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MYSM1 promotes lung adenocarcinoma
progression via TRAF2/3-mediated
activation of MAPK and non-canonical

NF-kB pathways
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MYSM1, a deubiquitinating enzyme, is markedly overexpressed in lung adenocarcinoma (LUAD) and
correlates with advanced disease stage and poor prognosis. Functional assays demonstrated that
MYSM1 promotes LUAD cell proliferation and migration in vitro and in vivo. Mechanistically, MYSM1
interacts with TRAF2 and TRAF3 via its SWIRM domain, removing K63-linked polyubiquitin chains to
decrease TRAF2-TRAF3 complex stability. This process impairs NIK degradation and sustains non-
canonical NF-kB activation while simultaneously promoting MAPK (p38, JNK) signal pathway. Rescue
experiments indicate that inhibiting TRAF2 or TRAF3 can attenuate MYSM1-induced activation of the
MAPK pathway. These findings identify MYSM1 as a novel regulator of TRAF2-TRAF3 complex
stability and a potential prognostic biomarker and therapeutic target in LUAD.

According to the Global Lung Cancer Database (GLOBOCAN), lung cancer
ranks first in incidence and mortality among men, and is the second most
common malignancy after breast cancer—but the leading cause of cancer-
related death—among women'. Globally, approximately 2 million new lung
cancer cases are diagnosed each year, resulting in about 1.76 million deaths™.
Lung cancer is classified into two major pathological types: non-small cell
lung cancer (NSCLC), accounting for ~85% of cases, and small cell lung
cancer (SCLC), representing15%’ NSCLC comprises several histological
subtypes, including adenocarcinoma (~40%), squamous cell carcinoma
(~25%), and large cell carcinoma (~10%), with adenocarcinoma being the
most prevalent. Current treatment strategies for lung cancer—surgery,
chemotherapy, radiotherapy, and their combinations—are often hindered
by therapy resistance and disease progression, contributing to a dismal
5-year survival rate of only 10-20% in most countries’.

In recent decades, the emergence of precision oncology, exemplified by
molecularly targeted therapies and immune checkpoint inhibitors, has
improved survival for subsets of advanced lung cancer patients’. Targeted
therapies, in particular, have deepened our understanding of disease biology
and revealed oncogenic driver alterations that serve as therapeutic targets®’.
High-throughput sequencing has identified numerous molecular altera-
tions in lung adenocarcinoma, some of which are actionable, marking a new
era of precision medicine for this disease’. Nonetheless, additional

molecular targets are urgently needed to expand personalized treatment
options and improve outcomes for diverse patient populations.

Ubiquitination is a key regulatory mechanism for many signaling
pathways, and its dysregulation is closely linked to cancer initiation, pro-
gression, and metastasis’. In human cells, approximately 100 deubiquiti-
nating enzymes (DUBs) function in concert with E3 ubiquitin ligases to
dynamically modulate ubiquitin signaling by removing ubiquitin from
specific substrates'”. The balance between ubiquitination and de-
ubiquitination is critical for adapting to cellular signals and stress. DUBs
are increasingly recognized as modulators of oncogenic pathways, with
individual enzymes influencing multiple cancer hallmarks—sometimes in
both tumor-promoting and tumor-suppressing capacities'"'”. Compre-
hensive investigation of DUBs in relevant cancer models will facilitate the
development of DUB-targeted therapies for specific patient subgroups''. In
this context, identifying DUBs with functional roles in lung adenocarci-
noma and elucidating their molecular mechanisms may provide novel
therapeutic opportunities'*™.

Histone H2A was the first identified ubiquitinated protein and remains
the most ubiquitinated nuclear protein'®. The lysine 119 (K119) site is the
predominant mono-ubiquitination site, present on ~10% of nucleosomal
H2A". De-ubiquitination at H2A K119 is catalyzed primarily by BAP1,
USP16, and MYSM1 (Myb-like SWIRM and MPN domain-containing
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protein 1). MYSM1 enhances chromatin accessibility by specifically
removing H2A K119 mono-ubiquitination, thereby promoting
transcription'®. Beyond chromatin remodeling, MYSM1 has been impli-
cated in hematopoiesis, immune responses, and host defense against
infection'””". Emerging evidence suggests that MYSM1 also plays diverse
roles in tumorigenesis: it suppresses colorectal cancer progression via H2A
de-ubiquitination-mediated activation of the miR-200/CHH1 axis®, pro-
motes prostate cancer progression by synergizing with androgen receptor
signaling™, and sensitizes triple-negative breast cancer cells to cisplatin by
inactivating the RSK3-phospho-BAD pathway”’. However, the functional
role and molecular mechanisms of MYSM1 in lung adenocarcinoma
remain largely unknown. Addressing this gap is of both scientific and
clinical importance, as it may reveal novel regulatory pathways and ther-
apeutic targets for this aggressive cancer subtype.

Results

MYSM1 is upregulated in lung adenocarcinoma and predicts
unfavorable patient outcomes

To investigate the potential role of MYSMI in lung adenocarcinoma
(LUAD), we first compared its expression in tumor versus normal tissues
using publicly available transcriptomic datasets. Analysis of the GSE117049
dataset from the GEO database and TCGA LUAD data revealed sig-
nificantly elevated MYSM1 mRNA levels in LUAD tissues compared with
matched normal lung tissues (Fig. 1A). To assess clinical relevance, we
performed survival analysis using both the GEPIA platform and the
Kaplan—Meier Plotter. In both datasets, LUAD patients with high MYSM1
expression had significantly reduced overall survival compared to those with
low expression (Fig. 1B). To validate these findings at the protein level, we
performed immunohistochemistry (IHC) on a tissue microarray containing
87 pairs of LUAD and adjacent non-tumorous lung tissues. MYSM1
immunoreactivity was markedly higher in tumor tissues compared to
adjacent non-cancerous counterparts (Fig. 1C, D). H score analysis
demonstrated statistically significant upregulation of MYSMI in LUAD.
Kaplan-Meier survival analysis based on IHC scores showed that high
MYSMI protein expression correlated with poorer prognosis (Fig. 1E).
Clinicopathologic correlation analysis revealed significant associations
between MYSM1 expression and patient age, histopathological grade,and T
stage (Supplementary Table S4). Importantly, multivariate Cox regression
analysis confirmed MYSM1 as an independent prognostic factor for LUAD
(Supplementary Table S5). These findings indicate that MYSMI1 is both
overexpressed and clinically relevant as a prognostic marker in LUAD.

MYSM1 promotes proliferation of LUAD cells in vitro

To examine the functional role of MYSM1, we first profiled its expression
in a panel of LUAD cell lines (H1299, PC9, H1975, A549) and the
immortalized bronchial epithelial cell line BEAS-2B. MYSM1 protein
levels were highest in H1299, moderately high in PC9, and lowest in A549
(Fig. 1F). Then, we designed four siRNA sequences targeting MYSM1 and
validated knockdown efficiency by Western blotting in H1299 and PC9
cells, selecting the most efficient sequence for lentiviral ShRNA construc-
tion (Supplementary Fig. A, B). In parallel, a MYSMI1 overexpression
lentiviral vector was generated for A549 cells. After puromycin selection,
stable knockdown (H1299, PC9) and overexpression (A549) lines were
established and validated (Fig. 2A). On this basis, we conducted a number
of experiments to assess the impact of MYSM1 on the growth potential of
lung adenocarcinoma cells using in vitro tests. CCK-8 assays revealed that
MYSMI1 knockdown significantly decreased cell proliferation in H1299
and PC9, whereas MYSM1 overexpression enhanced proliferation in A549
(Fig. 2B). The EdU assay demonstrated that knockdown of MYSMI in
H1299 and PC9 cell lines decreased the proportion of proliferating cells in
lung adenocarcinoma cells (Fig. 2C). Clone formation assays, on the other
hand, confirmed that knockdown of MYSM1 in H1299 and PC9 cell lines
decreased the number of clonal clusters of lung adenocarcinoma cells,
while overexpression of MYSMI in A549 cell line increased the number of
clonal clusters of lung adenocarcinoma cells (Fig. 2D). To minimize the

likelihood of off-target effects from a single siRNA sequence, we performed
a rescue experiment. MYSM1-knockdown PC9 and H1299 cells were
transfected with siRNA-resistant MYSM1 overexpression plasmids. Sub-
sequent CCK-8, EdU, and colony formation assays demonstrated that the
reduced proliferative capacity observed following MYSM1 knockdown
was reversed upon MYSMI1 re-expression, confirming the specificity of the
knockdown effect (Supplementary Fig. 1C-E). To verify the effect of
MYSML1 on the proliferative capacity of lung adenocarcinoma cells in the
same cell lines, we constructed MYSMI overexpressing H1299 and PC9
cell lines. The results of CCK-8 assay showed that overexpression of
MYSM1 in H1299 and PC9 cell lines was able to increased the proliferation
rate of lung adenocarcinoma cells (Supplementary Fig. 1F). The EAU assay
demonstrated that overexpression of MYSM1 in H1299 and PC9 cell lines
increased the proportion of proliferating cells in lung adenocarcinoma cells
(Supplementary Fig. 1G). And clone formation assays confirmed that
overexpression of MYSM1 in H1299 and PC9 cell lines increased the
number of clonal clusters of lung adenocarcinoma cells (Supplementary
Fig. 1H). Similarly, we performed the same experiments in the A549 cell
line overexpressing MYSM1 and obtained the same results (Fig. 2B-D).
These results demonstrate that MYSMI1 positively regulates LUAD cell
proliferation.

MYSM1 enhances migration and epithelial-mesenchymal tran-
sition (EMT) in LUAD cells

Given the association of MYSM1 with aggressive clinical features, we
examined its effect on cell migration. And by transwell migration assay, we
found that in lung adenocarcinoma, knockdown of MYSMI1 decreased the
number of H1299 and PC9 cells migrating to the lower compartment
(Fig. 3A, B). Subsequently, we went on to confirm that the decreased
migratory ability of lung adenocarcinoma cells was due to knockdown of
MYSM1 by transfection of MYSM1 overexpression plasmid in MYSM1
knockdown H1299 and PC9 cells (Supplementary Fig. 2A). Subsequently,
we constructed MYSM1 overexpression cell models in the same H1299 and
PC9 cells. By cell scratch assay, we found that overexpression of MYSM1
increased the migration rate of lung adenocarcinoma cells in H1299, PC9,
and A549 celllines. And by transwell migration assay, we found that in lung
adenocarcinoma, overexpression of MYSM1 increased the number of
H1299, PC9, and A549 cells migrating to the lower compartment (Sup-
plementary Fig. 2C and Fig. 3C). The majority of cancer patients do not
succumb to the original tumor, but rather to metastases that harm essential
organs. Metastases occur when cancer cells detach from the primary tumor
and spread to surrounding healthy tissues. The metastatic process involves a
critical multistage mechanism known as Epithelial-Mesenchymal transi-
tion (EMT), which allows tumor cells to disseminate from their original
tumor site to other parts of the body”’. EMT is significantly associated with
the development of tumors, their progression, metastasis, and resistance to
drugs™ . Western blot analysis revealed that MYSM1 knockdown upre-
gulated the epithelial adhesion molecule E-cadherin while reducing
mesenchymal markers N-cadherin, Vimentin, and EMT-inducing tran-
scription factors Snail, Slug, and Twist. In contrast, MYSM1 overexpression
reversed this pattern, downregulating E-cadherin and increasing all
mesenchymal and transcriptional EMT markers (Fig. 3D and Supple-
mentary Fig. 2B, D). qRT-PCR analyses confirmed that these protein-level
changes were mirrored at the transcript level (Fig. 3E). Together, these
results confirm that MYSM1 promotes the migration and EMT of lung
adenocarcinoma cells.

MYSM1 promotes LUAD tumor growth in vivo

To validate the oncogenic role of MYSM1 under physiological conditions,
we employed subcutaneous xenograft models in immunodeficient nude
mice. Implantation of MYSM1-knockdown PC9 cells produced tumors
with significantly reduced volumes and growth rates, and lower final weights
compared to shRNA control tumors (Fig. 4A-C). Conversely, tumors
derived from MYSMI-overexpressing A549 cells exhibited markedly
increased volumes, accelerated growth kinetics, and greater final masses
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Fig. 1 | MYSM1 is upregulated in lung adenocarcinoma and predicts unfavorable
patient outcomes. A EIF4A3 mRNA expression in LUAD and normal tissues in
GSE116959 and TCGA data sets. B The relationship between MYSM1 expression
and prognosis in patients with lung adenocarcinoma was analyzed online using
GEPIA and the Kaplan-Meier Plotter website, and Kaplan-Meier analyses of the
LUAD cohort based on univariate survival analyses were performed using the log-
rank statistical test. C Representative IHC images of MYSM1 expression of high
expression and low expression in LUAD tissues and normal tissues. Scale bars:
300 um (overview), 200 pm (detail). D IHC score of MYSM1 on tissue microarrays

for histochemical staining of cancer and normal tissues. E Kaplan-Meier survival
curves illustrating the association between MYSMI expression levels and overall
survival in the LUAD patient cohort. Survival differences were assessed using uni-
variate analysis with the log-rank test. F Protein expression levels of MYSM1
detected by Western blotting in the normal bronchial epithelial cell line (BEAS-2B)
and four lung adenocarcinoma cell lines (H1299, PC9, A549, H1975). All data are
presented as the mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,

P <0.0001.

compared to vector controls (Fig. 4D-F). Next, we performed HE staining
and immunohistochemical staining of tumors removed subcutaneously
from nude mice. Histopathological analysis confirmed these growth dif-
ferences: HE staining showed denser tumor cell populations in the MYSM1-
overexpressing group, while IHC staining for the proliferation marker Ki-67

revealed significantly reduced staining intensity and positive cell percen-
tages in MYSM1-knockdown tumors, and significantly increased Ki-67
indices in MYSMI1-overexpressing tumors (Fig. 4G, H). These results
confirm that MYSM1 functions as a positive regulator of LUAD tumor
growth in vivo.
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Fig. 2 | MYSM1 promotes proliferation of LUAD cells in vitro. A Efficiency of
MYSM1 knockdown and overexpression of lentivirus in different lung adeno-
carcinoma cell lines (H1299, PC9, and A549). B CCK8 experiment was performed to
detect the rate of cell proliferation after MYSM1 knockdown in PC9 and H1299 cells
and MYSM1 overexpression in A549 cells. C EdU assay was performed to confirm
the change of the proliferation ability after MYSM1 knockdown in PC9 and H1299

Sh-MYSM1

cells and MYSM1 overexpression in A549 cells. Scale bars: 100 um. D Clone for-
mation experiment was performed to detect the number of clonal clusters of forming
cells after MYSM1 knockdown in PC9 and H1299 cells and MYSMI1 overexpression
in A549 cells. All data are presented as the mean + SD. N = 3. *, P < 0.05; **, P < 0.01;
*HE P <0.001; ¥*F* P <0.0001.
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Fig. 5| MYSM1 disrupts TRAF2-TRAF3 complex formation via K63-linked de-
ubiquitination. A Venn diagram showed 91 proteins present in the IP group but not
in the IgG group in the mass spectrometry analyses, of which MYSM1, TRAF2, and
TRAF3 were all present. B Immunoprecipitation was performed in H1299 with high
MYSMI1 expression to detect MYSM1 interactions with TRAF2 and TRAF3. C Flag-
tagged MYSM1 plasmid and HA-tagged TRAF2/TRAF3 plasmid were transfected in
293 T cells, and immunoprecipitation was performed to detect the interactions of
MYSM1 with TRAF2 and TRAF3. D The interaction between MYSM1, TRAF2/3
and ubiquitin was assessed by immunoprecipitation after transfection of MYSM1,
TRAF2/3, and ubiquitin granules in 293 T cells. E Western blot (WB) analysis of
WCL and anti HA pull-down products derived from 293 T cells transfected with
Flag-MYSM1, HA-TRAF2 and K-only ubiquitin mutants. Where indicated, 10 uM
MG132 was added for 8 h before harvesting the cells. F WB analysis of WCL and anti
HA pull-down products derived from 293 T cells transfected with Flag-MYSM1,
HA-TRAF?2 and the indicated ubiquitin KR (Lys to Arg) mutants. Where indicated,
10 uM MG132 was added for 8 h before harvesting the cells. G WB analysis of WCL
and anti HA pull-down products derived from 293 T cells transfected with Flag-
MYSM1, HA-TRAF3 and K-only ubiquitin mutants. Where indicated, 10 uM
MG132 was added for 8 h before harvesting the cells. H WB analysis of WCL and anti

HA pull-down products derived from 293 T cells transfected with Flag-MYSM1,
HA-TRAF3 and the indicated ubiquitin KR (Lys to Arg) mutants. Where indicated,
10 uM MG132 was added for 8 h before harvesting the cells. I WB analysis of WCL
and anti HA or flag pull-down products derived from 293 T cells transfected with
HA-TRAF?2, Flag-TRAF3 and Myc-MYSMI protein constructs. 30 h post-trans-
fection, cells were treated with 10 pM MG132 for 8 h before harvesting. ] WB ana-
lysis of WCL and anti HA pull-down products derived from control and MYSM1
knockdown 293 T cells transfected with HA-TRAF2 and Flag-TRAF3 protein
constructs. 30 h post-transfection, cells were treated with 10 uM MG132 for 8 h
before harvesting. K WB analysis of WCL and anti HA pull-down products derived
from control and TRAF2 knockdown 293 T cells transfected with HA-TRAF3 and
Flag- MYSML1 protein constructs. 30 h post-transfection, cells were treated with

10 uM MG132 for 8 h before harvesting. L WB analysis of WCL and anti HA pull-
down products derived from control and TRAF3 knockdown 293 T cells transfected
with HA-TRAF2 and Flag-MYSM1 protein constructs. 30 h post-transfection, cells
were treated with 10 pM MG132 for 8 h before harvesting. M Truncated forms of
MYSM1 were constructed according to its functional domains and co-
immunoprecipitation assay of truncated forms of MYSM1-Flag and TRAF2/3-HA
in the whole cell lysates of 293 T cells.

MYSM1 disrupts TRAF2-TRAF3 complex formation via K63-
linked de-ubiquitination and upregulates expression of TRAF2
and TRAF3

To identify molecular interactors that could mediate MYSM1’s
oncogenic activity, we performed immunoprecipitation-liquid
chromatography-tandem mass spectrometry (IP-LC-MS/MS) in
LUAD cells ectopically expressing MYSM1. Comparative proteomic
analysis revealed 91 proteins significantly enriched in MYSM1
immunoprecipitates compared with IgG controls (Fig. 5A,

Supplementary Table S6). Notably, TRAF2 and TRAF3—key adap-
ters in NF-kB signaling and known to form functional complexes—
were among the top hits, consistent with prior reports of
MYSM1-TRAF3 or MYSM1-TRAF6 interactions” "' Based on these
findings and literature evidence, we hypothesized that MYSM1
physically interacts with TRAF2 and TRAF3 in LUAD, potentially
modulating their complex stability and downstream signaling.
Endogenous co-immunoprecipitation in H1299 cells (high MYSM1
expression) confirmed that MYSM1 binds both TRAF2 and TRAF3
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(Fig. 5B). Exogenous co-immunoprecipitation in HEK-293T cells co-
transfected with Flag-MYSM1 and HA-TRAF2 or HA-TRAF3
similarly validated these interactions (Fig. 5C). As a DUB, MYSM1
removes ubiquitin chains from target substrates. We hypothesized
that MYSM1 might regulate them post-translationally. Given pre-
vious reports that MYSM1 can deubiquitinate TRAF3 and TRAF6,
we hypothesized that MYSM1 similarly deubiquitinates TRAF2 and
TRAF3 in LUAD. To directly test this, we co-transfected 293 T cells
with Flag-MYSM1, His-ubiquitin, and HA-TRAF2 or HA-TRAF3,
followed by immunoprecipitation. MYSM1 overexpression markedly
reduced ubiquitin conjugation on both TRAF2 and TRAF3 (Fig. 5D).
To determine the ubiquitin chain linkage targeted by MYSMI, we
overexpressed either wild-type ubiquitin or single-lysine-only
mutants (K6, K11, K27, K29, K33, K48, K63). Only K63-linked
ubiquitin supported MYSM1-mediated de-ubiquitination of TRAF2
and TRAF3 (Fig. 5E, G). Conversely, K63R ubiquitin abrogated de-
ubiquitination, whereas all other lysine-to-arginine mutants retained
MYSM1  responsiveness (Fig. 5F, H), indicating that
MYSM1 specifically removes K63-linked ubiquitin chains. Because
de-ubiquitination of TRAF2 and TRAF3 has been implicated in
regulating TRAF2-TRAF3 complex stability’’, we examined whether
MYSM1 affects this association. Co-immunoprecipitation revealed
that MYSM1 overexpression reduced TRAF2-TRAF3 complex for-
mation, whereas MYSM1 knockdown enhanced their interaction
(Fig. 5I). Reciprocal knockdowns demonstrated that TRAF2 deple-
tion diminished MYSMI1-TRAF3 binding, and TRAF3 depletion
diminished MYSM1-TRAF2 binding (Fig. 5J-L), suggesting that
MYSMI engages each protein in a non-mutually exclusive manner.
Subsequently, we further explored the specific structural domains of
MYSMLI that interact with TRAF2 and TRAF3 in lung adenocarci-
noma, and we constructed three truncated bodies based on the three
structural domains of MYSMI1, SANT, SWIRM, and MPN, and
transfected the full-length plasmid and the three truncated body
plasmids of MYSM1, TRAF2, and TRAF3, respectively, into
293 T cells, and performed immuno co-precipitation, and the results
showed that MYSMI1 was interacting with TRAF2 and TRAF3
through its SWIRM structural domain(Fig. 5M). Meanwhile, we also
observed MYSM1 knockdown in LUAD cells decreased TRAF2 and
TRAF3 protein levels, whereas MYSMI1 overexpression increased
their abundance (Supplementary Fig. 3A). Consistent with this, qRT-
PCR analysis showed that neither knockdown nor overexpression of
MYSM1 altered TRAF2 or TRAF3 mRNA levels in LUAD cells
(Supplementary Fig. 2E). Immunohistochemical analysis of xenograft
tumor tissues yielded results consistent with the in vivo data, with
MYSM1 expression positively correlating with TRAF2 and TRAF3
protein abundance (Fig. 4G). To assess whether MYSM1 influences
TRAF2 and TRAF3 stability via the ubiquitin-proteasome pathway,
MYSM1-depleted LUAD cells were treated with the proteasome
inhibitor MG132 (10 uM). MG132 effectively restored TRAF2 and
TRAF3 protein levels reduced by MYSM1 knockdown (Supplemen-
tary Fig. 3B). Furthermore, cycloheximide chase assays demonstrated
that MYSM1 overexpression significantly prolonged the half-life of
TRAF2 and TRAF3, as reflected by slower degradation rates in the
presence of the protein synthesis inhibitor cycloheximide (Supple-
mentary Fig. 3C). These findings indicate that MYSM1 disrupts
TRAF2-TRAF3 complex formation and increase expression of
TRAF2 and TRAF3.

MYSM1 activates non-classical NF-kB/P38/JNK signaling path-
way in lung adenocarcinoma

In order to investigate through which signaling pathway MYSMI affects
tumor development in lung adenocarcinoma, we performed tran-
scriptomics in lung adenocarcinoma after knockdown of MYSM1, and then
after comparing the genes that underwent up-regulation and down-
regulation after knockdown of MYSM1 and pathway enrichment, we found

that among the tumor-related signaling pathways, the correlation of AGE-
RAGE ranked the most highly (Fig. 6A). On the one hand, the KEGG data
site and related Literature show that the NF-kB signaling pathway and the
JNK/P38 signaling pathway in the MAPK signaling pathway are located
downstream of the AGE-RAGE signaling pathway’**, and on the other
hand, the KEGG data site shows that the MYSMI1 downstream genes
TRAF2 and TRAF3 are located upstream of the non-classical NF-«kB/P38/
JNK signaling pathways and have been reported to be closely related to these
pathways™ (Fig. 6B). On this basis, we hypothesized that MYSML in lung
adenocarcinoma may promote lung adenocarcinoma development by
affecting the non-classical NF-kB/P38/JNK signaling pathway. By WB
validation, we found that knockdown of MYSMI1 in lung adenocarcinoma
cells could result in down-regulation of the expression of key molecules in
the non-classical NF-kB pathway, NIK, phosphorylated IKKa, phos-
phorylated NF-kB P100, and NF-«B P52, and also of ASK1, phosphorylated
P38 in the P38 signaling pathway, as well as MEKK1 and phosphorylated
JNK in the JNK signaling pathway (Fig. 6C and Supplementary Fig. 3D).
Together, these experimental results also confirm that MYSM1 can activate
the non-classical NF-«kB/P38/JNK signaling pathway in lung
adenocarcinoma.

MYSM1 promotes lung adenocarcinoma proliferation and
migration through TRAF2 and TRAF3

We first designed four small interfering RNA (siRNA) sequences targeting
TRAF2 and TRAFS3, respectively. Western blot (WB) analysis was used to
assess knockdown efficiency, and the most effective sequences for each
target were selected for subsequent functional assays (Fig. 6D). To evaluate
the impact on EMT, WB analysis of EMT-related markers was performed.
Silencing TRAF2 or TRAF3 reversed the MYSM1 overexpression-induced
activation of P38/JNK pathway, upregulation of mesenchymal markers (N-
cadherin, Vimentin, Snail, Slug, Twist) and downregulation of the epithelial
marker E-cadherin (Fig. 6E, F). We next examined whether TRAF2 and
TRAFS3 are required for MYSM1-driven proliferation of LUAD cells. CCK-
8 assays demonstrated that knockdown of either TRAF2 or TRAF3 abro-
gated the MYSM1-induced increase in proliferation rate (Fig. 7A). Con-
sistently, EQU incorporation assays showed that depletion of TRAF2 or
TRAF3 reduced the proportion of cells in the proliferative phase elevated by
MYSMI1 overexpression (Fig. 7B). Colony formation assays further con-
firmed that silencing TRAF2 or TRAF3 significantly diminished the
increase in clonogenic capacity conferred by MYSMI1 overexpression
(Fig. 7C). We then assessed cell motility. Scratch wound healing assays
revealed that TRAF2 or TRAF3 knockdown attenuated the MYSMI-
induced acceleration of wound closure. Similarly, Transwell migration
assays confirmed that depletion of TRAF2 or TRAF3 reduced the number of
migrating cells increased by MYSMI overexpression (Fig. 7D). Finally,
in vivo xenograft experiments were performed in nude mice. Knockdown of
TRAF2 or TRAF3 in MYSM1-overexpressing LUAD cells significantly
reduced tumor growth rate, final tumor volume, and tumor weight com-
pared to MYSM1-overexpressing controls (Fig. 7E-G). Histological analysis
by hematoxylin—eosin (HE) staining further supported the conclusion that
TRAF2 and TRAF3 are required for the proliferative advantage conferred by
MYSMLI in vivo (Supplementary Fig. 3E). Collectively, these findings
demonstrate that MYSM1 promotes LUAD cell proliferation, migration,
and EMT in vitro and tumor growth in vivo through TRAF2- and TRAF3-
dependent mechanisms.

Discussion

Our study identifies the DUB MYSMI as a novel regulator of TRAF2 and
TRAF3 complex in lung adenocarcinoma (LUAD). We demonstrate that
MYSM1 physically interacts with both TRAF2 and TRAF3, decrease the
complex stability via de-ubiquitination, and thereby sustaining their protein
levels. This promotes activation of the non-canonical NF-«B, p38, and JNK
signaling pathways, collectively driving LUAD initiation and progression
(Supplementary Fig. 3F). Clinically, MYSM1 expression was markedly
elevated in LUAD tissues and correlated with unfavorable patient prognosis.
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Fig. 6 | MYSM1 activates non-classical NF-kB/P38/JNK signaling pathway in
lung adenocarcinoma. A Lung adenocarcinoma cells after MYSM1 knockdown
were subjected to transcriptomic sequencing, and KEGG pathway enrichment was
performed on the differentially expressed genes obtained by sequencing. Statistical
significance is indicated by different colors. The size of the circle represents the
number of genes. B KEGG pathway enrichment sites showed that the AGE-RAGE
signaling pathway contains TRAF2/3 and non-classical NF-kB signaling pathways,
the P38 signaling pathway and the JNK signaling pathway. C Altered key
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components in the non-canonical NF-kB, p38, and JNK signaling pathways fol-
lowing MYSM1 knockdown or overexpression in lung adenocarcinoma cells
(H1299, PC9 and A549). D Evaluation of the knock-down efficiency of TRAF2 and
TRAF3 four small interfering sequences by Western blotting in A549 cell line. E. The
effect of TRAF2/TRAF3 knockdown on the action of MYSM1 on P38/JNK signaling
pathway was tested by rescue assay. F. The effect of TRAF2/TRAF3 knockdown on
the action of MYSMI on the EMT-related molecules was tested by rescue assay.
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initiation in this study, prior reports indicate that NF-kB signaling enhances
anti-apoptotic programs, while JNK and p38 pathways mediate stress-
adaptive responses™”’. These findings raise the possibility that MYSM1-
driven destabilization of TRAF2/3 complex could elevate apoptotic
thresholds and promote survival under cytotoxic or targeted therapy con-
ditions. The potential contribution of MYSM1 to therapeutic resistance
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Fig. 7 | MYSM1 promotes lung adenocarcinoma proliferation and migration
through TRAF2 and TRAF3. A CCK8 was performed to confirm the effect of
knockdown of TRAF2 and TRAF3 on the upregulation of MYSM1 for the pro-
liferative capacity of lung adenocarcinoma in A549 cells. B EdU assay was performed
to confirm the effect of knockdown of TRAF2 and TRAF3 on the upregulation of
MYSML1 for the proliferative capacity of lung adenocarcinoma in A549 cells. Scar
bars: 100 pm. C Clone formation experiments was performed to confirm the effect of
knockdown of TRAF2 and TRAF3 on the upregulation of MYSM1 for the pro-
liferative capacity of lung adenocarcinoma in A549 cells. D Wound healing and
transwell migration assay without matrigel of the rescue experiment were performed

to identify the effect of knockdown of TRAF2 and TRAF3 on the upregulation of
MYSM1 for the migration capacity of lung adenocarcinoma in A549 cell. Scale bars
of Wound healing experiment: 200 pm. Scale bars of transwell migration experi-
ment: 100 um. E Representative images of tumors in nude mice 25 days after sub-
cutaneous injection of MYSM1 overexpression and TRAF2 and TRAF3 knockdown
lung adenocarcinoma cells. TRAF2/3 knockdown will reduce the increase in size (F)
and weight (G) of xenograft tumors due to MYSM1 overexpression. All data are
presented as the mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,

P <0.0001.

warrants further investigation. Because our current models utilized estab-
lished LUAD cell lines and xenografts, we cannot infer a role for MYSM1 in
tumor initiation. This limitation is acknowledged, and future work will
employ early-lesion models and lung organoid systems to explore MYSM1’s
function in the earliest stages of tumorigenesis.

By mass spectrometry analysis and combining with related literature,
we hypothesized that MYSM1 may interact with TRAF2 and TRAF3 in lung
adenocarcinoma. We further confirmed that MYSMI can interact with
TRAF2 and TRAF3 in lung adenocarcinoma by endogenous and exogenous
immunoprecipitation experiments. Subsequently, we found that MYSM1
interacts with TRAF2 and TRAF3 proteins, and then destabilizes TRAF2/3
complex via k63-linked de-ubiquitination. We also found that the expres-
sion of TRAF2 and TRAF3 increased with the upregulation of MYSM1
expression. We hypothesized that the increase in free TRAF2 and TRAF3
may be due to the decreased stability of the TRAF2/3 complex (Supple-
mentary Fig. 3F). In addition to this, we found that MYSM1 promotes the
protein stability of TRAF2 and TRAF3 and prevents degradation by the
proteasome. Emerging evidence indicates that K63-linked chains can act as
“seeds” for forming branched ubiquitin chains, thus facilitating substrate
recognition by the proteasome”. Considering the E3 ubiquitin ligase
HUWEI generates K48 branches on K63 chains formed by TRAF6, yielding
K48-K63 branched chains™, thereby, removal of K63-linked polyubiquitin
chains from TRAF2 and TRAF3 by MYSML1 increases these stability. This
de-ubiquitination preserves TRAF2 and TRAF3 within the cell, prolonging
its availability for signaling and shifting the balance toward sustained acti-
vation of downstream pathways. Consistent with our biochemical mapping,
truncation analysis revealed that MYSM1 engages TRAF2 and TRAF3 via
its SWIRM domain. This observation aligns with prior reports showing that
the SWIRM domain mediates MYSM1’s interaction with TRAF family
proteins, including the TRAF3/6 complex™. The SWIRM domain is known
to facilitate protein—protein interactions and may serve as a structural
scaffold that positions MYSMI in proximity to ubiquitinated TRAF sub-
strates. In the context of our findings, this domain-specific binding likely
underlies MYSM1’s ability to selectively deubiquitinate TRAF2 and TRAF3.
Together, these results suggest that the SWIRM domain is a critical deter-
minant of MYSM1’s substrate specificity and functional impact in LUAD.

The TRAF (tumor necrosis factor receptor-associated factor) family,
comprising TRAF 1 through 7, consists of cytoplasmic adapter proteins that
modulate signaling pathways associated with various receptors, including
those within the TNF-R superfamily, Toll-like receptors, NOD-like recep-
tors, RIG-I-like receptors, and cytokine receptors. TRAF proteins serve dual
roles as adapter proteins and E3 ubiquitin ligases, thereby influencing
receptor signaling. This modulation results in the activation of both classical
and non-classical nuclear factor-kB (NF-kB) pathways, as well as mitogen-
activated protein kinase (MAPK) pathways, which encompass ERK1/2,
JNK1/2, and p38, in addition to interferon regulatory factor (IRF) pathways,
including IRF3, IRF5, and IRF?7. Signaling pathways that utilize TRAF (TNF
receptor-associated factor) play a crucial role in numerous essential cellular
functions, encompassing survival, growth, differentiation, activation, and
responses to stress across diverse cell types. Numerous signaling pathways
that rely on TRAF have been linked to the development of cancer'*"'.
Combined with the transcriptome sequencing and pathway enrichment
results after knockdown of MYSM1, we further hypothesized that MYSM1
activates non-classical NF-«kB in the AGE-RAGE signaling pathway and

JNK and P38 signaling pathways in the MAPK signaling pathway in lung
adenocarcinoma. We acknowledge that there is substantial overlap and
crosstalk between the classical and non-classical NF-kB pathways. Our
transcriptome sequencing data indicate that MYSMI1 influences the
AGE-RAGE signaling pathway, within which both the classical and non-
classical NF-kB cascades are embedded, suggesting that MYSM1 may also
modulate the classical pathway. However, based on our mass spectrometry
results and immunoprecipitation validation, we focused our mechanistic
investigations on TRAF2 and TRAF3. These proteins are well-established
upstream regulators of the non-classical NF-kB pathway, primarily through
activation of its key signaling mediator, NIK. Therefore, in this study, we
concentrated on elucidating MYSM1’s role in regulating the non-classical
NF-kB pathway, while acknowledging the potential involvement of the
classical pathway for future exploration. By detecting key molecular proteins
in the pathway through WB experiments, we further confirmed that
MYSM1 was able to activate JNK and P38 signaling pathways in non-
classical NF-kB and MAPK signaling pathways in lung adenocarcinoma.
To test whether TRAF2/3 influence MYSMI’s chromatin-associated
de-ubiquitinase activity, we performed rescue assays with TRAF2 or TRAF3
knockdown. WB for histone H2A Lys119 ubiquitination (H2AK119ubl)
showed no detectable change upon TRAF2 or TRAF3 depletion, indicating
that MYSM1’s H2A de-ubiquitinase activity is not measurably affected by
TRAF2/3 in LUAD (Fig. 6F). Based on our experimental data and sup-
porting literature, TRAF2 and TRAF3 can form a complex that regulates the
non-canonical NF-xB pathway”. In contrast, within the MAPK pathways
(p38 and JNK), TRAF2 and TRAF3 function independently, as knockdown
of either protein impairs pathway activation” ™. In summary, when
MYSM1 expression is low, the TRAF2/3 complex remains stable, pre-
venting activation of NIK and keeping the non-canonical NF-kB pathway
inactive. The levels of free TRAF2 and TRAF3 are also low, resulting in
nonactive of the p38 and JNK pathways. In contrast, when MYSM1
expression is high, MYSM1 destabilizes TRAF2/3 complex via k63-linked
de-ubiquitination, thereby activating NIK and the non-canonical NF-«kB
pathway. Concurrently, the abundance of free TRAF2 and TRAF3 increase,
leading to activation of the p38 and JNK pathways (Supplementary Fig. 3F).
Finally, to elucidate the role of TRAF2 and TRAF3 in MYSMI-
mediated signaling and LUAD progression, we conducted a series of
functional and mechanistic assays. Our findings demonstrate that MYSM1
facilitates LUAD advancement by activating JNK and p38 signaling via
TRAF2/3 through the non-canonical NF-kB and MAPK pathways. None-
theless, this study has certain limitations that warrant consideration. First, as
E3 ubiquitin ligases, the TRAF family shares a common RING structural
domain, which also suggests that TRAF family proteins are involved in the
process of ubiquitination***. In tumors, the coordination between ubiqui-
tination and de-ubiquitination regulates ubiquitin substrates or signaling,
which in turn has an impact on tumor development. According to the
literature, the levels and signaling of IL-33R are mutually regulated by the
K27-linked polyubiquitination and de-ubiquitination processes involving
TRAF6 and USP38, which become critical for triggered inflammatory
responses in the lungs and pulmonary fibrosis®. On the premise that
MYSMI can interact with TRAF2/TRAF3 in lung adenocarcinoma, as
demonstrated in the previous stage, whether the two can act as DUBs and
ubiquitinating enzymes, respectively, on the same ubiquitin substrates or
signals, which in turn can coordinate their actions on signaling and
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regulation in tumors, also requires our further subsequent investigation.
Second, to further delineate the structural determinants of MYSM1 func-
tion, future work should employ point mutations targeting key residues
within the SWIRM domain to assess their impact on MYSM1’s interaction
with TRAF2/3, its deubiquitinating activity, and downstream signaling.
Such mutations could help distinguish whether the observed effects on
MAPK and non-canonical NF-«B activation are strictly SWIRM-dependent
or whether other regions contribute to complex formation and pathway
modulation. This approach would also clarify whether MYSM1’s structural
integrity is essential for its role in promoting LUAD progression. Third,
knockout of MYSM1 by CRISPR/Cas9-related techniques should also be
used to scientifically validate the effect of MYSM1 on lung adenocarcinoma
development. Partial depletion by RNA interference leads to a moderate
decrease in TRAF2/3 stability and a corresponding reduction in MAPK and
non-canonical NF-kB activity, resulting in attenuated proliferation and
migration, but with residual signaling that permits partial recovery over
time. In contrast, genetic ablation of MYSM1 abolishes its deubiquitinating
activity. The presence of residual MYSM1 in knockdown cells may allow for
compensatory mechanisms—such as upregulation of alternative de-ubi-
quitinases—whereas knockout cells have limited capacity for compensation,
leading to more profound and sustained biological effects.

As TRAF2 and TRAF3 also function as E3 ubiquitin ligases, MYSM1’s
stabilization of TRAF2 and TRAF3 might affect the balance between sub-
strate ubiquitination and signaling activation. We found that MYSM1
promoted the activation of both MAPK (JNK, P38) and non-canonical NF-
kB pathways. Because TRAF2 and TRAF3 also act as E3 ubiquitin ligases,
our data indicate that MYSM1 overexpression in LUAD shifts the equili-
brium between substrate ubiquitination and signal output by increasing
TRAF2 and TRAF3 while reducing TRAF2-TRAF3-cIAP complex
assembly. Mechanistically, increased TRAF2 and TRAF3 maintains a sub-
stantial pool of TRAF2 and TRAF3 available for signaling even when
complex formation is diminished. Reduced complex assembly, in turn,
compromises NIK ubiquitination and proteasomal degradation, thereby
sustaining non-canonical NF-kB (RelB/p52) activation. In parallel, the
accumulation of free TRAF3 and TRAF2 supports independent activation
of MAPK p38 and JNK pathways. Functionally, our rescue data suggest that
although both cascades are engaged, MAPK signaling (p38/JNK) is the
primary terminal determinant of MYSM1-dependent LUAD phenotypes.
These MAPK branches exert strong effects on both proliferation and
migration/EMT, with proliferation showing the larger effect size.

Our study identifies MYSM1 as a key oncogenic regulator in lung
adenocarcinoma, functioning through direct interaction with TRAF2 and
TRAF3. By catalyzing K63-linked de-ubiquitination, MYSM1 reduces
TRAF2-TRAF3 complex formation, enhances TRAF2 and TRAF3
expression, and sustains activation of the non-canonical NF-kB and MAPK
(p38, INK) pathways. Clinically, MYSM1 overexpression correlates with
aggressive disease features and poor prognosis in LUAD patients. While
these findings establish MYSM1 as a promising therapeutic target, future
work should be focused on the drug resistance, tumor initiation and point
mutants establishment to define its signaling and oncogenic activities.

Methods

Samples collected from clinical sources

The lung adenocarcinoma (LUAD) tissue microarray (HLugA180Sull)
was sourced from Shanghai Outdo Biotech Company. The tissue micro-
array contains 87 pairs of cancers and corresponding normal tissues, along
with clinical and prognostic details of the associated patients, and was
approved and cleared by the relevant ethical committee (SHYJS-CP-
2206001). This part of the experimental manipulation follows the guidelines
of the World Medical Association’s Declaration of Helsinki and the asso-
ciated ethical standards.

Cultivation and treatment of cells
The cell lines BEAS-2B, H1299, A549, PC9, H1975, and 293 T utilized in this
research were obtained from the cell repository of the Chinese Academy of

Sciences and were subjected to STR identification. The cell lines were
maintained in RPMI-1640 medium (Gibco) or Dulbecco’s Modified Eagle
Medium (Gibco) within an incubator maintained at 37 °C and supple-
mented with 5% CO,. All media utilized contained 10% fetal bovine serum
(FBS) by volume. PC9 stable cells and H1299 stable cells were transfected
with Sh-NC and Sh-MYSM1 lentiviruses from Jikai Co., while A549 stable
cells were transfected with overexpression-MYSM1 lentiviruses and vector
lentiviruses from Jikai Co. Puromycin was employed to select the transfected
cells over a period of 7 days. GenePharma Co., Ltd. provided the siRNA-
MYSM1, siRNA-TRAF2, siRNA-TRAF3 and their respective negative
controls. We used jetPRIME transfection reagent (Polyplus) to transiently
transfect cells with siRNAs following the provided instructions, and con-
ducted further experiments 48 h post-transfection. Supplementary Table S1
contains the siRNA sequences. Similarly, the plasmids involved in this
experiment were all transfected with the jetPRIME co-transfection reagent
to the appropriate mass into the corresponding cells and the relevant
experiments were performed 48 h after transfection. A scrambled or non-
targeting siRNA control was used in knockdown experiments, and an empty
vector was used as a control in overexpression experiments.

Western blotting

Cellular lysis was performed using RIPA buffer (Beyotime), which was
supplemented with 1% protease and phosphatase inhibitors, to facilitate the
extraction of proteins. Proteins were isolated using an SDS-PAGE gel and
then moved to a polyvinylidene difluoride membrane via an electrical
transfer method. In order to mitigate nonspecific binding of antibodies, the
membrane was subjected to a blocking procedure for 1 h using a 5% nonfat
milk solution, prior to being incubated with primary antibodies overnight at
a temperature of 4 °C. Following incubation with the appropriate secondary
antibodies, the membranes were subsequently analyzed utilizing an
enhanced chemiluminescence system.

Cell counting kit-8 (CCK-8) assay

Lentivirus-transfected cells were maintained in a 96-well plate and subjected
to incubation periods of 1, 2, 3,and 4 days. Subsequently, CCK-8 (APExBIO,
#K1018) was introduced to the cells. The absorbance was quantified at
450 nm utilizing a microplate reader following a 2 h incubation period in the
absence of light. The experiment was carried out independently on three
separate occasions.

5-Ethynyl-2’-deoxyuridine (EdU) assay

Cells transfected with an appropriate amount of lentivirus were seeded in a 96-
well plate. After an overnight culture, Edu staining was performed utilizing the
Edu in vitro kit (Beyotime, #C0075S), adhering to the specified protocols.
Subsequently, the labeled cells were imaged using a fluorescence microscope.
The experiment was carried out independently on three separate occasions.

Colony formation assay

In a six-well plate, an appropriate amount of H1299, A549, and PC9 cells
transfected with lentivirus was inoculated. The cells were subjected to
fixation using 4% paraformaldehyde for a duration of 30 min, after which
they were stained with crystal violet for 20 min, following a culture period of
14 days. Subsequently, we washed the cells three times and counted the
colonies formed. The experiment was carried out independently on three
separate occasions.

Wound-healing assay

Cells that were transfected at an appropriate amount were plated in a six-
well plate until they were fully grown in the wells. Subsequently, a linear
incision was made in the cell monolayer utilizing the tip of a 10 mL pipette.
Following three washes with phosphate-buffered saline, the wells were
substituted with serum-free medium. The width of the wound was assessed
and quantified using a microscope at the initial time point (0 h) and again
after a duration of 24 h. The experiment was carried out independently on
three separate occasions.
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Transwell assay

Cells that had been transfected with the requisite amount were introduced
into the upper chamber of the transwell apparatus, which contained a
serum-free medium. Conversely, the lower chamber was supplemented
with 700 mL of medium enriched with 20% FBS. The cells located in the
lower chamber underwent fixation for a duration of 30 min, followed by a
staining process lasting 20 min, after which they were visualized using a
microscope after 2 days. The experiment was carried out independently on
three separate occasions.

In vivo experiments

The female mice provided by VitoLiva Animal Company were randomly
assigned to either test or comparison groups to create a xenograft tumor
model. Each experimental group contained five mice (n =5). The number
was determined based on a priori power calculation (a = 0.05, 80% power)
to detect a > 30% difference in tumor size between groups, while also con-
sidering ethical guidelines to minimize animal use. Then, the transfected
PC9 cells or A549 cells with the corresponding lentivirus were sub-
cutaneously implanted in the right armpit area. Tumor sizes were assessed
every 5 days, and their volumes were determined using the formula:
V = (length x width?)/2. After 28 days, the volume and weight of each tumor
were recorded and measured. Tumor volume and weight were measured by
investigators blinded to group allocation to reduce assessment bias. The
mice were randomly allocated and maintained under specific pathogen-free
conditions throughout the study. All experiments were performed in
accordance with the guidelines established by the Qilu Hospital of Shandong
University Committee on Animal Care and Use. At the end of each in vivo
experiment, the mice were euthanized by carbon dioxide (CO,) inhalation
in accordance with in animal care guidelines. The Medical Ethics Com-
mittee at Qilu Hospital of Shandong University granted approval and
oversight for all conducted experiments (DWLL-2024-029).

Hematoxylin-eosin (HE) staining

Tumor specimens were fixed in 4% paraformaldehyde at room temperature
for 24-48 h, dehydrated through graded ethanol series, cleared in xylene,
and embedded in paraffin. Paraffin blocks were sectioned at a thickness of
4 um using a microtome. Sections were deparaffinized in xylene, rehydrated
through graded ethanol to distilled water, and stained with hematoxylin for
5 min. After rinsing in running tap water, sections were differentiated in 1%
acid alcohol, blued in alkaline solution, and counterstained with eosin for
2 min. Finally, sections were dehydrated through graded ethanol, cleared in
xylene, and mounted with neutral resin. Images were captured using a light
microscope.

Immunohistochemical staining and result analysis

Utilize a 4% paraformaldehyde solution for the preservation of lung ade-
nocarcinoma (LUAD) tissue and murine tumor tissue. Incubate at 60 °C for
an hour, then deparaffinize and rehydrate the samples before extracting
antigens. Incubate the samples with a peroxidase blocking solution at
ambient temperature for a duration of 10 min. Following this, performa 2 h
incubation at 37 °C utilizing 5% normal goat serum in PBST. Subsequently,
proceed with an overnight incubation at 4 °C with the primary antibodies
MYSMI, TRAF2, TRAF3, and Ki67. Prior to re-staining with hematoxylin,
apply an HRP-conjugated secondary antibody to each slide, wash three
times with TBST, and develop with DAB solution. Then, capture images of
the slides using an inverted microscope and perform statistical analysis of
the positive cell rate for the staining results. For analysis, IHC scoring was
manually performed by three individuals: one board-certified pathologist,
who identified tumor regions, and two additional scorers, who evaluated
staining. The scorers assessed staining intensity and the percentage of
positive cells to calculate the H-score for each tissue core. All slides were
evaluated in a blinded manner with respect to clinical outcomes to prevent
bias. Inter-observer variability was minimized through the use of a pre-
defined scoring protocol, with all scoring conducted independently and
blinded to clinical information.

Immunoprecipitation (IP) assay

Lung adenocarcinoma cells and 293 T cells were lysed in IP buffer, and
after centrifugation, IP-grade antibodies against MYSM1, TRAF2,
TRAFS3, or IgG antibodies, as well as tag antibodies such as Flag, HA, or
His of the same quality were subjected to the supernatant and placed on
a rotating device at 4 °C for a duration of 1h. Next, an appropriate
amount of Protein A/G magnetic beads was added to the mixture and
allowed to incubate overnight at 4 °C on a rotating device. The following
day, we used a magnetic rack to remove the supernatant, washed the IP
lysate mixture on the rotating device for 5 min, repeating this process
five times. After removing the supernatant with the magnetic rack, the
precipitated mixture was combined with the loading buffer for Western
blot analysis. Finally, we detected the expression of relevant indicators
using Western blotting, choosing a primary antibody from a different
species than the previously added antibodies during the primary anti-
body incubation to avoid the influence of light and heavy chains.
Supplementary Table S2 contains details about the primary and sec-
ondary antibodies used in this assay.

Quantitative polymerase chain reaction (QPCR)

Cellular mRNA was obtained using the Cellular RNA Rapid Extraction Kit
from SparkJade (AC0205). Then, reverse transcribed into cDNA and sub-
jected to qPCR for MSYM1, TRAF2, TRAF3, and EMT-related molecules.
The upstream and downstream primer sequences used in the experiment
are shown in Supplementary Table S3.

Protein stability assay

A549 cells were treated with the protein synthesis inhibitor cycloheximide
(CHX, 50 pg/mL, MedChemExpress, MCE, # HY-12320), with DMSO used
as the vehicle control, to assess the effect of MYSM1 on TRAF2 and TRAF3
protein stability. Cells were harvested at 0, 2, 4, and 8 h post-CHX treatment,
and total proteins were extracted. Western blot analysis was then performed
to quantify MYSM1, TRAF2, and TRAF3 expression levels.

Ubiquitination level detection assay

Proteins were isolated from H1299 and PC9 cells following an 8-h exposure
to the proteasome inhibitor MG-132, and the levels of MYSM1, TRAF2, and
TRAF3 proteins were detected using Western blotting.

Analysis through transcriptomic sequencing, mass spectro-
metry for protein characterization, and bioinformatics

The transcriptome sequencing was conducted by LC Biotechnology Co.,
Ltd. Through transcriptome sequencing, mRNA transcripts that were
expressed differently in MYSM1 knockout H1299 cells compared to control
H1299 cells were detected. KEGG pathway enrichment maps for these
transcripts were generated using the OmicStudio platform (https://www.
omicstudio.cn/tool).

Jikai Company conducted the mass spectrometry analysis. We first
conducted immunoprecipitation on A549 cells stably overexpressing
MYSM1, and then collected the precipitated magnetic beads following
centrifugation for analysis via mass spectrometry. Mass spectrometry ana-
lysis was employed to examine the protein constituents that interact
with MYSM1.

For the TCGA dataset, MYSM1 RNA-Seq expression data (HTSeq-
FPKM) for TCGA-LUAD were obtained directly from the UCSC Xena
platform (https://xena.ucsc.edu/), which hosts uniformly processed TCGA
datasets with standardized normalization. For the GEO dataset GSE117049,
we focused our analysis on the sub-series GSE116959, which contains the
relevant expression profiles of lung adenocarcinoma and normal tissues.
Raw data were downloaded from the GEO repository, and probe-level
intensities were preprocessed and normalized using the limma R package
with normalization. The MYSM1 survival analyses were conducted using
the KMplotter (https://kmplot.com/analysis/) online platform with probe
238644 _at, applying the “auto-select best cutoff” option to determine the
optimal expression threshold for patient stratification.
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Statistical analysis

All statistical analyses were performed utilizing GraphPad Prism software. A
range of statistical methods were applied for comparative analysis, including
the log-rank test, Kaplan-Meier survival analysis, Pearson chi-square test,
two-tailed Student’s t-test, Fisher’s exact test, and Pearson correlation
analysis, as specified.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files.

Code availability

This study did not involve the development of any custom code. All analyses
were performed using standard, publicly available software tools, as
described in the Methods section.
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