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1 | INTRODUCTION

Esophageal cancer is the ninth most common malignancy and
the sixth-leading cause of cancer-related mortality in the world.}
Although improved by current comprehensive treatment regimens,
the prognosis for patients with esophageal cancer is still poor; the

5-year survival rate is only 15%-25%, and the recurrence rate is

Abstract

Radiation resistance is a major cause of esophageal cancer relapse or metastasis.
Transcriptional coactivator with PDZ binding domain (TAZ) is a final effector of
the Hippo signaling pathway and plays critical roles in several types of cancer, but
how it participates in the progression and radiation resistance of esophageal cancer
remains unclear. Here, we revealed that TAZ was the strongest prognostic factor
among Hippo pathway members. Overexpression of TAZ predicted poor outcome
and adverse pathological features. In cell and animal models, TAZ facilitated cell
proliferation, motility, and radiation resistance. Additionally, TAZ promoted expres-
sion of nonhomologous end joining (NHEJ)-related genes, which are the main con-
tributors to repair irradiation-induced DNA breaks and result in radiation resistance.
Amplification of the TAZ gene occurred in 2.5%-3.2% of esophageal cancers. In ad-
dition, the CpG islands of the TAZ gene were demethylated in esophageal cancer
under thymine DNA glycosylase (TDG) regulation. Knockdown of TDG inhibited
cell growth, motility, and radiation resistance, which were overridden by TAZ over-
expression. Collectively, these findings suggest that the TDG/TAZ/NHEJ axis is a
critical player in esophageal cancer progression and radiation resistance, as well as a

potential target for radiotherapy.
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approximately 40%, even when tumors were radically resected.?
Radiation therapy is one of the primary treatment strategies to re-
lieve symptoms and prolong survival. Nevertheless, radiation resis-
tance frequently occurs and results in treatment failure in radical,
perioperative, or palliative treatments.® Therefore, we must find
specific predictive markers of radiation sensitivity and potential tar-

gets for radiation sensitization in esophageal cancer urgently.
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The Hippo signaling pathway is a conserved regulator of organ
size and plays essential roles in tumorigenesis and progression.“'5
The final effector, transcriptional coactivator with PDZ binding
domain (TAZ), is a transcription coactivator that binds with multi-
ple transcription factors, including TBX5, PAX3, PPARs, the RUNX
family, and the TEAD family.®*° It regulates many biological pro-
cesses, such as cell proliferation, organ size, stem cell differentia-
tion, anoikis resistance, and cell mitosis.'¥* In cancers, TAZ was
reported to be oncogenic in certain cancers and to contribute to
chemotherapy resistance.®> However, the roles of TAZ in esoph-
ageal cancer and whether TAZ is involved in radiation resistance
are unknown.

Thymine DNA glycosylase (TDG) is a base excision repair enzyme
with a dual role in both DNA demethylation for epigenetic stabil-
ity and DNA repair for genomic stability.!® At the epigenetic level,
TDG maintains CpG islands in their unmethylated state downstream
of the ten-eleven translocation (TET) family of dioxygenases.'”8
Dysregulated TDG could result in abnormal DNA methylation and
pathogenic expression of oncorelated genes in cancers.'” Whether
TDG participates in dysregulation of esophageal cancer and radia-
tion resistance is unclear.

So far, the biological role of the Hippo pathway in esophageal
cancer pathogenesis and radiation resistance remains unclear. In
the present study, we screened all components of the Hippo path-
way and identified that TAZ was the strongest risk factor for esoph-
ageal cancer prognosis. As a result, we focused on the functions of
TAZ in tumor progression and radiation resistance in esophageal
cancer. In addition, we identified TDG as a regulator of aberrant
TAZ expression and nonhomologous end joining (NHEJ)-related

genes as potential participants in TAZ-induced radiation resistance.

2 | MATERIALS AND METHODS
2.1 | Cell culture and transfection

Eca-109, Kyse-150, and TE-1 cell lines were obtained from the
Cell Bank of the Chinese Academy of Sciences. The transient
overexpressing pCMV2-GV146 plasmid containing TAZ, siR-
NAs against TAZ (siTAZ1, GUACUUCCUCAAUCACAUA; siTAZ2,
CUAGGAAGGCGAUGAAUCA), and lentivirus containing three shR-
NAs against TDG (shTDG, ATCCATGCAGCAGTGAACCTT) were
purchased from Shanghai Genechem. Lentivirus containing TAZ and
the empty vector were purchased from GenePharma. Transfection

was carried out as described previously.?°

2.2 | Clinical samples

The clinical part of this study was approved by the Medical Ethical
Committee of Qilu Hospital, Shandong University. Paraffin-
embedded esophageal cancer tissues were deposited in the

Department of Pathology, Qilu Hospital of Shandong University.

2.3 | Immunohistochemistry

Immunohistochemistry was undertaken using the Enhanced Polymer
Assay Kit (PV-9001; ZSGB-BIO) following the manufacturer’s pro-
tocol. The concentration of anti-TAZ Ab (Abcam) was 1:50. Three
researchers, including one pathologist, independently evaluated the
staining results. According to staining intensities, the results were
scaled as negative (-), weak (+), moderate (++), and strong staining
(+++).

2.4 | Cell proliferation

We seeded 5 x 10° cells into each well of a 24-well plate in trip-
licate and cultured them for 1-6 days. Cells were trypsinized and
converted to a single cell suspension to calculate cell numbers with
a hemocytometer (Qiujing). Cell growth curves were constructed ac-

cording to cell numbers.

2.5 | Colony formation

Cells were prepared in single cell suspension and transferred to 24-
well plates with 2000 cells/well in triplicate. Cells were cultivated for
14 days until visible cell colonies formed. After fixing with methanol
and staining with 0.1% crystal violet (Beyotime), colonies were pho-

tographed and manually counted.

2.6 | Wound healing

Straight lines were drawn gently on cells by a standard 200-uL pi-
pette tip. Detached cells were washed away by PBS. The lines were
photographed and measured under the microscope at 0, 24, 48, and

72 hours post-scratch.

2.7 | Invasion assay

We covered the upper chambers of a Transwell system (Corning)
with Matrigel (BD Biosciences) and added 1 x 10 cells in 200 ulL se-
rum-free medium. To the lower chambers, we added 500 pL medium
containing 20% FBS (Gibco) as a chemoattractant. After 48 hours,
the invaded cells were fixed with methanol, stained with 0.1% crys-

tal violet, and observed under a microscope.

2.8 | lIrradiation

Irradiation was undertaken using a linear accelerator (Varian)
at a dose rate of 300 MU/minute in Qilu Hospital of Shandong
University. Cells were exposed to different doses (0-10 Gy) of ra-

diation the day after inoculation. Mice were exposed to 4 Gy X-rays
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every other day when the diameter of tumor xenografts reached
0.5 cm.

2.9 | Cell viability detection

Cell suspensions were added to 96-well plates at a density of 1 x 10%
cells/well. After 24 hours, cells received varying doses of irradiation (0,
2,4,6,and 10 Gy) and were cultured for 48 hours. Cells were incubated
with 10 uL CCK-8 reagents and 100 uL medium for 1 hour. Absorption
at 450 nm was measured by an automatic microplate reader (Bio-Rad),
and the fraction of viable cells was calculated based on the optical
density value. Experiments were repeated at least three times.

2.10 | Flow cytometry

Cells were seeded in 6-well plates by 4 x 10° cells/well and irradiated
with 6 Gy X-rays when confluence reached 60%-70%. After 24 hours
of incubation, cells were harvested and stained with an Annexin-V-
APC/PI Staining Kit (BestBio) following the manufacturer’s protocol.

Data analysis was carried out using FlowJo software (Tree Star).

2.11 | Immunofluorescence

Cells at 2, 6, 12, or 24 hours post-irradiation were fixed by para-
formaldehyde, preformatted by 0.1% Triton X-100, blocked by goat
serum, and incubated with anti-y-H2AX (Cell Signaling Technology)
and the secondary Ab. Cells were photographed after DAPI staining
and analyzed by ImageJ.2.12.

2.12 | Animal studies

All animal procedures were carried out according to the guidelines
of the Association for Assessment and Accreditation of Laboratory
Animal Care International. Two-month-old BALB/c male nude mice
were purchased from Vital River. For tumor growth assays, mice
were randomly assigned (n = 6 for each group) and s.c. inoculated
with 2 x 107 cells. Mice were killed 16 days post-injection. Tumor
volumes were calculated as (length x width?)/2.

For radiation resistance assays, control cells (n = 6) were injected
2 days before TAZ-overexpressing TE-1 cells (n = 6). When they
showed similar average sizes, tumor volume-matched mice were di-
vided into two subgroups (n = 3 for each); one group received irradi-
ation and the other did not.

2.13 | DNA methylation analysis

Genomic DNA was extracted by a genomic DNA extraction
kit (Tiangen Biotech) and incubated with McrBC (New England

Cancer Science NuIia e

Biolabs) or solvent at 37°C for 2 hours. After a PCR reaction, the
PCR products were semiquantified by 1.5% agarose gel elec-
trophoresis. The primers of TAZ CpG islands were designed
by MethPrimer and annotated with CpG1 to 5 (https://www.
urogene.org/methprimer/), with the following sequences: CpG1-
forward (F), TGGACCCTGTGTCAAACAAA; CpGl-reverse (R),
GACCGACTGTCGCAAAGC; CpG2-F, AGTCAGGGGCCAGTGTCTC;
CpG2-R, GGTCCAGAAGCAGCTGTAGG; CpG3-F, TGCTTCTGGA
CCAGTGAGTG; CpG3-R, TACAGCACCTCCCTGTTGTG; CpG4-F,CA
CAACAGGGAGGTGCTGTA; CpG4-R, GAAGGGGTTTGTTCTGAC
GA; CpG5-F, TGGGGGTTGGACATAGGATA; CpG5-R, GTCAGCAGA
GCAGGAACCTC; and the control primers (Ctr_F, CTCACCGG
ATGCACCAATGTT; Ctr_R, CGCGTTGCTCACAATGTTCAT).

2.14 | Graphs and statistics

Scatter plots were graphed by ImageGP (http://www.ehbio.com/
ImageGP). Flow cytometer plots were graphed by FlowJo version 10
(Tree Star). Other plots and all statistical analyses were undertaken
using GraphPad Prismé. Differences between groups were analyzed
by Student’s t test. Univariate analyses were carried out by XZ tests.
Survival data were compared by log rank tests. A P value less than

.05 was considered statistically significant.

3 | RESULTS

3.1 | Overexpression of TAZ associated with poor
outcomes in esophageal cancer

To identify the key Hippo pathway molecules in esophageal cancer,
we first analyzed the prognostic values of the main components of
this pathway in The Cancer Genome Atlas (TCGA) esophageal carci-
noma (ESCA) datasets by Cox regression (Figure 1A). The membrane
protein DCHS2 (Cox coefficient = -0.378) and the final effector
YAP1 (Cox coefficient = -0.426) negatively correlated with survival
time, whereas TAZ positively correlated with prognosis (Cox coef-
ficient = 0.297; Figure 1A). Thus, we chose TAZ for further investi-
gation. Pan-cancer analysis indicated that TAZ also has a significant
prognostic role in kidney cancer (Cox coefficient = 0.394) and cervi-
cal carcinoma (Cox coefficient = -0.381) (Figure 1B).

The TCGA databases showed that TAZ expression was signifi-
cantly upregulated in esophageal cancer compared to normal tissues
(Figure 1C). Survival analysis showed that patients with high TAZ
expression had a higher risk of death (hazard ratio [HR] = 1.747) and
a shorter median overall survival (mOS, 20.0 vs 42.1 months) than
those with low TAZ expression (Figure 1D). The combination of TAZ
expression and the American Joint Committee on Cancer (AJCC)
staging showed a better prediction effect. For example, among pa-
tients with stage | or Il disease, those with low TAZ expression have
a mOS almost twice as long as patients with high TAZ expression

(84.4 months vs 45.4 months, respectively; Figure 1E).
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FIGURE 1 Transcriptional coactivator with PDZ binding domain (TAZ) is overexpressed and associated with poor outcomes in esophageal
cancer. A, Correlations of Hippo pathway members with survival time in patients with esophageal cancer. X-axis, Cox coefficients; y-axis,
gene rank among total genes in esophageal cancer. Dot size represents the value of -Log(P value). B, Pan-cancer analysis of prognostic
values of TAZ. C, TAZ mRNA level in tumor and normal tissues. D, E, Kaplan-Meier curves of survival data in patients with different TAZ
expression (D) and TAZ-American Joint Committee on Cancer (AJCC) staging combination (E). F, Representative immunohistochemical
staining of TAZ in esophageal cancer samples with intensities -, +, ++, and +++ (200x). G, H, Kaplan-Meier curves of recurrence (G) and
survival data (H) in our patient cohort with TAZ (++/+++) vs (-/+) staining. I, TAZ mRNA levels in normal and tumor tissues. Tumor samples
were sub-grouped according to AJCC staging, T staging, N staging, and M staging. Data in A-E and | were derived from The Cancer Genome
Atlas databases. Log rank tests were used to compare survival data in D, E, G, and H. ****P < .0001
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To further explore the prognostic role of TAZ, we undertook
immunohistochemical staining of 99 patients from our esophageal
cancer cohort (Figure 1F). Patients with TAZ (++/+++) staining
showed a high risk of progression (HR = 2.092; Figure 1G) and death
(HR = 2.123; Figure 1H). The median progression-free survival and
mOS in patients with TAZ (++/+++) expression were only 22.5 and
30.0 months, whereas those of other patients were up to 38.0 and
45.0 months.

3.2 | Overexpression of TAZ associated with
adverse pathological features of esophageal cancer

To further determine the clinical relevance of TAZ, the correlation
between TAZ expression and clinical/pathological features were ex-
amined. TAZ expression correlated with AJCC stage (P = .0157), T
stage (P =.0409), N stage (P =.0247), and differentiation (P = .0028;
Table 1). By contrast, no significant correlation was found between
TAZ level and gender, age, smoking, or drinking history.

We also investigated the differential expression of TAZ in
esophageal cancer patients with different stages in TCGA datasets.
Patients with all pathological features had relatively higher TAZ
expression than normal controls (Figure 11). The TAZ expression in-
creased gradually from stage | to IV, from T1 to 3, from NO to 3, and
from MO to 1, but the differences did not reach statistical signifi-
cance (Figure 11).

3.3 | Esophageal cancer growth and motility
promoted in vitro and in vivo

Based on the relative expression level (Figure 2A), ectopic expres-
sion of TAZ was established in TE-1 cells using lentivirus (Figure 2B).
Overexpression of TAZ stimulated cell proliferation (P < .05 from
day 2; Figure 2C) and colony formation (P = .0045; Figure 2D).
Overexpression of TAZ also promoted migratory ability in wound
healing assays (P = .0173 after 24 hours and .0017 after 48 hours;
Figure 2E) and invading ability in Transwell assays (170 vs 96 cells on
average, P = .0087; Figure 2F).

We further evaluated the effect of TAZ on tumor growth in an-
imals. Overexpression of TAZ was verified by immunohistochemis-
try (Figure 2G). Palpable tumors were identified in all mice, with or
without TAZ overexpression (Figure 2H). Tumors with TAZ overex-
pression were remarkably bigger (1171.0 vs 358.0 mm?, P = .0003;
Figure 21-J) and heavier (1202.0 vs 437.6 mg, P = .0032; Figure 2K).

Expression of TAZ was also downregulated in Kyse-150 cells
using two different siRNAs targeting TAZ mRNA (Figure 2L). As ex-
pected, TAZ downregulation by both siRNAs impaired cell prolifera-
tion (P < .05 from day 2; Figure 2M) and colony formation (P =.0081
and 0.0016; Figure 2N). In addition, the TAZ-depleted Kyse-150 cells
had inferior ability to migrate in wound healing assays (P =.0010 and
.0006, respectively, at 24 hours; P =.0019 and 0.0018, respectively,
at 48 hours) and Transwell assays (P = .0033 and .0012).

= 3617
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TABLE 1 Transcriptional coactivator with PDZ binding domain
(TAZ) expression correlates with clinicopathological features in
esophageal cancer

TAZ expression®

Low High P
Number? (n=67) (n=32) value®
Age (y)
<65 50 (50.5) 34 (68.0) 16 (32.0) .8844
265 49 (49.5) 33(67.3) 16 (32.7)
Gender
Female 35(35.4) 26 (74.3) 9 (25.7) 4151
Male 64 (64.6) 41 (64.1) 23(35.9)
Smoking
No 42 (42.4) 31(73.8) 11(26.2) 3668
Yes 57 (57.6) 36(63.2) 21(36.8)
Drinking
No 49 (49.5) 36 (73.5) 13 (26.5) .3149
Yes 50 (50.5) 31 (62.0) 19 (38.0)
Differentiation
Well 40 (40.4) 29 (72.5) 11 (27.5) .0028"
Moderate 28(28.3) 24 (85.7) 4(14.3)
Poor 31(31.3) 14 (45.2) 17 (54.8)
T stage
T1 10(10.1)  9(90.0) 1(10.0) 0409
T2 38(38.4) 29 (76.3) 9(23.7)
T3 33(33.3) 21 (63.6) 12 (36.4)
T4 18(18.2) 8(44.4) 10 (55.6)
N stage
NO 38(38.4) 32(84.2) 6(15.8) 0247
N1 21(21.2) 13(61.9) 8(38.1)
N2 30(30.3) 15 (50.0) 15 (50.0)
N3 10 (10.1) 7 (70.0) 3(30.0)
AJCC stage
| 11 (11.1) 9 (81.8) 2(18.2) 0157
1] 26(26.3) 23 (88.5) 3(11.5)
1 40 (40.4) 24 (60.0) 16 (40.0)
\Y 22(22.2) 11 (50.0) 11 (50.0)

Abbreviation: AJCC, American Joint Committee on Cancer.
?Data are presented as number (%).

bp values calculated by the y2 test or Fisher's exact test.

*P < .05.

**P <.01.

3.4 | Radiation resistance of esophageal cancer cells
promoted by TAZ

To explore the role of TAZ in radiation resistance of esophageal can-
cer, cells with different levels of TAZ were subjected to X-ray irra-
diation, and their viability was examined 24 hours later. Irradiation

had a dose-dependent inhibitory effect on cell viability of all cells
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FIGURE 2 Transcriptional coactivator with PDZ binding domain (TAZ) promotes cell proliferation and mobility in vitro and in vivo.

A, Protein levels of TAZ in Eca-109, Kyse-150, and TE-1 cell lines. B, Protein levels of TAZ in TAZ-overexpressing and control TE-1 cells.

C, Proliferation curves of TAZ-overexpressing and control cells. D-F, Colony formation (D), wound healing (E), and invasion assays (F)

of TAZ-overexpressing and control cells. Representative pictures are shown on the left, and quantification histograms on the right. G,
Immunohistochemical staining of TAZ in tumors derived from TAZ-overexpressing and control cells (200x). H, I, Photographs of mice (H)
and tumors (I) 3 wk post-injection of tumor cells. J, K, Volumes (J) and weights (K) of xenografts 3 wk post-injection of tumor cells. Each dot
represents one sample. L, Protein levels of TAZ in TAZ-depleted and control Kyse-150 cells. M, Proliferation curves of TAZ-overexpressing
and control cells. N-P, Colony formation (N), wound healing (O), and invasion assays (P) of TAZ-depleted and control cells. Representative
pictures are shown on the left, and quantification histograms on the right. *P < .05, **P < .01, ***P < .001. EV, empty vector; siScr, scramble
siRNA; siTAZ1/2, siRNA against TAZ mRNA 1/2; TAZ, lentivirus containing TAZ
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cells. C, D, Apoptotic assays of TAZ-overexpressing cells (C), TAZ-depleted cells (D), and their respective control cells post-irradiation (6 Gy).
Left panels, representative pictures; right panels, quantifications of annexin-positive cells. E, F, Photographs of mice (E) and tumors (F)

with or without irradiation. G, H, Volume (G) and weight (H) of xenografts with or without irradiation. Each dot represents one sample. |,
Inhibition rate of irradiation on xenograft tumors. Inhibition rate = 1 - tumor weight with irradiation / tumor weight without irradiation.
Mean + SD of at least three independent experiments. *P < .05, **P < .01, ***P < .001. EV, empty vector; IR, irradiation; siScr, scramble
siRNA; siTAZ1/2, siRNA against TAZ mRNA 1/2; TAZ, plasmid containing TAZ
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(Figure 3A,B). The TAZ-overexpressing TE-1 cells showed higher sur-
vival rates than control cells after irradiation (all P < .05; Figure 3A).
Accordingly, TAZ-depleted cells by both siRNA showed inferior sur-
vival ability compared to control cells when irradiated (all P < .05;
Figure 3B).

Thenwetestedtheirradiation-induced apoptosis. Overexpression
of TAZ decreased apoptotic cells (annexin-positive) after irradiation
with 6 Gy (P =.0008; Figure 3C). Downregulation of TAZ increased
apoptotic cells after radiation in Kyse-150 cells (P = .0029 and
P =.0010; Figure 3D).

We further examined TAZ and radioresistance in animal models
(Figure 3E,F). In both TAZ-overexpressing and control cells, irradia-
tion reduced tumor volumes and weights (Figure 3F-H). When inhibi-
tion rates (1 - tumor weight with irradiation / tumor weight without
irradiation) were considered, the inhibitory effects of radiation were

reduced in TAZ-overexpressing tumors (P = .0090; Figure 3l).

3.5 | Expression of multiple genes involved in NHE)J
promoted by TAZ

The dysregulated double-strand break (DSB) repair is a principal
cause of radioresistance, and NHEJ is its most crucial mechanism.?!
To elucidate the association between TAZ and DSB repair, we ex-
amined the dynamic levels of y-H2AX, a hallmark of DSB, post-ir-
radiation. Overexpression of TAZ significantly reduced the y-H2AX
signals within 12 hours post-irradiation, whereas downregulation of
TAZ produced the opposite effect (Figure 4A,B). We undertook an
in silico analysis on expression data of 25 NHEJ-associated genes
derived from the TCGA database. Among them, 20 correlated posi-
tively with TAZ expression (correlation coefficient > 0.16 and false
discovery rate (FDR) < 0.05; Figure 4C). The top 10 TAZ-correlated
genes are shown in Figure 4D. The average correlation coefficients
of TAZ with NHEJ-associated genes are significantly higher than
those with all the other mRNAs (Figure 4E).

To validate this, we undertook RT-PCR and found 12 of 14
NHEJ-associated genes were upregulated in TAZ-overexpressed
cells (Figure 4F). Nine of 12 genes were downregulated in the TAZ-
depleted cells (Figure 4G). These genes overlapped well with each
other. The results of three important components of the NHEJ path-
way, including TP53BP1, PRKDC, and XRCC6, were also confirmed
by western blot analysis (Figure 4H).

3.6 | Thymine DNA glycosylase is an upstream
regulator of TAZ by DNA methylation

To find the mechanisms that account for TAZ overexpression in es-
ophageal cancer, we used the TCGA ESCA cohort to screen regula-
tors of miRNA level, DNA mutation and copy number variation levels,
and DNA methylation level. No specific TAZ-targeting miRNAs were
found to correlate significantly with TAZ expression. In two cohorts

containing esophageal cancer, 2.5%-3.2% of them showed TAZ gene
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amplification, and only 0.17%-0.53% of them showed TAZ dele-
tion (Figure 5A). The mRNA levels in cancers with TAZ amplification
were significantly higher than those in cancers with TAZ diploids
(P =.0098; Figure 5B).

With respect to DNA methylation, we found extensive downreg-
ulation of DNA methylation in the CpGislands and 5’-UTR of the TAZ
gene in tumors compared to normal tissues (P < .05 for all probes;
Figure 5C). In contrast, methylation levels in the 3'-UTR showed no
significant difference between tumor and normal tissues (Figure 5C).
As a control, we did not observe significant changes in methylation
of the CpG islands near the YAP gene (data not shown).

To seek regulators of the increased demethylation in TAZ CpG
islands, we screened demethylases (TDG, TET1, TET2, and TET3) in
the TCGA cohort and identified that TDG expression significantly
correlated with TAZ (P = .0036, R = 0.2202; Figure 5D). In addition,
TDG was differentially expressed in esophageal cancers (Figure 5E)
and correlated with patient prognosis (Figure 5F). The TDG-high
patients showed increased risk of death compared to TDG-low pa-
tients (HR =2.129, P = .0356; Figure 5G). In contrast, TET1, TET2, or
TET3 did not show such features (Figure 5D-F).

To verify the regulatory role of TDG, we used a lentivirus to re-
duce TDG expression in esophageal cancer cells. Downregulation
of TDG remarkably repressed TAZ expression at protein
(Figure 5H) and RNA levels (Figure 5I). In addition, we applied
McrBC, an endonuclease that cleaves DNA containing methylcy-
tosine, to detect the methylation modification in the CpG islands
of the TAZ gene. Compared to control cells, TDG-depleted cells
showed less PCR product from the CpG islands of TAZ, indicating
an overmethylated modification in this region in TDG-depleted

cells (Figure 5J).

3.7 | Tumor suppression mediated by TDG
knockdown is reversed by TAZ overexpression

To test whether TDG promotes tumor progression by TAZ, we under-
took rescue experiments by reintroducing the TAZ-overexpressing
plasmid (Figure 5H). Knockdown of TDG significantly impeded cell
growth (all P < .05 from day 2, Figure 6A), whereas TAZ overexpres-
sion counteracted this effect (Figure 6A). Similarly, TDG downregu-
lation also impaired colony formation (855.3 vs 307.3, P = .0011;
Figure 6B) and invasion in Matrigel (162.3 vs 67.0, P = .0050;
Figure 6B). Overexpression of TAZ completely rescued the anchor-
age-independent growth and invasion caused by TDG knockdown
(all P> .05; Figure 6B,C).

In addition, TDG downregulation also decreased survival rates
of cells exposed to radiation (4-10 Gy, all P < .05; Figure 6D).
Overexpression of TAZ completely rescued this effect and resulted
in even better survival than the TDG-depleted cells when treated
with 10 Gy (0.26 vs 0.36, P = .0460; Figure 6D). Knockdown of TDG
significantly elevated the level of y-H2AX at 6 hours post-irradia-
tion, indicating a deficient DSB repair (Figure 6E). In addition, TDG

knockdown also reduced levels of several key NHEJ components,



3622 = ZHOU ET AL.
UAlBae Cancer Scienc
w (B) © 7 w Nonmal s
o B Amplification 1000+ -
2 5] ™ Deletion s i 8
g °1mm Mutation @ 800+ <
@ o £
= 4+ o -
z £ 600 ]
£
o 3 9
9 2 400- g
(O) 24 ['4 %
S £
2 2004
g1 < 0.0
(= '_ L L] T Ll LI L T L] T Ll T Ll L]
o <t © = ™ g D 0 M ™M ™M O 0 W
S 0- 0- 2383238363 8°¢
o N O F ® = N ® ® O N 1V O
o eb\r(\ (\\bo(‘ eS8 c-cgggser589cee
L& S8 $823323388333F%
& & Q\K‘ D 0O D D D DD DD DD DD
Q‘ th &Q 0o o o O o o O © o o o o O
oov. c,(’v. IS CpG islands *** _
& BN 5' UTR *** 3'UTR
R =0.2202 R = 0.0602
6000 P=0.0036 60007 P=0.4313
g o (E) (F) (@)
4000 4n 2.0- mOS
"2000 g "2000 S— DG 100+ —— TDGlow 53.3m
| TDG s —— TDG high 16.5m
04+—T—— 0+ ™ T 34 o) o 1.54 °o s :
QQ QQ@%@ e@@@ge@@u@o E E ;
6 TEM & ) TET3 & 4. I P=0.0356
R =-0.0156 R=01581 & ° g TET1 € 80T kg f---mmomooes
6000+ P = 0.8383 60001 P=0.1078 D 2 o 8
4000- 4000 5 1 TeT1 T 051 TET20 s
2 2 - TET2 o TET30
200045 2000 °
R 0 T T T 1 0.0 T T T 1 0 T T 1
g e aprd g e apr 00 05 10 15 20 -04 -02 00 02 04 ¢ 50 100 150
IRNERY S S Fold Change Cox Coefficient Months
TET2 TDG
(H) ) ) shScr  shTDG £
1.5- o 1.57
Ky shScr & o & o = shScr
& & 0{\4 6 shTDG W &S S shTDG
q,o‘ Q7 Q g dkkk  kdkkk S P & o ns
£ &L 8 1.0 cpoi EEEEEE ] § 10 " r
a [3) *kk *k  Kk*
e [ ] 2 cpcz [ ] = [+ 7,
20 07 22 ' coc: T 2 .|
4 04 1.9 = CpG4 |28 >
=
GAPDHﬁ e cros TN | 2
T oolmi — o OEemewwe] £ 00—
TDG TAZ £ Ny e PP S
R RXRRR

FIGURE 5 Thymine DNA glycosylase (TDG) regulates transcriptional coactivator with PDZ binding domain (TAZ) expression by DNA
methylation of its CpG islands. A, Genetic changes in gastric cancer cohorts from The Cancer Genome Atlas (TCGA) provisional dataset
(esophageal cancer [ESCA], n = 186) and TCGA nature 2017 dataset (esophageal/stomach cancer, n = 556). B, TAZ mRNA levels of
esophageal cancer with different DNA copy numbers. C, Methylation rates of DNA around the TAZ gene in esophageal cancer and normal
tissues. Probes and their locations are shown along the x-axis. D, Correlation of TAZ mRNA (y-axis) with demethylase mRNA (x-axis) in
esophageal cancer. E, Fold change of demethylases in esophageal tumor vs normal tissues (x-axis), with P values indicated on the y-axis.

F, Association of demethylases with survival in esophageal cancer patients. G, Kaplan-Meier curve of patient survival compared to their

TDG expression. H, Protein levels of TDG and TAZ in the indicated cells. Results were quantified by ImageJ and shown below the bands. I,
TDG and TAZ mRNA levels in TDG-depleted and control cells. J, McrBC-PCR results with five primers targeting the CpG islands of the TAZ
gene in TDG-depleted and control (Ctr) cells. Representative pictures are shown on the left, and quantification bars on the right. Data in A
and B were extracted from cBioPortal. Data in C-G were derived from TCGA ESCA methylation data, mRNA expression data, and clinical
data. Data in H-J resulted from in vitro studies. *P < .05, **P < .01, ***P < .001, ****P < .0001. EV, empty vector; ns, no significance; shScr,
lentivirus containing scramble shRNA; shTDG, lentivirus containing shRNA against TDG; TAZ, plasmid containing TAZ

including PRKDC (DNA-PKcs), TP53BP1 (53BP1), and XRCCé (Ku80)
(Figure 6F,G). These effects of TDG knockdown on NHEJ were fur-
ther validated by complementation experiments using an shTDG-re-
sistant TDG plasmid (Figure 6E-G).

4 | DISCUSSION

Hippo pathway dysregulation occurs in a broad range of human

carcinomas and treatment 22

resistance. In this study, we
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uncovered the vital role of TAZ in esophageal cancer. To date, especially when they are altered at transcriptional levels.

we are the first to systematically report the oncopromoting roles
of TAZ in esophageal carcinoma. Indeed, these data are plausible
because TAZ was reported to be an oncogene in other cancers.?®
Interestingly, YAP, the other final effector of the Hippo pathway
and an oncogene, correlated with a better prognosis in our analy-
sis. Usually, TAZ and YAP are coregulated and function syner-
gistically.?* However, some studies have reported that TAZ and

YAP show different functional roles during cancer progression,

this case, the mechanisms underlying the association between
YAP and patient prognosis need to be elucidated in esophageal
cancer.

Downregulation of TAZ inhibited tumor progression and en-
hanced the radiosensitivity of tumor cells. Therefore, it is likely that
TAZ inhibitors would augment radiotherapy for esophageal cancer.
So far, several inhibitors have been discovered or synthesized, such

as an FDA-approved drug verteporfin2<S and a peptide mimicking
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VGLL4.%728 However, all of the above inhibitors target the functions
of both TAZ and YAP, and no TAZ-specific inhibitor has yet been
discovered.

Because the mechanisms of TAZ's oncopromoting roles have
been well documented,?® we focused on the mechanism of TAZ-
mediated radiation resistance and identified upregulation of many
NHEJ proteins by TAZ overexpression. The irradiation-induced
DSB is particularly genotoxic, and the primary tumor-killing mech-
anism caused by radiotherapy.?’ The NHEJ pathway, instead of ho-
mologous recombination, is the predominant pathway for repair of
DSBs and altering this pathway would influence the radiosensitivity
of an affected tumor.?’ For example, mutations in the tyrosine ki-
nase domain of epidermal growth factor receptor could contribute
to cellular radiosensitivity by delaying NHEJ in non-small-cell lung
cancer.®® Similarly, cervical carcinoma with radioresistance showed
overexpression of many NHEJ proteins, including DNA-PKcs, Ku70,
and Ku86, with undefined reasons.®! Both TAZ and its downstream
NHEJ molecules could be used as predictive markers to identify
which patients might benefit from radiotherapy in radical, periop-
erative, or palliative treatment. Future investigations should confirm
this in clinical cohorts from preirradiation tumor biopsies. Of note,
BRCA1, a central regulator of homologous recombination competing
with NHEJ, was upregulated by TAZ knockdown. This implies that
TAZ might also be involved in the regulation of homologous recom-
bination, probably by inhibiting this pathway, but this supposition
needs further validation.

Transcriptional coactivator with PDZ binding domain is regu-
lated at multiple levels.?® First, subcellular localization or activity
are regulated by phosphorylation (by the Hippo pathway, GSK3,
c-Abl, and Cdkl).g'l“’”’33 At the mRNA level, TAZ expression effi-
ciency is regulated by multiple microRNAs (miRNAs), including miR-
125a-5p, miR-9-3p, and miR-141.%43¢ In addition, TAZ proteins can
be negatively regulated by ubiquitination-mediated degradation.%?
Dysregulation of TAZ at these levels could occur in different types
of cancer. In addition, we found there were always two bands in
western blot analyses of TAZ, and both of them were affected by
TAZ plasmid or siRNA transfection, indicating this is probably due
to posttranslation modification, but not alternative splicing.

In this study, we discovered two new layers of TAZ regulation.
First, TAZ gene amplification was found in 2.5%-3.2% of esophageal
cancer and was significantly associated with elevated levels of TAZ
mRNA. Second, TDG repressed methylation levels at the 5-UTR
of the TAZ gene and TAZ expression in tumors. Ectopic expression
of TAZ counteracted the effects of TDG KO in tumor suppression.
Moreover, we found TDG overexpression in esophageal cancer as
well as its remarkable association with patient prognosis. A recent
study revealed that TDG is also required for melanoma proliferation
and survival, potentially by epigenetic modification and by disrupt-
ing DNA repair.? The TDG inhibitors, including closantel, juglone,
and cefixime, were also identified by high-throughput screening.'’
Furthermore, p53 regulated TDG transcription in response to DNA
damage,¥” so radiotherapy-induced DNA damage could further
activate the TDG/TAZ/NHEJ axis and induce radioresistance in

post-irradiated tumors. The dual roles of TDG in oncopromotion
and radioresistance indicate that TDG might represent another tar-
get for esophageal therapy. In addition, it will also be interesting to
explore the effects of combinations of targeting TDG and TAZ or
radiotherapy in esophageal cancer.

In summary, we identified that the TDG/TAZ/NHEJ axis is a crit-
ical player in esophageal cancer progression and radioresistance, and
is a potential target for therapy. Further experiments will address the
regulation of TDG expression in more detail, the participation of the
NHEJ molecules in radioresistance, verification of this regulation axis

in clinical samples, and the efficacy of TDG/TAZ targeting in vivo.
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