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Abstract

Purpose Dysfunctional lymphangiogenesis is pivotal for various pathological processes including tumor lymph node metas-
tasis which is a crucial cause of therapeutic failure for ESCC. In this study, we aim to elucidate the molecular mechanisms
and clinical relevance of Zinc-finger protein ZNF468 in lymphangiogenesis and lymphatic metastasis in ESCC.

Methods Immunohistochemistry, Western blot, Kaplan-Meier plotter analysis and Gene Set Enrichment Analysis were pre-
formed to detect the association of ZNF468 with lymphangiogenesis and poor prognosis in ESCC patients. Foot-pads lymph
node metastasis model, tube formation assay, 3D-culture assay and invasion assay were preformed to verify the effect of
ZNF468 on lymphangiogenesis and lymph node metastasis. CUT&Tag analysis, immunoprecipitation and mass spectrom-
etry analysis and ChIP-PCR assay were preformed to study the molecular mechanisms of ZNF468 in lymphangiogenesis.
Results We found that ectopic expression of ZNF468 was correlated with higher microlymphatic vessel density in ESCC
tissues, leading to poorer prognosis of ESCC patients. ZNF468 enhanced the capacity of lymphangiogenesis and promoted
lymphatic metastasis in ESCC both in vitro and in vivo. However, silencing ZNF468 reversed these phenotypes in ESCC.
Mechanically, we demonstrated that ZNF468 recruits the histone modification factors (PRMT1/HAT1) to increase the lev-
els of H4R2me2a and H3K9ac, which then leads to the recruitment of the transcription initiation complex on the VEGF-C
promoter, ultimately promoting the upregulation of VEGF-C transcription. Strikingly, the promoting effect of lymphatic
metastasis induced by ZNF468 in ESCC was abrogated by targeting PRMT 1 using Arginine methyltransferase inhibitor-1 or
silencing VEGF-C. Furthermore, we found that the activation of PI3K/AKT and ERK1/2 signaling is required for ZNF468-
medicated lymphatic metastasis in ESCC. Importantly, the clinical relevance between ZNF468 and VEGF-C were confirmed
not only in ESCC samples and but also in multiple cancer types.

Conclusion Our results identified a precise mechanism underlying ZNF468-induced epigenetic upregulation of VEGF-C in
facilitating lymphangiogenesis and lymph node metastasis of ESCC, which might provide a novel prognostic biomarker and
potential therapeutic for ESCC patients.
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1 Introduction

Esophageal cancer ranks the sixth leading cause of can-
cer-related deaths worldwide (544,000 deaths), which has
proved to be a significant global health challenge accord-
ing to the 2020 Global Cancer Statistics [1, 2]. Esophageal
squamous cell carcinoma (ESCC) accounts for almost 90%
of esophageal cancer cases in middle and low-income high-
risk areas [3, 4]. Currently, esophagectomy was the primary
curative treatment for resectable locally advanced esopha-
geal cancer. However, the diagnoses of esophageal cancer
often occured at an advanced stage with metastasis, leading
to less than 20% for the 5-year survival rates of esopha-
geal cancer patients [5]. The lack of predictive biomarker
for ESCC diagnosis has grown to be the most challenging
obstacle for improving the prognosis of esophageal cancer
patients. It is well known that lymphangiogenesis in ESCC
contributed to lymph node metastasis and subsequently
stands for a large burden for the malignant development and
poor prognosis of ESCC [6-8]. Hence, it is an urgent need
to unveil the molecular mechanism underlying ESCC lym-
phangiogenesis as well as lymph node metastasis, which
might offer a practical therapeutic target to ameliorate
ESCC prognosis in clinical practice.

The lymphatic system plays a crucial role in maintaining
cellular homeostasis. However, abnormal lymphangiogen-
esis is known to contribute to a range of pathological pro-
cesses, such as inflammatory diseases and tumor metastasis
[9, 10]. Deregulation of vascular endothelial growth factors,
including VEGF-C, has been reported to play an important
independent role for lymphangiogenesis and correlated with
the dissemination of tumour cells to regional lymph nodes.
Mandriota et al. firstly demonstrated that VEGF-C effec-
tively activated lymphangiogenesis growth factor signaling
by interacting with the corresponding receptor (VEGFR-3)
in a RipVEGF-C transgenics mice [11]. Multiple studies
have demonstrated that elevated VEGF-C are associated
with lymph-node metastasis and contributed to poor prog-
nosis of cancers patients [12]. Tang and colleagues found
80.4% of cancer tissues exhibit strong VEGF-C immunore-
activity in 51 cases of pancreatic cancer tissues by utilizing
immunohistochemical analysis [13]. Furthermore, higher
VEGF-C-positive staining was significantly correlated with
poorer histologic grade, lymphatic invasion, liver metas-
tasis and Duke’s stage in advanced colorectal carcinoma
[14]. The level of VEGF-C expression is linked to lower
S5-year survival rates in ESCC [15]. Importantly, Kaplan-
Meier analyses revealed that high expression of VEGF-C
promotes lymphangiogenesis and has been shown to closely
relate with shorter disease-free survival (DFS) (P=0.006)
and overall survival (OS) (P=0.017) in ESCC patients [16].
These studies emphasized the significant role of VEGF-C,

@ Springer

which could potentially serve as a reliable marker to pre-
dict the prognostic characteristics of various types of cancer.
Therefore, elucidating the definite mechanism of VEGF-C
dysregulation might provide a new therapeutic target for
inhibiting lymph node metastasis and offer a more effica-
cious strategy for cancer clinical intervention.

Histone modification is an important mechanism for
regulating protein stability and play crucial role in disease
development, including carcinogenesis, immune disorders
cell and proliferation [17, 18]. Histone methylation is one
of the epigenetic modifications in tumor development by
controlling gene repression and gene activation rely on add-
ing or removing lysine and arginine residues within proteins
respectively [19]. It is usually believed that demethylation
or trimethylation of H3K4 is associated with transcriptional
activation, while demethylation or trimethylation of H3K9
and H3K27 are linked to transcriptional inhibition [20, 21].
For example, PRMT 1 suppresses the protein levels of cGAS
by inducing asymmetric dimethylation on the arginine resi-
dues, subsequently suppressing anti-tumor immunity [22].
Additionally, overexpression of enhancer of zeste homo-
log 2 (EZH2) fosters levels of H3K27me3 and promotes
KRT14 gene expression by reprogramming the regulatory
mode of transcription factor SP1, which fosters metastasis
ability of triple-negative breast cancer [23]. These studies
demonstrated that aberrant histone modification participates
in regulating gene expression and contribute to malignant
development of tumors. Nowadays, an increasing body of
evidence suggests that drugs targeting epigenetics have
shown promising therapeutic effects in combination with
other therapies, holding tremendous potential for the pre-
vention and treatment of tumors.

ZNF468 is a novel member of the zinc finger protein fam-
ily which constitutes the largest transcription factor family
with finger domain and plays a significant role in multiple
biological processes [24]. Recent studies have identified
diverse zinc-finger proteins as critical regulators for cancer
initiation and progression [25, 26]. For instance, Zhang et
al. reported that the potential tumor suppressor ZNF671 is
downregulated in nasopharyngeal carcinoma and promotes
cell proliferation and tumorigenicity [27]. Another study
has showed that ectopic expression of ZNF575 inhibited
colorectal cancer cell proliferation, promoted cell apop-
tosis, and impaired tumor growth [28]. Furthermore, Hu
and colleagues demonstrated that ZNF668 can inhibit
cancer development through the p53 pathway and act as
a potential tumor suppressor in breast cancer [29]. He and
colleagues showed that ZNF154 functions as a tumor sup-
pressor in ESCC and correlates with poor prognosis [30].
The above studies suggest the important role of zinc fin-
ger protein family members in the development of cancer.
Whereas the associated biological function and molecular
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mechanism remains of ZNF468 underlying progression of
ESCC remain largely unknown. Exploring the potential role
of ZNF468 as a therapeutic target for ESCC may contribute
to the development of innovative therapeutic strategies and
improve the prognosis of patients with ESCC.

2 Materials and methods
2.1 Cell lines and Cell Culture

ECA109 and KYSE30 cell lines were obtained from the
German Resource Centre for Biological Material. The
culture conditions for cell lines are Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum (Life Tech-
nologies, USA) and cultured under 5% CO2 in air at 37 °C
[31]. All cell lines were identified by short tandem repeat
(STR) fingerprinting. Cell transfection experiment was per-
formed by using ProFect-3K Transfection Reagent Kit (Cel-
folio, Cat No:82-300015, Macrollbiotechnology Ltd.)

2.2 Western blot

Western blot analysis was performed according to our
previous published studies [32]. All the antibody using
in our study was: anti-flag (Sigma, F3165), anti-ZNF468
(Abcam, ab88862), anti-VEGF-C (Abcam, ab9546), anti-
HA (Abcam, ab9110), anti-myc (Abcam, ab32072) anti-
GST (Abcam, ab111947). After incubation with the target
protein, the membrane was re-incubated with GAPDH as
a control.

2.3 Immunohistochemistry (IHC)

Immunohistochemistry analysis was performed according
to our published studies [32]. Anti-ZNF468, anti-VEGF-C,
anti-Lyve-1 antibody was used in this study. According to
the staining intensity of the membrane, nucleus, or cyto-
plasm, cells are classified into different levels, and the pro-
portion of cell count in each level is counted (for example,
level 1 (0-10% intensity) is 1 point, level 2 (11-40% inten-
sity) is 2 points, level 3 (41-70% intensity) is 3 points, and
level 4 (71-100% intensity) is 4 points). Finally, all scores
are added up to obtain the total score [33].

2.4 Invasion assay

1x10* ESCC indicated cells were cultured in Transwell
filter (pre-coated with Matrigel) (BD Biosciences). After
fixed and soak in hematoxylin for 5 min, the cells passing
through the Matrigel were count and take the average value.

The number of cells passing through 10 visual fields was
calculated for statistics.

2.5 CUT&tag analysis

CUT&Tag assay was performed by using Hyperactive® Uni-
versal CUT&Tag Assay Kit for [llumina (TD904, Vazyme)
and the experimental steps are strictly carried out accord-
ing to the manufacturer’s instructions. In short, we collected
1x10° indicated cells and centrifuge at 2500 rpmx g for
5 min, discard the supernatant and add NE buffer and cen-
trifuge at 2500 rpmX g for 5 min, and discard all the super-
natant. Then add 100 pl activated ConA Beads mix with the
cell nucleus them incubate at room temperature for 10 min.
Subsequently, join 50 pl precooled ZNF468 Antibody resus-
pended cells (nuclei)-magnetic bead complexes overnight.
Add a secondary antibody to mix the antibody with the cell
(nucleus) magnetic bead complex evenly and incubate by
rotating at room temperature for 30—60 min. Subsequently
incubate with pA/G-Tnp transposons for 1 h then incubate
with Extract DNA Beads at 55 °C for 10 min. The frag-
mented DNA will be used for gPCR quantitative detection.
Finally, library quality testing and CUT&Tag -seq analysis
were performed. The raw sequencing data in the current
study can be downloaded from the NCBI’s Sequence Read
Archive (SRA) using accession code PRINA1017969.

2.6 Streptavidin affinity purification of dCas9-
captured proteins

The biotinylated dCas9-based method was performed
according to our published studies [34]. A total of 5x 10’
FB-dCas9-expressing Ecal09 cells transduced with VEGF-
C-specific sgRNA were used for detecting potential proteins
which located on the VEGF-C promoter and analyzed by
western blot and IP-MS analysis (Shanghai Applied Pro-
tein Technology Co.Ltd.). VEGF-C-specific sgRNA was:
GTGTCCGTCTACAGATGTGGNGG.

2.7 Immunoprecipitation and mass spectrometry
(MS) analysis

Firstly, cell lysates from were incubated with anti-HA
(Abcam, ab9110), anti-myc (Abcam, ab32072), or anti-flag
(Sigma, F3165) conjugated agarose beads, respectively. The
washing solution runs through SDS-PAGE gel for dyeing
and decolorization, all bands are cut and decolorized with
the decolorization solution. Proteomics grade trypsin treat-
ment was centrifugally dried and re dissolved in Nano LC
mobile phase A (0.1% formic acid/water) for bottle load-
ing and subjected to LC-MS/MS analysis (Wininnovate Bio
(Shenzhen, China).
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2.8 Chemical reagents

PRMT1 inhibitor (Arginine methyltransferase inhibitor-1,
AMI-1, S7884), PI3K inhibitor (LY294002, S1105), anti-
VEGFR-3 antibodies (Axitinib, S1005) were purchased
from Selleck.

2.9 Statistics

Univariate and multivariate analysis of different prognostic
parameters in patients with ESCC was analyzed with Cox-
proportional hazards model. Student’s 2-tailed t test was
used to compare whether the difference between two aver-
ages is significant. SPSS 21.0 statistical software was used
in our study. Data represent mean + SD.

3 Result

3.1 Upregulation of ZNF468 associates with
microlymphatic vessel density (MLD) and closely
related to poor prognosis in ESCC patients

The relationship between ZNF468 and lymphatic metas-
tasis was firstly investigated in ESCC tissues and found
that ZNF468 was markedly upregulated in ESCC with
lymph node metastasis (LN"), compared to ESCC tissues
without lymph node metastasis (LN™) (Fig. 1A). Strik-
ingly, the protein levels of ZNF468 were closely related to
Lyvel, markers of microlymphatic vessel density in ESCC
(Fig. 1B). The high level of both ZNF468 expression and
Lyvel staining indicated shorter metastasis-free survival
time compared with lower level of ZNF468 expression and
Lyvel in ESCC patients (P=0.017, HR (95% CI)=1.78
(1.17-2.40)) (Fig. 1C). Consistent with this result, the
mRNA levels of ZNF468 were significantly higher in ESCC
with lymph node metastasis (N,), compared to ESCC tis-
sues without lymph node metastasis (N,) (Fig. 1D). Further,
we found that high level of ZNF468 was closely related to
metastasis-free survival (P=0.008, HR (95% CI)=3.23
(2.74-3.73)) in ESCC patients in public dataset, suggesting
that ZNF468 might act as an independent prognostic fac-
tor in ESCC (Fig. 1E and Supplementary Table 2). More-
over, ZNF468 overexpression significantly correlated with
gene signatures associated with lymphangiogenesis and
metastasis (GO_LYMPHANGIOGENESIS, CLASPER
LYMPHATIC = VESSELS @ DURING  METASTASIS
_ DN, BIDUS METASTASIS UP, BIDUS METAS-
TASIS _ DN) in ESCC tissues generated from the Cancer
Genome Atlas (TCGA) dataset (Fig. 1F). Collectively, these
results suggest that ZNF468 was upregulated in lymph node
metastatic-ESCC tissues, and overexpression of ZNF468
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associates with lymphangiogenesis and poor prognosis in
ESCC patient.

3.2 Ectopic expression of ZNF468 promotes
lymphangiogenesis and lymph node metastasis in
vivo

Next, a foot-pads lymph node metastasis model was used to
verify effect of ZNF468 on lymph node metastasis in vivo.
ECA109/Vector, ECA109/ZNF468, ECA109/Control and
ECA109/ZNF468-shRNA stable cell lines has been estab-
lished perspectively and injected the foot pads separately
into nude mice (n=>5/group; Fig. 2A and Supplementary
Fig. 1). We firstly found that the volumes of the popliteal
lymph nodes were significantly smaller in ZNF468-shRNA
cohort but significantly enlarged in ZNF468-overexpression
group compared to control (Fig. 2B). Furthermore, the Lyve-
1-positive microvessels is abnormally elevated in tumors
formed by exogenous high expression of ZNF468, but sig-
nificantly decreased in the group with low expression of
ZNF468 (Fig. 2C). Meanwhile, we found that lymph nodes
volume and metastatic ratios of popliteal lymph nodes were
higher in mice burdened with ZNF468-positive tumor cells,
but lower in mice with ZNF468-shRNA cells than control
cells (Fig. 2D). Strikingly, the tumors formed by ECA109/
ZNF468 cells were larger and heavier while formed by
ECA109/ZNF468-shRNA cells were smaller and lighter
compared to the corresponding control group (Fig. 2E-G).
However, there was not significantly effects on body weight
of mice both in ECA109/ZNF468 and ECA109/ZNF468-
shRNA group compared with control groups (Supplemen-
tary Fig. 2).

3.3 Overexpression of ZNF468 promotes
lymphangiogenesis and increases invasiveness of
ESCC cells in vitro

Furthermore, the biological function of ZNF468 on lym-
phangiogenesis and ESCC cell invasiveness has been inves-
tigated in vitro. The culture medium derived from ZNF468
exogenous high expression ESCC cells has a significant abil-
ity to induce tube formation in human lymphatic endothelial
cells (HLEC) (Fig. 3A). In addition, the migration ability
of HLEC was significantly improved after treated with the
medium produced by ZNF468-overexpressing ESCC cells,
while reduced after treated with ZNF468-inhibting ESCC
cells (Fig. 3B). Meanwhile, ZNF468-overexpressed cells
significantly enhanced the invasion and migration capac-
ity of ESCC cells, as displayed by 3D-culture and transwell
assays (Fig. 3C and Supplementary Fig. 3). The above
results suggest that ectopic expression of ZNF468 plays a
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Fig. 1 Upregulation of ZNF468 associates with microlymphatic vessel
density (MLD) and correlates with poor prognosis in ESCC patients. A
Immunohistochemistry staining analysis ZNF468 expression in ESCC
tissues with lymph node metastasis (LN™) or without lymph node
metastasis (LNT). ““P<0.001. B Immunohistochemistry staining
analysis ZNF468 and Lyvel expression in ESCC tissues. ““P<0.01. C
The Kaplan-Meier survival curves compare ESCC patients with both
higher ZNF468 and Lyvel or lower ZNF468 and Lyvel expression

crucial role in promoting lymphatic vessel formation and
metastasis of ESCC cells in vitro.

3.4 ZNF468 binds to the VEGF-C promoter and
upregulates the expression of VEGF-C

CUT&Tag-seq has been conducted by using ZNF468
antibody (Fig. 4A) and demonstrated that genes with GO

MR

QT

High Low
P=0.035 NES=0.98 FDR=0.19

Low
P=0.021 NES=-1.6 FDR=0.15

High

levels (n=74; P=0.017). D mRNA expression of ZNF468 in ESCC
tissues with lymph node metastasis (LN, , ,, ;) or without lymph node
metastasis (LN,) in TCGA dataset. E Survival analysis compare ESCC
patients with higher ZNF468 and lower ZNF468 expression levels in
TCGA dataset (n=32; P=0.008). F GSEA analysis the correlation
analysis between the mRNA levels of ZNF468 and lymphangiogenesis
and metastasis in TCGA datasets

biological process terms “lymphangiogenesis”, “lymph ves-
sel morphogenesis” and “lymph node development” were
enriched (Fig. 4B). Multiple reports have suggested that
VEGF-C expression is biologically and clinically associ-
ated with lymphangiogenesis and contributed to lymphatic
metastatic of tumor cells [35, 36]. Interestingly, 3 poten-
tial ZNF468 binding sites were predicted in the promoter
of VEGF-C in the JASPAR database (Fig. 4C). ZNF468

@ Springer



J. Zhu et al.

A B
Popliteal lymph node M Vector M Ctrl
Inoculation Popliteal J & BMZNF468 [ shRNA
| S ‘ 4~ Vector £ e
; _ E3op
1y e
i - 3
: i U gzo
815
210
S s
£
20
C
s MVector M Ctrl
ZNF468 S mzNFass 1 shRNA
2 30
>
+ 25
@
5,20
s 15
210
S 5
IHC: Ant|-Lyve-1 Ab g
<<
D Vector ZNF468 Ctrl Effect of ZNF468 on
; popliteal lymph node metastasis in vivo
No. total No. Metastatic
LNs [metastasis LNs| ratio(%)
Vector 5 2 40
ZNF468 5 5 100
Ctrl 5 2 40
shRNA 5 1 20
E F G
Vector : - 7007 <= Vector
_‘ R o ot 750 - " *%* . ; *% ;
- 2B w «‘g 600{ === 2ZNF468 R
3 =]
ZNF468~ % 6 @ “ £ s00{ ——Control g at
I shRNA Esoo. %
6 £ 4001 1
A 7
Control & T & ¢ @ = ® §
2 3004 2 . A
| : = £
p o
shRNA g 200- E250 {"_ :
5 ] A
= 1001 =
0 =
0 —r v T v
day(s) 0 5 10 15 20 25 30 35 o @ & &Y
F & &
A &

Fig. 2 Ectopic expression of ZNF468 promotes lymphangiogenesis
and lymph node metastasis in vivo. A Popliteal lymph node metastasis
model used in our study, “*P<0.01. B Lymph nodes in indicated group
(left) and quantification of lymph nodes volume (right), “P<0.01.
C Lyve-l expression in the indicated group, “P<0.01. D ZNF468
expression in indicated group by performing IHC assay (left). Lymph

@ Springer

00

node metastasis ratio in the indicated cells (Right). E ESCC cells were

subcutaneous injected into nude mice (n=>5/group). Images of the

tumors from all mice in each group. F Changes in tumor volume of

£r*1ice in different groups. G Mouse tumor tumors in different groups,
P<0.01
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was found to be greatly enriched in the VEGF-C promoter
sequence by performing ChIP-PCR assay (Fig. 4D). The
dual luciferase assay showed that exogenous overexpression
of ZNF468 significantly enhanced the luciferase activity of
the VEGF-C promoter, but inhibition of ZNF468 expression
showed the opposite (Fig. 4E). In addition, the mutation of
the ZNF468 binding site did not affect the luciferase activ-
ity of the VEGF-C promoter (Fig. 4E). Meanwhile, signifi-
cant upregulation of VEGF-C expression was observed in
ESCC cells which overexpressing ZNF468, but downregu-
lation was observed in ESCC cells with ZNF468 silencing
expression (Supplementary Fig. 4A and 4B). Additionally,
ChIP-PCR assay revealed that ZNF468 bound to the region
3 within the VEGF-C promoter region (Fig. 4F). Further-
more, as illustrated in Fig. 4G and Supplementary Fig. 4C,

we found that the luciferase activities driven by serial DNA
fragments cloned from the VEGF-C promoter region,
including fragments covering nucleotides — 1886 to -105
(P1),-942 to -105 (P2), -956 to -508 (P5), were significantly
increased in the ZNF468 upregulation group but decreased
in the ZNF468 knockdown group. Thus, these results indi-
cate that ZNF468 can bind to the promoter of VEGF-C and
transcriptionally upregulate VEGF-C expression in ESCC
cells.
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in the indicated cells. P <0.01
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3.5 Histone modification factors: PRMT1 and HAT1
are involved in ZNF468-mediated transcriptional
upregulation of VEGF-C

A biotinylated dCas9-based method combined with mass
spectrometry analysis were used to explore the mechanism
of ZNF468 upregulating VEGF-C level in ESCC. It was
found that PRMT1 may be a potential factor for VEGF-C
transcription regulation in ESCC (Fig. 5A). Interestingly,
we found that ZNF468 directly interacts with PRMT1 by
performing co-immunoprecipitation and far-western blot-
ting assay in ESCC cells (Fig. 5B-C). We further identi-
fied specific ZNF468 regions that interact with PRMTI.
We found that ZNF468-Full, ZNF468-F1, ZNF468-F2
and ZNF468-F3, but not ZNF468-F4, was interacted
with PRMT1 in ESCC cells (Fig. 5D and Supplementary
Fig. 5A). Moreover, we demonstrated that silencing PRMT 1
or ZNF468 significantly reduced the levels of H4R3me2a
but have no effect on H4R3me1 levels of the VEGF-C pro-
moter (Fig. 5E). It has been reported that dimethyl H4R3
modification could induce H3K9/14 acetylation or H4K8/12
acetylation, resulting in the transcription initiation complex
binding to promoters and initiating target gene transcription
[37]. In line with these reports, we found that inhibition of
PRMT1 by siRNA or with PRMT1 inhibitor (2.5mM AMI-1
treatment for 48 h) not only reduced the acetylation levels of
H3K9 on the VEGF-C promoter but also decrease the lucif-
erase activity of the VEGF-C promoter and mRNA/protein
levels of VEGF-C (Fig. 5F and Supplementary Fig. 5C-E).
HATT1 is the histone acetyltransferase discovered which is
critical for maintenance of H3K9ac, H4K5ac and H4K12ac
at target genes. Interestingly, we found that HAT1 has
also been predicted to be a potential factor for VEGF-C
transcription regulation in ESCC and clarified the direct
interaction between ZNF468 and HAT1 by performing
co-immunoprecipitation assay in ESCC cells (Fig. 5A and
Supplementary Fig. 5B). Inhibition of HAT1 by siRNA not
only reduced the acetylation levels of H3K9 on the VEGF-
C promoter but also decrease the luciferase activity of the
VEGF-C promoter and mRNA/protein levels of VEGF-
C (Fig. 5F and Supplementary Fig. 5C-E). Furthermore,
inhibition of PRMT1 or HAT1 significantly decreased the
abundance of transcription initiation complex such as TBP,
TAF1, and POII on the VEGF-C promoter (Fig. 5G). Func-
tionally, silencing PRMT1/HATT1 or treatment with AMI-1
significantly impaired the ability of ZNF468-induced HLEC
tube formation and migration and invasive of ESCC cells
(Fig. 5H and I and Supplementary Fig. 5F). Collectively,
these results demonstrate that the combination of PRMT]1-
induced H4R3 methylation and HAT1-induced H3K9 his-
tone acetylation jointly promotes VEGF-C transcription in
ZNF468-overexpressing ESCC cells.

3.6 PRMT1/VEGF-Cis required in ZNF468 induced
lymph node metastasis in ESCC

We next studied whether PRMT1 and VEGF-C are required
for ZNF468-induced lymphatic metastasis in ESCC. Inhibi-
tion of PRMT1 with AMI-1 or silencing VEGF-C dramati-
cally reduced the tube formation ability of HLECs (Fig. 6A).
The migration ability of ESCC cells was also significantly
repressed when treated with PRMT 1 inhibition or silencing
VEGF-C (Fig. 6B). Furthermore, inhibition of PRMT1 with
AMI-1 or silencing VEGF-C dramatically reduced lymph
nodes volumes and decreased the number of ZNF468-pos-
itive tumor cells in the lymph nodes in the indicated mice
(Fig. 6C). Meanwhile, we found that inhibition of PRMT1
with AMI-1 or silencing VEGF-C significantly decreased
the Lyve-1 staining in tumors formed by ECA109/ZNF468
(Fig. 6D). Together, PRMT1 and VEGF-C play an impor-
tant role in ZNF468 induced lymphangiogenesis and lym-
phatic metastasis of ESCC, both in vitro and in vivo.

3.7 ZNF468-mediated lymphangiogenesis and
lymphatic metastasis is dependent on the PI3K/AKT
and ERK1/2 signaling pathway

It is well known that abnormal activation of PI3K/AKT and
ERK1/2 signaling pathway was contributed to lymphangio-
genesis and eventually leading to lymphatic metastasis in
tumor [38, 39]. Interestingly, we found that phosphoryla-
tion of PI3K, AKT and ERK1/2 was markedly increased
in HLEC:s transfected with ZNF468 but reduced in HLECs
transfected with ZNF468-shRNA (Fig. 7A). However,
increase levels of phosphorylation of PI3K, AKT and
ERK1/2 induced by ZNF468 was significantly repressed in
HLECSs when treatment with VEGF-C siRNA or with anti-
VEGFR-3(Fig. 7A). Furthermore, the tube formation ability
of HLECs cells, and the migration ability of HLECs was
significantly repressed by using the PI3K inhibitor (10 pg/
ml LY294002 treatment for 48 h) or Axitinib, which is a
potent and selective inhibitor of vascular endothelial growth
factor (VEGF) receptor tyrosine kinases 1 to 3 (100 ng/mL
treatment for 45 min) in HLECs (Fig. 7B-C). Therefore,
these results suggest that ZNF468 induces lymphangiogen-
esis and lymphatic metastasis in ESCC via the PI3K/AKT
and ERK1/2 signaling pathway.

3.8 Clinical significance of ZNF468 and VEGF-Cin
ESCC

As shown in Fig. 8A and B, the expression level of ZNF468
was closely related to the expression of VEGF-C in 9 newly
collected clinical ESCC samples (r=0.692, P=0.024)
and in paraffin tissues (P<0.01). In order to further prove
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C Far-western blot showing that ZNF468 interacted with PRMT1. D
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the clinical relevance, we verified the clinical relevance
of ZNF468 and VEGF-C in multiple published profiles:
Esophageal cancer (GSE20347; r=0.556; p<0.001; n=34;
GSE 23400; r=0.401; p<0.001; n=106); Pancreatic Can-
cer (GSE17891; r=0.791; p<0.001; n=47); Gastric cancer
(GSE29272; r=0.419; p<0.001; n=268); Liver hepato-
cellular carcinoma(TCGA; r=0.303; p=0.027; n=358)
(Fig. 8C). Furthermore, we found that ZNF468 was over-
expressed in multiple cancers (Supplementary Fig. 6A) and
Kaplan-Meier analyses revealed that ZNF468 were associ-
ated with shorter overall survival and disease-free survival
not only in ESCC (Supplementary Fig. 6B) but also in other
cancer types such as PAAD, LIHC, LGG, LUSC, BRCA,
Sarcoma in TCGA public dataset (Supplementary Fig. 6C).

B
o

w
o

vessel/tumor

+
1
)
S

o

Lyve-

IHC:Anti-Lyve-1 Ab

o

cells in the indicated group. “"P<0.01. C Lymph node metastasis
ratio in the indicated cells. D Lyve-1 expression in the indicated group,
P<0.01

Therefore, the clinical significance of ZNF468 and VEGF-C
expression extends beyond ESCC to include various other
types of cancer.

4 Discussion

Clinically, regional lymph node metastasis plays a key role
in the diagnosis, staging and treatment of tumors. Malig-
nant tumors of epithelial origin tend to develop local lymph
node metastasis, which has great influence on clinical
prognosis of tumor patients [40]. Although the phenom-
enon of tumor cells metastasized through lymphatic ves-
sels has been discovered for years, the exact mechanism is
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Fig. 7 ZNF468-mediated lymphangiogenesis and lymphatic metasta-
sis is dependent on the PI3K/AKT and ERK1/2 signaling pathway.
A Western blotting analysis of p-PI3K, p-AKT, p-ERK1/2 protein in

still not completely clear. In our study, we firstly provide
evidence that overexpression of ZNF468 was associated
with high microlymphatic vessel density (MLD) and con-
tributed to poorer prognosis of ESCC patients. Mechanisti-
cally, ZNF468 enhanced lymphangiogenesis and lymphatic
metastasis in ESCC via forming a complex with PRMT1
and HAT1 on the VEGF-C promoter, eliciting epigenetic
histone H4R3me2a/H3K9ac-mediated transactivation of
VEGF-C. Furthermore, we found that ZNF468-mediated
lymphangiogenesis and lymphatic metastasis dependent on
the PI3K/AKT and ERK1/2 signaling (Fig. 8D). Therefore,
this study unveils a novel mechanism underlying lymphatic
metastasis in tumors and inhibition of VEGF-C or PRMT]1
emerges as a promising treatment strategy for patients with
ESCC.

It has been well established that VEGF-C/VEGFR-3
signal pathway plays an important role in lymphangiogen-
esis and involved in many biological processes, such as
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the indicated cells. GAPDH served as a loading control. B The tube
formation ability of HLECs in the indicated groups. “"P<0.01. C The
migration ability of HLECs in the indicated groups

cell proliferation and invasion [41, 42]. Overexpression of
VEGFR-3 can destroy the adhesion junctions between lym-
phatic endothelial cells, which leads to the loss of the barrier
function of lymphatic endothelial cells, subsequently pro-
vides the possibility for tumor cells to infiltrate and escape
lymphatic ducts [43]. There are several small-molecule that
targeting VEGFR-3, such as mF431C1, a monoclonal anti-
body targets VEGFR-3 and is able to specifically inhibit the
activity of VEGFR-3 [44]. In ovarian cancer tissue sections,
peptide III was found to co-localize with VEGFR-3 in lym-
phatic endothelial cells, suggesting that polypeptide I1I may
be a potential peptide small molecule targeting VEGFR-3
for the treatment of ovarian cancer [45]. Fucoidan, discov-
ered in 2016, can inhibit lymphangiogenesis in xenograft
mice in vivo by degrading VEGFR-3 and PROX1, subse-
quently preventing tumor metastasis [46]. Sunitinib, a drug
targeting VEGFR2, also has the same inhibitory effect on
VEGFR-3, which can obviously inhibit the formation and
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ZNF468 levels were positively associated with VEGF-C expression lymphangiogenesis and lymphatic metastasis via epigenetic upregula-
in human ESCC specimens. B Analysis of expression (upper) and tion of VEGF-C and that targeting ZNF468/PRMT1/HAT1/VEGF-C
correlation (down) of VEGF-C with ZNF468 expression in 9 freshly axis prohibits tumor-associated lymphagiogenesis and suppresses lym-

collected ESCC samples. C ZNF468 expression correlated positively phatic metastasis in ESCC.
with VEGF-C expression in published profiles of multiple cancers.
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growth of lymphatic vessels and inhibited the growth of
transplanted tumors formed by VEGFR-C-overexpressing
tumor cells in mice [47]. In addition, other anti-angiogene-
sis tyrosine-kinase inhibitor such as sorafenib and Vatalanib
can also target VEGFR-3 and inhibit its activity [48]. How-
ever, blocking VEGFR-3 signal pathway by using suni-
tinib or sorafenib have potential side effects such as arterial
hypertension, thyroid dysfunction and metabolic disorders
[49]. Therefore, it is of urgent need to identify more effective
therapeutic targets that regulate VEGFR-3 in an appropriate
manner. At present, we found that ZNF468 overexpressing
enhanced the capacity of lymphangiogenesis and lymphatic
metastasis in ESCC both in vitro and in vivo via epigen-
etic upregulating VEGF-C expression in ESCC and subse-
quently activating the PI3K/Akt and ERK1/2 signaling in
HLEC. Inhibited the expression of VEGF-C or PRMTT1 sig-
nificantly repressed the capacity of lymphangiogenesis and
lymphatic metastasis induced by ZNF468, suggesting that
ZNF468 could contribute to VEGF-C/VEGFR-3 signaling
activation and thereby represent a novel target for ESCC
treatment.

Although great progress has been made in the etiology
research of gastrointestinal malignancies and the compre-
hensive treatment based on surgical resection, chemother-
apy and radiotherapy, the treatment of tumors still faces
great challenges, due to the significant differences in treat-
ment sensitivity and adverse reactions among different indi-
viduals [50]. For example, the effectiveness of commonly
used anti-tumor chemotherapy drugs for patient treatment
is not only less than 70%, but due to the lack of genetic
analysis of individualized chemotherapy drugs, about 20-
35% of patients may have received inappropriate drug treat-
ment [51, 52]. Due to the lack of predictive biomarkers for
early diagnosis, the survival prognosis and quality of life
of gastrointestinal cancer patients remain poor, emphasiz-
ing the necessity of early detection and intervention. There-
fore, searching for diagnostic biomarkers related to cancer
and comparing genetic differences between individuals may
provide new directions for the development of clinical treat-
ment of tumors, ultimately guiding individualized clinical
treatment of tumors. In our study we reported that ZNF468
was overexpressed in ECSS and associates with lymphan-
giogenesis and lymph node metastasis with poor prognosis
in ESCC patient. Interestingly, we also found that ZNF468
was upregulated in multiple cancer types, and high level of
ZNF468 was associated with shorter overall survival and
disease-free survival not only in ESCC but also in multiple
cancers such as PAAD, LIHC, LGG, LUSC, BRCA, Sar-
coma in TCGA public dataset. More importantly, we found
that the expression of ZNF468 and VEGF-C was in closely
relation in esophageal cancer and many other tumors. This
suggests the potential clinical implications of ZNF468 in
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prognosis evaluation and personalized treatment of various
types of cancers. Therefore, the molecular mechanism and
clinical significance underlying ZNF468 regulated lymph
node metastasis in others type of cancer is worthy of further
investigation.
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