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Abstract 

Tumor metastasis is a leading cause of death in lung adenocarcinoma (LUAD) patients, but the molecular events that regulate metastasis 
have not been completely elucidated. STAMBP is a deubiquitinating enzyme of the Jab1/MPN metalloenzyme family that regulates 
the stability of substrates in cells by specifically removing ubiquitin molecules. We found that STAMBP expression was increased in the 
cytoplasm of tumor cells from LUAD patients. The STAMBP level was closely associated with tumor size, lymph node invasion and 

neoplasm disease stage. A high STAMBP level predicted poor overall survival and disease-free survival in LUAD patients. STAMBP 

overexpression promoted cell migration and invasion, whereas STAMBP knockdown attenuated these processes in LUAD cells after 
epidermal growth factor treatment. Mechanistically, increased STAMBP expression promoted the stabilization of Epidermal growth 

factor receptor (EGFR), whereas STAMBP knockdown induced the degradation of EGFR. STAMBP may deubiquitinate EGFR by 
localizing in early endosomes and increase EGFR membrane localization in LUAD cells. The overexpression of STAMBP triggered 

the activation of MAPK signaling after epidermal growth factor treatment. In contrast, this activation was attenuated in STAMBP 

knockdown cells. Small molecule inhibitors of EGFR and MAPK signaling pathway may block STAMBP-induced cell mobility and 

invasion as well as ERK activation in cells. Importantly, STAMBP knockdown suppressed LUAD tumor growth and metastasis by 
regulating the EGFR-mediated ERK activation in a xenograft mouse model. Our findings identified STAMBP as a novel potential 
target for LUAD therapy. 
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Lung cancer is the leading cause of cancer-related mortality worldwide,
ith an overall 5-y survival rate of 19% [1] . Non-small cell lung carcinoma

NSCLC) accounts for approximately 85% of all lung cancers and includes
quamous cell carcinoma (LUSC), adenocarcinoma (LUAD) and large cell 
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carcinoma [2] . The current treatments for NSCLC include surgery, radiation,
chemotherapy and targeted therapies. Despite advances in treatment options,
prognosis remains poor because of the presence of metastatic tumors in more
than half of NSCLC patients at the time of diagnosis [ 1 , 3 ]. The molecular
events that regulate NSCLC metastasis have not been completely elucidated.

Epidermal growth factor receptor (EGFR), a receptor tyrosine kinase
of the HER/erbB family, plays key roles in essential cellular functions,
including proliferation and migration [ 4 −6 ]. Upon binding to its
ligand, EGFR dimerizes and is autophosphorylated to trigger downstream
intracellular signaling via RAS/RAF/MEK/ERK phosphorylation. EGFR
pathway activation ultimately results in increased proliferation, angiogenesis,
and metastasis and decreased apoptosis [ 4 −6 ]. The duration and strength
of EGFR signaling is tightly controlled via ubiquitin-dependent endocytosis
and lysosomal degradation [ 7 , 8 ]. Although EGFR is overexpressed in most
NSCLC patients [9] , the molecular events leading to elevated EGFR levels
remain unknown. Insight into the molecular mechanism by which EGFR
stability is regulated will contribute to the development of alternative
potential drug targets. 

STAMBP, a member of the Jab1/MPN metalloenzyme family of
deubiquitinating enzymes (DUBs), specifically cleaves K63-linked
polyubiquitination chains from substrates [ 10 −12 ]. STAMBP is implicated
in the endosome-lysosome pathway and shuttles ubiquitinated substrate
proteins to lysosomes for degradation [ 10 −14 ]. K63-linked mono- or
polyubiquitination can trigger substrate protein endocytosis and recruitment
of the endosomal sorting complexes required for transport (ESCRT)
machinery [15] . STAMBP regulates protein degradation by binding to the
ESCRT-0 protein STAM and the charged multivesicular body proteins of the
ESCRT-III complex [ 10 , 16 −20 ]. STAMBP knockout mice exhibit postnatal
growth delays and die at an early stage after birth due to cell apoptosis and
loss of neurons in the hippocampus [21] . STAMBP mutation is observed
in microcephaly capillary malformation syndrome and is considered a main
cause of the disease [ 22 −25 ]. STAMBP is implicated in the inflammatory
response by promoting the deubiquitination and stabilization of NALP7
and increasing the activity of inflammasomes [26] . STAMBP has been
shown to deubiquitinate EGFR and therefore promote the recycling of
the receptor [ 8 , 10 ]. However, STAMBP may also induce the degradation
of cell membrane receptors and gap junctions [ 16 , 27 −30 ]. Accumulating
evidence has revealed that STAMBP, as an ESCRT-III-associated enzyme,
contributes to EGFR degradation by deubiquitinating the cargo in MVB/late
endosomes [ 19 , 30 , 31 ]. Therefore, the effect of STAMBP on EGFR stability
remains controversial and needs to be further elucidated. Although STAMBP
regulates melanoma metastasis through SLUG stabilization [32] , its roles in
NSCLC progression remain completely unknown. 

Here, we assessed STAMBP expression and its clinical correlation in
NSCLC patients. Furthermore, we investigated the effects of STAMBP on
cell mobility and invasion in vitro and tumor metastasis in a xenograft
mouse model in vivo. We found that targeting STAMBP suppresses LUAD
metastasis by regulating EGFR stability and MAPK activation. We propose
that STAMBP may be a novel promising target for LUAD therapy. 

Materials and methods 

Patients 

We evaluated the expression of STAMBP in 24 NSCLC and matched
non-cancerous tissues from NSCLC patients. These patients were diagnosed
as NSCLC by pathology and underwent lung cancer surgery in Zhangjiagang
Hospital Affiliated to Suzhou University from March 2019 to February
2020. None of these patients received adjuvant chemotherapy or radiotherapy
before operation. According to the guidelines from American Joint
Committee on Cancer ( http://www.cancerstaging.org/ ), the tumor staging at
he time of diagnosis was evaluated. The tumor samples were carefully isolated 
uring surgery and the matched noncancerous lung tissues were collected at 

east one centimeter away from the edge of the lesion. The tissue samples
ere immediately frozen at -80 ̊C for protein extraction. Written permission 
as requested and received from these NSCLC patients in the study. The 
se of human specimens has been approved by Zhangjiagang Hospital 
nstitutional Review Committee (No. 2019001). To further determine 
TAMBP expression in LUAD tissues, we purchased human LUAD 

issue microarray (#HLugA150CS03, Shanghai Outdo Biotech Company, 
hanghai, China). Seventy-five paired tissues from tumor and adjacent non- 
ancerous tissues were also assessed by immunohistochemistry (IHC). The 
emographic and clinical features of the patients are shown in Supplementary 
able 1 and 2. 

We used the publicly available TCGA databases to assess the mRNA 

xpression of STAMBP in tissues from normal lung and NSCLC patients. 
he mRNA expression of STAMBP was retrieved and analyzed from 59 
ormal lung tissues and 515 LUAD tissues and 52 normal lung tissues 
nd 503 LUSC tissues ( http://ualcan.path.uab.edu/ ). The mRNA level was 
lso assessed from 10 paired LUAD and adjacent non-cancerous tissues 
rom Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/ 
eoprofiles/17277280 ) [33] . We also used the publicly available clinical 
nformation provided by cBioportal for Cancer Genomics (TCGA) databases 
 http://www.cbioportal.org/ ) [ 34 , 35 ] to assess the correlation between
TAMBP and clinical pathological status as well as patient survival in NSCLC 

atients. We retrieved clinical information from NSCLC patients including 
96 LUAD and 484 LUSC patients for correlation analysis. We stratified 485 
UAD and 478 LUSC patients into higher and lower STAMBP expression 

evels for the overall survival (OS) analyses. We extracted data from 209 
UAD patients with higher and lower quartiles for STAMBP expression for 
he disease-free survival (DFS) analyses. We stratified 364 LUSC patients into 
igher and lower STAMBP expression levels for the DFS analyses. 

ell culture and stable lines 

The human LUAD cell lines H1299 and A549 were kindly provided 
y the Stem Cell Bank, Chinese Academy of Sciences and were proven 
o be negative for mycoplasma contamination. The cells were cultured 
n Dulbecco’s modified Eagle’s medium (DMEM, Corning, AZ, USA) 
upplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml 
enicillin and 100 μg/ml streptomycin) in a humidified incubator at 37 °C in
% CO 2 . To obtain stable cells expressing FLAG- and HA-tagged STAMBP 

FH-STAMBP), H1299 cells were transfected with pCIN4-FH-STAMBP 

xpression constructs and selected for 2 wk with 1 mg/ml G418 (Gibco, NY,
SA). To generate stable knockdown A549 cells, the cells were infected with 

entivirus expressing control or STAMBP shRNA at a multiplicity of infection 
f 60 in a solution containing 5 μg/ml polybrene. Cells at a confluence of
0-30% were selected with 1 μg/ml puromycin dihydrochloride (Beyotime, 
hanghai, China) for 14 d. 

ell transfection and drug treatment 

The cells were transfected with specific siRNAs or plasmids using 
ipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer’s 
rotocol. For EGF treatment, the cells were starved in medium containing 
.1% serum for 24 h, and then, 100 ng/ml EGF was added to the culture. In
ome cases, the specific inhibitors AG1478, salirasib, TAK580, LY3009120 
nd LY3214996 from MedChem Express (NJ, USA) and U0126 and 
Y294002 from Cell Signaling Technology (CST, MA, USA) were used 
o treat the cells for the indicated times. BC-1471 was purchased from 

OBIOUS (Cat No: AOB36470, MA, USA). 

http://www.cancerstaging.org/
http://ualcan.path.uab.edu/
https://www.ncbi.nlm.nih.gov/geoprofiles/17277280
http://www.cbioportal.org/
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Western blotting and antibodies 

The tissues and cells were collected and homogenized in FLAG lysis
buffer as previously described [36] . After electrophoresis, the proteins were
transferred onto nitrocellulose membranes (GE Healthcare, WI, USA). The
membranes were blocked with 5% nonfat milk for 1 h at room temperature
and incubated overnight at 4 °C with primary antibodies. After 3 washes, the
membranes were incubated with the appropriate secondary antibodies for 1
h at RT. The signals were developed using an enhanced chemiluminescence
(Millipore, MA, USA) and ChemiDoc XRS (Bio-Rad, CA, USA) detection
system. STAMBP (sc-271641), EGFR (sc-373746), and STAM (sc-133093)
antibodies were purchased from Santa Cruz Biotechnology (CA, USA).
EGFR (4267S), RAB5 (3547T), RAB7 (9367T), P-EGFR (3777T), MEK
(9126S), P-MEK (9121S), ERK (9101S) and Phospho-p44/42 MAPK (Also
known as ERK1/2, Thr202/Tyr204, 9102S) antibodies were purchased from
Cell Signaling Technology (CST, MA, USA). β-Actin (A3853) and ubiquitin
(FK2, ST1200) primary antibodies were purchased from Sigma-Aldrich (MS,
USA). The peroxidase-linked secondary antibodies (NA931 and NA935)
were purchased from GE healthcare. Alexa Fluor 488 donkey anti-rabbit and
Alexa Fluor 555 donkey anti-mouse secondary antibodies were purchased
from Invitrogen (CA, USA). 

Immunohistochemistry (IHC) 

The tissues were formalin-fixed and paraffin-embedded. IHC staining
was performed using the peroxidase technique, as previously described [37] .
Briefly, the sections were cut into 4 μm slices, deparaffinized and rehydrated.
Epitope retrieval was performed in EDTA buffer (pH 9.0) in a water bath
at 95 °C for 20 min with cooling for 10 min before immunostaining.
The slides were further treated with 6% H 2 O 2 for 10 min to block the
endogenous peroxidase activity. The tissues were incubated with STAMBP
(1:25 dilution), EGFR (4267S, CST, 1:2500) and p-ERK (9101S, CST,
1:5000) primary antibodies overnight at 4 °C after blocking and then
exposed to an EnVision FLEX mouse or rabbit HRP-conjugated secondary
antibody solution (DAKO, Denmark). Finally, the slides were incubated
with a 3, 3’-diaminobenzidine (DAB) solution (DAKO) for 1 to 5 min
and counterstained with hematoxylin for 2 min. The digitized images were
acquired using Aperio ImageScope software (Aperio XT, Leica Microsystems).
Nucleic and cytoplasmic scoring was evaluated by 2 investigators in a blinded
manner, as previously described [ 36 ]. 

RNA interference 

H1299 and A549 cells were transiently transfected with specific
siRNAs using Lipofectamine 2000 (Invitrogen, USA) according
to manufacturer’s protocol. Two individual STAMBP siRNAs
(STAMBP siRNA-1 and STAMBP siRNA-2) and scrambled negative
control siRNA (NC) were synthesized by Genepharma (Shanghai,
China). The nucleotide sequences of siRNAs were as follows:
STAMBP siRNA-1: sense, 5’-CAUCCUCUAUAACAAGUAUdTdT-
3’, antisense, 5’-AUACUUGUUAUAGAGGAUGdTdT-3’; STAMBP
siRNA-2: sense, 5’-GAGUUGAGAUUAUCCGAAdTdT-3’,
antisense, 5’-AUUCGGAUAAUCUCAACUCdTdT-3’; and NC:
sense, 5’-UUCUCCGAACGUGUCACGUTT-3’, antisense, 5’-
ACGUGACACGUUCGGAGAATT-3’. 

We used lentivirus mediated shRNA expression to stably
knock down STAMBP expression in A549 cells. The control and
STAMBP shRNA sequences were cloned into lentivirus vector LV2
(U6/Puro) as follows (targeted sequence is italic and bold): Control
shRNA sequence, 5’-TGTTCTCCGAACGTGTCACGTTTCA
AGAGAACGTGACACGTTCGGAGAACTTTTTTC-3 ′ ; STAMBP
shRNA sequence, 5’-TGCATCCTCTATAACAAGTATTT
AAGAGAATACTTGTTATAGAGGATGCTTTTTTC-3’. The lentivirus 
onstructs were co-transfected with helper vectors, pGag/Pol, pRev and 
VSV-G into 293T packaging cells. The lentivirus particles were purified by
ltra-centrifuge process after the cell supernatants were collected after 72 h. 

eal-time PCR (RT-PCR) 

Total cellular RNA was isolated using Trizol reagent (Invitrogen, CA,
SA) following the manufacturer’s protocol. RNA was reverse-transcribed 

nto cDNA using the Thermo Scientific RevertAid H Minus First Strand
DNA Synthesis Kit (Thermofisher, MA, USA). Real-time PCR (RT-PCR) 
as performed in triplicate using SYBR green mix (Applied Biosystems,
oster City, CA, USA) and a QuantStudio Dx Real-Time PCR Instrument
Applied Biosystems) under the following conditions: 10 min at 95 °C
ollowed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. β-Actin was
sed as an internal reference for normalization. The sequences of primers
Sangon, Shanghai, China) were as follows: STAMBP, F: 5 ′ -TCCACACAGC
AGGATCCAC-3 ′ , R: 5 ′ -GGTCACTGCTCTGTCCACAA-3 ′ , EGFR, 
: 5’- GCGTCTCTTGCCGGAATGT-3’, R: 5’- GGCTCACCC 

CCAGAAGGTT-3’, β-Actin, F: 5’-AGAGCTACGAGCTGCCTGAC-3’, 
: 5’-AGCACTGTGTTGGCGTACAG-3’. 

n vitro and in vivo deubiquitination assays 

EGFR protein complex was purified in non-denaturing conditions 
sing BC100 lysis buffer without EDTA (20 mM Tris-HCl, pH 7.9, 100
M NaCl, 10% glycerol, 0.2% Triton X-100, and freshly supplemented

rotease inhibitor) from H1299 cells. EGFR protein complex was 
mmunoprecipitated by EGFR antibody and protein G agarose (Santa Cruz
iotechnology) overnight at 4 °C. FH-STAMBP and FH-STAMBP (D348A; 
atalytically inactive mutants) constructs were transfected into 293T cells. 
he proteins were purified from 293T cells using BC300 high salt lysis buffer
ithout EDTA (20 mM Tris-HCl, pH 7.9, 300 mM NaCl, 10% glycerol,
.2% Triton X-100, and freshly supplemented protease inhibitor). Anti- 
LAG antibody conjugated M2 beads (FLAG/M2, Sigma, USA) were used
o immunoprecipitate STAMBP proteins. FLAG peptides (Bimake.com) 
ere used to elute the purified proteins. In vitro deubiquitination assay
as performed by incubating EGFR complex with FH-STAMBP or FH-
TAMBP (D348A) in a deubiquitination buffer (50mM Tris-HCl pH 8.0,
0mM NaCl, 10mM DTT, 5% glycerol) for 120 min at 37 °C. The reaction
ixture was subsequently resolved on 8% SDS-PAGE for Western blot. 

In vivo deubiquitination assay was performed using STABMP 

verexpression or knockdown cells without or with EGF treatment. 
he cells were lysed in cold BC100 lysis buffer without EDTA. Total EGFR
rotein was immunoprecipitated from cell extracts by EGFR antibody and
rotein G agarose overnight at 4 °C. After extensive washing, the elution was
esolved by SDS-PAGE and detected with anti-ubiquitin antibody. 

mmunofluorescence staining 

H1299 and H-1 cells were plated into slides in 24-well plates and grown
o 40% confluence in DMEM containing 10% FBS. The cells were not
reated or treated with 100 ng/ml EGF for 20 min, and then fixed in 4%
araformaldehyde for 15 min. After 3 washes, the cells were permeabilized
ith 0.3% Triton X-100 in phosphate-buffered saline, blocked with 10%
oat serum for at least 1h at room temperature and incubated at 4 °C
vernight with the following primary antibodies at a dilution of 1:200:
abbit anti-EGFR, rabbit anti-RAB5, rabbit anti-RAB7 and mouse anti- 
TAMBP antibodies. After extensive washing, the sections were incubated 
ith Alexa Fluor 488 donkey anti-rabbit and Alexa Fluor 555 donkey

nti-mouse secondary antibodies at a dilution of 1:3000 for 1 h at room
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temperature. Finally, the slides were counterstained with 4’, 6-diamidino-
2-phenylindole dihydrochloride for 10 min and were observed with a laser
confocal microscope Leica DMi8 (Leica Microsystems, Germany). The
images were obtained using LAS X software. 

Cell viability, wound closure and transwell motility assays 

Cell counting kit-8 (Dojindo, Kumamoto, Japan) was used to measure
cell growth after stimulation with or without EGF (100 ng/ml) for indicated
times. Parental H1299 and the stable cell lines were seeded at a density of
500 cells each well in 96-well plates. Cell growth was monitored at 1, 3, 5
and 7 d. H1299 or A549 cells were seeded at a density of 1000 cells each
well in 96-well plates before the cells were transfected with siRNAs. Cell
viability was monitored at 1, 3 and 5 d after cells were transfected with control
and STAMBP siRNAs. A microplate reader (Thermo Scientific) was used to
measure absorbance of each well at 450 nm. The results are shown as the
mean optical density (OD) ± SD. 

Wound closure and transwell motility assays 

H1299 and A549 cells were plated into 6-well plates and grown to 80%
confluence in DMEM containing 10% FBS. The medium was changed into
DMEM without FBS for 24 h. The wound was induced by manually scraping
the cell monolayer with a pipette tip with or without the EGF (100 ng/ml)
added into medium. The medium was changed every 24 h with a new EGF
added. The wound closure was monitored by microscopy for indicated times.
Transwell motility assays were performed utilizing 24-well plates, 8.0μm pore
size PET track-etched membrane transwell filters (BD falcon, NJ, USA).
Single cell suspensions were seeded in clear media, containing 0.1% of FBS
onto the upper surface of the filter and allowed to migrate toward the bottom
of the transwell which contained 10% FBS. For these assays, 5 × 10 3 stable
cells or 2 × 10 4 siRNA treated cells were stimulated with EGF for 48 or 72
h. Then the cells that migrated into the underside of the filter were fixed,
stained with 0.5% crystal violet, and counted by microscopy at × 50 and
100 in 3 random fields. For cell invasion assay, the matrigel matrix (Corning,
Glendale, AZ, USA) was put in the upper surface of the filter before the
medium containing cells were added. 

Xenograft tumor growth and metastasis in nude mice 

A total of 24 6-wk-old female nude mice (NU/NU nude mice) were
purchased from Charles River Laboratories and kept in individual ventilation
cages on exhaust-ventilated closed-system cage racks in animal house. All
mice were housed in a temperature-controlled room (22 ± 2 °C) with 40%
to 60% humidity and a light/dark cycle of 12 h/12 h. All animal experiments
were approved by the Animal Ethics Committee of Soochow University,
China. 24 mice were randomly divided into 2 groups with 12 mice for each
group. A total of 5 × 10 6 A549 cells stably expressing control shRNA or
STAMBP shRNA were suspended in 50 μL phosphate-buffered saline and 50
μL matrigel matrix and injected into left lung of each mouse after exposure of
pleura by surgery. The mice were anaesthetized using sevoflurane inhalation
before and during surgery. Two mice died from over anesthesia in each
group. The mice were euthanized 6 wk after tumor implantation. The lung
tumor was dissected and tumor volume was calculated as previously described
[37] by the formula V = π × L × W 

2 /6, where L represents the longest
dimension and W the shortest dimension of the tumor. The number of
metastasis lesions on the surface of chest wall was counted before pathological
analysis. 
tatistical analysis 

Statistical analysis was performed using GraphPad Instat software 5.01 
GraphPad Software Inc., CA, USA). The quantitative data are presented as 
he mean values ± standard deviations. The results were calculated using 
tudent’s t test for comparison of 2 groups and one-way ANOVA for 
omparisons of multiple groups. Chi-squared or Fisher’s exact tests were used 
o analyze the correlation between STAMBP expression and demographic 
nd clinical features. Survival curves were plotted using the Kaplan-Meier 
ethod and compared with the log-rank test or Gehan-Breslow-Wilcoxon 

est. Statistical significance was accepted at P < 0.05. 

esults 

TAMBP levels are upregulated in human NSCLC tissues 

STAMBP plays critical roles in various physiological and pathological 
rocesses [ 22 , 26 ], but its involvement in tumor progression remains unclear.
o explore STAMBP expression in NSCLC tissues, we detected the STAMBP 

rotein in paired tumor and adjacent noncancerous tissues from 24 NSCLC 

atients. The results showed that STAMBP expression was upregulated 
n 20 patients, unchanged in 2 patients and downregulated in 2 patients 
 Fig. 1 A). The STAMBP level was significantly increased in the NSCLC
issues compared with the noncancerous tissues ( P < 0.01 by Fisher’s exact
est). We further assessed the STAMBP mRNA levels using publicly available 
EO and TCGA databases. The STAMBP mRNA level was markedly 

levated in 8 tissues and decreased in 2 tissues out of 10 LUAD tumor tissues
ompared with the paired noncancerous tissues from the GEO database 
 Fig. 1 B). We also evaluated the STAMBP mRNA level in normal lung and
umor tissues of NSCLC patients using TCGA database. The STAMBP levels 
ere significantly elevated in the tumor tissues from NSCLC patients ( Fig. 1 C
nd Supplementary figure 1). Next, we examined STAMBP expression and 
ts cellular localization by IHC analysis using a tissue microarray of a large
ohort of 75 LUAD patients. STAMBP expression was detected in both 
he tumor and noncancerous tissues ( Fig. 1 D and Supplementary figure 2).
TAMBP staining was markedly increased in the cytoplasm of the tumor cells
ompared with that of the lung epithelial cells from noncancerous tissues. 
tronger STAMBP staining was observed in the cytoplasm of the tumor 
ells from 32 out of 75 patients (42.7%). Surprisingly, the cytoplasm of the
ung epithelial cells did not exhibit stronger STAMBP staining ( Fig. 1 D).
TAMBP appears as discrete spots distributed in a speckled pattern in the 
ytoplasm of tumor cells. In contrast, STAMBP expression in the nuclei 
f tumor cells was downregulated in 51 patients (68%), unchanged in 12 
atients (16.0%) and upregulated in 12 patients (16.0%) out of 75 patients 
ompared with the corresponding noncancerous epithelial cells ( Fig. 1 D). 

TAMBP expression is associated with clinical features of LUAD 

atients 

We evaluated the relationship between the expression of STAMBP and 
he clinical characteristics of NSCLC patients using the TCGA database. 
he results showed that STAMBP expression was associated with tumor 

ize, lymph node invasion and neoplasm disease stage in the LUAD patients 
 Table 1 ). Although STAMBP expression was associated with tobacco 
moking, there was no significant correlation between the STAMBP level and 
linical features in LUSC patients (Supplementary table 3). Kaplan-Meier 
urvival analysis was used to determine the prognostic impact of STAMBP 

n NSCLC patients. The results showed that LUAD patients with lower 
TAMBP expression had significantly longer OS and DFS than patients with 
igher STAMBP expression ( Fig. 1 E). The median OS and DFS were 47.77
nd 30.98 mo for patients with higher STAMBP expression and 54.30 and 
5.27 mo for patients with lower expression, respectively. In contrast, a high 
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Fig. 1.. STAMBP expression is upregulated in NSCLC tissues. (A) The STAMBP protein expression in paired tumor tissues (T) and adjacent noncancerous 
tissues (N) from NSCLC patients was examined by Western blotting. β-Actin was used as the internal control. (B) The relative mRNA expression of STAMBP 

was analyzed in 10 paired tumor and noncancerous tissues from LUAD patients from the GEO database. The ratio of STAMBP expression in the tumor 
tissues to the controls for each patient is shown as a log2-transformed fold change. (C) Box (25 −75th percentiles) and whisker (minimum-maximum) plots of 
STAMBP expression in the normal lung and tumor tissues from LUAD patients; the horizontal line inside the box indicates the median (the 50th percentile). 
P values were calculated by the Kruskal-Wallis test. (D) Typical IHC staining of STAMBP in tumor and noncancerous tissues. IHC staining was performed in 
75 pairs of tissues, and representative images from 3 pairs (A03 and A04; D15 and D16; J03 and J04) are shown. Scale bar represents 100 μm (200 ×) and 50 
μm (400 ×). The IHC scores were assessed, and the chi-squared test was used to compare the differences. (E) Kaplan-Meier survival analyses were conducted 
to evaluate the prognostic significance of STAMBP for OS and DFS in LUAD patients. NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; 
OS, overall survival; DFS, disease-free survival. 
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Table 1 

The expression of STAMBP was correlated with the demographic and clinicopathological 

characteristics of LUAD patients. 

STAMBP High STAMBP Low P value 

Age 

≥60 173 172 0.860 

< 60 65 67 

Sex 

Male 116 115 0.924 

Female 132 133 

Tobacco smoking history 

Stage3 −5 146 150 0.708 

Stage1 −2 95 91 

Other malignancy history 

Negative 208 204 0.632 

Positive 40 44 

Laterality 

Left 88 105 0.123 

Right 152 136 

Location of lung parenchyma 

Peripheral lung 61 61 1.0 0 0 

Central lung 31 31 

Residual tumor 

Negative (R0) 162 169 0.122 

Positive (R1/R2) 11 5 

Tumor size 

T1 69 94 0.017 a 

T2-T4 178 153 

Lymph node invasion 

Negative 148 171 0.029 a 

Positive 96 73 

Distant metastasis 

Negative 161 169 0.153 

Positive 16 9 

Neoplasm Disease Stage 

I/II 180 205 0.005 a 

III/IV 66 40 

The clinical information from NSCLC patients was retrieved from cBioportal for Cancer Genomics (TCGA) 

databases for correlation analysis. NSCLC: non-small-cell lung carcinoma; LUAD: lung adenocarcinoma. 
a P < 0.05 was considered significant. The cutoff value for STAMBP expression was arbitrarily set at 4 and 

7 patients were excluded from this analysis in LUAD patients. There existed some missing demographic 

and clinical data from each category in TCGA database. We analyzed all complete data acquired for each 

parameter from database. 
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STAMBP level indicates a better OS but has no correlation with DFS in
LUSC patients (Supplementary figure 3), suggesting that STAMBP could
play different roles in the progression of the diseases. 

STAMBP promotes EGFR stabilization 

Although a previous report indicated that STAMBP promotes the
stabilization of EGFR by deubiquitinating and recycling EGFR to the cell
membrane [10] , subsequent studies revealed that STAMBP contributes to
EGFR degradation by deubiquitinating the cargo in MVB/late endosomes
[ 19 , 30 , 31 ]. To investigate the effects of STAMBP on EGFR stability, we
established stable H1299 cell lines overexpressing STAMBP, named H-1 and
H-2. We observed that the EGFR levels were markedly increased in the
H-1 and H-2 cells upon STAMBP overexpression ( Fig. 2 A). Furthermore,
EGFR expression was mainly observed in cell membrane and stronger
in H1 cells compared with parental H1299 cells by immunofluorescence
staining ( Fig. 2 B). We used 2 specific siRNAs to knock down STAMBP
expression in the H1299 and A549 cells. The EGFR levels were decreased
following STAMBP knockdown in both cell lines ( Fig. 2 C and D). To
onvince the specificity of STAMBP siRNA targeting, we performed a 
escue experiment by overexpressing siRNA resistant STAMBP constructs 
FH-STAMBP-R), in which we mutated several nucleotides targeted by 
TAMBP siRNA but did not change amino acid sequences of the protein 
Supplementary figure 4). We also overexpressed siRNA resistant STAMBP 

onstructs expressing catalytically inactive STAMBP by replacing aspartic 
cid with alanine at codon 348 (GAC to GCC) of the protein, FH-
TAMBP-R (D348A), to rescue the EGFR degradation following STAMBP 

nockdown. The results demonstrated that overexpression of FH-STAMBP- 
 but not FH-STAMBP-R (D348A) protected EGFR from degradation 

ollowing STAMBP knockdown ( Fig. 2 E). The EGFR mRNA levels 
emained unchanged after STAMBP was overexpressed or knocked down 
rom these cells (Supplementary figure 5), suggesting that the regulation 
ccurs in a posttranscriptional manner. To determine whether STAMBP 

verexpression affects protein stability, we examined the half-life of EGFR 

fter the cells were treated with cycloheximide (CHX) to block protein 
ynthesis. The results demonstrated that the STAMBP levels remained 
onstant even after the cells were treated with CHX for 24 h. Importantly,
he EGFR protein stability was significantly increased in the H-1 cells 
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Fig. 2.. STAMBP promotes EGFR stabilization. (A) Western blot analysis of the cell extracts from the parental H1299 cells and 2 cell lines overexpressing 
STAMBP (H-1 and H-2) with the indicated antibodies. (B) H1299 and H1 cells were stained with EGFR primary antibodies followed by Alexa Fluor 488 
(green) donkey anti-rabbit secondary antibodies. DAPI was used for the nuclear staining. The representative images of EGFR and merged staining are shown. 
(C and D) Western blot analysis of the cell extracts from the H1299 and A549 cells transfected with control siRNA, STAMBP-siRNA 1 and STAMBP-siRNA 

2 with the indicated antibodies. (E) Western blot analysis of the cell extracts from the H1299 transfected with control siRNA, STAMBP-siRNA 1 without 
or with FH-STAMBP-R or FH-STAMBP-R (D348A) constructs with the indicated antibodies. (F) The parental H1299 and H-1 cells were treated with 10 
μg/ml CHX for indicated times. (G) H1299 cells transfected with the empty vector or FH-STMABP (D348A) constructs were treated with 10 μg/ml CHX 

for indicated times. (H) The parental H1299 and H-1 cells were stimulated with 100 ng/ml EGF for the indicated times. (I) H1299 cells transfected with 
control siRNA or STAMBP-siRNA 1 were treated with 100 ng/ml EGF after 48 h and collected at the indicated times. Western blot analysis of the cell extracts 
was performed with the indicated antibodies (F-I). The experiments were repeated 3 times and quantification of the EGFR level relative to the β-actin level 
is shown in the right panel (F-I). DAPI, phenylindole dihydrochloride. 
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( Fig. 2 F). We transiently transfected the control and FH-STAMBP (D348A)
constructs into H1299 cells to assess EGFR protein stability upon CHX
treatment. The results showed that EGFR stability did not change when FH-
STAMBP (D348A) was overexpressed in these cells ( Fig. 2 G), suggesting
catalytic activity of STAMBP is crucial in maintaining EGFR protein
stability. Upon EGF stimulation, EGFR is ubiquitinated and degraded by
an endosome-lysosome pathway [26] . We also examined the half-life of
EGFR after the cells were treated with EGF. The results demonstrated
that increased STAMBP expression promoted EGFR stabilization, whereas
b  
ecreased STAMBP expression accelerated EGFR degradation ( Fig. 2 H and
). 

TAMBP deubiquitinates EGFR by localizing in early endosomes 

To provide mechanical insight into STAMBP-mediated EGFR protein 
tabilization in LUAD cells, we assessed whether STAMBP can bind
irectly to EGFR. The results demonstrated that STAMBP can directly
ind to STAM but not EGFR (Supplementary figure 6), suggesting that
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Fig. 2.. Continued 
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the regulation occurs in an indirect manner. Although we cannot detect
EGFR in STAMBP complex in H1299 cells, we found that STAMBP
may co-localize with EGFR in speckled structures in perinuclear cytoplasm
upon EGF treatment by immunofluorescence staining ( Fig. 3 A). We also
investigated STAMBP co-localization with early or late endosome markers
in these cells. The results demonstrated that STAMBP may co-localize
with early endosome marker RAB5 but not, if any, with late endosome
marker RAB7 upon EGF treatment ( Fig. 3 A). Next, we examined EGFR
polyubiquitination in STAMBP overexpression and knockdown cells with or
without EGF treatment. The results demonstrated that overexpression of FH-
STAMBP decreased EGFR polyubiquitination ( Fig. 3 B) whereas STAMBP
knockdown promoted EGFR polyubiquitination upon EGF treatment
 Fig. 3 C). We also performed in vitro deubiquitination assay by incubating
GFR complex with purified FH-STAMBP or FH-STAMBP (D348A) in 
 deubiquitination reaction. FH-STAMBP but not FH-STAMBP (D348A) 
ay cleave polyubiquitination chain from EGFR ( Fig. 3 D). These results 

upport STAMBP role in recycling EGFR to membrane by localizing in early 
ndosomes and deubiquitinating EGFR. 

TAMBP overexpression promotes cell motility and invasion by 
ctivating MAPK signaling 

EGFR is frequently overexpressed in NSCLC and triggers the MAPK 

ignaling cascade to induce tumor growth and metastasis [9] . Due to EGFR
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Fig. 3.. STAMBP deubiquitinates EGFR by localizing in early endosomes. (A) H1 cells were left untreated or treated with 100 ng/ml EGF for 20 min. The 
cells were stained with indicated primary antibodies followed by Alexa Fluor 488 (green) donkey anti-rabbit and Alexa Fluor 555 (red) donkey anti-mouse 
secondary antibodies. DAPI was used for the nuclear staining. The representative images of STAMBP, EGFR, RAB5, RAB7, DAPI and merged staining are 
shown. All panels show a single confocal section. Insets show 6-fold magnification of the boxed area. The scaled bar represents 10 μm. (B) H1299 and H1 cells 
were left untreated or treated with 100 ng/ml EGF for 15 min. (C) A549 cells stably expressing control and STAMBP shRNA were treated with 100 ng/ml 
EGF for 15 min. The cell lysates (B and C) were immunoprecipitated with anti-EGFR antibody and protein G agarose followed by western blot with anti- 
ubiquitin antibody (upper panel). The crude cell extracts were also detected with anti-EGFR and anti- β-Actin antibodies (lower panel). Relative ubiquitinated 
EGFR signal (ubiquitinated EGFR/total EGFR) was quantified from 3 repeated experiments and shown in right panel (B). (D) Purified EGFR complex was 
incubated with FH-STAMBP and FH-STAMBP (D348A) in a deubiquitination buffer. The reaction mixture was resolved by SDS-PAGE for western blot 
with anti-ubiquitin antibody (upper panel) as well as anti-EGFR, anti-HA and anti-FLAG antibodies (lower panel). DAPI, phenylindole dihydrochloride. 
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Fig. 4.. STAMBP overexpression promotes cell motility and invasion by activating MAPK signaling. H1299, H-1 and H-2 cells were stimulated with or 
without 100 ng/ml EGF for the indicated times. (A) Cell growth was determined at the indicated times. (B) A wound healing assay was performed, and 
wound healing was monitored at the indicated time points. (C and D) The migrating and invading cells were observed and counted at indicated times. (E) 
Western blot analysis of the cell extracts with indicated antibodies. The experiments were repeated twice, and a representative result is shown (B-D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S
M

A  

a
p  

a
c  

C
S  

s
H
m
c

stabilization by STAMBP, we investigated the role of STAMBP in the
progression of the disease. We used H1299 and A549 cells to assess the effects
of STAMBP on cell growth, mobility and invasion. The results showed that
STAMBP overexpression did not affect the growth of cells treated with or
without EGF ( Fig. 4 A). Next, we performed a wound healing assay to assess
the effects of STAMBP on cell mobility. The results demonstrated that the
H1 and H2 cells showed stronger mobility than the parental H1299 cells after
EGF treatment ( Fig. 4 B). We also examined the effects of STAMBP on cell
migration and invasion using the Transwell detection system. Consistently,
the migration and invasion abilities of the H1 and H2 cells were significantly
stronger than that of the H1299 cells after EGF treatment ( Fig. 4 C and
D). EGFR, MEK and ERK phosphorylation was enhanced, whereas the
MEK and ERK levels remained unchanged in the H1299 cells after EGF
treatment. Importantly, the EGFR levels were markedly increased, and the
phosphorylation cascade was more significantly activated in the H1 cells than
in the parental H1299 cells ( Fig. 4 E). 
TAMBP knockdown inhibits cell motility and invasion by attenuating 
APK signaling 

We used 2 siRNA fragments to reduce STAMBP expression in H1299 and 
549 cells and then examined the ability of the cells to proliferate, migrate
nd invade. The results showed that STAMBP knockdown did not affect the 
roliferation of H1299 and A549 cells treated with or without EGF ( Fig. 5 A
nd B). Wound healing was markedly delayed in the STAMBP knockdown 
ells after EGF stimulation but not in the untreated cells ( Fig. 5 C and D).
onsistently, migration and invasion were also significantly attenuated in the 
TAMBP knockdown cells after EGF stimulation ( Fig. 5 E and F). Upon EGF
timulation, EGFR, MEK and ERK were phosphorylated and activated in the 
1299 and A549 cells. The phosphorylation of these tyrosine kinases was 
arkedly reduced when STAMBP expression was knocked down in these 

ells ( Fig. 5 G and H). 
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Fig. 5.. Knockdown of STAMBP inhibits cell motility and invasion by attenuating MAPK signaling. H1299 and A549 cells transfected with control siRNA, 
STAMBP-siRNA 1 and STAMBP-siRNA 2 were treated with or without EGF (100 ng/ml). (A and B) Cell growth was measured at the indicated time points. 
(C and D) A wound healing assay was performed, and wound healing was monitored at the indicated time points. (E and F) Migrating and invading H1299 
cells were observed and counted after 48 and 72 h, respectively. (G and H) The migrating and invading A549 cells were observed and counted after 72 and 
48 h, respectively. (I and J) Western blot analysis of cell extracts with indicated antibodies. The experiments were repeated twice, and a representative result is 
shown (C-H). 
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Fig. 5.. Continued 
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The effects of STAMBP are blocked by small molecule inhibitors of the 
EGFR/MAPK signaling pathway 

We performed cell migration and invasion assays in the presence of the
EGFR inhibitor AG1478, the Ras inhibitor salirasib, the Raf inhibitors
TAK580 and LY3009120, the MEK inhibitor U0126, the ERK inhibitor
LY3214996 and the PI3K/Akt pathway inhibitor LY294002. Inclusion of all
the inhibitors prevented the migration and invasion of the parental H1299
cells and H1 cells ( Fig. 6 A and B). EGFR phosphorylation was markedly
reduced after AG1478 treatment but remained unchanged when the cells
were treated with EGF in the presence of the other inhibitors ( Fig. 6 C). The
ERK phosphorylation induced by EGF treatment was blocked by all these
inhibitors in the H1299 and H1 cells. These results suggested that the cell
migration and invasion induced by STAMBP overexpression were mediated
by the activation of EGFR and the RAS/RAF/MEK/ERK signaling pathway.
BC-1471, a small molecular inhibitor against STAMBP catalytic activity, may
decrease NALP7 protein levels by blocking STAMBP deubiquitinase activity
[26] . We assessed BC-1471 effects on STAMBP deubiquitination activity
against EGFR and on the stability of EGFR in LUAD cells. We cannot
observe its effects on STAMBP-mediated deubiquitination of EGFR in vitro
and the stability of EGFR in LUAD cells (Supplementary figure 7A-C). 

STAMBP knockdown suppresses tumor growth and metastasis in vivo 

To assess the effect of STAMBP on tumor growth and metastasis
in vivo, we established A549 cells with stable STAMBP knockdown by
lentivirus-mediated shRNA expression. STAMBP and EGFR expression was
markedly decreased in these cells ( Fig. 7 A). Consistently, cell migration
and invasion were largely compromised in STAMBP knockdown cells
after EGF stimulation (Supplementary figure 8A and B). EGFR and ERK
phosphorylation was inhibited after STAMBP was knocked down after EGF
treatment (Supplementary figure 8C). The control and STAMBP knockdown
cells were separately injected into the left lungs of nude mice. After 6 wk of
feeding, the mice were euthanized and weighed, the lungs were removed, and
chest wall metastases were observed. All the nude mice grew healthy, and
there was no difference in the body weight between the 2 groups ( Fig. 7 B).
The tumors in the lungs of 9 out of 11 nude mice from the control group
were observed. All 9 mice showed different numbers of metastatic tumors
n the chest wall. However, only 6 out of 11 nude mice from the STAMBP
nockdown group developed a tumor on the left lung and 3 out of 6 mice
ormed metastatic tumors in the chest wall. The volume of the tumors in the
ung was smaller and the number of metastatic tumors in the chest wall was
ower in the STAMBP knockdown group ( Fig. 7 C and D; Supplementary
gure 9A). Next, we evaluated the protein expression in the tumor tissues 
y Western blot. The results showed that STAMBP, EGFR, phosphorylated 
GFR and ERK were markedly reduced, whereas the ERK levels remained 
nchanged in the STAMBP knockdown tumor tissues ( Fig. 7 E). Finally, 
TAMBP expression and MAPK signaling activation in the tumors were 
valuated by IHC staining. The xenograft tumor tissues with new blood 
essels were clearly shown by H&E staining ( Fig. 7 F). STAMBP staining
as mainly observed in the nucleus, and weak staining was observed in 

he cytoplasm of mouse lung epithelial cells (Supplementary figure 9B). In 
ontrast, strong STAMBP staining was detected in the cytoplasm, and weak 
taining was detected in the nucleus of the tumor cells. Importantly, the 
xpression of STAMBP, EGFR in cell membrane and phosphorylated ERK in 
ell nucleus was markedly reduced in the STAMBP knockdown tumor tissues 
rom the lung and metastatic tumors from the chest wall ( Fig. 7 F). 

iscussion 

Accumulating evidence implicates DUBs in tumorigenesis and 
rogression at multiple levels [38] . Our study indicates that OTUD5, 
 member of the ovarian tumor protease (OTU) subfamily of DUBs, 
ooperates with TRIM25 in tumor suppression via deubiquitination activity 
37] . The proteasome DUBs PSMD14 and UCHL5 are implicated in LUAD 

rogression through the regulation of cell cycle proteins [ 36 , 39 ]. Here, we
valuated the expression and role of STAMBP in NSCLC progression. 
TAMBP expression is elevated in the cytoplasm of tumor cells and reflects
he severity of the disease. STAMBP promotes cell migration and invasion 
n vitro, and STAMBP knockdown suppresses tumor growth and metastasis 
n a xenograft mouse model. Metastasis is a leading cause of cancer-related
eath among NSCLC patients [ 40 , 41 ]. The phosphorylation and activation
f EGFR and the MAPK signaling cascade are thought to be key pathways
nvolved in NSCLC metastasis [ 4 −6 ]. Mechanistically, STAMBP may 
eubiquitinate EGFR by localizing in early endosomes and increase EGFR 

embrane localization in LUAD cells. STAMBP regulates tumor metastasis 
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Fig. 6.. The effects of STAMBP are blocked by small molecule inhibitors of EGFR/MAPK signaling. (A-B) H1299 and H-1 cells were treated with or without 
100 ng/ml EGF for 48 or 72 h. The cells were treated with or without the EGFR inhibitor AG1478 (4 μM), the RAS inhibitor salirasib (140 μM), the RAF 

inhibitors TAK580 (10 μM) and LY3009120 (10 μM), the MEK inhibitor U0126 (10 μM), the ERK inhibitor LY3214996 (10 μM), and the PI3K inhibitor 
LY294002 (5 μM). The migratory and invading cells on the underside of the filter were fixed, stained and counted. The experiments were repeated twice, and 
a representative result was shown. (C) H1299 and H1 cells were treated as indicated above for 24 h. Western blot analysis of cell extracts was performed with 
indicated antibodies. 
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Fig. 7.. STAMBP knockdown suppresses tumor growth and metastasis in vivo. (A) Western blot analysis of cell extracts from A549 cells stably expressing 
control and STAMBP shRNA with indicated antibodies. (B) The weight of the nude mice with tumor inoculation on the day of sacrifice. (C) The tumor 
volumes were determined in the control and STAMBP knockdown groups on the day of sacrifice. (D) An image of the metastatic tumors in the chest wall 
is shown. The number of metastatic tumors was compared between the control and STAMBP knockdown groups. (E) Western blot analysis of cell extracts 
from lung tumors with indicated antibodies. (F) Representative IHC staining of STAMBP, EGFR and p-ERK in the lung tumors and metastatic tumors in 
the chest walls from the control and STAMBP knockdown tissues. Scale bar represents 200 μm. 
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by increasing EGFR stability to trigger MAPK signaling. Our findings
broaden the current understanding of the mechanism underlying NSCLC
metastasis. 

LUAD is molecularly classified as EGFR-mutant, KRAS-mutant and
many other categories of driver alterations (fusions and mutations). Tumors
with EGFR and KRAS mutations are mutually exclusive and the frequency
of KRAS and EGFR mutations is each 10% to 30% [42] . Although
EGFR-TKI treatment has shown excellent effects on EGFR mutation
patients, acquired resistance has dampened long term benefit of these drugs.
Targeting the other key signaling proteins or combinational treatment
provide alternative strategies for LUAD patients. The multiple regulatory
pathways are involved in EGFR signaling pathways. Recent studies indicate
co-dependence signaling by SHOC2 signaling in either KRAS mutant or
EGFR mutant lung cancer cells [ 43 , 44 ]. SHOC2 inhibitor cooperated with
MEK inhibitor or EGFR-TKI impairs cell proliferation and viability in
KRAS- or EGFR mutant driven tumor cells. SHOC2 may be a promising
target for combination therapy for LUAD [ 43 , 44 ]. In addition, the Hippo
effector YAP promotes resistance to RAF- and MEK-targeted tumor therapies
[45] . YAP signaling is critical for SLUG activation and treatment-induced
tumor dormancy through YAP-mediated transcriptional reprogramming of
the apoptotic pathway [46] . Blocking YAP signaling pathway contributes to
eliminate tumor cells upon EGFR-TKI or MEK inhibitor treatment. 

The exploration of the molecular events that regulate EGFR degradation
is critical for the development of new treatment strategies for EGFR-positive
NSCLC patients. Although tyrosine kinase inhibitors (TKIs) that target
mutant EGFR in NSCLC have been successful in controlling tumor growth,
they may also invariably induce acquired resistance due to EGFR mutations
[ 47 −49 ]. Moreover, wild-type EGFR is overexpressed in 10% to 90% of
NSCLC tumor tissues, whereas its activation mutation is only found in 10%
of NSCLC patients [9] . A total of 10% to 20% of NSCLCs with EGFR
mutations are resistant, and most NSCLCs with wild-type EGFR cannot
respond well to TKIs despite their elevated EGFR expression [ 47 −49 ].
Thus, the manipulation of EGFR stability is an alternative therapy. EGFR
degradation has been induced by various strategies, including delivering
EGFR-specific siRNAs [ 50 , 51 ], proteolysis-targeting chimera (PROTAC)
technology [52] and small molecular drugs [ 53 , 54 ]. Our findings that
STAMBP knockdown promotes EGFR degradation and suppresses LUAD
tumor metastasis raise the possibility that targeting STAMBP may be a
promising strategy to control LUAD progression. EGFR can be both mono-
and polyubiquitinated mainly through Lys63 chains [ 55 , 56 ]. Although the
role of 2 types of ubiquitination in EGFR endocytosis and/or signaling has
not been completely revealed, accumulating evidence indicates that EGFR
Lys63-linked polyubiquitination chains are critical for EGF induced EGFR
sorting and targeting to the lysosome for degradation [ 4 , 7 , 8 , 55 −57 ]. We
found that EGFR was polyubiquitinated and its polyubiquitination level was
markedly increased upon EGF treatment in H1299 cells. EGFR was degraded
followed by EGFR signaling activation in LUAD cells upon EGF treatment.
These findings support that polyubiquitination is critical for EGF-induced
EGFR degradation and regulation of EGFR signaling in NSCLC. 

The regulation of EGFR degradation is complicated, and the effect of
STAMBP on EGFR remains controversial. The role of ubiquitination or
deubiquitination in the sorting of receptor tyrosine kinases could be different
in the physiological cellular process from that in pathological status (normal
cell and tumor cell), which might lead to the controversial interpretation
of STAMBP on EGFR regulation. Several studies indicate that STAMBP
functions as an ESCRT-III-associated enzyme in late endosomes to promote
EGFR degradation [ 19 , 30 , 31 ]. Consistently, STAMBP contributes to the
degradation of various membrane components, including CXCR4, PAR2
and Cx43, via its localization in the ESCRT complex and endosomes
[ 16 , 27 , 29 ]. Other studies found that STAMBP on early endosomes
contribute to EGFR stabilization by recycling EGFR to the cell membrane
[ 8 , 10 ]. A recent report supports this model by demonstrating that STAMBP
mpedes NALP7 trafficking to lysosomes to increase NALP7 abundance 
ia deubiquitinase activity [26] . We found that STAMBP is overexpressed
n NSCLC and promotes EGFR stabilization in vitro and in xenograft
issues. STAMBP expression is elevated in the cytoplasm of tumor cells,
hich provides further support for its roles in regulating EGFR stability and
romoting EGFR recycling to the membrane. Our findings describe a unique
athway of EGFR regulation and identify STAMBP as a potential therapeutic
arget to suppress LUAD tumor metastasis. 

uthor contribution 

DL conceived, designed and supervised the study; HX, XY, DW, JZ, X Xu
nd YZ carried out the experiments; DL and HX interpreted and analyzed
ata, and drafted and wrote the manuscript; CM and HX completed the
cquisition of the clinical samples and data. X Xuan and DL performed
ioinformatics analysis. All authors participated in the revision of the
anuscript. All authors read and approved the final manuscript. 

upplementary materials 

upplementary material associated with this article can be found, in the
nline version, at doi:10.1016/j.neo.2021.05.011 . 

eferences 

[1] Siegel RL , Miller KD , Jemal A . Cancer statistics, 2020. CA Cancer J Clin
2020; 70 :7–30 . 

[2] Herbst RS , Heymach JV , Lippman SM . Lung cancer. N Engl J Med
2008; 359 :1367–80 . 

[3] Altorki NK , Markowitz GJ , Gao D , Port JL , Saxena A , Stiles B , McGraw T ,
Mittal V . The lung microenvironment: an important regulator of tumour growth
and metastasis. Nat Rev Cancer 2019; 19 :9–31 . 

[4] Tomas A , Futter CE , Eden ER . EGF receptor trafficking: consequences for
signaling and cancer. Trends Cell Biol 2014; 24 :26–34 . 

[5] da Cunha Santos G , Shepherd FA , Tsao MS . EGFR mutations and lung cancer.
Annu Rev Pathol 2011; 6 :49–69 . 

[6] Ciardiello F , Tortora G . EGFR antagonists in cancer treatment. N Engl J Med
2008; 358 :1160–74 . 

[7] Levkowitz G , Waterman H , Zamir E , Kam Z , Oved S , Langdon WY , Beguinot L ,
Geiger B , Yarden Y . c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of
the epidermal growth factor receptor. Genes Dev 1998; 12 :3663–74 . 

[8] Huang F , Zeng X , Kim W , Balasubramani M , Fortian A , Gygi SP , Yates NA ,
Sorkin A . Lysine 63-linked polyubiquitination is required for EGF receptor
degradation. Proc Natl Acad Sci U S A 2013; 110 :15722–7 . 

[9] Roberts PJ , Der CJ . Targeting the Raf-MEK-ERK mitogen-activated protein
kinase cascade for the treatment of cancer. Oncogene 2007; 26 :3291–310 . 

10] McCullough J , Clague MJ , Urbe S . AMSH is an endosome-associated ubiquitin
isopeptidase. J Cell Biol 2004; 166 :487–92 . 

11] McCullough J , Row PE , Lorenzo O , Doherty M , Beynon R , Clague MJ ,
Urbe S . Activation of the endosome-associated ubiquitin isopeptidase AMSH by
STAM, a component of the multivesicular body-sorting machinery. Curr Biol 
2006; 16 :160–5 . 

12] Baiady N , Padala P , Mashahreh B , Cohen-Kfir E , Todd EA , Du Pont KE ,
Berndsen CE , Wiener R . The Vps27/Hrs/STAM (VHS) domain of the
Signal-transducing Adaptor Molecule (STAM) directs associated molecule with 
the SH3 domain of STAM (AMSH) specificity to longer ubiquitin chains and
dictates the position of cleavage. J Biol Chem 2016; 291 :2033–42 . 

13] Tanaka N , Kaneko K , Asao H , Kasai H , Endo Y , Fujita T , Takeshita T ,
Sugamura K . Possible involvement of a novel STAM-associated molecule 
"AMSH" in intracellular signal transduction mediated by cytokines. J Biol Chem
1999; 274 :19129–35 . 

14] Davies CW , Paul LN , Das C . Mechanism of recruitment and activation of the
endosome-associated deubiquitinase AMSH. Biochemistry 2013; 52 :7818–29 . 

https://doi.org/10.1016/j.neo.2021.05.011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0001
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0001
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0001
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0001
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0002
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0002
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0002
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0002
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0003
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0004
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0004
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0004
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0004
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0005
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0005
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0005
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0005
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0006
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0006
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0006
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0007
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0008
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0009
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0009
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0009
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0010
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0010
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0010
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0010
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0011
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0012
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0013
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0014
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0014
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0014
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0014


622 STAMBP promotes lung adenocarcinoma metastasis by regulating the EGFR/MAPK signaling pathwayH. Xu et al.Neoplasia Vol. 23, No. 6, 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

[  

[  

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[

[  

[  

[  

[  

[  

[  

 

[15] Gatta AT , Carlton JG . The ESCRT-machinery: closing holes and expanding roles.
Curr Opin Cell Biol 2019; 59 :121–32 . 

[16] Sierra MI , Wright MH , Nash PD . AMSH interacts with ESCRT-0 to regulate
the stability and trafficking of CXCR4. J Biol Chem 2010; 285 :13990–4004 . 

[17] Agromayor M , Martin-Serrano J . Interaction of AMSH with ESCRT-III and
deubiquitination of endosomal cargo. J Biol Chem 2006; 281 :23083–91 . 

[18] Solomons J , Sabin C , Poudevigne E , Usami Y , Hulsik DL , Macheboeuf P ,
Hartlieb B , Gottlinger H , Weissenhorn W . Structural basis for ESCRT-III
CHMP3 recruitment of AMSH. Structure 2011; 19 :1149–59 . 

[19] Kyuuma M , Kikuchi K , Kojima K , Sugawara Y , Sato M , Mano N , Goto J ,
Takeshita T , Yamamoto A , Sugamura K , et al. AMSH, an ESCRT-III associated
enzyme, deubiquitinates cargo on MVB/late endosomes. Cell Struct Funct
2007; 31 :159–72 . 

[20] Nakamura M , Tanaka N , Kitamura N , Komada M . Clathrin anchors
deubiquitinating enzymes, AMSH and AMSH-like protein, on early endosomes.
Genes Cells 2006; 11 :593–606 . 

[21] Ishii N , Owada Y , Yamada M , Miura S , Murata K , Asao H , Kondo H ,
Sugamura K . Loss of neurons in the hippocampus and cerebral cortex of
AMSH-deficient mice. Mol Cell Biol 2001; 21 :8626–37 . 

[22] McDonell LM , Mirzaa GM , Alcantara D , Schwartzentruber J , Carter MT ,
Lee LJ , Clericuzio CL , Graham JM Jr , Morris-Rosendahl DJ , Polster T ,
et al. Mutations in STAMBP, encoding a deubiquitinating enzyme, cause
microcephaly-capillary malformation syndrome. Nat Genet 2013; 45 :556–62 . 

[23] Faqeih EA , Bastaki L , Rosti RO , Spencer EG , Zada AP , Saleh MA , Um K ,
Gleeson JG . Novel STAMBP mutation and additional findings in an Arabic
family. Am J Med Genet A 2015; 167A :805–9 . 

[24] Hori I , Miya F , Negishi Y , Hattori A , Ando N , Boroevich KA , Okamoto N ,
Kato M , Tsunoda T , Yamasaki M , et al. A novel homozygous missense
mutation in the SH3-binding motif of STAMBP causing microcephaly-capillary
malformation syndrome. J Hum Genet 2018; 63 :957–63 . 

[25] Wu F , Dai Y , Wang J , Cheng M , Wang Y , Li X , Yuan P , Liao S , Jiang L ,
Chen J , et al. Earlyonset epilepsy and microcephalycapillary malformation
syndrome caused by a novel STAMBP mutation in a Chinese boy. Mol Med Rep
2019; 20 :5145–51 . 

[26] Bednash JS , Weathington N , Londino J , Rojas M , Gulick DL , Fort R ,
Han S , McKelvey AC , Chen BB , Mallampalli RK . Targeting the deubiquitinase
STAMBP inhibits NALP7 inflammasome activity. Nat Commun 2017; 8 :15203 . 

[27] Hasdemir B , Murphy JE , Cottrell GS , Bunnett NW . Endosomal
deubiquitinating enzymes control ubiquitination and down-regulation of
protease-activated receptor 2. J Biol Chem 2009; 284 :28453–66 . 

[28] Herrera-Vigenor F , Hernandez-Garcia R , Valadez-Sanchez M , Vazquez-Prado J ,
Reyes-Cruz G . AMSH regulates calcium-sensing receptor signaling through
direct interactions. Biochem Biophys Res Commun 2006; 347 :924–30 . 

[29] Ribeiro-Rodrigues TM , Catarino S , Marques C , Ferreira JV , Martins-Marques T ,
Pereira P , Girao H . AMSH-mediated deubiquitination of Cx43 regulates
internalization and degradation of gap junctions. FASEB J 2014; 28 :4629–41 . 

[30] Meijer IM , van Rotterdam W , van Zoelen EJ , van Leeuwen JE . Recycling of
EGFR and ErbB2 is associated with impaired Hrs tyrosine phosphorylation and
decreased deubiquitination by AMSH. Cell Signal 2012; 24 :1981–8 . 

[31] Ma YM , Boucrot E , Villen J , Affar el B , Gygi SP , Gottlinger HG , Kirchhausen T .
Targeting of AMSH to endosomes is required for epidermal growth factor
receptor degradation. J Biol Chem 2007; 282 :9805–12 . 

[32] Iwakami Y , Yokoyama S , Watanabe K , Hayakawa Y . STAM-binding protein
regulates melanoma metastasis through SLUG stabilization. Biochem Biophys Res
Commun 2018; 507 :484–8 . 

[33] Stearman RS , Dwyer-Nield L , Zerbe L , Blaine SA , Chan Z , Bunn PA Jr ,
Johnson GL , Hirsch FR , Merrick DT , Franklin WA , et al. Analysis of
orthologous gene expression between human pulmonary adenocarcinoma and a
carcinogen-induced murine model. Am J Pathol 2005; 167 :1763–75 . 

[34] Cerami E , Gao J , Dogrusoz U , Gross BE , Sumer SO , Aksoy BA , Jacobsen A ,
Byrne CJ , Heuer ML , Larsson E , et al. The cBio cancer genomics portal: an open
platform for exploring multidimensional cancer genomics data. Cancer Discov
2012; 2 :401–4 . 
35] Gao J , Aksoy BA , Dogrusoz U , Dresdner G , Gross B , Sumer SO , Sun Y ,
Jacobsen A , Sinha R , Larsson E , et al. Integrative analysis of complex cancer
genomics and clinical profiles using the cBioPortal. Sci Signal 2013; 6 :pl1 . 

36] Zhang J , Xu H , Yang X , Zhao Y , Xu X , Zhang L , Xuan X , Ma C , Qian W , Li D .
Deubiquitinase UCHL5 is elevated and associated with a poor clinical outcome 
in lung adenocarcinoma (LUAD). J Cancer 2020; 11 :6675–85 . 

37] Li F , Sun Q , Liu K , Zhang L , Lin N , You K , Liu M , Kon N , Tian F , Mao Z ,
et al. OTUD5 cooperates with TRIM25 in transcriptional regulation and tumor 
progression via deubiquitination activity. Nat Commun 2020; 11 :4184 . 

38] Harrigan JA , Jacq X , Martin NM , Jackson SP . Deubiquitylating enzymes and
drug discovery: emerging opportunities. Nat Rev Drug Discov 2018; 17 :57–
78 . 

39] Zhang L , Xu H , Ma C , Zhang J , Zhao Y , Yang X , Wang S , Li D . Upregulation
of deubiquitinase PSMD14 in lung adenocarcinoma (LUAD) and its prognostic 
significance. J Cancer 2020; 11 :2962–71 . 

40] Riihimaki M , Hemminki A , Fallah M , Thomsen H , Sundquist K , Sundquist J ,
Hemminki K . Metastatic sites and survival in lung cancer. Lung Cancer 
2014; 86 :78–84 . 

41] Planchard D , Popat S , Kerr K , Novello S , Smit EF , Faivre-Finn C , Mok TS ,
Reck M , Van Schil PE , Hellmann MD , et al. Metastatic non-small cell lung
cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. 
Ann Oncol 2018; 29 :iv192–237 . 

42] Travis WD , Brambilla E , Noguchi M , Nicholson AG , Geisinger KR , Yatabe Y ,
Beer DG , Powell CA , Riely GJ , Van Schil PE , et al. International association for
the study of lung cancer/american thoracic society/european respiratory society 
international multidisciplinary classification of lung adenocarcinoma. J Thorac 
Oncol 2011; 6 :244–85 . 

43] Sulahian R , Kwon JJ , Walsh KH , Pailler E , Bosse TL , Thaker M , Almanza D ,
Dempster JM , Pan J , Piccioni F , et al. Synthetic lethal interaction of SHOC2
depletion with MEK inhibition in RAS-driven cancers. Cell Rep 2019; 29 :118–34 
e118 . 

44] Terai H , Hamamoto J , Emoto K , Masuda T , Manabe T , Kuronuma S ,
Kobayashi K , Masuzawa K , Ikemura S , Nakayama S , et al. SHOC2 is a critical
modulator of sensitivity to EGFR-TKIs in non-small cell lung cancer cells. Mol 
Cancer Res 2021; 19 :317–28 . 

45] Lin L , Sabnis AJ , Chan E , Olivas V , Cade L , Pazarentzos E , Asthana S , Neel D ,
Yan JJ , Lu X , et al. The Hippo effector YAP promotes resistance to RAF- and
MEK-targeted cancer therapies. Nat Genet 2015; 47 :250–6 . 

46] Kurppa KJ , Liu Y , To C , Zhang T , Fan M , Vajdi A , Knelson EH ,
Xie Y , Lim K , Cejas P , et al. Treatment-induced tumor dormancy through
YAP-mediated transcriptional reprogramming of the apoptotic pathway. Cancer 
Cell 2020; 37 :104–22 e112 . 

47] Pao W , Chmielecki J . Rational, biologically based treatment of EGFR-mutant 
non-small-cell lung cancer. Nat Rev Cancer 2010; 10 :760–74 . 

48] Gelsomino F , Agustoni F , Niger M , Valota M , Haspinger ER . Epidermal
growth factor receptor tyrosine kinase inhibitor treatment in patients with 
EGFR wild-type non-small-cell lung cancer: the never-ending story. J Clin Oncol 
2013; 31 :3291–3 . 

49] Menard L , Floc’h N , Martin MJ , Cross DAE . Reactivation of mutant-EGFR
degradation through clathrin inhibition overcomes resistance to EGFR tyrosine 
kinase inhibitors. Cancer Res 2018; 78 :3267–79 . 

50] Dykxhoorn DM , Palliser D , Lieberman J . The silent treatment: siRNAs as small
molecule drugs. Gene Ther 2006; 13 :541–52 . 

51] Tam YY , Chen S , Cullis PR . Advances in lipid nanoparticles for siRNA delivery.
Pharmaceutics 2013; 5 :498–507 . 

52] Cheng M , Yu X , Lu K , Xie L , Wang L , Meng F , Han X , Chen X , Liu J , Xiong Y ,
et al. Discovery of potent and selective Epidermal Growth Factor Receptor 
(EGFR) bifunctional small-molecule degraders. J Med Chem 2020; 63 :1216–
1232 . 

53] Leung EL , Fan XX , Wong MP , Jiang ZH , Liu ZQ , Yao XJ , Lu LL , Zhou YL ,
Yau LF , Tin VP , et al. Targeting tyrosine kinase inhibitor-resistant non-small
cell lung cancer by inducing epidermal growth factor receptor degradation via 
methionine 790 oxidation. Antioxid Redox Signal 2016; 24 :263–79 . 

http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0015
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0015
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0015
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0016
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0016
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0016
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0016
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0017
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0017
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0017
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0018
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0019
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0020
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0020
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0020
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0020
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0020
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0021
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0022
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0023
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0024
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0025
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0026
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0027
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0027
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0027
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0027
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0027
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0028
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0029
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0030
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0030
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0030
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0030
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0030
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0031
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0032
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0032
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0032
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0032
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0032
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0033
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0034
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0035
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0036
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0037
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0038
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0038
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0038
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0038
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0038
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0039
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0040
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0041
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0042
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0043
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0044
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0045
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0046
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0047
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0047
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0047
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0048
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0049
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0049
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0049
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0049
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0049
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0050
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0050
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0050
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0050
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0051
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0051
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0051
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0051
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0052
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0053


Neoplasia Vol. 23, No. 6, 2021 STAMBP promotes lung adenocarcinoma metastasis by regulating the EGFR/MAPK signaling pathway H. Xu et al. 623 

 

 

 

 

[  

[  
[54] Yao N , Wang CR , Liu MQ , Li YJ , Chen WM , Li ZQ , Qi Q , Lu JJ , Fan CL ,
Chen MF , et al. Discovery of a novel EGFR ligand DPBA that degrades EGFR
and suppresses EGFR-positive NSCLC growth. Signal Transduct Target Ther
2020; 5 :214 . 

[55] Conte A , Sigismund S . Chapter six - The ubiquitin network in the control of
EGFR endocytosis and signaling. Prog Mol Biol Transl Sci 2016; 141 :225–76 . 
56] Huang F , Kirkpatrick D , Jiang X , Gygi S , Sorkin A . Differential regulation of
EGF receptor internalization and degradation by multiubiquitination within the 
kinase domain. Mol Cell 2006; 21 :737–48 . 

57] Eden ER , Huang F , Sorkin A , Futter CE . The role of EGF receptor ubiquitination
in regulating its intracellular traffic. Traffic 2012; 13 :329–37 . 

http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0054
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0055
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0055
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0055
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0056
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0057
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0057
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0057
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0057
http://refhub.elsevier.com/S1476-5586(21)00038-5/sbref0057

	STAMBP promotes lung adenocarcinoma metastasis by regulating the EGFR/MAPK signaling pathway
	Introduction
	Materials and methods
	Patients
	Cell culture and stable lines
	Cell transfection and drug treatment
	Western blotting and antibodies
	Immunohistochemistry (IHC)
	RNA interference
	Real-time PCR (RT-PCR)
	In vitro and in vivo deubiquitination assays
	Immunofluorescence staining
	Cell viability, wound closure and transwell motility assays
	Wound closure and transwell motility assays
	Xenograft tumor growth and metastasis in nude mice
	Statistical analysis

	Results
	STAMBP levels are upregulated in human NSCLC tissues
	STAMBP expression is associated with clinical features of LUAD patients
	STAMBP promotes EGFR stabilization
	STAMBP deubiquitinates EGFR by localizing in early endosomes
	STAMBP overexpression promotes cell motility and invasion by activating MAPK signaling
	STAMBP knockdown inhibits cell motility and invasion by attenuating MAPK signaling
	The effects of STAMBP are blocked by small molecule inhibitors of the EGFR/MAPK signaling pathway
	STAMBP knockdown suppresses tumor growth and metastasis in vivo

	Discussion
	Author contribution
	Supplementary materials
	References


