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TEAD4 is a master regulator of high-risk 
nasopharyngeal carcinoma 
Ya-Qin Wang1†, Dong-Hong Wu1†, Denghui Wei1†, Jia-Yi Shen1†, Zi-Wei Huang1,2†, Xiao-Yu Liang1,  
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The molecular basis underlying nasopharyngeal carcinoma (NPC) remains unclear. Recent progress in transcrip-
tional regulatory network analysis helps identify the master regulator (MR) proteins that transcriptionally define 
malignant tumor phenotypes. Here, we investigated transcription factor-target interactions and identified TEA 
domain transcription factor 4 (TEAD4) as an MR of high-risk NPC. Precisely, TEAD4 promoted NPC migration, 
invasion and cisplatin resistance, depending on its autopalmitoylation. Mechanistically, YTHDF2 (YTH domain 
family 2) recognized WTAP (Wilms tumor 1–associating protein)–mediated TEAD4 m6A methylation to facilitate 
its stability and led to aberrant up-regulation of TEAD4. Up-regulated TEAD4 further drove NPC progression by 
transcriptionally activating BZW2 (basic leucine zipper and W2 domains 2) to induce the oncogenic AKT 
pathway. Moreover, the transcriptional activity of TEAD4 was independent of its canonical coactivators YAP/ 
TAZ. Clinically, TEAD4 serves as an independent predictor of unfavorable prognosis and cisplatin response in 
NPC. Our data revealed the crucial role of TEAD4 in driving tumor malignancy, thus, may provide therapeutic 
vulnerability in NPC. 
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INTRODUCTION 
Nasopharyngeal carcinoma (NPC) is a metastasis-prone subtype of 
head and neck cancer with an extremely unbalanced endemic dis-
tribution. It is highly prevalent in East Asia and especially common 
in southern China (1). As per the current guidelines, chemotherapy 
in combination with radiotherapy is the primary therapeutic 
method for NPC at high risk of progression (2, 3). Despite recent 
developments in chemoradiotherapy strategies [e.g., cisplatin- 
based induction chemotherapy (IC), which reduces distant metas-
tasis] and a better understanding of NPC biology (such as a few 
genetic changes but frequent epigenetic aberrations), almost all 
newly diagnosed patients with NPC are empirically treated with in-
tensive cytotoxic chemoradiotherapy, and approximately 20% of 
them still suffer from distant metastasis (4–6). Thus, further eluci-
dation of the mechanisms underlying NPC progression is required 
to guide future therapeutic strategies against NPC. 

Tumor master regulators (MRs) are transcription factor (TF) 
proteins that define and regulate the transcriptional identity of a 
tumor (7). The aberrant activity of MRs is important to maintain 
the tumor cell state; thus, systematic identification and characteri-
zation of tumor MRs will help elucidate the mechanisms responsi-
ble for plastic reprogramming across distinct cellular states and 
provide potential therapeutic vulnerabilities and biomarkers (8– 
11). Recent developments in systems biology have allowed the inter-
rogation of transcriptional regulatory network models 

(interactomes) that, in turn, has opened the way to efficiently iden-
tify MR proteins in human malignancies (10–12). 

In the present study, we investigated TF-target interactions to de-
cipher the MR protein architecture and identified TEA domain 
transcription factor 4 (TEAD4) as an MR of NPC at a high risk of 
progression. Functional assays showed that TEAD4 promoted NPC 
migration, invasion, and cisplatin resistance, depending on its au-
topalmitoylation. Mechanistically, YTH domain family 2 
(YTHDF2) recognized Wilms tumor 1–associating protein 
(WTAP)–mediated TEAD4 N6-methyladenosine (m6A) methyla-
tion to facilitate its stability and led to the aberrant up-regulation 
of TEAD4 in NPC. The up-regulated TEAD4 further drove NPC 
progression by transcriptionally activating the downstream basic 
leucine zipper and W2 domains 2 (BZW2) to induce the oncogenic 
AKT signaling pathway. Moreover, the transcriptional activity of 
TEAD4 was independent of its transcriptional coactivators YAP/ 
TAZ in the canonical Hippo pathway. Last, we elucidated the clin-
ical significance of TEAD4 in patients with NPC. Our study reveals 
that TEAD4 is an MR protein of high-risk NPC and can act as a 
potential therapeutic vulnerability for patients with NPC. 

RESULTS 
TEAD4 is identified as an MR of high-risk NPC 
To characterize the MR proteins that regulate the transcriptional 
state of NPC at high risk of progression, we first applied the Algo-
rithm for the Reconstruction of Accurate Cellular Networks 
through Adaptive Partitioning (ARACNe-AP) (13) to construct 
transcriptional interactomes (i.e., TF-target interactions) in gene 
expression profiles from two public cohorts: cohort 1 comparing 
NPC samples with or without progression (GSE102349 dataset) 
and cohort 2 comparing NPC and normal tissue samples 
(GSE12452 dataset; Fig. 1A). The interactomes of cohort 1 and 
cohort 2 comprised 65,168 and 200,780 transcriptional interactions, 
respectively (table S1). We then applied the Virtual Inference of 
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Fig. 1. Identification of TEAD4 as a master regulator of high-risk NPC. (A) The workflow for the inference of MR proteins of NPC at high risk of progression. (B) 
Heatmap showing the average expression of the 13 candidate MRs in high- and low-aggressiveness groups of malignant cells from cohort 3 (GSE150430 dataset). Division 
of high- and low-aggressiveness groups according to the median value of scores for a cell cycling signature derived from our previous study of 5397 malignant cells 
profiled by scRNA-seq. P values were calculated using Wilcoxon rank sum test. (C) Box plots depicting the expression of YAP, TAZ, and TEAD1 to TEAD4 from the Hippo 
signaling pathway in NPC (n = 31) versus normal (n = 10) tissue samples from the GSE12452 dataset, showing a significant difference only for TEAD4. The box plot center 
corresponds to the median, the upper and lower lines of the box correspond to the interquartile range, and the whiskers correspond to the 1.5× interquartile range. P 
values were calculated using Wilcoxon rank sum test. (D and E) Forest plot (D) and Kaplan-Meier curves (E) showing associations of the expression levels of YAP, TAZ, and 
TEAD1 to TEAD4 with the progression-free survival of 82 patients from the GSE102349 dataset. A significant association was shown only for TEAD4. The expression of YAP, 
TAZ, and TEAD1 to TEAD4 was divided into high and low groups according to their median values, respectively. P values in (D) and (E) were calculated using a log-rank test. 
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Protein Activity by Enriched Regulon (VIPER) algorithm (10, 11) to 
prioritize MR proteins in certain disease states (i.e., progression 
versus nonprogression in cohort 1, and tumor versus normal in 
cohort 2) based on the inferred transcriptional activity. Overlapping 
the top-ranking 100 MRs from each cohort (table S2), we identified 
13 candidate MRs of high-risk NPC (fig. S1). 

Next, we assessed the association of the 13 candidate MRs with 
the aggressiveness of NPC malignant cells using the single-cell RNA 
sequencing (scRNA-seq) cohort from our recent study (GSE150430 
dataset) (14). For each malignant cell, we calculated the score of the 
cell cycling signature, which was derived from our scRNA-seq study 
and could reflect cellular aggressiveness (14). Notably, the expres-
sion of four MRs showed the most significant enrichment in 
highly aggressive malignant cells: FOXM1, DNMT1, TEAD4, and 
E2F7 (Fig. 1B). Among these four MRs, FOXM1, DNMT1, and 
the E2F family have already been well characterized in NPC tumor-
igenesis in our previous studies and others (15–17), while the role of 
TEAD4 in NPC remains unknown. 

TEAD4 belongs to the TEAD protein family. TEADs are activat-
ed by their canonical cotranscriptional effectors (i.e., YAP and TAZ) 
in the Hippo signaling pathway and have been implicated in the reg-
ulation of tissue growth and cell fate (18, 19). Evaluating the expres-
sion of YAP, TAZ, and TEAD1 to TEAD4 in NPC versus normal 
tissue samples in the GSE12452 dataset revealed that only TEAD4 
was significantly up-regulated in NPC (Fig. 1C). In addition, higher 
expression of TEAD4 was significantly associated with an increased 
risk of disease progression in patients with NPC (GSE102349 
dataset), whereas no significant differences were observed for 
other genes (Fig. 1, D and E). Collectively, these data indicated 
that TEAD4 might play an important role in NPC progression. 

TEAD4 promotes NPC migration, invasion, and cisplatin 
resistance in vitro 
Consistent with the above findings, we found that TEAD4 was 
markedly up-regulated in NPC compared with normal nasopharyn-
geal tissues at both the mRNA and protein levels (Fig. 2, A and B). 
In line with the patient data, the expression of TEAD4 was signifi-
cantly higher in NPC cell lines than in normal nasopharyngeal ep-
ithelial cell lines (NP69 and N2-Tert; Fig. 2C). To gain further 
insight into the function of TEAD4 in NPC, we performed gene 
set enrichment analysis (GSEA) based on NPC gene expression pro-
files in the GSE102349 dataset and found significant enrichment of 
gene sets related to metastasis and cisplatin resistance in the high 
TEAD4 expression group (Fig. 2D). To further investigate the 
effect of TEAD4 on NPC cell phenotypes, we generated SUNE-1 
and HONE-1 cells with stable knockdown or TEAD4 overexpres-
sion (fig. S2, A to D). Transwell migration, invasion, and wound 
healing assays demonstrated that TEAD4 knockdown markedly im-
paired the migratory and invasive abilities of NPC cells (Fig. 2, E 
and F, and fig. S2E). We further determined that the migratory 
and invasive abilities of NPC cells were substantially enhanced by 
exogenous overexpression of TEAD4 (fig. S2, F to H). In addition, 
TEAD4 knockdown also inhibited NPC cell proliferation (fig. S3). 
To assess the effect of TEAD4 on cisplatin sensitivity, we performed 
Cell Counting Kit-8 (CCK-8) and cell apoptosis assays and found 
significantly increased sensitivity of NPC cells to cisplatin after 
TEAD4 knockdown (Fig. 2G and fig. S4, A to C). The opposite 
was observed when TEAD4 was overexpressed exogenously (fig. 
S4, D to G). In contrast to TEAD4, other TEAD members 

(TEAD1 to TEAD3) only showed weak or marginal effects on 
NPC cell migration and cisplatin resistance (fig. S5). 

As autopalmitoylation is reported to be important for the func-
tion of TEAD4 (20–22), we further investigated whether TEAD4 au-
topalmitoylation affects its function in NPC. We adopted MGH- 
CP1, an inhibitor that could bind to the palmitoylation pocket of 
TEAD4 (22), to reduce the palmitoylation level of TEAD4 
(Fig. 2H) and found that the migration, invasion, and cisplatin re-
sistance of NPC cells were significantly inhibited (Fig. 2, I and J, and 
fig. S6, A and B). In addition, restoring the expression of palmitoy-
lation-deficient TEAD4 mutants, TEAD4C335S and TEAD4C367A 

(fig. S6C) (21), did not reverse the inhibitory effect of TEAD4 
knockdown on NPC cell migration, invasion, and cisplatin resis-
tance (fig. S6, D and E). Overall, these results indicate that 
TEAD4 promotes NPC migration, invasion, and cisplatin resis-
tance, dependent on its autopalmitoylation. 

TEAD4 mRNA is stabilized by YTHDF2 via WTAP-mediated 
m6A modification in NPC 
We then probed the mechanism underlying the aberrant up-regu-
lation of TEAD4 in NPC. First, we analyzed the mutation and copy 
number variation data of NPC in the GSE102349 dataset and found 
low mutation (0.9%) and amplification (8.1%) frequencies of 
TEAD4 (fig. S7A). The DNA methylation levels of TEAD4 in our 
previously published study (GSE52068 dataset) were also examined 
(23), and no significant differences were observed between the 
normal nasopharynx and NPC tissues (fig. S7B). Next, we investi-
gated whether m6A RNA modification, the most abundant epige-
netic modification in eukaryotic mRNA (24), might be involved. 
Using the online prediction tool SRAMP (25) that predicted m6A 
sites along the TEAD4 sequence, we found strong m6A peak enrich-
ment of TEAD4, in which three m6A sites (RRACH motifs) at 791 to 
1104 nt (exon 9/10 of 13) were predicted with a high confidence 
threshold (Fig. 3, A and B). We further performed methylated 
RNA immunoprecipitation (MeRIP)–quantitative polymerase 
chain reaction (qPCR) assays in NP69, SUNE-1, and HONE-1 
cells and found that the m6A levels of TEAD4 were significantly 
higher in NPC cells than in normal nasopharyngeal epithelial 
cells (Fig. 3C), suggesting a role for m6A modification in the regu-
lation of TEAD4 expression. 

To further identify the specific m6A regulators, we examined the 
correlations between the RNA levels of common m6A regulators 
and TEAD4 in the GSE102349 dataset and found that the expression 
of members from two reader families, insulin-like growth factor 2 
mRNA-binding protein family (IGF2BP1 to IGF2BP3) and 
YTHDF1 and YTHDF2, demonstrated prominent correlations 
with TEAD4 expression (Fig. 3D). We then constructed small inter-
fering RNAs targeting the IGF2BP and YTHDF reader families and 
found that YTHDF2 knockdown markedly decreased the expres-
sion of TEAD4, and the effect was more prominent than that in 
other IGF2BP and YTHDF family members (fig. S8). We further 
confirmed that protein levels of TEAD4 were decreased by 
YTHDF2 knockdown in SUNE-1 and HONE-1 cells (Fig. 3E). 
These data suggested that the expression of TEAD4 was regulated 
by YTHDF2 in NPC cells. The function of YTHDF2 as an m6A 
reader is to destabilize m6A-tagged transcripts by activating 
mRNA degradation pathways (26–28). However, its role in NPC 
remains unclear. Comparing NPC and normal tissue samples 
from the GSE12452 dataset, we found a significant up-regulation 
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Fig. 2. TEAD4 promotes migration, invasion, and cisplatin resistance of NPC cells in vitro. (A) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of 
TEAD4 expression in normal nasopharynx tissues and NPC. (B) Western blot analysis of TEAD4 expression in normal nasopharynx and NPC tissues (N, normal; T, tumor). 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) qRT-PCR (top) and Western blot (bottom) analyses of TEAD4 expression in normal nasopharyngeal epithelial 
and NPC cell lines. (D) GSEA of gene sets related to metastasis and cisplatin resistance in the high TEAD4 expression group in the GSE102349 dataset. (E and F) Repre-
sentative images (left) and quantification of migratory or invasive cells (right) of Transwell migration (E) and invasion (F) assays in SUNE-1 and HONE-1 cells with or without 
TEAD4 knockdown. Scale bar, 100 μm. (G) Representative images (left) and apoptosis rate (right) of cell apoptosis assays in SUNE-1 cells exposed to phosphate-buffered 
saline (PBS) or cisplatin (DDP), with or without TEAD4 knockdown. (H) Streptavidin blot detection of palmitoylated TEAD4 in SUNE-1 cells exposed to the indicated doses 
of MGH-CP1 for 24 hours by acyl-biotin exchange assay with or without hydroxylamine (HAM; 1 M). (I) Representative images (left) and quantification of migratory cells 
(right) of Transwell migration assays in SUNE-1 and HONE-1 cells exposed to dimethyl sulfoxide (DMSO) or MGH-CP1 (2 μM, 24 hours). Scale bar, 100 μm. (J) Representative 
images (left) and apoptosis rate (right) of cell apoptosis assays in SUNE-1 cells exposed to PBS or DDP, with or without MGH-CP1 (2 μM, 24 hours) treatment. Data in (A), (C), 
(E) to (G), (I), and (J) are presented as means ± SD; n = 3 independent experiments (C, E to G, I, and J). P values were calculated using unpaired Student’s t test (A, I, and J) or 
one-way analysis of variance (ANOVA; C and E to G). *P < 0.05 and **P < 0.01. 
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Fig. 3. TEAD4 expression in NPC cells is up-regulated in an m6A-dependent manner. (A) Enriched and specific m6A peak distribution of TEAD4 transcripts predicted 
by SRAMP. (B) Diagram depicting the position of m6A motifs with a high combined score predicted by SRAMP within TEAD4 transcripts. (C) MeRIP-qPCR assays showing 
the m6A levels of TEAD4 transcripts in normal nasopharyngeal epithelial and NPC cells. (D) Pearson’s correlations between the mRNA expression of common m6A reg-
ulators and TEAD4 in the GSE102349 dataset. (E) Western blot analysis of TEAD4 expression in SUNE-1 and HONE-1 cells with or without YTHDF2 silencing. (F) Agarose 
electrophoresis (top) and qRT-PCR (bottom) analysis of RIP assays showing YTHDF2 occupation in TEAD4 in SUNE-1 and HONE-1 cells. (G) RIP-qPCR analysis of YTHDF2 
occupation in TEAD4 in SUNE-1 and HONE-1 cells with or without YTHDF2 silencing. (H) MeRIP-qPCR assays to analyze the m6A levels of TEAD4 in SUNE-1 cells transfected 
with TEAD4 wild-type or its m6A motif depletion mutant construct. (I) Western blot analysis of YTHDF2 expression after RNA pull-down assay with cell lysate (Ly.), beads 
only (NC), full-length biotinylated-TEAD4, and coding DNA sequence (CDS) region of TEAD4 without or with m6A motif depletion in SUNE-1 cells. (J) qRT-PCR analysis of 
TEAD4 expression in SUNE-1 cells transfected with TEAD4 wild-type or mutant construct together with YTHDF2 small interfering RNAs or its scramble. (K and L) Decay rate 
of mRNA and qRT-PCR analysis of TEAD4 at different time points after actinomycin D (5 μg/ml) treatment in SUNE-1 (K) and HONE-1 (L) cells with or without YTHDF2 
silencing. Data in (C), (F) to (H), (J), (K), and (L) are presented as means ± SD; n = 3 independent experiments. P values were calculated using one-way ANOVA (C, K, and L), 
Pearson correlation test (D), or unpaired Student’s t test (F to H and J). *P < 0.05 and **P < 0.01. 
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of YTHDF2 in NPC (fig. S9A), which echoed the high expression of 
TEAD4 in NPC tumor tissues. We then performed an RIP assay and 
identified direct physical interactions between TEAD4 mRNA and 
YTHDF2 (Fig. 3F). Moreover, the enrichment levels of TEAD4 
mRNA decreased after YTHDF2 inhibition (Fig. 3G). Consistently, 
the RNA pull-down assay demonstrated that YTHDF2 bound 
TEAD4 full-length transcripts in SUNE-1 and HONE-1 cells (fig. 
S9B). To further confirm whether YTHDF2 up-regulated TEAD4 
expression in an m6A-dependent manner, we constructed plasmids 
encoding the mutant TEAD4 coding DNA sequence (CDS) in 
which the m6A motifs were deleted. MeRIP-qPCR showed an ap-
parent decrease in m6A levels in TEAD4 mutant transcripts com-
pared with the wild type, indicating that the m6A motifs within 
791 to 1104 nt of TEAD4 were responsible for its m6A modification 
(Fig. 3H). RNA pull-down assay revealed that the binding of 
YTHDF2 to TEAD4 transcripts was specifically impaired by m6A 
motif depletion (Fig. 3I). Moreover, silencing YTHDF2 signifi-
cantly decreased the expression of TEAD4 in the wild type but 
not in the mutant transcripts (Fig. 3J). Actinomycin D chase exper-
iments also confirmed the decreased RNA stability of TEAD4 after 
YTHDF2 silencing in NPC cells (Fig. 3, K and L). 

We next explored the methyltransferase involved in enhancing 
TEAD4 m6A modification. As shown in Fig. 3D, a positive correla-
tion was observed between the expression of TEAD4 and WTAP, an 
m6A methyltransferase reported to promote NPC progression (29). 
We further confirmed that TEAD4 expression was significantly 
reduced at the mRNA and protein levels after WTAP silencing in 
NPC cells ( fig. S9, C to E). MeRIP-qPCR and actinomycin D 
chase experiments showed significantly decreased m6A levels and 
RNA stability of TEAD4 after WTAP inhibition (fig. S9, F to H). 
Furthermore, the RIP assay demonstrated that WTAP silencing 
markedly impaired the binding of YTHDF2 to TEAD4 transcripts 
(fig. S9I). Collectively, these data indicate that YTHDF2 recognizes 
WTAP-mediated TEAD4 m6A methylation to enhance the stability 
and up-regulation of TEAD4 in NPC. 

TEAD4 drives NPC progression via BZW2 transcription 
activation to induce the AKT pathway 
Next, we elucidated the underlying mechanism of TEAD4-driven 
malignant phenotypes in NPC by performing chromatin immuno-
precipitation sequencing (ChIP-seq) using HONE-1 cells overex-
pressing TEAD4 (table S3). By overlapping the ChIP-seq data 
with genes displaying significant correlations with TEAD4 levels 
(R > 0.4 and P < 0.05) in the GSE12452 and GSE102349 datasets, 
we identified 10 potential direct targets of TEAD4 (Fig. 4A). Subse-
quent quantitative real-time PCR (qRT-PCR) analysis revealed that 
the expression of BZW2, LARP6, and RCSD1 was significantly in-
creased or decreased after overexpression or knockdown of TEAD4, 
respectively; among these, BZW2 demonstrated the most promi-
nent change (Fig. 4B and fig. S10, A and B). We further confirmed 
that TEAD4 expression change had the most evident effect on the 
protein levels of BZW2, compared with LARP6 or RCSD1 (Fig. 4, C 
and D). This linkage change of BZW2 and TEAD4 was also recapit-
ulated in other human NPC cell lines (5-8F, 6-10B, and HNE-1; fig. 
S10, C to F). In addition, correlative expression patterns of TEAD4 
and BZW2 were observed across multiple human cancer cell lines, 
including SUNE-1 and HONE-1 (NPC), A549 (lung adenocarcino-
ma), HeLa (cervical cancer), SW620 (colorectal cancer), MDA-MB- 
231 (breast cancer), T24 (bladder cancer), and HepG2 

(hepatocellular carcinoma) cells (fig. S10, G and H). Collectively, 
these data suggest that BZW2 is a strong TEAD4 target. 

BZW2 belongs to the basic leucine zipper (bZIP) superfamily of 
TFs, and its function is yet to be fully described. In NPC, we found a 
significant up-regulation of BZW2 in tumors compared with 
normal tissue samples (fig. S11A), and BZW2 knockdown marked-
ly inhibited the migration, invasion, and cisplatin resistance of NPC 
cells (fig. S11, B to F). To further address the role of BZW2 as the 
downstream target of TEAD4, we first predicted one cis-element for 
TEAD4 located within −1336 to −1324 base pairs (bp) upstream of 
the BZW2 transcriptional start site based on ChIP-seq data 
(Fig. 4E). ChIP-qPCR assays verified the binding of TEAD4 to 
the BZW2 promoter in multiple NPC cell lines (Fig. 4F and fig. 
S12A). In line with the above findings (Fig. 4, B to D, and fig. 
S10, A and B), the enrichment of TEAD4 in the promoter regions 
of LARP6 and RCSD1 was not evident (fig. S12, B and C). Further-
more, we performed luciferase reporter assays and found that over-
expression of TEAD4 significantly increased the luciferase activity 
of the wild-type BZW2 promoter construct, and mutations in the 
cis-element substantially abolished promoter activity (Fig. 4G), 
confirming that TEAD4 directly binds to the promoter of BZW2 
to drive its transcription. Last, to determine whether TEAD4 pro-
moted NPC progression by up-regulating BZW2, we performed in 
vitro functional rescue assays by restoring the expression of BZW2 
in TEAD4-knockdown cells and found that the inhibitory effect of 
TEAD4 knockdown on NPC cell migration, invasion, and cisplatin 
resistance was significantly reversed by BZW2 overexpression (fig. 
S13). Overall, these findings demonstrate that TEAD4 transcrip-
tionally activates BZW2 to drive malignant phenotypes in NPC. 

To understand the biological pathways underlying the TEAD4- 
BZW2 axis in NPC progression, we performed a Kyoto Encyclope-
dia of Genes and Genomes pathway analysis based on TEAD4 target 
genes from our ChIP-seq data (table S3) and identified AKT signal-
ing, an important pathway in tumorigenesis (30), as one of the most 
enriched pathways (Fig. 4H). Western blot assays confirmed that 
phospho-AKT (p-AKT) expression was significantly reduced or en-
hanced in TEAD4-knockdown or TEAD4-overexpressed NPC cells, 
respectively (Fig. 4, I and J). Furthermore, GSEA results revealed 
that low BZW2 expression was negatively correlated with AKT sig-
naling (fig. S14A), as confirmed by Western blot analysis (fig. 
S14B). Consistently, BZW2 overexpression rescued the inhibition 
of p-AKT induced by TEAD4 knockdown (Fig. 4K). We then ana-
lyzed the public ChIP-seq data for BZW2 (GSE174559) (31) to 
explore how BZW2 activates AKT signaling. In silico analysis re-
vealed several potential BZW2 transcriptional target genes that 
also act as upstream regulators of AKT signaling, among which 
the expression of PH domain and leucine-rich repeat protein phos-
phatase 2 (PHLPP2), a well-documented AKT phosphatase that in-
activates AKT (32, 33), was significantly increased after BZW2 
knockdown in NPC cells (fig. S14, C and D). This negative associ-
ation was also confirmed at the protein level (fig. S14E). ChIP- 
qPCR and luciferase reporter assays revealed that PHLPP2 was tran-
scriptionally repressed by BZW2 (fig. S14, F and G), and silencing 
of PHLPP2 rescued the inhibitory effect of BZW2 knockdown on p- 
AKT (fig. S14H). Moreover, MGH-CP1 significantly impaired 
BZW2 expression and AKT activation while promoting PHLPP2 
expression in NPC cells (Fig. 4L). Collectively, these results indicate 
that TEAD4 promotes BZW2 transcription to activate the AKT 
pathway in NPC cells. 
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TEAD4 promotes NPC migration, invasion, and cisplatin 
resistance independent of YAP/TAZ modulation 
YAP and TAZ are canonical transcriptional coactivators of TEAD4 
in the Hippo signaling pathway (18). Therefore, we investigated 
whether YAP/TAZ was required for TEAD4-driven NPC progres-
sion. Western blot assays showed that YAP or TAZ silencing in NPC 
cells did not affect the expression of TEAD4 (fig. S15, A and B), and 

TEAD4 knockdown did not affect YAP or TAZ expression (fig. 
S15C). We then performed coimmunoprecipitation (co-IP) assays 
and found that the endogenous interaction between TEAD4 and 
YAP/TAZ was weak in NPC cells (Fig. 5A), compared with breast 
cancer or bladder cancer cells, in which the YAP/TAZ-TEAD4 
complex has been reported to drive malignant phenotypes ( fig. 
S16, A and B) (34, 35). Furthermore, we performed gel filtration 

Fig. 4. TEAD4 activates BZW2 transcription 
to induce the AKT pathway. (A) Identification 
of potential targets of TEAD4. Ten genes were 
identified by overlapping the genes with sig-
nificant correlations with TEAD4 levels 
(Pearson R > 0.4, P < 0.05) in the GSE12452 and 
GSE102349 datasets, and the TEAD4 target 
genes from ChIP-seq data (table S3). (B) qRT- 
PCR analysis of the expression of the 10 genes 
[in (A)] in SUNE-1 and HONE-1 cells with or 
without TEAD4 overexpression. (C and D) 
Western blot analysis of BZW2, LARP6, and 
RCSD1 expression after TEAD4 knockdown (C) 
or overexpression (D) in SUNE-1 and HONE-1 
cells. (E) Schema of the putative TEAD4- 
binding site in the promoter region of BZW2. 
Comparisons of the TEAD4-binding sequences 
(predicted by ChIP-seq analysis) and promoter 
region of the BZW2 are shown in the bottom 
panel. (F) ChIP-qPCR analysis of endogenous 
TEAD4 occupation on the binding site of BZW2 
promoter in SUNE-1 and HONE-1 cells. (G) 
Luciferase reporter assays of BZW2 activity in 
SUNE1 and HONE1 cells transfected with 
plasmids encoding control vector or TEAD4 
together with BZW2 promoter wild-type or 
mutant constructs. (H) Kyoto Encyclopedia of 
Genes and Genomes analysis based on TEAD4 
target genes identified by ChIP-seq assay 
(table S3). (I and J) Western blot analysis of AKT 
activation after TEAD4 knockdown (I) or over-
expression (J) in SUNE-1 and HONE-1 cells. (K) 
Western blot analysis showing the effect of 
BZW2 overexpression on AKT activation in 
SUNE-1 and HONE-1 cells with or without 
TEAD4 knockdown. (L) Western blot analysis of 
BZW2, PHLPP2, phospho-AKT ( p-AKT), and 
AKT in SUNE-1 and HONE-1 cells exposed to 
DMSO or MGH-CP1 (2 μM, 24 hours). Data in 
(B), (F), and (G) are presented as means ± SD; 
n = 3 independent experiments. P values were 
calculated using unpaired Student’s t test. 
*P < 0.05 and **P < 0.01. 
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chromatography analysis and found that low levels of TEAD4 
formed complexes with YAP/TAZ in NPC (Fig. 5B). In contrast, 
TEAD4 was found to be largely comigrated in the same fractions 
as YAP/TAZ in breast cancer and bladder cancer cells (fig. S16, C 
and D). These results prompted us to presume that the function of 
TEAD4 may be independent of YAP/TAZ modulation in NPC. To 
address this, we constructed plasmids encoding YAP/TAZ binding– 
deficient TEAD4 mutants, TEAD4Y429H, TEAD4K297A, and 
TEAD4W299A (Fig. 5C) (21, 36, 37), and found that restoring the 
expression of both TEAD4WT and YAP/TAZ binding–deficient 

mutant TEAD4 efficiently rescued the impaired abilities of NPC 
cell migration, invasion, and cisplatin resistance in TEAD4-knock-
down NPC cells (Fig. 5, D and E, and fig. S17). In addition, down-
stream BZW2 expression and AKT activation were rescued after the 
restoration of the TEAD4 mutants (Fig. 5F). Consistently, in YAP/ 
TAZ double-knockout NPC cells, restoring TEAD4 expression sig-
nificantly reversed the inhibitory effect of TEAD4 knockdown on 
NPC migration, invasion, and cisplatin resistance, as well as 
BZW2 expression and AKT activation (fig. S18). Together, our 

Fig. 5. TEAD4 promotes NPC metastasis and chemoresistance independent of YAP/TAZ modulation. (A) Lysates from SUNE-1 cells were immunoprecipitated with 
anti-YAP or anti-TAZ antibodies and subjected to Western blot analysis with anti-TEAD4 and anti-YAP or anti-TAZ antibodies. (B) Gel filtration chromatography analysis of 
SUNE-1 cell lysates. Forty-eight fractions (A1 to A12, B1 to B12, C1 to C12, and D1 to D12) were collected and the A11 to C6 fractions were shown; proteins pooled from two 
fractions were run on each lane. (C) Lysates from SUNE-1 cells transfected with Myc-TEAD4WT, Myc-TEAD4Y429H, Myc-TEAD4K297A, or Myc-TEAD4W299A were immunopre-
cipitated with an anti-Myc antibody and subjected to Western blot analysis with the anti-Myc, anti-YAP, or anti-TAZ antibodies. (D) Representative images (left) and 
quantification of migratory cells (right) of Transwell migration assays in TEAD4-knockdown SUNE-1 and HONE-1 cells transfected with plasmids encoding TEAD4WT or 
TEAD4Y429H. Scale bar, 100 μm. (E) Representative images (left) and apoptosis rate (right) of cell apoptosis assays in TEAD4-knockdown SUNE-1 cells transfected with 
plasmids encoding TEAD4WT or TEAD4Y429H and exposed to PBS or cisplatin (DDP). (F) Western blot analysis of TEAD4, YAP/TAZ, BZW2, p-AKT, and AKT in TEAD4-knock-
down SUNE-1 and HONE-1 cells transfected with plasmids encoding TEAD4WT, TEAD4Y429H, TEAD4K297A, or TEAD4W299A. Data in (D) and (E) are presented as means ± SD; 
n = 3 independent experiments. P values were calculated using one-way ANOVA. *P < 0.05 and **P < 0.01. 
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data indicate that TEAD4 promotes NPC progression in a YAP/ 
TAZ-independent manner. 

TEAD4 promotes NPC metastasis and cisplatin resistance 
in vivo 
To characterize the function of TEAD4 in vivo, we established a xe-
nograft inguinal lymph node metastasis model and found that the 
volumes of metastatic inguinal lymph nodes were markedly smaller 
in xenografts derived from SUNE-1 cells with TEAD4 knockdown 
than in those of scrambled controls (Fig. 6, A and B). The primary 
tumors in the TEAD4-knockdown group exhibited sharp edges that 
expanded as spheroids, indicating a less aggressive phenotype with 

the invasion of the skin, muscle, and lymphatic vessels compared 
with the control group (Fig. 6C). Moreover, the inguinal lymph 
node metastasis ratio was significantly lower in the TEAD4-knock-
down group (Fig. 6, D and E). We further built a lung metastatic 
colonization model and observed a remarkable reduction in lung 
metastatic nodules in the TEAD4-knockdown group compared to 
that in the control group (fig. S19, A and B). Notably, the protein 
expression of BZW2 was concordantly decreased after the knock-
down of TEAD4 in vivo (fig. S19, C and D). In addition, assays in 
mice showed that subcutaneous xenografts derived from NPC cells 
with TEAD4 knockdown were much more sensitive to cisplatin 
treatment than the controls (Fig. 6, F to H). Together, these findings 

Fig. 6. TEAD4 knockdown decreases NPC cell metastasis and cisplatin resistance in vivo. (A to E) SUNE-1 cells, with or without TEAD4 knockdown, were injected into 
the footpads of nude mice (n = 8 per group) to construct an inguinal lymph node metastasis model. (A) Representative image of the xenograft inguinal lymph node 
metastasis model. (B) Representative image of the inguinal lymph nodes (left) and the lymph node volume (right). (C) Representative images (×200) of microscopic 
primary footpad tumors stained with hematoxylin and eosin. Scale bar, 100 μm. (D) Representative images of immunohistochemistry (IHC) staining of the inguinal 
lymph nodes with pan-cytokeratin (×40 and ×200). Scale bar, 100 μm. (E) Inguinal lymph node metastatic ratios. (F to H) SUNE-1 cells, with or without TEAD4 knockdown, 
were transplanted into the dorsal flank of nude mice to construct a xenograft tumor model. Once the tumor nodes became palpable (~100 mm3), mice were randomly 
divided into four groups (n = 8 per group) and injected intraperitoneally with normal saline or cisplatin (DDP; 4 mg/kg) every 4 days. Representative images of xenograft 
tumors (F), tumor volume growth curves (G), and tumor weight (H) of the xenografts. Tumor volume was compared at indicated time points, and tumor weight was 
measured at the end point. Data in (B), (G), and (H) are presented as means ± SD. P values were calculated using unpaired Student’s t test (B), Fisher’s exact test (E), or one- 
way ANOVA (G and H). *P < 0.05 and **P < 0.01. 
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indicate that TEAD4 promotes NPC cell metastasis and cisplatin re-
sistance in vivo. 

TEAD4 serves as a predictor for prognosis and benefits of 
cisplatin-based IC in patients in NPC 
To gain further insight into the clinical relevance of TEAD4 in NPC, 
we performed an immunohistochemistry (IHC) analysis in a cohort 
of NPC samples from Sun Yat-sen University Cancer Center 
(SYSUCC; cohort 4, n = 219) and divided the patients into high 
and low TEAD4 expression groups (Fig. 7, A and B). By incorporat-
ing clinical data, we found that higher TEAD4 expression signifi-
cantly correlated with a higher risk of disease progression, distant 
metastasis, and death (table S4). Kaplan-Meier survival analysis 
and multivariate analysis with a Cox proportional hazards (CPH) 
model revealed TEAD4 as an independent prognostic indicator 
for unfavorable disease-free survival, distant metastasis-free surviv-
al, and overall survival in patients (Fig. 7, C to E, and table S5). We 
also evaluated the predictive value of TEAD4 expression for cisplat-
in-based IC efficacy. In the low TEAD4 expression group, patients 
who received cisplatin-based IC exhibited significantly better 
disease control than those who did not, whereas this demonstration 
of IC benefit was not seen in patients with high TEAD4 expression 
(Fig. 7, F and G). Furthermore, a treatment-by-covariate interaction 
test was applied, and a significant interaction between treatment 
(cisplatin-based IC versus no IC) and TEAD4 levels (high versus 
low) on survival was identified (Pinteraction = 0.020; Fig. 7H), sup-
porting the finding that the effects of cisplatin-based IC varied 
among patients from different TEAD4 expression groups. Together, 
these findings demonstrate the capability of TEAD4 expression for 
predicting the prognosis and benefits of cisplatin-based IC in pa-
tients with NPC. 

DISCUSSION 
In this study, we depicted the MR repertoires of high-risk NPC 
using regulatory network analyses and identified TEAD4 as an 
MR protein that transcriptionally drives disease progression. Exper-
imental analysis showed that TEAD4 promoted NPC cell migration, 
invasion, and cisplatin resistance, depending on its autopalmitoyla-
tion. Furthermore, we demonstrated that YTHDF2 recognizes and 
stabilizes TEAD4 transcripts via WTAP-mediated m6A modifica-
tion to facilitate aberrant up-regulation in NPC. The up-regulated 
TEAD4 further drove malignant phenotypes by promoting BZW2 
transcription to induce the oncogenic AKT pathway. Moreover, the 
transcriptional activity of TEAD4 was independent of YAP/TAZ 
modulation. We also validated TEAD4 as an independent predictor 
of unfavorable survival and cisplatin-based IC response in patients 
with NPC. These results deepen our understanding of the molecular 
mechanisms of TEAD4 underlying NPC progression and suggest 
that TEAD4 represents a critical tumor vulnerability for therapeutic 
intervention. 

MR proteins play a crucial role in determining the transcription-
al state of cancer cells. They drive multiple malignant phenotypes 
and therefore have attracted increasing attention in recent years 
(7–11). Currently, MR proteins have been identified in various 
cancers (10–12). Nevertheless, in NPC, current knowledge regard-
ing MR proteins remains largely unknown. In the present study, we 
adopted the VIPER and ARACNe-AP algorithms and identified 
several MR candidates for high-risk NPC, among which TEAD4 

has not yet been investigated in NPC. We then performed experi-
ments to validate the function and clinical relevance of TEAD4 and 
further uncovered its underlying mechanism in facilitating NPC 
progression. Specifically, TEAD4 drove NPC migration, invasion, 
and cisplatin resistance, depending on its autopalmitoylation. 
Mechanistically, it promoted BZW2 transcription to induce the on-
cogenic AKT pathway. As a canonical transcriptional output of the 
Hippo-YAP/TAZ pathway, the function of TEAD4 has been widely 
reported to be dependent on its canonical cofactor YAP/TAZ (18, 
19). In NPC, we found that this activity was independent of YAP/ 
TAZ modulation. In line with our observations, YAP/TAZ-inde-
pendent activity of TEAD4 has also been reported in neuroblastoma 
and colorectal cancer (10, 37). In addition, a transcriptional activa-
tion domain was recently identified in TEAD4, which further sup-
ported its function, independent of YAP/TAZ modulation (38). 

Furthermore, we found that the aberrant up-regulation of 
TEAD4 in NPC was driven by m6A modification in NPC, in 
which YTHDF2 recognized WTAP-mediated TEAD4 m6A methyl-
ation to facilitate its stability. The m6A machinery plays an impor-
tant role in various carcinogenic processes (24, 39, 40), and recent 
studies have shown that certain m6A regulators (i.e., METTL3, 
WTAP, and YTHDC2) can promote NPC tumorigenesis or radio-
therapy resistance (29, 41, 42). YTHDF2, the first reported m6A 
reader, is widely known for its ability to destabilize m6A-modified 
transcripts (26–28, 40). However, in this study, we identified its 
ability to destabilize m6A-modified TEAD4 transcripts. This 
finding is consistent with a recent study by Dixit et al. (43) in 
which YTHDF2 preserved the stability of MYC and VEGFA tran-
scripts in an m6A-dependent manner. Together, these data empha-
size the functional complexity of YTHDF2 and expand our 
knowledge of the role of m6A modification in transcript processing 
during tumorigenesis. 

As a critical signaling pathway frequently altered in human 
cancers, the PI3K-AKT signaling pathway controls the hallmarks 
of cancer (30). The present study linked TEAD4 activity to AKT 
pathway activation in NPC, in which TEAD4 exerted its oncogenic 
effect by promoting BZW2 transcription to induce the AKT 
pathway. The functional role of BZW2 in regulating the AKT 
pathway is not yet fully understood, and recent studies have report-
ed that BZW2 promotes tumor proliferation by activating c-Myc or 
AKT pathways (44–46). Here, we revealed that BZW2 directly reg-
ulates PHLPP2, a protein phosphatase involved in AKT inactiva-
tion, to induce the AKT pathway and promote NPC progression. 

In conclusion, this study uncovered TEAD4 as an MR protein in 
high-risk NPC and illustrated its important role in NPC progression 
(Fig. 7I). YTHDF2 recognizes WTAP-mediated TEAD4 m6A meth-
ylation to facilitate its stability and leads to aberrant up-regulation of 
TEAD4 in NPC. Up-regulated TEAD4 expression further promotes 
NPC metastasis and chemoresistance by transcriptionally promot-
ing the downstream BZW2, which inhibits PHLPP2 to activate the 
AKT pathway, independent of YAP/TAZ modulation. These find-
ings provide insights into the molecular basis of NPC progression 
and suggest avenues for the development of predictive biomarkers 
and therapeutic strategies to improve overall patient survival. 
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Fig. 7. High expression of TEAD4 is associated with unfavorable prognosis and resistance to cisplatin-based IC in patients with NPC. (A) Representative images of 
IHC staining for TEAD4 in NPC tissue samples, in which the expression level was measured using the immunoreactive score (IRS) system. Scale bars, 100 μm. (B) Distri-
bution of TEAD4 IRS in our NPC cohort (n = 219). (C to E) Kaplan-Meier curves of disease-free survival (C), distant metastasis-free survival (D), and overall survival (E) 
according to high and low TEAD4 expression in 219 patients with NPC. Hazard ratios (HRs) were calculated using multivariate analysis with a CPH model (table S5). P 
values were calculated using a log-rank test. (F and G) Kaplan-Meier curves of disease-free survival in patients with NPC from low (F) and high (G) TEAD4 expression groups 
that were treated with or without cisplatin-based IC. P values were calculated using a log-rank test. (H) A treatment-by-covariate (TEAD4 expression * cisplatin-based IC) 
interaction test with the CPH model on disease-free survival showing that the treatment effect of cisplatin-based IC varied in high versus low TEAD4 expression groups. (I) 
Proposed working model of TEAD4 in NPC. YTHDF2 recognizes WTAP-mediated TEAD4 m6A methylation to facilitate its stability and leads to aberrant up-regulation of 
TEAD4 in NPC. Up-regulated TEAD4 expression further promotes NPC metastasis and chemoresistance by transcriptionally promoting the downstream BZW2, which 
inhibits PHLPP2 to activate the AKT pathway, independent of YAP/TAZ modulation. 
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MATERIALS AND METHODS 
Study participants and public datasets 
This study included 219 paraffin-embedded, histopathologically 
confirmed NPC tissue samples obtained from SYSUCC (Guang-
zhou, China) between 2011 and 2013 (cohort 4). All patients were 
treatment-naïve and nonmetastatic at the time of biopsy; their clin-
ical characteristics are presented in table S4. Treatment outcomes 
included disease-free survival (calculated from the date of treatment 
to disease failure or death from any cause, whichever occurred first), 
distant metastasis-free survival (calculated from the date of treat-
ment to distant metastasis), and overall survival (calculated from 
the date of treatment to death from any cause). Ethical approval 
was obtained from the Institutional Review Board of the SYSUCC 
(GZR2018-006) in accordance with the Declaration of Helsinki. The 
requirement for informed consent was waived owing to the retro-
spective analysis of anonymous data. 

Three publicly available datasets were analyzed in this study. 
Cohort 1 was previously described by Zhang et al. (47) 
(GSE102349), and 82 patients with nonmetastatic NPC aged 
between 18 and 70 years with available prognostic information 
were analyzed. The samples were profiled using bulk RNA-seq, in 
which the gene expression data were represented as fragments per 
kilobase of exon model per million mapped fragments, log2-trans-
formed, and filtered to include only genes expressed in at least 50% 
of the samples. Cohort 2 included 31 NPC tumor tissues and 10 
normal nasopharyngeal epithelial tissues profiled by the Affymetrix 
Human Genome U133 Plus 2.0 Array (GSE12452) (48). Cohort 3 
was described in our recent scRNA-seq report (GSE150430) (14), 
which consisted of 5397 malignant cells profiled by scRNA-seq 
from six samples with nonmetastatic and histologically proven non-
keratinizing NPC (≥100 cells per sample). For each malignant cell, 
we calculated the score of a cell cycling signature using a single- 
sample GSEA. This cell cycling signature was derived from our 
scRNA-seq study and reflects cellular aggressiveness (14). 

Assembly of transcriptional interactomes and 
identification of MRs 
ARACNe-AP (http://wiki.c2b2.columbia.edu/califanolab/index. 
php/Software) was used to construct transcriptional regulatory 
network models (i.e., TF-target interactions) from gene expression 
profiles (13). The TF-target interactions were inferred based on the 
significance of mutual information between TF genes and candidate 
target genes, and only edges in the network with P < 0.05 after Bon-
ferroni correction were included in the final analysis. 

On the basis of the interactome regulons as defined by ARACNe- 
AP, VIPER analysis was then used to infer protein activity, which 
was quantified as a normalized enrichment score, which allowed 
the identification of MRs in certain disease states (i.e., tumor 
versus normal and progression versus nonprogression) (10, 11). 
This analysis was performed using the Bioconductor package 
“viper” (version 1.28.0) (https://bioconductor.org/packages/ 
release/bioc/html/viper.html). 

Gene set enrichment analysis 
GSEA (http://software.broadinstitute.org/gsea) was used to identify 
pathways enriched in the high- versus low-expression groups of 
TEAD4 or BZW2. The GSEA results are presented as normalized 

enrichment scores, and a threshold of P < 0.05 and a false discovery 
rate ≤ 0.25 were used to identify significant pathways. 

Cell culture 
Immortalized normal human nasopharyngeal epithelial cell lines 
(NP69 and N2-Tert) were maintained in keratinocyte serum–free 
medium (Invitrogen), supplemented with bovine pituitary extract 
(BD Biosciences). Human NPC cell lines (HNE1, HONE-1, 
SUNE-1, 5-8F, 6-10B, CNE1, and CNE2) were cultured in RPMI 
1640 medium (Gibco) supplemented with 10% fetal bovine serum 
(FBS; Gibco). A549, HeLa, SW620, MDA-MB-231, T24, and 
HepG2 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco) supplemented with 10% FBS. The cell 
lines were authenticated, and normal nasopharyngeal epithelial 
and NPC cell lines were provided by M.S. Zeng (SYSUCC, 
China), while HepG2 cells and other cancer cell lines were provided 
by M.S. Chen (SYSUCC, China) and T.B. Kang (SYSUCC, China), 
respectively. The human embryonic kidney (HEK) 293T cell line 
was obtained from the American Type Culture Collection and 
grown in DMEM (Gibco) supplemented with 10% FBS. 

RNA extraction and qRT-PCR 
Total RNA was extracted from the cell lines using TRIzol reagent 
(Invitrogen), and NanoDrop 2000 was used to measure RNA 
quality and quantity. Reverse transcription was performed using 
the GoScript Reverse Transcription System (Promega). Next, 
qRT-PCR was performed using SYBR Green qPCR reagent (Invi-
trogen) on a CFX96 Touch sequence detection system (Bio-Rad). 
The normalization control was 18S rRNA for the actinomycin D 
chase experiment, and glyceraldehyde-3-phosphate dehydrogenase 
was used as the normalization control for other experiments. The 
relative expression levels of all the genes were calculated using the 
2−ΔΔCT method. The specific mRNAs primers used are presented in 
table S6. 

Western blot assays 
Cells were lysed on ice in radioimmunoprecipitation assay (RIPA) 
buffer (Merck Millipore) containing protease and phosphatase in-
hibitors (Roche, Basel, Switzerland). The protein concentration was 
assessed using a bicinchoninic acid protein assay kit (Thermo 
Fisher Scientific). Equal amounts of protein lysates were separated 
by SDS–polyacrylamide gel electrophoresis (4 to 12%) and then 
transferred to polyvinylidene fluoride membranes (Merck Milli-
pore). Membranes were blocked with 5% skimmed milk and incu-
bated overnight at 4°C with primary antibodies. The membranes 
were then incubated with species-matched secondary antibodies 
at room temperature for 1 hour, and the proteins were detected 
using BeyoECL Plus (Beyotime). Information on the primary anti-
bodies used is shown in table S7. 

Transient transfection and generation of stably transfected 
cell lines 
For RNA interference, duplex RNA interference oligonucleotides 
targeting human YTHDF1 to YTHDF3, WTAP, IGF2BP1 to 
IGF2BP3, PHLPP2, YAP, and TAZ mRNA sequences were synthe-
sized and purchased from GenePharma (Suzhou, China). A scram-
bled duplex RNA oligonucleotide was used as a negative control. 
Sequences are listed in table S8. An online tool (GPP web Portal) 
was used to design short hairpin RNAs (shRNAs) against TEAD4 
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and BZW2. The synthesized sequences listed in table S9 were cloned 
into a pLKO vector. TEAD1, TEAD2, TEAD3, HA- or Myc-tagged 
TEAD4, Myc-tagged mutant TEAD4, and BZW2 constructs were 
cloned into a pSin-EF2-puro plasmid. Site-directed mutagenesis 
was performed using bridge PCR, and sequencing was performed 
for confirmation. Cells were transfected with Lipofectamine 3000 
(Invitrogen), according to the manufacturer’s protocol, and har-
vested for assays after transfection for 48 hours. SUNE-1 and 
HONE-1 cell lines with stable knockdown or overexpression were 
generated via lentiviral infection in HEK293T cells. Stable clones 
were selected using puromycin and confirmed through qRT-PCR 
and Western blot assays. 

Wound healing assay 
For wound healing assays, transfected SUNE-1 and HONE-1 cells 
were seeded in six-well plates and cultured in the suffusion state. 
Then, all cells were cultured in a serum-free medium for 24 
hours. Linear wounds were created in cell monolayers by scraping 
with a P-200 pipette tip. Cells that detached from the bottom of the 
wells were washed with phosphate-buffered saline (PBS), and the 
remaining cells were cultured in a serum-free medium for 
another 24 hours (starvation). Images were captured with an invert-
ed microscope (Olympus IX73), and the width of the scratch was 
quantified to compare the migratory ability among the differ-
ent groups. 

Transwell migration and invasion assays 
For Transwell migration and invasion assays, transwell chambers (8 
μm pores; Corning) were coated with or without Matrigel (BD Bio-
sciences). Subsequently, SUNE-1 (5 × 104) or HONE-1 (3.5 × 104) 
cells suspended in serum-free medium (200 μl) were seeded into the 
upper chambers without Matrigel, and SUNE-1 (1 × 105) or HONE- 
1 (7 × 104) cells suspended in 200 μl of serum-free medium were 
seeded into the upper chambers with Matrigel. All lower chambers 
were filled with 500 μl of medium supplemented with 10% FBS. 
After incubation for 16 hours (Transwell migration) or 22 hours 
(Transwell invasion), the migrated or invaded cells were fixed 
with methanol, stained with hematoxylin, and counted under an in-
verted microscope. 

Cell viability and colony formation assays 
For the cell viability assay, 1 × 103 cells per well were seeded in a 96- 
well plate in full medium supplemented with 10% FBS and cultured 
for 0 to 4 days. Cell viability was measured every 24 hours using a 
CCK-8 kit (Dojindo). Absorbance was measured at 450 nm using a 
spectrophotometric plate reader (BioTek ELX800, Bio-Rad). For 
colony formation assay, cells were seeded in six-well plates (400 
cells per well) and cultured for approximately 7 days for HONE-1 
cells and 14 days for SUNE-1 cells, until colonies were detectable. 
The cells were then fixed, stained, and analyzed. 

Cisplatin treatment and cell apoptosis assay 
For cisplatin treatment, SUNE-1 and HONE-1 cells (1000 cells in 
200 μl medium per well) were seeded in 96-well plates and incubat-
ed with cisplatin (0, 0.625, 1.25, 2.5, 5, and 10 μg/ml) for 72 hours. 
Then, 20 μl of CCK-8 reagent was added to each well and incubated 
at 37°C for another 2 hours. The absorbance per well was read on 
the spectrophotometer at 450 nm. For cell apoptosis assay, cells 
treated with cisplatin (20 μM) for 30 hours were dissociated using 

0.25% trypsin (EDTA-free). Each sample was resuspended in 300 μl 
of binding buffer and incubated with 2.5 μl of annexin V and 3 μl of 
7AAD (7-Aminoactinomycin D) fluorescent dye. The apoptosis 
rate was detected using a CytExpert flow cytometer and analyzed 
using the FlowJo software. APC+/7AAD+ cells were considered 
late apoptotic or dead cells, APC+/7AAD− cells were considered 
early apoptotic cells, and APC−/7AAD− cells were considered 
viable cells. 

Acyl-biotin exchange assay 
Palmitoylation of proteins was analyzed using acyl-biotin exchange 
(ABE) assays as previously described, with some modifications (49, 
50). SUNE-1 cells treated with MGH-CP1 (S9735, Selleck) or tran-
siently expressing Myc-tagged wild-type or palmitoylation-defi-
cient (C335S, C367A) TEAD4 were subjected to ABE assay. 
Briefly, cells were collected, and proteins were extracted and incu-
bated in 50 mM N-ethylmaleimide (Sigma-Aldrich) diluted in RIPA 
buffer at 4°C with rotation for 1 hour and then incubated with anti- 
TEAD4 (ab58310, Abcam) or anti-Myc antibody (2276S, Cell Sig-
naling Technology) at 4°C overnight. Protein A/G magnetic beads 
(88802, Thermo Fisher Scientific) were added to each reaction and 
incubated at room temperature for 1 hour. The beads were then 
washed five times with lysis buffer. Each sample was divided into 
two equal parts: one part included the hydroxylamine (HAM) 
step, which was incubated with HAM (1 M; 467804, Millipore 
Sigma) containing lysis buffer at room temperature with rotating 
for 1 hour (+HAM sample), and the other part was treated identi-
cally without HAM (−HAM sample). After washing five times, the 
beads were treated with a thiol-reactive biotin molecule, Biotin- 
BMCC (C100222-0050, Sangon Biotech). Then, all samples were 
washed. Last, the immunoprecipitated samples were analyzed by 
immunoblotting using anti-TEAD4 or anti-Myc antibodies. 

m6A site prediction and MeRIP-qPCR 
The online prediction tool SRAMP (www.cuilab.cn/sramp) was 
used to predict the potential m6A sites (25). The MeRIP assay was 
performed using a procedure provided by the Millipore Magna 
MeRIP m6A Kit (17-10499, Millipore). Briefly, total RNA (300 
μg) was extracted from NP69, SUNE-1, and HONE-1 cells and in-
cubated at 94°C for 2 min for fragmentation. One-tenth of the RNA 
was saved as the “RNA input.” Anti-m6A antibody (10 μg) or anti– 
immunoglobulin G (IgG; 10 μg) was incubated with washed A/G 
blend magnetic beads (50 μl) at room temperature for 30 min. 
The fragmented RNA was then incubated with m6A antibody–asso-
ciated beads at 4°C for 2 hours with rotation. After three washes, 
RNA was extracted from the beads using an RNA Purification 
Kit. Last, equal volumes of purified RNA were used for reverse tran-
scription PCR and quantified using qRT-PCR. 

RNA pull-down assay 
Full-length TEAD4 transcripts, the TEAD4 CDS region, and m6A 
motif–depleted CDS regions were cloned into the pcDNA3.1. 
RNA was transcribed in vitro using a MEGAscript T7 Transcription 
Kit (AM1333, Thermo Fisher Scientific). The amplified RNA was 
then purified and labeled with biotin using a Pierce RNA 3′ End 
Desthiobiotinylation Kit (20163, Thermo Fisher Scientific). Last, 
RNA pull-down was performed using the Pierce Magnetic RNA- 
Protein Pull-Down Kit (20164, Thermo Fisher Scientific), following 
the manufacturer’s instructions. Briefly, cell lysates were incubated 
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with streptavidin magnetic beads conjugated with biotinylated lin-
earized TEAD4 mRNAs or truncated versions (CDS wild-type and 
CDS m6A motif depletion), and the interaction between YTHDF2 
and TEAD4 transcripts was determined by Western blotting. Spe-
cific sequences are listed in table S10. 

RIP assay 
RIP assays were performed using the Magna RIP Kit (17-700, Milli-
pore), according to the manufacturer’s instructions. First, the cells 
were lysed in RIP lysis buffer supplemented with protease and ribo-
nuclease inhibitors. The cell lysates were incubated with magnetic 
beads conjugated with anti-YTHDF2 (5 μg) or anti-IgG (5 μg) an-
tibodies on a rotator at 4°C overnight. After immunoprecipitation, 
the supernatant was discarded, and the beads with specific RNA- 
protein complexes were washed six times with RIP wash buffer. 
The magnetic beads were then incubated with proteinase K, fol-
lowed by the phenol-chloroform method for RNA purification. 
Last, the interaction between YTHDF2 and TEAD4 transcripts 
was determined using qPCR and normalized to the input. 

ChIP assays 
The ChIP assay was performed according to the Pierce Magnetic 
ChIP Kit protocol (26157, Thermo Fisher Scientific). Briefly, cells 
were cross-linked and the nucleoprotein complexes were sheared 
to yield 200- to 500-bp DNA fragments by sonication. The DNA 
fragments were immunoprecipitated with anti-HA (ab9110, 
Abcam), anti-TEAD4 (ab58310, Abcam), or anti-BZW2 (21001- 
1-AP, Proteintech) antibodies. For ChIP-seq analysis, purified 
DNA fragments were sequenced at the Beijing Genomics Institute. 
Sequences of the qRT-PCR primers used for ChIP-qPCR analysis 
are listed in table S11. 

Dual-luciferase reporter assay 
Wild-type and mutant promoters of BZW2 or PHLPP2 (2000 bp 
upstream of the transcription start site) were cloned into pGL3- 
basic luciferase reporter plasmids (Promega). SUNE-1 and 
HONE-1 cells were seeded into 24-well plates and cotransfected 
with plasmids encoding an empty vector or TEAD4 along with 
BZW2 wild-type or mutant promoter-reporter plasmids (100 ng), 
or plasmids encoding an empty vector or BZW2 along with 
PHLPP2 promoter-reporter plasmids (100 ng), and a Renilla lucif-
erase reporter (10 ng) using Lipofectamine 3000 (L3000015, Invi-
trogen). Cells were lysed after incubation for 36 hours. Luciferase 
activity was detected using the Dual-Luciferase Reporter Assay 
System (E1910, Promega), and firefly luciferase activity was normal-
ized to Renilla luciferase activity. 

Co-IP assay 
Cells were lysed in IP lysis buffer (Thermo Fisher Scientific) con-
taining protease and phosphatase inhibitors (Roche, Basel, Switzer-
land) and sonicated. Cell lysates were incubated with anti-YAP 
(13584-1-AP, Proteintech), anti-TAZ (23306-1-AP, Proteintech), 
or anti-Myc (2276S, Cell Signaling Technology) antibodies at 4°C 
overnight. The immunocomplexes were added to washed Protein 
A/G magnetic beads (88802, Thermo Fisher Scientific) and incubat-
ed at room temperature for 1 hour. Last, the beads were washed five 
times with IP lysis buffer and subjected to Western blot analysis. 

Gel filtration chromatography analysis 
Gel filtration chromatography was performed on a Superdex 75 10/ 
300 column (GE Healthcare) using an AKTA purifier system (GE 
Healthcare) with UNICORN 5.31 (build 743) workstation software. 
The protein extract was loaded onto the column and separated in gel 
filtration buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, and 1 mM 
dithiothreitol] at 4°C. The flow rate was 0.4 ml/min, and the frac-
tions were 0.5 ml per tube. In total, 48 fractions (A1 to A12, B1 to 
B12, C1 to C12, and D1 to D12) were collected for Western blot 
analysis. 

CRISPR genome editing 
To generate YAP/TAZ double-knockout cells, optimal single-guide 
RNA (sgRNA) target sequences were designed using Benchling. 
The sgRNA target sequences for YAP or TAZ (table S12) were sep-
arately cloned into a PX458 plasmid. First, cells were transfected 
with a plasmid targeting YAP and sorted, and knockout efficiency 
was validated by Western blot assays. TAZ was then knocked out in 
YAP-knockout cells using the same method described above. 

In vivo nude mouse models 
All animal experiments were performed in accordance with the 
guidelines of the Institutional Animal Care and Use Ethics Com-
mittee of SYSUCC (L102012018000G). BALB/c nude mice 
(female, 4 to 6 weeks old) were obtained from Charles River Labo-
ratories (Beijing, China) and maintained at the Animal Experiment 
Center of the Sun Yat-sen University. 

For the inguinal lymph node metastasis model (51), 30 μl of PBS 
containing SUNE-1 cells (2 × 105) stably expressing shTEAD4 or 
control shRNA was inoculated into mouse footpads (n = 8 per 
group). Six weeks later, the mice were euthanized and their inguinal 
lymph nodes were detached for further analysis. 

For the lung metastasis model, 200 μl of PBS containing SUNE-1 
cells (1 × 106) stably expressing shTEAD4 or control shRNA was 
injected into mice via the tail vein (n = 6 per group). After 8 
weeks of growth, the mice were euthanized and their lung tissues 
were dissected. All dissected tissue samples were embedded in par-
affin, sectioned, and stained with hematoxylin and eosin. In addi-
tion, IHC staining was performed on inguinal lymph nodes using 
an anti–pan-cytokeratin antibody (Thermo Fisher Scientific) and 
lung tissues using antibodies against TEAD4 (ab58310, 1:100; 
Abcam) and BZW2 (HPA022813, 1:500; Atlas Antibody). 

For the subcutaneous xenograft tumor growth model, 1 × 106 

SUNE-1 cells (stably silenced for TEAD4 or control cells) suspend-
ed in 200 μl of PBS were injected into the mice’s dorsal flank. Once 
the tumor nodes became palpable (~100 mm3), the mice in each 
group (sh-scrambled and sh-TEAD4) were randomly subdivided 
into two subsets (n = 8 in each subset) and intraperitoneally injected 
with cisplatin (4 mg/kg) or normal saline every 4 days. Tumor di-
ameters were measured every 4 days. The mice were euthanized on 
day 32, and the tumors were dissected and weighed. 

Immunohistochemistry 
Briefly, the tissue sections were deparaffinized; rehydrated; subject-
ed to endogenous peroxidase activity blocking, high-temperature 
antigen retrieval, and nonspecific binding blocking; and incubated 
with primary antibodies. The following day, the sections were incu-
bated with the appropriate secondary antibodies for 30 min at 37°C, 
visualized by staining with 3,3′-diaminobenzidine (DAB), 
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counterstained with hematoxylin, dehydrated, and covered with a 
coverslip. Images were captured using a NIKON ECLIPSE 80i mi-
croscope (Japan). For TEAD4 and BZW2, two pathologists evaluat-
ed the staining intensity and proportion of positive cells using the 
immunoreactive score (IRS) system. The staining intensity was 
defined as follows: 0, no staining; 1, weak, light yellow; 2, moderate, 
yellow-brown; and 3, strong, brown. The proportion of positive cells 
was defined as follows: 1, <10%; 2, 10 to 35%; 3, 36 to 70%; and 4, 
>70%. IRS scores were calculated as the product of the staining in-
tensity scores and the proportion of positive cells. 

Statistical analysis 
Unless otherwise stated, the unpaired Student’s t test or Wilcoxon 
rank sum test was used to compare continuous variables between 
two groups, one-way analysis of variance (ANOVA) was used to 
compare continuous variables between several groups, and the χ2 

test or Fisher’s exact test was used to compare categorical variables. 
The strength of the relationship was evaluated using Pearson’s cor-
relation analysis. The Kaplan-Meier method was used to plot sur-
vival curves, and differences were compared using the log-rank test. 
Multivariate analysis with a CPH model was used to calculate 
hazard ratios and determine independent prognostic factors. 
Further treatment-by-covariate interaction analysis with the CPH 
model was used to assess whether the treatment effect of IC 
varied in the high versus low TEAD4 expression groups. Statistical 
analyses were conducted using R version 4.0.2 (www.r-project.org), 
SPSS (version 22.0; IBM, Armonk, NY, USA), or GraphPad Prism 
version 8.0 (GraphPad Inc., La Jolla, CA, USA). Error bars indicate 
SD as mentioned in figure legends for a minimum of three indepen-
dent experiments. All P < 0.05 were considered statistically 
significant. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S19 
Tables S4 to S12 

Other Supplementary Material for this  
manuscript includes the following: 
Tables S1 to S3  

View/request a protocol for this paper from Bio-protocol. 
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