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Yin Yang 1 suppresses tumor invasion and metastasis
in nasopharyngeal carcinoma by negatively regulating
elF4E transcriptional activity and expression

Mengna Li*23*, Yumei Duan2¢*, Jianxia Wei*?3, Shipeng Chen*?3, Changning Xue'?3, Lemei Zheng23,
Hongyu Deng'?, Songging Fan®, Wei Xiong?23, Guiyuan Li*%3, Ming Tan’, Faging Tang?, Kelin She'24, Ming
Zhou'*?

INHC Key Laboratory of Carcinogenesis, Hunan Key Laboratory of Oncotarget Gene, Hunan Cancer Hospital and
The Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University, Changsha 410078, Hunan,
China; 2Cancer Research Institute and School of Basic Medical Sciences, Central South University, Changsha
410078, Hunan, China; °The Key Laboratory of Carcinogenesis and Cancer Invasion of The Chinese Ministry of
Education, Central South University, Changsha 410078, Hunan, China; “Hunan Provincial People’s Hospital, The
First Affiliated Hospital of Hunan Nomal University, Changsha 410005, Hunan, China; Department of Pathology,
The Second Xiangya Hospital, Central South University, Changsha 410011, Hunan, China; ®Department of
Pathology, Xiangya Hospital, Central South University, Changsha 410008, Hunan, China; "Graduate Institute

of Biomedical Sciences and Research Center for Cancer Biology, China Medical University, Taichung 406040,
Taiwan. "Equal contributors.

Received April 11, 2023; Accepted July 25, 2023; Epub August 15, 2023; Published August 30, 2023

Abstract: Tumor metastasis is a leading cause of death in nasopharyngeal carcinoma (NPC) patients. Previous
research has identified that transcription factor Yin Yang 1 (YY1) acts as a tumor suppressor that inhibits cell pro-
liferation and tumor growth in NPC; however, the role and the molecular mechanisms of YY1 in NPC invasion and
metastasis remain unclear. In this study, we discovered that YY1 could inhibit the migration and invasion of NPC
cells in vitro as well as NPC xenograft tumor metastasis in vivo. Furthermore, we identified elF4E as a direct down-
stream target of YY1, and YY1 could negatively regulate the expression of elF4E at transcriptional level. Moreover,
we found that elF4E promoted the migration and invasion of NPC cells as well as NPC lung metastasis, suggesting
its potential as a pro-metastatic mediator in NPC. Importantly, restoring elFAE expression could partially reverse the
inhibitory effects of YY1 on NPC malignancy. In consistent with these findings, the expression of YY1 was downregu-
lated while elF4E was upregulated in NPC patients with metastasis, and there was a negative correlation between
YY1 and elFAE expression. Collectively, our results indicate that YY1 suppresses the invasion and metastasis of
NPC by negatively regulating elFAE transcription. Therefore, targeting the YY1/elF4E transcriptional axis could be a
potential therapeutic strategy for the treatment of patients with NPC.
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Introduction mation of new metastatic tumors [5]. The occur-

rence of tumor metastasis is thought to be

Nasopharyngeal carcinoma (NPC) is the most
prevalent head and neck malignancy in South-
east Asia, especially in southern China [1, 2].
The location of NPC is concealed, and many
patients present advanced NPC accompanied
with distant metastasis at the time of diagnosis
[3, 4]. Tumor cell migration and invasion are
critical steps in the early stage of cancer metas-
tasis, in which tumor cells disseminate from
the primary tumor, invade the blood vessels,
and enter the bloodstream, leading to the for-

associated with the process of epithelial-mes-
enchymal transition (EMT). Tumor metastasis is
the major cause of poor therapeutic efficacy
and death in patients with NPC, yet effective
treatments remain limited. Therefore, it is
essential to understand the molecular mecha-
nism underlying the invasion and metastasis of
NPC to develop effective therapeutic strategy
for NPC.

Yin Yang 1 (YY1) is a member of the multifunc-
tional zinc finger transcription factor family [6,
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7], which is involved in many critical biological
processes, such as chromatin remodeling, cell
proliferation, differentiation, apoptosis, and
embryonic development [8, 9]. As a transcrip-
tion factor, YY1 activates or represses a wide
spectrum of target genes depending on its
associated proteins, the promoter context, and
the chromatin structure [10]. Moreover, YY1
can function as a cofactor or scaffold protein
by interacting with other proteins [11]. YY1 is
abnormally expressed in most human tumors
and plays dual biological roles as either a tumor
suppressor or oncogene by regulating different
target genes and signaling pathways. Although
YY1 promotes tumor metastasis in most can-
cers, such as breast cancer and lung cancer
[12, 13], some studies have also shown that
YY1 exerts an inhibitory effect on tumor metas-
tasis by regulating the CDKN3/MdM2/P53/
P21, MUC4/ErbB2/p38/MEF2C/MMP10, p38/
MAPK and PI3BK/AKT pathways in pancreatic
ductal adenocarcinoma (PDAC) [14-16]. Our
previous study has also shown that YY1 inhibits
cell proliferation, cell cycle progression, and
xenograft tumor growth in NPC by negatively
regulating the c-Myc/miR-141 transcriptional
axis, thus playing a tumor-suppressive role in
NPC [17]. However, the molecular mechanism
by which YY1 is involved in the invasion and
metastasis of NPC remains to be elucidated.

Eukaryotic translation initiation factor 4E
(elF4E) is a critical rate-limiting factor in cap-
dependent protein synthesis [18] and is upreg-
ulated in a variety of cancers as well as corre-
lated with the poor prognosis of cancer patients
[19-21]. Increasing evidence shows that elF4E
can promote the proliferation, invasion, and
metastasis of cancer cells by initiating the
translation of a series of oncogenes, thus play-
ing an oncogenic role in multiple cancers [22].
Moreover, phosphorylated elF4E is not only cor-
related with lymph node metastasis and poor
prognosis of NPC [23, 24], but also promotes
NPC cell EMT and invasion by positively regulat-
ing the translation of Snail mRNA [25], there-
fore, elFAE is a potential pro-invasive factor in
NPC.

In this study, we demonstrated the suppressive
role of YY1 in NPC invasion and metastasis and
found that YY1 inhibited the transcription of
elFAE by binding to the promoter region of
elFAE gene. Importantly, restoring elFAE expres-
sion in YY1-overexpressing NPC cells reversed
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the inhibitory effect of YY1 on cell invasion and
tumor metastasis. Furthermore, we investigat-
ed the clinical significance of YY1 and elFAE
expression in NPC patients. In summary, our
data suggest that elF4E may mediate the func-
tion of YY1 in NPC invasion and metastasis,
suggesting that the regulatory axis of YY1/
elFAE could potentially serve as a therapeutic
target for NPC treatment.

Material and methods
Patients and samples

A total of 140 samples, including 113 NPC and
27 noncancerous NP tissues, were collected
from patients at the Second Xiangya Hospital
of Central South University. All patients provi-
ded informed consent, and this study was
approved by the Central South University Ethics
Committee.

Antibodies

Anti-YY1 (1:2000) and anti-p-elFAE (S209)
(1:2000) were purchased from Abcam (Cam-
bridge, UK). Anti-GAPDH (1:10000) and anti-
elFAE (1:1000) were purchased from Protein-
tech Group Inc. (Wuhan, China). Anti-E-cadherin
(1:1000) and anti-Snail (1:1000) were pur-
chased from Cell Signaling Technology, Inc.
(Beverly, MA). Anti-Vimentin (1:2000) was pur-
chased from Arigo, Inc. (Taiwan, China), and
anti-N-cadherin (1:1000) was purchased from
Affinity Biosciences, Inc. (Jiangsu, China).

Cell culture

Human NPC cell lines 5-8F and HNE2 were
obtained from The Central South University Cell
Center (Changsha, China) and maintained in
DMEM supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (BI,
Jerusalem, Israel) at 37°C with 5% CO,,.

Plasmid construction and stable cell lines

Cells stably overexpressing YY1 were generated
as previously described [17]. Briefly, cDNAs
encoding wildtype human YY1 with 3x FLAG tag
was cloned into the lentiviral expression vector
pCDH-copGFP. Then, the lentiviral particles
were produced in 293T cells and were used to
infect 5-8F and HNE2 cells to generate YY1-
overexpressing cell lines. To generate stable
elFAE-overexpressing cells, the PIRESneo2-
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EGFP-elF4AE plasmid was constructed by clon-
ing the full-length elFAE ORF into the PIRE-
Sneo2-EGFP vector and then was transfected
into 5-8F and HNE2 cells. After puromycin
selection for 14-21 days, cells stably express-
ing elFAE were obtained and further analyzed.
For the luciferase reporter assay, the promoter
sequence of elFAE was inserted into the pGL3
reporter vector (Promega), and the recom-
binant construct was named as the pGL3
enhancer/elFAE promoter, which was confirmed
by sequencing.

RNA interference and transfection

Specific small interfering RNAs (siRNAs) against
YY1 or elFAE were purchased from RiboBio
(Guangzhou, China). The siRNA sequences
were as follows (5-3’): siRNA YY1#1, CGACG-
ACTACATTGAACAA; siRNA YY1#2, GCACAAAGA-
TGTTCAGGGA; siRNA elFAE#1, TGGCGCTGTT-
GTTAATGTT; siRNA elF4E#2, AGAGCTAAAGGT-
GATAAGA. To knockdown YY1 or elFAE expres-
sion in cells, exponentially growing cells were
transfected with siRNAs using Lipofectamine
3000 (Invitrogen) according to the manufactur-
er’'s instructions.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from 5-8F and HNE2
cells using TRIzol reagent (Invitrogen, Carlsbad,
USA) and was reverse transcribed into com-
plementary DNA (cDNA) using a reverse tran-
scription kit (Accurate Biotechnology, Hunan,
China). Then, gPCR analysis was performed
using SYBR Green gPCR reagent (Accurate
Biotechnology, Hunan, China) on a Bio-Rad
CFX96 Touch Sequence Detection System (Bio-
Rad Laboratories Inc.). elFAE qPCR Forward
Primer: 5-CTGCGGCTGATCTCCAAG-3’; elF4E
gPCR Reverse Primer: 5'-TTCCCACATAGGCTC-
AATACC-3'. The relative gene expression was
calculated by the 24T method with triplicates
for each sample.

RNA sequencing and data analysis

RNA sequencing assay was carried out as
reported with some modifications [26]. Briefly,
total RNA was isolated from control and YY1-
overexpressing 5-8F and HNE2 cells, and
the RNA quality was confirmed with Agilent
2100 system to meet the requirements for
llumina HiSegq™ 4000 sequencing (Lnc-seq).
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The sequencing data retrieval, quality assess-
ment, comparative analysis, and gene annota-
tion were completed by Genedenovo Bio-
technology Co., Ltd.

Wound healing assay

Briefly, cells were grown in a 6-well plate to con-
fluence. Then, a scratch was created using a 10
ul pipette tip. Images of the scratch were cap-
tured at 0, 24, and 48 h after scratching at the
same spot, and the reduction of the wound
area was measured to assess the cell migra-
tion capacity.

Transwell assay

A transwell assay was used to evaluate the cell
invasion ability. Briefly, transwell inserts in a
24-well plate (Corning, New York, USA) were
first coated with 30 ul Matrigel (BD Bios-
ciences, New York, USA) for 2-4 hours. Then,
3x10* cells/well in 200 pl serum-free medium
were seeded in the upper chamber, while 600
pl medium containing 20% FBS was added to
the lower compartment. After 36-48 hours of
incubation, cells on the top side of the upper
chamber were gently removed with a cotton
swab, while cells that had invaded into the
lower surface of the membrane were fixed with
4% paraformaldehyde and stained with crystal
violet for 5 minutes (Beyotime). Images were
acquired, and the invaded cells were counted
under an optical microscope (IX71, OLYMPUS,
Japan) in three random fields of view.

Three-dimensional culture

First, the wells in 24-well plate were coated
with 100 pl of Matrigel (reduced growth factors)
at 37°C for 2 hours. Then, 1x10% cells in 200 pl
of serum-free medium containing 10% Matrigel
and 100 pl of complete growth medium were
seeded in the wells and cultured for 10 days.
Experiments were done in triplicate. Images
were acquired, and the number of invaded cells
was determined under microscope.

Luciferase reporter assay

A luciferase reporter assay was used to deter-
mine the effect of YY1 on elF4E promoter activ-
ity. Briefly, the reporter plasmid and the pRL-TK
internal reference vector were co-transfected
into cells using Lipofectamine 3000 reagent. A
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Table 1. The primers sequences for ChlP assay

were carried out following the

PCR primer name Sequence (5’-3)

Length (bp)

National Research Council guide-

ChIP-elF4E-promoter-F1 ATCTCCCAGTAGCTGGGACTA

ChlP-elF4E-promoter-R1 TCTATTTGGGCTGGGTACGG

ChIP-elF4E-promoter-F2 GTTTATGGGGAGGTAGTGTACA
ChlIP-elF4E-promoter-R2 CAAACCTGTATGGCATGTTACC

21 lines for the care and use of labora-

20
22
22

tory animals. Female BALB/c nude
mice aged 4-6 weeks were pur-
chased from Hunan Slake Jingda

dual-luciferase reporter assay system (Pro-
mega) was used to quantify the activity of firefly
and Renilla luciferase. Experiments were done
in triplicate.

Chromatin immunoprecipitation (ChIP) assay

A ChIP assay was performed to detect YY1
binding to elF4E promoter by immunoprecipita-
tion with 1gG (Proteintech, Wuhan, China) or
an anti-YY1 antibody (Abcam, Cambridge, UK).
To evaluate the enrichment of H3K27ac in
the elF4E promoter, immunoprecipitation with
an anti-H3K27ac antibody (ABclonal, Wuhan,
China) was carried out using the Protein A/G
Magnetic Beads system (Selleck Chemicals,
Houston, TX, USA) as previously described [27].
0gPCR was used to quantify the amount of pre-
cipitated DNA. Table 1 lists the primers used in
ChIP assay.

Protein extraction and western blot analysis

Briefly, cells were lysed with cell lysis reagent
(NCM Biotech, Suzhou, China), and the protein
concentration was determined by a BCA protein
assay kit (Thermo Fisher Scientific, Inc.). A total
of 20-30 pg of total protein from each sample
was separated on a 4-15% SDS gel and then
transferred onto 0.22 uM or 0.45 uM PVDF
membranes (Millipore, Billerica, USA). Then,
the membranes were blocked with 5% skim
milk for 60-120 minutes at room temperature
and incubated with primary antibody overnight
at 4°C followed by incubation with the corre-
sponding secondary antibody at 37°C for 1
hour. The protein signals were detected with
a modified chemiluminescence detection sys-
tem (MiniChemi™ |, SAGECREATION, China)
using western blotting substrate (Accurate
Biotechnology, Hunan, China).

In vivo lung metastasis models

All animal studies were approved by the In-
stitutional Animal Care and Use Committee of
Central South University (Changsha, China) and
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Experimental Animal Co. and were
housed in a specific pathogen-free
(SPF) environment. To generate lung metasta-
sis models, 2x10° cells/100 ul 0.9% saline
solution were injected into the tail veins of
the nude mice, and the mice were weighed
every 4 days. At 8 weeks post injection, the
mice were sacrificed, and the lung tissues were
excised, photographed, and paraffin embed-
ded. Subsequently, H&E staining was per-
formed, and the number of lung metastatic
nodules was quantified.

Immunohistochemistry (IHC) staining

The expression of elF4E and YY1 in patient tis-
sue samples was examined by IHC staining.
Briefly, slices were boiled in citrate buffer solu-
tion (pH 6.0) for 10 minutes for antigen retriev-
al, preincubated with 0.3% hydrogen peroxide
for 10 minutes to block endogenous peroxidase
activity, incubated with 5% goat serum to block
nonspecific antigens, and incubated with the
primary antibody followed by incubation with
the corresponding secondary antibody. Then,
the tissue sections were stained with diamino-
benzidine (DAB) for 3-5 minutes, counter-
stained with hematoxylin, dehydrated in a grad-
ed ethanol series, rehydrated, mounted, and
examined. The representative images were
photographed. Staining results was indepen-
dently assessed by two pathologists blinded to
the sample diagnosis. IHC score was calculated
based on the staining intensity and the per-
centage of stained cells [28-30]. Briefly, the
staining intensity was graded as O (negative) to
3 (strong). The percentage of positive cells was
scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-
75%), or 4 (76-100%).

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 7.0 software (San Diego, CA,
USA). All quantified data were presented as the
mean * standard deviation (SD). The x? test
was used to evaluate the correlation between
the expression levels of YY1 and elF4E as well
as the correlation between their expression lev-
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els and the clinicopathological features of
patients with NPC. Statistical significance was
assessed using Student’s t test. A two-sided P
value <0.05 was considered statistically signifi-
cant. All experiments were repeated at least
three times.

Results

YY1 inhibits the migration, invasion and EMT
process of NPC cells

Our previous study has demonstrated that YY1
is downregulated in NPC and exerts a tumor-
suppressive effect by inhibiting cell prolifera-
tion and tumor growth [17]; however, the role of
YY1 in the invasion and metastasis of NPC is
remains unclear. Hence, in this study, we first
examined the influence of altered YY1 expres-
sion on the migration and invasion of NPC 5-8F
and HNE2 cells. The successful overexpression
and knockdown of YY1 were confirmed by west-
ern blot (Figure S1A). Subsequently, wound
healing and transwell assays respectively dem-
onstrated that YY1 overexpression inhibited
NPC cell migration and invasion (Figure 1A,
1B), while YY1 silencing showed the opposite
effects (Figures 1C, 1D, S1B, S1C). In line with
these findings, compared to the control cells,
YY1-overexpressing NPC cells showed a more
epithelial cell-like morphology (Figure Si1D),
suggesting that YY1 might affect the mesen-
chymal-epithelial transition (EMT) process. To
direct prove this, we examined the protein lev-
els of EMT-related molecular markers by west-
ern blot and found that the ectopic expression
of YY1 led to reduced levels of N-cadherin and
Vimentin, while an upregulated expression of
Z0-1 (Figure 1E). Conversely, silencing YY1
resulted in the opposite changes (Figures 1F,
S1E), indicating that YY1 plays a crucial role in
maintaining an epithelial phenotype in NPC
cells. Collectively, these results demonstrate
that YY1 inhibits cell migration and invasion by
suppressing the EMT process in NPC cells.

EIF4E is a downstream target gene of YY1 and
is negatively regulated by YY1 at transcrip-
tional level

To investigate the molecular mechanisms by
which YY1 inhibits NPC cell migration and
invasion, we performed high-throughput RNA
sequencing and bioinformatic analyses in YY1-
overexpressing 5-8F and HNE2 cells and identi-
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fied a total of 1791 genes that were regulated
by YY1 (1513 upregulated genes and 278
downregulated genes) in 5-8F cells and 2555
genes (1337 upregulated genes and 1218
downregulated genes) regulated by YY1 in
HNE2 cells (Figure S2A). Among these genes,
142 genes showed a consistent expression
pattern in both 5-8F and HNE2 cells (Figures
2A, S2B). Notably, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis revealed
that adherens junctions and cell adhesions
were among the top 10 signaling pathways
associated with YY1 regulation (Figure S2C),
reinforcing the potential association between
YY1 and EMT. In addition, we further identified
the direct downstream target genes of YY1.
Using the GTRD web interface (http://gtrd20-
06.biouml.org/) and HTF target web interface
(http://bioinfo.life.hust.edu.cn/hTFtarget/), the
Venn diagram showed that 24 genes were
simultaneously annotated in these two data-
bases and were differentially expressed in both
5-8F and HNE2 cells (Figure 2B; Table S1).
Among these genes, we focused on eukaryotic
translation initiation factor 4E (elFAE), the top
downregulated gene. To validate our findings,
we first confirmed the YYl-regulated elFAE
expression by gPCR and western blot, and our
results showed that the overexpression of YY1
led to a significant decrease in both the mRNA
and protein levels of elFAE, whereas silencing
YY1 resulted in an upregulated expression of
elFAE (Figure 2C, 2D), indicating that elF4AE is a
downstream target of YY1.

We then investigated the molecular mecha-
nism by which YY1 regulates elF4E expression.
As YY1 is a transcription factor, we explored
whether YY1 binds to the promoter region of
elFAE gene and thereby regulates its expres-
sion at the transcriptional level. We first pre-
dicted two YY1 binding sites (named Site 1 and
Site 2) in the elFAE promoter region through
JASPAR (http://jaspar.genereg.net/) bioinfor-
matics software (Figure S2D). Next, a ChIP
assay was performed to verify whether YY1
binds to either of these two putative binding
sites in the elF4E promoter. The results showed
that YY1 bound to site 1 but not site 2 (Figure
2E). In addition, we functionally investigated
the effect of YY1 on elFAE promoter activity by
using a luciferase reporter assay and deter-
mined that YY1 overexpression significantly
suppressed the luciferase activity driven by
elFAE promoter (Figure 2F), suggesting that

Am J Cancer Res 2023;13(8):3763-3780



YY1 inhibits invasion and metastasis in NPC

Vimentin s  w»  57KD Vimentin — 57KD

Oh 24h 48h - !

3768 Am J Cancer Res 2023;13(8):3763-3780

A HNE2
Z4h HNE2
- E 0.5 ; E 0.5
- >
B 5-8F . HNE2
g . é 1000
[3 i 800
S I.INJ % é 600
8 Z 5 8 400
5 I .‘ 5 200
é g ,
C D 5-8F 5-8F
si-NC si-YY1#1 si-YY1#2 g
Z -
@ 2
-— E si-NC  si-YY1#1 si-YY1#2
¥
2 E F 5-8F
o 5-8F HNE2 o N
#* RO LY e 76
® o e e o o
YY1 - B L == 68KD YY1 S GEKD
. = sine ZO-1 ww wom #% ¥ 220KD Z01 —e e e 220KD
o si- e
10 xxe [ SIYY1#2 N-cadherin s wos s s 130KD N-cadherin  .ows s s== 130KD
>
£ o Rk
[}
14

0.0-



YY1 inhibits invasion and metastasis in NPC

Figure 1. YY1 inhibits the migration and invasion of NPC cell lines. A. Wound-healing assays were used to compare
the motility of 5-8F and HNE2 cells infected with YY1-overexpression lentiviruses (left), quantification of the wound
recovery rate of the two groups (right), scale bar, 200 um. B. The cell migration assay (transwell assay) was used to
compare the migration of 5-8F and HNE2 cells infected with YY1-overexpression lentiviruses. C and D. The scratch
wound healing analysis and Matrigel invasion analysis of cell invasive capabilities in 5-8F cells with transfection of
YY1 siRNAs or negative control. E and F. Significantly differently expressed proteins involved in EMT progression in
5-8F and HNE2 cells stably with YY1 overexpression or siRNAs, respectively. GAPDH served as an internal control.
Error bars represent the mean + SD. **P<0.01; ***P<0.001; NS, no significance.
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Figure 2. EIF4E is a downstream target gene of YY1 that negatively regulates its promoter activity and expression.
A. Heatmap visualization of the cluster signatures of the differentially expressed genes regulated by YY1. B. The
intersection Venn diagram shows the potential downstream target genes of YY1 predicted by GTRD, HTF target
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and RNA-seq differentially expressed genes. C and D. qRT-PCR and western blotting assays were used to confirm
the expression of YY1 and elFAE in mRNA and protein levels, respectively. GAPDH served as an internal control. E.
ChIP-PCR assays using antibodies specific for YY1 validated the YY1-binding sites in the elF4E potential promoter
region. F. The dual-luciferase reporter assays determined the effect of YY1 on the promoter activity of elFAE. Error

bars represent the mean + SD. ***P<0.001.

YY1 inhibited the transcription of elF4E gene in
NPC cells. Although the UCSC bioinformatics
software revealed that the elFAE promoter
region was enriched with H3K27ac modifica-
tion (Figure S2E), our ChIP-PCR results show
that overexpression of YY1 did not change the
enrichment of H3K27ac at elF4E promoter
(Figure S2F). Taken together, we revealed that
elFAE is a direct downstream target gene of
YY1 and that YY1 negatively regulates the tran-
scription of elF4E gene by directly binding to its
promoter region, regardless of the chromatin
state of the elF4E promoter.

EIF4E promotes NPC cell migration and inva-
sion

Although elFAE has been reported to be associ-
ated with the invasion and metastasis of a vari-
ety of tumors, such as breast cancer and gas-
tric cancer [31, 32], the roles of elF4E in NPC
invasion and metastasis have yet to be deter-
mined. In this study, we first examined the
effect of altered elFAE expression on NPC cell
migration and invasion in vitro by respective
wound healing and transwell assays. Silencing
efficiency was evaluated using western blotting
and the results showed that elFAE was suc-
cessfully knocked down in 5-8F and HNE2 cells
(Figure S3). Notably, the scratch wound healing
assay results suggested that elF4E knockdown
significantly suppressed the NPC cell migration
and invasion ability (Figure 3A, 3B). To investi-
gate the functional mechanisms of elF4E, we
conducted an analysis on the impact of elF4E
knockdown on Snail. Snail is a crucial transcrip-
tion factor involved in the EMT process, where
it suppresses the transcription of E-cadherin.
Our findings revealed that elF4E knockdown
resulted in a decrease in Snail expression and
an increase in E-cadherin expression (Figure
30C). In addition, we evaluated the expression of
EMT-related markers by western blot and found
that the expression of the mesenchymal mark-
er Z0-1 increased, while the expression of the
epithelial marker vimentin decreased in elFAE
knockdown cells (Figure 3C). These results pro-
vide evidences supporting the hypothesis that
elFAE plays a negative regulatory role in the
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snail/E-cadherin axis and is crucial for NPC cell
migration and invasion.

Restoring the expression of elF4E reverses the
inhibitory effect of YY1 on the migration and
invasion of NPC cells

Given our results above showing the opposite
roles of YY1 and elF4E in the migration and
invasion of NPC cells and the inhibition of elFAE
by YY1, we sought to determine whether YY1
suppressed NPC cell mobility through inhibiting
elFAE activity. Therefore, we performed rescue
experiments by overexpressing elFAE in YY1-
overexpressing cells. The wound healing and
transwell assays demonstrated that the resto-
ration of elFAE expression effectively reversed
the suppressive effect of YY1 overexpression
on NPC cell migration and invasion (Figure 4A,
4B). Previous research has shown that the role
of elFAE as an oncogene is dependent on the
phosphorylation of serine 209. Our analysis
using western blot assay demonstrated that
the overexpression of YY1 reduced elF4E phos-
phorylation at S209, while the knockdown of
YY1 increased its expression in 5-8F and HNE2
cells (Figure S4A). To further investigate the
impact of elFAE phosphorylation at serine 209
on YY1's regulation of elF4E-mediated migra-
tion and invasion of NPC cells, we constructed
a recombinant with a mutation in elF4E at ser-
ine 209 (elF4E S209A) [33]. Through scratch
healing and invasion assays, we verified that
restoring the expression of elFAE mutant failed
to reverse the inhibitory effect of YY1 overex-
pression on the invasion of NPC cells (Figure
S4B, S4C). Furthermore, western blot analysis
revealed that the restoration of elFAE expres-
sion at least partially reversed elFAE phosphor-
ylation at S209 regulated by YY1 as well as the
expression of EMT-related markers, including
Vimentin, N-cadherin, Snail, E-cadherin, and
Z0-1 (Figure 4C). However, elFAE mutant with
S209A failed to rescue the expression of the
above molecules (Figure S4D). Moreover, we
performed invasion assays with a reconstitut-
ed three-dimensional basement membrane.
Strikingly, the overexpression of YY1 signifi-
cantly reduced the number of spherical colo-
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Figure 3. Depletion of elF4E by siRNA inhibits cell migration and metastasis in NPC cell lines. A. Cell migration assay
was performed with the scratch wound healing analysis (left), quantification of the wound recovery rate of the three
groups (right). B. Matrigel invasion analysis of cell invasive capabilities in 5-8F and HNE2 cells with transfection of
elF4E siRNAs or negative control. C. Significantly differently expressed proteins involved in EMT progression in 5-8F
and HNE2 cells with elF4E siRNAs or negative control, respectively. GAPDH served as an internal control. Error bars
represent the mean + SD. **P<0.01; ***P<0.001; NS, no significance.

nies and protrusions at the edges of invading
cells, while the restoration of elFAE expression
at least partially reversed these effects (Figure
S5). Collectively, these findings demonstrate
that YY1 inhibits the EMT process and the
mobility of NPC cells by negatively regulating
elFAE expression.

YY1 inhibits tumor metastasis through nega-
tively regulating elF4E expression in vivo

Importantly, to further study the effect of the
YY1/elFAE axis on the metastasis of NPC
tumors in vivo, we injected 5-8F stable cell
lines expressing either vector plasmid (5-8F/
Ctrl), YY1 (5-8F/YY1), elFAE (5-8F/elF4E), or
YY1 plus elF4E (5-8F/YY1 plus elF4E) into mice
via the tail vein to establish a lung metastatic
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colonization model. After eight weeks, we
examined the lung metastatic tumor lesions
which were quantified by histopathological
analysis. As expected, the overexpression of
YY1 reduced, whereas the overexpression of
elF4E increased the number of tumor nodules;
however, the restoration of elF4E expression in
YY1-overexpressing cells significantly reversed
the suppressive effect of YY1 (Figure 5A).
Furthermore, H&E staining of tissue sections
confirmed the presence of lung metastatic nod-
ules. Consistently, compared to the control
group, elF4E overexpression increased lung
metastasis, while YY1 expression significantly
attenuated lung colonization, which could be
reversed by elF4E overexpression (Figure 5B,
5C). Taken together, these results further sup-
port the notion that YY1 suppresses tumor
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Figure 4. Restoration of elF4E expression reverses the inhibitory effect of YY1 on cell migration and invasion. A.
Scratch wound healing analysis of cell migration in 5-8F and HNE2 cells stably with YY1 overexpression, YY1 and
elF4E simultaneous overexpression or control (left), quantification of the wound recovery rate of the three groups
(right). B. Matrigel invasion analysis of cell invasive capabilities in 5-8F and HNE2 cells stably with YY1 overexpres-
sion, YY1 and elF4E simultaneous overexpression or control. C. Significantly differently expressed proteins involved
in EMT progression (E-cadherin, N-cadherin, Vimentin, ZO-1, Snail) in YY1 overexpression and elFAE restoration
cells, respectively. GAPDH served as an internal control. Error bars represent the mean + SD. *P<0.05; **P<0.01;

***P<(0.001.

metastasis at least partly by downregulating
the expression of elF4E.

The abnormal expression of YY1 and elF4E
is closely related to the metastasis and poor
prognosis in NPC patients

Based on the function and mechanism of YY1/
elFAE axis identified above, we further investi-
gated the expression and clinical relevance of
YY1 and elF4E in NPC and normal NP tissue
samples by IHC staining of 27 noncancerous
tissues and 113 NPC tissues from patients
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with different ages, sexes, lymph node metas-
tasis statuses, distant metastasis statuses,
and clinical stages. The results showed that
YY1 expression was lower in NPC tissues than
in normal NP tissues and was significantly lower
in stage Ill and IV tissues than in stage | and I
NPC tissues (Figure 6A, 6B). In contrast, elFAE
expression showed an opposite pattern as it
was higher in NPC tissues than in normal NP
tissues and was significantly higher in clinical
stage lll and IV tissues than in stage | and Il tis-
sues (Figure 6A-C; Table 2). In addition, we
found a strong negative correlation between
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Figure 5. YY1 inhibits tumor metastasis in vivo through regulation of elFAE expression. A. Representative image
of macroscopic mouse lung tissue in the metastatic tumor model, n = 8 mice per group. B. H&E staining is shown
in control, YY1 overexpression, elF4E overexpression and elFAE restoration group. Red arrows indicate metastatic
tumors. C. The number of metastatic lung nodules of every mouse per group was counted in microscopy. Error bars

represent the mean + SD. **P<0.01; ***P<0.001.

the expression of YY1 and elF4E in NPC tis-
sues (Pearson correlation coefficient, r =
-0.2337, P = 0.0199) (Figure 6D). We further
analyzed the correlation between the YY1
expression level and six clinical variables:
tumor size, lymph node metastasis status, dis-
tant metastasis status, pathological tumor
stage, gender, and age. The results showed
that the expression of YY1 was negatively cor-
related with lymph node metastasis (Table 2)
and distant metastasis in patients with NPC
(Figure 6E), and that high YY1 expression was
a favorable factor for patient survival and
prognosis (Figure 6G). Conversely, elFAE ex-
pression was positively correlated with lymph
node metastasis (Table 2) and distant metas-
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tasis in NPC patients (Figure 6F); its high
expression predicted poor survival and pro-
gnosis (Figure 6H). Consistently, the combina-
tion of high YY1 and low elF4E expression pre-
dicted a better prognosis in patients with NPC
(Figure 6l). Similarly, the combined analysis
showed that high YY1 expression combined
with low elFAE expression and low YY1 ex-
pression combined with high elFAE expression
were associated with tumor size, lymph node
metastasis, distant metastasis and TNM stage
(Table 2). Therefore, our data suggest that both
YY1 and elF4E may be involved in the metasta-
sis of NPC and that the YY1/elFAE axis may be
a new prognostic biomarker and therapeutic
target for NPC.
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Figure 6. YY1 expression was negatively correlated with elF4E in clinical NP and NPC tissues. A. Representative
image of YY1 and elFAE expression in noncancerous nasopharyngeal tissues and different clinical TNM stages of
NPC detected by IHC. B and C. Statistical diagram of YY1 and elFAE expression in noncancerous nasopharyngeal
tissues and different clinical TNM stages of NPC. D. Correlation between YY1 expression and elFAE expression. E
and F. Statistical diagram of YY1 and elFAE expression with distant metastases [28] of NPC patients. G. Kaplan-
Meier analyses comparing overall survival between high- and low-YY1 expression groups. H. Kaplan-Meier analyses
comparing overall survival between high- and low-elF4AE expression groups. |. Kaplan-Meier analyses comparing
overall survival between high YY1 and low elFAE or high elFAE and low YY1 expression groups. Error bars represent
the mean + SD. *P<0.05; **P<0.01; ***P<0.001.

Discussion

As an important transcription factor, YY1 regu-
lates the expression of different target genes
involved in various signaling pathways and
plays dual biological roles in tumorigenesis
serving as an oncogene or a tumor suppressor.
Our previous studies show that YY1 functions

3774

as a cofactor of c-MYC to negatively regulate
the expression of miR-141, thereby inhibiting
the proliferation, reducing the colony-forming
ability, and suppressing the G1/S phase pro-
gression of NPC cells, which supports the role
of YY1 as a tumor suppressor in NPC [17]. In
recent years, the function of YY1 in tumor inva-
sion and metastasis has been widely reported

Am J Cancer Res 2023;13(8):3763-3780
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Table 2. Association between the expression of YY1, elF4E and NPC clinical pathological features

(n=113)
. YY1 expression elFAE expression YY1/elFAE
Variables features - -
Low High P Low High P L-H H-L P
Gender
Male (n = 76) 64 (84%) 12 (16%) 0.6764 30 (39%) 46 (61%) 0.0289 46 (61%) 11(14%) 0.6200
Famale (n =37) 30 (81%) 7 (19%) 7 (19%) 30 (81%) 28 (76%) 5 (14%)
Age
<44 (n =54) 44 (81%) 10 (19%) 0.6430 17 (31%) 37 (69%) 0.7845 35 (65%) 8 (15%) 0.8444
>44 (n = 59) 50 (85%) 9 (15%) 20 (34%) 39 (66%) 39 (66%) 8 (14%)
Tumor size
I(n=22) 12 (55%) 10 (45%) 0.0006*** 15 (68%) 7 (32%) 0.0009*** 7 (32%) 10 (45%) 0.0001***
Il (n=237) 34 (92%) 3 (8%) 11 (30%) 26 (70%) 26 (70%) 2 (5%)
Il(n=231) 29 (94%) 2 (6%) 6 (19%) 25 (81%) 24 (77%) 1 (3%)
IV (n=23) 19 (83%) 4 (17%) 5(22%) 18 (78%) 17 (74%) 3 (13%)
LNM
I(n=17) 11 (65%) 6(35%) 0.0055** 10 (59%) 7 (41%) 0.0088+** 7 (41%) 6 (35%) 0.0001***
IH(n=72) 67 (93%) 5 (7%) 16 (22%) 56 (78%) 56 (78%) 2 (3%)
Il (n = 10) 9(90%) 1 (10%) 2(20%) 8 (80%) 8(80%) 1(10%)
Metastatic
No-DM (n =93) 68 (73%) 25(27%) 0.0086** 35 (38%) 58 (62%) 0.0180* 55 (59%) 17 (18%) 0.0221*
DM (n = 20) 20 (100%) 0O (0%) 2 (10%) 18 (90%) 18 (90%) 0 (0%)
Clinical stages
I(n=7) 1(14%) 6(86%) 0.0001*** 7 (100%) O (0%) 0.0001*** 0(0%) 6(86%) 0.0001***
Il (n=12) 7 (58%) 5 (42%) 9(75%) 3 (25%) 5(42%) 3 (25%)
Il (n=63) 56 (89%) 7 (11%) 17 (27%) 46 (73%) 46 (73%) 4 (6%)
IV (n=31) 28 (90%) 3 (10%) 5 (16%) 26 (84%) 25 (81%) 1(3%)

The following abbreviations were used: H, high expression; L, low expression;

using the Chi-squared test. *P<0.05; **P<0.01; ***P<0.001.

in various tumor types [34-36], except in NPC.
In this study, we for the first time revealed that
the overexpression of YY1 inhibited cell migra-
tion and invasion, the EMT process and tumor
metastasis, supporting the hypothesis that YY1
plays an anti-metastatic role in NPC.

As a transcription factor, YY1 activates or
represses the transcription of target genes by
directly binding to promoter regions [37-39].
Therefore, we performed RNA-seq analysis to
identify YY1 target genes that mediate the
function of YY1 in suppressing cell mobility. The
results revealed that YY1 overexpression sig-
nificantly downregulated elF4E mRNA level in
5-8F and HNE2 NPC cells. Mechanistically, we
discovered that YY1 directly bound to the pro-
moter region of elFAE and exerted a negative
regulatory effect on its promoter activity. It has
been known that the transcriptional activation
function of YY1 is often accompanied by the
enrichment of H3K4me3 and H3K27ac on the
promoters of its target genes [40, 41]; inter-
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LNM, lymph node metastasis, Statistical analysis was performed

estingly, we didn’'t observe an enrichment of
H3K27ac in the promoter region of elFAE, sug-
gesting that YY1 regulates the transcription of
elFAE independent of its influence on the open
chromatin state. Nevertheless, further investi-
gation is required to elucidate the epigenetic
mechanisms involved in YY1 function.

EIFAE is an mRNA cap-binding protein and acts
as an initiation factor for mRNA-ribosome inter-
actions and cap-dependent translation in
human cells [42]. The activities of elF4E are
regulated at multiple levels. Firstly, elF4E
expression is regulated extensively at the tran-
scriptional and mRNA stability levels. A series
of studies have shown that c-Myc directly acti-
vates the transcription of elF4E. Interestingly,
multiple studies have indicated the existence
of positive regulatory feedback loops between
c-Myc and elFAE at the transcriptional and
translational levels. Specifically, elF4E pro-
motes the translation of c-Myc, and ¢c-Myc pro-
motes the transcription and expression of

Am J Cancer Res 2023;13(8):3763-3780
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Snail protein translation, and then efficiently inhibits EMT progression and
metastasis in nasopharyngeal carcinoma cells. Red represents upregulated

the regulatory effect of YY1
on elF4E.

EIFAE acts as an upstream
regulator of several onco-
genes as well as plays a cru-
cial role in integrating and
amplifying multiple oncogenic
signaling pathways [51]. Yao
et al. have reported that elF4E
level is positively correlated
with Snail expression, the
core transcription factor of
EMT [52]. Snail is a zinc fin-
ger transcription factor that
represses E-cadherin tran-
scription by directly binding
to the E-box motif within
the E-cadherin promoter [53].
Similarly, our results showed
that the overexpression of
YY1 downregulated the pro-
tein level of Snail and upre-
gulated the expression of
E-cadherin, thereby inhibiting
the EMT process in NPC cells.

genes, and blue represents downregulated genes.

elFAE [43-45]. In addition, the mechanism by
which YY1 regulates gene expression is partial-
ly mediated through its interaction with other
proteins to function as a molecular scaffold or
transcriptional coactivator. Furthermore, our
previous studies have confirmed that YY1 nega-
tively regulates the transcription of c-Myc and
its downstream target genes, consistent with
the current findings. Another mechanism of
elFAE regulation is through its phosphorylation
at serine 209 [46, 47]. Recent studies have
shown that elFAE is widely overexpressed and
hyperphosphorylated in human cancers [48,
49]. Phosphorylated elFAE activates several
essential biological processes in cancer, espe-
cially tumor metastasis and angiogenesis [50].
Our previous studies have demonstrated that
YY1 negatively regulates c-Myc transcriptional
activity in NPC cells via Max/Mad and that
elF4E is the target gene of c-Myc. Therefore, we
speculate that the transcriptional activity of
elFAE might depend on the YY1l/c-Myc axis.
Moreover, elFAE phosphorylation at serine 209
is negatively regulated by YY1, suggesting the
existence of more molecular mechanisms for
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Importantly, restoring the ex-
pression of elF4E at least par-
tially rescued the expression
of Snail/E-cadherin and reversed YY1-mediated
inhibition of the EMT process in NPC cells, fur-
ther indicating that YY1 suppressed the inva-
sion and metastasis of NPC cells via inhibiting
the transcription of elF4E.

The expression of YY1 has been found to be
upregulated in multiple cancers, making it a
potential biomarker for predicting cancer
metastasis and prognosis. YY1 regulates the
expression of several genes, and in PDAC, its
expression was significantly negatively corre-
lated with the expression of CDKN3. Me-
chanistically, YY1 directly binds to the promoter
region of CDKN3 and negatively regulates its
expression [14]. In our study, we confirmed that
elFAE is a direct downstream target gene of
YY1. We observed a negative correlation be-
tween the expression of YY1 and elF4E in NPC
patients. Additionally, we found a correlation
between the expression of YY1 and elF4E with
the lymph node metastasis status, clinical
stage, distant metastasis status, and overall
survival rate of NPC patients. These findings
provide strong evidence suggesting that YY1

Am J Cancer Res 2023;13(8):3763-3780
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acts as a suppressor of tumor metastasis by
directly regulating the transcription of elF4E.
Furthermore, our results suggest that YY1 may
serve as a potential target for predicting the
prognosis of patients with NPC.

Conclusions

This study revealed that YY1 directly binds to
the promoter region of elF4E gene, thereby neg-
atively regulating elFAE transcription. Restoring
the expression of elF4E could reverse the inhib-
itory effect of YY1 on the invasive and meta-
static potential of NPC cells both in vivo and in
vitro. Moreover, elF4E expression is significant-
ly upregulated in NPC and is positively associ-
ated with advanced TNM stages, metastasis,
and shorter survival times in patients. There-
fore, these results suggest that YY1 inhibits
tumor metastasis at least partly by negatively
regulating the activity of elFAE/Snail/E-cadherin
signal axis (Figure 7). Targeting the YY1/elF4E
regulatory axis is a potential novel strategy for
the treatment of NPC. However, the specific
mechanism underlying YY1's dual biological
role in tumorigenesis needs further explora-
tion.
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Figure S1. YY1 inhibits migration, invasion and EMT process as a tumor suppressor gene in nasopharyngeal carci-
noma. A. Western blotting using antibody against YY1 to confirm YY1 protein levels. GAPDH served as an internal
control. B. Cell migration assay was performed with the scratch wound healing analysis in HNE2 cells, and quanti-
fication of the wound recovery rate of the three groups. C. Matrigel invasion analysis of cell invasive capabilities in
HNE2 with transfection of YY1 siRNAs or negative control, scale bar, 200 um. D. Photographs of cell morphology
from a representative experiment in HNE2 cells stably transfected with YY1 expression plasmid or control. E. West-
ern blotting to verify the significantly differently expressed proteins involved in EMT progression in HNE2 cells with
YY1 siRNAs or negative control. Error bars represent the mean + SD. **P<0.01.
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Figure S2. elFAE is a downstream target gene of the YY1 that negatively regulates its promoter activity. A. The vol-
cano map of differentially expressed proteins after YY1 overexpressed in 5-8F and HNE2 cells. B. The intersection
Venn diagram shows the the number of intersecting differentially expressed proteins in 5-8F and HNE2 cells after
YY1 overexpression. C. KEGG pathway enrichment results for the differential expressed proteins in the signaling
pathway terms. D. JASPER web predicted the binding site of YY1 on the elFAE promoter. E. USUC web predicts the
enrichment of H3K27AC at the elF4E promoter region. F. ChIP-PCR assays using antibodies specific for H3K27Ac
validated the enrichment of H3K27AC at the elFAE promoter region. Error bars represent the mean + SD. NS, no

significance.
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Table S1. The list of overlapped genes by combined analysis of GTRD, HTF target database, and RNA-
seq data (with P<0.001)

Gene name Description Average log2 (fold change)
EIF4E Eukaryotic translation initiation factor 4E -1.92337
SNAIL Snail family transcriptional repressor 1 -1.77311
PTPRH Protein tyrosine phosphatase receptor type H 1.168943
PLA2G4C Phospholipase A2 group IVC 1.195911
HMOX1 Heme oxygenase 1 1.211928
APOL3 Apolipoprotein L3 1.224812
REC8 REC8 meiotic recombination protein 1.467768
PLCG2 Phospholipase C gamma 2 1.482419
TIP3 Tight junction protein 3 1.504335
PATL2 PAT1 homolog 2 1.585259
AlIM2 Absent in melanoma 2 1.652675
SERPINBOP1 Serpin family B member 9 pseudogene 1 1.674563
ISG15 ISG15 ubiquitin like modifier 1.938478
LAPTM5 Lysosomal protein transmembrane 5 1.944392
RASGRP3 RAS guanyl releasing protein 3 2.169333
EPSTI1 Epithelial stromal interaction 1 2.170507
ADAM19 ADAM metallopeptidase domain 19 2.197979
IRFO Interferon regulatory factor 9 2.222717
SSC5D Scavenger receptor cysteine rich family member with 5 domains 2.226573
TNFRSF8 TNF receptor superfamily member 8 2.374073
IGSF23 Immunoglobulin superfamily member 23 2.590725
IFI6 Interferon alpha inducible protein 6 3.00205
CCL5 C-C motif chemokine ligand 5 3.135662
YY1l YY1 transcription factor 4.218289
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Figure S3. The silencing effect of siRNA targeting elFAE. Western blotting using antibody against elFAE to confirm
elF4E protein levels. GAPDH served as an internal control.



YY1 inhibits invasion and metastasis in NPC

YY1+ YY1+
YY1 elF4E-WT elF4E-S209A

A 5-8F  HNE2
Ctrl YY1 Ctrl YY1

vvi N oKD

5-8F

= ctrl
- YY1
1.5 YY1+elF4E-WT
YY1+eIF4E-S209A

CIF4E == == s 29KD g e
GAPDH = «sm «m= «== 36KD %o
K
TN N
() @\%’\% 0 @'\% {{'\% YY1+
Earar O Ctrl IFAE-WT eIF4TEY;;09A HNE2
YY1 f- — e — a 68KD > . - ctr

- YY1

h & : +elF4E-
CIFAE v wow e - mmm = 20KD O T e o

©
2 -
PCIFAE s v wmw o i 20KD . _Em TR,
GAPDH e o === s o = 36KD g H
48h -
Cc YY1+ YY1+ D 5-8F HNE2
ctrl YY1 elF4E-WT  elF4E-S209A YY1 . o+ o+ s o o+ o+
AL ‘ ; 3 Yl elF4AEWT - - + - - - -
- - + - - - +

elF4E S209A -

YY1 T L B

elF4E = — - --- 29KD

P-CIFAE s com SN o 29KD
N-cadherin g == 88 = o o 130KD
. Vimentin =+ T 8§ =& 57KD
5 —_— 3 800 Skk
é 1000 ok é 8o — Z0-1 ™= - - ‘ B Bl ol 220KD
5 s S 600 *
E . * E A E-cadherin ol =W we 356D
8 8 400
5 § = I Snail g= - == L ST 20kD
[}
g - fLL N - GAPDH e wme o emst  36KD
A SR e
S K
S &
& &

Figure S4. Effect of YY1 on cell migration and invasion is dependent on the phosphorylation of elF4E at S209. A.
Western blotting using antibodies against YY1 and p-elF4E to confirm YY1 and p-elFAE protein levels. GAPDH served
as an internal control. B. Scratch wound healing analysis of cell migration in 5-8F and HNE2 cells stably with YY1
overexpression, YY1 and elFAE-WT simultaneous overexpression, YY1 and elF4E-S209A simultaneous overexpres-
sion or control (left), quantification of the wound recovery rate of the four groups (right). C. Matrigel invasion analysis
of cell invasive capabilities in 5-8F and HNE2 cells stably with YY1 overexpression, YY1 and elFAE-WT simultaneous
overexpression, YY1 and elF4E-S209A simultaneous overexpression or control. D. Significantly differently expressed
proteins involved in EMT progression (E-cadherin, N-cadherin, Vimentin, ZO-1, Snail) in YY1 overexpression, elFAE-wt
or elFAE-S209A restoration cells, respectively. GAPDH served as an internal control. Error bars represent the mean
+ SD. *P<0.05; **P<0.01; ***P<0.001; NS, no significance.
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Figure S5. YY1 inhibits cell invasive capabilities in 5-8F cells. A. Three-dimensional invasion analysis of cell invasive
capabilities in 5-8F cells stably transfected with YY1 expression plasmid or elFAE restoration. The white arrows rep-
resent prominent protrusions, scale bar, 100 um. B. Quantification of invasive and non-invasive clonal spheroids in
YY1 overexpression and control group.



