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EEF1A2 interacts with HSP90OABI to promote lung
adenocarcinoma metastasis via enhancing TGF-f/SMAD

signalling
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BACKGROUND: Eukaryotic protein translation elongation factor 1a2 (EEF1A2) is an oncogene that promotes the progression of
breast and pancreatic cancer. In this study, we aimed to elucidate the oncogenic function of EEF1A2 in the metastasis of lung

adenocarcinoma (LUAD).

METHODS: Immunohistochemistry and western blot were used to study EEF1A2 expression levels in LUAD tissues and cells,
respectively. The role of EEF1A2 in LUAD progression were investigated in vitro and in vivo. We identified potential EEF1A2-binding
proteins by liquid chromatography-electrospray mass spectrometry (LC-MS)/MS. Protein—protein interactions were determined by

immunofluorescence and co-immunoprecipitation (Co-IP).

RESULTS: In this study, we report that EEF1A2 mediates the epithelial-mesenchymal transformation (EMT), to promote the
metastasis of LUAD cells in vitro and in vivo. Moreover, EEF1A2 interacts with HSP90AB1 to increase TGF3 Receptor (TBR)-I, and
TBRII expression, followed by enhanced SMAD3 and pSMAD?3 expression and nuclear localisation, which promotes the EMT of LUAD
cells. Overexpression of EEF1A2 in cancer tissues is associated with poor prognosis and short survival of patients with LUAD.
CONCLUSIONS: These findings underscore the molecular functions of EEF1A2 in LUAD metastasis and indicate that EEF1A2
represents a promising target in the treatment of aggressive LUAD.
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BACKGROUND

Lung cancer is the most prevalent malignancy, causing 1.77
million deaths worldwide annually." Lung cancer is divided into
two major categories, the non-small cell lung cancer (NSCLC), and
small cell lung cancer (SCLC). NSCLC includes lung adenocarci-
noma (LUAD), and squamous cell carcinoma (SCC), which accounts
for 80-85% of all lung cancer cases.? Although earlier reports have
confirmed the expression characteristics and corresponding
therapeutic strategies targeting KRAS, and EGFR mutations, and
the EML4-ALK fusion gene in LUAD, the 5-year overall survival rate
of lung adenocarcinoma patients remains low at 18%.37 In
particular, only 2-8% of patients with late stage lung adenocarci-
noma can live up to 5 years.® Therefore, an improved under-
standing of the key underlying metastatic mechanisms of LUAD
progression is required.

Recent studies have shown that several housekeeping proteins
contribute to enhance epithelial-mesenchymal transformation
(EMT) and oncogenic transformation.’™'" B2-microglobulin (B2-
M), a well-known heterodimeric cell surface and housekeeping
protein presents antigenic peptides to cytotoxic T cells.'"

Additionally, $2-M interacts with receptor protein hemochroma-
tosis to modulate EMT and metastasis of cancer cells.'* Recently, an
increasing number of studies have confirmed that translation
factors had a positive role in regulating cytoskeleton altering
signalling pathways.'>™'” Eukaryotic protein translation elongation
factor 1a2 (EEF1A2) belongs to the eEF1A family and localises to
chromosome 20q13.3. It consists of three domains, which
predominantly deliver the aminoacylated-tRNA to the ribosome
A site for decoding of mRNA by codon-anticodon interactions
during protein synthesis.'’®'® Additionally, EEF1A2 regulates
myotube survival by protecting them from undergoing apopto-
sis.2% Moreover, EEFIA2 was reported as a putative oncogene due to
its high expression in breast, ovarian, lung and liver cancers.?'>* A
previous report showed that EEF1A2-induced Akt-dependent actin
remodelling, and enhanced the invasion of breast cancer cells.?®
Additionally, EEF1A2 promotes pancreatic cancer metastasis
through Akt-dependent upregulation of MMP-9 expression.2®%’

In lung cancer cells, a comparative genomic hybridisation (CGH)
array identified DNA gain at 20q13 region, while fluorescence
in situ hybridisation (FISH) analysis confirmed DNA copy number
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increase of EEF1A2.°® EEF1A2 enhanced Gefitinib resistance by
preventing AKT phosphorylation for KRAS-mutated NSCLC.*° Li
et al. showed that the DNA copy number, mRNA, and protein
expression of EEF1A2 were increased in lung cancer cells using
integrated omics analysis. Additionally, EEF1A2 overexpression has
been correlated with tumour stage in NSCLC patients.>° However,
the function and molecular mechanism of EEF1A2 in promoting
development and metastasis of LUAD has not been identified. In
this study, we aimed to elucidate the oncogenic function and
mechanisms of EEFTIA2 in the proliferation and metastasis of
LUAD.

METHODS

Clinical specimens and bioinformatics analysis

To elucidate the effect of upregulated EEF1A2 on promotion of
metastasis in LUAD patients, a tissue array consisting of 78 para-
carcinoma, 78 primary LUAD and four metastatic LUAD tissues
were subjected to immunohistochemistry (IHC) analysis (Supple-
mentary Table 1). All specimens in the tissue array were verified by
a clinical pathologist. Datasets GSE37745 (consisting of 106 LUAD
tissue samples) and GSE19188 (including 65 normal lung tissue
samples, and 45 LUAD tissue samples) were obtained from the
public database Gene Expression Omnibus (GEO) (http://www.
ncbi.nlm.nih.gov/geo/) and reanalysed to elucidate the correlation
between EEF1A2, HSP90AB1 expression level and survival time of
LUAD patients.'3? The GSE19188 dataset provided expression
data for EEF1A2 and HSP90AB1 for comparison between LUAD
and normal lung tissue samples. The GSE37745 dataset was
analysed using the Kaplan—-Meier method to create a survival
curve of EEF1A2 and HSP90AB1 in LUAD tissue samples.

Cell lines

To investigate the function and molecular mechanism of EEF1A2
in LUAD, we used A549 and PC9 cells. Immortalised normal
bronchial epithelial cells, HBE and LUAD cell lines, A549 and PC9
were cultured in RPMI-1640 medium supplemented with 10% FBS.
The cells were grown at 37 °C in a humidified atmosphere with 5%
CO,. Growing cells were tested for mycoplasma contamination
using polymerase chain reaction (PCR).

Immunohistochemistry and antibodies

Following deparaffinisation and rehydration using regular graded
alcohol and quenching with hydrogen peroxide, tissue sections on
glass slides were incubated with 0.01 M citrate buffer for antigen
retrieval. The slides were incubated with primary antibody at 4 °C
overnight. The sections were washed with phosphate buffer
solution (PBS) three times, then stained with polymerised horse-
radish peroxidase and anti-rabbit IgG (Cell Signaling Technology,
USA) for 1 h. Finally, the slides were washed, stained using 3'-
diaminobenzidine hydrochloride as the chromogen, and counter-
stained with haematoxylin. Positive labelling in the cell nucleus
was visualised and images were captured using a stereomicro-
scope (OLYMPUS BX-51, Tokyo, Japan). EEF1A2 expression was
evaluated based on the staining intensity and area, where H score
=1%x(% weak) +2x (% moderate) + 3 X (% intense); range =
0-300.3* EEF1A2 and HSP90AB1 antibodies were purchased from
ABclonal (Wuhan, China) and Affinity (Cincinnati, OH, USA),
respectively. Antibody information is detailed in Supplementary
Table 2.

SiRNAs, plasmids and transduction

EEF1A2 and HSP90AB1 siRNAs were obtained from Ribobio
Biological Technology (Guangzhou, China). pEnter-EEF1A2 plasmid
with c-terminal Flag and His tag was purchased from ViGene
Biosciences (Jinan, China). EEF1A2-Flag and HSP90AB1-Myc
truncation mutants were generated using the pcDNA3.1(+) vector
backbone. These plasmids were co-transfected into HEK293 cells

to investigate the binding domains of EEF1A2 and HSP90AB1. To
establish stable EEF1A2 overexpression and knockdown cells, the
EEF1A2 open reading frame sequence was cloned into the
lentiviral plasmid pCDH-green fluorescent protein (GFP), and
shRNAs targeting EEF1A2 were constructed using the pLVTH-GFP
vector. The vectors were co-transfected with psPAX2 and pMD2.G
and the cells were enriched based on their GFP expression using
flow cytometry. To perform live monitoring of tumour cells in
mice, luciferase was stably expressed in sh-EEF1A2 cells using
lentiviral plasmids, and enriched by blasticidin screening (YESEN,
Shanghai, China). The sequence of EEF1A2 siRNAs, shRNAs and
HSP90AB1 siRNA are shown in Supplementary Table 3.

In vivo experiments
To investigate the function of EEF1A2 in vivo, a total of 26 4-week-
old mice (18-25 g, Balb/c nude) were purchased from Hunan SJA
Laboratory Animal Company and fed a rodent diet at the
Experimental Animal Center of Central South University (Chang-
sha, China). Mice were subjected to 12-h dark, and 12-h light
conditions and a standard temperature of 23 °C and humidity of
48%. A subcutaneous tumour mouse model was used to confirm
the role of EEF1A2 in tumorigenesis of LUAD. Sixteen female Balb/
¢ nude mice were randomly and equally divided into two groups:
EEF1A2 knockdown, and control groups. The sh-EEF1A2_001 and
negative control cells in the logarithmic growth phase were
collected and washed once with PBS. The cells were resuspended
at 1x 107 cells/mL, and subcutaneously injected (200 pL) into the
right anterior axillary of the mice. The tumours were measured
daily after injection, and growth curves were plotted for each
group. The maximum (length) and minimum diameter (width) of
the tumour in each mouse were measured using a Vernier calliper
to calculate the tumour volume using the formula: Volume =
length x width? x 0.52. All the mice were sacrificed using excess
carbon dioxide (25% chamber volume per minute) 28 days after-
inoculation. Tumours were isolated, photographed and weighed.
A metastatic tumour mouse model was used to confirm the
prometastatic potential of EEF1A2. Ten female Balb/c nude mice
were randomly and equally divided into the EEF1A2 knockdown,
and control groups. Sh-EEF1A2_001 or the negative control A549
cells were collected and resuspended at 2 x 107 cells/mL. The cell
suspension (200 pL) was injected into the tail veins of Balb/c nude
mice using a 1 mL syringe (4 x 10° cells per mouse). The metastatic
stage was monitored 7-8 weeks post-injection when all mice were
under inhalation anaesthesia with 2% isoflurane, and luciferin
substrate (150 mg/kg) was injected and visualised using an in vivo
luminescence imaging system (IVIS, PerkinElmer, MA, USA). The
mice were sacrificed using excess carbon dioxide (25% chamber
volume per minute) 8 weeks post-injection, and the lungs and
lymph nodes were removed for further analysis. Haematoxylin and
Eosin staining was used to observe the metastasis of LUAD cells, to
examine the cellular morphology, and record the number of
metastatic tumour foci in the lung and lymph nodes using a
stereomicroscope.

Immunoprecipitation and liquid chromatography mass
spectrometry (LC-MS)/MS analysis

HEK293 cells (5% 10° were lysed using cell lysis buffer for
immunoblotting and immunoprecipitation (P0013, Beyotime,
Shanghai, China) according to the manufacturer's protocol.
Following centrifugation at 12,000 xg for 20min at 4°C, the
supernatant was incubated with primary antibodies overnight at
4°C, followed by incubation with protein A 4+ G Sepharose (30 pL)
(Millipore, USA) for an additional 4 h. The beads were washed five
times with ice-cold lysis buffer. The bound proteins were eluted
from the beads with SDS-loading buffer, and separated on SDS-
PAGE, followed by LC-MS/MS analysis, and immunoblotting. Briefly,
the gel pieces were subjected to in-gel tryptic digestion after
removing the SDS. Then, the peptide was desalted using
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trifluoroacetic acid (Sigma, USA) on a C18 elution plate (Sigma,
USA). Peptide analysis was carried out using an Ultimate 3000 nano
HPLC system, and electrospray ionisation-tandem mass spectro-
meter (Thermo Fisher Scientificc, USA). Data were processed,
searched and quantified using Proteome Discoverer 1.4 software
(Thermo Scientific, Waltham, MA, USA), using the default settings
and employing the Human Uniprot database (Proteome ID:
UP000005640). To find proteins that interact with EEF1A2, further
bioinformatics analysis of all the protein data was performed using
the Functional Enrichment analysis tool (FunRich Version 3.0). All
proteins were listed in Supplemental Tables 4 and 5.

Immunofluorescence microscopy

A549 cells were transfected with si-EEF1A2 or the negative control,
or Flag-EEF1A2, and Myc-HSP90ABT1 for 48 h. The fluorescence was
directly visualised and recorded. The cells were cultured on glass
coverslips in a six-well plate. Thereafter, the cells were fixed with
4% paraformaldehyde in PBS, permeabilised by 0.1% Triton X-100,
followed by washing in PBS. Phalloidin (P2141, Sigma, USA) in
TBST was added onto the coverslips and incubated for 1h.
Thereafter, anti-Flag (1:500) or anti-Myc antibodies (1:100) was
added and incubated overnight at 4°C. Subsequently, the
coverslips were incubated with the corresponding Alexa Fluor
488 (SA00006-1, Proteintech, China) or Alexa Fluor 594 (SA00006-
4, Proteintech, China) secondary antibodies. Cellular nuclei were
stained with DAPI (Beyotime Biotechnology, Shanghai, China).

Statistical analysis

Statistical analysis of cell proliferation, colon formation, cell
invasion and metastasis and animal tumour weight were
performed using the SPSS software (version 20.0, IBM, Chicago,
USA). All statistical calculations and plotting of graphs were
performed using the GraphPad Prism5 software (GraphPad
Software LLC, San Diego, USA). Significant differences between
two groups of data in the invasion, wound healing, and colony
formation assays were evaluated by using the Student's t-test.
One-way analysis of variance (ANOVA) was used for more than
two groups. Overall survival (OS) or relapse-free survival (RFS) for
different levels of EEF1A2 or HSP90AB1 signature was calculated
using the Kaplan-Meier method. Statistical significance was
determined using the Student’s t-test, Spearman correlation
coefficients test, Kaplan-Meier method, or Fisher's exact test. For
all statistical tests, p < 0.05 was considered statistically significant.

RESULTS

EEF1A2 overexpression in LUAD tissues and cells is strongly
correlated with poor prognosis

To determine the clinical significance of the EEF1A2 in patients
with LUAD, immunohistochemical staining was used to detect
EEF1A2 in tissue microarrays (TMAs) consisting of 78 pairs of
cancer samples compared with their corresponding adjacent
tissues. Compared to the para-carcinoma tissues, tumour tissues
exhibited strong expression of EEF1A2 (Fig. 1a, b). Notably, EEF1A2
expression was further enhanced in advanced-stage and distant-
metastatic tumour tissues (Fig. 1c, d). Additionally, a higher
EEF1A2 expression level was associated with poorer OS and RFS
(Fig. 1e). As shown in Fig. 1f, the area under the receiver operating
characteristic (ROC) curve (AUC value) of EEF1A2 for the diagnosis
of LUAD was 0.7761. These results suggested that EEF1A2 might
be an oncoprotein involved in the progression of LUAD, and an
early diagnosis and prognostic factor thereof.

EEF1A2 promotes the development of malignant phenotypes of
LUAD cells

The expression of EEF1A2 was higher in A549 and PC9 cells than in
HBE cells. EEF1A1 protein shares 96% homology in amino acid
sequence with EEF1A2, although no expression level changes
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were noted in these cells (Fig. STA). To examine the function of
EEF1A2 in LUAD tumorigenesis, siRNAs targeting EEF1A2 were
transfected into A549 and PC9 cells to reduce the expression of
EEF1A2 (Fig. 2a). The cell counting kit 8 (CCK8) assay demon-
strated that reduction of EEF1A2 decreased the proliferation of
A549 and PC9 cells (Fig. 2b). The colony formation assay
confirmed that the downregulation of EEF1A2 led to a consider-
able reduction in the number of colonies compared to the control
(Fig. 2¢). As clinical data showed high expression levels of EEF1A2
in metastatic LUAD tumour tissues, we investigated the effect of
EEF1A2 on metastatic ability of LUAD cells. Cell invasion and
wound-healing assays showed that the invasive and migration
ability was repressed in A549 and PC9 EEF1A2-knockdown cells
(Fig. 2d, e). In contrast, EEF1A2 overexpression in A549 and PC9
cells promoted cellular proliferation, invasiveness, and migration
(Fig. S1B-F).

EEF1A2 promotes LUAD cell proliferation and metastases in vivo
To elucidate the function of EEF1A2 in vivo, we designed lentiviral
vectors expressing EEF1A2 shRNAs or control shRNA with luciferase
expression. In sh-EEF1A2_001 A549 cells, the expression level of
EEF1A2 decreased by ~90% (Fig. S2A). The cell invasion assay
showed that EEF1A2 knockdown by shRNAs effectively reduced the
invasive ability of A549 cells (Fig. S2B). Hence, Sh-EEF1A2_001 A549
cell line was selected for the animal experiments. As expected,
EEF1A2 knockdown delayed tumour growth in mice xenografts
(Figs. 3a, b and S2C). Additionally, western blot results verified that
EEF1A2 protein expression decreased in tumour tissues of the sh-
EEF1A2 group (Fig. 2c). Thereafter, we tested the effect of EEF1A2
on metastasis in vivo using a tail vein injection model. As shown in
Fig. 3d, the level of tumour burden was decreased in sh-
EEF1A2_001-A549 cells group. Fewer lung and lymph metastatic
nodules were detected compared to the control group (Fig. 3e, f).
Collectively, these data demonstrated that EEF1A2 knockdown
inhibited lung tumorigenesis and metastasis in vivo.

EEF1A2 promotes EMT by enhancing TGF-B/SMAD signalling

As shown in Fig. 4a, EEF1A2 knockdown changed the morphology
of A549 cells from a mesenchymal-like shape to a cobblestone
appearance. Furthermore, cytoskeletal change detected by FITC-
phalloidin (green), showed that EEF1A2 knockdown induced
disorderly microfilaments and disruption of stress fibres (Fig. 4b).
We hypothesised that EMT may be involved in the EEF1A2-
induced changes in cell morphology. Compared to the control
cells, the expression of epithelial-like marker (E-Cadherin) was
upregulated, and expression of mesothelial-related proteins (N-
Cadherin and SLUG) was decreased in the A549 and PC9 cells
treated with si-EEF1A2 (Fig. 4c). These results suggested that EMT
activity may be involved in the function of EEF1A2 to promote
invasion and metastasis of LUAD cells.

TGF-B/SMAD signalling is an important inducer of EMT in
various cancers3*3% We found that EEF1A2 overexpression or
silencing caused a change in the expression of two key receptors
in the TGF-B signalling pathway, TGF-f receptor type | (TBR I) and
type Il (TBR II). This was accompanied by the change in the SMAD3
and pSMAD3 expression levels (Fig. 4d). Furthermore, we detected
changes in SMAD3 and pSMAD3 expression in the cytoplasm and
nucleus, following EEF1A2 overexpression. Additionally, there was
no significant change in the expression of SMAD3 and pSMAD3 in
the cytoplasm of A549 cells, whereas that in the nucleus increased
(Fig. 4e). These results suggested that EEF1A2 could promote EMT
through modulation of the TGF-f receptor and nuclear expression
of SMAD3 proteins.

EEF1A2 regulates TGF-B/SMAD signalling and EMT by interacting
with HSP90AB1

To gain further insights into the molecular mechanism of EEF1A2,
we used Flag IP-pull-down followed by LC-MS/MS to identify
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Fig. 1 Expression of EEF1A2 and clinical significance in lung adenocarcinoma (LUAD). EEF1A2 expression was detected by

immunohistochemistry (IHC) of paraffin-embedded tissues of LUAD patients. a Representative images were shown for negative, low or
high expression of EEF1A2 staining. b Quantitative analysis of EEF1A2 expression in 78 paired LUAD tissues (T) and adjacent tissues (N).
c EEF1A2 expression was positively related to the clinical pathologic stage (Para-carcinoma, n=78; |, I-ll, Il n=>58; lI-lll, Il n=20). d The
distribution of EEF1A2 expression levels in different tissues. (para-carcinoma n=78, primary lesion n=78 and metastasis n=4).
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potential EEF1A2-binding proteins (Fig. 5a). A total of 127 proteins
shared by A549 and PC9 cells that interacted with EEF1A2 were
identified. However, we did not identify the SMADs amongst these
proteins (Supplementary Tables 4 and 5). Additionally, we verified
that EEF1G could interact with EEF1A2 as previously reported,?’
indicating the reliability of the LC-MS/MS analysis (Fig. S3A).
Notably, the immunoprecipitation assay showed that EEF1A2
could be precipitated with HSP90AB1 and XRCC6, although not
with HSP90AA1, which was found in LC-MS/MS analysis (Fig. 5b
and Fig. S3A & B). Previous studies have shown that inhibition of
heat shock protein 90 (HSP90) function leads to the ubiquitination
and degradation of TBR32 Lee et al. reported that inhibition of
HSP90AB1 decreased nuclear localisation and phosphorylation of
SMAD3 in MviLu cells.>® Therefore, we suggested that EEF1A2
may regulate TGF-B/SMAD3 signalling through HSP90AB1 in LUAD
cells.

Immunofluorescence staining of EEF1A2 and HSP90AB1, fol-
lowed by confocal microscopy revealed strong staining in the
cytoplasm and scattered staining in the nuclei. Marked co-staining

of EEF1A2 and HSP90AB1 was visualised in the cytoplasm (Fig. 5¢c).
Neither si-EEF1A2 nor si-HSP90AB1 did alter the position of their
co-location in the cytoplasm (Fig. S3D). The EEF1A2 protein
consists of three domains, namely domain I, domain II, domain lIl.
Domain | consists of 1-240 amino acids that structured in a
Rossmann-fold topology. Domain Il (241-336 aa) and domain Il
(337-443 aa) span over beta strands and each domain contains
two beta sheets that form the beta barrel.”® HSP90AB1 consists of
three major structural domains: the nucleotide binding domain
(domain |, 1-232 aa) located in the N-terminal portion, which
contains the ATP-binding site; the client binding domain (domain
I, 233-620 aa) in the centre; and a C-terminal domain (domain Ill,
621-724 aa) responsible for HSP90AB1 dimerisation.”® We
generated various EEF1A2-Flag and HSP90AB1-Myc deletion
constructs to investigate the domain responsible for binding.
The pull-down assay showed that Flag-tagged EEF1A2 domain |
(1-240 aa) proteins could bind to HSP90AB1. Additionally, the
HSP90AB1 domain | (1-232 aa) is predominantly responsible for
interaction with EEF1A2 (Figs. 5d and S3Q).
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The expression of HSP90AB1 was higher in A549 and PC9
cells than in HBE cells (Fig. S4A). HSP90AB1 knockdown
attenuated the invasive ability of LUAD in pCDH-EEF1A2 A549
cells (Fig. 6a). In A549 and PC9, HSP90AB1 knockdown could
partially reverse the increase of TBRI, TBRIIl, SMAD3, pSMAD3, N-
cadherin and SLUG expression levels in LUAD cells, induced by
EEF1A2 overexpression (Figs. 6b and S4B). Overall, these data

suggest that EEF1A2 interacts with HSP90AB1, and regulates
TGF-B signal transduction, thus affecting the migration of LUAD
cells.

Overexpression of HSP90AB1 also correlated with poor prog-
nosis in LUAD (Fig. S4C, D). We calculated the OS for LUAD
patients using the combined index of EEF1A2 and HSP90AB1
expression. The results showed that a combination of high EEF1A2
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Fig. 5 EEF1A2 interacts with the ATP-binding domain of HSP90AB1. a Cell lysates from 293 T cells transfected with Flag-EEF1A2 were
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chromatography mass spectrometry (LC-MS)/MS. b A549 cells were transfected with Flag-EEF1A2, and the proteins were immunoprecipitated
with Flag monoclonal antibody. The HSP90AB1 and HSP90AA1 were detected by immunoblotting. ¢ Confocal images showing expression of
Flag-tagged EEF1A2 (green) and Myc-tagged HSP90AB1 (red) in A549 cells. Red and green images were acquired sequentially. Scale bar = 50
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and HSP90AB1 were significantly associated with the worst
prognosis in LUAD patients (Fig. 6¢). As depicted in Fig. 6d, the
AUC of EEF1A2 and HSP90AB1 for diagnosis was 0.7761 and
0.7070, respectively. The combination of EEF1A2 and HSP90AB1
analysed by logistic regression showed better discrimination as
the AUC was 0.8130. Hence, the combination of EEF1A2 and
HSP90AB1 was a useful parameter for the diagnosis of LUAD
patients.

DISCUSSION

The present study identified that the expression of EEF1A2
increased in LUAD compared to para-carcinoma tissues and was
similarly higher in metastatic tissues compared to primary tumour
tissues. These results support that of previous studies, which
showed that EEF1A2 was strongly expressed in LUAD cells and
tumour tissues.®*° Moreover, we discovered that upregulated
expression of EEF1A2 positively correlated with the tumour stage
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survival rate of LUAD patients with EEF1A2 overexpression, and HSP90AB1 overexpression separately or combined. d The ROC curves of
EEF1A2 was combined with HSP90AB1 for the diagnosis of LUAD. (AUC = 0.8130, 95% Cl: 0.7188-0.9072). *p < 0.05, **p < 0.01, and ***p < 0.001,

NS no statistical significance.

and OS in LUAD patients. Furthermore, we demonstrated that
EEF1A2 overexpression promoted the proliferation, migration and
invasive abilities of LUAD cells in vitro. Subcutaneous and
metastatic tumour mouse models revealed that EEF1A2 was a
putative oncogene that promoted progression of LUAD in vivo.
Epithelial-mesenchymal transformation is one of the funda-
mental processes that contribute to tumour progression, particu-
larly metastatic spread and colonisation of cancer.*’** During
EMT, nonmotile polarised epithelial cells are converted into motile
nonpolarised invasive mesenchymal cells as a result of a series of
EMT specific transcription factor (ZEB1/2, SNAIL, SLUG and others)
changes.”*™* Our results showed that EEF1A2 silencing induced
epithelial-like morphological features in LUAD cells, decreased
expression of mesenchymal marker N-Cadherin and SLUG and
upregulated epithelial marker E-Cadherin. TGF-B signalling is a
potent initiator of EMT through activating and transforming
phosphorylated SMAD proteins in the nucleus, and inducing cell
motility processes.>®*¢*” We observed that EEF1A2 enhanced T@RI
and TQRII expression and pSMAD3 nuclear expression, which

induced expression of downstream EMT-related transcription
factors, and promoted metastasis of LUAD cells.

To clarify the molecular mechanism of EEF1A2 functionality, a
pull-down experiment was conducted in A549 and PC9 cells, and
potential interaction protein partners of EEF1A2 were identified by
LC-MS. EEF1A2 interaction proteins included EEF1B2 and EEF1G,
and new potential partners, such as HSP90AA1, HSP90AB1 and
XRCC6, among them. Notably, EEF1A2 selectively combined with
XRCC6 and HSP90ABI1, although not with HSP90AA1. XRCC6
interacts with BAX to prevent BAX-induced apoptosis in LUAD.*®
Inhibition of HSP90 functionality using small molecule inhibitor 17-
allylamino-17-demethoxy-geldanamycin (17AAG) increased T(BRI/II
ubiquitylation and degradation, and inhibited TGF-induced
phosphorylation and nuclear transport of endogenous SMAD2/3
in melanoma cells.3® The present study filled in the gaps of these
previous reports as we elucidated that EEF1A2 regulated TGF-3/
SMAD signalling and EMT through HSP90AB1. Furthermore, we
demonstrated binding of the EEF1A2 Rossmann-fold topology
domain to the ATP-binding domain of HSP90AB1. HSP90AB1
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belongs to the classical molecular chaperone family of HSP90 that
is associated with the prognosis and evolution of neoplasia, similar
to other HSPs proteins in cancer.*® Upregulation of HSP90AB1 has
been reported in liver and gastric cancer, which activates VEGFR
transcription and stabilises LRP5 through activation of the AKT and
Whnt/B-catenin signalling pathway, leading to carcinogenesis and
invasion>®*' The present study showed that downregulated
expression of HSP90AB1 decreased T(RI, TBRIl, SMAD3, pSMAD3,
N-cadherin and SLUG expression levels, which was enhanced by
the overexpression of EEF1A2. Similarly, downregulation of
HSP90AB1 inhibited cell invasion ability, which was elevated by
EEF1A2. Thus, EEF1A2 interacted with HSP90AB1 to enhance TGF-
B/SMAD signalling activity to promote EMT of LUAD cells.

EEF1A2 is a potential target for cancer treatment. Plitidepsin is
an antitumour agent of marine origin targeting EEF1A2 that has
completed Phase 3 clinical trials for multiple myelomas.’***
Metarrestin interacts with EEF1A2 to disrupt the perinucleolar
compartment (PNC), and inhibits invasive ability of pancreatic
cancer cells>* Overexpression of eEF1A2 was associated with
metastasis and poor prognosis of LUAD patients; hence, EEF1A2 is
a potential target for the treatment of aggressive LUAD.

CONCLUSIONS

In conclusion, the present study identified a novel functional role
for EEF1A2 in LUAD metastasis in vitro and in vivo. EEF1A2 is a new
oncogenic partner of HSP90AB1 due to its binding with the
nucleotide binding domain of HSP90AB1. Furthermore, EEF1A2
regulated TPRI and TRRII expression and SMAD3 nuclear expression
based on HSP90AB1 in LUAD cells. Overall, our results revealed that
EEF1A2 interacted with HSP90AB1 to activate SMAD3 signalling
and promote tumour metastasis. Therefore, EEF1A2 is a potentially
new therapeutic target for the treatment of LUAD.

AUTHOR CONTRIBUTIONS

ZL. and LF. conceived and designed the study. L.QJ. and XL.G. performed the
in vitro and in vivo experiments and statistical analyses. C.D., LN.C. performed the
computational analysis and western blots experiment. Y.HZ, WX, JJX, GY.L
provided intellectual input and revised the manuscript. GM.X. collected patient
samples and reanalysed the expression of EEF1A2 in these tissues. L.Q.J., X.L.G. and Z.
L. wrote the manuscript.

ADDITIONAL INFORMATION

Ethics approval and consent to participate This study was approved by the Ethical
Review Committee of Hunan Province Tumor Hospital carried out in accordance with
the Declaration of Helsinki. All patients provided written informed consent to
participate in this study. All animal studies were approved by the Department of
Experimental Animals, Central South University (No.2018sydw008).

Data availability For additional details, see the Supplementary material.
Competing interests The authors declare no competing interests.

Funding information This study was supported by grants from the Overseas
Expertise Introduction Project for Discipline Innovation (111 Project, No. 111-2-12 to
G.Y.L), the National Natural Science Foundation of China (No. 81972773 to Z.L.) and
the Hunan Province Natural Sciences Foundation of China (No. 2019JJ40395 to Z.L.),
the Youth Program of National Natural Science Foundation of China (No. 82002424 to
X.L.G), the Undergraduate Training Program for Innovation and Entrepreneurship (No.
201910533180 to C.D.).

Supplementary information is available for this paper at https://doi.org/10.1038/
5s41416-020-01250-4.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1.

10.

20.

21.

22.

23.

24,

25.

Bray, F. Ferlay, J., Soerjomataram, I, Siegel, R. L, Torre, L. A. & Jemal, A.
Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68,
394-424 (2018).

. Travis, W. D. Pathology of lung cancer. Clin. Chest Med. 23, 65-81, viii (2002).
. Manchado, E., Weissmueller, S, Morris, J. P. T, Chen, C. C, Wullenkord, R,

Lujambio, A. et al. A combinatorial strategy for treating KRAS-mutant lung cancer.
Nature 534, 647-651 (2016).

. Hrustanovic, G, Olivas, V., Pazarentzos, E., Tulpule, A., Asthana, S., Blakely, C. M.

et al. RAS-MAPK dependence underlies a rational polytherapy strategy in EML4-
ALK-positive lung cancer. Nat. Med. 21, 1038-1047 (2015).

. Paez, J. G, Janne, P. A, Lee, J. C, Tracy, S, Greulich, H., Gabriel, S. et al. EGFR

mutations in lung cancer: correlation with clinical response to gefitinib therapy.
Science 304, 1497-1500 (2004).

. Soda, M., Choi, Y. L, Enomoto, M., Takada, S., Yamashita, Y., Ishikawa, S. et al.

Identification of the transforming EML4-ALK fusion gene in non-small-cell lung
cancer. Nature 448, 561-566 (2007).

. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2017. CA Cancer J. Clin. 67,
7-30 (2017).
. William, W. N. Jr, Lin, H. Y., Lee, J. J,, Lippman, S. M., Roth, J. A & Kim ES. Revisiting

stage llIB and IV non-small cell lung cancer: analysis of the surveillance, epide-
miology, and end results data. Chest 136, 701-709 (2009).

. Nomura, T., Huang, W. C, Zhau, H. E., Josson, S., Mimata, H. & Chung, L. W. beta2-

Microglobulin-mediated signaling as a target for cancer therapy. Anticancer
Agents Med. Chem. 14, 343-352 (2014).

Wuy, Y. H., Lee, Y. H, Shih, H. Y., Chen, S. H,, Cheng, Y. C. & Tsun-Yee Chiu, D.
Glucose-6-phosphate dehydrogenase is indispensable in embryonic develop-
ment by modulation of epithelial-mesenchymal transition via the NOX/Smad3/
miR-200b axis. Cell Death Dis. 9, 10 (2018).

. Funasaka, T., Hogan, V. & Raz, A. Phosphoglucose isomerase/autocrine motility

factor mediates epithelial and mesenchymal phenotype conversions in breast
cancer. Cancer Res. 69, 5349-5356 (2009).

. Kim, B. R, Lee, E. J,, Seo, S. H,, Lee, S. H. & Rho, S. B. Dickkopf-3 (DKK-3) obstructs

VEGFR-2/Akt/mTOR signaling cascade by interacting of beta2-microglobulin
(beta2M) in ovarian tumorigenesis. Cell Signal. 27, 2150-2159 (2015).

. Josson, S, Nomura, T, Lin, J. T, Huang, W. C, Wu, D., Zhau, H. E. et al. beta2-

microglobulin induces epithelial to mesenchymal transition and confers cancer
lethality and bone metastasis in human cancer cells. Cancer Res. 71, 2600-2610
(2011).

. Huang, W. C, Wu, D,, Xie, Z., Zhau, H. E,, Nomura, T., Zayzafoon, M. et al. beta2-

microglobulin is a signaling and growth-promoting factor for human prostate
cancer bone metastasis. Cancer Res. 66, 9108-9116 (2006).

. Sonenberg, N. Translation factors as effectors of cell growth and tumorigenesis.

Curr. Opin. Cell Biol. 5, 955-960 (1993).

. Stoianov, A. M., Robson, D. L., Hetherington, A. M., Sawyez, C. G. & Borradaile, N.

M. Elongation factor 1A-1 is a mediator of hepatocyte lipotoxicity partly through
its canonical function in protein synthesis. PLoS ONE 10, e0131269 (2015).

. Constantinou, C. & Clemens, M. J. Regulation of translation factors elF4Gl and 4E-

BP1 during recovery of protein synthesis from inhibition by p53. Cell Death Differ.
14, 576-585 (2007).

. Abbas, W., Kumar, A. & Herbein, G. The eEF1A proteins: at the crossroads of

oncogenesis, apoptosis, and viral infections. Front. Oncol. 5, 75 (2015).

. Browne, G. J. & Proud, C. G. Regulation of peptide-chain elongation in mam-

malian cells. Eur. J. Biochem. 269, 5360-5368 (2002).

Ruest, L. B, Marcotte, R. & Wang, E. Peptide elongation factor eEF1A-2/S1
expression in cultured differentiated myotubes and its protective effect against
caspase-3-mediated apoptosis. J. Biol. Chem. 277, 5418-5425 (2002).

Joseph, P., O'Kernick, C. M., Othumpangat, S., Lei, Y. X, Yuan, B. Z. & Ong, T. M.
Expression profile of eukaryotic translation factors in human cancer tissues and
cell lines. Mol. Carcinog. 40, 171-179 (2004).

Anand, N., Murthy, S, Amann, G., Wernick, M., Porter, L. A, Cukier, I. H. et al.
Protein elongation factor EEF1A2 is a putative oncogene in ovarian cancer. Nat.
Genet. 31, 301-305 (2002).

Lam, D. C, Girard, L., Suen, W. S., Chung, L. P, Tin, V. P, Lam, W. K. et al. Estab-
lishment and expression profiling of new lung cancer cell lines from Chinese
smokers and lifetime never-smokers. J. Thorac. Oncol. 1, 932-942 (2006).
Schlaeger, C.,, Longerich, T., Schiller, C,, Bewerunge, P., Mehrabi, A., Toedt, G. et al.
Etiology-dependent molecular mechanisms in human hepatocarcinogenesis.
Hepatology 47, 511-520 (2008).

Amiri, A., Noei, F., Jeganathan, S., Kulkarni, G., Pinke, D. E. & Lee, J. M. eEF1A2
activates Akt and stimulates Akt-dependent actin remodeling, invasion and
migration. Oncogene 26, 3027-3040 (2007).


https://doi.org/10.1038/s41416-020-01250-4
https://doi.org/10.1038/s41416-020-01250-4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Duanmin, H., Chao, X. & Qi, Z. eEF1A2 protein expression correlates with lymph
node metastasis and decreased survival in pancreatic ductal adenocarcinoma.
Hepatogastroenterology 60, 870-875 (2013).

Xu, C, Hu, D. M. & Zhu, Q. eEF1A2 promotes cell migration, invasion and
metastasis in pancreatic cancer by upregulating MMP-9 expression through Akt
activation. Clin. Exp. Metastasis. 30, 933-944 (2013).

Zhu, H., Lam, D. C,, Han, K. C,, Tin, V. P,, Suen, W. S., Wang, E. et al. High resolution
analysis of genomic aberrations by metaphase and array comparative genomic
hybridization identifies candidate tumour genes in lung cancer cell lines. Cancer
Lett. 245, 303-314 (2007).

Lehmann, S. G,, Seve, M., Vanwonterghem, L., Michelland, S., Cunin, V., Coll, J. L.
et al. A large scale proteome analysis of the gefitinib primary resistance over-
come by KDAC inhibition in KRAS mutated adenocarcinoma cells overexpressing
amphiregulin. J. Proteomics 195, 114-124 (2019).

Li, R, Wang, H., Bekele, B. N, Yin, Z,, Caraway, N. P., Katz, R. L. et al. Identification of
putative oncogenes in lung adenocarcinoma by a comprehensive functional
genomic approach. Oncogene 25, 2628-2635 (2006).

Hou, J, Aerts, J., den Hamer, B., van ljcken, W., den Bakker, M., Riegman, P. et al.
Gene expression-based classification of non-small cell lung carcinomas and
survival prediction. PLoS ONE 5, €10312 (2010).

Botling, J.,, Edlund, K, Lohr, M., Hellwig, B., Holmberg, L., Lambe, M. et al. Bio-
marker discovery in non-small cell lung cancer: integrating gene expression
profiling, meta-analysis, and tissue microarray validation. Clin. Cancer Res. 19,
194-204 (2013).

Konno, R., Yamakawa, H., Utsunomiya, H., Ito, K, Sato, S. & Yajima, A. Expression of
survivin and Bcl-2 in the normal human endometrium. Mol. Hum. Reprod. 6,
529-534 (2000).

Tian, M. & Schiemann, W. P. TGF-beta stimulation of EMT programs elicits non-
genomic ER-alpha activity and anti-estrogen resistance in breast cancer cells. J.
Cancer Metastasis Treat. 3, 150-160 (2017).

Zhu, L, Fu, X, Chen, X,, Han, X. & Dong, P. M2 macrophages induce EMT through
the TGF-beta/Smad2 signaling pathway. Cell Biol. Int. 41, 960-968
(2017).

David, C. J, Huang, Y. H,, Chen, M., Su, J,, Zou, Y., Bardeesy, N. et al. TGF-beta
tumor suppression through a lethal EMT. Cell 164, 1015-1030 (2016).

Huttlin, E. L, Ting, L., Bruckner, R. J.,, Gebreab, F., Gygi, M. P., Szpyt, J. et al. The
BioPlex network: a systematic exploration of the human interactome. Cell 162,
425-440 (2015).

Wrighton, K. H,, Lin, X. & Feng, X. H. Critical regulation of TGFbeta signaling by
Hsp90. Proc. Natl Acad. Sci. USA 105, 9244-9249 (2008).

Lee, J, An, Y. S, Kim, M. R, Kim, Y. A, Lee, J. K, Hwang, C. S. et al. Heat shock
protein 90 regulates subcellular localization of smads in MviLu cells. J. Cell.
Biochem. 117, 230-238 (2016).

Xiong, X., Wang, Y., Liu, C, Lu, Q, Liu, T., Chen, G. et al. Heat shock protein 90beta
stabilizes focal adhesion kinase and enhances cell migration and invasion in
breast cancer cells. Exp. Cell Res. 326, 78-89 (2014).

Thiery, J. P. & Sleeman, J. P. Complex networks orchestrate epithelial-
mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 7, 131-142 (2006).

Grunert, S., Jechlinger, M. & Beug, H. Diverse cellular and molecular mechanisms
contribute to epithelial plasticity and metastasis. Nat. Rev. Mol. Cell Biol. 4,
657-665 (2003).

Yilmaz, M. & Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer
Metastasis Rev. 28, 15-33 (2009).

EEF1A2 interacts with HSP90AB1 to promote lung adenocarcinoma metastasis. ..

L Jia et al.

44,
45,

46.

47.
48.

49.

50.

51.

52.

53.

54.

Ge, X, Li, G. Y, Jiang, L, Jia, L, Zhang, Z,, Li, X. et al. Long noncoding RNA CAR10
promotes lung adenocarcinoma metastasis via miR-203/30/SNAI axis. Oncogene
38, 3061-3076 (2019).

Jiang, L, Wang, R, Fang, L., Ge, X, Chen, L, Zhou, M. et al. HCP5 is a SMAD3-
responsive long non-coding RNA that promotes lung adenocarcinoma metastasis
via miR-203/SNAI axis. Theranostics 9, 2460-2474 (2019).

Vervoort, S. J,, Lourenco, A. R, Tufegdzic Vidakovic, A., Mocholi, E., Sandoval, J. L.,
Rueda, O. M. et al. SOX4 can redirect TGF-beta-mediated SMAD3-transcriptional
output in a context-dependent manner to promote tumorigenesis. Nucleic Acids
Res. 46, 9578-9590 (2018).

Fenizia, C,, Bottino, C, Corbetta, S. Fittipaldi, R, Floris, P., Gaudenzi, G. et al.
SMYD3 promotes the epithelial-mesenchymal transition in breast cancer. Nucleic
Acids Res. 47, 1278-1293 (2019).

Busser, B., Sancey, L., Josserand, V., Niang, C,, Khochbin, S., Favrot, M. C. et al.
Amphiregulin promotes resistance to gefitinib in nonsmall cell lung cancer cells
by regulating Ku70 acetylation. Mol. Ther. 18, 536-543 (2010).

Biaoxue, R, Xiling, J.,, Shuanying, Y., Wei, Z,, Xiguang, C., Jinsui, W. et al. Upre-
gulation of Hsp90-beta and annexin A1 correlates with poor survival and
lymphatic metastasis in lung cancer patients. J. Exp. Clin. Cancer Res. 31, 70
(2012).

Meng, J,, Liy, Y., Han, J, Tan, Q. Chen, S, Qiao, K. et al. Hsp90beta promoted
endothelial cell-dependent tumor angiogenesis in hepatocellular carcinoma. Mol.
Cancer 16, 72 (2017).

Wang, H., Deng, G., Ai, M., Xu, Z,, Mou, T,, Yu, J. et al. Hsp90ab1 stabilizes LRP5 to
promote epithelial-mesenchymal transition via activating of AKT and Wnt/beta-
catenin signaling pathways in gastric cancer progression. Oncogene 38,
1489-1507 (2019).

Losada, A., Munoz-Alonso, M. J,, Garcia, C., Sanchez-Murcia, P. A, Martinez-Leal, J.
F., Dominguez, J. M. et al. Translation elongation factor eEF1A2 is a novel antic-
ancer target for the marine natural product plitidepsin. Sci. Rep. 6, 35100 (2016).
Losada, A., Munoz-Alonso, M. J.,, Martinez-Diez, M., Gago, F., Dominguez, J. M.,
Martinez-Leal, J. F. et al. Binding of eEF1A2 to the RNA-dependent protein kinase
PKR modulates its activity and promotes tumour cell survival. Br. J. Cancer 119,
1410-1420 (2018).

Frankowski, K. J.,, Wang, C,, Patnaik, S., Schoenen, F. J,, Southall, N., Li D. et al.
Metarrestin, a perinucleolar compartment inhibitor, effectively suppresses
metastasis. Sci. Transl. Med. 10, eaap8307 (2018).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	EEF1A2 interacts with HSP90AB1 to promote lung adenocarcinoma metastasis via enhancing TGF-β/SMAD signalling
	Background
	Methods
	Clinical specimens and bioinformatics analysis
	Cell lines
	Immunohistochemistry and antibodies
	SiRNAs, plasmids and transduction
	In vivo experiments
	Immunoprecipitation and liquid chromatography mass spectrometry (LC-MS)/MS analysis
	Immunofluorescence microscopy
	Statistical analysis

	Results
	EEF1A2 overexpression in LUAD tissues and cells is strongly correlated with poor prognosis
	EEF1A2 promotes the development of malignant phenotypes of LUAD cells
	EEF1A2 promotes LUAD cell proliferation and metastases in�vivo
	EEF1A2 promotes EMT by enhancing TGF-β/SMAD signalling
	EEF1A2 regulates TGF-β/SMAD signalling and EMT by interacting with HSP90AB1

	Discussion
	Conclusions
	Author contributions
	ADDITIONAL INFORMATION
	References




