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Abstract

Polycomb repressive complex 2 (PRC2) is responsible for depositing H3K27me3 and plays essential roles in gene silencing during develop-
ment and cancer. Meanwhile, the nuclear exosome targeting (NEXT) complex facilitates the degradation of numerous noncoding RNAs in the
nucleoplasm. Here we find that the functional deficiency of the NEXT complex leads to an overall decrease in H3K27me3 levels. Specifically,
ZCCHCB8 depletion results in significant upregulation of nascent long noncoding RNAs (IncRNAs) containing G-quadruplex (G4) and U-Rich motifs
(G4 /U-Rich IncRNAs). The G4 motif binds to EZH2, blocking the chromatin recruitment of PRC2, while the U-Rich motif is specifically recognized
by the NEXT complex for RNA exosome-mediated degradation. In tumor tissues with high ZCCHC8 expression in clear cell renal cell carcinoma
(ccRCC) and lung adenocarcinoma (LUAD) patients, the NEXT complex excessively degrades nascent G4/U-Rich IncRNAs. Consequently, PRC2
core subunits are released and recruited to neighboring genomic loci, resulting in increased H3K27me3 levels and downregulation of adjacent
genes, including tumor suppressors like SEMA5A and ARIDTA. Notably, the EZH2 inhibitor Tazemetostat (EPZ-6438) exhibits greater sensitivity
in cells with higher ZCCHC8 expression. Altogether, our findings demonstrate a novel mechanism that the NEXT complex regulates H3K27me3
levels by degrading nascent G4/U-Rich IncRNAs in cancer cells.
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Introduction ous RNAs and is crucial for RNA maturation, surveillance,

The nuclear RNA exosome complex is the most ubiquitous  turnover, and RNA quality control, further ensuring the in-
RNA degradation machine in eukaryotes, which plays a cen-  tegrity and function of the RNA pools [1, 2]. The nuclear
tral role in the 3’ to §' exo- and endo-processing of vari- ~ RNA exosome functions optimally when it is associated with
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cofactors that play crucial roles in recognizing and recruit-
ing exosomes to a diverse array of RNA substrates [3]. These
cofactors include the nuclear exosome targeting (NEXT)
complex, the poly(A) exosome targeting (PAXT) complex,
the polysome protector complex, as well as the TRF4-2-
ZCCHC7-MTR4 polyadenylation (TRAMP) complex are the
most thoroughly studied [4-7]. In the nucleoplasm, the NEXT
complex is a key cofactor of the mammalian nuclear RNA
exosome, which is a trimeric complex composed of the heli-
case hMTR4, the scaffold zinc-knuckle ZCCHCS protein and
the RNA recognition motif-containing RBM7 [8]. The NEXT
complex is responsible for targeting promoter upstream tran-
scripts (PROMPTs) [9], enhancer RNAs (eRNAs) [5], precur-
sor telomerase RNAs [10], noncoding RNAs such as the 3’-
extended products of snRNAs [11], and the newly synthesized
RNAs [12].

Trimethylation of histone H3 lysine 27 (H3K27me3) is cru-
cial for gene silencing and formation of facultative heterochro-
matin. This modification plays a vital role in cell fate determi-
nation, embryonic development, and tumorigenesis [13-15].
The Polycomb repressive complex 2 (PRC2), currently recog-
nized as the sole multi-subunit complex in mammals respon-
sible for H3K27me3, is indispensable for maintaining stem
cell pluripotency and facilitating the development of multi-
cellular organisms [16]. PRC2 is comprised of the core sub-
units Enhancer of Zeste 2 (EZH2) or its paralogue EZH1,
SUZ12, EED, RBBP4, or RBBP7, as well as several auxil-
iary subunit [17]. EZH1/2 is the histone methyltransferase
and serves as the catalytic subunit of PRC2. However, the
complete catalytic activity of H3K27 methylation relies on
the physical interaction between EZH2 and other core sub-
units of the complex. These interactions facilitate the de-
position of H3K27me3 by regulating the complex stability
and nucleosome-binding capacity [18]. Two different sub-
complexes, PRC2.1 and PRC2.2, are formed by incorporating
distinct combinations of auxiliary partners with the core sub-
unit of PRC2 [19]. PRC2.1 consists of EPOP [20] or PALI [21]
and one of the Polycomb-like (PCL) proteins (either PCL1/
PHF1, PCL2/ MTE2 or PCL3/ PHF19), while AEBP2 [22]
and JARID2 [23] are found in PRC2.2. The auxiliary subunits
promote the optimal catalytic activity of PRC2 through pro-
moting the genomic targeting and/or enzymatic activities in
different biological contexts [24].

PRC2 is extensively regulated by multiple factors, includ-
ing DNA methylation and pre-existing histone modifications,
such as H3K4me3, H3K36me2/3, and H2AK119ub1 [19]. It
has been found that core subunits of PRC2, such as EZH2,
SUZ12, and auxiliary subunits like JARID2 and AEBP2, ex-
hibit RNA binding activity. Genome-wide analysis of the in-
teractions between PRC2 and RNA through RNA immuno-
precipitation sequencing (RIP-seq) reveals that PRC2 binds
to RNA in vivo extensively [25-27]. Previous studies have
proposed different models of RNA regulatory role in PRC2,
including recruitment to target loci for epigenetic repression
[28], eviction from chromatin [27, 29], and inhibition of cat-
alytic activity [30]. Initially, it was believed that PRC2 engages
in indiscriminate interactions with RNAs. However, recent ev-
idence indicates that PRC2 selectively associates with specific
RNA molecules. Notably, PRC2 shows a preference for RNA
sequences containing short consecutive guanine repeats (G-
tracts) and exhibits a stronger binding affinity for RNAs that
fold into G-quadruplex (G4) structures, which removes PRC2
from chromatin [31]. Emerging reports indicate that PRC2 in-
teracts with nascent RNAs through its EZH2 subunit, main-

taining PRC2 activity in a poised state. Additionally, nascent
RNAs compete with nucleosomes for binding to PRC2 [26,
32]. Furthermore, the PRC2 stability is compromised upon
knockout (KO) of the ZFC3H1 component of the PAXT com-
plex [33],another adaptor complex of RNA exosome in nucle-
oplasm. Transcriptional inhibition and nuclear RNA degrada-
tion in cells triggers PRC2 recruitment to CpG islands at active
genes [27, 32], highlighting the close functional connection
between RNA decay and PRC2 regulation. In our preliminary
experiment, we identified a positive correlation between the
levels of H3K27me3 and ZCCHCS, an essential subunit of
the NEXT complex. This finding prompts the question: What
is the relationship between the NEXT complex and the func-
tional regulation of PRC2? However, to date, no research has
established a functional connection between the NEXT com-
plex and the PRC2 complex.

Mutations and deregulation in the PRC2-encoding genes
frequently occur in a range of human cancers, accompanied
by the abnormal global levels of H3K27me3 [135, 34, 35]. El-
evated levels of EZH2 in breast cancer are associated with
poor prognosis [36]. Therefore, pharmacological inhibition
of EZH2 has become the focus of cancer epigenetic drug de-
velopment and is under intensive investigation. Tazemetostat,
EPZ-6438, is the first inhibitor drug targeting EZH2 approved
by the FDA for the treatment of adult patients with locally
advanced or metastatic epithelioid sarcoma [37]. Neverthe-
less, the combination therapy of EZH2 inhibitors and ex-
isting anticancer drugs is also a topic that requires further
exploration.

Semaphorin-5A (SemaSA), a member of the class 5 sub-
family of Semaphorins, functions as a bi-functional factor, ex-
hibiting distinct roles in various types of cancer. Overexpres-
sion of SemaSA is linked to lymphangiogenesis, poor progno-
sis, and increased metastatic potential in cervical cancer cells
[38], and it is similarly implicated in the progression of neu-
roendocrine pancreatic tumors [39]. In contrast, in lung ade-
nocarcinomas (LUAD), SEMASA functions as a tumor sup-
pressor, as evidenced by both iz vitro and in vivo experiments
using nonsmall cell lung cancer cellular models. Additionally,
the downregulation of SEMASA in LUAD tissues is associ-
ated with poor overall survival [40]. Given the significant role
of SEMASA in cancer, the regulation of its expression merits
further investigation.

In this study, we uncover a novel molecular mechanism by
which the NEXT complex modulates H3K27me3 levels and
impacts tumor progression. Specifically, loss of the key sub-
unit ZCCHCS8 or RBM7 within the NEXT complex results in
a global reduction of H3K27me3 levels. Nascent G4/U-Rich
long noncoding RNAs (IncRNAs) are accumulated due to the
impaired NEXT complex in ACHNZCCHCS-/= cells, which in-
hibits the binding of PRC2 to target gene loci and H3K27me3
deposition, thereby leading to increased expressions of adja-
cent genes and affecting cancer progression. Importantly, we
provide evidence that combining EZH2 inhibitors with other
anti-cancer drug may be a promising therapeutic strategy for
patients of some cancers such as clear cell renal cell carcinoma

(ccRCC) and LUAD with higher ZCCHCS expression.

Materials and methods

Cell lines and clinical samples

Human embryonic kidney (HEK) 293T, 293FT, H1299,
CAKI-1, A-498 were cultured in Dulbecco’s modified Eagle’s



medium (DMEM, Corning) supplemented with 10% fetal
bovine serum (FBS, YEASEN), 1% penicillin/streptomycin
(YEASEN) at 37°C in a humidified incubator with 5%
CO;. ACHN cells were grown in Eagle’s minimum essential
medium (MEM, Gibco) supplemented with 10% FBS, 1%
penicillin/streptomycin, 1% MEM nonessential amino acids
(NEAA, Gibco), and 1% sodium pyruvate (Gibco) at 37°Cina
humidified incubator with 5% CO,. HK-2 cells were cultured
in DMEM/Nutrient Mixture F-12 (DMEM/F-12, Gibco)
supplemented with 10% FBS, 1% penicillin/streptomycin at
37°C in a humidified incubator with 5% CO,. ACHN cells
and HK-2 cells were purchased from the Cell Bank/Stem
Cell Bank, Chinese Academy of Sciences, Shanghai, China.
CAKI-1 cells and A-498 cells are kind gifts from Renji Hos-
pital, Shanghai, China. Murine embryonic stem cells CGR8
[41], cultured in ESC medium Glasgow’s Minimum Essen-
tial Medium (GMEM, Gibco) supplemented with 15% FBS,
1 x sodium pyruvate, 1 x NEAA, 1000 U/ml (Sigma), 0.1
mM B-mercaptoethanol and 2 mM L-glutamine. ZCCHCS-
KO ACHN cell line was generated by the CRISPR-Cas9 tech-
nology, and all stable knockdown cell lines as well as over-
expressing cell lines were generated by the lentiviral system.
For transient expressions, cells were transfected with the plas-
mid constructs using Lipofectamine 2000 (Invitrogen) and an-
alyzed 48 h after transfection.

With informed consent signed by the patients and ap-
proved by the Medical Ethics Committee, clinical samples
were strictly tested in accordance with ethical requirements.
The renal clear cell carcinoma tumor specimens were ob-
tained from the Shanghai Ninth People’s Hospital, and the
assigned approval number of the ethical approval is SHOH-
2019-A444-1. The LUAD tumor specimens were obtained
from Shanghai Renji Hospital, and the assigned approval
number of the ethical approval is RA-2022-159.

Antibodies and reagents

The antibodies mentioned are all commercial antibodies, as
follows: ZCCHCS (Proteintech), RBM7 (Proteintech), MTR4
(Proteintech), EZH2 (Cell Signaling Technology), SUZ12 (Cell
Signaling Technology), EED (Abclonal), RRP40 (Abclonal),
RBBP4 (Abclonal), SEMASA (Bioss), Histone H3 (Abcam),
H3K27me3 (Cell Signaling Technology), H3K27ac (Abcam),
H2AK119ub1 (Cell Signaling Technology).

To inhibit the transcription of nascent RNA, cells
with  70%-80% confluency were treated with 3,6-
dichlorobenzimidazole 1-B-D-ribofuranoside (DRB, Sigma)
in culture medium at a concentration of 60 or 100 uM for 3 h.
The cells were washed twice with phosphate-buffered saline
(PBS) to remove the DRB, and then the cells were subjected
to chromatin isolation experiment. Pazopanib (Selleckchem)
and/or the EZH2 inhibitor EPZ-6438 (Selleckchem) were
added to the cells at the concentration indicated in the
figures for 48 h. Following the treatment, the cells were
prepared for immunoblotting or cell viability analysis, as
detailed below. All reagents used in this study are listed in
Supplementary Table S1.

Plasmids, short hairpin RNAs and small guide
RNAs

Human ZCCHC8 was amplified by polymerase chain reac-
tion (PCR) using KOD-plus Kit (TOYOBO) and was inserted
using the BamHI and Xhol sites of the pCMV-tag2B vec-
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tor, obtaining the expression plasmid Flag-ZCCHCS8-WT. The
Flag-ZCCHC8-AZnK was constructed by deleting the amino
acid region from 228 to 244 in the plasmid Flag-ZCCHCS-
WT. The ZCCHC8-1.295/299E mutant (not interacting with
RBM7) was generated using the KOD-plus-mutagenesis Kit
(TOYOBO) according to the manufacturer’s protocol. For
stable expression, the Flag-ZCCHCS8 was inserted using the
BamHI and Xhol sites of the lentiviral vector CD513B. The
IncRNAs ARID1A-AS and SNHG18 were subcloned into the
CDS513B vector using the EcoRI and NotI sites, and the G4-
mutants were obtained by mutating ‘G’ to ‘A’ in the pre-
dicted G4 sequences of ARID1A-AS and SNHG18. To purify
prokaryotically expressed proteins, EZH2 and RBM7 were
subcloned into the pGEX-4T-1 vector. The short hairpin RNA
(shRNA) oligonucleotides for ZCCHC8, RBM7 and RRP40
referred from Sigma inserted using the Age I and EcoRI sites
of the lentiviral vector pLKO.1. The sequences of all plasmids
were verified by sequencing. All sequences for plasmid con-
struction primers, shRNAs and small guide RNAs(sgRNAs)
are listed in Supplementary Table S2.

Western blotting analysis

To prepare protein extracts for immunoblot analysis, stable
cell lines were washed twice with cold PBS, scraped from
the dishes in sodium dodecyl sulphate (SDS) lysis buffer (50
mM Tris-HCI, 150 mM NacCl, 2% SDS). The same buffer
was used to prepare protein extracts from clinical samples
and chromatin pellet obtained during chromatin isolation as-
say. Samples were heated at 95°C for 10 min and sonicated.
The lysates were centrifuged at maximum speed (17 000 x g)
for 30 min at 4°C. The supernatant was collected in a fresh
tube and the protein concentration was measured using Nan-
odrop 2000 (Thermo Fisher Scientific). The protein extracts
were separated by SDS—polyacrylamide gel electrophoresis be-
fore transferring onto polyvinylidene fluoride membrane, fol-
lowed by incubation with primary antibodies and horseradish
peroxidase-linked secondary antibodies.

RNA extraction and Quantitative reverse
transcription-Polymerase Chain Reaction

For IncRNA and messenger RNA (mRNA) expression pro-
filing, total RNA was extracted by TRIZOL reagent (Sigma-—
Aldrich) and then treated with DNase I (Thermo Fisher Scien-
tific) to degrade genomic DNA. Reverse transcription was per-
formed by using the PrimeScript RT-PCR Kit (TAKARA) fol-
lowing the manufacturer’s instructions. Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed with
qPCR SYBR Green Master Mix (Vazyme) to analyze the indi-
cated RNA abundance. Primers used for qRT-PCR are listed
in Supplementary Table S2.

Co-immunoprecipitation

Cells transfected with indicated plasmids or stable cell lines
were lysed with radio-immunoprecipitation assayRIPA) lysis
buffer [50 mM Tris-HCI, pH7.4, 150 mM NaCl, 1% NP-40,
0.1% SDS, 1 mM ethylenediaminetetraacetic acid (EDTA), pH
8.0, protease inhibitor cocktail] on ice for 30 min. Cell lysates
were sonicated and centrifuged at maximum speed (17 000
x g) for 30 min at 4°C. The supernatant was incubated with
protein A/G-agarose beads and indicated antibodies at 4°C
overnight, and then washed for five times with RIPA lysis
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buffer without protease inhibitor cocktail and subjected to
western blotting (WB) analysis.

Chromatin isolation with RNase A treatment

RNase A treatment and cell fractionation were per-
formed as previously described [27]. ACHNZCCHCS-WT 4nd
ACHNZCCHCS/= cells were trypsinized, washed twice with
PBS, permeabilized with 0.05% Tween-20 in PBS for 10 min
on ice, washed once, resuspended with PBS, and mock-treated
or treated with 0.2 mg/ml RNase A for 30 min at room tem-
perature (RT). Cells were centrifuged at 1200 rpm, washed
twice with PBS before proceeding with chromatin isolation.
The pellet was resuspended in buffer A (10 mM, HEPES, pH
7.9, 10 mM KCl, 1.5 mM MgCl,, 10% glycerol, 0.34 M su-
crose, 1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsul-
fonyl fluoride (PMSF), 0.1% Triton X-100, and protease in-
hibitor cocktail), and incubated for 5~10 min on ice. Nuclei
were collected by low-speed centrifugation (1300 x g) for §
min at 4°C. The supernatant (cytoplasmic fraction) was fur-
ther clarified by high-speed centrifugation (17 000 x g) for 15
min at 4°C to remove cell debris and insoluble aggregates. Nu-
clei were washed once in buffer A, and then lysed in buffer B
(3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease inhibitor
cocktail). Insoluble chromatin pellet was collected by centrifu-
gation (1700 x g) for 4 min at 4°C, washed once with buffer
B and centrifuged again under the same conditions. The fi-
nal chromatin pellet (chromatin fraction) resuspended in SDS
buffer followed by western blotting analysis.

RNA immunoprecipitation

The RNA immunoprecipitation (RIP) assay was performed as
previously described [42, 43]. Briefly, cells transfected with in-
dicated plasmids or stable cell lines were lysed with RIP lysis
buffer [50 mM Tris—-HCI, pH7.4, 150 mM NaCl, 1% NP-40, 2
mM MgCl,, 400 uM Ribonucleotide Vanadyl Complex (RVC,
New England BioLabs), 40 U/ul RiboLock RNase Inhibitor,
protease inhibitor cocktail] on ice for 30 min. Cell lysates
were sonicated and centrifuged at maximum speed (17 000 x
g) for 30 min at 4°C. One-tenth of the lysates were used as
input-RNA, while 1/50 of lysates were saved as input-protein
for western blotting to detect the protein expression, and
left lysates were incubated with protein A/G-agarose beads
and indicated antibodies at 4°C overnight. Beads bound with
RNAs were washed for 3-5 times with RIP lysis buffer. One-
tenth of the beads were subjected to western blotting analysis
to identify the efficiency of immunoprecipitation, and the oth-
ers were treated with TRIZOL reagent (Sigma—Aldrich) to ex-
tract the RNAs bound to specific antibody (RIP-RNA). RIP-
RNA and input-RNA were subjected to qRT-PCR and ana-
lyzed using the 2=22¢T method.

Chromatin immunoprecipitation-gPCR

For chromatin immunoprecipitation (ChIP), cells were fixed in
1% formaldehyde (Sigma) for 10 min and then quenched with
125 mM glycine. Subsequently, the cells were resuspended in
ChIP lysis buffer (50 mM Tris—=HCI, pH 7.5, 150 mM NaCl, §
mM EDTA, 0.5% NP-40, 1% Triton X-100, 0.5% SDS). The
chromatin was sonicated to achieve fragments with a size of
200-500 bp. After centrifugation at maximum speed (17 000
x g) for 10 min at 4°C, the supernatant was incubated with
protein A/G-agarose beads and indicated antibodies at 4°C
overnight, and then washed for five times with ice-cold ChIP

wash buffer (50 mM HEPES-KOH, pH 7.5, 500 mM LiCl,
1 mM EDTA, 1% NP-40, 0.7% sodium deoxycholate), once
with Tris-EDTA (TE) buffer (10 mM Tris—=HCI, pH 8.0, 1 mM
EDTA, 50 mM NacCl). The immune-complexes were eluted
with ChIP elution buffer (50 mM Tris—=HCI, pH 8.0, 10 mM
EDTA, 1% SDS) and de-crosslinked overnight at 65°C with
0.2 M NaCl. Following treatment with RNase A (Cell Signal
Technology) and Proteinase K (Millipore), the DNA fragments
were purified using Cycle-Pure Kit (Omega). The relative im-
munoprecipitated DNA was determined by quantitative PCR
using the 2724¢T method, with IgG samples as the enrichment
controls.

Purification of GST-proteins

This method has been previously described [42, 43]. Briefly,
the prokaryotic expression constructs pEGX-4T1-EZH2 and
pEGX-4T1-RBM7 were transformed into competent cell
BL21 and were induced with 0.5 mM isopropyl -d-1-
thiogalactopyranoside for 12-16 h at 16°C. The bacterial pel-
let was resuspended in buffer (50 mM Tris—=HCI, pH 7.4, 150
mM NaCl, pH 7.4) and sonicated. After centrifuging at maxi-
mum speed (17 000 x g) for 20 min at 4°C, the bacterial solu-
tion passed through a filter column containing GST-Sefinose
Resin (Sangon) to capture the GST-protein, and then eluted
with glutathione (GSH) buffer (50 mM Tris-HCI, pH 8.0, 20
mM GSH). The purified protein was detected by coomassie
brilliant blue staining and western blotting.

Electrophoretic mobility shift assay

Predicted G4 RNA sequences and U-Rich RNA sequences of
ARID1A-AS and SNHG18 were synthesized by Gene-Pharma
Co., Ltd. and labeled with biotin at 5’-end. The RNA was
heated at 95°C for 3 min, and then renatured with binding
buffer (50 mM Tris-HCI, pH 7.5, 100 mM KCI, 2.5 mM
MgCl,, 2 mM 2-mercaptoethanol, 0.1 mg/ml bovine serum
albumin, 5% glycerol, 0.05% NP-40, protease inhibitor cock-
tail) at 37°C for 30 min. Purified GST-EZH2 or GST-RBM7
was incubated with the renatured RNA in binding buffer at
RT for 30 min, The reactions were separated on native 7%
polyacrylamide gels. Sequences of synthesized RNAs are listed
in Supplementary Table S2.

Wound healing assay

For the wound healing assay, the sterile culture-inserts (IBIDI)
were placed in 12-well plates, and the stable cell lines were
seeded in the culture-inserts for 24 h to get confluent mono-
layer. Remove the culture-inserts and cells were continued
to culture in serum-free DMEM for migration. Photos were
taken as indicated time until the wound was healed.

Soft agar colony formation assay

The effect of ZCCHCS8 on anchorage-independent growth
was determined by a soft agar colony forming assay as de-
scribed previously [44, 45]. Briefly, stable cells were suspended
in 2 mL of colony formation gel (2 x medium, 10% FBS,
1% penicillin/streptomycin, and 3.5% agar gel), and added
to 6-well plates coated with 2 mL of base gel (2 x medium,
10% FBS, 1% penicillin/streptomycin and 0.6% agar gel).
Then, cells were cultured at 37°C in a humidified atmosphere
containing 5% CO; for 3—4 weeks. Gels with viable colonies
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were stained with 0.005% crystal violet and the numbers of
colonies were counted.

Xenograft tumor model

The nude mice involved in the study were purchased from
Shanghai Lingchang Biotechnology Co., Ltd. and housed in
specific pathogen-free environments. The experiment of the
xenograft tumor model was established as described previ-
ously [46]. Stable ACHN cell lines were injected subcuta-
neously into 6-week-old nude mice (7 = 8) at the final concen-
tration of 2.5 x 10° cells. Mice were sacrificed 3 weeks later,
and tumors were weighed and photographed. All animal ex-
periments were conducted in accordance with the Guidelines
for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of Shanghai
Jiao Tong University School of Medicine.

Cell viability and proliferation

For cell viability assay, cells were seeded at a density of 5000
cells per well in 96-well plates, and treated with pazopanib
and/or EPZ-6438 at the indicated concentration for 48 h.
After treatment, the cellular activity was measured by Cell
Counting Kit-8 kit (YEASEN) following the manufacturer’s
instruction. The relative viability of cells was analyzed by the
ratio of absorbance under drug treatment to dimethyl sulfox-
ide (DMSO) treatment. For cell proliferation assay, cells were
seeded at a density of 1500 cells per well in 96-well plates. The
capability of cell proliferation was measured at indicated time
points using Cell Counting Kit-8 kit (YEASEN) according to
the manufacturer’s protocol.

Drug cytotoxicity and plate colony formation assay

Cells were seeded at a density of 1500 cells/well on 12-well
plates, and treated with indicated drugs. Medium was re-
placed with fresh drug-containing medium every 3 days. Af-
ter 7-14 days, colonies were stained with 0.1% crystal violet
overnight, and the area of colonies was measured by Image ]J.

RNA-seq analysis

For RNA-seq, total RNA extracted from indicated stable
ACHN cell lines by TRIZOL reagent was used for removing
the ribosomal RNAs (rRNAs) with NEBNext rRNA Deple-
tion Kit (New England Biolabs) as the manufacturer’s instruc-
tions. A total of 150 base paired-end reads were harvested
from illumina Novaseq 6000 sequencer, and were quality con-
trolled by Q30. After 3’ adaptor-trimming and low qual-
ity reads removing by cutadapt software (v1.9.3). The high
quality reads were aligned to the human reference genome
(UCSC hg19) with hisat2 software (v2.0.4) [47]. Then, cuffd-
iff software (v2.2.1, part of cufflinks) [48] was used to get the
Fragments Per Kilobase of exon model per Million mapped
fragments (FPKM) as the expression profiles of IncRNA and
mRNA, and fold change and P-value were calculated based
on FPKM, differentially expressed IncRNA and mRNA were
identified. LncRNA target genes were predicted by the loca-
tions to nearby genes. Pathway enrichment was performed us-
ing Gene Set Enrichment Analysis version 4.2.2 [49].

ChlIP-seq analysis

For ChIP-seq, ChIP was performed with GenSeq® ChIP
Kit (GenSeq Inc.) according to the manufacturer’s instruc-
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tions for the ACHNZCCHCS-WT cells and ACHNZCCHCS-/—
cells with a single biological replicate. The yield of ChIPed
DNA was determined via Quant IT fluorescence assay
(Thermo Fisher), and sequencing libraries were generated with
GenSeq® Rapid DNA Library Prep Kit (GenSeq Inc.) by fol-
lowing the manufacturer’s manual. The library quality was
determined by using Agilent 2100 Bioanalyzer (Agilent), and
then, subjected to high-throughput 150 base paired-end se-
quencing on Illumina NovaSeq sequencer. Raw data were gen-
erated after sequencing, image analysis, base calling and qual-
ity filtering on Illumina Novaseq6000 sequencer. First, Q30
was used to perform quality control. After adaptor-trimming
and low quality reads removing by cutadapt (v1.9.3) software,
high quality clean reads were generated. Then these clean
reads were aligned to reference genome using bowtie2 soft-
ware (v2.2.4) with default parameters [50]. Peak calling was
performed with MACS software (v2.2.7.1) [51]. Differentially
enriched peaks (DEPs) were identified by diffReps software
(v1.55.4) [52], with the P-value < 0.0001 and fold change > 2
as the difference threshold, and the G-test was used to iden-
tify the differentially enriched peaks. The enriched peaks were
then annotated with the latest UCSC RefSeq database to con-
nect the peak information with the gene annotation. ChIP-seq
signal within 2.5 kb upstream and downstream of the peak
was analyzed using DeepTools software [53]. Genome align-
ment files of RNA-seq and ChIP-seq were visualized using
EPGG genome browser (http://epigenomegateway.wustl.edu/
browser/) [54].

RNA-seq and ChIP-seq high throughput sequencing were
all performed by Cloud-Seq Biotech (Shanghai, China). All the
raw data have been deposited in the Gene Expression Om-
nibus under accession code GSE243767.

SLAM-seq analysis

Thiol (SH)-linked alkylation for metabolic RNA sequenc-
ing (SLAM-seq) was performed as described [55]. Briefly,
ACHNZCCHCS-WT ¢ells and ACHNZCCHCS/— cells were grown
to the proper cell density. The final concentration of 4-
thiouridine (s*U) was ensured to reach 100 uM. After 1 h
of incubation, the culture medium was immediately removed.
Cells were washed twice in PBS. Total RNA was extracted
with Trizol (Invitrogen), and then treated with iodoacetamide
under optimal reaction conditions. rRNA was removed from
the samples by the GenSeq® rRNA Removal Kit (GenSeq,
Inc.) kit. The rRNA-depleted samples were subjected to li-
brary construction with GenSeq® Low Input RNA Library
Prep Kit (GenSeq, Inc.) according to the manufacturer’s in-
structions. Paired-end reads were harvested from Illumina
NovaSeq sequencer, and were quality controlled by by Q30,
FastQC, and FastQ Screen. 3’ adaptor- and low quality reads
were trimmed by cutadapt software (v1.9.3), the high qual-
ity trimmed reads (clean reads) were aligned to the reference
genome using NextGenMap with default parameters. The
mismatch of T to C sites were extracted by VarScan2 soft-
ware [56]. Any called T to C SNPs from this dunk will be ex-
cluded in the subsequent analyses to reduce the false-positive
number.

Motif analysis of nascent IncRNAs was performed online
using the MEME Suite website (https://meme-suite.org/meme/
tools/meme) [57]. The R package G4iMGrinder [58] and the
online prediction tool QGRS Mapper (https://bioinformatics.
ramapo.edu/QGRS/index.php) [59] were used to G4 pre-
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diction of the 2-fold upregulated nascent IncRNAs (fold
change > 2) in ACHNZCCHCS-/= cels.

High throughput sequencing of SLAM-seq was performed
by Cloud-Seq Biotech (Shanghai, China). All the raw data
have been deposited in the Gene Expression Omnibus under
accession code GSE284433.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8.
Data are presented as the means =+ standard deviation (SD)
for qPCR, soft-agar colony formation assay, xenograft tumor
model and clinical data analysis. The simple linear regres-
sion correlation analysis was performed to analyze the asso-
ciation between the expressions of ZCCHC8 with SEMASA
and ARID1A expression levels. One-way Analysis of Variance
(ANOVA) or unpaired two-tailed Student’s #-tests were ap-
plied for statistical analysis. P < .05 (*), P < .01 (**), and
P < .001 (***) were considered statistically significant.

Results

The NEXT complex positively regulates H3K27me3
levels

To investigate the functional connection between NEXT and
PRC2 complexes, it is first necessary to determine whether the
NEXT complex affects the level of H3K27me3. We observed
that the expression levels of ZCCHCS, a key component of the
NEXT complex, were higher in an advanced ccRCC cell line
ACHN and lower in normal cell line HK2 (an immortalized
proximal tubule epithelial cell line from normal adult human
kidney) and ccRCC cell line CAKI-1 (Supplementary Fig. STA
and B). Compared to HK-2 and CAKI-1, ACHN cells also
exhibited higher levels of H3K27me3 (Supplementary Fig.
S1C), indicating a positive correlation between ZCCHCS8 and
H3K27me3 levels. Therefore, we used the CRISPR /Cas9 tech-
nology to knock out ZCCHCS, disrupting the assembly and
function of the NEXT complex in ACHN cells (Fig. 1A).
Genomic DNA sequencing showed that the base ‘C’ at the
position 148 in the first exon of ZCCHCS8 was deleted in
ACHNZCCHCS/= cells (Fig. 1B), which resulted in a com-
plete loss of ZCCHCS8 protein expression (Supplementary Fig.
S1D). We found that the deletion of ZCCHCS8 in ACHN cells
led to a marked decrease in H3K27me3 level (Fig. 1C). In or-
der to validate this result, we designed two shRNAs target-
ing ZCCHCS, designated as shZCCHCS8-1 and shZCCHCS-
2. We then constructed stable ZCCHCS8-knockdown cell lines
in ACHN and HEK 293T cells using a lentiviral infection sys-
tem (Supplementary Fig. S1E and F). Western blotting anal-
yses indicated that the knockdown of ZCCHCS resulted in
reduced levels of H3K27me3 in both ACHN and 293T cells.
Since the knockdown efficacy of shZCCHCS8-1 was lower
than that of shZCCHCS-2, we proceeded with the latter for
the generation of additional stable knockdown cell lines, in-
cluding CAKI-1, A-498, and LUAD cell line H1299, which
exhibited significantly decreased H3K27me3 levels (Fig. 1C
and G). To further verify our findings, we utilized two addi-
tional shRNAs targeting murine ZCCHC8 (murine shRNA-1
and murine shRNA-2) to establish ZCCHCS8 knockdown sta-
ble cell lines in murine embryonic stem cells (CGR8) via the
lentiviral infection system. Western blotting results demon-
strated that the knockdown of ZCCHCS significantly re-
duced H3K27me3 levels in CGRS cells (Fig. 1D), consistent

with the observations in human tumor cell lines. Conversely,
stable overexpression of Flag-ZCCHCS8 in CAKI-1 resulted
in a significant upregulation of H3K27me3 levels (Fig. 1E).
Consistently, the decreased H3K27me3 levels were rescued
and increased after restoring expression of Flag-ZCCHCS8
in either ACHNZ#CCHCS/= (Fig. 1F) or H1299-shZCCHCS
(Fig. 1G). In contrast, other histone modifications including
H3K27ac, H3K4me3 and H2AK119ub1 were almost unaf-
fected by changes in ZCCHCS levels (Supplementary Fig.
S1G-I), implying that the NEXT complex specifically regu-
lates the H3K27me3 level. Therefore, the above results indi-
cate that ZCCHCS, as a key component of the NEXT com-
plex, has a positive regulatory effect on H3K27me3 levels in
different cells.

We further performed the ChIP-seq to validate the impact
of ZCCHCS deficiency on H3K27me3 deposition in genome-
wide. Compared with ACHNZCCHCS-WT cells, KO of ZC-
CHCS in ACHN#CCHCS-/= cells resulted in a significant de-
crease in H3K27me3 signaling in the 2.5-kb upstream and
downstream regions of the peak center (Fig. 1H and I). To-
gether, these findings demonstrate that the impaired NEXT
complex leads to a significant decrease in H3K27me3 levels
and promotes chromatin accessibility (Fig. 1]).

ZCCHCS8 promotes chromatin recruitment of PRC2
core subunits through RNA

PRC2 is the only complex found to have H3K27me3 catalytic
activity, consisting of four core subunits EZH1/2 (mainly
EZH2), EED, SUZ12 and RBBP4/RBBP7 (Supplementary
Fig. S2A) and multiple auxiliary subunits [17]. To investi-
gate the mechanism by which the NEXT complex regulates
H3K27me3, we first assessed whether ZCCHCS8 deficiency af-
fects the protein levels of key subunits or the integrity of PRC2
complex. Western blotting results confirmed that the expres-
sion levels of PRC2 core subunits EZH2, SUZ12, EED, and
RBBP4 were not affected by either ZCCHCS8 knocking out
(ACHNZCCHCS-/= cells) or ZCCHCS knocking down (H1299-
shZCCHCS cells) (Fig. 2A and Supplementary Fig. S2B). The
catalytic activity of EZH2 is dependent on other core sub-
units of PRC2, including SUZ12 and EED, which are cru-
cial for the integrity of PRC2. Additionally, RBBP4/7 can
stabilize the binding of the PRC2 core subunits with his-
tones. Considering this, we wondered whether ZCCHCS af-
fects the interaction between the core subunits of PRC2.
Co-immunoprecipitation (Co-IP)/western blotting results re-
vealed that the interactions between EZH2 and other core
subunits, SUZ12, EED, and RBBP4, were not affected by the
deletion of ZCCHCS in ACHNZCCHCS-/— cells (Fig. 2B). Sim-
ilarly, the same results were obtained in 293T cells knocking
down ZCCHCS (Supplementary Fig. S2C). Moreover, lysates
from ACHNZCCHE8/= cells and CAKI-1 cells knocking down
ZCCHCS8 were Co-IP with anti-SUZ12 antibody, respectively.
The results showed that the interactions between SUZ12 and
EZH2, EED, or RBBP4 were also not affected by ZCCHCS
deletion or knockdown (Fig. 2C and Supplementary Fig. S2D).
Next, we aimed to investigate whether ZCCHCS regulates
the recruitment of PRC2 to chromatin. Given that EZH2 is
the core catalytic subunit of PRC2, we performed ChIP-seq
analysis on EZH2 to determine whether the deficiency of ZC-
CHCS results in reduced chromatin recruitment of EZH2.
The ChIP-seq results demonstrated that EZH2 signals were
significantly weakened in ACHNZCCHCS/~ cells (Fig. 2D).
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Figure 1. H3K27me3 levels are decreased in ZCCHC8-deficient cells. (A) Schematic diagram of the NEXT complex. (B) ZCCHC8-KO ACHN cell line
(ACHNZCCHCE/ ) was constructed by the CRISPR-Cas9 system, and genomic DNA sequencing confirmed the deletion of base ‘C’ at position 148 in the
first exon of ZCCHC8. (C, D) KO or knockdown of ZCCHC8 led to a decrease of H3K27me3 levels. ZCCHC8-knockdown cell lines were constructed by
the lentiviral system using shRNA-2 targeting human ZCCHC8 in CAKI-1 and A-498 cells. For CGR8 cells, murine shRNA-1 and shRNA-2 were used to
construct stable ZCCHC8-knocking down cells. The levels of ZCCHC8 and H3K27me3 in the above cells and ACHNZCCHC8/~ cells were detected by
western blotting; H3 and o-tubulin were used as loading controls. (E-G) The levels of ZCCHC8 and H3K27me3 in CAKI-1 cells stably overexpressing
Flag-ZCCHCS (E), ACHNZCCHC8/~ cells stably re-expressing Flag-ZCCHC8 (F), and H1299-shZCCHCS cells (using shZCCHC8-2) stably re-expressing
Flag-ZCCHC8 were detected by western blotting (G). Heatmap (H) and H3K27me3 ChIP-seq read densities (I) at the H3K27me3 peaks called in
ACHNZCCHCEWT cells and ACHNZCCHCE/ ~ cells. Each row of the heatmap illustrates the ChIP-seq read density across regions extending + 2.5 kb from the
center of the peak. (J) Schematic diagram of NEXT complex negatively regulating H3K27me3.
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Peaks of both EZH2 and H3K27me3 on a representative
genomic segment including SEMASA, TAS2R1, SNHG1S,
LINCO02112, ENSG00000250619 genes in ACHN#CCHCS-/—
cells were clearly lower than those in ACHNZCCHCS-WT ce]|s
(Fig. 2E).

Considering the crucial role of nuclear RNA in regulat-
ing PRC2 function, as well as the involvement of the NEXT
complex in targeting and delivering various nuclear RNAs
to nuclear RNA exosomes for degradation, we first hypoth-
esized that the effect of ZCCHC8 on EZH2 recruitment to
chromatin may be mediated by nuclear RNA. To test this hy-
pothesis, we assessed the impact of RNA presence or absence
on ZCCHC8-mediated regulation of EZH2 recruitment by
adding RNase A or omitting it, respectively. ACHNZCCHCS-WT
and ACHNZCCHCS-/= cells were subjected to RNase A treat-
ment after permeabilized with 0.05% Tween-20, followed by
chromatin separation and western blotting analysis [27] (Fig.
2F). The results showed that in the absence of RNase A,
the level of EZH2 in the chromatin fraction significantly de-
creased following the KO of ZCCHCS (Fig. 2F, lanes 5 and
6). In contrast, when RNase A was added, the level of EZH2
in the chromatin fraction remained unaffected by the absence
of ZCCHCS (Fig. 2F, lanes 7 and 8). The results demon-
strated that the inhibitory effect of ZCCHCS8 on the chro-
matin recruitment of EZH2 was abolished upon the addition
of RNase A. Collectively, these results suggest that ZCCHCS8
facilitates the binding of PRC2 core subunit EZH?2 to the chro-
matin in an RNA-dependent manner, thereby increasing the
H3K27me3 deposition on the chromatin.

ZCCHCS8 deficiency upregulates the levels of
nascent G4/U-rich IncRNAs

Dysfunctions in the NEXT complex result in metabolic dis-
turbances of RNAs, including promoter upstream transcripts
(PROMPTs) [9], eRNAs [5], precursor telomerase RNAs [10],
3’-extended products of snRNAs [11], and nuclear nascent
RNAs [12]. Having discovered the RNA-dependent regulation
of EZH2 chromatin recruitment by ZCCHCS8 (Fig. 2F), we
further investigated which type of substrate RNA is responsi-
ble for this regulation. RNA sequencing (RNA-seq) revealed
that KO of ZCCHCS led to a significant increase in the expres-
sion levels of numerous IncRNAs (Supplementary Fig. S3A).
Further analysis of the loci of upregulated IncRNAs revealed
that over 67.9% of these IncRNAs are located within 1 kb of
their neighboring gene promoters (Supplementary Fig. S3B),
suggesting that the majority of these upregulated IncRNAs are
newly synthesized.

To investigate whether the inhibition of nascent RNA pro-
duction affects EZH2 chromatin occupancy and H3K27me3
deposition, we treated ACHN cells with DRB, a transcrip-
tion inhibitor. The results indicated that as the concentra-
tion of DRB increased (leading to a stronger inhibition of
nascent RNA production), both the chromatin binding level
of EZH2 and the levels of H3K27me3 further increased
(Supplementary Fig. S3C). This finding suggests that nascent
RNA exerts an overall negative regulatory effect on the re-
cruitment of EZH2 to chromatin.

To strongly support our conclusions, we conducted
nascent RNA-seq to compare the transcriptional profiles of
ACHNZCCHCS-WT cells and ACHNZCCHES/= cells. We uti-
lized an emerging method known as SLAM-seq, employing 4-
thiouridine (s4U) labeling and thiol group alkylation to differ-
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entiate and quantify nascent RNA from pre-existing RNA by
detecting the conversion of thymine to cytosine (T > C) [55],
a technique that is widely accepted in the field [60-62]. We
treated both ACHNZCCHCS-WT cells and ACHNZCCHCS -/~ cells
with s*U for 1 h, followed by alkylation and RNA-seq. The re-
sults from the SLAM-seq analysis indicated that ZCCHCS8 de-
ficiency resulted in the upregulation of a significant number of
nascent IncRNAs, with a 2-fold increase in ACHNZCCHCS-/—
cells compared to ACHNZCCHCS-WT ¢ells (Fig. 3A). Feature
distribution analysis showed that nearly half of these upregu-
lated nascent IncRNAs were located on CpG islands (Fig. 3B),
which are recognized as PRC2-enriched regions [63].

To further investigate whether the above upregulated
nascent IncRNAs harbor specific regulatory motifs involved in
the EZH2 chromatin recruitment, we analyzed their sequences
using motif-based sequence analysis tools MEME. Previous
PAR-CLIP-seq data have demonstrated that PRC2 preferen-
tially binds to nascent RNAs, with tags for both EZH2 and
JARID2 being more broadly enriched in the 5’ region of the
transcript body [26]. Therefore, we focused our motif analysis
on the 5 region of upregulated nascent IncRNAs, which re-
vealed a significant presence of G-rich sequences (commonly
referred to as ‘G-tracts’) and U-rich sequences within these
IncRNAs (Fig. 3C).

In mammals, PRC2 recognizes and binds G4 folded struc-
tures within single-stranded RNA. These interactions lead to
the expulsion of the core catalytic component, EZH2, from
the substrate nucleosome, ultimately resulting in a reduction
of H3K27me3 levels in the gene [31, 64]. Additionally, anal-
yses using various G4-structure prediction software (Fig. 3D)
revealed that these G-rich sequences exhibited a high prob-
ability of folding into G4 structures. It is reported that the
more consecutive ‘G’ in G-tracts and the higher the repetition
of G-tracts, the greater possibility of forming G4 structures
[64]. To comprehensively assess the potential of these upregu-
lated nascent IncRNAs to form G4 structures, we further cat-
egorized these nascent IncRNAs into three types based on the
predicted number of ‘G’ repetitions within their G-tracts se-
quences (Fig. 3E and Supplementary Fig. S3D). Among them:

Type I: 12.4% of upregulated nascent IncRNAs contained
sequences with the (G.3)1_» (Gz)o_s feature, indicating the
presence of 1-2 repeated G-tracts consisting of >3 repeated
‘G’, along with 0-5 repeated G-tracts consisting of 2 repeated
‘G

Type II: 54.2% of upregulated nascent IncRNAs harbored
sequences with the (G.3)5_5 (G2)o_3 feature, indicating the
presence of 3-5 repeated G-tracts consisting of >3 repeated
‘G’, along with 0-3 repeated G-tracts consisting of 2 repeated
‘G

Type 1II: 33.4% of the upregulated nascent IncRNAs con-
tained sequences that lacked the aforementioned features, sug-
gesting they are unlikely to form a G4 structure (designated as
G4-non).

Based on existing research on G4 structures, type Il nascent
IncRNAs are more likely to form G4 structures than type L.

Interestingly, U-Rich motifs were also significantly enriched
in these upregulated nascent IncRNAs (Fig. 3C). Given that
previous iCLIP-seq data have demonstrated the binding of
the NEXT complex to U-Rich motifs via its subunit RBM7
[12], we hypothesized that these nascent IncRNAs containing
U-Rich motifs might serve as targets for the NEXT complex,
leading to their degradation within RNA exosomes. We classi-
fied nascent IncRNAs with >50% uridine (U) content within
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Figure 3. Impaired NEXT complex upregulates the levels of nascent G4/U-Rich IncRNAs. (A) Scatter plot for differentially expressed nascent IncRNAs
(detected in SLAM-seq based on T > C conversions) in ACHNZCCHC87~ cells labeled with s*U for 1 h. After excluding nascent INcRNAs with an average
CPM value less than 1, the nascent IncRNAs whose TcReadsCPM changed by at least 2 folds were analyzed in the ACHNZCCHCE/ = group compared to
ACHNZCCHCEWT group. (B) Feature distribution analysis of upregulated nascent INcRNAs through R package Chipseeker. (C) MEME analysis revealed that
upregulated nascent INcRNAs in ACHNZCCHC87~ cells were significantly enriched for G-Rich and U-Rich motifs. (D) Nascent IncRNAs were further
predicted for G4s using multiple G4 prediction software and algorithms. (E) The proportion of upregulated nascent IncRNAs containing different G4
features was statistically analyzed. (F) The proportion of upregulated nascent IncRNAs containing U-Rich motif (defined as with >50% uridine in the 25
nt motifs) was statistically analyzed. (G) Venn diagram showed the intersection of nascent U-Rich-IncRNAs and nascent G4-containing IncRNAs. (H)
Venn diagram showed the intersection of nascent U-Rich-IncRNAs and nascent IncRNAs containing different G4 types. (I, J) gPCR analyses for the levels
of IncRNAs ARIDTA-AS (left) and SNHG18 (right) in ACHNZCCHC87/- cells (1), as well as in ACHN-shRBM7 cells (J). Data were presented as mean =+ SD,

n = 4. Statistical analysis was performed using two-tailed unpaired t-test, ***P < .001.



25-nucleotide (nt) motifs as ‘nascent U-Rich-IncRNAs’. No-
tably, 77.4% of the upregulated nascent IncRNAs fell into
this category (Fig. 3F). Additionally, about 66.3% (423 out
of 638) of these nascent U-Rich-IncRNAs also contained G4
sequences, with a majority exhibiting type II G4 structures
(Fig. 3G and H). Furthermore, 76.2% (423 out of 555) of the
nascent IncRNAs containing G4 structures also exhibited U-
rich motifs, while 75.7% (342 out of 452) of the nascent IncR-
NAs with Type II G4 structures also harbored U-rich motifs
simultaneously.

The G4 sequences within nascent IncRNAs were identified
based on a high probability of forming G4 structures, taking
into account G score and G4 characteristics (Supplementary
Fig. S3E). Furthermore, the U-Rich sequences within the same
IncRNAs were also identified (Supplementary Fig. S3E). Con-
sequently, we collectively designated these nascent IncRNAs
containing both G4 and U-Rich motifs as ‘nascent G4/U-
Rich IncRNAs’. Among these, ARID1A-AS and SNHG18
were chosen for validation of the sequencing results due to
their high rankings. The results showed that both IncRNAs
were significantly increased in ACHNZCCHCS/— cells (Fig.
31). Given that RBM?7 is essential for NEXT-mediated RNA
decay [4], we generated an RBM7-knockdown ACHN cell
line (ACHN-shRBM7) to confirm that they are substrates
of the NEXT complex. Similar to the effect of ZCCHCS
KO/knockdown, RBM7 knockdown also led to a significant
increase in ARID1A-AS and SNHG18 levels (Fig. 3]). Taken
together, above data suggest that the impaired NEXT com-
plex leads to a substantial upregulation of numerous nascent
G4 /U-rich IncRNAs.

Nascent G4/U-Rich IncRNA directly binds to EZH2
and RBM?7 via its G4 and U-Rich motif, respectively

To validate whether those nascent G4/U-Rich IncRNAs in-
deed mediate the regulation of EZH2 recruitment by the
NEXT complex, we conducted an RIP assay and showed
that EZH2 could interact with both ARID1A-AS (Fig. 4A
and Supplementary Fig. S4A) and SNHG18 (Fig. 4B and
Supplementary Fig. S4B). To further investigate whether
this interaction depends on the G4 structure, we mu-
tated the predicated G4 sequences in ARID1A-AS and
SNHG18 (Supplementary Fig. S3F). Subsequent RIP experi-
ments showed that when the ‘Gs’ in the G4 sequence were mu-
tated to ‘As’, the binding ability between EZH2 and ARID1A-
AS (Fig. 4C and Supplementary Fig. S4C) or SNHG18 (Fig.
4D and Supplementary Fig. S4D) was significantly reduced,
indicating that the interactions relied on their G4 structures.
The electrophoretic mobility shift assay (EMSA) further con-
firmed the above conclusion. Specifically, bacterially expressed
GST-EZH2 protein was purified and G4 structure sequences
of ARID1A-AS and SNHG18 labeled with biotin at 5’- end
were synthesized (Supplementary Fig. S3F). We observed that
in RNA renaturation buffer containing K* that G4 structure
can be formed, ARID1A-AS-bio-G4 could bind to GST-EZH2,
and the binding strength enhanced with the increase of GST-
EZH2 concentration (Fig. 4E). In contrast, in the RNA renat-
uration buffer containing Li* that G4 structure could not be
formed, ARID1A-AS-bio-G4 failed to bind to EZH2 (Fig. 4E).
Similarly, the G4 structure of SNHG18 directly bound to GST-
EZH2 (Supplementary Fig. S4E). These results indicate that
upregulated nascent G4/U-Rich IncRNAs such as ARID1A-
AS and SNHG18 bind to EZH2 through their G4 structures,

NEXT complex regulates H3K27me3 levels 1"

thereby hindering the binding of EZH2 to the chromatin and
leading to a decrease in H3K27me3 levels at target gene loci.

To confirm whether upregulated nascent G4/U-Rich IncR-
NAs were recognized by RBM7 through U-Rich motifs,
lysates from 293T cells overexpressing ARID1A-AS or
SNHG18 were used for RIP with anti-RBM7 antibody. The
results showed that RBM7 had very strong interactions
with ARID1A-AS (Fig. 4F and Supplementary Fig. S4F) and
SNHG18 (Fig. 4G and Supplementary Fig. S4G). Further-
more, we synthesized the U-Rich sequence of ARID1A-AS
labeled with biotin at 5'-end (Supplementary Fig. S3F) for
EMSA experiments. The results showed a direct interaction
between RBM7 and the U-Rich sequence of ARID1A-AS
(Fig. 4H).

As a member of the CCHC-type zinc finger protein fam-
ily, ZCCHCS also possesses RNA binding ability, especially
to single-stranded RNA [65]. Studies have found that the
CCHC-box domain (also known as the “ZnK” domain) of
ZCCHC-type zinc finger proteins can recognize and bind to
Gs in single-stranded RNA [66]. To further confirm whether
upregulated nascent G4-IncRNAs were recognized by the
NEXT complex through the RBM7/U-Rich interaction or the
ZCCHCS8/G-Rich interaction, we constructed two mutants
of ZCCHC8: ZCCHC8-L295/299E and ZCCHCS8-AZnK.
The former involves mutating the L295 and L299 residues,
which are essential for the interaction between ZCCHCS8
and RBM7, to glutamic acid, thereby disrupting their inter-
action (Supplementary Fig. S4H). The latter involves delet-
ing the ZnK domain of ZCCHCS, which results in the loss
of its ability to bind to G-rich sequences in single-stranded
RNA; however, this deletion does not impact the interac-
tion between ZCCHC8 and RBM7 (Supplementary Fig. S4H).
Subsequently, we assessed whether the bindings of these two
ZCCHC8 mutants with IncRNAs are influenced. The RIP
assays revealed that compared to ZCCHCS8-WT, the bind-
ing ability of ZCCHCS8-AZnK to ARID1A-AS was not af-
fected (Fig. 41 and Supplementary Fig. S4I), and even the
binding ability to SNHG18 was increased (Supplementary
Fig. S4]), while the binding abilities of ZCCHC8-1.295/299E
to ARID1A-AS and SNHG18 were significantly reduced
(Fig. 41 and Supplementary Fig. S4]). These findings sug-
gested that ARID1A-AS and SNHG18 were targeted by the
NEXT complex through the RBM7/U-Rich interaction. Col-
lectively, the above results demonstrate that each of the up-
regulated nascent G4/U-Rich IncRNAs (such as ARID1A-AS
and SNHG18) exhibits two characteristic structures. The G4
structure is responsible for binding to EZH2, while the U-Rich
motif is specifically recognized by RBM7 and subsequently re-
cruited into RNA exosomes for degradation (Fig. 4]).

In addition to ZCCHCS8, RBM7, as another key compo-
nent of the NEXT complex, was knocked down in ACHN and
H1299 cells, revealing a significant decrease in H3K27me3
levels (Fig. 4K) without affecting the protein levels of the
PRC2 core subunits (Supplementary Fig. S4K). To further con-
firm the essential role of the NEXT complex mediated RNA
decay in regulating H3K27me3 levels, a core subunit of RNA
exosomes, RRP40, was knocked down in ACHN and H1299
cells. Convincingly, knockdown of RRP40 indeed led to a sig-
nificant decrease in H3K27me3 levels (Fig. 4L); Similarly, the
reduction of RRP40 did not affect the expression levels of the
PRC2 core subunits (Supplementary Fig. S4L).

Collectively, the above evidence supports a model in
which U-Rich motifs within nascent G4/U-Rich IncRNAs are
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RRP40 (L). (M) A model of nascent IncRNAs interacting with complexes PRC2 and NEXT via G4 and U-Rich motif, respectively.



recognized by ZCCHC8/RBM7, components of the NEXT
complex. Subsequently, these IncRNAs are recruited into exo-
somes for degradation. When the function of the NEXT com-
plex is impaired, it disrupts the normal degradation of nascent
G4/U-Rich IncRNAs, causing their accumulation in the nu-
cleus. Consequently, the accumulated IncRNAs bind to EZH2,
preventing the recruitment of PRC2 to the chromatin and re-
sulting in low levels of H3K27me3 (Fig. 4M).

Upregulated nascent G4/U-Rich IncRNAs increase
the expression levels of their neighboring genes

Since accumulated nascent G4/U-Rich IncRNAs bound to
EZH2 through its G4 structure, thereby blocking the recruit-
ment of EZH2 to the target loci for H3K27me3 marking,
we further analyzed the ChIP sequencing data to evaluate
the changes of H3K27me3 and EZH2 signals in genes adja-
cent to upregulated nascent G4/U-Rich IncRNAs. The results
showed that both H3K27me3 and EZH2 signals were gen-
erally reduced at most adjacent gene loci in ACHNZCCHCS-/—
cells compared with ACHNZCCHCS-WT cels (Fig. SA and B).
Next, we further analyzed the mRNA expression profiles from
the SLAM-seq data, revealing that more mRNAs were upreg-
ulated in the absence of ZCCHCS8 (Supplementary Fig. S5A).
Notably, for most of the genes adjacent to the upregulated
nascent IncRNAs, mRNA expression levels were elevated in
ACHNZCCHCS-/ = cells (Fig. SC). Interestingly, when compared
to G4-non (type III) nascent IncRNAs, those nascent IncR-
NAs that contain G4 sequences showed a more significant in-
crease in the expression of their adjacent genes, both at the
levels of newly synthesized mRNA and total mRNA, which
further supports our conclusions (Fig. 5D). Genome visual-
ization using representative genome browser tracks provided
detailed information on the ChIP signals for H3K27me3 and
EZH2, along with the RNA expression levels of the IncRNA
SNHG18 and its neighboring gene SEMASA in ZCCHC8WT
and ZCCHCS8~/~ cells (Fig. SE).

To validate the conclusions drawn from above ChIP-
sequencing data, we conducted ChIP-qPCR assays to confirm
that the levels of H3K27me3 and the binding affinity of EZH2
to the promoters of the neighboring genes SEMASA (associ-
ated with SNHG18) and ARID1A (associated with ARID1A-
AS) were significantly reduced in ACHNZ¢CHC8/~ cells (Fig.
SF and Supplementary Fig. S5B). Consistent results were also
observed in murine embryonic stem cell CGR8 with stable
knockdown of ZCCHCS (Fig. 5G and Supplementary Fig.
S5C). Additionally, as expected, the mRNA levels of SEMASA
and ARID1A were significantly increased after ZCCHC8 KO
in ACHN cells (Fig. SH and Supplementary Fig. S5D).

Moreover, we overexpressed G4-containing IncRNA to ex-
amine its effects on both global and local levels of H3K27me3.
The results indicated that the overexpression of SNHG18
(Supplementary Fig. SS5F) or ARID1A-AS (Supplementary Fig.
SSH) resulted in a reduction of global H3K27me3 levels
(Supplementary Fig. SS5E and G) in both ACHN and 293T
cells or both ACHN and H1299 cells, respectively. Notably,
both H3K27me3 and EZH2 signals at the promoter of the
neighboring gene of SNHG18, SEMASA, were significantly
diminished when SNHG18 was overexpressed in ACHN cells
(Fig. 5I). Conversely, in cells expressing the mutant SNHG18-
G4-mut, the H3K27me3 and EZH2 signals at the chromatin
were restored (Fig. ST).

NEXT complex regulates H3K27me3 levels 13

It is reported that mammalian PRC2 binding sites are en-
riched in CG content, which correlate with CpG islands that
display a low level of DNA methylation [67]. The gene sets, de-
noted as ‘HCP with H3K27me3’ and ‘LCP with H3K27me3’
(Supplementary Fig. S51), comprise genes bearing H3K27me3
mark in the high-CpG-density promoters (HCP) and low-
CpG-density promoters (LCP), respectively. GSEA analysis re-
vealed that genes in HCP gene set were significantly enriched
in ACHNZCCHCS-/= cells, while genes in LCP gene set were sig-
nificantly enriched in ZCCHCS8-WT cells (Supplementary Fig.
SST1). This indicated that ZCCHCS8 KO resulted in the upreg-
ulation of genes in HCP gene set and the downregulation of
genes in LCP gene set, implying a positive correlation between
the levels of ZCCHCS8 and H3K27me3. Thus, the above re-
sults demonstrate that upregulated nascent G4/U-Rich IncR-
NAs in ACHNZC¢CHC8/= ce] lines enhance the transcriptional
activity of their neighboring genes by decreasing the levels of
H3K27me3 on their promoters, thereby increasing the mRNA
levels of neighboring genes.

ZCCHCS8 is identified as a new oncogene

By conducting Gene Ontology (GO) pathway enrichment
analysis on neighboring genes of upregulated nascent IncR-
NAs, we observed significant enrichment in several pathways,
including angiogenesis, mesenchymal cell differentiation, ep-
ithelial cell migration, and epithelial-to-mesenchymal tran-
sition, following ZCCHC8 KO (Supplementary Fig. S6A).
These findings implied that ZCCHC8 might contribute to
cancer progression by modulating signaling pathways asso-
ciated with tumor cell migration. Indeed, analyses on protein
quantification mass spectrometry data from the Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) database un-
veiled a marked elevation in ZCCHCS8 protein levels across
several malignant tumors, including ¢ccRCC, LUAD, hepato-
cellular carcinoma, breast cancer, and ovarian cancer, when
compared to their corresponding normal adjacent tissues (Fig.
6A). Considering individual differences among patients, we
paired tumor tissues and their corresponding adjacent tissues
from the same ccRCC and LUAD patients (the data from CP-
TAC), and then compared the differences in ZCCHCS pro-
tein levels, arriving at the same conclusion that ZCCHCS was
highly expressed in tumors (Supplementary Fig. S6B). Further-
more, as tumor pathological grading increased, the proportion
of patients with high expression of ZCCHCS8 also showed a
gradual rise (Fig. 6B). Similarly, upon analyzing the expres-
sion levels of ZCCHCS in patients with varying pathological
grades, we observed a consistent increasing trend as the patho-
logical grade advanced (Supplementary Fig. S6C). Thus, based
on the data from CPTAC, the analysis revealed a significant
positive correlation between the expression level of ZCCHC8
and tumor grade, particularly in LUAD and ccRCC patients.
Furthermore, the Kaplan—Meier survival analysis showed that
patients with high mRNA expression levels of ZCCHCS8 ex-
hibited a lower survival rate in both ¢ccRCC and LUAD pa-
tients (Fig. 6C and D), which suggests a positive correlation
between ZCCHCS overexpression and an unfavorable prog-
nosis in patients.

To validate the aforementioned conclusions derived from
public databases, we conducted western blotting analysis
to evaluate the protein levels of ZCCHCS in clinical tu-
mor specimens and their corresponding adjacent normal
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Figure 5. Upregulated nascent G4/U-Rich IncRNAs enhance the expression levels of their neighboring genes. (A) Heatmap showed differential
enrichment of H3K27me3-ChIP-seq and EZH2-ChIP-seq peaks in the proximate genes of all upregulated nascent INcRNAs in ACHNZCCHCE/ = cells
compared to ACHNZCCHCEWT cells. (B) Cumulative distribution plots showed the differential enrichment of H3K27me3-ChlIP-seq (left) and EZH2-ChIP-seq
(right) peaks in the proximate genes of all upregulated nascent INcRNAs in ACHNZCCHC87~ cells compared to ACHNZCCHCEWT cells. (C) Heatmap showed
the mRNA expression profile of adjacent genes form upregulated nascent IncRNAs. (D) Cumulative distribution plots showed the changes in the levels of
newly generated mRNAs and total mRNAs of neighboring genes from upregulated nascent IncRNAs with or without G4 sequences. (E) Representative
genome browser tracks for signal peaks of H3K27me3 and EZH2 (ChIP-seq), and RNA levels of SNHG18 and its proximate gene SEMASA (RNA-seq) in
ACHNZCCHCEWT gnd ACHNZCCHCE/ ~ cells. (FG) ChIP-gPCR experiments were performed to detect the levels of H3K27me3 and EZH2 binding to
SEMABA promoter in ACHNZCCHCE/ = cells (F) and ZCCHC8-knockdown CGR8 cells (G), n =3 or 4, ***P < .001, **P < .01. (H) The expression levels of
SEMABA in ACHNZCCHCE/— cells were determined by qPCR, n= 4, ***P < .001. (I) ChIP-qPCR for the levels of H3K27me3 and EZH2 binding to
SEMAGBA promoter in ACHN cells overexpressing SNHG18 with wild-type G4 sequence or G4-mutanted sequence, n =3, ***P < .001, **P < .01.
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Figure 6. ZCCHC8 promotes cancer progression. (A, B) Analysis of ZCCHC8 protein levels in the public database of Clinical Proteomic Tumor Analysis
Consortium (CPTAC). The protein level of ZCCHC8 was higher in tumor tissues compared to adjacent normal tissues (A), and the proportion of patients
with high ZCCHC8 expression increased with the rise in pathological grade in ccRCC and LUAD patients (B). Statistical analysis was performed using
two-tailed unpaired ttest in panel (A), ***P < .001, **P < .01, *P < .05. (C,D) The correlations between the mRNA expression level of ZCCHC8 and the
survival of ccRCC patients (C) as well as LUAD patients (D) were analyzed by the online tool Kaplan—-Meier plotter and compared by the log-rank test. (E)
Expression levels of ZCCHC8 in ccRCC and LUAD clinical specimens as well as their paired adjacent normal tissues (21 pairs, respectively) were
analyzed by western blotting. Heatmap was used to display the results of grayscale statistics. (F) KO or knockdown of ZCCHCS8 levels inhibited the
wound healing ability of ACHN (left) and H1299 (right) cells. (G) Soft agar colony formation assay for stable ACHN (left) and H1299 (right) cells were
performed according to the ‘Materials and methods’ section. Data were presented a mean =+ SD, n = 6. Statistical analysis was performed using
two-tailed unpaired t-test. ***P < .001. (H) Stable ACHN cells were subcutaneously injected into 6-week-old BALB/c nude mice individually (2.5 x 108
cells per each). Mice were sacrificed after 3 weeks of injection. Tumors were dissected and the weight was assessed. Data were presented as

mean + SD, n = 8. Statistical analysis was performed using two-tailed unpaired t-test. **P < .01.
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tissues from 21 c¢cRCC and LUAD patients, respectively
(see Supplementary Table S3). As anticipated, the results re-
vealed that ZCCHCS levels were generally higher in tumors
compared to those in adjacent normal tissues (Fig. 6E and
Supplementary Fig. S6D). Secondly, we performed a wound
healing assay and observed a marked decrease in the heal-
ing capacity of ccRCC cell line ACHN, as well as LUAD cell
line H1299, following ZCCHCS8 KO or knockdown (Fig. 6F
and Supplementary Fig. S6E). Notably, ZCCHCS8 did not in-
fluence cell proliferation, effectively ruling out any impact of
proliferation on migration (Supplementary Fig. S6F). Third,
to investigate the impact of ZCCHCS8 on cell transform-
ing potential, we conducted a soft-agar colony-forming as-
say, which revealed that ZCCHCS deletion or knockdown
significantly reduced anchorage-independent colony forma-
tion and growth in ACHN and H1299 cells (Fig. 6G and
Supplementary Fig. S6G). Furthermore, to investigate whether
higher expression of ZCCHC8 promotes tumor growth in
vivo, stable ACHN cell lines were subcutaneously inoculated
into the backs of nude mice for the xenograft tumor growth
assay. The photographs (Supplementary Fig. S6H) were taken,
and the weight of tumors (Fig. 6H) was measured. The pro-
tein levels of ZCCHCS in each of tumor tissues were ver-
ified by western blotting (Supplementary Fig. S6I). The re-
sults showed that the size and average weight of tumors in
the ACHNZCCHCS-/= group were reduced compared to those
in the ACHNZCCHCS-WT oroup, demonstrating that ZCCHCS
deletion inhibits tumor growth in vivo. Taken together, our
data collectively demonstrate that ZCCHCS functions as an
oncogene, potentially contributing to both tumorigenesis and
cancer progression.

ZCCHCS8 promotes cancer progression by
downregulating the expressions of SEMAGA and
ARID1A

SEMASA is a member of the semaphorin family and plays a
crucial role in axon guidance. One study has demonstrated
that SEMASA functions as a tumor suppressor, inhibiting the
proliferation and migration of LUAD cells [40]. However, in
the context of pancreatic cancer and gastric cancer, SEMASA
seems to promote metastasis by enhancing endothelial cell
proliferation and inhibiting apoptosis [68, 69]. ARID1A, a
member of the SWI/SNF (Switch/Sucrose Non-Fermentable)
chromatin-remodeling complex, plays a crucial role in regulat-
ing various biological processes, including cell differentiation,
proliferation, development, and DNA repair [70]. Frequent
mutations in the ARID1A gene occur in cancer, often involv-
ing insertions or deletions. These mutations lead to downreg-
ulation or loss of ARID1A protein expression [71]. Emerging
evidence suggests that the loss of ARID1A significantly con-
tributes to the development of several types of cancer, includ-
ing colorectal cancer, gastric cancer, endometrial cancer, and
cholangiocarcinoma [72, 73].

To explore whether ZCCHCS overexpression (Fig. 6A-E
and Supplementary Fig. S6B and C) in cancer patients re-
sults in decreased expression levels of the above neighbor-
ing SEMASA and ARID1A, we conducted a comprehensive
analysis of SEMASA and ARID1A levels in clinical tumor tis-
sues. Notably, the mRNA levels of SEMASA and ARID1A
were significantly reduced in kidney cancer and LUAD tis-
sues compared to their corresponding normal adjacent tissues
(Supplementary Fig. S7A-C). Furthermore, SEMASA protein

levels were also significantly decreased in kidney cancer and
LUAD tissues (Fig. 7A and B). Subsequently, we performed
correlation analyses, revealing that the protein levels of ZC-
CHCS8 were negatively correlated with the mRNA levels of
SEMASA and ARID1A (Supplementary Fig. S7D-F). Most
notably, the protein levels of SEMASA also exhibited a nega-
tive correlation with the protein levels of ZCCHCS in kidney
and lung tissues (Fig. 7C and D).

Given the negative correlation between SEMASA and ZC-
CHCS8 at both mRNA and protein levels, we further in-
vestigated whether the phenotype resulting from ZCCHCS8
KO is associated with SEMASA. Elevated SEMASA ex-
pression in ACHNZCCHCS/— cells was stably re-knocked
down using lentiviral shRNA (Supplementary Fig. S7G). The
wound healing assay revealed that the migration capacity of
ACHNZCCHECS/= cells, which had been impaired due to ZC-
CHCS8 KO, was rescued upon SEMASA knockdown (Fig. 7E).
Furthermore, the plate and soft-agar colony formation assays
demonstrated that after SEMASA knockdown, the prolifera-
tion capacity and the anchorage-independent growth ability
of ACHNZCCHCS/= cells also were recovered nearly to wild-
type levels, respectively (Fig. 7F and G, and Supplementary
Fig. S7H and I). These intriguing findings lend support to our
hypothesis that ZCCHCS regulates SNHG18 levels through
the NEXT complex, ultimately influencing the expression of
its neighboring gene, SEMASA, and thereby impacting cancer
progression.

Cancer cells with high expression of ZCCHC8 are
more sensitive to the EZH2 inhibitor

Dysregulation of the PRC2 complex is commonly observed
in multiple cancers, particularly involving the catalytic sub-
unit EZH2, which is frequently overexpressed or exhibits en-
hanced activity [74]. Tazemetostat (EPZ-6438) is an orally
administered, first-in-class, small molecule EZH2 inhibitor
that has been approved for clinical therapy [37]. Based on
our aforementioned findings, we speculated that the EZH2
inhibitor might enhance the therapeutic efficacy in can-
cer patients with high expression of ZCCHCS8. To vali-
date this hypothesis, we treated ZCCHCS8-high expressed
ACHNZCCHCS-WT cells and ACHNZCCHES /= cells with EPZ-
6438. Subsequently, we measured the levels of H3K27me3 us-
ing western blotting. Notably, there was a significant decrease
in H3K27me3 levels in ACHN 2CCHCS-WT cells compared to
ACHNZCCHCS-/= cells (Fig. 8A and B). This finding suggests
that cancer cells with high expression of ZCCHCS8 were more
sensitive to EPZ-6438.

Given the substantial elevation in ZCCHCS protein levels
observed in ccRCC (Fig. 6A-E and Supplementary Fig. S6B—
D), and considering that pazopanib is a frequently prescribed
first-line drug for advanced ccRCC patients, we hypothesize
that the combination of pazopanib and EPZ-6438 could syn-
ergistically enhance the therapeutic efficacy in ccRCC cases
with high ZCCHCS expression. We treated ACHNZCCHCS-WT
and ACHNZCCHCS-/= cells with single-agent EPZ-6438 or
pazopanib, as well as the combination of both. Cell viabil-
ity was assessed using CCK8, revealing that the viability of
ACHNZCCHCS-WT ce]ls decreased to below 50% when pa-
zopanib and EPZ-6438 were combined, compared to the pa-
zopanib group. However, the viability of ACHNZCCHCS-/~
cells did not exhibit further reduction (Fig. 8C). Similarly,
in CAKI-1 and HK-2 cells with lower ZCCHCS8 expression,
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Figure 7. Neighboring genes SEMABSA and ARID1A are negatively correlated with ZCCHC8 levels in clinical cancer patients. (A,B) SEMABA protein level
in kidney cancer (A) and LUAD (B) were analyzed through Cancer Proteogenomic Data Analysis Site (cProSite). (C,D) Correlation between ZCCHC8
protein level and SEMABA protein level in kidney (C) as well as lung (D) were analyzed by cProSite. (E) Knockdown of SEMABA rescued the decreased
cell migration ability caused by ZCCHC8 deficiency in ACHN cells. (F) Plate colony formation assay for ACHN stable cell lines were performed according
to the ‘Materials and methods’ section. Data were presented a mean £ SD, n = 4. Statistical analysis was performed using one-way ANOVA. ***P <
.001. (G) Knockdown of SEMABA rescued the decreased anchorage-independent growth capacity caused by ZCCHC8 deficiency. Data were presented a
mean + SD, n = 6. Statistical analysis was performed using one-way ANOVA. ***P < .001.
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molecular mechanism by which ZCCHCS8 regulates H3K27me3 involves an overactivated NEXT complex resulting from high expression of ZCCHC8. This
over-activation leads to the excessive degradation of nascent G4/U-Rich IncRNAs, subsequently promoting increased recruitment of PRC2 and

deposition of H3K27me3. Consequently, adjacent gene expression, such as SEMABA, is inhibited, ultimately contributing to tumor progression (upper).
Conversely, low ZCCHC8 expression inhibits tumor progression (lower).



the combination of pazopanib and EPZ-6438 also did not
further promote cytotoxicity (Fig. 8C). This suggested that
the combination of the EZH2 inhibitor EPZ-6438 could en-
hance the cytotoxicity of pazopanib on cells with high ZC-
CHCS expression. Furthermore, plate colony formation as-
says further confirmed the above conclusion. The combination
of pazopanib and EPZ-6438 demonstrated enhanced cyto-
toxic effects compared to the pazopanib monotherapy group
in ACHNZCCHCS-WT cells, However, ACHNZCCHCS-/= "CAKI-
1, and HK-2 cell lines did not exhibit similar enhancement
(Fig. 8D and Supplementary Fig. S8A).

Discussion

The initiation and progression of tumors result from the in-
terplay between stable genetic variations and dynamic epi-
genetic changes in the genome. While most of the identified
tumor-related genes, such as tumor suppressor genes or proto-
oncogenes, lead to tumorigenesis through mutations in DNA
sequences, much remains unknown about the associated epi-
genetic characteristics. Consequently, tumor epigenetics has
become a hot research area, with promising insights emerg-
ing from recent studies. Polycomb group (PcG) proteins are
epigenetic factors that form two main complexes known as
Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2).
These complexes deposit H2AK119ub1 and H3K27me3, re-
spectively. Most recently, a study has demonstrated that tran-
sient disturbances in transcriptional silencing mediated by
polycomb group proteins are sufficient to induce irreversible
changes in the fate of cells, even in the absence of mutations
in driver genes [75]. H3K27me3 is a mark of facultative hete-
rochromatin and gene silencing, often excessively modified in
various cancers [76]. The PRC2 complex, as the only known
multi-subunit complex with catalytic activity for H3K27me3,
is directly associated with various cancers and developmental
disorders when its function is disrupted [76, 77].

As noncoding RNA research advances, an increasing num-
ber of studies highlight the pivotal role of noncoding RNAs
in epigenetic regulation. Among these, the NEXT complex
stands out as an essential player responsible for RNA degra-
dation and maintaining RNA stability. By orchestrating the
degradation of nascent RNA, the NEXT complex actively par-
ticipates in gene expression regulation. However, when the
function of the NEXT complex is impaired, an imbalance in
the steady-state of nascent IncRNAs ensues, leading to dys-
regulation in the transcriptional control of downstream genes.
This dysregulation can significantly contribute to the onset of
various diseases, particularly cancers. In our study, we uncov-
ered functional connections between the NEXT complex and
PRC2 complex, and proposed a specific molecular mechanism
model (Fig. 8E). The nascent G4/U-Rich IncRNA serves as a
critical regulator. Its G4 structure plays a pivotal role in fa-
cilitating EZH2 binding, which in turn blocks the chromatin
recruitment of PRC2. Simultaneously, the U-Rich motif within
this IncRNA is specifically recognized by RBM7/ZCCHCS
of the NEXT complex, leading to exosome-mediated RNA
degradation. In tumor tissues with high ZCCHCS expression,
the function of the NEXT complex becomes excessively acti-
vated to degrade nascent G4/U-Rich IncRNAs via binding to
its U-Rich motifs, thus core subunits of PRC2 (such as EZH2
and SUZ12) are released and easily recruited to neighboring
genomic loci. This leads to an upregulation of H3K27me3
levels. Consequently, transcription at these adjacent gene loci
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is suppressed, including some tumor suppressor genes like
SEMASA and ARID1A, ultimately promoting tumor progres-
sion (Fig. 8E, upper). However, in normal tissues where ZC-
CHCS expression is lower, the function of the NEXT complex
is not excessively activated. As a consequence, these nascent
IncRNAs can persistently reside within the cell nucleus, in-
hibiting the binding of PRC2 to nearby gene loci and thereby
reducing H3K27me3 levels (Fig. 8E, lower).

We observed that in tumor cells, loss or downregula-
tion of ZCCHCS, a key subunit of the NEXT complex, re-
duced the chromatin occupancy of EZH2, the catalytic sub-
unit of PRC2. This reduction led to an overall decrease in
H3K27me3 levels. RNA high-throughput sequencing analy-
sis revealed that nascent IncRNA levels were significantly ele-
vated in ACHNZCCHCS/= cells compared to ACHNZCCHCS-WT
cells, along with a corresponding increase in the expression of
neighboring genes of these IncRNAs. Approximately 77.4%
of upregulated nascent IncRNAs contained U-Rich motifs.
Among the nascent IncRNAs with U-Rich motif, 66.3% also
contained sequences that may form G4 structures. The U-
Rich motifs could be recognized and bound by RBM7, an-
other subunit of the NEXT complex, and were targeted to the
RNA exosome for degradation as a substrate of the NEXT
complex. The assembly and function of the NEXT complex
were impaired due to loss or downregulation of ZCCHCS.
Consequently, a portion of nascent G4/U-Rich IncRNAs ac-
cumulated in the nucleus due to blocked degradation. The
abundant accumulation of G4 on nascent IncRNAs could di-
rectly bind to the catalytic subunit EZH2 of PRC2, thus in-
hibiting its binding on chromatin. This resulted in a decrease
in H3K27me3 levels at adjacent loci of nascent G4/U-Rich
IncRNAs, ultimately promoting the transcriptional activa-
tion of neighboring genes. Furthermore, GO analysis revealed
that the neighboring genes of the upregulated IncRNAs in
ACHNZCCHCS/= cells were significantly enriched in multiple
pathways associated with tumor migration, which suggested
that dysfunction of the NEXT complex might play a role
in tumor progression. Subsequent cellular phenotype exper-
iments and subcutaneous murine xenograft models demon-
strated that the loss or downregulation of ZCCHCS signifi-
cantly inhibited the malignant phenotype of tumor cells, in-
cluding their migration and in vivo tumorigenesis. More im-
portantly, analysis of clinical cancer patient samples and in-
ternational public clinical data revealed that ZCCHCS pro-
tein levels in tumor tissues were significantly higher than
those in adjacent noncancerous tissues. Conversely, the ex-
pression levels of target genes SEMESA and ARID1A were
markedly lower in tumor tissues compared to adjacent non-
cancerous tissues, and exhibited a significant negative correla-
tion with ZCCHCS protein levels. Finally, the EZH2 inhibitor
Tazemetostat (EPZ-6438) was found to enhance drug sen-
sitivity in cells with elevated ZCCHCS expression, suggest-
ing a potential combination therapy strategy for cancer pa-
tients with increased ZCCHCS levels. In summary, our study
revealed a novel molecular mechanism by which the NEXT
complex promotes H3K27me3 levels through the degradation
of nascent G4/U-Rich IncRNAs.
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