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Summary

Background Distant metastasis remains the leading cause of treatment failure in patients with nasopharyngeal car- eBioMedicine 2022;81:
cinoma (NPC), making it critical to identify efficient therapeutic targets for metastatic NPC. Previous studies have 104100
demonstrated that deoxynucleotidyltransferase terminal-interacting protein 1 (DNTTIP1) is associated with the devel- Published online o

. . . . https://doi.org/10.1016/j.
opment of various types of cancer. However, its role and mechanism in NPC have not been explored. ebizm 2022 1% 4100 !

Methods RNA-seq profiling was performed for three pairs of NPC and normal nasopharynx tissues. DNTTIP1
expression in NPC specimens was detected by immunohistochemistry. In vitro and in vivo assays were used to inves-
tigate the function of DNTTIP1. The molecular mechanism was determined using RT-qPCR, western blotting,
RNA-seq, luciferase reporter assays, ChIP assays, and co-IP assays.

Findings DNTTIP1 was found to be significantly upregulated in NPC tissues. Furthermore, DNTTIP1 promoted
NPC growth and metastasis in vitro and in vivo. Upregulation of DNTTIP1 in NPC indicated poor clinical outcomes.
Mechanistically, DNTTIP1 suppressed DUSP2 gene expression via recruiting HDACT to its promoter and maintain-
ing a deacetylated state of histone H3K27. The downregulation of DUSP2 resulted in aberrant activation of the ERK
signaling and elevated MMP2 levels, promoting NPC metastasis. Chidamide, an HDAC inhibitor, was shown to sup-
press NPC metastasis by regulating the DNTTIP1/HDAC1-DUSP2 axis.

Interpretation Our findings demonstrate that DNTTIP1 not only regulates NPC metastasis but also independently
predicts NPC prognosis. Furthermore, targeting DNTTIP1/HDACI by Chidamide may benefit NPC patients with
metastasis.
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Research in context

Evidence before this study

Nasopharyngeal carcinoma (NPC) originates from the
nasopharyngeal epithelium and is characterized by
insidious symptoms and aggressiveness. Despite advan-
ces in clinical diagnosis and treatment, distant metasta-
sis remains a major cause of treatment failure and
cancer-related death for NPC patients. Therefore, it is
important to identify potential therapeutic targets for
NPC metastasis. Previous researches have shown that
DNTTIP1 is involved in mitosis and the cell cycle, and
has tumorigenic effects in a variety of tumors. However,
the role of DNTTIP1 in regulating NPC progression and
metastasis remains unknown.

Added value of this study

In this study, we found that DNTTIP1 could be a bio-
marker to predict the prognosis of NPC patients. Over-
expression of DNTTIP1 recruited HDAC1 to deacetylate
histone H3K27 at the DUSP2 promoter to transcription-
ally suppress DUSP2. The downregulation of DUSP2 led
to aberrant activation of the ERK signaling, which pro-
moted NPC metastasis. This provides evidence that
DNTTIP1 promotes cancer metastasis in NPC, and this
function of DNTTIP1 is dependent on DUSP2. Further-
more, Chidamide, an HDAC inhibitor, could suppress
NPC metastasis via regulating the DNTTIP1/HDACT-
DUSP2 axis.

Implications of all the available evidence

Our study reveals that DNTTIP1 is an independent risk
factor that influences the prognosis of NPC, as well as a
regulator that promotes NPC development and metas-
tasis. Therefore, DNTTIP1 could be a promising thera-
peutic target. Thus, targeting DNTTIP1/HDACT by
Chidamide has clinical potential in the treatment of
NPC.

leading cause of treatment failure and cancer-related
death in NPC patients.® Therefore, a better under-
standing of the molecular mechanisms of NPC
metastasis and the development of potential thera-
peutic strategies is critical.

DNTTIP1 is a DNA-binding protein, which enhances
the activity of terminal deoxynucleotidyltransferase
(TdT), and promotes the polymerization of DNA in lack
of DNA templates.”'® Recent researches have discov-
ered that DNTTIP1 can form a complex with HDAC1/2
and MIDEAS in Homo sapiens, which is known as the
mitotic deacetylase complex (MiDAC)." Throughout
the cell cycle, all of the components of the MiDAC com-
plex have been indicated to be specifically associated
with, and be substrates of, CyclinA2/CDK2."”

Consistent with the observation of the MiDAC complex
in regulating cell proliferation, it has been implied that
the participants of the MiDAC complex may contribute
to the progression of human cancer.” Indeed, mount-
ing evidence suggests that DNTTIP1 is linked to the
development of various types of cancer. For example,
elevated expression of DNTTIP1 in non-small-cell lung
cancer is associated with enhanced tumorigenesis™;
DNTTIP1 promotes tumor cell proliferation in oral
squamous cell carcinomas by regulating the cell cycle®;
and DNTTIP1 exhibits close relationships with myeloid-
derived suppressor cell infiltration levels and various
core cancer intrinsic CTLs-evasion genes.'® However,
whether DNTTIP1 is correlated with poor prognosis of
cancer, and the mechanism underlining is largely
unknown. Here, we report that a high level of DNTTIP1
is associated with poor outcomes in NPC. In mecha-
nism, DNTTIP1 promotes NPC metastasis via recruit-
ing HDACI to efficiently catalyze the deacetylation of
histone H3K27 at the DUSP2 promoter, which leads to
the silencing of DUSP2 gene and the activation of ERK
signaling. This study may provide strategies to target
NPC patients with metastasis.

Methods

Cell culture

The human nasopharyngeal carcinoma cell line HK1
and human cancer cell lines (HONE1, 5-8F and 6-10B)
were cultured in RPMI-1640 (Invitrogen, Carlsbad,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA). The human immortal-
ized nasopharyngeal epithelial cell lines (NPG9) were
cultured in keratinocyte/serum-free medium (Invitro-
gen) supplemented with bovine pituitary extract (BD
Bioscience, San Diego, CA, USA). The above cell lines
were generously provided by Dr. Musheng Zeng (Sun
Yat-sen University Cancer Center). The human naso-
pharyngeal carcinoma cell line C666-1 was cultured in
RPMI-1640 (Invitrogen, Carlsbad, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, Australia).
The work relevant to C666-1 cell line was performed in
collaboration with Dr. Wei Dai (University of Hong
Kong). In addition, the HEK293T embryonic kidney
cells were obtained from the American Type Culture
Collection (ATCC), they were cultured in DMEM sup-
plemented with 10% FBS. All cell lines were cultured at
37°C and 5% CO, and were regularly tested for myco-
plasma contamination.

Plasmid construction

The Flag-tagged HDAC constructs were gifts from Prof.
Binhua P. Zhou (University of Kentucky). DNTTIP:
was cloned into the pSIN-EF2-puro vector. The pro-
moter regions of DNTTIP1 and DUSP2 were cloned
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into the pGL3-basic vector. The PLKO.1-puro vector was
used to clone the shRNAs that target DNTTIP1 and
DUSP2. The sequences used for cloning the indicated
shRNAs are reported in Supplementary Materials and
Methods.

RNA extraction and qRT-PCR

Briefly, total RNA was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer’s instruc-
tions. First-strand ¢cDNA was synthesized using the
Revert AidTM First Strand cDNA Synthesis Kit (MBI
Fermentas). The primers used to amplify the indi-
cated genes are shown in Supplementary Materials
and Methods.

RNA-seq

RNA-seq of three pairs of nasopharyngeal carcinoma tis-
sues and normal nasopharynx tissues was performed by
Novogene using Illumina X TEN. The 6GB clean data
per sample were collected for RNA-seq. Hg38 assembly
was used for the read alignment, and gene annotation
was obtained using Ensembl gene annotation version
90. RNA-seq of DNTTIP1 knockdown was performed
by Novogene using Illumina NovoSeq 6ooo. The 6 GB
clean data per sample were collected for RNA-seq, and
the clean reads were aligned to the human genome
GRCh38 (Hg38) using hisata (version 2.0.5).

RNAi treatment

Transfection was performed according to the man-
ufacturer’s instructions using Lipofectamine RNAi
MAX transfection reagent (Invitrogen) and so nM
siRNA. The oligonucleotide sequences are shown in
Supplementary Materials and Methods.

The luciferase reporter assay

Briefly, the cells were plated in 12-well plates at a density
of 1.2x10° cells per well then transfected with o.5pug of a
promoter-luciferase plasmid. To normalize the transfec-
tion efficiency, the cells were also co-transfected with
sng of pRL-CMV (Renilla luciferase). After 48 hours
post-transfection, the luciferase activity was measured
using a Dual-Luciferase Assay kit (Promega). Three
independent experiments were performed, and the cal-
culated means and standard deviations are obtained.
The primer used for cloning the DUSP2 and DNTTIP:
promoter was shown in Supplementary Materials and
Methods.

Western blotting and Co-immunoprecipitation (Co-IP)

Briefly, cells were collected and lysed by RIPA buffer
(zsomM NaCl, 0.5% EDTA, somM Tris, 0.5% NP40)
and centrifuged for 20 min at 12000 rpm and 4°C. Fifty
micrograms of harvested total protein were loaded and
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separated on a 10% sodium dodecyl sulfate-polyacryl-
amide gradient gel. The gels were transferred to Immo-
bilon-P PVDF membranes (Millipore), which were then
blocked in PBS with 5% nonfat milk and 0.1% Tween-
20 and probed with primary antibodies overnight at 4°
C. Secondary HRP-conjugated antibodies were used,
and clarity ECL substrate (Bio-Rad) or high-sig ECL sub-
strate (Tanon) was used for detection by MiniChmei
Chemiluminescence  imager = (SAGECREATION,
Beijing)."”

To investigate the interaction between endogenous
DNTTIP1 and HDACI, the clarified supernatants were
first incubated with an anti-DNTTIP1 antibody for
2 hours at 4°C. Protein A/G-agarose was then added
overnight, and the precipitates were washed five times
with RIPA and analyzed by western blotting. The anti-
bodies used in this work are shown in Supplementary
Materials and Methods.

The chromatin immunoprecipitation (ChIP) assay

This procedure was performed as described by the ChIP
kit (Millipore, 17-10085& 17-10086). Briefly, 15 cm
plates were seeded with cells of tested cell lines and
allowed to grow to 70-80% confluence. Complete Cell
Fixative Solution (1/10 the volume of growth medium
volume) was added to the existing culture medium to
fix cells. The fixation reaction was stopped by adding
Stop Solution (1/20 the volume of growth medium vol-
ume) to the existing culture medium. The cells were col-
lected by centrifugation, and the nuclear pellet was
resuspended in ChIP Buffer. The cell lysate was sub-
jected to sonication and then incubated with 5pg of anti-
bodies overnight, followed by incubation with the
protein A/G agarose beads overnight at 4°C. Bound
DNA-protein complexes were eluted, and cross-links
were reversed after a series of washes. The purified
DNA was resuspended in TE buffer for PCR. The pri-
mers for the indicated promoters are shown in Supple-
mentary Materials and Methods.

Migration and invasion assays

Transwell assays using Boyden chambers containing
24-well Transwell plates (BD Inc., USA) with 8um pore
size was used to evaluate the migration and invasive-
ness of cells. All experiments were performed in dupli-
cate and repeated three times. For the migration assay,
the cell culture inserts were seeded with 0.5 x 10 (5-8F,
6-10B or HONETI cells) or 1.5 x 10° (HK1 or C666-1
cells) in 1oopL of serum-free culture medium without
an extracellular matrix coating. A culture medium con-
taining 10% FBS was added to the bottom chamber.
After 20 hours of incubation, the cells on the lower sur-
face of the filter were fixed, stained, and examined using
a microscope. For the invasion assay, the membrane
was coated with sopLl of 1:8 diluted Matrigel (BD
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Biosciences, USA). After the Matrigel had solidified at
37°C for 2 hours, 0.5 x 10° (5-8F, 6-10B or HONET cells)
or 1.5 x 10° (HK1 or C666-1 cells) in 1oopL of serum-
free culture medium were added to the cell culture
inserts, whereas the lower chamber was filled with cul-
ture medium containing 20% FBS. The Boyden cham-
ber was then incubated at 37°C in 5% CO, for 24 hours.
The cells were then stained and observed as described
for the migration assays."

Animal experiments

Animal care and experiments were performed in strict
accordance with the “Guide for the Care and Use of Lab-
oratory Animals” and the “Principles for the Utilization
and Care of Vertebrate Animals” and were approved by
the Animal Research Committee of Sun Yat-sen Univer-
sity Cancer Center (L102012018003Z).

Four-week-old male BALB/c nude mice were pur-
chased from Jiangsu GemPharmatech Lab Animal
Technology Co., LTD. The mice were randomly
divided into 8 in each group after being bred for one
week. For the lymph node metastasis model, 2x10°
HONE1 cells were injected into the BALB/c nude
mice footpads (n= & per group). After six weeks, the
mice were killed, and the footpad tumors and the
popliteal lymph nodes were excised for analysis. All
the dissected tissue samples were paraffin-embedded,
sectioned, and stained with H&E. For the lung
metastasis model, 1x10® HONE1 or HKr cells were
injected into the tail veins of the mice. After six
weeks, the mice were killed and the lung tissue was
fixed and paraffin-embedded for H&E staining. For
the lymph node metastasis model or the lung metas-
tasis model following Chidamide treatment, HONE1
or HKi1 cells were injected into the footpads or tail
veins of mice. One week later, Chidamide was for-
mulated in 1% CMC Na and was used at 20 mg/kg
every two days by intragastric administration for five
weeks. Their respective vehicles were used as the
controls.

Human tissue specimens

For prognosis analysis, 96 paraffin-embedded NPC
biopsy tissues were collected from NPC patients with
detailed clinical characteristics and long-term follow-
up data at Sun Yat-sen University Cancer Center
(China). For expression analysis, another 83 freshly-
frozen NPC samples were obtained from Sun Yat-
sen University Cancer Center. None of the patients
received any antitumor therapy before a biopsy. This
study was approved by the Institutional Ethical
Review Board of Sun Yat-sen University Cancer Cen-
ter (GZR2018-100), and written informed consent
was obtained from all patients.

Immunohistochemistry staining (IHC)

IHC staining was performed on 3pum sections. The pri-
mary antibodies against DNTTIP1 were diluted at 1:50,
respectively, and then incubated at 4°C overnight in a
humidified container. After three washes with PBS, the
tissue slides were treated with a non-biotin horseradish
peroxidase detection system according to the man-
ufacturer’s instructions (Dako). The IHC staining was
evaluated by two independent pathologists without
knowledge of the clinical outcome. The protein expres-
sion levels of DNTTIP1 were evaluated based on thir-
teen scores. Generally, the DNTTIP1 signals were
detected in the nucleus. To evaluate DNTTIP1, a semi-
quantitative scoring criterion was used and both stain-
ing intensity and positive areas were recorded. A stain-
ing index (values o—12), which was obtained as the
product of intensity of positive staining (weak, 1; moder-
ate, 2; strong, 3) and the proportion of immunopositive
cells of interest (0%, 0; <10%, I; 10—50%, 2; 51—80%,
3; >80%, 4), was calculated. The immunohistochemical
cut-off for high or low expression of the indicated mole-
cule was determined through the ROC curve analysis.
The sensitivity and specificity for discriminating dead
or alive were plotted as IHC score, thus generating a
ROC curve. The cut-off value was established to be the
point on the ROC curve where the sum of sensitivity
and specificity was maximized. Cancers with scores
above the obtained cut-off value were considered to have
high expression of the indicated molecule and vice
versa.

Statistical analysis

Patient data analysis. In this study, overall survival
(OS) was defined as the period between the date of diag-
nosis to death due to any cause. Progression-free sur-
vival (PFS) was defined as the time from the date of
diagnosis to withdrawal from the study due to progres-
sion or death. Distant metastasis-free survival (DMFS)
was defined as the time from the date of diagnosis to
withdrawal from the study due to distant metastasis or
death. The correlations between DNTTIP1 expression
and overall, progression-free, distant metastasis-free
survival curves were assessed using Kaplan-Meier plots
and compared with the log-rank test. Multivariate analy-
sis was carried out using the Cox regression model. p <
0.05 was considered statistically significant.

Experiments data analysis. The SPSS software (version
16.0, SPSS Inc., Chicago, IL, USA) was used for the
statistical analysis. The significance of differences
was assessed using a two-tailed Student’s t-test or a
chi-squared test, as appropriate. p < 0.05 was consid-
ered statistically significant. * p < o0.05, ** p < o.01,
**% p < 0.00L.

www.thelancet.com Vol 81 Month July, 2022



Articles

a
40 I*—I
& »
F 30
z .
(=]
e
o
s
X
o
[T
]
£
-
c
DNTTIP1
Low
DNTTIP1 §
High
e
100

80
60—

40
—— DNTTIP1 High (n=42)

== DNTTIP1 Low (n=54)
P=0.0028

20+

0 T T T T T
0 20 40 60 80 100

Time (months)

Progression-Free-Survival (%)

Univariate risk factors

HR (95% CI)
DNTTIP1 |
Low vs. High 3.376 (1.387-8.217)
Gender &4

Female vs. Male 0.708 (0.300-1.671)

Age | —o—
<50 vs. 250 2.384 (0.940-6.049)
T classification { o
T1+T2 vs. T3+T4 1.934 (0.847-4.414)

N classification

Bttt 3.303 (1.445-7.550)

MO ve. M1 6.854 (2.859-16.431)

—_—eeerr—
0 5 10 15 20

120

P value

0.007
0.431
0.067
0.117
0.005

<0.001

Relative DNTTIP1 expression

Overall Survival (%)

Distant Metastasis-Free Survival (%)

100

40

20+

8 -
6 —
4 -
2 -
0 T T
Normal Tumor
(n=20) (n=20)
80
60—
409 pNTTIPY High (n=42)
20 ™ DNTTIP1 Low (n=54)
P =0.0044
0 T T T T T T

0 20 40 60 80 100 120
Time (months)

—— DNTTIP1 High (n=42)
—— DNTTIP1 Low (n=54)

P=0.0095

0 T T T T

T T
0 20 40 60 80 100 120
Time (months)

Multivariate risk factors

HR (95% CI) P value
DNTTIP1 | oy
Low vs. High 5.189 (1.909-14.103) 0.001
Gender o

Female vs. Male

T classification lg
T14T2 vs. T3+T4

N classification
NO+N1 vs. N2+N3

<50 vs. 250

1082 (0.452-2.594)  0.859
Age fe—i 1.884 (0.701-5.064)  0.209

1.309 (0.410-4.179) 0.650

3.423 (1.042-11.250) 0.043

MO vs. M1

5.868 (2.268-15.180)  <0.001

—_eleee—_—t—
0 5 10 15 20

Figure 1. DNTTIP1 is highly expressed in NPC and associated with poor prognosis. (a) The FPKM (fragments per kilobase mil-
lion) of DNTTIP1 in 3 pairs of normal nasopharyngeal epithelial tissues and nasopharyngeal carcinoma tissues. * p < 0.05 using
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Study approval

The animal experiments were approved by the Animal
Research Committee of Sun Yat-sen University Cancer
Center and were performed in accordance with estab-
lished guidelines. The use of human nasopharyngeal
carcinoma tissues was reviewed and approved by the
ethical committee of Sun Yat-sen University Cancer
Center, and informed consent was obtained from
patients. The samples were retrospectively acquired
from the department of radiation oncology archives of
Sun Yat-sen University Cancer Center.

Role of funding sources

Funders had no role in study design, data collection,
data analyses, interpretation, or the writing of this
report. The author Shirong Ding and Xin Wang has
directly accessed and verified the underlying data in the
study. The corresponding author Yunfei Xia and Xin
Wang had full access to all the data in the study and had
final responsibility for the decision to submit the manu-
script for publication.

Results

DNTTIP1 is overexpressed in nasopharyngeal
carcinoma and correlates with poor clinical outcomes
To identify potential factors that may drive the progres-
sion of NPC, RNA-seq was performed in 3 pairs of NPC
and normal nasopharynx tissues. We found that
DNTTIP1 was significantly overexpressed in NPC tis-
sues compared with normal tissues (Figure 1a). Consis-
tently, the mRNA level of DNTTIP: was also
upregulated in NPC tissues compared to normal naso-
pharynx tissues in the other 20 samples of patients
(Figure 1b). In addition, DNTTIP1 expression was
higher in NPC cell lines than in the immortalized naso-
pharyngeal epithelial cell line NPGg (Supplemental
Figure 1a-b). These results indicate that DNTTIP1 may
play a crucial role in the progression of NPC. Indeed,
the immunohistochemical (IHC) staining was per-
formed in 96 NPC tissues with an anti-DNTTIP1 anti-
body, which indicated that DNTTIP1 localized in the
nucleus (Figure 1c). Kaplan-Meier survival analysis
revealed that patients with a high level of DNTTIP1 had
poorer outcomes in both overall, progression-free and
distant metastasis-free survival (Figure 1d—f). Further-
more, Chi-square (x®) test showed that DNTTIP1 level

was most significantly associated with progression
(p=0.012), distant metastasis (p=0.024), and vital status
(p=0.004; Supplementary Table S1). Moreover, the uni-
variate and multivariate analyses revealed that the
DNTTIP: expression level (p=o.oor1), with an HR of
5.189 and a 95% CI of 1.909-14.103, was an indepen-
dent prognostic factor for NPC patients (Figure rg—h).
These results indicate that DNTTIP1 may be related to
the progression and metastasis of cancer, and may serve
as a new marker to predict clinical outcomes of NPC
patients.

DNTTIP1 promotes tumor progression and metastasis
in NPC

To demonstrate whether DNTTIP1 promotes the cell
proliferation, the expression of DNTTIP1 was knocked
down by two pairs of small hairpin RNA (shRNA) in
HKi1, HONE1, and 5-8F cell lines or by two pairs of
small interfering RNA (siRNA) in C666-1 cell line.
Knockdown of DNTTIP1 reduced cell viability and soft
agar colony formation ability in these cell lines
(Figure 2a-d and Supplemental Figure 2a-d). Consis-
tently, cell viability and soft agar colony formation abil-
ity were enhanced in HK1 and 6-10B stably
overexpressing DNTTIP1 (Figure 2e-f and Supplemen-
tal Figure 2e-f). In addition, overexpressing DNTTIP1
dramatically increased tumor volume and weight when
HK1 cells were inoculated into the armpit of nude mice
(Figure 2g-i). However, these functions were reduced by
knockdown of DNTTIP1 expression in HK1 or HONEI-
cells (Figure 2j—1 and Supplemental Figure 2g-i). These
findings indicate that DNTTIP1 promotes NPC cell pro-
liferation and tumor growth.

To identify the potential role of DNTTIP1 in tumor
metastasis, we performed transwell assay to assess the
cell motility. Knockdown of DNTTIP1 reduced migra-
tion and invasion ability in HK1, C666-1, HONE1, and
5-8F cell lines (Figure 3a-b and Supplemental Figure 3a-
b), while overexpression of DNTTIP1 enhanced these
functions in HK1 and 6-10B cell lines (Figure 3¢ and
Supplemental Figure 3c). In vivo, when HONE1 cells
were injected into the foot-pads of nude mice, the vol-
umes of the popliteal lymph nodes were smaller, and
the popliteal lymph node metastasis ratio was lower in
the DNTTIP1-silenced group (Supplemental Figure 3d-
h). To further evaluate the effect of DNTTIP1 on distant
metastasis, we developed an in vivo lung metastasis

Student’s t-test. (b) The relative mRNA levels of DNTTIP1 were normalized to the GAPDH level in NPC tissue and normal nasopharyn-
geal epithelial tissue as determined by qRT-PCR. *** p < 0.001 using Student's t-test. (c) Representative images showing high or low
expression of DNTTIP1 in NPC tumor specimens. (left, scale bar: 100um; right, scale bar: 50,.m) (d-f) Kaplan-Meier overall, progres-
sion-free and distant metastasis-free survival curves were generated based on the protein level of DNTTIP1 in 96 paraffin-embedded
NPC tissues. Data were compared using log-rank test. (g-h) Univariate and multivariable analyses were performed in the NPC cohort.

Data were compared using Cox proportional hazards models.
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Figure 2. DNTTIP1 promotes NPC proliferation in vitro and in vivo. (a, ¢, e) Colony formation of the indicated stable cells. Repre-
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Figure 3. DNTTIP1 enhances cell migration, invasion, and metastasis of NPC. (a-c) Migration and invasion abilities were deter-
mined using the indicated stable cells. Representative data of three independent experiments. Data are represented as the mean +
SD. ** p < 0.01, *** p < 0.001 using Student’s t-test. (d-i) The indicated stable cells were injected into the tail vein of BALB/c nude
mice to construct a lung metastasis model (n=8 per group). General views (left, scale bar: 5mm) and H&E staining of lung tissues of
the mouse models with the indicated cells (middle, scale bar: 500m; right, scale bar: 100um). The red arrows indicate macroscopic
pulmonary nodules (d, g). Lung weight (e, h), and quantification of macroscopic metastatic nodules (f, i). Data are represented as
the mean = SD. *** p < 0.001 using Student’s t-test.

0.001 using Student's t-test. (b, d, f) Cell proliferation of the indicated stable cells. Representative data of three independent experi-
ments. Data are represented as the mean £ SD. *** p < 0.001 using Student’s t-test.(a-d) Colony formation and cell proliferation of
DNTTIP1 knockdown HK1 and C666-1 cells. Representative data of three independent experiments. Data are represented as the
mean =+ SD. *** p < 0.001 using Student'’s t-test. (e-f) Colony formation and cell proliferation of DNTTIP1 overexpressing HK1 cells.
Representative data of three independent experiments. Data are represented as the mean =+ SD. ** p < 0.01, *** p < 0.001 using Stu-
dent’s t-test. (g-1) General view, tumor volume, and tumor weight in xenograft mouse models with DNTTIP1 overexpression or
knockdown HK1 cells (n=8 per group). Data are represented as the mean =+ SD. *** p < 0.001 using Student’s t-test.
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model by injecting tumor cells into the lateral tail
vein of mice. Ectopic expression of DNTTIP1
resulted in a significant increase of lung weight and
numbers of metastatic  pulmonary nodules
(Figure 3d-f), while knockdown reduced these param-
eters (Figure 3g-i and Supplemental Figure 3i-k).
These results suggest that DNTTIP1 plays an onco-
genic role in NPC metastasis.

DNTTIP1 occupies the DUSP2 promoter and represses
its expression

As a transcription regulator, DNTTIP1 may target
downstream genes and mediate their epigenetic
modification.” To investigate the molecular mecha-
nism of DNTTIP1 in NPC, the global transcriptomes
were analyzed in DNTTIP1-silenced cells compared
with scrambled cells (Figure 4a). Intriguingly, the
expression of factors that are well known to be
related to proliferation and metastasis, such as
WNTG6, CDH2, MMP2, and DUSP2, were altered by
knocking down DNTTIP1, which were also proved by
the qRT-PCR assay in these cells (Supplementary
Figure S4a). Therefore, a luciferase reporter assay
was then used to further identify the direct down-
stream target of DNTTIP1. Among the genes shown
in Supplementary Figure S4a, only the promoter
activity of DUSP2 was significantly increased upon
DNTTIP: knockdown (Figure 4b-c and Supplemen-
tary Figure S4b-c). Accordingly, the overexpression
of DNTTIP: decreased DUSP2 promoter activity
(Figure 4d and Supplementary Figure S4d). Further-
more, DNTTIP1 overexpression or knockdown
decreased or increased the level of DUSP2, respec-
tively (Figure 4e-g and Supplementary Figure Sge-g).
Moreover, DNTTIP1 was associated with the DUSP2
promoter according to a chromatin immunoprecipita-
tion (ChIP) assay (Figure 4h and Supplementary
Figure Sgh). Previous studies have demonstrated
that DUSP2 is a negative regulator of p-ERK1/2.”“*'
Here, we observed that knockdown of DNTTIP1
could increase DUSP2 and decrease p-ERK1/2 and
MMP2 in the protein level (Figure 4i-j and Supple-
mentary Figure S4i-j). Consistently, overexpression
of DNTTIP1 could downregulate DUSP2 and upregu-
late p-ERK1/2 and MMP2 (Figure 4k and Supple-
mentary Figure S4k). Taken together, these data
indicate that DNTTIP:1 downregulates DUSP2 by
occupying the DUSP2 promoter and induces the acti-
vation of ERK signaling.

HDAC1 associates with DNTTIP1 and specifically
represses the DUSP2 promoter via histone
deacetylation

It has been reported that DNTTIP1 participates in the
MiDAC complex to mediate the deacetylation of down-
stream targets.'® As expected, the ChIP assay showed
that knockdown of DNTTIP1 had little effect on the
binding of H3K27-Me3 to the DUSP2 promoter in HK1
and HONE:z cells. However, using RNA polymerase II
(PollI) as the positive control, the association of H3K27-
Ac to the DUSP2 promoter was enhanced by knocking
down DNTTIP1 in these cells (Figure sa and Supple-
mentary Figure Ssa). In consideration of HDACI1/
HDAC2 being the core deacetylases in the MiDAC com-
plex, we attempted to identify whether HDAC: and/or
HDAC2 may regulate the DUSP2 promoter. As shown
in Figure sb-e and Supplementary Figure Ssb-e,
HDACI, but not HDAC2, dramatically reduced the pro-
moter activity, mRNA level, as well as protein expres-
sion of DUSP2. In addition, the direct protein binding
of DNTTIP1 to HDAC: was already evidenced at endog-
enous levels (Figure 5f and Supplementary Figure Ssf).
Furthermore, knockdown of DNTTIP1 not only abol-
ished the binding of HDACr to the DUSP2 promoter
but also abrogated the inhibition of DUSP2 promoter
activity mediated by HDACT1 overexpression (Figure 5g-
h and Supplementary Figure Ssg-h). Moreover, silenc-
ing HDACI reversed the suppression of H3K27-Ac and
DUSP2, as well as the enhancement of migration and
invasion, mediated by overexpression of DNTTIP1 in
HKi cells (Figure s5i-j). Therefore, HDACI is essential
for the function of DNTTIP1 in NPC. To further illus-
trate the correlation between the expression of DNTTIP1
and DUSP2, RT-qPCR analysis was performed in 7o
NPC tissues, and a negative correlation between them
was observed (Figure sk). In addition, western blotting
analysis was conducted in 10 NPC tissues and showed a
similar negative correlation (Figure sl). Collectively,
these results demonstrate that DNTTIP1 represses
DUSP2 expression by recruiting HDACT to sustain the
deacetylation status of H3K27 at the DUSP2 promoter.

The oncogenic effect of DNTTIP1 on nasopharyngeal
carcinoma depends on DUSP2

Then we explore whether the effect of DNTTIP1 on NPC
cell migration and invasion depends on DUSP2. Both p-
ERK1/2 and MMP2 protein levels, as well as cell migration
and invasion promoted by overexpression of DNTTIP1,
were reduced by further DUSP2 overexpression in HKi1

Representative data of three independent experiments. Data are represented as the mean =+ SD. ** p < 0.01, *** p < 0.001 using Stu-
dent’s t-test. (h) The ChIP assay was performed with HK1 cells using an anti-DNTTIP1 antibody or IgG antibody, as indicated. The
RAB20 and ACTIN promoters were used as the positive and negative controls, respectively. These results are repeated in three inde-
pendent experiments. (i-k) The indicated proteins were analyzed by Western blotting in the indicated stable cells. Western Blot
bands were derived from three separate experiments but only one representative loading control is shown.
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Figure 5. DNTTIP1 recruits HDAC1 to suppress the expression of DUSP2. (a) The ChIP-qPCR analysis of the occupancies of
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cated proteins were analyzed by Western blotting in the indicated stable cells. (f) The co-IP assay was performed in HK1 cells
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and 6-10B cells (Figure 6Ga-b and Supplementary Figure
S6a-b). In addition, knockdown of DNTTIP1 inhibited the
protein level of p-ERK1/2 and MMP2 and the migration
and invasion abilities of HK1, HONET and 5-&8F cells, which
could be reversed by further knocking down DUSP2
(Figure G6c-d and Supplementary Figure SGcf). Subse-
quently, we explored the functional role of the DNTTIP1-
DUSP2 axis in both the popliteal lymph node metastasis
model and the lung metastasis model. Loss of DNTTIP1
reduced the popliteal lymph node metastasis ratio and the
number of lung metastatic nodules, which could be
reversed by DUSP2 silencing (Supplementary Figure S7).
However, ectopic expression of DUSP2 abolished the
enhancement of lung metastatic function induced by
DNTTIP: overexpression (Figure SGe-g). In summary, the
oncogenic role of DNTTIP1 on NPC is dependent on the
suppression of DUSP2.

Chidamide, an HDAC inhibitor, has the potential to
against NPC metastasis

It has been reported that certain HDAC inhibitors
have a high affinity for the MiDAC complex, and can
even affect DNTTIP1 expression level."""> We found
that the class I HDAC inhibitor Chidamide (Tucidi-
nostat, an NMPA-approved drug for the treatment of
peripheral T cell lymphoma and breast cancer®*?*3)
could upregulate the level of H3K27-Ac and DUSP2,
downregulate the level of DNTTIP1, p-ERK and
MMP2 (Figure 7a-b and Supplementary Figure S8a-
b), and inhibit the proliferation, migration, and inva-
sion of NPC cells (Figure 7c-f and Supplementary
Figure S8&c-f). Furthermore, using the popliteal
lymph node metastasis model and the lung metasta-
sis model, both the popliteal lymph node metastasis
rate and the number of lung metastatic nodules
were decreased in the Chidamide treatment group
(Figure 7g-i and Supplementary Figure S8g-m).
Moreover, after Chidamide treatment, the DNTTIP1
expression was decreased in xenografted tumors
(Figure 7j and Supplementary Figure S8n). There-
fore, the HDAC inhibitor Chidamide has the poten-
tial clinical application value for NPC patients with
metastasis.

Discussion

In this study, as illustrated in Figure &, we demon-
strate that overexpression of DNTTIP1 may recruit
HDACI to deacetylate histone H3K27 at the DUSP2

promoter to transcriptionally suppress DUSP2.
Downregulation of DUSP2 causes aberrant activation
of the ERK signaling, which promotes NPC metasta-
sis. This provides evidence that DNTTIP1 promotes
cancer metastasis in NPC, and this function of
DNTTIP: is dependent on DUSP2. Furthermore,
DNTTIP1 can be a biomarker to predict the progno-
sis of NPC patients.

Class | histone deacetylases, including HDAC1-3, are
important epigenetic regulators.”**> These enzymes are
always recruited to chromatin by protein complexes,
such as NuRD, CoREST, and SMRT/NCoR complexes,
to modify the acetylation state of histones.>**’ In addi-
tion to HDACsS, scaffold proteins, which are directly
associated with transcription factors and target genes,
determine the specificity of these complexes.?®>° The
MiDAC complex, which consists of three members:
HDAC1/2, MIDEAS, and DNTTIP1, was discovered
through a chemoproteomic profiling study due to its
increased association with certain HDAC inhibitors in
mitotically arrested cells versus non-synchronized pro-
liferating cells.” The amino-terminal region of
DNTTIP1 acts as a scaffold, mediating its interaction
and assembly with HDAC1/2 and MIDEAS. The cata-
lytic sites of HDAC are located at the extremities of the
complex, suggesting that this complex could simulta-
neously target multiple nucleosomes and exert a highly
processive deacetylation effect.””*°*" However, the
MiDAC complex appears to lack regions that recruit
specific transcription factors, and likely directly target
nucleosomes through the DNTTIP1 DNA-binding
domain.” Therefore, DNTTIP1 is playing a critical role
in mediating the MiDAC complex to specific targets.
Herein, we showed that DNTTIP1 recruited HDACT,
but not HDAC2, and suppressed the expression of
DUSP2 by binding its promoter, consequently facilitat-
ing NPC progression and metastasis. These findings
suggest that the MiDAC complex generated by
DNTTIP1 and HDAC: is pivotal for metastasis func-
tions in NPC, thus HDAC1 inhibitors or small molecu-
lar inhibitors that impair the interaction between
DNTTIP1 and HDAC:I may benefit NPC patients with
metastasis.

Chidamide, an innovative new inhibitor of HDACTI,
2, 3, 10, was approved by the China Food and Adminis-
tration (CFDA) for the treatment of relapsed Peripheral
T cell lymphomas in 2014, and by the National Medical
Products Administration (NMPA) for the treatment of
breast cancer in 2019.**** In addition, Chidamide has
been reported to have significant antitumor activity in a

(j) Migration and invasion abilities were determined using the indicated stable cells. Scale bar: 50um. (k) The correlation between
DNTTIP1 and DUSP2 expression in 70 NPC tissues. (I) Correlation between DNTTIP1 and DUSP2 protein levels in 10 NPC tissues
according to Western blotting. (a-c, g, h, j) Representative data of three independent experiments. Data are represented as the
mean £ SD. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance using Student’s t-test. (d-f, i, ) Western Blot bands were
derived from three separate experiments but only one representative loading control is shown.
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variety of tumors. For example, the combination of Chi-
damide with PD-1 blocker may improve the efficacy of
soft tissue sarcoma and triple-negative breast
cancer’**; Chidamide increases the sensitivity of acute
myeloid leukemia cells to anthracyclines by inhibiting
the HDAC3-Akt-P21-CDK2  signaling pathway.>*
Although recent clinical studies have identified gemcita-
bine in combination with cisplatin as the standard first-
line therapy for recurrent or metastatic NPC, there is
still a lack of targeted treatment options for NPC.* Pre-
vious studies have found that HDAC4 inhibitor Tasqui-
nimod suppresses NPC cell migration and invasion by
regulating EMT.>® SAHA, FK228, and Romidepsin sup-
press NPC proliferation in vitro and in vivo.’”3° Abexino-
stat has synergistic cytotoxic effects in combination with
cisplatin or irradiation in the in vitro NPC model.*° In
addition, the combination of proteasome inhibitor Bor-
tezomib, and class I HDAC inhibitors MS-275, Apicidin,
or Romidepsin, effectively promotes apoptosis of NPC
cells in vivo and in vitro.*" These results suggest that
HDAC inhibitors have a promising application in the
treatment of NPC. However, little study has been done
on the role of HDAC inhibitors in NPC metastasis
in vivo. In our study, we demonstrated that Chidamide
treatment significantly decreased DNTTIP1 expression
level in vitro and in vivo. Furthermore, the promoting
effect of DNTTIP1/HDACI on cell migration, invasion,
and metastasis was eliminated by Chidamide. This study
provides evidence both at the cellular level and in an
animal model to prove that Chidamide has potential
transformational value in NPC treatment by targeting
the DNTTIP1/HDAC1-DUSP2 axis. Thus, the combina-
tion of Chidamide with chemotherapeutic agents or
immunosuppressants has potential clinical application
value in the treatment of NPC. As we know, HDACs
are ubiquitously expressed in different types of cancer
and can participate in multiple epigenetic regulating
complexes. In addition to HDACI, the scaffold protein
DNTTIP1, which determines the specificity of the
MiDAC complex, also determines the DNA regions to
which the complex binds to”. Therefore, the down-regu-
lation of DNTTIP1 expression by Chidamide treatment
regulates the specific gene and reduces the suppression
of the MiDAC complex on the DUSP2 promoter.
According to this result, we speculated that Chidamide
may affect the protein level of DNTTIP1 through inhibit-
ing HDACs and upregulating the acetylation level. This
hypothesis needs to be further studied.

Aberrant activation of the ERK pathway is involved
in the progression of a variety of tumors and affects sev-
eral cellular processes such as cell proliferation, cell sur-
vival, and metastasis.***> DUSP2 primarily functions to
inactivate ERK via direct dephosphorylation of threo-
nine and tyrosine residues.*®*’ In fact, the lack of
DUSP2 expression and the activation of ERK signal has
been proved in many types of cancer, however, the
molecular mechanism is not clear.*® Here, we demon-
strated that DNTTIP1 mediated the MiDAC complex to
exert a highly processive deacetylation effect on the
DUSP:2 promoter, impairing DUSP2 transcription and
greatly activating ERK signaling pathway. Furthermore,
targeting DNTTIP1/HDAC: by Chidamide resulted in
down-regulation of ERK signaling and decreased
MMP2 level through up-regulating DUSP2. A recent
study also demonstrates that DUSP2-regulated genes
are similar to those controlled by HDACs and that treat-
ment with HDAC inhibitors eliminates cancer stem-
ness, tumor growth, and drug resistance caused by
DUSP2 downregulation.**

In summary, our studies shed new light on the onco-
genic role of DNTTIP1 in NPC, and DNTTIP1 may
become a new marker for NPC patients to predict clini-
cal outcomes. Although the detail of the strategy that
targets the DNTTIP1/HDAC:i-DUSP2-ERK signaling
axis requires further investigation, it may benefit
patients with NPC.
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*p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance using Student’s t-test. (b, d) The indicated proteins were analyzed by West-
ern blotting in the indicated stable cells. Western Blot bands were derived from three separate experiments but only one represen-
tative loading control is shown. (e-g) The indicated cells were injected into the tail vein of BALB/c nude mice to construct a lung
metastasis model (n=8 per group). General views (left, scale bar: 5mm) and H&E staining of lung tissues of the mouse models with
the indicated cells (middle, scale bar: 500.m; right, scale bar: 100wm). The red arrows indicate macroscopic pulmonary nodules (e).
Lung weight (f), and quantification of macroscopic metastatic nodules (g). Data are represented as the mean + SD. *** p < 0.001,

ns, no significance using Student'’s t-test.
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represented as the mean =+ SD. ** p < 0.01, *** p < 0.001 using Student’s t-test. (j) IHC of the xenografted tumors shows decreased
level for DNTTIP1 in the Chidamide-treated group. These results are repeated in three independent experiments. Scale bar: 100p.m.
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Figure 8. A proposed model of the biological function of DNTTTIP1 in nasopharyngeal carcinoma. DNTTIP1 could silence
DUSP2 gene expression by recruiting HDAC1 to DUSP2 promoter and maintaining a deacetylated state of histone H3K27. Downregu-
lation of DUSP2 resulted in aberrant activation of the ERK signaling and elevated MMP2 levels, promoting NPC metastasis. Further-
more, the HDAC inhibitor Chidamide could suppress NPC metastasis via regulating the DNTTIP1/HDAC1-DUSP2 axis.
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