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ABSTRACT

Chromatin remodeling impacts the structural neigh-
borhoods and regulates gene expression. However,
the role of enhancer-guided chromatin remodeling
in the gene regulation remains unclear. Here, us-
ing RNA-seq and ChIP-seq, we identified for the first
time that neurotensin (NTS) serves as a key onco-
gene in uveal melanoma and that CTCF interacts with
the upstream enhancer of NTS and orchestrates an
800 kb chromosomal loop between the promoter and
enhancer. Intriguingly, this novel CTCF-guided chro-
matin loop was ubiquitous in a cohort of tumor pa-
tients. In addition, a disruption in this chromosomal
interaction prevented the histone acetyltransferase
EP300 from embedding in the promoter of NTS and
resulted in NTS silencing. Most importantly, in vitro
and in vivo experiments showed that the ability of tu-
mor formation was significantly suppressed via dele-
tion of the enhancer by CRISPR-Cas9. These studies
delineate a novel onco-enhancer guided epigenetic
mechanism and provide a promising therapeutic con-
cept for disease therapy.

INTRODUCTION

Chromosomal remodeling plays a key role in the mainte-
nance of homeostasis, and aberrant chromosomal remodel-
ing dysregulates downstream gene expression and leads to
the occurrence of a variety of diseases (1). Spatial organiza-
tion is an inherent property for accommodating the 2 meters
of DNA in the nucleus. During this organization, topologi-
cally associating domains (TADs) function as a fundamen-
tal structural unit which guides regulatory elements to their
cognate promoters (2). A disruption in the TAD bound-
ary near the EHPA4 locus results in abnormal development

of the limb bud (3). In addition, chromosomal loops be-
tween the Tfap2c¢ and Bmp7 genes are split into two struc-
tural and functional domains. The transformation of these
two phases is essential in heart development (4). In a ge-
nomic analysis of over 9000 tumor cases, it was found that
CTCF /cohesin-binding sites are frequently mutated in can-
cers (5). Thus, the role of chromosomal remodeling in phys-
iology and pathogenesis is potentially interesting.

As a key component of chromosomal remodeling, en-
hancers are noncoding regulatory elements that stimulate
transcription through looping-mediated interactions with
promoters and are activated in specific cellular contexts
by different combinations of sequence-specific transcrip-
tion factors (TFs) (6). Active enhancers are generally con-
sidered to function via 3D chromosomal interactions (7),
which adopt a signature chromatin structure and can be
identified by mapping an open chromatin status or histone
acetylation markers (8). Aberrant oncogene expression in
these events is thought to be dependent on looping inter-
actions between the oncogene promoter and cis-regulatory
elements from the translocation partner locus (9,10). For
example, in medulloblastoma, somatic structural variants
juxtapose GFI1- or GFI1B-coding sequences proximal to
active enhancer elements, including super enhancers, insti-
gating oncogenic activity (11). In addition, recurrent tan-
dem duplications intersecting with a TAD boundary medi-
ate the de novo formation of a 3D contact domain compris-
ing /GF2 and a lineage-specific super enhancer, resulting in
IGF2 activation in colorectal tumors (12). Therefore, the ex-
ploration of enhancer-associated chromatin remodeling has
attracted increasing attention in diversified biological pro-
cesses, especially tumorigenesis.

Under most situations, chromatin remodeling factors
show their functions in gene expression through DNA
methylations, histone modifications and chromatin insu-
lations (13,14). In this process, CCCTC-binding factor
(CTCF) can directly bind to the promoters, silencers, and
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insulators of genes involved in mRNA splicing, differenti-
ation, apoptosis, imprinting and X chromosome inactiva-
tion (15). For example, our previous study demonstrated
that the N-terminus of CTCF could form a chromoso-
mal loop with polycomb repressive complex-2 (PRC2) and
maintain the imprinting of human insulin-like growth fac-
tor II (IGF-2) (16). In addition, CTCF-cohesion loops dis-
rupt polycomb-dependent chromosome interactions in em-
bryonic stem cells (17). Moreover, CTCF-mediated chro-
matin loops have been revealed to regulate alternative splic-
ing (18) and the tumorigenesis of leukemia and medul-
loblastoma (19-21). Intriguingly, CTCF can hijack distal
enhancers by CTCF dimers to form chromosomal loops
and regulate gene expression (22,23); however, the role of
the enhancer-guided chromatin remodeling in tumorigene-
sis remains to be fully elucidated.

In this study, we identified for the first time that neu-
rotensin (NTS) is an important initiator of tumorigene-
sis in malignant uveal melanoma (UM). We also revealed
that CTCF-EP300-guided chromatin remodeling triggered
oncogene transcription and tumorigenesis. Our data rep-
resent a novel mechanism of chromatin remodeling in tu-
morigenesis and provide a promising therapeutic method
in which the targeted correction of abnormal chromosomal
interactions is efficient in tumor therapy.

MATERIALS AND METHODS
Cell lines and cell culture

The human UM cell lines OCM1, OCMla and OM431
were kindly provided by Professor John F. Marshall (Tumor
Biology Laboratory, Cancer Research UK Clinical Center,
John Vane Science Centre, London, UK). The human nor-
mal melanocyte cell line PIG1 was obtained from the De-
partment of Ophthalmology, Peking University Third Hos-
pital. The ARPE19 and HEK293T cell lines were purchased
from the ATCC. OCMI1 and OCM 1« cell lines are derived
from distant metastases, and other UM cell lines are derived
from primary ocular tumors. The usage and methods of the
cell lines were approved by the Ethical and Institutional Re-
view Board of Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine. All cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) supplemented with 10% certified heat-inactivated fe-
tal bovine serum (FBS; Gibco, USA), penicillin (100 U/ml)
and streptomycin (100 pg/ml) at 37°C in a humidified 5%
CO,; atmosphere. These cells were characterized by short
tandem repeat (STR) markers and were confirmed to be
mycoplasma-free (last tested in June 2019).

ChIP

ChIP assays were performed as previously described (24).
One hundred million cells were fixed with 1% formaldehyde
and sonicated for 8 min (10 s on and 15 s off) on ice with
a 2-mm microtip at 40% output control and 90% duty cy-
cle settings. To perform ChIP, sonicated chromatin (150 wl)
was diluted 10-fold, and Protein G Agarose (60 wl) (Milli-
pore, USA) was added with shaking at 4°C for 2 h. Then, the
mixture was briefly centrifuged at 1000 rpm for 5 min at 4°C,

and the supernatant was collected into a new tube. Antibod-
ies against CTCF and EP300 obtained from Abcam, Inc.
(Abcam, USA) were added to the supernatant overnight at
4°C. Protein A and Protein G Magnetic Beads (60 wl) (Mil-
lipore, USA) were used to pull down the protein at 4°C for 6
h. The DNA was released from the bound chromatin after
crosslinking reversal and proteinase K treatment and pre-
cipitated and diluted in 100 pl of 0.2 M glycine. The PCR
conditions were 95°C for 5 min, followed by 34 cycles at
95°Cfor 30, 30 s at the optimal annealing temperature, and
72°C for 30 s of extension. The PCR products were sepa-
rated on an 8% polyacrylamide—urea gel. The PCR primers
used in this study are listed in Supplementary Table S2.

Tissue specimens

UM tissues were collected from affected eyes during enu-
cleation at the Department of Ophthalmology, Ninth Peo-
ple’s Hospital, Shanghai Jiao Tong University School of
Medicine. A normal ocular control sample was obtained
from enucleation resulting from a traumatic accident. Fresh
tissue samples were snap-frozen in liquid nitrogen and
stored at —80°C. All samples were pathologically con-
firmed. Patient consent and approval from the Institutional
Research Ethics Committee were obtained prior to surgery.
Detailed patient information is listed in Supplementary Ta-
bles S2 and S3.

RNA extraction, library construction and Illumina sequenc-
ing (RNA-seq)

Total RNA was extracted from the UM (OCM1, OCM1a
and OM431) and normal (PIG1 and AREP19) cell lines us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA, USA). We
confirmed the RNA integrity on a 2100 Bioanalyzer (Ag-
ilent Technologies, USA). We measured the RNA concen-
tration on a Qubit 2.0 fluorometer with the Qubit RNA As-
say Kit (Life Technologies, Carlsbad, CA, USA). We pre-
pared the libraries from 100 ng of total RNA using an II-
lumina TruSeq RNA Sample Prep Kit (San Diego, CA,
USA). In total, libraries were sequenced using the Illumina
HiSeq 2500 platform (San Diego, CA, USA). The mRNA
abundance levels of the unigenes identified using TopHat
v2.0.9 and Cufflinks were normalized by the fragments per
kilobase of exon model per million mapped reads (FPKM),
and the log, fold changes between two samples were tested
statistically to determine whether an individual gene’s ex-
pression was altered significantly. We used the criteria of a
false discovery rate (FDR) < 0.01 and a fold change <0.25
or >4.0 (< —2 or >2 in the log, ratio value, P value < 0.05)
to identify the differentially expressed genes.

FAIRE

FAIRE was performed as previously described (25). Briefly,
crosslinking was performed with a final concentration of
1% formaldehyde followed by the addition of 2.5 M glycine
to quench the formaldehyde. The samples were then cen-
trifuged and washed. The fixed cells were then resuspended
in 1 ml of lysis buffer and sonicated to achieve an average
DNA fragment of ~100-500 bp. The supernatant was in-
cubated with 1 pl of DNase-free RNaseA. Subsequently,



phenol/chloroform/isoamyl alcohol (Sangon, Shanghai,
China) was added, and the sample was vortexed for 10 s
followed by centrifugation at 12 000 g for 5 min. The aque-
ous (top) layer was then transferred, and the extraction pro-
cess was repeated three times, pooling all the aqueous solu-
tions. Subsequently, 1/10 volume of 3 M sodium acetate, 2
volumes of 95% ethanol, and 1 pl of 20 mg/ml glycogen
were added, and the solution was incubated at —80°C for at
least 30 min. Notably, the clinical samples were collected in
DMEM and homogenized by using precooled mechanical
trituration. A single-cell suspension was then prepared and
examined under a microscope. The DNA was then purified
using a DNA Clean-up Kit (AxyPrep). The PCR primers
used in this study are listed in Supplementary Table S2.

3C assay

The 3C assay was performed as described previously (16).
Briefly, 1.0 x 107 cells were crosslinked with 2% formalde-
hyde and quenched with 0.125 M glycine. Cells were lysed
with cell lysis buffer (10 mM Tris [pH 8.0], 10 mM NacCl,
0.2% NP-40, and protease inhibitors), and nuclei were col-
lected. The nuclei were resuspended in 1x restriction en-
zyme buffer in the presence of 0.3% sodium dodecyl sulfate
(SDS) and incubated at 37°C for 1 h. Triton X-100 was then
added to a final concentration of 1.8% to sequester the SDS.
An aliquot of nuclei (2 x 10%) was digested with 800 U of
the restriction enzyme Ps¢ I at 37°C overnight. Next, 1.6%
SDS was added, and the mixture was incubated at 65°C for
20 min to stop the reaction. Chromatin DNA was diluted
with T4 ligation reaction buffer, and 2 pg DNA was lig-
ated with 4000 U of T4 DNA ligase (Takara, Japan) at 16°C
for 4 h (final DNA concentration, 2.5 pg/ml). After treat-
ment with 10 mg/ml proteinase K at 65°C overnight to re-
verse crosslinks and with 0.4 pg/ml RNase A for 30 min at
37°C, DNA was extracted with phenol-chloroform, ethanol
precipitated and used for PCR amplification of the ligated
DNA products. Notably, the clinical samples were collected
in DMEM and homogenized by using precooled mechani-
cal trituration. A single-cell suspension was then prepared
and examined under a microscope. Patient consent was ob-
tained, and patient information is listed in Supplementary
Table S3. All 3C lysates were purified by nested PCR to
achieve a final product of 100-350 bp in length for further
analysis. For result analysis, qPCR was done for quantifica-
tion and RT-PCR was performed for validating specificity
of primers.

Western blot analysis

Cells were harvested and rinsed with PBS. For clinical sam-
ples, three ocular melanoma tissues and three normal uveas
were collected. The cohort information is listed in Supple-
mentary Table S4. Cell and tissue extracts were prepared
with lysis buffer and centrifuged. Protein samples were sep-
arated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride membranes. After blocking with 5% BSA for 2 h at
room temperature, the membrane was incubated overnight
at 4°C. The membrane was then incubated with a sec-
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ondary antibody conjugated to a fluorescent tag (Invitro-
gen). The band signals were visualized and quantified using
the Odyssey Infrared Imagining System (LI-COR, USA).
The following antibodies were used in this study: anti-NTS
(Abcam, ab233107, USA), anti-EP300 (Abcam, ab10485,
USA), anti-CTCF (Abcam, ab70303, USA), anti-SMC1
(Abcam, ab9262, USA) and GAPDH (Sigma-Aldrich).

Co-IP

Co-IP was performed according to manufacturer’s protocol
provided in the Nuclear Complex Co-IP Kit (Active Motif,
USA). Briefly, nuclear extracts were prepared by suspend-
ing cells in 1 x hypotonic buffer for 15 min on ice. The cells
were homogenized and centrifuged for 30 s at 14 000 g. IP
was performed with 300 pg nuclear protein and 5 g anti-
CTCF and anti-EP300 antibodies (Abcam, CA) in 500 .l
IP incubation buffer at 4°C overnight. The reaction mix-
tures were incubated with PureProteome™ Protein A and
Protein G Magnetic Beads (50 wl) (Millipore, USA) at 4°C
for 1 h on a rotator. The immunoprecipitated complexes
were washed twice with IP wash buffer supplemented with
1 mg/ml BSA and without BSA. The washed beads were
incubated with 2x reduction loading buffer and boiled at
100°C for 5 min. The protein released from the components
of the complexes was examined by SDS-PAGE and Western
blot analysis.

Tumor xenograft and metastasis models in nude mice

Animal protocols were approved by the Animal Care and
Use Committee at Shanghai Jiao Tong Medical College.
Male 5-week-old nude mice were deeply anesthetized. Next,
3 x 10° cells (OCM1 siNC, OCMI1 siNTS, OCM1 sgRNA
NC, OCM1-sgRNA1 and sgRNA2) in a 0.2-ml volume of
sterile saline solution were subcutaneously injected into the
right flank. Tumor growth was monitored using a caliper
every 7 days. Tumor volume was calculated using the fol-
lowing formula: length (mm) x width (mm)?/2. Four mice
from each group were sacrificed, and the tumors were
weighed. For the metastasis model, male 5-week-old nude
mice were deeply anesthetized. Cells were pretransfected
with a lentivirus encoded by the plvx-luciferase-mCherry-
Blasticidin vector (OCM1 sgRNA NC, OCM1-sgRNALI
and sgRNA2). Next, 1 x 10° cells in a 0.1-ml volume of
sterile saline solution were injected through the caudal vein.
Bioluminescence was detected after 40 days by in vivo small
animal imaging systems, the numbers of nude mice pre-
sented with stronger luminescence signal in sgRNA groups
have been calculated as compared with NC group.

Wound healing and colony formation assays

A wound healing assay was performed after seeding 1 mil-
lion cells into a six-well plate. The cells were incubated in
FBS-free medium. A wound was made by manually scrap-
ing the cell monolayer with a 200 wl pipet tip. Images were
taken at the indicated times. For colony formation assays,
1000 cells were resuspended in 2.0 ml of DMEM and seeded
into a six-well plate. The cells were then incubated for 7-14
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days. The colonies were stained with 0.005% crystal violet
and then photographed.

Subarachnoid injection

The animal experiments were approved by the Shanghai
Jiao Tong University Animal Care and Use Committee and
conducted following the animal policies of Shanghai Jiao
Tong University in accordance with the guidelines estab-
lished by the National Health and Family Planning Com-
mission of China. The cells were harvested by trypsinization
and washed twice with PBS (GIBCO). BALB/c nude mice
(male, 6 weeks old) were used for the study. Each animal
was first anesthetized with the topical anesthetic Benoxil.
Methocel eye drops were used to avoid drying of the eyes.
Injections were performed using a surgical microscope. Two
microliters of sterile phosphate-buffered saline containing 2
x 10* OCM 1 cells were injected into the vitreous of each eye
through the sclera using a Hamilton syringe. After the in-
jection, the eyes were treated with antibiotic eye drops. All
mice were cervically dislocated 40 days after implantation
for the tumor formation analysis and 72 days after intravit-
real injection for the survival analysis.

CRISPR/Cas9-mediated deletions

Four single guide RNAs (sgRNAs) were cloned separately
into lenti-Guide-Puro plasmids. To delete the 400 bp CTCF
binding peak-containing region from the genome, COM1
cells were transfected with plasmids containing guide RNAs
(and Cas9) targeting the left or right side of the region to be
deleted. Colonies were derived from single cells and tested
for the loss of the risk region. The control group was trans-
fected with the gRNA-empty vector using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

TCGA dataset

To validate the potential role of NTS in UM, we queried
the TCGA (http://www.cbioportal.org) and GEPIA
(gepia.cancer-pku.cn); R2 (http://hgserverl.amc.nl/cgi-
bin/r2/main.cgi) provided the transcriptional landscape
and follow-up information on 78 UM samples.

Statistical analysis

We performed the statistical analyses with GraphPad Prism
8 software. Biological triplicates were performed where in-
dicated. Data are presented as the mean + SD and the dif-
ferences between two groups were calculated by unpaired
two-tailed Student’s 7-test. Survival plots were generated by
Kaplan-Meier curve, and P values were calculated by the
log-rank test. P-value <0.05 was considered statistically sig-
nificant. Asterisks denote statistical significance (* P < 0.05,
*¥*P < 0.01, ¥**P < 0.001).

RESULTS

An open chromatin status was found at the NTS locus in tu-
mor cells and clinical tissues

To explore the role of enhancer-guided chromatin remod-
eling in gene regulation, a potential target gene needs to

be identified. As CTCF serves a key regulator in high or-
der chromosomal organization and transcriptional regula-
tion, we were interested in locating specific CTCF binding
site through genome-wide sequencing and transcriptome
screening. Firstly, thorough RNA-seq (UM and normal
controls, GEO accession number: GSE137675), we identi-
fied 5714 genes presented with differential expression, in-
cluding 3506 upregulated and 2208 downregulated genes
(IFold Changel > 1.5, P <0.05, Figure 1A, left). In addi-
tion, using CTCF chromatin immunoprecipitation (ChIP)-
seq assay (UM and normal controls, GEO accession num-
ber: GSE154736, GSE137311 and GSE60024), we observed
19 811 CTCF binding sites in UM cells, which were mainly
distributed nearby TSS region (Figure 1A, right, Supple-
mentary Table S1). By combining RNA-seq and CTCF
ChIP-seq assays, we observed a significant enrichment of
the CTCEF signal at the NT'S promoter and a strongly ex-
pressed peak at four NTS exons in UM, while the ex-
pressed peak and CTCF signal at the NTS locus disap-
peared in normal retinal pigment epithelium (RPE) cells
(Figure 1B; Supplementary Figure SIA-D). To verify the
bioinformatics analysis described above, we examined NT'S
expression in UM cells and tissues. Western blot assays
showed that NTS was highly expressed in UM cells (OCM1,
OCMla, and OM431) (Figure 1C) and tissues (Figure 1D),
while normal control cells (ARPE19 and PIG1) and tis-
sues showed weak NTS expression. ChIP assays also indi-
cated that CTCF was significantly bound to the promoter of
NTS in tumor cells compared to normal control cells (Fig-
ure 1E). Next, we tested the chromatin status of the NT'S
promoter through formaldehyde-assisted isolation of regu-
latory elements (FAIRE) assays and found that the CTCF-
bound NTS promoter presented an open chromatin status
in tumor cells, while the non-CTCF-bound NT'S promoter
showed a closed chromatin status in normal cells (Figure
1F). Importantly, we observed a similar open chromatin sta-
tus in most clinical tumor tissues (Figure 1G). In addition,
we found that NT'S expression was strongly positively corre-
lated with the open chromatin status of the N7'S promoter
region (R = 0.784, P < 0.05) (Figure 1H). These data in-
dicate that CTCEF is likely to be involved in the regulation
of the NT'S gene. We thus chose this locus to explore the
potential role of CTCF-guided enhancer-associated chro-
matin remodeling in gene regulation.

NTS is a novel regulator that promotes the tumorigenesis of
UM

Although NTS is a well-known oncogene in other tumors,
no data have shown its role in the tumorigenesis of UM.
Thus, we next explored the role of N7'S in UM. Real-
time PCR and Western blot assays both demonstrated that
NTS expression was significantly decreased after small in-
terfering RNA (siRNA) interference (Supplementary Fig-
ure S2). The NTS-interfered group presented fewer and
smaller colonies and could be partially rescued after the ex-
ogenous supplementation of recombinant N7'S at a concen-
tration of 100 ng/wl (Figure 2A, B, Supplementary Figure
S3). The wound healing assay demonstrated a similar in-
hibition of cell migration after NTS silencing, which could
also be rescued by the exogenous addition of recombinant
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RNA-seq screening of upregulated genes in UM (GSE137675); Right: Locating the wild-type CTCF-binding site in tumor cells. Genes selected should
meet: 1) upregulated in UM cells; 2) with CTCF bind in the promoter. (B) Upper panel: NT'S was highly expressed, with CTCF binding at the promoter
region in OCM1 cells. Lower panel: NTS expression was untestable and without CTCF binding at the promoter region in normal RPE cells. (C, D): Western
blot analysis demonstrated that NTS is upregulated in UM cell lines (D) and clinical tumor samples (E). (E) ChIP assay of the CTCF status in the NTS
promoter in UM (OCM1, OCM1la and OM431) and normal control (ARPE19 and PIG1) cells. Triplicates were performed. Data are presented as the mean
+ SD and the differences between two groups were calculated by unpaired two-tailed Student’s 7-test. * P < 0.05. (F) Formaldehyde-assisted isolation of
regulatory elements (FAIRE) assay of the CTCF status in the N7'S promoter in UM (OCM1, OCM1la and OM431) and normal control (ARPE19 and
PIG1) cells. Triplicates were performed. Data are presented as the mean + SD and the differences between two groups were calculated by unpaired two-
tailed Student’s 7-test. * P <0.05. (G) RT-PCR and FAIRE assays were performed in 10 UM and 5 normal uveal samples to test NTS expression and
the chromatin status of the NTS promoter. GAPDH and its promoter were selected as controls. (H) The correlation (R = 0.784, P < 0.05) between NTS

expression and the open status in the NTS promoter.
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Figure 2. NTS is a novel oncogene in UM. (A, B) Colony formation analysis demonstrated that N7'S-silenced cells exhibited fewer colonies and could be
rescued by recombinant N7'S supplementation in OCM1 and OCM la cells. Data are presented as the mean £ SD and the differences between two groups
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subcutaneous xenograft model. ¥ P < 0.05, ** P < 0.01. (E) The TCGA database of UM demonstrated prolonged survival time in patients with low NT'S

expression.

NTS (100 ng/nl, Supplementary Figure S4A-C). In the
subarachnoid transplantation model, the bioluminescence
signal was weaker after NTS interference (Figure 2C). Sim-
ilarly, in the subcutaneous xenograft model, the tumor vol-
ume in the NTS-silenced group was significantly reduced
(Figure 2D, Supplementary Figure S4D). Next, by explor-
ing The Cancer Genome Atlas (TCGA) database, we in-

vestigated the overall survival probability in the N7'S high
expression group and the low expression group in patients
with UM. As expected, Gene Expression Profiling Interac-
tive Analysis (GEPIA, http://gepia.cancer-pku.cn) showed
that high NTS levels positively correlated with a poor prog-
nosis (P = 0.000047) (Figure 2E). These data show that
NTS plays an oncogenic role in the tumorigenesis of UM.
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CTCF orchestrates a novel intrachromosomal loop in the
NTS locus

Next, we examined whether CTCF could hijack enhancers
to form promoter-enhancer interactions. To avoid local
chromosomal aberrations, such as chromosomal translo-
cation, duplication or deletion, a karyotype assay demon-
strated that the NTS locus was located at chromosome
12p21.31 in a non-aberrant chromosome (Supplementary
Figure S5). By focusing on the seven CTCF-binding sites
(Supplementary Figure S6) and two negative sites (site 2,
—-99 kb from TSS; and site 6, —670 kb from TSS) of the NT'S
locus, we performed a chromosome conformation capture
(3C) assay and showed that the N7T'S promoter interacted
frequently with a chromosomal region at an intron in the
LRRIQI gene that is located nearly 800 kb upstream in tu-
mor cells (Figure 3A, 1/7 interaction), however, we did not
detect chromatin interaction in testing CTCF-binding sites
of normal control cells. We next set this new region as a bait
and tested its interaction with variant CTCF binding sites.
Similarly, we also showed that the N7'S promoter interacted
with above LRRIQ]I bait in tumor cells, and we did not de-
tect additional chromatin interactions in all testing CTCF-
binding sites in normal control cells. (Supplementary Figure
S7A).

To confirm this new NTS-LRRIQI interaction, we fur-
ther examined the chromatin loop between NT'S promoter
and LRRIQ! intronic region using different primer sets
(L1-L4 and NI-N5) along these two loci (Figure 3B).
As expected, we observed NTS-LRRIQ] interactions us-
ing L2a-N4 and L2b-N5 primer sets in tumors (Figure 3C).
However, all NTS-LRRIQI chromatin interactions were
not detected in other tested primer sets (Supplementary
Figure S8A-C) and normal control cells (Figure 3A and
C; Supplementary Figure S8D, panels 1-3). These NTS-
LRRIQI interactions were then confirmed by DNA se-
quencing (Figure 3C, Supplementary Figure S9-S10). In ad-
dition, we also showed that this new enhancer had no sig-
nificant interactions with other distal region by using Hi-C
data of normal RPE cells (26) (Supplementary Figure S7B).
More specifically, virtual 4C plot suggested that this en-
hancer did not present with significant interactions in nor-
mal control cells (Supplementary Figure S7C). These data
provide an alternative explanation that the N7'S enhancer
hijacking might not occur in normal cells.

To address the role of the upstream region, we cloned a
446 bp fragment of LRRIQI intron and tested whether its
activity regulates gene expression. As expected, luciferase
activity showed that this fragment of LRRIQI intron signif-
icantly augmented promoter activity as compared to neg-
ative control or empty vector (mock). The NT'S promoter
fragment was used as positive control (Figure 3D). In ad-
dition, we found CTCF enrichment in the LRRIQ! intron
of tumor cells, while weak CTCF signals were detected in
normal cells (Figure 3E). Importantly, 70% of clinical tu-
mor tissues presented an NTS-LRRIQ! interaction in our
tested samples (Figure 3F). These data show that the LR-
RIQI intron acts as a distal enhancer that regulates NT'S
and that the CTCF hijacks an enhancer to form a novel in-
trachromosomal loop in the NT'S locus.
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Interrupted chromosomal looping abolishes NT'S expression
by deleting the enhancer

To further investigate the role of intrachromosomal loop-
ing in the regulation of NTS, we next deleted the 1.186
kb enhancer region using the CRISPR/Cas9 method. As
shown in Supplementary Figure S11A, the enhancer was
deleted from the genome containing the full-length CTCF-
binding site. Next, we found that intrachromosomal loop-
ing between the N7'S promoter and the upstream enhancer
was abolished (Figure 4A, lanes 2, 3; Figure 3B). To deter-
mine whether the deletion could control the transcription of
NTS, we tested the expression of NT'S through RNA-seq.
As expected, the downregulated expression of N7'S was de-
tected in enhancer-deleted tumor cells (Figure 4C). To con-
firm the above bioinformatics data, we then use qPCR and
western blots to examine the expression of NT'S in mRNA
(Figure 4D) and protein (Figure 4E) levels. In consistent
with RNA-seq data, we observed a significant decrease in
expression of NTS. In addition, we found that the expres-
sion of LRRIQI remained unchanged (Supplementary Fig-
ure S12). Taken together, these data indicate that intrachro-
mosomal looping between the promoter and enhancer con-
trols the expression of endogenous NT'S.

Deletion of the enhancer inhibits tumorigenesis in vitro and in
vivo

We next tested whether the interrupted chromosomal loop-
ing induced by enhancer deletion could inhibit tumorige-
nesis. KEGG analysis showed that UM-related pathways
had significantly downregulated in enhancer-deleted tumor
cells, including the MAPK, Rap1l and PI3K-Akt pathways
(Figure SA). We also observed that the number of colonies
was significantly decreased in enhancer-deleted tumor cells
(Figure 5B). To examine the role of intrachromosomal loop-
ing in vivo, we established subcutaneous xenograft, ortho-
topic xenograft and metastatic models in nude mice using
enhancer-deleted OCM1 tumor cells. We then evaluated the
size of the resultant tumors every 7 days for 28 days in sub-
cutaneous xenografts. As expected, the tumor volume in
the enhancer-deleted group was significantly reduced com-
pared with the empty vector group (Figure 5C, Supplemen-
tary Figure S13A). In orthotopic xenografts, we injected
luciferase-labeled enhancer-deleted OCMI1 cells into the
subarachnoid space. Small animal bioluminescence imag-
ing demonstrated weaker intensity of the tumor signal cap-
tured in the enhancer-deleted group compared with the con-
trol group (Figure 5D, E). After enucleation, the weight of
the tumor was also significantly reduced in the enhancer-
deleted group (Figure 5F). Most importantly, after deleting
the enhancer, the survival rate of the mice was significantly
extended (Figure 5G). In the metastatic tumor model, there
were fewer metastatic loci in the lungs of nude mice at 15
weeks in the enhancer-deleted group compared with the
control group (Figure 5SH, Supplementary Figure S13B).
These data suggest that the NT'S-LRRIQ] intrachromoso-
mal loop is a key oncogenetic regulator in NTS-mediated
tumorigenesis both in vitro and in vivo.
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CTCEF recruits the histone acetyltransferase EP300 to the
NTS promoter and enhancer

Next, we explored which modification coordinated with this
novel NTS-LRRIQI chromosomal loop and controlled
NTS activation. Through a STRING protein interac-
tion (www.string-db.org) network, we determined that
CTCF could bind to histone nucleosomes (e.g. H2AFZ,
HIST2H2AC), polycomb-group proteins (e.g. PRC2,
SUZ12, and EZH2), and H3K4me3 (WDRSY)- and
H3K27Ac (EP300)-related modifiers (Figure 6A). Given
that the histone modifications H3K4me3 and H3K27Ac
represent transcriptional activation, we then tested whether
CTCF could bind to these modified sites. SMCI1 and
SUZ12 antibodies were used as CTCF-binding positive
controls (Figure 6B, lanes 2 and 3). As expected, coim-
munoprecipitation (co-IP) assays showed that the CTCF
protein could be pulled out by baiting the EP300 protein
(Figure 6B, lane 4), while the WDRS, RBBPS and IgG
groups exhibited weak binding (Figure 6B, lanes 5-7). In
turn, another co-IP experiment showed that EP300 could
also be pulled out by baiting the CTCF protein (Figure
6C, lane 4). The EP300-interacting protein TP53 was used
as a positive control (Figure 6C, lane 2), and the SUZ12
and IgG groups were used as negative controls (Figure
6C, lane 3). Intriguingly, the TCGA database showed
that the expression of CTCF might correlated (R = 0.74,
P < 0.001) with EP300 expression in clinical tumor tissues
(Figure 6D). We next examined the EP300 binding status
and H3K27Ac level after deleting the enhancer (Figure
6E). The ChIP assay showed that the EP300 binding
(Figure 6F) and H3K27Ac modification levels (Figure
6G) at the NTS promoter (f site) and enhancer (b site,
adjacent to the deleted region) were significantly decreased
in enhancer-deleted tumor cells. These data suggested that
CTCF could recruit the acetyltransferase EP300 to the
NTS promoter and enhancer.

Silencing EP300 abolishes H3K27 acetylation at the NTS lo-
cus and inhibits NTS expression

To examine the role of EP300 in intrachromosomal looping
and NTS expression, we designed two endoribonuclease-
prepared siRNAs (esiRNAs) to silence EP300. As expected,
the mRNA (Supplementary Figure S14A) and protein
(Supplementary Figure S14B) expression levels of EP300
were diminished after interference with two esiRNAs. Next,
we found that EP300 interacted with the NT'S promoter
(Supplementary Figure S14C, f site, esiNC groups) and its
upstream enhancer fragment (~ -800 kb) (Supplementary
Figure S14C, b site, esiNC groups). We also observed a high
level of H3K27 acetylation at the N7'S promoter and en-
hancer in wild-type tumor cells by quantitative ChIP assays
(Figure 7A, esiNC groups). However, after knocking down
EP300, both EP300 binding and the H3K27Ac signal were
significantly decreased at the NT'S promoter and enhancer
(Figure 7A, esiEP300-1 groups). In addition, we found that
the mRNA and protein levels of NT'S were significantly re-
duced in EP300-silenced tumor cells (Figure 7B, C). We also
found that the NT'S-LRRIQ! intrachromosomal loop re-
mained after EP300 silencing (Supplementary Figure S15).
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These data indicate that EP300 is not involved in loop for-
mation and might play a key histone acetyltransferase to
control NTS expression.

DISCUSSION

High-order chromosomal organization is an inherent prop-
erty for the cellular genomic arrangement to accommodate
~2 m of DNA into the ~5 pm nucleus (27). During tu-
mor formation, numerous oncogenes are activated by hi-
jacking a distal enhancer, which has been identified as an
essential oncogenic driver required for the maintenance of
cancer cell identity. For example, the enhancer reorgani-
zation of MYC promoted tumorigenesis in high-risk pe-
diatric neuroblastomas (8). In addition, enhancer hijack-
ing activates GFI1 family oncogenes in medulloblastoma
by somatic structural variants (11). To explore the mecha-
nism underlying the role of enhancer-guided 3D chromo-
somal loops in tumorigenesis, we for the first time iden-
tified novel CTCF-EP300-guided enhancer-triggered chro-
matin remodeling and oncogene transcription at the NT.S
locus. The targeted correction of abnormal NT'S-LRRIQI
chromosomal interactions significantly inhibited tumori-
genesis by deleting an oncogenic enhancer or inactivat-
ing a histone acetyltransferase, thereby leading to a novel
mechanism for responding to the critical role of novel
onco-enhancer in chromatin remodeling and tumorigenesis
(Figure 7D).

It should be noted that CTCF is a key architectural com-
ponent of the genome that anchors long-range interactions
that play a vital role in imprinting maintenance (28), B cell
differentiation (29) and cancer formation (27). For example,
the CTCF-mediated KCNQI1 and CDKNI1C intrachromo-
somal conformation could significantly inhibit tumor for-
mation, while aberrant chromosomal looping may lead to
imprinting abnormalities and activation of the oncogenic
long noncoding RNA (IncRNA) KCNQIOT1, thereby ac-
celerating tumorigenesis (16). In this study, we investigated
whether CTCF-mediated chromosomal interactions may
also play a leading role in the tumorigenesis of UM. To
our knowledge, this is the first example whereby a CTCF-
guided intrachromosomal interaction contributes to UM
tumorigenesis. Since the epigenetic deregulation of variant
oncogenes remains unclear, further studies should focus on
the identification of other chromatin loops to determine the
mechanism of deregulated gene expression in tumorigene-
sis.

Although global depletion of CTCF loops result in mi-
nor changes to gene expression (30), in this study, we
found that nearly 2,000 genes were significant changed af-
ter enhancer deletion. An alternative explanation is that
enhancer deletion-caused NTS silencing plays a critical
role in regulation of other gene expression. N7'S has been
proven to involve in numerous signal pathways, includ-
ing Wnt/B-Catenin pathway, IL-8 pathways, and epithelial-
mesenchymal transition pathways (31-33), NTS silencing
can lead to alteration of a series of cascade effect and sub-
sequently induce dramatic gene changes. Thus, it would be
of great interest to explore the novel downstream pathway
of NTS in uveal melanoma.
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Figure 6. CTCEF recruits the histone acetyltransferase EP300 to the NTS promoter and enhancer. (A) A STRING protein interaction (www.string-db.org)
network identified the potential CTCF-binding proteins, including histone nucleosomes (e.g., H2ZAFZ, HIST2H2AC), polycomb-group proteins (e.g. PRC2
SUZ12, and EZH2), and H3K4me3 (WDRS)- and H3K27Ac (EP300)-related modifiers. (B, C) Interaction between CTCF and EP300 detected by coim-
munoprecipitation. (E) The CTCF protein was pulled out by baiting the EP300 protein, while the binding between WDRS and RBBP5 could not be
detected. IP of the SMC1 and SUZI12 groups was performed as a positive control. IgG was used as a negative control. (F) EP300 could also be pulled out
by baiting the CTCF protein, and IP of the TP53 group was performed as a positive control. (D) Gene expression correlation analysis from the TCGA

database indicated that EP300 expression strongly correlated with CTCF (R = 0.74,

P = 4.7e-15). (E) Schematic diagram of the ChIP site. Sites a-e are

distributed in the LRRIQI region, and site b is the enhancer and CTCF-binding site. Sites E-G are distributed in the N7'S genomic region. Site f is the

NTS promoter and another CTCF-binding site. (F-G): ChIP assay of the EP300 and
enhancer deletion in OCM1 and OCM a cells.
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tumorigenesis by deleting oncogenic enhancers or inactivating histone acetyltransferases.
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It should also be noted that CTCF is a typical genomic
insulator involved in numerous biological processes. Typi-
cally, CTCF can induce DNA methylation and recruit the
PRC2 complex, inducing histone K27 trimethylation in the
promoter, to occlude target gene expression (34,35). In addi-
tion, CTCF has also been proven to be associated with gene
activation via the removal of H3K27me3 and retains an
open chromatin status (36). Here, we first found that CTCF
could interact with the histone acetyltransferase EP300, re-
cruiting it to the promoter of the target gene N7'S and lead-
ing to gene activation. Although we cannot theoretically
eliminate other genetic or epigenetic causes in the regulation
of NTS, this is the first study to imply that the expression of
NTS is highly dependent on histone H3K27 acetylation at
the promoter region of NTS. Thus, it would be of great in-
terest to focus on the identification of other factors to better
understand NT'S transcriptional regulation. Further studies
should focus on the identification of other factors that can
modify histone acetylation to regulate NT'S expression.

It should be emphasized that CTCF establishes a chro-
mosomal loop between enhancer and promoter through
DNA binding and self-dimerization. The transcriptional
modifiers subsequently be recruited into specific locus and
interact with CTCF dimer for further gene activation or
silencing. In /GF2/H19 imprinted locus, CTCF dimer ini-
tially forms an intrachromosomal loop and recruits PRC2
complex for maintaining /GF2 imprinting (16,37). In this
study, we noticed that the knockdown of EP300 did not ap-
pear to cause as severe a reduction in N7'S expression as loss
of the enhancer. Thus, it provides a possibility that CTCF
dimer firstly orchestrates an enhancer-promoter looping
and secondly recruits the EP300, subsequently, looping-
based enhancer activity and EP300-based epigenetic mod-
ification co-regulate the NT'S expression. Abolishment of
EP300 diminishes factor-based regulated layer but remains
the looping-based enhancer activity. However, after the en-
hancer deletion, two regulated layers are completely inter-
rupted. These two separated phenomena is likely to provide
an alternative explanation for the role of enhancer activ-
ity in mediating enhancer-promoter looping, at least in this
case, further studies should focus on the identification of
the co-regulated mechanism between enhancer activity and
epigenetic factor modification in N7'S expression of tumori-
genesis.

It should be noted that the NT'S gene (neurotensin) is
a secreted tridecapeptide (38) that is widely distributed
throughout the central nervous system and may function
as a neurotransmitter (39). It was proven to be involved
in dopamine-associated pathophysiological events, in the
maintenance of gut structure and function, and in the regu-
lation of fat metabolism (40). Moreover, activated N7'S can
also contribute to tumor formation in hepatocarcinogenesis
(41), ovarian cancer (42) and colon cancer (43). However,
thus far, evidence does not indicate the regulatory role of
the NTS gene in the formation of UM. In this report, how-
ever, we clearly demonstrate that N7'S contributes to tumor
growth and metastasis and is considered a novel oncogene
in UM.

In summary, our results reveal a completely novel model
of tumorigenesis in which CTCF interacts with distal en-

hancers to form chromosomal loops and recruits the his-
tone acetyltransferase EP300 to activate the oncogene and
accelerate tumorigenesis, thereby providing a novel thera-
peutic method in which the targeted correction of onco-
enhancer triggered chromatin remodeling is efficient for tu-
mor therapy. Most importantly, many chromosomal inter-
actions play a key role in the pathogenesis of various dis-
eases, thereby suggesting new inspirations for exploring the
novel therapeutic concept that the targeted correction of ab-
normal chromosomal interactions is promising for disease
therapy.
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