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Abstract 
Background  Prognosis of esophageal adenocarcinoma 
(EAC) is still poor. Therefore, the development of novel 
therapeutic modalities is necessary to improve therapeu-
tic outcomes in EAC. Here, we report a novel promoter-
controlled oncolytic adenovirus targeting CDX2 (Ad5/3-
pCDX2) and its specific anticancer effect for EAC.
Methods  We used OE19, OE33, HT29, MKN28, RH30, 
and HEL299 cell lines. To establish CDX2 overexpressing 
OE19 cells, pCMV-GLI1 plasmid was transfected to OE19 
(OE19 + GLI1). The virus replication and cytocidal effect of 
replication competent Ad5/3-pCDX2 were analyzed in vitro. 
Antitumor effect of Ad5/3-pCDX2 was assessed in xeno-
graft mouse models by intratumoral injection of the viruses. 
Finally, efficacy of combination therapy with Ad5/3-pCDX2 
and 5FU was evaluated.
Results  EAC cells and HT29 showed high mRNA levels 
of CDX2, but not MKN28, RH30, and HEL299. We con-
firmed that deoxycholic acid (DCA) exposure enhanced 
CDX2 expression in EAC cells and OE19 + GLI1 had 

persistent CDX2 overexpression without DCA. Ad5/3-
pCDX2 showed stronger cytocidal effect in OE19 + GLI1 
than OE19, whereas Ad5/3-pCDX2 did not kill CDX2-nega-
tive cells. Ad5/3-pCDX2 was significantly replicated in EAC 
cells and the virus replication was higher in OE19 + GLI1 
and OE19 with DCA compared to OE19 without DCA 
exposure. In vivo, Ad5/3-pCDX2 significantly suppressed 
OE19 tumor growth and the antitumor effect was enhanced 
in OE19 + GLI1 tumor. In contrast, Ad5/3-pCDX2 did not 
show significant antitumor effect in MKN28 tumor. Moreo-
ver, Ad5/3-pCDX2 significantly increased the efficacy of 
5FU in vitro and in vivo.
Conclusions  Ad5/3-pCDX2 showed specific anticancer 
effect for EAC, which was enhanced by bile acid exposure. 
Ad5/3-pCDX2 has promising potential for EAC therapy in 
the clinical setting.
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Introduction

Esophageal cancer is the sixth leading cause of cancer-asso-
ciated death worldwide [1] and esophageal adenocarcinoma 
(EAC) is the most common subtype of esophagus cancer 
in Western countries [2]. EAC mostly emerges from Bar-
rett’s esophagus (BE) that is characterized by replacement of 
squamous epithelium in the distal esophagus in response to 
gastroesophageal reflux disease (GERD) [3]. The incidence 
of EAC has dramatically risen in the last few decades; the 
burden was estimated to be 20,640 new cases and 16,410 
deaths in 2022 in the United States [4]. Although EAC 
patients with earlier stage have a favorable prognosis, most 
EAC patients are diagnosed with an advanced stage and the 
5-year survival rate of these patients is less than 20% [5]. 
For locally advanced EAC, the treatment has evolved from 
single to multimodal therapy, namely surgery in combination 
with perioperative chemotherapy. Surgical resection remains 
the mainstay treatment option and surgery combined with 
neoadjuvant therapy recently plays an important role for the 
curative treatment of resectable advanced EAC [6, 7]. How-
ever, radical esophagectomy combine with neoadjuvant ther-
apies is a very invasive procedure with a high rate of surgical 
complications, and thus is not feasible for all patients due to 
their comorbidities and general conditions [6]. In particu-
lar, neoadjuvant chemoradiotherapy (nCRT) causes higher 
rates of postoperative complications and in-hospital mortal-
ity than neoadjuvant chemotherapy (nCT) [8]. In addition, in 
local EACs, the therapeutic response to neoadjuvant radio-
therapy may be weaker than that in esophagus squamous 
cell carcinoma (ESCC) [7, 8]. Therefore, innovative options 
that can be combined with nCT are needed to control the 
local tumor efficiently to improve therapeutic outcomes and 
prognosis in a wide range of EAC patients.

Oncolytic virotherapy employs cytocidal function of 
viruses to kill cancer cells and is a very promising approach 
to treat cancers. Among them, oncolytic adenovirus (OAd) 
is an attractive modality in cancer virotherapy [9]. To restrict 
cytocidal effect to cancer cells, OAds can be engineered for 
selective replication within cancer cells. One approach to 
target adenovirus replication to cancer cells is controlling 
the expression of adenovirus E1-gene, which is essential 
for virus replication, with tumor specific promoters [10]. 
Tumor-specific promoter-controlled OAds can replicate 
within cancer cells where the controlling promoter is active 
and selectively attack cancers. We have already developed 
several OAds targeting gastrointestinal cancers including 
EAC [11–13]. Considering the fact that high intratumor 
heterogeneity is a significant feature in EAC, especially in 
advanced stage [14], development of novel OAds controlled 
by alternative promoters is essential to overcome the limited 
therapeutic efficacy due to the tumor heterogeneity of EAC. 
Moreover, local injection of OAds showing “normal tissue 

off” effect is a reasonable strategy to control primary EAC 
tumor with less damage of the normal esophagus tissue in 
neoadjuvant setting. Thus, we constructed a novel promoter-
controlled OAd aiming for the clinical application for locally 
advanced EAC treatment.

Caudal-related homologue 2 (CDX2) is an important 
homeodomain transcription factor in the maintenance of 
adult intestinal epithelium and regulating target genes 
involved in various processes including cell differentiation 
and proliferation [15]. CDX2 expression in the esophagus 
increases with BE progression [16] and remains elevated 
in EAC [18]. The chronic bile acids reflux into the distal 
esophagus by GERD plays an important role in the pro-
gression from BE to EAC [18] and stimulates invasion and 
metastasis of EAC [19–21]. Although squamous epithelium 
of the esophagus under normal conditions shows no CDX2 
expression, bile acids exposure increases CDX2 expression 
in human EAC and BE cells [22, 23]. In patients, bile acids 
induce CDX2 promoter activity in esophageal squamous 
cells from GERD patients with BE, but not in those without 
BE [24]. These data suggest that the CDX2 promoter is a 
promising target for promoter-controlled OAds to selectively 
eliminate EAC under GERD with minimal damage in nor-
mal esophagus. We, therefore, hypothesized that a CDX2 
promoter-controlled OAd will show selective antitumor 
effect for EAC via specific replication and cytolysis in EAC 
cells, where CDX2 expression is turned on by bile acid expo-
sure. While efficient transduction of the target cells is crucial 
for realization of the expected efficacy of OAds, EAC cells 
cannot be easily transduced with wild type adenovirus fiber 
due to scarce expression of its receptor, coxsackie adeno-
virus receptor [12]. To overcome this hurdle, we employed 
Ad5/3-fiber chimera virus, which has a replacement of the 
Ad5 fiber knob with Ad3 fiber knob. This virus has shown 
much better transduction and virus-cell binding in EAC 
cells [12]. In the present study, we generated a novel CDX2 
promoter-controlled OAd with adenovirus 5/3 chimeric 
fiber (Ad5/3-pCDX2) and investigated specific replication 
and killing in EAC cells in vitro and the in vivo effects for 
EAC tumor growth in mouse models after its intratumoral 
injection.

Materials and methods

Cell lines

Two human EAC cell lines (OE19 and OE33) from the 
European Collection of Authenticated Cell Cultures 
(#96071721 and #96070808. ECACC. Salisbury, UK) and 
two human colorectal cancers (HT29 and Caco2), gastric 
cancer (MKN28), rhabdomyosarcoma (RH30), and human 
normal fibroblast (HEL299) cell lines were purchased from 
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ATCC (Manassas, VA, USA). Gastrointestinal stromal 
tumor (GIST-T1) cell line was kindly provided by Dr. Yujiro 
Hayashi, Ph.D. (Mayo Clinic, Rochester, MN). These cell 
lines were grown in RPMI1640 (OE19, OE33, and RH30), 
Dulbecco’s modified Eagle’s (Caco2, MKN28, GIST-T1, 
and HEL299), or McCOY’S 5A (HT29) medium. All cell 
lines were cultured with medium supplemented with 10% 
(V/V) fetal bovine serum and 1% penicillin–streptomycin 
mixture (100 and 100 µg/mL, respectively), and maintained 
as adherent monolayers at 37 °C in a humidified incubator 
with 5% CO2. To establish CDX2 overexpressing OE19 cells 
(OE19 + GLI1), OE19 cells were plated in 60-mm dishes 
and then transfected with the pCMV-GLI1 cDNA plasmid 
(#37113. Addgene. Watertown, MA, USA) using Lipo-
fectamine 3000 Reagent (Invitrogen. Carlsbad, CA, USA). 
Stable transfectants were isolated in the presence of 500 μg/
ml G418 (Roche. Indianapolis, IN, USA).

Reagents

Deoxycholic acid (DCA) was purchased from Sigma-Aldrich 
(D2510-10G. St. Louis, MO, USA). Drugs were diluted 
according to the manufacture’s protocol. EAC cells were 
exposed with DCA to induce CDX2 overexpression. DCA 
was added into growth medium at 50 to 300 µM and cultured 
for 24 h.

Adenoviral vectors

We generated adenoviruses with 5/3 chimeric fiber (Ad5/3) 
containing CDX2 promoter-driven luciferase (Luc) expres-
sion cassette (Ad5/3-pCDX2-GL3B) as replication deficient 
viruses and CDX2 promoter-driven E1 gene (Ad5/3-pCDX2) 
as replication competent virus. Short (1516 bp) and long 
(2687 bp) lengths of CDX2 promoter region [pCDX2(S) 
and pCDX2(L)] were isolated from the OE33 genome by 
PCR. Two lengths of pCDX2 were cloned using Zero Blant 
TOPO PCR Cloning Kit (Invitrogen) and the sequences were 
confirmed. For generating Luc reporter-expressing plasmid 
with pCDX2 (pGL3B-pCDX2), we adopted the In-Fusion 
cloning system. pGL3-Basic (4818 bp; #E1751. Promega. 
Madison, WI, USA) was digested with XhoI and BglII, and 
then insert PCR products (pCDX(S) and (L)) were inserted 
into the linearized pGL3-Basic using the In-Fusion HD 
Cloning Kit (Takara Bio. San Jose, CA, USA) according to 
the manufacturer’s instructions.

To generate adenovirus shuttle plasmid with pCDX2 and 
luciferase (Luc) (pShuttle-GL3B-pCDX2) for replication 
deficient adenovirus, pGL3B-pCDX2 and pShuttle-GL3B 
(8533 bp: Supplementary Fig. 1) was digested with KpnI 
and HindIII. The inserts with pCDX2 from pGL3B-pCDX2 
and the linear pShuttle-GL3B were ligated using the Fast-
Link DNA Ligation Kit (Lucigen. Madison, WI, USA) 

according to the manufacturer’s instructions. For pShuttle of 
replication competent adenovirus, pCDX2(S) from pShuttle-
GL3B-pCDX2(S) and E1-gene plus protein IX (pIX) region 
from pShuttle-Cox2LH-E1-XpIXF (11,692 bp: Supplemen-
tary Fig. 2) were amplified by PCR. In parallel, pShuttle-
Cox2LH-E1-XpIXF was digested with SalI to remove the 
Cox2-E1-pIX cassette. The insert PCR products (pCDX2 
and E1-pIX) were inserted into the linear plasmid backbone 
using the In-Fusion HD Cloning Kit. The pShuttle-GL3B-
pCDX2 or pShuttle-pCDX2-E1-XpIXF were amplified in 
E. coli. The resulting plasmids of interest were extracted by 
EndoFree Plasmid Maxi Kit (Qiagen. Hilden, Germany). 
The shuttle plasmids were linearized with PmeI and sub-
sequently co-transformed into E. Coli BJ5183 cells (Agi-
lent Technology. Santa Clara, CA, USA) with an adenoviral 
backbone pAdEasy-5/3F (replication deficient) or pMG553 
(replication competent). All adenovirus backbones were 
based on human adenovirus type 5. Finally, the linearized 
recombinant plasmids were transfected into 293 cells using 
SuperFect Transfection Reagent (Qiagen). Recombinant 
adenoviruses were generated around 7 days post-transfec-
tion and purified by double cesium chloride density gradient 
ultracentrifugation. The titer of the viruses was determined 
by optical absorbance at 260 nm and plaque forming unit 
assays [11]. The primers for adenovirus construction are 
listed in Supplementary Table 1.

RNA isolation and quantitative reverse‑transcription 
polymerase chain reaction (RT‑PCR)

Total RNA was isolated using the RNeasy Mini Kit (74,106. 
Qiagen) from samples and reverse-transcribed with Prime-
Script RT Master Mix including oligo dT primer (RR036A. 
Takara Bio) using the manufacturers’ protocols. Quantitative 
RT-PCR was performed using a Roche LightCycler 480 II 
and PowerUp SYBR Green Master Mix (A25742. Thermo 
Fisher, Waltham, MA, USA). Gene expression was calcu-
lated by LightCycler Software (Roche). Primer sequences 
are described in Supplementary Table 2.

Luciferase reporter assay by plasmid transfection 
or virus infection

Cells (3 × 104) were plated in a 96-well plate and transfected 
with pGL3B-pCDX2(S and L) or pShuttle-pCMV-Luc (con-
trol) using Lipofectamine 3000 Reagent (Invitrogen). The 
same number of cells were infected with Ad5/3-pCDX2-
GL3B at 0, 10, and 100 vp/cell. Ad5/3-pCMV-Luc was 
used as a control to standardize the infectivity of the viruses 
between the cell lines. For the assessment of promoter 
activity in combination therapy with 5-fluorouracil (5FU), 
Ad5/3-pCDX2(S)-GL3B (100 vp/cell) was infected in OE19. 
Two days after transfection or infection, Luc activity was 
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determined with a Luc Assay System (Promega) according 
to the manufacturers’ protocols.

In vitro analysis of cytocidal effect by crystal violet 
staining

Crystal violet staining was performed as described previ-
ously [25]. Briefly, a total of 5 × 104 cells were plated in 
12-well plates and infected with virus at 0.1–10 vp/cell. As 
a positive control, we used Ad5/3 with a normal promoter 
(Ad5/3). The cells were fixed and stained with crystal violet 
when Ad5/3 completely killed cells at 0.1 vp/cell.

Quantitative in vitro cytotoxicity assay

Cells (3000/well) cultured in a 96-well plate were 
infected with virus at 10 vp/cell in 100 µl of medium. The 
cells were incubated for 12 days and cell viability was 
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner salt (MTS) assay. A detailed protocol is provided in 
a previous report [12]. To assess the efficacy of combina-
tion therapy with Ad5/3-pCDX2 and 5FU, OE19 cell sus-
pensions (5000 cells/100 μl) were added to each well in a 
96-well plate and incubated at 37 °C for 24 h. Cells were 
infected with Ad5/3-pCDX2 at 100 or 10 vp/cell, and 5FU 
(0, 5, 10, 20 μM) was subsequently added to each well after 
4 h post-infection. The cells were incubated for 7 (100 vp/
cell) or 10 (10 vp/cell) days. The results were expressed as 
the percentage viable with respect to the untreated control. 
Calculation of the combination index (CI) in combination 
therapy with Ad5/3-pCDX2 and 5FU was performed using 
Compusyn software.

Analysis of viral replication

Cells (1 × 105) in 12-well plates were infected with virus 
(10 vp/cell), and the growth medium was collected at day 
2 and 5 after virus infection. The DNA was isolated from 
the medium using QIAamp DNA Mini Kit (Qiagen) and 
the total viral copy number of the E4-gene was analyzed 
by qPCR. For a detailed protocol, see our previous report 
[25]. To assess the influence of DCA for virus replication in 
OE19, DCA (50 µM) was added into the growth medium at 
day 3 after virus infection.

Binding assay

One day after seeding cells (5 × 104 cells/24 well plate), cells 
were infected with Ad5 or Ad5/3 at 100 and 1000 vp/cell. 
The assays were performed as previously described [12].

In vivo antitumor effect in xenograft mouse models

All experimental procedures using animals were approved 
by the University of Minnesota Institutional Animal Care 
and Use Committee (IACUC, #1412-32188A). Male nude 
mice (6–8 weeks of age, Charles River Laboratories, Wilm-
ington, MA, USA) were used to established xenografts. 
First, OE19 or OE19 + GLI1 cells (3 × 106 per inject site) 
were inoculated into the flanks of mice. Once subcutaneous 
tumors developed, we harvested and cut the tumors and then 
implanted a chunk of tumor (2 × 2 × 2 mm) subcutaneously 
into the flank of another nude mice. When nodules reached 
a size of 8–10 mm in maximum diameter, a single virus dose 
(1010 vp in 100 µl PBS) of replication competent adenovirus 
[Ad5/3-pCDX2 and Ad5/3 with normal promoter (control)] 
or PBS were injected intratumorally (i.t.). The condition of 
the mice was monitored daily, and the tumor diameter was 
measured twice a week. The tumor volume was calculated 
as width2 × length/2. The mice were euthanized 20 days after 
virus injection and tumors were harvested. Half of each 
tumor specimen was quickly frozen, and the second half 
was fixed with formalin for hematoxylin eosin (HE) stain 
and immunostaining. In a separate experiment under the 
same conditions, mice were sacrificed at day 7 to assess the 
virus replication in the tumors. The expression of hexon pro-
tein in the tumor was analyzed by immunostaining using the 
FITC-labeled anti-hexon polyclonal antibody (#AB1056F. 
Millipore. Burlington, MA, USA) and counterstained with 
DAPI. The DNA was purified from frozen tumor tissue (Day 
20), and the adenovirus DNA copy number of the E4-gene 
was quantified by qPCR as described [25]. To establish 
the MKN28 and HT29 subcutaneous tumors, we directly 
injected MKN28 (5 × 106 cells) and HT29 (3 × 106 cells) into 
the flanks of nude mice. The schedule of virus treatment and 
assay methods using tumor samples were same as mentioned 
before in the experiments for EAC xenograft models.

5FU and Ad5/3‑pCDX2 combination therapy 
in xenograft mouse models

After OE19 subcutaneous tumor formation in nude mice 
by implanting tumor chunks, mice were divided two 
groups; 5FU and 5FU plus Ad5/3-pCDX2 groups. The 
5FU plus Ad5/3-pCDX2 group underwent intratumoral 
injection of Ad5/3-pCDX2 (101o vp in 100 µl PBS) at day 
0. In both groups, 5FU (10 mg/kg) were intraperitoneally 
(i.p.) injected every 2 days from day 1 to 5. The tumor 
diameter was measured three times a week, and tumor vol-
ume was calculated using the formula mentioned before. 
The mice were euthanized 20 days after virus injection, 
and tumor samples were harvested.
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Statistical analysis

Data are shown as mean ± standard deviation (SD). Sta-
tistical analysis was performed using student’s t-tests or a 
non-parametric Wilcoxon test. For all tests, differences with 
P < 0.05 were considered significant. All statistical analy-
ses were performed using JMP 9.0 software (SAS Institute, 
Cary, NC, USA).

Results

CDX2 level is higher in EAC cells and further elevated 
by bile acids

CDX2 mRNA levels were analyzed in several cell lines 
by RT-PCR. EAC (OE19 and OE33) and CRC (HT29 and 
Caco2) cell lines showed significantly high levels of CDX2, 
compared to GIST-T1, MKN28, RH30 and HEL299 cell 
lines (Fig. 1a). In addition, DCA exposure (100 µM, 24 h) 
significantly increased CDX2 levels in EAC cells (Fig. 1b). 
To resemble persistent CDX2 overexpressing EAC cells 
without DCA exposure, we overexpressed a hedgehog 
pathway target gene GLI1, which has been reported to be 

involved in CDX2 overexpression in BE under bile acids 
exposure. GLI1 expression also induces CDX2 overexpres-
sion in BE cells [23]. We confirmed that DCA exposure (100 
or 300 µM, 24 h) increased not only CDX2 but also GLI1 
mRNA levels in a dose dependent manner in OE19 (Fig. 1c 
and d). CDX2 overexpressing OE19 cells (OE19 + GLI1), 
which was made by transfecting cells with pCMV-GLI1, 
showed significantly increased CDX2 level compared to 
OE19 transfected with empty plasmid (pcDNA3.1) as a neg-
ative control (Fig. 1e). There was no significant difference in 
the cell migration and growth capability between OE19 and 
OE19 + GLI1 (Supplementary Fig. 3a and b).

The short CDX2 promoter in replication deficient 
adenovirus vector demonstrates higher promoter 
activity and selectivity in vitro

Before constructing replication competent adenovirus, 
replication deficient adenoviruses with short (S) or long 
(L) CDX2 promoter regions (Fig. 2a and b) were used to 
assess the promoter activity in cell lines. We first com-
pared the promoter activities using Luc-expressing plas-
mid with short or long CDX2 promoter regions (pGL3B-
pCDX2 (S)) and pGL3B-pCDX2 (L)). Both plasmids 

Fig. 1   CDX2 levels in cancer 
cells a CDX2 mRNA levels 
in OE19, OE33 (esophageal 
adenocarcinoma), HT29, Caco2 
(colorectal cancer), GIST-T1 
(gastrointestinal stromal tumor), 
MKN28 (gastric cancer), RH30 
(rhabdomyosarcoma), and 
HEL299 (normal fibroblast) 
cells by RT-PCR. P value is 
compared to GIST-T1, MKN28, 
RH30, and HEL299. b CDX2 
mRNA levels in esophageal 
adenocarcinoma cells after 
deoxycholic acid (DCA) expo-
sure (100 µM, 24 h). c CDX2 
and d GLI1 mRNA levels in 
OE19 after DCA exposure at 
100 and 300 µM (24 h). e CDX2 
mRNA levels in OE19 trans-
fected with empty vector (con-
trol) and pCMV-GLI1 cDNA 
plasmid (OE19 + GLI1). Results 
are presented as mean ± SD 
(n = 5). *P < 0.05, **P < 0.01, 
***P < 0.001 (paired t-test; 
two-tailed)
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showed higher promoter activity in EAC and CRC cell 
lines than CDX2 negative cells (Supplementary Fig. 3c). 
In Luc assays, using replication deficient viruses (Ad5/3-
pCDX2-GL3B, Fig. 2a), the promoter activity of Ad5/3-
pCDX2(S)-GL3B in CDX2 positive cell lines (OE19 and 
Caco2) was significantly increased compared to Ad5/3-
pCDX2(L)-GL3B (Fig. 2c). In CDX2 negative cell lines 
(RH30 and GIST-T1), both Ad5/3-pCDX2(L and S)-GL3B 
did not show significant increase of promoter activity. 
The contrast between CDX2 positive and negative cell 
lines was better with the short promoter pCDX2(S). The 
promoter activity of Ad5/3-pCDX2(S)-GL3B was also 
enhanced in OE19 + GLI1 or OE19 exposed by DCA (100 
or 300 µM) (Fig. 2d). Based on these results, we decided to 
use the short length promoter region to establish replica-
tion competent virus for the following experiments.

CDX2 promoter‑controlled OAd selectively replicates 
and kills CDX2‑positive EAC cells

Next, we constructed replication competent adenovirus 
with the short CDX2 promoter (Ad5/3-pCDX2. Figure 3a). 
The cytolytic effect and virus replication of Ad5/3-pCDX2 
were compared in EAC, CRC, and CDX2 negative cells. 
In crystal violet assay (Fig. 3b), Ad5/3-pCDX2 at a titer of 
1 and 10 VP/cell killed OE19 and OE19 + GLI1, but not 
MKN28 (CDX2 negative), after 10 days post-infection. 
The cytolytic effect of Ad5/3-pCDX2 in OE19 + GLI1 was 
stronger than that in OE19. Ad5/3-pCDX2 also started to 
kill HT29 (CDX2-positive CRC) at a titer of 1 VP/cell after 
14 days post-infection. Quantitative analyses of cell viability 
revealed that Ad5/3-pCDX2 caused significantly more cell 
death in OE19 and OE19 + GLI1 compared to RH30 (CDX2 

Fig. 2   Promoter activity of replication deficient CDX2 promoter-
controlled adenovirus in  vitro. a A schematic diagram of Ad5/3-
pCDX2-GL3B (replication deficient). The vectors were constructed 
based on human adenovirus type 5. CDX2 promoter-driven E1 
gene or firefly luciferase expression cassette was inserted in the cor-
responding position. The E3 region of Ad5/3-pCDX2-GL3B was 
removed. b Two lengths of CDX2 promoter region used for Ad5/3-
pCDX2-GL3B vectors. c Promoter activity in adenovirus construct 

with Ad5/3-pCDX2-GL3B vectors with long and short CDX2 pro-
moters measured by luciferase reporter assay (n = 5). Values are 
expressed as ratio to luciferase expression at 0 vp/cell. b Promoter 
activity of Ad5/3-pCDX2-GL3B with short CDX2 promoter normal-
ized to luciferase expression of AdEasy-pCMV in RH30 (CDX2-neg-
ative), OE19 transfected with empty vector (control), OE19 + GLI1 
(CDX2-overexpressing OE19), and OE19 exposed with deoxycholic 
acid (DCA, 48 h exposure) by luciferase reporter assay (n = 5)
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negative), while the cytolysis of Ad5/3-pCDX2 was stronger 
in OE19 + GLI1 than OE19 (Fig. 3c), similar to results in 
the crystal violet assay. In both the crystal violet and quan-
titative cytotoxicity assays (Fig. 3b and c), Ad5/3-pCDX2 
did not kill normal fibroblast HEL299 cells, suggesting that 
Ad5/3-pCDX2 does not attack CDX2-negative background 
tissues. The virus DNA copy number increased from day 2 
to day 5 in OE19 and OE19 + GLI1 indicating steady virus 
replication, but not in RH30 and MKN28 (Fig. 3d). At day 5, 
the DNA copy number in OE19 + GLI1 and OE19 with DCA 
was significantly higher than that in OE19 without DCA. 
The replication of Ad5/3-pCDX2 in HT29 also increased 

significantly from day 2 to 14 (Supplementary Fig. 3d). 
These in vitro experiments revealed that the cytolytic effect 
and replication capability of Ad5/3-pCDX2 was regulated 
by CDX2 levels in the cancer cells. In the context of virus 
binding, 5/3 fiber showed significantly higher infectivity to 
OE19 compared to wild type Ad5 fiber (Fig. 3e).

CDX2 promoter‑controlled OAd suppresses EAC tumor 
growth in xenograft mouse models

After establishment of OE19 subcutaneous tumors in nude 
mice, 1010 vp of Ad5/3-pCDX2, Ad5/3 (positive control), or 

Fig. 3   Measurement of replication ability and cytolytic effect of 
CDX2 promoter-controlled adenovirus in  vitro. a A schematic dia-
gram of Ad5/3-pCDX2 (replication competent). The E3 region of 
Ad5/3-pCDX2 was maintained. b Cytolytic effect of Ad5/3-pCDX2 
in HEL299 (CDX2-negative normal fibroblast), MKN28 (CDX2-
negative), HT29, OE19, and OE19 + GLI1 cells by crystal violet 
assay. Cells were stained with crystal violet when Ad5/3 completely 
eliminated the cells at 0.1 vp/cell. c Quantitative cell viability anal-
ysis after 12  days of Ad5/3-pCDX2 treatment in HEL299, RH30, 
OE19, and OE19 + GLI1 in quantitative cytotoxicity assay (MTS 

assay, n = 5). Values are expressed as ratio to cell viability with-
out virus. †P < 0.05 for vs. HEL299. **P < 0.01, ***P < 0.001 for 
vs. RH30 d E4 gene copy number 2 and 5 days after Ad5/3-pCDX2 
(replication competent) infection to RH30, MKN28, OE19, OE19 
with DCA (50 µM/L, 48 h from day 3), and OE19 + GLI1 by qPCR 
(n = 4). †P < 0.05 for OE19 without DCA vs. OE19 with DCA at day 
5. **P < 0.01, ***P < 0.001 for vs. MKN28 and RH30 at day 5. e 
Infectivity of adenovirus with wild type Ad5 and 5/3 fiber to OE19 by 
binding assay (n = 4). Results are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001 (paired t-test; two-tailed)
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PBS (control) was intratumorally injected (Fig. 4a). Ad5/3-
pCDX2 and Ad5/3 significantly suppressed OE19 tumor 
growth compared to PBS treatment (Fig. 4b–e). Ad5/3-
pCDX2 showed comparable effect to those injected with 
positive control virus Ad5/3. Intratumoral spread of virus 
was evaluated in the tumor samples at day 7 and 20 after 
the treatment by staining of viral structural protein (hexon) 
(Fig. 4f). Cancer cells in the OE19 tumors expressed high 
levels of hexon protein, which were sustained over 20 days 
in both Ad5/3-pCDX2 and Ad5/3 groups. This indicated that 
the viruses successfully spread in the tumors.

In mice with MKN28 (CDX2-negative) tumors treated 
with 1010 vp of Ad5/3-pCDX2, Ad5/3, or PBS (Fig. 5a), 
Ad5/3 inhibited tumor growth similar to the result of OE19 

tumors. However, Ad5/3-pCDX2 did not suppress the tumor 
growth significantly (Fig. 5b–e). The virus replication of 
Ad5/3 was significantly increased in MKN28 tumors at 
day 20, but Ad5/3-pCDX did not show significant replica-
tion (Fig. 5f). These results indicated that Ad5/3-pCDX2 
did not have replicative capability or antitumor effect in 
CDX2-negative tumors. Regarding the CDX2 expression 
in subcutaneous tumors, OE19 tumors showed significantly 
higher expression than MKN28 tumors (Fig. 5g). Inter-
estingly, OE19 tumors showed nearly three hundred folds 
increased CDX2 expression, compared to OE19 cell lines 
in vitro. We also confirmed that CDX2 protein expression 
was significantly higher in OE19 than MKN28 tumors (data 
not shown).

Fig. 4   Antitumor effect of 
CDX2 promoter-controlled 
replication competent adenovi-
rus in OE19 xenograft model in 
mice. a Experimental sched-
ule; intratumoral injection of 
Ad5/3-pCDX2 (1010 vp), Ad5/3 
(positive control, 1010 vp), 
or PBS (control) into OE19 
subcutaneous tumors at day 0 
(n = 8 each group). b Chrono-
logical change of relative tumor 
volume in control, Ad5/3, and 
Ad5/3-pCDX2 groups. Indi-
vidual tumor volume in control 
(c), Ad5/3 (d), and Ad5/3-
pCDX2 (e). f Expression of 
viral structural protein (hexon: 
green) in the OE19 tumors and 
hematoxylin eosin stain (HE) at 
day 7 and 20 of control, Ad5/3 
and Ad5/3-pCDX2 groups. The 
tumors at day7 were harvested 
in a separate experiment under 
the same conditions. Results 
are presented as mean ± SD. 
*P < 0.05, **P < 0.01 (paired 
t-test; two-tailed)
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CDX2 promoter‑controlled OAd shows enhanced 
antitumor effect in OE19 + GLI1 tumors

We next assessed the antitumor effect of Ad5/3-pCDX2 
in OE19 + GLI1 (CDX2 overexpressing cell) subcutane-
ous tumors (Fig. 6a). Ad5/3-pCDX2 (1010 vp) significantly 
suppressed OE19 + GLI1 tumor growth from day 10 to 20 
after the treatments, compared to the control. (Fig. 6b–e). 
Most importantly, Ad5/3-pCDX2 group showed significantly 
stronger antitumor effect than the Ad5/3 group. The hexon 
expression surrounding necrotic regions were observed in 
the OE19 + GLI1 tumors at day 7 in the Ad5/3-pCDX2 
group (Fig. 6f). As for virus replication, the virus E4-gene 
copy number of Ad5/3-pCDX2 was significantly higher than 
that of Ad5/3 in OE19 + GLI1 tumors, whereas there was no 
significant difference between Ad5/3-pCDX2 and Ad5/3 rep-
lication in OE19 tumors (Fig. 6g). When the relative tumor 
volumes were compared between OE19 and OE19 + GLI1 
tumors at day 10 after treatment, the OE19 + GLI1 tumors 
were significantly smaller than OE19 tumors in the Ad5/3-
pCDX2 but not Ad5/3 treatment (Fig.  6h), indicating 
the antitumor effect of Ad5/3-pCDX2 was enhanced in 

OE19 + GLI1 with the higher virus replication. In addition 
to EAC tumors, we also confirmed that Ad5/3-pCDX2 sup-
pressed HT29 (CDX2-positive) subcutaneous tumor growth 
(Supplementary Fig. 3e).

Ad5/3‑pCDX2 combining with 5FU chemotherapy 
inhibits EAC tumor growth

Because 5FU is one of the main drugs of nCT for locally 
advanced EAC, we evaluated whether CDX2 promoter-con-
trolled OAd can affect the efficacy of 5FU in EAC. Using 
the OE19 subcutaneous tumor mouse model, combina-
tion therapy with Ad5/3-pCDX2 and 5FU was performed 
(Fig. 7a). The 5FU (10 mg/kg) plus Ad5/3-pCDX2 (1010 
vp) combination treatment significantly suppressed tumor 
growth compared to the 5FU monotherapy (Fig. 7b and c). 
Both groups did not show body weight loss and deterio-
ration of general condition during the experiment. In Luc 
assays for assessment of the promoter activity in vitro using 
Ad5/3-pCDX2-GL3B (non-replicative), 5FU did not affect 
the CDX2 promoter activity in OE19 cells, suggesting 5FU 
will not impact the replication of Ad5/3-pCDX2. (Fig. 7d). 

Fig. 5   Comparison of the 
effectiveness of CDX2 
promoter-controlled replica-
tion competent adenovirus 
in CDX2-negative xenograft 
mouse models. a Experimental 
schedule; intratumorally injec-
tion of Ad5/3-pCDX2 (1010 
vp), Ad5/3 (positive control, 
1010 vp), or PBS (control) into 
MKN28 subcutaneous tumors 
at day 0 (Control n = 6, Ad5/3 
n = 5, and Ad5/3-pCDX2 n = 5 
mice). b Chronological change 
of relative tumor volume in con-
trol, Ad5/3, and Ad5/3-pCDX2 
groups. Individual tumor 
volume in control (c), Ad5/3 
(d), and Ad5/3-pCDX2 (e). f 
E4 gene copy number (virus 
replication) in MKN28 tumors 
at day 20 in control, Ad5/3, 
and Ad5/3-pCDX2 group by 
qPCR. g CDX2 mRNA level 
in OE19 and MKN28 cells 
in vitro, and MKN28 and OE19 
subcutaneous tumor in vivo 
(n = 3). Results are presented 
as mean ± SD. *P < 0.05, 
**P < 0.01, n.s.; no statisti-
cal significance. (paired t-test; 
two-tailed)
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MTS assays revealed that Ad5/3-pCDX2 (replicative, 100 
vp/cell) enhanced the killing effect of 5FU in OE19 at day 
7 (Fig. 7e). Low titer of Ad5/3-pCDX2 (10 vp/cell) also 
increased the cell killing of 5FU at day 10 after the treatment 
(Supplementary Fig. 3f). Calculation of the CI to determine 
synergism (CI < 1), antagonism (CI > 1), or additive effect 
(CI = 1) revealed that the combination therapy with Ad5/3-
pCDX2 and 5FU showed synergistic anticancer effect in 
OE19 (Fig. 7f).

Discussion

Despite recent advances of EAC treatment, the 5-year sur-
vival rates of stage II and III tumors, which are defined as 
locally advanced EAC and have indication for neoadjuvant 
therapy, are 45.1% and 17.6%, respectively [26]. While 
neoadjuvant therapy improves survival in locally advanced 
EAC, there is no definitive standard regimen for neoadju-
vant therapy and the rate of pathological complete response 

after nCT is still disappointing [8, 14, 27]. Combining with 
radiotherapy is one of the reasonable options to control the 
local EAC tumor in the neoadjuvant setting. A recent report 
showed that major histological reduction of viable carci-
noma in primary EAC tumor by nCRT was associated with 
improved overall survival after radical esophagectomy [28]. 
However, the 5-year survival after nCRT in EAC patients is 
lower than that in ESCC patients, meaning the long-term 
prognostic benefit of radiotherapy is less in EAC compared 
to ESCC [7]. Thus, the development of novel therapeutic 
modalities, instead of radiotherapy, is essential to improve 
therapeutic response in the local tumor, and is expected to 
contribute to better prognosis of EAC patients after neoad-
juvant therapy. Since we reported cyclooxygenase-2 (COX-
2) promoter-controlled OAd showing antitumor effect for 
EAC [12, 29], novel OAds aimed at EAC treatment have 
not been established due to lack of an appropriate tumor-
specific promoter. For the treatment of advanced EAC with 
high intratumoral heterogeneity, a novel OAd with an alter-
native promoter is needed to eliminate EAC that COX-2 

Fig. 6   Enhanced antitumor 
effect of CDX2 promoter-
controlled replication competent 
adenovirus in CDX2 overex-
pressing EAC subcutaneous 
tumors. a Experimental sched-
ule; intratumorally injection of 
Ad5/3-pCDX2 (1010 vp), Ad5/3 
(positive control, 1010 vp), or 
PBS (control) into OE19 + GLI1 
(CDX2-overexpressing OE19) 
subcutaneous tumors at day 
0 (n = 4 mice each group). b 
Chronological change of rela-
tive tumor volume in control, 
Ad5/3, and Ad5/3-pCDX2 
groups. Individual tumor 
volume in control (c), Ad5/3 
(d), and Ad5/3-pCDX2 (e). f 
Expression of viral structural 
protein (hexon: green) in the 
tumors and hematoxylin eosin 
stain (HE) at day 7 of Ad5/3-
pCDX2 groups. The tumors 
at day7 were harvested in a 
separate experiment under the 
same conditions. g E4 gene 
copy number (virus replication) 
of Ad5/3 and Ad5/3-pCDX2 
at day 20 compared between 
OE19 and OE19 + GLI1 
tumors by qPCR. h Relative 
volume at day 10 of OE19 and 
OE19 + GLI1 tumors compared 
between control, Ad5/3, and 
Ad5/3-pCDX2 groups. Results 
are presented as mean ± SD. 
*P < 0.05, **P < 0.01 (paired 
t-test; two-tailed)
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promoter-controlled OAd cannot target. Furthermore, 
COX-2 expression is found at some level in normal squa-
mous epithelium in the esophagus [30], and COX-2 mRNA 
levels in normal esophageal epithelium is elevated in EAC 
patients compared to healthy control [31]. This suggests 
that the COX-2 promoter-controlled OAd may also attack 
not only EAC but also the surrounding normal esophagus 
and thus may not be suitable for neoadjuvant therapy. In 
the present study, our novel CDX2 promoter-controlled 

OAd showed selective cytolysis corresponding with CDX2 
expression in cancer cells as well as significant EAC tumor 
growth suppression in mouse models. In addition, the 
Ad5/3-pCDX2 combination therapy with 5FU demonstrated 
significant antitumor effect, suggesting that this OAd can be 
a promising therapeutic option for locally advanced EAC in 
the clinical setting.

To generate a novel promoter-controlled OAd for EAC 
treatment, we focused on the CDX2 promoter that possess 

Fig. 7   Efficacy of combination therapy with 5-fluorouracil (5FU) 
and Ad5/3-pCDX2 in mouse models. a Efficacy of Ad5/3-pCDX2 
(1010 vp intratumorally injection, day 0) in combination therapy 
with 5FU (10  mg/kg intraperitoneally injection, day 1, 3, and 5) in 
OE19 subcutaneous tumor mouse model (n = 3 mice each group). 
The method of tumor establishment was same as Fig. 4a. b Macro-
scopic findings of OE19 tumors at day 10 in 5FU only and 5FU plus 
Ad5/3-pCDX2 groups. c Chronological change of relative tumor vol-
ume in 5FU and 5FU plus Ad5/3-pCDX2 groups. d Assessment of 
promoter activity of Ad5/3-pCDX2(S)-GL3B (non-replicative) after 

5FU treatment in OE19 by luciferase reporter assay (n = 5). Values 
are expressed as ratio to luciferase expression at 0 µM of 5FU. e The 
in vitro killing effect of 5FU combining with Ad5/3-pCDX2 (100 vp/
cell) in OE19 at day 7 in quantitative cytotoxicity assay (MTS assay, 
n = 5). Values are expressed as ratio to cell viability without treat-
ment. f Calculation of the combination index (CI) to determine syner-
gism (CI < 1), antagonism (CI > 1), or additive effect (CI = 1) in 5FU 
combining with Ad5/3-pCDX2. Results are presented as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001 (paired t-test; two-tailed)
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“tumor on” and “normal tissue off” promoter selectivity 
in the esophagus. According to previous reports, CDX2 
was not expressed in normal esophagus or stomach [17, 
32], whereas its expression was increased in BE and EAC 
[16, 17, 33, 34]. The present study exhibited that EAC and 
CRC cell lines had higher CDX2 mRNA level, and DCA 
exposure upregulated CDX2 in EAC cells. We success-
fully generated the CDX2 promoter-controlled replication 
deficient and subsequently replication competent adeno-
viruses. In the experiments using the replication deficient 
virus, the virus with the short promoter region of CDX2 
(Ad5/3-pCDX2(S)-GL3B) showed higher promoter activ-
ity than that with the long promoter region and the contrast 
between CDX2 positive and negative cell lines was more 
significant. Previously, we observed a promoter-controlled 
OAd for rhabdomyosarcoma also demonstrated strongest 
promoter activity when the shortest sequence of promoter 
region was inserted into the adenovirus genome [25]. The 
short CDX2 promoter region included some binding sites 
for essential factors such as NF-κB, STAT, and AP-1, that 
can be induced by bile acid exposure or inflammation [35, 
36]. Therefore, Ad5/3-pCDX2(S)-GL3B could preserve the 
selectivity of promoter activity in CDX2-positive EAC cells 
and the minimal promoter region might be sensitive to acti-
vate the CDX2 promoter than the longer one. Moreover, the 
CDX2 promoter activity was significantly enhanced in OE19 
cells by DCA exposure or GLI1 expression, corresponding 
with CDX2 upregulation. Based on the results of the replica-
tion deficient virus, we pursued to assess anticancer effects 
of the short CDX2 promoter-controlled OAd.

The replication competent virus, Ad5/3-pCDX2, showed 
cytolytic effect and virus replication in EAC but not CDX2-
negative cancers both in vitro and in vivo. Although the 
in vitro cytolytic effect of Ad5/3-pCDX2 in OE19 was 
weaker than that of Ad5/3 wild type, in vivo OE19 tumor 
growth suppression by Ad5/3-pCDX2 was remarkable and 
comparable to Ad5/3. This could be caused by significantly 
increased CDX2 levels in OE19 tumors in vivo compared 
to that in OE19 cell line in culture. To assess the efficacy 
of Ad5/3-pCDX2 in EAC tumors under GERD condition, 
therapeutic experiments in mouse orthotopic EAC mod-
els are preferred but are not reliable because observation 
and maintenance of mice bearing tumor in the esophagus 
are very complicated. The subcutaneous tumor model is a 
practical alternative, but it is not realistic to inject DCA in 
the subcutaneous tumor. Instead of bile acid exposure for 
CDX2 upregulation, we therefore expressed GLI1 to per-
sistently induce CDX2 expression in OE19 instead of DCA 
administration (OE19 + GLI1). OE19 + GLI1 showed sig-
nificant overexpression of CDX2, at a level slightly lower 
than the OE19 exposed to DCA (100 µM, 24 h). Data from 
the literature shows that peak bile acid concentration in 
the distal esophagus was greater than 100 µM in GERD 

patients [37–39]. Thus, the induction of CDX2 expression in 
OE19 + GLI1 was not too strong compared to that of in vivo 
EAC with bile acid exposure in GERD patients. Correspond-
ing with CDX2 levels, Ad5/3-pCDX2 showed higher replica-
tion and cytolytic effect in OE19 + GLI1 than that in original 
OE19. In OE19 + GLI1 subcutaneous tumors, the Ad5/3-
pCDX2 significantly suppressed tumor growth, compared 
to not only PBS (negative control) but also Ad5/3 (posi-
tive control) treatment groups, indicating that the antitumor 
effect of Ad5/3-pCDX2 was strongly boosted by driving 
CDX2 expression in the OE19 + GLI1 tumors. Considering 
the lack of a good EAC animal model representing bile acid 
exposure of lower esophagus, establishment of subcutaneous 
OE19 + GLI1 tumors is a good model mimicking the DCA-
exposed EAC in the distal esophagus to predict the antitu-
mor effect of Ad5/3-pCDX2 in EAC patients with GERD.

To evaluate the translational value of Ad5/3-pCDX2 
in EAC treatment, we assessed the efficacy of combina-
tion therapy with 5FU and Ad5/3-pCDX2. For locally 
advanced EAC patients, neoadjuvant therapy using mul-
tidrug modalities, including 5FU, is one of the common 
options to improve resectability and prognosis after sur-
gery and 5FU is the key drug in both nCRT and nCT 
protocols [8, 27, 40]. In vivo, Ad5/3-pCDX2 plus 5FU 
therapy showed significantly stronger antitumor effect 
and tumor shrinkage in EAC tumors without body weight 
loss or deterioration of general condition. Of note, in vitro 
data showed that 5FU did not affect the CDX2 promoter 
activity in the replication deficient adenovirus construct, 
indicating that 5FU will not impact the replication of 
Ad5/3-pCDX2. The CI analysis showed that CI of the 
combination therapy of Ad5/3-pCDX2 with 5-FU was 
around 0.5, meaning synergistic effect (CI < 1). OAds were 
reported to sensitize the effect of chemotherapy and adeno-
viral E4 proteins can inhibit cellular DNA repair path-
ways [41–43]. Thus, Ad5/3-pCDX2 could show synergistic 
effect in 5FU combination therapy. Our results suggested 
that combining Ad5/3-pCDX2 with 5FU-based regimen 
is a promising strategy in neoadjuvant therapy to control 
the primary tumor and improve therapeutic outcomes of 
locally advanced EAC. Furthermore, the off-target effects 
of Ad5/3-pCDX2 in normal esophagus can reduce com-
plications after neoadjuvant therapy. Neoadjuvant radio-
therapy causes normal esophagus damage and radiation 
over 40 Gy to the mediastinum increases perioperative 
complications including anastomotic leak and respiratory 
infection [8]. Thus, Ad5/3-pCDX2 is an alternative modal-
ity when EAC patients have worse general conditions 
that cannot tolerate full dose radiation before surgery. A 
potential issue for clinical application is the heterogene-
ity of CDX2 expression in EAC primary tumors because 
reduced CDX2 protein expression in EAC compared to 
BE is detected in some patients by immunohistochemistry 
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[44]. To overcome this issue, evaluation of CDX2 status 
by pretreatment endoscopic biopsy can help to determine 
the target patients and predict the efficacy of the Ad5/3-
pCDX2 treatment.

In this study, we generated a CDX2 promoter-controlled 
OAd for EAC treatment and demonstrated the significant 
antitumor effects in EAC mouse models. The CDX2 pro-
moter-controlled OAd is promising as a novel therapeutic 
modality for EAC with CDX2 expression induced by bile 
acid reflux. Combining with conventional chemotherapy, 
the CDX2 promoter-controlled OAd can provide a benefi-
cial option to achieve the curative therapy and improve the 
prognosis of local advanced EAC patients.
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