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YEATS4 is associated with poor prognosis and promotes 
epithelial-to-mesenchymal transition and metastasis  
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Abstract: YEATS domain-containing protein 4 (YEATS4) is implicated in several oncogenic signaling pathways, and 
its expression is involved in various types of cancer; regardless, the pathophysiologic effects of YEATS4 on breast 
cancer remain unclear. This study finds that YEATS4 is increasingly expressed with breast cancer progression, and 
its expression is related to poor outcome and distant metastasis. YEATS4 overexpression in breast cancer cells 
strengthens their malignant characteristics in vitro and in vivo, particularly inducing epithelial-to-mesenchymal tran-
sition (EMT) and consequently, metastatic capability in breast cancer cells. By contrast, deleting YEATS4 in breast 
cancer cells with high-grade malignancy reduced these characteristics. With regard to the molecular mechanism, 
YEATS4 mediates histone H3K27ac at specific sites of the ZEB1 promoter to regulate its expression at the transcrip-
tion level. Depleting ZEB1 blocks YEATS4-induced EMT, migration, invasion, and metastasis. YEATS4 expression 
is also positively correlated with ZEB1 expression in patients with breast cancer. Co-expression of YEATS4 and 
ZEB1 correlates with the shortest distant metastasis-free period. Taken together, our data reveal the critical role of 
YEATS4 in the progression and metastasis of breast cancer, as well as support YEATS4 as a potential therapeutic 
target and prognostic biomarker for breast cancer.
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Introduction

Breast cancer is one of the most common 
malignancies with a rising incidence rate and 
the highest cancer mortality rate in females 
worldwide. An estimated 2.1 million new cases 
and 626,679 deaths were reported in 2018  
[1, 2]. Despite various methods for early diag-
nosis and multidisciplinary treatment to lower 
mortality rates [3], 25%-50% of breast cancer 
patients were predicted to ultimately develop 
distant metastases and then succumbed after 
decades of diagnosis and primary tumor resec-
tion [4, 5]. 

Treatment modalities for breast cancer metas-
tasis have thus far remained ineffective. Con- 
siderable efforts have been directed toward 
exploring the mechanisms of metastasis to 
identify a more effective treatment for breast 
cancer distant metastasis. The mechanism by 

which, metastasis occurs has yet to be deter-
mined. Accumulating evidence indicates that 
epithelial-to-mesenchymal transition (EMT), 
marked by loss of epithelial properties and 
acquisition of mesenchymal phenotypes, en- 
dows cancer cells with more aggressive behav-
ior [6-8]. Thus, potential molecules in the 
adjustment of EMT need to be confirmed to 
identify new therapeutic targets for breast can-
cer progression and metastasis.

YEATS domain-containing protein 4 (YEATS4) 
located in the chromosomal region 12q13-15 
has been initially identified in the nucleoli of 
glioma cells [9]. As a member of the protein 
family with a characteristic YEATS domain at 
the N-terminal [10], YEATS4 participates in 
chromatin modification and transcription regu-
lation by involving the assembly of multisu- 
bunit complexes, particularly TIP60/TRRAP and 
SRCAP complexes [11, 12], mediating histone 
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proteins to participate in nucleosome remodel-
ing, changing chromatin composition, and 
affecting gene transcription [13]. In multiple 
types of cancer, YEATS4 has been implicated  
in the progression of several types of cancer, 
including pancreatic cancer, gastric cancer, 
colorectal cancer, hepatocellular carcinoma, 
and non-small cell lung cancer [14-19]. Kim et 
al. also reported that YEATS4 is one of the  
key transcription factors inducing chemoresis-
tance via intrinsic apoptosis-related pathways 
in ovarian cancer [20]. However, the pathophys-
iologic effects of YEATS4 on breast cancer 
remain unclear. Moreover, most of these stud-
ies have focused on the promoting effect of 
YEATS4 on cell proliferation. Whether and how 
YEATS4 contributes to cancer invasion and 
metastasis remains undetermined.

In the current study, we reveal that YEATS4 
overexpression promotes proliferation and EMT 
in breast cancer cells, leading to aggressive 
phenotypes in vitro and in vivo. YEATS4 dele-
tion restrains cell growth, results in mesenchy-
mal-to-epithelial transition (MET), and inhibits 
metastases to distant sites. These effects on 
biological behavior are achieved by regulating 
ZEB1 transcription via H3K27 acetylation 
(H3K27ac). These results show the innovative 
role of YEATS4 in breast cancer progression 
and metastasis and provide a rational interpre-
tation of the association of positive YEATS4 
expression with progression and poor outcome. 
Thus, YEATS4 can be used as a potential thera-
peutic target for breast cancer. 

Material and methods

Ethics statement

This experimental research relating to human 
beings and animals was authorized by the 
Ethical Review Committee of Shanghai General 
Hospital, Shanghai Jiao Tong University School 
of Medicine. Written consent was obtained 
from each participant before the experiments.

Antibodies and reagents

Antibodies against histone H3, H3K4ac, 
H3K9ac, H3K14ac, H3K18ac, and H3K27ac 
were purchased from Abcam. E-cadherin, ZO-1, 
vimentin, N-cadherin, ZEB1, and GPADH were 
supplied by Cell Signaling Technology. YEATS4 
were provided by Sigma-Aldrich. TRizol LS 

Reagent was purchased from Invitrogen. 
X-tremeGENE™ HP DNA Transfection Reagent 
was supplied by Roche. 

Patients and specimens

The retrospective cohort consisted of 481 
patients with stages I-III breast cancer who 
were diagnosed and enrolled in our research 
from 2005 to 2009 at the Shanghai General 
Hospital, Shanghai Jiao Tong University School 
of Medicine, Shanghai, China. The total number 
included 42 cases of ductal carcinoma in situ 
(DCIS) and 439 cases of invasive carcinoma 
(IC), as well as 139 paired adjacent normal tis-
sues (ANTs). Notably, 197 patients had lymph 
node metastasis in this retrospective cohort.

Overall survival (OS) is defined as the number 
of days after surgery to death from any cause. 
Distant metastasis-free survival (DMFS) is 
defined as the period after surgery to the date 
of diagnosis of distant metastasis derived from 
breast cancer. The follow-up deadline is the 
date of death, date of emigration, or September 
30, 2019. 

The following were the inclusion criteria: (1) 
Patients were diagnosed with unilateral breast 
cancer, which was pathologically confirmed. 
ANTs were pathologically sampled more than 5 
cm from the margin of the tumor. (2) Complete 
clinicopathologic and follow-up data were avail-
able. The following were the exclusion criteria: 
(1) Patients with preoperative anticancer treat-
ment such as radiotherapy, chemotherapy, and 
hormonal therapy were excluded. (2) Patients 
with severe complicating diseases such as 
heart and cerebral vascular diseases or other 
primary or familial malignancies were ruled out.

Immunohistochemistry

Sections of whole-tissue blocks from 481 
breast cancer tissues and 139 ANTs were 
sliced into 4 µm sections and baked in a heat 
chamber for 1 h at 60°C. Deparaffination and 
antigen retrieval were conducted using the PT 
Link system (Agilent/Dako A/S). Slides were 
then immunoreacted for 1 h with the anti-
YEATS4 primary antibody (diluted at 1:100; 
Sigma-Aldrich) or the anti-ZEB1 primary anti-
body (diluted at 1:100; Cell Signaling Te- 
chnology) and then with a secondary antibody 
for 30 min. The OptiView DAB IHC Detection Kit 
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(Ventana Medical Systems) was used for chro-
mogen detection. Hematoxylin was used for 
counterstaining. The staining intensities and 
percentages of the positive cells were evaluat-
ed by 2 senior pathologists blinded to patient 
medical information. The staining intensity  
was graded as 0 (no stain), 1 (weak), 2 (moder-
ate), or 3 (strong). The percentage of positive 
cancer cells was graded as 0 (< 5%), 1 (5%-
25%), 2 (26%-50%), 3 (51%-75%), or 4 (> 75%). 
YEATS4 or ZEB1 expression was determined 
based on the semiquantitative immunoreac- 
tive score (IRS) [21], which was determined by 
multiplying the staining intensity with the per-
centage of positive cells. Slices with scores 
ranging from 0 to 5 were classified as negative 
for YEATS4 and ZEB1 expression, whereas 
those with scores from 6 to 12 were regarded 
as positive for YEATS4 and ZEB1 expression.

Cell lines and culture conditions

Human breast cancer cell lines MDA-MB-231, 
BT-474, MCF-7, ZR-75-1, T-47D, SK-BR-3, and 
MDA-MB-436 and human embryonic kidney 
cells 293T were obtained from the National 
Infrastructure of Cell Line Resource (Shanghai, 
China). The aforementioned cell lines were 
detected to ensure the absence of mycoplas-
ma contamination. MDA-MB-231 and MDA-
MB-436 cells were grown in Leibovitz’s L-15 
Medium (ATCC), BT-474, ZR-75-1, T-47D, and 
SK-BR-3 cells in RPMI 1640 (Gibco), MCF-7 
cells in Eagle’s Minimum Essential Medium 
(ATCC), and 293T cells in DMEM (Gibco). A base 
culture medium was added with fetal bovine 
serum (final concentration: 10%; Gibco), 1% 
penicillin-streptomycin, and 2 mM L-glutamine. 
All cell lines were cultured at 37°C in a humidi-
fied atmosphere with 5% CO2.

Lentiviral construction and cell infection

Lentiviral construction and cell infection as- 
says are described in detail in Supplementary 
materials and methods. The shRNA sequences 
are listed in Table S1. 

RNA isolation and real-time quantitative poly-
merase chain reaction

Total RNA was extracted using TRIzolTM Reagent 
(Invitrogen) in accordance with the protocol. 
Real-time quantitative polymerase chain reac-
tion (RT-qPCR) was conducted using SYBRTM 

Green PCR Master Mix (Applied BiosystemTM), 
following the instructions provided by the man-
ufacturer. The primer sequences for RT-qPCR 
are listed in Table S1.

Cell proliferation assays

Cell proliferation assays were conducted as 
elaborately described in Supplementary mate-
rials and methods.

Colony formation and soft agar colony forma-
tion assays

Colony formation and soft agar colony forma-
tion assays are described in Supplementary 
materials and methods. 

Wound healing assays

Wound healing assays are described in 
Supplementary materials and methods.

Transwell assays

Transwell-24 well plates (Corning) with a cham-
ber pore size measuring 8 µm were used to  
perform cell migration and invasion assays. 
Procedures are elaborately described in 
Supplementary materials and methods.

Western blot analysis

Western blot analysis was conducted as 
described in Supplementary materials and 
methods.

Immunofluorescence

Immunofluorescence assays are described  
in detail in Supplementary materials and 
methods.

Dual luciferase reporter assays

Dual luciferase reporter assays are elaborately 
described in Supplementary materials and 
methods.

Chromatin immunoprecipitation assays

Cells were fixed and cross-linked with 1% form-
aldehyde solution for 20 min at room tempera-
ture, and cross-linking was terminated with 
125 mM glycine. The nuclear material was 
sheared using a sonicator system (QSONICA). 
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The chromatin preparation solution was incu-
bated with rotation at 4°C for 1 h with 50 µL  
of Dynabeads Protein G magnetic beads 
(Invitrogen) that had been bound with 2-4 µg  
of the indicated antibodies. Chromatin immune 
complexes were washed sequentially with low-
salt, high-salt, and LiCl buffers. Eluted DNA  
was purified using the PCR Purification Kit 
(Thermo Scientific) and analyzed by RT-qPCR 
using the SYBR Green Master Mix (Bio-Rad). 
The primer sequences used are presented in 
Table S1. 

In vivo tumorigenicity and metastasis assays

In vivo tumorigenicity and metastasis assays 
are elaborately described in Supplementary 
materials and methods.

Statistical analysis

All experiments in this study were independent-
ly performed three times under similar condi-
tions. The data were statistically analyzed using 
IBM SPSS 22.0 and GraphPad Prism 8.0. The 
relationship between YEATS4 and the clinico-
pathological characteristics were examined 
using the χ2 test. Different groups were com-
pared, and the differences were analyzed using 
Student’s t test or one-way ANOVA. The differ-
ence in IRS between two groups was analyzed 
using the Mann-Whitney test. Survival data 
were analyzed using the Kaplan-Meier method 
and the log-rank test. The effect of YEATS4  
and other clinicopathologic factors on OS and 
DMFS were evaluated by univariate and multi-
variate Cox proportional hazard regression 
analyses. The cBioPortal database was used to 
analyze the correlation between YEATS4 and 
core-EMT genes on the basis of the mRNA 
expression (http://cbioportal.org/) [22]. The P 
value and R-value were calculated by cBioPor-
tal. P < 0.05 was considered statistically 
significant. 

Results

YEATS4 is highly expressed in breast cancer 
tumors

A total of 481 patients pathologically diag-
nosed with primary breast cancer from a retro-
spective cohort were enrolled in this study. All 
patients were female with a median age of 52 
years (range 22-84 years). The median follow-
up time was 123 months. Up to 41.0% of cases 

were diagnosed with lymph node metastasis 
during the postoperative pathological examina- 
tion.

YEATS4 expression in all samples was deter-
mined using an antibody previously reported 
specifically for YEATS4 by immunohistochemis-
try (IHC) [16]. The reactivity was mainly recog-
nized in the nucleus of breast cancer cells, 
which was basically in line with previous find-
ings [15]. YEATS4 expression was positive in 
325 (67.6%) of the 481 evaluable primary 
breast cancer tissues, whereas only 15.1% 
(21/139) of ANTs showed positive immunore-
activity for YEATS4. A significant difference in 
YEATS4 staining was found between ANTs  
and breast cancer tissues (Figure 1A). The 
median IRS of YEATS4 staining was markedly 
higher in breast cancer than in ANTs (Figure 
1B). Representative images of YEATS4 stain- 
ing in breast cancer tissues are presented in 
Figure 1C. Of the 481 patients, 68.6% (330) 
were estrogen receptor (ER)-positive, consist-
ing of 6.1% (20) DCIS and 93.9% (310) IC. 
Notably, the median YEATS4 staining IRS was 
markedly higher in the ER-positive group than 
in the ER-negative group in breast cancer 
(Figure 1D), suggesting that YEATS4 was relat-
ed to ER expression in breast cancer. The com-
bined data indicate that YEATS4 expression 
was higher in breast cancer, particularly in the 
ER-positive group. 

YEATS4 expression is correlated with clinico-
pathologic features

Correlations between YEATS4 expression and 
clinicopathological parameters in breast can-
cer were analyzed (Table 1). YEATS4 positive 
expression correlated with pathologically large 
tumor size (χ2 = 8.107, P = 0.017), ER expres-
sion (χ2 = 5.356, P = 0.021), lymph node  
metastasis (χ2 = 6.520, P = 0.011), and 
advanced TNM stage (χ2 = 10.566, P = 0.005). 
For the molecular subtype, 73.6% (67/91) of 
breast cancer tissues showed positive YEATS4 
expression in the Luminal A subtype, 69.9% 
(186/266) in the Luminal B subtype, 59.0% 
(46/78) in the HER2 type, and 56.5% (26/46)  
in the triple-negative breast cancer subtype. 
However, no significant difference in YEATS4 
expression was found among several molecular 
subtypes of breast cancer (χ2 = 7.388, P = 
0.061). YEATS4 expression showed no signifi-
cant association with other clinicopathologic 
features, such as age at diagnosis, menopaus-
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al status, histologic grade, PR and HER2 
expression, Ki-67 status, and P53 status. To 
summarize, positive YEATS4 expression was 
markedly related to pathologic tumor size, ER 
expression, lymph node involvement, and TNM 
staging.

YEATS4 expression is related to breast cancer 
progression

We examined the YEATS4 expression levels in 
ANTs (n = 139), DCIS (n = 42), invasive cancer 

with no lymph node metastasis (ICW, n = 242), 
and invasive cancer with lymph node metasta-
sis (ICLNM, n = 197). YEATS4 expression was 
found in 15.1% of ANTs, 47.6% of DCIS, 65.7% 
of ICW, and 74.1% of ICLNM specimens. 
Positive YEATS4 expression gradually increased 
with cancer progression; however, no signifi-
cant difference was determined between ICW 
and ICLNM (P = 0.057; Figure 2A). All subtypes 
in cancer progression showed increased 
YEATS4 expression relative to that of ANTs 
(Figure 2A). The IRSs of the ANTs, DCIS, ICW, 

Figure 1. YEATS4 is positively expressed in breast cancer. A. Proportion of positive YEATS4 expression in breast 
cancer tissues compared with that of adjacent normal tissues (ANTs) (P < 0.001). B. Median immunoreactive score 
(IRS) of YEATS4 staining in breast cancer tissues, which is significantly higher than that in ANTs (P < 0.001). C. Rep-
resentative immunohistochemistry (IHC) imaging of different YEATS4 staining intensities in breast cancer tissues. 
Scale bar, 50 µm. D. Median IRS of YEATS4 staining being higher in ER-positive than ER-negative breast cancer 
tissues (P = 0.028).
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Table 1. Association between baseline characteristics and YEATS4 expression

Clinicopathological criteria
Expression of YEATS4

χ2 P-value
Positive (n = 325) Negative (n = 156) Total (n = 481)

Age at diagnosis (years)
    ≤ 35 59 (74.7%) 20 (25.3%) 79 2.184 0.139
    > 35 266 (66.2%) 136 (33.8%) 402
Pathologic tumor size (cm)
    T1 93 (59.2%) 64 (40.8%) 157 8.107 0.017
    T2 201 (70.8%) 83 (29.2%) 284
    T3 31 (77.5%) 9 (22.5%) 40
Menopausal status
    Premenopausal 138 (65.7%) 72 (34.3%) 210 0.584 0.445
    Postmenopausal 187 (69.0%) 84 (31.0%) 271
Histological grade
    1 50 (75.8%) 16 (24.2%) 66 4.426 0.219
    2 135 (63.4%) 78 (36.6%) 213
    3 114 (70.4%) 48 (29.6%) 162
    Unknown 26 (65.0%) 14 (35.0%) 40
ER
    Positive 234 (70.9%) 96 (29.1%) 330 5.356 0.021
    Negative 91 (60.3%) 60 (39.7%) 151
PR
    Positive 206 (64.2%) 105 (35.8%) 311 0.710 0.400
    Negative 119 (70.0%) 51 (30.0%) 170
HER2
    Negative 243 (66.4%) 123 (33.6%) 366 0.963 0.326
    Positive 82 (71.3%) 33 (28.7%) 115
Lymph node metastasis
    Negative 179 (63.0%) 105 (37.0%) 284 6.520 0.011
    Positive 146 (74.1%) 51 (25.9%) 197
TNM
    I 50 (56.2%) 39 (43.8%) 89 10.566 0.005
    II 215 (67.8%) 102 (32.2%) 317
    III 60 (80.0%) 15 (20.0%) 75
Ki-67 status
    ≤ 20% 102 (61.8%) 63 (38.2%) 165 3.789 0.052
    > 20% 223 (70.6%) 93 (29.4%) 316
P53 status
    Positive 209 (67.9%) 99 (32.1%) 308 0.944 0.624
    Negative 100 (65.8%) 52 (34.2%) 152
    Unknown 16 (76.2%) 5 (23.8%) 21
Molecular subtype
    Luminal A 67 (73.6%) 24 (26.4%) 91 7.388 0.061
    Luminal B 186 (69.9%) 80 (30.1%) 266
    HER2 type 46 (59.0%) 32 (41.0%) 78
    TNBC 26 (56.5%) 20 (43.5%) 46
YEATS4, YEATS domain-containing protein 4; TNM, tumor-node-metastasis; ER, estrogen receptor; PR, progesterone receptor; 
HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer. P-values that reach significance are in 
bold.



YEATS4 mediates ZEB1 expression to promote metastasis

422 Am J Cancer Res 2021;11(2):416-440

Figure 2. YEATS4 promotes the progression of breast cancer. A. Percentage of positive YEATS4 expression in ad-
jacent normal tissues (ANTs), ductal carcinoma in situ (DCIS), invasive carcinoma without lymph node metastasis 
(ICW), and invasive carcinoma with lymph node metastasis (ICLNM). B. Comparison of the median immunoreac-
tive scores (IRSs) of YEATS4 staining among ANTs, DCIS, ICW, and ICLNM specimens. C. Representative images of 
YEATS4 staining of ANTs, DCIS, ICW, and ICLNM specimens. Scale bar, 50 µm for 200×; 20 µm for 400×. D. Median 
IRS being higher in invasive carcinoma than in DCIS under the same ER status. E. Percentage of positive YEATS4 
expression at different TNM stages. F. Comparison of median IRS of YEATS4 staining among stages I, II, and III. G. 
Representative YEATS4 images at stages I, II, and III. Scale bar, 50 µm for 200×; 20 µm for 400×.

and ICLNM specimens were gradually 
increased, and significant differences among 
the groups were found (Figure 2B). Repre- 
sentative images of the YEATS4 staining of 
ANTs, DCIS, ICW, and ICLNM specimens are 
presented in Figure 2C. The YEATS4 expression 
of the IC subtype was higher than that of the 
DCIS subgroup independent of ER expression, 
whereas IRS was increased in both the IC sub-
type and the DCIS subgroup with ER-positive 
expression (Figure 2D). The finding further sup-
ports that YEATS4 expression was correlated 
with ER expression. 

We then explored the relationship between 
YEATS4 expression and TNM stage. The posi-
tive rate of YEATS4 in stage I was 56.2%, which 
increased to 67.8% and 80.0% in stages II  
and III, respectively (Figure 2E). Significant dif-
ferences in YEATS4 IRS were indicated among 
the subgroups based on the TNM stage (Figure 
2F). Representative photomicrographs of the 
YEATS4 immunohistochemical staining of each 
TNM stage are presented in Figure 2G. Overall, 
YEATS4 expression is correlated with progres-
sion in breast cancer and can potentially play a 
critical role in cancer development.
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YEATS4 expression is correlated with poor 
prognosis in breast cancer

The effect of YEATS4 expression on clinical sur-
vival in patients with breast cancer was exam-
ined using the Kaplan-Meier method. Within 
the follow-up period, 62 (12.8%) patients died-
49 (15.1%) from the YEATS4-positive group 
with 325 cases and 13 (8.3%) from the  
YEATS4-negative group with 156 cases. The 
10-year OS was 84.0% in the YEATS4-negative 
group, and 67.4% in the YEATS4-positive group 
(univariate Cox regression HR 2.270, 95% CI 
1.397-3.691, P = 0.001; Figure 3A; Table 2). 
Multivariate analysis indicated that positive 
YEATS4 expression was an independent poor 
prognostic indicator for OS (HR 1.969, 95% CI 
1.146-3.382, P = 0.013; Table 2).

Distant metastasis occurred in 93 patients  
during the follow-up period-77 (23.4%) from the 
YEATS4-positive group with 325 cases and 16 
(10.3%) from the YEATS4-negative group with 
156 cases. The 10-year DMFS was 77.8% in 
the YEATS4-negative group and 56.1% in the 
YEATS4-positive group (univariate Cox regres-
sion HR 1.892, 95% CI 1.137-3.188, P =  
0.015; Figure 3B; Table 3). When all eligible 
prognostic variables were subjected to multi-
variate Cox regression analysis, coupled with 
lymph node metastasis, positive YEATS4 
expression was considered as an independent 
indicator for DMFS (HR 1.784, 95% CI 1.016-
3.002, P = 0.029; Table 3).

The influence of YEATS4 expression on OS was 
further stratified by the TNM stage and the 
molecular subtypes to better identify patients 
who were at high risk. YEATS4 expression was 
negatively related to OS in stage II and III  
groups (P = 0.044, P = 0.043, respectively), 
instead of the stage I group (P = 0.218)  
(Figure 3C, 3E), indicating that positive YEATS4 
expression could be a potential index for poor 
clinical outcome in patients with breast can- 
cer. In addition, in the subgroup analyses bas- 
ed on molecular subtype (Figure 3F-I), YEATS4 
expression was correlated with shortened OS 
in the subtype of Luminal B (P = 0.019), HER2 
(P = 0.037), and TNBC (P = 0.012), but not 
Luminal A (P = 0.333).

We then explored the association between 
YEATS4 expression and DMFS in the ICLNM 

subgroup (Figure 3J). ICLNM with positive 
YEATS4 expression showed a high incidence of 
distant metastasis (P = 0.015). These results 
indicated that YEATS4 expression is an inde-
pendent poor prognostic indicator for DMFS, 
particularly in ICLNM.

YEATS4 promotes the proliferation of breast 
cancer cells in vitro and in vivo

The aforementioned results indicated that pos-
itive YEATS4 expression was related to disease 
progression in patients with breast cancer. 
Therefore, we determined whether YEATS4  
was involved in tumor growth. We established 
YEATS4-deleting MDA-MB-231 and SK-BR-3 
cells (named as MDA-MB-231-shYEATS4 and 
SK-BR-3-shYEATS4) and YEATS4-overexpress- 
ing T-47D and ZR-75-1 cells (designated as 
T-47D-YEATS4 and ZR-75-1-YEATS4) by lentivi-
rus infection. YEATS4 expression was verified 
by RT-qPCR and Western blot analysis (Figure 
4A, 4B). The proliferation rate was significantly 
reduced in shYEATS4 breast cancer cells 
(Figure 4C). Plate colony formation assay and 
soft agar colony formation assay indicated  
that compared with control cells, MDA-MB- 
231-shYEATS4 and SK-BR-3-shYEATS4 cells 
formed fewer colonies (Figure 4D, 4E). Incre- 
ased YEATS4 expression also markedly pro-
moted the proliferation of T-47D and ZR-75-1 
cells (Figure 4F). The colony-forming ability of 
T-47D -YEATS4 and ZR-75-1-YEATS4 cells in  
the regular plate or the soft agar was evidently 
improved (Figure 4G, 4H). We continued to 
evaluate the effect of YEATS4 on tumorigeni- 
city in subcutaneous xenograft nude mice mod-
els. YEATS4 depletion evidently reduced the 
volume and weight of xenograft tumors (Figure 
4I-K), whereas YEATS4 overexpression signifi-
cantly promoted tumor growth (Figure 4L-N). 
The aforementioned findings suggested that 
YEATS4 played an important role to promote 
the growth of breast cancer cells in vitro and in 
vivo.

YEATS4 promotes the migration and invasion 
of cancer cells in vitro and in vivo

YEATS4 was closely related to distant metasta-
sis in patients with breast cancer, prompting 
the investigation of the function of YEATS4 in 
cancer metastasis. YEATS4 expression in nor-
mal breast epithelial cells and several breast 
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Figure 3. YEATS4 has a prognostic value in breast cancer. A, B. Kaplan-Meier curves for the correlation between YEATS4 expression and overall survival (OS, P = 
0.018) or distant metastasis-free survival (DMFS, P = 0.003). C-E. OS rate of patients with breast cancer according to different TNM stages. F-I. OS rate of patients 
with breast cancer, determined based on molecular subtype. J. Correlation of positive YEATS4 expression with a high risk of distant metastasis in invasive carcinoma 
with lymph node metastasis (P = 0.015).
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cancer cell lines was evaluated. YEATS4 was 
highly expressed in MDA-MB-231, MCF-7, MDA-
MB-436, and SK-BR-3 cells but poorly 
expressed in ZR-75-1 and T-47D cells (Figure 
5A). The relative expression of YEATS4 was sig-
nificantly correlated with the migration ability of 
the cells (P = 0.006) (Figure 5B). Moreover, 
YEATS4 deletion in MDA-MB-231 cells evi- 
dently reduced their migration and invasion 
abilities in both the transwell assay and wound 
healing assay (Figure 5C, 5D). By contrast, 
YEATS4 overexpression in T-47D cells strength-
ened cell migration and invasion (Figure 5E, 
5F). Notably, the recuperation of YEATS4 
expression restored the cell invasion ability of 

YEATS4-deleting MDA-MB-231 cells (Figure 
5G). To explore the role of YEATS4 in metasta-
sis in vivo, SK-BR-3-shYEATS4 or T-47D-YEATS4 
cells (with the corresponding control cells)  
were injected intravenously into the nude lung 
metastasis mouse models. YEATS4 deletion 
reduced the incidence of lung metastasis and 
decreased the number of metastatic lung nod-
ules while prolonging the overall survival time in 
the SK-BR-3-shYEATS4 group (Figure 5H-K). 
However, YEATS4 overexpression increased  
the incidence of lung metastasis and the num-
ber of metastatic lung nodules while reducing 
the overall survival time in the T-47D-YEATS4 
group (Figure 5L-O). Collectively, these results 

Table 2. Univariate and multivariate analyses of overall survival in breast cancer patients

Variables Category
Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value
Age (Years) > 35 vs. ≤ 35 0.631 0.388-1.027 0.063 1.080 0.245-4.749 0.918
Tumor size T2, T3 vs. T1 1.055 0.732-1.520 0.770
Histological grade Grade 3 vs. grade 1, 2 1.826 1.068-3.111 0.027 1.015 0.676-1.524 0.947
ER Negative vs. positive 1.765 1.028-4.536 0.041 2.472 1.126-4.614 0.020
PR Negative vs. positive 0.405 0.629-2.541 0.329
HER2 Positive vs. negative 1.280 0.854-1.919 0.230
Lymph node metastasis Positive vs. negative 8.157 3.542-17.034 < 0.001 5.873 2.906-11.840 < 0.001
TNM stage III vs. I + II 3.392 1.677-6.880 0.001 3.325 1.336-8.250 0.011
Ki-67 status > 20% vs. ≤ 20% 1.193 0.990-1.438 0.062 1.110 0.643-1.913 0.705
P53 status Positive vs. negative 0.742 0.437-1.258 0.268
YEATS4 Positive vs. negative 2.270 1.397-3.691 0.001 1.969 1.146-3.382 0.013
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; TNM, tumor-node-metastasis; YEATS4, 
YEATS domain-containing protein 4. P-values that reach significance are in bold.

Table 3. Univariate and multivariate analyses of distant metastasis-free survival in breast cancer 
patients

Variables Category
Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value
Age (Years) > 35 vs. ≤ 35 0.972 0.389-2.434 0.952
Tumor size T2, T3 vs. T1 1.954 0.936-4.083 0.075 1.005 0.634-1.960 0.725
Histological grade Grade 3 vs. grade 1, 2 1.270 0.518-3.132 0.607
ER Negative vs. positive 1.775 1.079-2.941 0.025 1.443 0.862-2.387 0.166
PR Negative vs. positive 1.806 1.194-3.007 0.007 1.107 0.589-1.752 0.640
HER2 Positive vs. negative 1.651 0.827-3.304 0.157
Lymph node metastasis Positive vs. negative 4.017 2.209-7.303 < 0.001 3.543 1.939-6.440 < 0.001
TNM stage III vs. I + II 2.521 1.146-5.541 0.021 2.244 1.018-4.944 0.450
Ki-67 status > 20% vs. ≤ 20% 1.277 0.736-2.213 0.385
P53 status Positive vs. negative 0.714 0.165-3.014 0.656
YEATS4 Positive vs. negative 1.892 1.137-3.188 0.015 1.784 1.061-3.002 0.029
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; TNM, tumor-node-metas-
tasis; YEATS4, YEATS domain-containing protein 4. P-values that reach significance are in bold.
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Figure 4. YEATS4 promotes breast cancer cell growth in vitro and in vivo. (A, B) Verification of the efficiency of YEATS4 deletion by two shRNAs in MDA-MB-231 and 
SK-BR-3 cells and YEATS4 overexpression in T-47D and ZR-75-1 cells by RT-qPCR (A) and Western blot analysis (B). (C) Influence of YEATS4 deletion on the cell vi-
ability of MDA-MB-231 and SK-BR-3 cells, as determined using the CCK-8 assays. (D, E) Effect of YEATS4 knockdown on plate (D) and soft agar (E) colony formation 
in MDA-MB-231 and SK-BR-3 cells. Scale bar, 200 µm for soft agar colony formation. (F) Effect of YEATS4 overexpression on the cell viability of T-47D and ZR-75-1 
cells. (G, H) Influence of YEATS4 overexpression on plate (G) and soft agar (H) colony formation as determined in T-47D and ZR-75-1 cells. Scale bar, 200 µm for 
soft agar colony formation. (I-K) MDA-MB-231 cells stably transfected with shYEATS4 or shCtrl were subcutaneously injected into the nude mice at a predetermined 
number of cells (n = 6 for each group). Nude mice were euthanized after 40 d. Representative xenograft tumors in nude mice (I). Scale bar, 1 cm. YEATS4 deletion 
in MDA-MB-231 cells reduced the volume (J) and weight (K) of tumors. (L-N) ZR-75-1-YEATS4 or control cells were subcutaneously injected into the nude mice (n = 
6 for each group). Representative xenograft tumors in the nude mice (L). Scale bar, 1 cm. As shown in (M, N), YEATS4 overexpression in ZR-75-1 cells significantly 
promoted the tumor growth. Data are presented as mean ± s.d. for 3 independent assays. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. YEATS4 promotes cell migration and invasion in breast cancer cells in vitro and in vivo. (A) YEATS4 expression detected in several breast cancer cell lines by 
Western blot analysis. Relative expression of YEATS4 to GAPDH is shown below. (B) Correlation analysis between relative YEATS4 expression and migration ability of 
cancer cells by using the Pearson correlation method. (C) Migration and invasion capabilities assessed in MDA-MB-231 cells stably infected with lentivirus carrying 
YEATS4 shRNAs or negative control shRNA (shCtrl) by transwell assays. Scale bar, 50 µm. (D) Migration ability in MDA-MB-231 cells transfected with YEATS4 shRNAs 
or shCtrl by wound healing assays. Scale bar, 200 µm. (E) Migration and invasion abilities in stable T-47D-YEATS4 cells, determined using transwell assays. Scale 
bar, 50 µm. (F) Migration capability in stable T-47D-YEATS4 cells, detected by using wound healing assays. Scale bar, 200 µm. (G) YEATS4 was first downregulated 
by shYEATS4 expressing lentiviruses infection. These cells were then infected with YEATS4 overexpression lentiviruses or control vector overexpression lentiviruses. 
These different groups of MDA-MB-231 cells were subjected to transwell invasion assays. Scale bar, 50 µm. (H-K) Stable SK-BR-3-shYEATS4 or negative control 
cells intravenously injected into mice in lung metastasis assays (n = 8 for each group). Representative images of H&E-stained lung tissues from the different groups 
(H). Scale bar, 1 mm for upper panel and 100 µm for lower panel. Number of nude mice with lung metastasis in each group (I). Relative number of lung metastasis 
nodules in each group (J). Overall survival time in the different groups of nude mice (K). (L-O) T-47D-YEATS4 or control cells intravenously injected into mice in lung 
metastasis assays (n = 8 for each group). Representative images of H&E-stained lung tissues from the different groups (L). Scale bar similar to that in (H). Number 
of nude mice with lung metastasis in each group (M). Relative number of lung metastasis nodules in each group (N). Overall survival time in the different groups of 
nude mice (O). **, P < 0.01; ***, P < 0.001.
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suggested that YEATS4 promoted the invasion 
and metastasis of breast cancer cells in vitro 
and in vivo.

YEATS4 regulates epithelial-to-mesenchymal 
transition in breast cancer cells

Growing evidence suggests that EMT is activat-
ed during tumor progression and metastasis in 
response to a deregulated genome [7, 23]. 
Transcriptomic analyses of YEATS4 in several 
types of cancer cells indicate that YEATS4  
regulates various functional gene groups and 
pathways, including EMT [24-27]. We first in- 
vestigated the expression of EMT markers 
mediated by the differential expression of 
YEATS4. YEATS4 depletion increased the 
expression of epithelial markers (E-cadherin 
and ZO-1) and reduced the expression of mes-
enchymal markers (vimentin and N-cadherin)  
in MDA-MB-231 and SK-BR-3 cells (Figure 
6A-C). By contrast, YEATS4 overexpression 
decreased the expression of epithelial markers 
and increased the expression of mesenchymal 
markers in T-47D and ZR-75-1 cells (Figure 
6D-F). The findings suggest that YEATS4 is a 
determinant to promote EMT in breast cancer 
cells.

YEATS4 transcriptionally regulates ZEB1 ex-
pression

EMT is regulated by a complicated network, 
consisting of EMT transcriptional factors (EMT-
TF), namely, TWIST1, SNAIL, SLUG, ZEB fami-
lies, FOXC2, E47, HMGA2 and epigenetic regu-
lators such as BMI1 and EZH2 [7, 28]. We first 
integrated and analyzed the RNA sequencing 
(RNA-seq) data in breast cancer samples from 
the METABRIC dataset to determine the corre-
lation between the mRNA expression levels of 
YEATS4 and EMT-TF by using the cBioPortal 
database [22]. YEATS4 was positively associ-
ated with most EMT-TF genes in varying 
degrees, but ZEB1 was the most relevant gene 
(Figure S1). Subsequently, we screened the 
mRNA expression changes of the above EMT 
regulatory factors in four breast cancer cell 
lines after stable YEATS4 deletion. Although 
several genes responded to YEATS4 knock-
down, the ZEB1 mRNA expression levels  
markedly and steadily decreased in all four cell 
lines (Figure 7A). Immunofluorescence experi-
ments indicated a high association between 
YEATS4 and ZEB1 expression in BT-474 cells 

(Figure 7B), which was further demonstrated  
by the results that ZEB1 was reduced or elevat-
ed with YEATS4 downregulation or overexpres-
sion (Figure 7C, 7D). Moreover, YEATS4 re- 
storation in YEATS4-downregulated cells al- 
lowed the recovery of ZEB1 expression and 
maintained a low level of E-cadherin expres-
sion (Figure 7E). However, ZEB1 deletion did 
not influence YEATS4 expression (Figure 7F). 
Meanwhile, similar to YEATS4 depletion, ZEB1 
deletion exhibited a similar effect on both cell 
phenotypes and migration capability in the 
presence of YEATS4, suggesting that ZEB1 is 
integral for YEATS4-mediated EMT (Figure 7F).

We determined whether YEATS4 as a trans- 
cription factor mediates ZEB1 via transcri- 
ption. YEATS4 overexpression plasmids were 
transiently transfected into ZR-75-1 cells. 
Consequently, the expression levels of ZEB1 
mRNA and protein were elevated (Figure 7G, 
7H). In addition, ZEB1 promoter activity was 
markedly enhanced in 48 h, indicating that  
the regulatory effect of YEATS4 on ZEB1 ex- 
pression occurs at the level of transcription 
(Figure 7I). Corresponding to the aforemen-
tioned results, YEATS4 increased the ZEB1 pro-
moter activity dose-dependently (Figure 7J). 

We determined how this modulatory effect is 
demonstrated at the transcript level. The  
YEATS domain proteins were recently identified 
as a group of histone acetyl-lysine readers to 
influence gene transcription [25, 29, 30]. To 
explore whether YEATS4 mediates histone 
modification, acetylated histone modification 
markers were evaluated by altering the level  
of YEATS4 expression. Among H3K4, H3K9, 
H3K14, H4K18, and H3K27, only acetylated-
H3K27 (H3K27ac) was influenced by changes 
in YEATS4 expression. YEATS4 overexpression 
increased H3K27ac, whereas YEATS4 deletion 
reduced this modification (Figure 7K).

Owing to the correlation of H3K27ac with active 
transcription [31, 32], we determined whether 
YEATS4 regulates H3K27ac modification in  
the ZEB1 promoter. The JASPAR open-access 
database was used to analyze the occupancy 
site of the ZEB1 promoter by H3K27ac. The 
result indicated the presence of three pu- 
tative-binding sites for histone-occupied abun-
dance (Figure 7L). Chromatin immunoprecipita-
tion assay was conducted on T-47D-YEATS4 
and MDA-MB-231-shYEATS4 cells. The results 
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Figure 6. YEATS4 mediates EMT in breast cancer cells. (A) mRNA expression changes in EMT markers, including epi-
thelial markers E-cadherin and ZO-1 and mesenchymal markers vimentin and N-cadherin in MDA-MB-231 and SK-
BR-3 cells after stable YEATS4 deletion in RT-qPCR assays. (B) Expression changes in EMT markers were evaluated 
by Western blot analysis in MDA-MB-231 and SK-BR-3 cells after YEATS4 downregulation. (C) Immunofluorescence 
images in YEATS4 deleting SK-BR-3 and control cells. Scale bar, 20 µm. (D-F) EMT markers in stable T-47D-YEATS4 
and ZR-75-1-YEATS4 cells compared with control cells, as determined by RT-qPCR (D), Western blot analysis (E), and 
immunofluorescence staining (F; scale bar, 20 µm). Data are presented as mean ± s.d. for 3 independent assays in 
RT-qPCR. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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showed that YEATS4 was related to the elevat-
ed expression of H3K27ac in the -637 to -392 
bp and +244 to +469 bp regions of the ZEB1 
promoter in T-47D-YEATS4 cells (Figure 7M). 
The ZEB1 promoter site occupancies by 
H3K27ac significantly decreased in MDA-MB-
231-shYEATS4 cells (Figure 7N). However, the 
occupancies of other acetylated histones  
such as H3K4, H3K9, H3K14, and H3K18 at 
the corresponding ZEB1 promoter sites did not 
change with the variation in YEATS4 expression 
(Figure S2). The aforementioned findings were 
consistent with a previous report [25] and sug-
gested that YEATS4 mediated the trans- 
criptional regulation of ZEB1 by modulating 
H3K27ac and recruiting H3K27ac to the spe-
cific sites of the ZEB1 promoter.

ZEB1 is an effector for YEATS4-induced EMT, 
migration, invasion, and metastasis

We evaluated the role of ZEB1 in the YEATS4-
mediated pro-metastatic effect. ZEB1 deletion 
in T-47D-YEATS4 cells caused the upregulation 
of epithelial markers and downregulation of 
mesenchymal markers at the transcriptional 
(Figure S3) and protein levels (Figure 8A). 
Moreover, ZEB1 knockdown reduced the migra-
tion and invasion capabilities of T-47D-YEATS4 
cells (Figure 8B, 8C). In vivo metastasis assay 
showed that ZEB1 deletion apparently reduced 
the incidence of lung metastasis and the num-
ber of metastatic lung nodules while increasing 
the overall survival time in the T-47D-YEATS4 
cells (Figure 8D-G). These findings indicate that 
ZEB1 is crucial for YEATS4-mediated breast 
cancer invasion and metastasis both in vitro 
and in vivo.

ZEB1 expression was further examined in our 
retrospective cohort of human breast cancer 
patients. ZEB1 expression was detected in 290 
(60.3%) of the 481 breast cancer tissues. 
YEATS4 expression showed a highly positive 
correlation with ZEB1, as determined by IHC 
(Figure 8H). Similar to that of YEATS4, the  
positive expression of ZEB1 was gradually 
increased as the breast cancer progressed 
(Figure 8I, 8J). To investigate the clinical rele-
vance of the patterns of YEATS4 and ZEB1 
expression in human breast cancer, we 
explored the association between the YEATS4 
and ZEB1 expression and DMFS in our cohort. 
The patients were divided into four gro- 
ups: YEATS4negative-ZEB1negative, YEATS4negative-
ZEB1positive, YEATS4positive-ZEB1negative, and YEA- 
TS4positive-ZEB1positive. DMFS curves were plott- 
ed using the Kaplan-Meier method, and differ-
ences in survival between groups were com-
pared using the log-rank test (Figure 8K). The 
YEATS4positive-ZEB1positive group exhibited a sig-
nificantly low DMFS. These results are consis-
tent with and verify the aforementioned in vitro 
and in vivo findings. 

Discussion

The results of this study emphasize the correla-
tion between YEATS4 expression and progres-
sion in breast cancer. YEATS4 expression facili-
tates cell growth, migration, invasion, and EMT 
in vitro and strengthens tumorigenesis and 
metastasis in vivo. By contrast, YEATS4 dele-
tion reverses these malignant phenotypes in 
otherwise aggressive breast cancer cells. 
Mechanistically, the results indicate that 
YEATS4 transcriptionally regulates the expres-

Figure 7. YEATS4 regulates ZEB1 expression transcriptionally. (A) Fold changes in the mRNA expression levels of 
epithelial-to-mesenchymal transition (EMT) transcriptional factors in four breast cancer cell lines after YEATS4 de-
pletion. Fold changes calculated by normalizing mRNA levels of YEATS4 deletion cells to that of the control cells. 
(B) Immunofluorescence images of YEATS4 and ZEB1 staining in BT-474 cells. YEATS4 and ZEB1 simultaneously 
expressed in cancer cells. Scale bar, 20 µm. (C) Expression of YEATS4 and ZEB1 in stable YEATS4-deleting MDA-
MB-231 cells, determined by Western blot analysis. (D) YEATS4 and ZEB1 expression in YEATS4-overexpressing 
T-47D cells, detected by Western blot analysis. (E) Expression changes in ZEB1 and E-cadherin after restoring 
YEATS4 in YEATS4-deleting MDA-MB-231 cells. (F) Comparison of EMT markers and migration capabilities between 
YEATS4-deleting or ZEB1-deleting MDA-MB-231 cells and the control group. (G-I) ZEB1 mRNA (G), protein expression 
levels (H), and promoter activities (I) were investigated after 48 h transient transfection of YEATS4 overexpression 
or empty vector plasmids in ZR-75-1 cells. (J) Enhancement of the ZEB1 promoter activity by YEATS4 overexpression 
in a dose-dependent manner. (K) The abundance of H3 lysine acetylation was assessed by Western blot analysis; 
total H3 was used as a loading control. (L) Schematic of three regions relative to the ZEB1 transcription start site 
used as primers to test histone-occupied abundance. (M, N) ChIP was conducted to assess H3K27ac occupancy in 
T-47D-YEATS4 (M) and MDA-MB-231-shYEATS4 (N) cells. IgG was used as a negative control. Percentage of input 
indicates the ratio of the DNA fragment of each promoter region bound by H3K27ac to the total of the input DNA 
fragment without the H3K27ac antibody pull-down. Data are presented as mean ± s.d. for 3 independent assays. *, 
P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 8. ZEB1 mediates YEATS4-induced EMT and metastasis. (A) Recovery of epithelial marker expression and reduction of mesenchymal marker expression in 
T-47D-YEATS4 cells by ZEB1 deletion. (B, C) Reduction of YEATS4-induced migration and invasion abilities in T-47D-YEATS4 cells by ZEB1 depletion, as determined 
by wound healing (B) and transwell invasion (C) assays. Scale bar, 200 µm for (B); 50 µm for (C). (D) Representative images of H&E-stained lung tissues from the 
T-47D-YEATS4 cells with or without ZEB1 deletion. The scale bars represent 1 mm in upper panel and 100 µm in lower panel. (E) Total number of mice with lung 
metastasis in different groups. (F) Relative number of lung metastasis nodules in each group. (G) Overall survival of mice in each group. (H) Positive association of 
YEATS4 expression with ZEB1 expression in breast cancer tissues. Left, representative staining images of YEATS4 and ZEB1. Scale bar, 50 µm for 200×; 20 µm for 
400×. (I) Representative images of ZEB1 staining of ANTs, DCIS, ICW, and ICLNM specimens. Scale bar, 50 µm for 200×; 20 µm for 400×. (J) Proportions of ANTs, 
DCIS, ICW, and ICLNM specimens with ZEB1-positive staining. (K) DMFS curves of patients with breast cancer, plotted based on the expression profiles of YEATS4 
and ZEB1 as indicated. Co-expression of YEATS4 and ZEB1 (Group 4) indicating the shortest distant metastasis-free period vs. other groups. (L) Schematic demon-
strating the role of YEATS4 in mediating ZEB1 expression, EMT, and metastasis in breast cancer. Data are presented as mean ± s.d. for 3 independent assays. *, 
P < 0.05; **, P < 0.01; ***, P < 0.001.
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sion of the EMT transcription factor ZEB1, 
which promotes EMT, cancer cell invasion, and 
metastasis in multiple human cancers [33,  
34]. This study reveals a regulatory mechanism 
by which YEATS4 mediates H3K27ac recruit-
ment at the specific sites of the ZEB1 promoter 
to facilitate its transcription. ZEB1 deletion 
weakens the functions of YEATS4 and gener-
ates similar results induced by direct YEATS4 
deletion. However, direct transactivation or epi-
genetic modification, which contributes more in 
YEATS4 transcriptionally regulating ZEB1, 
requires to be explored further. 

Accumulating evidence indicates that YEATS4 
is associated with cancer progression in vari-
ous malignancies [15-17]. In the current study, 
the IRS of YEATS4 expression gradually 
increased from ANTs, DCIS, ICW to ICLNM as 
breast cancer progressed. A gradual increase 
in the IRS of YEATS4 expression was also 
observed in TNM stages I, II, and III. These find-
ings suggest that YEATS4 is positively related 
to the progression of breast carcinoma, which 
is consistent with previous studies [15-17, 20]. 
Subgroup analyses showed that the unfavor-
able effect of positive YEATS4 expression was 
more significant in stages II and III and luminal 
B, HER2, and TNBC patients. The reason could 
be the relatively poor prognosis of patients in 
these subgroups and the increased occurrence 
of distant metastasis. Although YEATS4 ex- 
pression correlated with ER status, YEATS4 
seemed to have exerted no effect on OS in 
luminal A patients. The reason could be that 
luminal A patients typically showed improved 
prognosis and reduced recurrence after hor-
mone therapy [35, 36], concealing the effect of 
YEATS4 expression. A powerful correlation be- 
tween YEATS4 and shortened survival period 
was observed in the TNBC subgroup. Owing to 
the limited choice of treatment for this sub-
group [37], YEATS4 concealment could be an 
effective treatment choice for these patients. 
In addition, positive YEATS4 expression was 
related to a significantly low DMFS in patients 
with ICLNM. These findings suggest that 
YEATS4 can potentially play an oncogenic role 
in promoting breast cancer progression and 
metastasis.

The negative regulatory effect of YEATS4 on 
multiple well-known tumor suppressors such 
as p53 and p21 [16, 38], sufficiently proves  

the feasibility of YEATS4 as an oncogene. Pikor 
et al. identified YEATS4 as a candidate onco-
gene by integrative genetic analysis in lung can-
cer cells and showed that YEATS4 down- 
regulation significantly attenuated cancer cell 
growth and tumor formation [16]. In the present 
study, YEATS4 facilitated cell proliferation and 
strengthened tumorigenicity in vivo. YEATS4 
could induce EMT and consequently promote 
metastasis in breast cancer. Breast cancer 
cells with YEATS4 overexpression represent a 
mesenchymal phenotype, including relevant 
enhanced migratory and invasive capabilities 
in vitro. Our findings also indicate that YEATS4 
deletion causes MET, suggesting that EMT- 
MET can be a transforming reciprocal process 
by manipulating YEATS4 expression. EMT is 
vital for cancer cells to leave the primary site 
and form neoplasia in other parts of the body 
[7]. Malignant phenotypes mediated by YEATS4 
overexpression in breast cancer cells result in 
the aggravation of distant metastases in vivo. 
The results provide a molecular mechanism to 
explicate the clinical findings that breast cancer 
patients with positive YEATS4 expression are 
more likely to succumb to distant metastasis 
and that YEATS4 is an independent indicator 
for OS and DMFS.

Our results revealed that ZEB1 is potentially  
the primary mediator in YEATS4-induced EMT 
in breast cancer. However, YEATS4 is a multi-
functional transcription factor with diverse tar-
get genes [10]. The transcriptomic analyses of 
YEATS4 in several types of cancer cells, includ-
ing breast cancer cells, demonstrated that 
YEATS4 regulates various functional gene 
groups and pathways. In addition to widely-
known genes relating to cell cycle, DNA replica-
tion, and DNA repair, YEATS4 also regulates 
some gene groups or pathways that are sup-
posed to be involved in the EMT program, such 
as gene groups relevant to cell differentiation, 
cell adhesion, cell locomotory, and extracellular 
matrix receptor interactions [24-27]. However, 
transcriptomic data also showed that target 
genes identified by YEATS4 in different cell 
models tend to be different and enriched in 
various functional gene groups [24-26]. Thus, 
the transcriptional activities of YEATS4 are 
quite context-dependent. Our results revealed 
that YEATS4 is mainly involved in promoting 
ZEB1 transcription and EMT in breast cancer 
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cells, but the underlying cellular context war-
rants further study.

The majority of the studies surrounding  
YEATS4 have focused primarily on cell growth 
and viability, and few have explored the role of 
YEATS4 in EMT, migration, and invasion of can-
cer cells; none of these studies have investi-
gated breast cancer. YEATS4 promoted RNA 
polymerase II enrichment on the NOTCH2  
promoter. Consequently, NOTCH2 expression 
increased, inducing EMT, migration, and inva-
sion in gastric cancer and hepatocellular can-
cer [19, 39]. Wild-type p53 forms a ternary 
complex with MDM2 and Slug to promote the 
degradation of this EMT inducer [40]. The 
YEATS4-PP2Cβ complex interacts with and 
dephosphorylates p53 at serine 366, conse-
quently decreasing p53 stabilization [41]. Thus, 
YEATS4 can potentially enhance Slug expres-
sion. Another study also indicated that YEATS4 
deletion by siRNA led to Snail downregulation in 
pancreatic cancer cells, suggesting the poten-
tial role of YEATS4 to mediate EMT [17]. No- 
tably, as a histone acetylation reader, YEATS4 
colocalizes with H3K27ac and H3K14ac to pro-
mote histone variant H2A.Z deposition onto 
chromatin to selectively regulate the expres-
sion of associated EMT proteins, such as up- 
regulating fibronectin and downregulating 
E-cadherin in hepatocellular cell carcinoma 
[25, 42].

The mechanistic link between YEATS4 and 
ZEB1 was previously unknown. Our results 
showed that altering the YEATS4 expression 
changes the acetylation status of H3K27 at  
the ZEB1 promoter, which subsequently con-
trols ZEB1 expression at the transcription level. 
However, YEATS4 expression exerted no effect 
on the acetylation of H3K4, H3K9, H3K14, and 
H3K18; similarly, no recruitment of these acet-
ylated histones on the ZEB1 promoter was 
observed. Therefore, YEATS4 transcriptionally 
regulates ZEB1 expression via the regulation  
of H3K27 acetylation and enrichment of 
H3K27ac at specific sites of the ZEB1 promot-
er. Consequently, YEATS4 promotes EMT, 
migration, invasion, and metastasis. H3K27ac 
is identified as an active mark for gene tran-
scription [25, 43]. The YEATS domain of  
YEATS4 adopts conserved aromatic residues 
within the “RK” motif to recognize H3K27ac 
[29]. A recent report suggests that YEATS4 

recruits the Dot1l-RNA polymerase II complex 
onto the target gene promoter by recognizing 
H3K27ac to initiate transcription [44]. YEATS4 
regulation of ZEB1 expression via H3K27ac 
requires further investigation.

In summary, we demonstrate that YEATS4 
expression is increased and significantly asso-
ciated with the progression of breast cancer. 
YEATS4 has an oncogenic function in mediating 
breast cancer EMT and metastasis by tran-
scriptionally regulating ZEB1 expression (Fi- 
gure 8L). The co-upregulation of YEATS4 and 
ZEB1 is correlated with poor DMFS in our 
cohort. Our results underscore the critical role 
of YEATS4 in cancerous signaling. We specu-
late that YEATS4 is a promising target for thera-
peutic intervention in breast cancer.
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Supplementary materials and methods

Clinicopathological information in breast cancer patients

Estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), 
and Ki-67 expression status were available from pathological reports. ER and PR were defined as posi-
tive with more than 10% positively staining nucleus [1]. Fluorescence in situ hybridization was per-
formed to determine the HER2 status in the equivocal evaluation of HER2 expression by immunohisto-
chemistry (IHC) [2]. The Ki-67 index was dichotomized to high- and low-expression groups, with 20% as 
the cut-off point [3]. Patients were staged using the American Joint Committee on Cancer (AJCC) for 
breast cancer staging [4]. All specimens were evaluated by two independent pathologists. Patient age, 
menstrual status, tumor size, histological grade, and lymph node status were obtained from medical 
records and pathological reports.

Breast cancer molecular subtypes

Patients were further classified based on surrogate definitions of ER, PR, HER2, and Ki-67 according to 
St. Gallen Consensus 2013 [5]: luminal A: ER-positive and/or PR-positive, HER2-negative, and Ki-67 ≤ 
20%; luminal B (HER2-negative): ER-positive and/or PR-positive, HER2-negative, and Ki-67 > 20%; lumi-
nal B (HER2-positive): ER-positive and/or PR-positive, and HER2-positive; HER2 type: ER-negative, 
PR-negative, and HER2-positive; Triple-negative breast cancer (TNBC): ER-negative, PR-negative, and 
HER2-negative.

Lentiviral construction and cell infection

The short hairpin RNAs (shRNAs) targeting human YEATS4 and ZEB1 were designed and synthesized by 
GenePharma. The pLKO.1 constructed with specific shRNA and negative control shRNA (shCtrl), 
pCMV∆ynthe, and pMD.G plasmids were co-transfected in 293T cells to package and produce lentivirus. 
Breast cancer cell lines were infected with the collected viral supernatant. The shRNA sequences are 
listed in Table S1. The plasmids of pcDNA3.1-control and pcDNA3.1-YEATS4 were transfected into cells 
by instantaneous transfection using X-tremeGENE™ HP DNA Transfection Reagent (Roche). A full-length 
coding sequence (CDS) of YEATS4 was implanted into the lentiviral vector pHIV-EGFP (Addgene) with an 
EF1-α promoter, a multiple cloning site (MCS), and EGFP. The lentiviral supernatant was obtained by 
transfecting 293T cells with pHIV-EGFP-YEATS4, pMDLg/pRRE, pMD2.G, and pRSV-Rev.

Cell proliferation assays

Cell proliferation was examined using the Cell Counting Kit-8 (CCK-8; Dojindo). Cells were cultured in 
96-well plates (Corning) at a concentration of 2000 cells/well in a volume of 200 μL after stable YEATS4 
deletion. At the indicated time points, 20 μL CCK-8 reagents were added to each well and then incu-
bated for 2 h at 37°C. The absorbance at 450 nm was measured with a microplate reader. Each inde-
pendent experiment was repeated three times. 

Colony formation and soft agar colony formation assays

Colony formation assays: Cells stably transfected with OSR1-shRNAs or stably OSR1-expressing cells 
were digested into single cells, which were cultured in a 6-well plate with a density of 1×103 cells per well 
with 5% CO2 at 37°C for 2 weeks. After colony formation, the plate was gently rinsed with PBS, fixed with 
4% paraformaldehyde for 20 min, and stained with 0.2% crystal violet for 10 min. Colonies composed 
of more than 50 cells were then counted for the colony-forming assays. Three independent assays were 
performed to confirm the results.

Soft agar colony formation assays: The tested cells (1×103) were grown in 1 mL of complete medium 
containing 0.3% low-melting-point agarose gel (Sigma-Aldrich) and rested on another layer of 1.5 mL of 
0.6% agarose gel in 6-well plates. The cells were then incubated with 5% CO2 at 37°C for 2 weeks. 
Colonies larger than 50 μm in diameter were observed and counted under the microscope. Three inde-
pendent experiments were performed to confirm the results.
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Wound healing assays

Cells were cultured in 6-well plates (Corning) to reach more than 90% confluency in a monolayer. The 
scratched wounds were made using a sterile 200 μL pipette tip in the cell monolayer. The wells were 
rinsed with PBS to remove cellular fragments and incubated with 5% CO2 at 37°C. Images were then 
taken with an optical microscope. The cell migrating distance was measured by gauging the scratch 
space at 0 h, 24 h, and 48 h by using the ImageJ software. Each independent experiment was repeated 
three times.

Transwell assays

For the invasion assays, breast cancer cells (2×104 cells) in a serum-free medium were plated into tran-
swell chambers (8 μm pore size; Corning) coated with 60 μL of Matrigel (1:8 dilution; BD Biosciences). 
For cell migration assays, no Matrigel was added. The culture medium containing 20% FBS was filled in 
the lower compartment as a chemical attractant. After incubation for 24-48 h, the cells in the upper 
chamber were removed with a cotton tip. The cells on the bottom side of the transwell membrane were 
fixed with 4% paraformaldehyde for 20 min and stained with 0.25% crystal violet staining solution for 30 
min. The cells were photographed with an optical microscope. The number of cells passing through the 
membrane in five random fields was determined using the ImageJ software. Each independent experi-
ment was repeated three times.

Western blot analysis

Cellular protein was extracted using RIPA buffer (Sigma-Aldrich). Protein concentrations were quantified 
using the Bicinchoninic Acid Kit (Sigma-Aldrich) as instructed by the manufacturer. Proteins were 
resolved using 10% SDS-PAGE gel electrophoresis. They were then transferred to a polyvinylidene fluo-
ride membrane (Millipore), blocked in 5% non-fat milk (Sigma-Aldrich) for 2 h, and incubated with the 
primary antibody (anti-YEATS4, Sigma-Aldrich, diluted by 1:1000; anti-GAPDH, Cell Signaling Technology, 
diluted by 1:1000) at 4°C overnight. Membranes were then incubated with the HRP-linked secondary 
antibody (diluted by 1:2000; Cell Signaling Technology) for 1 h at room temperature. Blots were visual-
ized by using an ECL Detection Kit (Millipore) and analyzed using the ImageJ software.

Immunofluorescence

Cells growing on glass cover slides were fixed with 4% paraformaldehyde for 15 min at room tempera-
ture, permeated with PBS containing 0.25% Triton X-100 for 30 min, blocked with 1% BSA for 1 h at 
room temperature, and incubated overnight with the indicated primary antibodies at 4°C and then with 
fluorescence-conjugated secondary antibodies. Nuclei were stained with DAPI. Cells were visualized by 
confocal laser scanning microscopy (Zeiss LSM 880).

Dual luciferase reporter assays

Luciferase reporter assays were conducted in accordance with the instructions provided by the manu-
facturer. The ZEB1 promoter was inserted into the pGL3-Basic luciferase expression vector (Genephar- 
ma). Cells were grown in 12-well plates (Corning) and transfected with an appropriate pcDNA3.1 plas-
mid, together with a luciferase plasmid, by using the X-tremeGENE HP DNA Transfection Reagent 
(Roche). After transfection for 48 h, cell lysates were obtained and luciferase reporter activities were 
measured using the Dual-Luciferase Reporter System (Promega). Firefly luciferase activities were nor-
malized to the activities of Renilla luciferase as the control. Each experiment was repeated three times.

In vivo tumorigenicity and metastasis assays

Female athymic nude mice (BALB/c-nu/nu) aged 4-6 weeks were obtained from Shanghai SLAC 
Laboratory Animal Company (Shanghai, China) and kept in specific-pathogen-free (SPF) environments at 
the Experimental Animal Center of Shanghai General Hospital, Shanghai Jiao Tong University School of 
Medicine. For tumorigenicity assays, tumor cells were resuspended in phosphate-buffered saline (PBS) 
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at a concentration of 2×106/100 μL and injected subcutaneously into the nude mice (n = 6 for each 
group). The xenograft tumor size was evaluated every 3 d with a Vernier caliper. Tumor volume was cal-
culated using the following formula: volume (mm3) = [(shortest length)2 × longest length]/2. Growth 
curves were plotted and analyzed for every group. All mice were euthanized after 40 d to isolate and 
collect tumors. The tumor weight was measured and recorded. For lung metastasis assays, tumor cells 
were resuspended in PBS at a density of 2×106/100 μL and intravenously injected into the nude mice 
(n = 8 for each group). The survival of all mice was recorded throughout the experiment. After 9 weeks, 
all mice were euthanized, and their lungs were resected for standard histological examinations.
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Table S1. ShRNA and primer sequences used in the research
Application Gene Sequence
Small hairpin RNA (shRNA) YEATS4 #1 GCGGGAGAGTAAAGGGTGTTA

TAACACCCTTTACTCTCCCGC
YEATS4 #2 GGGAGAGTAAAGGGTGTTACT

AGTAACACCCTTTACTCTCCC
ZEB1 GGAGGATAAAGAGATGGAAGA

TCTTCCATCTCTTTATCCTCC
Real time quantitative polymerase chain reaction (RT-qPCR) YEATS4 GAGAATGGCCGAATTTGGGC

CCGAGCAACATTACCGTAAACT
Snail ACTGCGACAAGGAGTACACC

GAGTGCGTTTGCAGATGGG
Slug CGAACTGGACACACATACAGTG

CTGAGGATCTCTGGTTGTGGT
Twist1 GTCCGCAGTCTTACGAGGAG

GCTTGAGGGTCTGAATCTTGCT
ZEB1 GATGATGAATGCGAGTCAGATGC

ACAGCAGTGTCTTGTTGTTGT
FOXC2 CCTCCTGGTATCTCAACCACA

GAGGGTCGAGTTCTCAATCCC
EZH2 AATCAGAGTACATGCGACTGAGA

GCTGTATCCTTCGCTGTTTCC
BMI1 CGTGTATTGTTCGTTACCTGGA

TTCAGTAGTGGTCTGGTCTTGT
E-cadherin CGAGAGCTACACGTTCACGG

GGGTGTCGAGGGAAAAATAGG
ZO-1 CAACATACAGTGACGCTTCACA

CACTATTGACGTTTCCCCACTC
Vimentin GACGCCATCAACACCGAGTT

CTTTGTCGTTGGTTAGCTGGT
N-cadherin TTTGATGGAGGTCTCCTAACACC

ACGTTTAACACGTTGGAAATGTG
E47 ACGAGCGTATGGGCTACCA

GTTATTGCTTGAGTGATCCGGG
GAPDH TGTGGGCATCAATGGATTTGG

ACACCATGTATTCCGGGTCAAT
ChIP assays ZEB1 site A TATTCGAAGGAGGTGGGAAGCAGG

CGTGCAGGACCTTAAGGCAAGAAG
ZEB1 site B ACCGCTGATGAACTTTCCCA

TGGAACTACCACAACGAGGC
ZEB1 site C CGTCCCCTAAGGCCAATACC

AGCGTATGCATTTCGTTGCC
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Figure S1. Correlation between the mRNA expres-
sion levels of YEATS4 and EMT transcription fac-
tor in breast cancer samples from the METABRIC 
dataset.
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Figure S2. ChIP assays were performed to determine H3K4ac, H3K9ac, H3K14ac, and H3K18ac occupancy in MDA-MB-231-shYEATS4 (A) and T-47D-YEATS4 (B) 
cells. Data were presented as mean ± standard deviation for 3 independent assays.
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Figure S3. Deleting ZEB1 restored the expression of the epithelial markers E-cadherin and ZO-1 and reduced the 
mesenchymal markers vimentin and N-cadherin in T-47D-YEATS4 cells, as determined by real-time quantitative poly-
merase chain reaction (RT-qPCR). Data were presented as mean ± standard deviation for 3 independent assays. 
**, P < 0.01; ***, P < 0.001.


