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Abstract
Background Proteasome 26S subunit, non-ATPase 3 (PSMD3) has been reported to participate in various human 
cancers. Nevertheless, the function of PSMD3 in lung cancer (LC) remains unclear.

Methods RT-qPCR and western blot were used to detect the expression of PSMD3 in LC tissues form TCGA database 
and clinical samples, and LC cell lines. To study the effect of PSMD3 on LC cell proliferation, migration, invasion, and 
apoptosis, siRNAs targeting PSMD3 were synthesized and overexpressed plasmids were constructed. CCK-8 assay, 
Transwell assay, and etc. were used to evaluate the results. Tumor xenograft model was used to evaluate the function 
of PSMD3 on tumor growth. CO-IP and MS were used to scan the proteins that bind with PSMD3. The interaction 
between PSMD3 and ILF3 in lung cancer cells were studied using IF staining, CHX protein stability, and ubiquitination 
assay. Additionally, the effect of ILF3 on cell progression and LC tumor growth was demonstrated by conducting a 
recovery assay using siILF3 and an ILF3 inhibitor YM155.

Results We observed that PSMD3 was significantly overexpressed in LC tissues and cells, which indicated a poor 
prognosis. Meanwhile, we found that PSMD3 promoted cell proliferation, migration, and invasion of LC cells. We also 
determined that PSMD3 stabilized the protein expression of ILF3 and the deubiquitination of ILF3 in lung cancer 
cells. Furthermore, animal experiments showed that the ILF3 inhibitor YM155 could suppress tumor growth with the 
presence of PSMD3.

Conclusions PSMD3 collectively regulated the stability of ILF3 protein and facilitated the ubiquitination of 
endogenous ILF3 in LC, which ultimately promoted the progression of LC cells. The PSMD3/ ILF3 axis could potentially 
be used as a novel strategy for both diagnosis and treatment of LC.
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Background
Lung cancer (LC) is a prevalent malignant tumor that 
causes significant morbidity and mortality in China and 
worldwide [1, 2]. The five-year survival rate of LC is less 
than 20%, with tobacco smoking being a well-known risk 
factor for its development [3]. Non-tobacco-related risk 
factors include exposure to environmental and vocational 
exposures, lung infections, chronic lung disease, and 
lifestyle elements [4]. Three treatment options are avail-
able for lung cancer patients, including surgery, regional 
radiation, and integrated drug treatment. Surgical resec-
tion is the standard of care for patients with stage I and 
II, non-small-cell lung cancer (NSCLC), as well as select 
patients with stage IIIA [5]. Nevertheless, there are 
restricted drug therapies for patients with terminal dis-
eases [6, 7]. Therefore, it is important to identify poten-
tial therapeutic targets that involved in the pathogenesis, 
progression, and migration of LC in order to improve 
treatment effects for LC patients.

The proteasome is a potential drug target for develop-
ing cancer treatment [8]. The ubiquitin (Ub)/proteasome 
system (UPS) is in charge of the protein (80–90%) degra-
dation to keep effective cell function in eukaryotic cells 
[9]. Proteins special for degradation are primarily labeled 
with ubiquitin at one or more lysine surpluses [10, 11]. 
The identification and translocation of Polyubiquitinated 
proteins into the internal part of the proteasome 26S 
were made by the non-catalytic 19S subunits [12]. The 
Proteasome 26S subunit, non-ATPase 3 (PSMD3), is a 
component of the 26S proteasome, located at ch17q21 
[13]. The expression of PSMD3 is found in many tissues 
[14] and takes part in numerous cellular processes [15].

Recently, PSMD3 was reported to participate in sev-
eral human cancers by targeting various factors. PSMD3 
controls breast cancer through the stabilization of HER2 
from degradation [13]. PSMD3 exerts an oncogenic effect 
on chronic myeloid leukemia (CML) by stabilizing of 
nuclear factor-kappa B [16], therefore, PSMD3 is consid-
ered as a potential target for anti-cancer therapeutics in 
CML [17]. High degrees of PSMD3 are related to a worse 
overall survival (OS) in FLT3 mutated AML, indicating 
that PSMD3 may act as a prognostic biomarker in AML 
[18]. Moreover, the expression of PSMD3 was signifi-
cantly higher in breast cancer tissue compared to normal 
tissues. The increased expression of PSMD3 was also 
related to poor prognosis for breast cancer patients [19]. 
The significant overexpression of PSMD3 was observed 
in Bladder cancer tissues when compared to normal 
bladder tissues [20]. These studies indicated that PSMD3 
could be a hidden marker for cancer therapy or progno-
sis. Nevertheless, the effect of PSMD3 on LC progression 
is not yet clear.

The present study aims to research the role of PSMD3 
in LC progression and explore the possible mechanisms 
involved in this regulation process, providing new targets 
for lung cancer therapy.

Results
PSMD3 is highly expressed in LC, and high PSMD3 predicts 
a poor prognosis
To assess the transcription degree of PSMD3 in NSCLC 
tissues, we conducted analyses on the TCGA database. As 
shown in Fig.  1A, compared to control tissues, PSMD3 
expression was significantly increased in LUAD and 

Fig. 1 PSMD3 was upregulated in lung cancer and high PSMD3 indicates poor prognosis. (A) The expression of PSMD3 in LUAD and LUSC used samples 
from TCGA. (B) Kaplan-Meier analysis showed the low OS in high-PSMD3 TPM. (C) Representative images of IHC on PSMD3 expression in paired tumor 
and nearby noncancerous tissues from two typical patients. The scale bar stands for 100 μm. (D) The protein level of PSMD3 in 10 pairs normal versus LC 
tissue samples using western blot. GADPH served as internal control. N: Normal; T: tumor. (E) The protein level of PSMD3 in five LC cell lines and a normal 
lung cell. GADPH was internal control. * p < 0.05, ** p < 0.01, *** p < 0.001
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LUSC tissues. NSCLC patients with low levels of PSMD3 
had longer OS than those with high levels (Fig. 1B). IHC 
results revealed that PSMD3 was obviously investigated 
in tumor tissues compared to normal ones (Fig.  1C). 
Western blot analysis conformed the upregulation of 
PSMD3 at the protein level in tumor tissues by using 10 
pairs of normal lung tissues (N) and lung cancer tissues 
(T) (Fig. 1D). The clinical relevance of these findings was 
evaluated and showed a correlation between PSMD3 lev-
els and pathologic T and N stage in LC patients (Supple-
mentary Table 1). PSMD3 expression in five LC cell lines 
and normal lung cells was further tested using western 

blot. According to Fig. 1E, the high expression of PSMD3 
was found in all LC cells when compared to BEAS-2B.

PSMD3 drives cell proliferation in LC
We knocked down the expression of PSMD3 with two 
siRNAs and elevated the expression of PSMD3 by using 
overexpressed plasmids in two LC cells, and the efficiency 
was confirmed with western blot (Fig. 2A-B). Cell propa-
gation was measured using CCK-8 assay after siRNA or 
plasmids transfection. Inhibiting PSMD3 led to a sig-
nificant decrease in cell viability in both cell lines, while 
ectopic expression of PSMD3 greatly increased cell via-
bility (Fig. 2C-D). Consistently, PSMD3-knockdown cells 

Fig. 2 PSMD3 promotes cell proliferation in LC. (A-B) The protein levels of PSMD3 in two LC cell lines transfected with siPSMD3#1, siPSMD3#2, and siCtrl 
or pcDNA3.1-PSMD3, and Ctrl were determined using western blot. (C-D) Cell viability after PSMD3 knockdown of overexpression at 24, 48, 72 and 96 h 
were assessed by CCK-8 assay. (E-F) Cell colonies at 14 days in LC cells. (G-H) Cell apoptosis at 24 h after being treated with the suggested siRNAs and 
plasmids were assessed by flow cytometry. (I) Tumor size in nude mice between shCtrl and shPSMD3 groups were sacrificed at day 35. Images of the 
xenograft mice with tumors are displayed. (J) The measurement of tumor volumes of nude mice among three groups was made with digital calipers 
at day 7, 14, 21, 28, and 35. (K) The weight of xenograft tumors was measured among three mice groups at day 35. (L) Images of IHC staining of PSMD3 
between two group tumor tissues. * p < 0.05, ** p < 0.01, *** p < 0.001
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generated greatly fewer colonies compared to controls, 
based on crystal staining, while PSMD3-overexpressed 
cells formed more colonies in both cell lines (Fig.  2E-
F). Up-regulation of PSMD3 decreased cell apoptosis 
in H1299 and A549 cells, whereas down-regulation of 
PSMD3 resulted in an increase in apoptosis in both cell 
lines (Fig. 2G-H). To assess the role of PSMD3 in tumor 
development in vivo, we measured the tumor size of 
xenograft model mice with shCtrl and shPSMD3 at days 
35 as shown in Fig. 2I. Vernier calipers were adopted to 
measure tumor volumes at days 7, 14, 21, 28, and 35. Our 
results displayed that the shPSMD3 group had a slower 
rate of tumor growth than shCtrl group (Fig. 2J). Further-
more, tumor weight in the shPSMD3 group was mark-
edly lighter than the shCtrl group (Fig.  2K). Finally, we 
performed IHC staining in nude tumor tissues and found 
that PSMD3 staining was much weaker in the shPSMD3 
group than in the shCtrl group (Fig.  2L). These out-
comes indicated the oncogenic effect of PSMD3 on LC 
progression.

PSMD3 drives cell migration and invasion in LC
The Transwell assays demonstrated that reducing PSMD3 
levels decreased cell migration and invasion in two LC 
cell lines (Fig. 3A-B), whereas PSMD3 overexpression had 
the opposite effect (Fig.  3C-D). Wound-healing experi-
ments also revealed that cells with PSMD3 knockdown 
healed the wounds slower than shCtrl cells (Fig.  3E), 
whereas PSMD3 overexpressed cells healed the region 
of the wound greatly faster than the Ctrl cells (Fig.  3F). 
These findings suggested that PSMD3 drives cell migra-
tion and invasion in LC.  Furthermore, we exmamined 
the levels of several EMT markers in A549 and H1299 
cells. Intriguingly, knocking down PSMD3 reduced the 
expression of N-cadherin and VIMENTIN, while stimu-
lating E-cadherin expression. Conversely, overexpression 
of PSMD3 markedly promoted the expression of N-cad-
herin and VIMENTIN but inhibited E-cadherin expres-
sion (Fig. 3G-H).

PSMD3 interacts with ILF3
We conducted co-immunoprecipitation and mass spec-
trometry assays to identify proteins that interact with 

Fig. 3 PSMD3 drives cell migration and invasion in LC. (A-B) Cell migration capacity was detected using Transwell assay. (C-D) Cell invasion capacity 
was determined using Transwell assay. (E-F) Cell migration ability was measured using Wound healing assay. (G-H) The protein level of EMT markers (N-
cadherin, VIMENTIN and E-cadherin) in A549 and H1299 cell lines with PSMD3 knockdown or PSMD3 overexpression, which were determined by western 
blot. GADPH was internal control. * p < 0.05, ** p < 0.01, *** p < 0.001
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PSMD3. We identified  225 proteins, among which ILF3 
was found to be highly ranked (Fig. 4A). ILF3 is an RNA-
binding protein known for its involvement in innate 
immunity by participating in cellular antiviral responses 
[21]. Our study found that ILF3 co-precipitated with 
PSMD3-flag protein, and vice versa,  in two LC cell lines 
(Fig.  4B). Immunofluorescence analyses confirmed the 
relationship between PSMD3 and ILF3, and confo-
cal microscopy showed that PSMD3 and ILF3 were co-
localized within cytoplasm (Fig.  4C). Furthermore, we 
observed that the level of ILF3 protein was significantly 
decreased after PSMD3 knockdown but increased greatly 
following PSMD3 overexpression (Fig. 4D). To investigate 
whether PSMD3 controls the stability of ILF3 protein, LC 
cells were treated with protein synthesis inhibitor Cyclo-
heximide and acquired proteins at 0 h, 3 h, 6 h, and 9 h. 
It was observed that ILF3 protein degraded faster in the 
siPSMD3 groups than the siCtrl groups (Fig. 4E), indicat-
ing that depletion of PSMD3 decreased the stability of 
ILF3 protein.

An endogenous ubiquitination assay showed that 
overexpression of PSMD3 facilitated ubiquitination of 
endogenous ILF3, but knockdown of PSMD3 promoted 
deubiquitination of endogenous ILF3 (Fig.  4F). Addi-
tionally, our analyses revealed high expression of both 
PSMD3 and ILF3 among clinical patients with lung can-
cer (Fig. 4G). In conclusion, these findings suggested the 
interaction between PSMD3 and ILF3 in lung cancer 
cells.

PSMD3 drives cell proliferation and migration through ILF3
SiRNAs targeting ILF3 (siILF3#1) and ILF3 inhibitor 
(YM155) were all used to knock down ILF3 in H1299 
and A549 cells. PSMD3 and ILF3 protein levels were 
greatly increased in PSMD3 overexpressed cells com-
pared to Ctrl cells. However, compared to PSMD3 over-
expression cells, the protein levels of PSMD3 and ILF3 
were significantly decreased in PSMD3 + siILF3 and 
PSMD3 + YM155 groups (Fig.  5A). The CCK-8 test dis-
played that PSMD3 overexpression promoted cell prolif-
eration in H1299 and A540 cells, and siILF3 and YM155 
inhibited cell proliferation to Ctrl levels (Fig.  5B). The 
results of the colony formation assay suggested that over-
expression of PSMD3 increased the ability of H1299 and 
A549 cells to form colonies, while siILF3 and YM155 
inhibited this process (Fig. 5C). Consistently, cell migra-
tion ability was also reduced by siILF3 and YM155 
(Fig. 5D). Previous studies have reported that ILF3 pro-
moted lung cancer by activating the EGFR-mediated cel-
lular pathway [22]. Therefore, we assessed the proteins 
related to EGFR. Western blot analysis revealed a signifi-
cant increase in ERBB3 (HER3) and p-EGFR expression 
after PSMD3 overexpression, whereas siILF3 and YM155 
suppressed their expression (Fig.  5E). The expression of 

EGFR did not show any significant changes among these 
groups. These outcomes indicated that PSMD3 drived 
cell proliferation and migration through ILF3.

PSMD3 promotes tumor growth in vivo through ILF3
To assess the role of PSMD3 in tumor development 
in vivo, Ctrl, pcDNA3.1-PSMD3 overexpression plas-
mids (PSMD3 groups) or/and ILF3 inhibitor YM155 
(PSMD3 + YM155), transfected A549 cells were used 
in tumor xenograft model mice. Tumor size was mea-
sured using Vernier calipers at day 7, 14, 21, 28 and 35 as 
shown in Fig.  6A. The results indicated that PSMD3 
greatly increased tumor size while YM155 significantly 
decreased it. Our outcomes displayed that the tumor 
growth rate in the PSMD3 group was greatly faster than 
Ctrl, whereas that in the PSMD3 + YM155 group was 
slower compared to the PSMD3 group (Fig.  6B). Addi-
tionally, we observed consistent results for the trend of 
tumor weight (Fig. 6C). We also performed IHC staining 
in nude tumor tissues and found PSMD3 and ILF3 stain-
ing were much stronger in the PSMD3 group than Ctrl 
group, while these in the PSMD3 + YM155 group were 
slighter than PSMD3 group (Fig. 6D). The protein levels 
of PSMD3, ILF3 and pEGFR significantly grew in tumor 
tissues of the PSMD3 group compared to Ctrl group, 
which greatly decreased in PSMD3 + YM155 group com-
pared to PSMD3 group (Fig. 6E). These results suggested 
that PSMD3 promoted tumor growth through ILF3 in 
vivo.

Discussion
The ubiquitin (Ub)/proteasome system (UPS) exerts cru-
cial effects on regulating various biological processes, 
including cell cycle processes, cell development, and 
migration, except for regulating DNA destruction, tran-
scription, and apoptosis [23, 24]. The 26S proteasome is 
composed of a 20S core and a 19S regulator that includes 
a base with six ATPase subunits and two non-ATPase 
subunits along with a lid consisting of up to ten non-
ATPase subunits. One of the components of the lid is 
PSMD3 (Rpn3) [25–27].

Numerous studies showed that each of the 26S protea-
some subunits was involved in lung cancer progression. 
PSMD1 drove the viability and repressed the apoptosis 
of LUAD cells through the stabilization of PINK1 [28]. 
Suppressing PSMD2 reduced proteasome activity and 
induced growth inhibition control and apoptosis in LC 
cells [29]. Similarly, knocking down PSMD7 expression 
significantly reduced both cell proliferation and tumor 
development in vitro and in vivo by controlling the p53 
pathway [30]. In addition, knockdown of PSMD14 led 
to increased levels of cleaved caspase-3 and subsequent 
induction of cell apoptosis in H1299 cells [31]. Highly 
expressed PSMD2 and SMD14 were greatly related to 
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lymph node metastases and TNM phase of lung adeno-
carcinoma [32, 33], while high expression of PSMD2, 
PSMD7, PSMD14 were linked to poor OS and/ or dis-
ease-free survival (DFS) among these patients [30, 32, 
33].

This study observes the protein expression of PSMD3 
markedly grew in lung cancer samples from TCGA 

database and clinical patients. And high expression of 
PSMD3 indicates poor overall survival of LC patients. 
The upregulation of PSMD3 expression was found in 
five different LC cell lines comparing to normal lung 
cells. Knockdown of PSMD3 using siRNAs in H1299 
and A549 cells decreased cell proliferation and invasion 
capacity, whereas the apoptosis rate was promoted. In the 

Fig. 4 PSMD3 binds to ILF3. (A) Venn diagram of common genes using RNA pull-down assay and mass spectrometry for identification of PSMD3-associ-
ated proteins with A549 cell lysates. (B) Co-IP was made with the ILF3 antibody in LC cells lentivirally transduced with the empty vector or vector encoding 
PSMD3-flag. WB was adopted to analyze immunoprecipitants. (C) Immunofluorescence staining for PSMD3-flag (red) and ILF3 (green) in LC cells. (D) The 
protein levels of ILF3 in LC cells with PSMD3 knockdown or overexpression. (E) Reduction of ILF3 protein stability in A549 cells with PSMD3 knockdown 
and in H1299 cells with PSMD3 overexpression. (F) The poly-ubiquitination of ILF3 in PSMD3 overexpression or knockdown cells were assessed using 
the ubiquitination assay. (G) The expression of PSMD3 and ILF3 in LC clinical tissues were analyzed using IHC staining. * p < 0.05, ** p < 0.01, *** p < 0.001
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contrast, PSMD3 overexpression got the opposite results. 
Knockdown of PSMD3 also inhibited tumor growth in 
vivo.

Furthermore, we utilized Co-IP and MS assays to 
investigate the potential protein interactions of PSMD3. 
Interleukin enhancer-binding factor 3 (ILF3), a member 
of the DRBPs family, caused our interest due to its effect 
on cancer progression [34, 35], and it is crucial in RNA 
metabolism, including maintaining the stability of mRNA 
[36]. ILF3 overexpression could control gastric cancer 
progression via PI3K/AKT/mTOR pathway [35]. ILF3-
mediated LLPS is a physiological roles in tumor micro-
environment remodeling, and it is a potential target for 
esophageal cancer [37]. Additional, ILF3 overexpression 
was related to prediction of survival in non-small cell 
lung cancer [38].

Our study confirmed the interaction between PSMD3 
and ILF3 using co-immunoprecipitation assays and con-
focal microscopy. ILF3 expression was greatly reduced in 
LC cells after the knockdown of PSMD3 and increased 
following PSMD3 overexpression using RT-qPCR and 
western blot. PSMD3 also regulated ILF3 protein stabil-
ity and facilitated the ubiquitination of endogenous ILF3. 
The expression of PSMD3 and ILF3 were all upregulated 
in LC clinical samples.

To further confirm the role of ILF3 on PSMD3-pro-
moted LC progression, we introduced ILF3 inhibitor 
in vitro and in vivo assay. Both siRNAs targeting ILF3 
(siILF3) and ILF3 inhibitor YM155 could suppress pro-
moting effect of PSMD3 in LC cell proliferation and 

migration. Tumor xenograft model assay also got similar 
results. PSMD3 overexpression significantly promoted 
tumor growth, while YM155 considerably slowed tumor 
growth. However, we were unable to determine LC pro-
gression mediated by ILF3 in mice models as we did not 
have access to ILF3 knockdown mice, which is a limita-
tion of our study.

Cheng et al. disclosed that the Epidermal growth fac-
tor receptor (EGFR) could induce ILF3 expression in LC 
cells, and the inhibitor of ILF3, YM155, reduced EGFR 
expression [22]. Hence, after detecting the genes pression 
of related to EGFR-mediated cellular pathway, western 
blot outcomes displayed that ERRB3 and p-EGFR were 
all upregulated following PSMD3 overexpression but 
down regulated following siILF3 and TM155 treatment.

Conclusions
In summary, we found PSMD3 was significantly upregu-
lated in LC cells and high PSMD3 expression indicates 
poor prognosis in LC. Furthermore, PSMD3 is closely 
related to the progression of LC and could promotes the 
cell proliferation, migration, and invasion of LC cells. 
In addition, PSMD3 can regulate ILF3 protein stability 
and facilitate the ubiquitination of endogenous ILF3 in 
LC, which exerted an oncogenic effect on tumor growth 
and proliferation. Therefore, targeting the PSMD3/ILF3 
pathway may provide novel strategies for diagnosing and 
treating LC.

Fig. 5 PSMD3 promotes cell proliferation and migration by ILF3. (A) The protein level of PSMD3 and ILF-3 in LC cells treated with Ctrl, pcDNA3.1-PSMD3, 
pcDNA3.1-PSMD3 + siILF3 and pcDNA3.1-PSMD3 + YM155. (B) Cell viability in four groups. (C) Cell colony numbers in four groups. (D) Migrated cells in 
four groups using Transwell assay. (E) The protein levels of ERBB3, pEGFR and EGFR in A549 cells among four groups. * p < 0.05, ** p < 0.01, *** p < 0.001

 



Page 8 of 11Zhang et al. Biology Direct           (2023) 18:33 

Methods
Samples from the TCGA database and clinical tissues
The retrieval and assessment of the mRNA expression 
of PSMD3 from TCGA databases were made for 59 nor-
mal lung tissues and 526 lung adenocarcinoma tissues 
(LUAD), as well as 49 normal lung tissues, and 501 lung 
squamous cell carcinoma (LUSC) tissues. Based on the 
average level of PSMD3, the samples were classified into 
PSMD3 low (group I) and PSMD3 high (group II) groups.

Ten pairs of NSCLC specimens and adjacent non-
cancerous tissues were collected from patients who 
underwent curative operation at the Department of 
Thoracic Surgery, China-Japan Friendship Hospital 
(Beijing, China) between January 2021 and December 
2021. Tumor samples were carefully isolated during the 
operation and immediately frozen and stored at -80  °C 
for further analysis. All NSCLC patients in the research 
provided written permission. The Department of Tho-
racic Surgery, China-Japan Friendship Hospital (Beijing, 
China) Institutional Review Board (No. 2019-95-K63-1) 
approved the experimental steps.

Cell culture
The culture of human LUAD cells H1299 and A549 was 
made in DMEM medium supplemented by FBS (10%), 
penicillin (100 U/mL), and streptomycin (100 µg/mL).

Cell transfection
The transfection of H1299 and A549 cells was made with 
siRNAs (100nM) targeting PSMD3 or ILF13 with Lipo-
fectamine 2000 (Invitrogen, USA) based on the produc-
er’s guidance. The siRNA sequences were shown below: 
siPSMD3#1: 5’-CCAUGAGGUUUCCUCCCAAAU-3’; 
siPSMD3#2: 5’-GCAGGGCUUCUUCACUUCAAA3’; 
siILF3: 5’-UUGAUGGACAGAAGUUCCAAG-3’; and 
siCtrl: 5’-UUCUCCGAACGUGUCACGU-3’. For PSMD3 
overexpression, the full-length CDS of the PSMD3 gene 
(1605 bp) was inserted into the pcDNA3.1 vector to pro-
duce the pcDNA3.1 + PSMD3 overexpression vector. A 
pipette-type incorporator MP-100 was adopted to trans-
fect the overexpression vectors (2  μg) into H1299 and 
A549 cells.

Fig. 6 PSMD3 drives tumor growth in vivo by ILF3. (A) Tumor size in nude mice among Ctrl, PSMD3, and PSMD3 + YM155 groups was sacrificed at day 
42. Images of the xenograft mice with tumors are displayed. (B) The measurement of tumor volumes of nude mice among three groups was made with 
digital calipers at day 7, 14, 21, 28, 35 and 42. (C) The weight of xenograft tumors was measured among three mice groups at day 42. (D) IHC images of 
ki67, PSMD3 and ILF3 in three group tumor tissues. Scale bars, 100 μm. (E) The protein expression of PSMD3, ILF3, pEGFR and EGFR in tumor tissues among 
three groups were detected using western blot. ** p < 0.01
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Immunohistochemistry (IHC)
The overnight incubation of tissue sections from clini-
cal patients or xenografts was made with anti-PSMD3 
antibody (Affinity biosciences, DF3645, 1:100), anti-ILF3 
(Abcam, ab92355, 1:100), and anti-Ki67 at 4  °C. 0.3% 
H2O2 was used for blocking endogenous peroxidases 
for 15 min. After three times of section washing, strep-
tavidin and biotin-conjugated HRP was put into the tis-
sues for incubation for 1 h at 25℃ and then stained with 
3’-diaminobenzidine for 30 min and stopped by 5-minute 
rinsing in H2O. IHC staining results were imaged with a 
Leica upright microscope.

Two experienced pathologists conducted an indepen-
dent assessment of immunohistochemical outcomes, 
which were then scored based on Friedrich’s standard. 
The ratio of positive tumor cells was assessed with a mark 
of 0 (0–5%), 1 (6–20%), 2 (21–50%), or 3 (51–100%). The 
marks of the staining intensity and the ratio of positive 
cells were multiplied to obtain the final score. A final 
score ≤ 1 indicated low expression, while a score > 1 was 
defined as a high expression.

Western blot
The extraction of overall proteins of tissues and cells was 
made with FLAG lysis buffer with a protease inhibitor 
cocktail. A BCA kit was used to measure protein concen-
trations. Proteins were electrophoresis, transferred, and 
blocked, then incubated with the diluted primary anti-
bodies at 4  °C overnight. PSMD3 (Affinity biosciences, 
DF3645, 1:1000), ILF3 (Abcam, ab92355, 1:1000), ERBB3 
(Affinity biosciences, DF6144, 1:1000), p-EGFR (Abcam, 
ab32430, 1:1000), EGFR (Abcam, ab32077, 1:1000), and 
GAPDH (Cell signaling, 21185, 1:1000) were all used in 
this study. Horseradish peroxidase-labeled secondary 
antibodies was adopted to incubate the membranes after 
extensive washes, and a strengthened chemiluminescent 
kit with a ChemiDoc XRS testing system was adopted to 
test signals. ImageJ software was adopted to analyze the 
signals.

CCK-8 assay
The measurement of cell viability was made with CCK-8 
assay. In detail, the seeding of LC cells (2 × 104 cells per 
well) was made in 24-well culture plates after being trans-
fected with suggested siRNAs, plasmids, or inhibitors.

Cell colony formation assay
After the treatment of LC cells with the suggested siR-
NAs, plasmids, or inhibitor, the seeding of cells (1000 
cells per well) into 12-well plates was made in tripli-
cate, followed by 14-day culture until the cells grew in 
colonies. After fixing the cells for 10 minutes, they were 
stained with crystal violet and the colonies were counted 
using Image J software.

Transwell assay
To evaluate cell migration and invasion, a Transwell 
chamber was used with or without 10  µg/mL Matrigel. 
At 48-hour transfection, cells developed in the upper 
chamber. Medium with 10% FBS was filled in the lower 
chamber. After 48 h, the migrating or invading cells were 
fixed with methanol, stained with 0.1% crystal violet, and 
counted under a microscope.

Wound healing assay
LC cells were transfected with siRNAs or plasmids and 
then cultured for 24 h. The aspiration of the medium was 
made, and a 20-µl pipette tip was adopted to scrap the 
cell-coated surface. The wounded surface was washed 
twice with culture medium warmed to  37  °C, and then 
incubated in an incubator microscope at 37  °C with 5% 
CO2 for 24 h to allow for wound healing. The movement 
of cells to wounded regions was photographed at 24 h. A 
computer-assisted image analyzer was used to analyze 
the pictures. The migration rate was calculated as fol-
lows: % of scratch closure = a-b/a, where (a) represents 
the region from margins to wound, and (b) represents the 
cell-free region.

Flow cytometry for cell apoptosis
The 24-hour transfection of cells was made with sug-
gested siRNAs or plasmids, followed by collection in 
cell binding buffer (100 µL). Next, the cells were stained 
using PE Annexin V or 7AAD from Annexin V Apoptosis 
Detection Kit and analyzed by Flow cytometry (Beckman 
Coulter).

Co-immunoprecipitation (CO-IP) and mass spectrometry 
(MS)
The lysis of overnight cultivated cells was made in a Co-IP 
buffer. Protein A of 10 µL or G agarose beads was added 
for 1 h at 4 °C to preclear cell lysates. IgG was adopted as 
a negative regulation. Next, another 2-hour incubation of 
15 µL protein A or beads were made at 4  °C. After cen-
trifugation at 1200× g, cell lysis buffer was used to collect 
the wash the pellet twice. Resolved on 12% SDS-PAGE, 
immunoprecipitated proteins were discussed by Western 
blot. Differential bands were identified using Mass Spec-
trometry (MS).

Immunofluorescence (IF) staining
The 10-minute fixture of cells was made with 4% para-
formaldehyde at 25 ℃, followed by 5-minute permeabi-
lization with 0.1% Triton X-100. Bovine serum albumin 
(BSA) of 2% was used to block samples for 30 min. After 
diluting 1/100 with 1% BSA in PBS, the overnight incuba-
tion of primary antibodies was made at 4 °C. After wash-
ing, the cells were incubated for an additional  3-minute 
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before staining the nuclei with DAPI. Finally, images were 
acquired using a confocal laser microscope.

CHX protein stability
LC cells were treated with indicated siRNAs or plas-
mids and 1  µg/mL Cycloheximide (CHX). The proteins 
were separated at 0 h, 3 h, 6 h, 9 h, and western blot was 
adopted for detecting ILF3 expression, and the intensity 
was quantified by Image J software [22].

Ubiquitination assay
The 24-hour co-transfection of ILF3-Flag, HA-UB plas-
mids with or without PSMD3 was made in HEK293T 
cells. After a subsequent 4-hour incubation with 10 µM 
MG132, the collection and lysis of cells were made. The 
ubiquitination status of ILF3 was analyzed with western 
blotting.

Animal experiments
In the present study, 25 male BALB/c nude mice were 
provided by Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd, which was approved by the Animal Eth-
ics Committee of China-Japan Friendship Hospital. One 
side, A549 cells transfected with shCtrl and shPSMD3 
were harvested at 24 h after transfection. The suspension 
of 2 × 106 transfected tumor cells in 50 µL PBS were sub-
cutaneous injection to the flanks of mouse (n = 5). Ver-
nier calipers were adopted to measure the tumor growth 
curves at days 7, 14, 21, 28, and 35. On the other side, 
A549 cells transfected with Ctrl, pcDNA3.1-PSMD3 and 
pcDNA3.1-PSMD3 + YM155 were harvested at 24 h after 
transfection. The suspension of 2 × 106 transfected tumor 
cells in 50 µL PBS and subcutaneous injection of 50 µL 
Matrigel matrix into both sides of the flanks of every 
mouse were found. The mice were devided into three 
groups randomly with 5 mice per group. Tumor growth 
curves were measured using Vernier calipers on days 7, 
14, 21, 28, and 35. Gene expression in these tumor tissues 
were analyzed using IHC and western blot.

Statistical analysis
SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA) was 
adopted to analyze the data. The expression differences 
between lung adenocarcinoma tissues and nearby normal 
tissues were explored by proposing the Mann-Whitney 
U test. Calculated by the Kaplan-Meier approach, the OS 
and DFS distribution were analyzed by the log-rank test.
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