 
be fine-tuned. In this study, we showed that MARCH1 
can simultaneously regulate the mTORC1 and mTORC2 
signaling pathways by targeting TBK1. In response to 
growth factor stimulation, MARCH1 interacts with 
STING/TBK1 and promotes their ubiquitination. Subse-
quently, the ubiquitinated TBK1 decreases its interaction 
with mTOR and attenuates mTOR signaling pathway, 
thus inhibiting the proliferation of breast cancer cells 
(Fig.  6M). However, the lack of MARCH1 greatly pro-
mote the proliferation of breast cancer cells by enhancing 
mTOR signaling pathway (Fig. 6M).

As one member of the MARCH family, MARCH1 can 
regulate immunity by ubiquitinating some downstream 
proteins, such as CD86, MHC-II, and STING [26, 28, 
36]. In addition, MARCH1 also regulates tumor progres-
sion. Su et  al. [37] reported that MARCH1 suppressed 

(See figure on next page.)
Fig. 6 A deficiency of MARCH1 enhanced breast cancer cell proliferation and migration. A‑B A deficiency of MARCH1 promoted the proliferation 
of breast cancer cells. Stable shNC or shMARCH1 MCF7 cells were seeded in six‑well plates and cultured for 14 d. The cell culture medium 
was changed every 3 d. The cells were fixed with 4% PFA and stained with crystal violet solution (A). The number of colonies was counted 
and analyzed statistically using GraphPad Prism 8.0 (B). C‑D H151 and rapamycin suppressed faster cell proliferation in MARCH1‑deficient breast 
cancer cells. Stable shNC or shMARCH1 MCF7 cells seeded in six‑well plates were cultured with DMSO, H151 (1 μM) or rapamycin (5 μM) for 14 d 
(C). The number of colonies was counted and analyzed statistically using GraphPad Prism 8.0 (D). E‑F Rapamycin suppressed the faster proliferation 
of MARCH1‑deficient breast cancer cells. Stable shNC or shMARCH1 MCF7 cells were seeded in six‑well plates and incubated with DMSO, 
or rapamycin (100 nM) for 14 d (E). The number of colonies was counted and analyzed statistically using GraphPad Prism 8.0 (F). G‑H Torin 1 
and GSK8612 suppressed the faster proliferation of MARCH1‑deficient breast cancer cells. Stable shNC or shMARCH1 MCF7 cells were seeded 
in six‑well plates and incubated with DMSO, Torin 1 (100 nM) or GSK8612 (2 μM) for 14 d (G). The number of colonies was counted and analyzed 
statistically using GraphPad Prism 8.0 (H). I‑J TBK1 K154R promoted the faster cell proliferation. shNC and shTBK1 MCF7 cells were rescued with EV, 
shRNA resistant TBK1‑flag or TBK1 K154R‑flag plasmids and cultured in six‑well plates for 14 d (I). The number of colonies was counted and analyzed 
statistically using GraphPad Prism 8.0 (J). K‑L A deficiency of MARCH1 enhanced the migration of breast cancer cells. Stable shNC or shMARCH1 
MCF7 cells were scratched, washed twice with PBS and then cultured further with medium free of FBS. The images were acquired at 0, 6, 12, 24 
and 48 h after scratching (K). The areas of migration were calculated using Image J and analyzed statistically using GraphPad Prism 8.0 (L). M 
A schematic showing the mechanism by which MARCH1 regulates mTOR signaling pathway via targeting TBK1. All the experiments were repeated 
three times. The error bars indicate the mean (SD). *p < 0.05, **p < 0.01
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Fig. 6 (See legend on previous page.)
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bladder cancer growth, while Xu et al. [38] demonstrated 
that MARCH1 expression was decreased significantly 
in colon adenocarcinoma (COAD), lung adenocarci-
noma, lung squamous cell carcinoma (LUSC), prostate 
adenocarcinoma (PAAD), and rectum adenocarcinoma 
(READ). Moreover, high expression of MARCH1 was 
always linked with better overall survival in lower grade 
glioma (LGG), lung adenocarcinoma, and skin cutane-
ous melanoma (SKCM) [38]. In the current study, we 
revealed the role of MARCH1 in tumor progression 
of breast cancer. MARCH1 interacts with TBK1 in the 
presence of STING and promotes the ubiquitination of 
TBK1 to negatively regulate the mTOR signaling path-
way. Importantly, a deficiency of MARCH1 promotes 
the migration and the colony formation of breast cancer 
cells, which can be blocked by H151 (STING inhibitor), 
GSK8612 (TBK1 inhibitor), or Torin 1 (mTOR inhibitor). 
Therefore, MARCH1 may act as tumor suppressor gene 
in some cancers.

Since acting an important role in diverse cellular pro-
cesses, such as immunity and autophagy [16, 39–41], the 
activity of TBK1 needs to be fine-tuned. The activity of 
TBK1 can be regulated by many post-translational modi-
fications, such as phosphorylation and ubiquitination 
[42–45]. TBK1 can be auto-phosphorylated at S172 [18], 
which is recognized as active status. In addition, TBK1 
S172 can also be phosphorylated by ULK1 and IKKβ [46, 
47],thus regulating its activity. Besides, TBK1 activity can 
also be regulated by its ubiquitination at different sites. 
Wang et al. [48] reported that ubiquitination of TBK1 at 
K69 positively regulated its activity in response to a RNA 
virus infection. Similarly, Tu et  al. [49] showed that the 
activity of TBK1 was positively regulated by its ubiq-
uitination at the K30 and K401 sites. Moreover, TBK1 
activity can be positively or negatively regulated by ubiq-
uitination at the K670 site [50]. The current study showed 
that ubiquitination of TBK1 at the K154 site negatively 
regulated its activity in the growth factor-induced mTOR 
signaling pathway. However, Wang et  al. [48] reported 
that ubiquitination at the K154 site promoted its activ-
ity in RNA virus-mediated innate immunity. Similarly, 
Lin et  al. [50] reported that ubiquitination of TBK1 at 
the K670 site by different E3 ubiquitin ligases had the 
opposite effect on activity. Since the enhanced activity of 
TBK1 (TBK1 K154R) promotes the proliferation of breast 
cancer cells by targeting the mTOR signaling pathway, it 
is possible that ubiquitination of TBK1 at different sites 
may also regulate this proliferation by affecting its activ-
ity. However, the effects of TBK1 ubiquitination at differ-
ent sites on the proliferation of breast cancer cells may 
depend on the E3 ubiquitin ligases which mediate the 
reaction.

As a serine/threonine kinase, TBK1 plays an important 
role in the mTOR signaling pathway. TBK1 activates the 
pathway by directly interacting with and phosphorylat-
ing mTOR on Ser2159 [22, 23] and activating mTORC1 
by direct phosphorylation of AKT1 [51, 52]. In addi-
tion, TBK1 interacts with S6K to regulate the mTORC1 
pathway [24]. However, it remains unknown how TBK1 
mediation of the mTOR signaling pathway is regulated. 
We showed that MARCH1 promotes K63-linked ubiq-
uitination of TBK1 at K154 site to regulate the mTOR 
signaling pathway, while MARCH1 overexpression atten-
uated the interaction between TBK1 and mTOR, result-
ing in reduced activity of the pathway. However, TBK1 
K154R restored this decreased interaction with mTOR 
induced by overexpression of MARCH1. Importantly, the 
TBK1 K154R mutation obviously promoted the prolifera-
tion of breast cancer cells. Taken together these findings 
indicate that TBK1 has a positive role in the regulation 
of the mTOR signaling pathway. However, Kim et al. [53] 
reported that TBK1 inhibited the mTOR signaling path-
way by interacting with mTOR in prostate cancer cells. 
There is also evidence in mice that TBK1 mediates inhi-
bition of mTOR [54, 55]. These findings suggest that the 
different roles of TBK1 in mTOR signaling pathway may 
depend on the tissue-type.

As important proteins in innate immunity, STING and 
TBK1 play important roles in tumor progression. Activa-
tion of STING increases the presentation of tumor-asso-
ciated antigens to  CD8+ T cells by activating DCs [56]. In 
addition to promoting the trafficking and infiltration of T 
cells to tumors [57, 58], activation of STING also plays 
an important role in the recognition and killing of cancer 
cells by T cells [59, 60]. However, An et al. [61] reported 
that TBK1 had a negative role in immune infiltration of 
immune cells other than  CD4+ T cells in pan cancers. In 
addition, high expression of TBK1 in tissues from hepa-
tocellular carcinomas were shown to be associated with 
reduced tumor-infiltrating  CD8+ T-cells and increased 
levels of immunosuppressive markers [62]. There is evi-
dence from animal models of cancer immunotherapy 
that the deletion of TBK1 in dendritic cells causes T cell 
activation, subsequently enhancing antitumor immunity 
[63]. STING and TBK1 also have important roles in can-
cer cells. Activation of STING directly triggers cancer cell 
death in malignant B cells [64], while in triple-negative 
breast cancer, STING has been shown to have anti-tumor 
effects by promoting the type-I IFN signaling pathway 
[65]. In contrast, STING has been reported to promote 
the survival of breast cancer cells by enhancing DNA 
damage response and the activity of the IL-6-STAT3 
survival pathway [66–68]. STING activation can also 
facilitate cancer metastasis by producing inflammatory 
cytokines [69], while intracellular STING inactivation 
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sensitizes breast cancer cells to genotoxic agents [70]. 
These findings therefore indicate that high expression of 
STING is associated with an increased risk of relapse in 
breast cancer patients receiving adjuvant chemotherapy 
[68]. Similarly, increased TBK1 expression and/or aber-
rant TBK1 activity have been reported in many types of 
cancers, such as breast cancer [71], which may be due to 
the high expression of TBK1 promoting viability, prolif-
eration, migration, and invasion of cancer cells through 
activation of the mTOR signaling pathway [72]. Barbie 
et  al. [73] reported that TBK1 promotes cell survival 
and proliferation in some KRAS mutant cells. Therefore, 
TBK1 inhibition sensitizes breast cancer cells to tamox-
ifen-induced cell death [74]. In this study, we identified 
that the STING-TBK1-mediated mTOR signaling path-
way also played an important role in the proliferation of 
breast cancer cells. STING or TBK1 inhibition markedly 
attenuated the MARCH1 deficiency induced by faster 
proliferation of breast cancer cells. This may explain the 
positive role of STING/TBK1 in tumor progression of 
breast cancer.

The cell experiments in our study also showed that 
MARCH1 mediated the TBK1-mTOR signaling path-
way to both respond to insulin and EGF stimulation in 
breast cancer cells. This finding is different from that of 
a previous study by Bodur et  al. [22] in mouse embry-
onic fibroblasts that demonstrated TBK1 mediated the 
mTOR signaling pathway only in response to EGF stimu-
lation. In contrast, Tooley et al. [23] confirmed that both 
insulin and EGF stimulated TBK1 to mediate the mTOR 
signaling pathway in mouse embryonic fibroblasts. We 
consider this discrepancy may be due to the different 
experimental conditions used in the two studies.

Conclusions
In summary, we demonstrated that MARCH1 suppresses 
the TBK1-mTOR signaling pathway by promoting ubiq-
uitination of TBK1. MARCH1 interacts with TBK1 and 
promotes K63-linked ubiquitination, which subsequently 
decreases the interaction with mTOR, resulting in sup-
pression of the mTOR signaling pathway. Importantly, a 
deficiency of MARCH1 promotes the proliferation and 
migration of breast cancer cells. This study therefore 
sheds light on the mechanism of the MARCH1-STING-
TBK1-mTOR signaling pathway and offers a theoretical 
basis for the treatment of breast cancer.
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Fig. 3A‑D. (E‑H) Quantitation of p‑AKT1 S473 and p‑TBK1 S172 in Fig. 3E‑H. 
(I‑J) Quantitation of p‑AKT1 S473, p‑S6K1 T389, and p‑TBK1 S172 in Fig. 3I‑J. 
(K) Quantitation of p‑S6K1 T389 and p‑AKT1 S473 in Fig. 3K. The chart 
quantitates three independent experiments each with n = 1 (n = 3 total). 
The data are expressed as mean (SD). *P ≤ 0.05, **P ≤ 0.01. Supplementary 
Figure 4. (A‑B) Quantitation of STING‑myc in Fig. 4B‑C. (C‑E) Quantitation 
of mTOR in Fig. 4D‑F. (F) Quantitation of S6K1 in Fig. 4G. (G) Quantitation 
of mTOR and S6K1 in Fig. 4H. (H) Quantitation of mTOR in Fig. 4I. (I) Quan‑
titation of STING‑myc in Fig. 5A. (J) Quantitation of mTOR in Fig. 5J. (K) 
Quantitation of p‑AKT1 S473, p‑S6K1 T389, and p‑TBK1 S172 in Fig. 5K. The 
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