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A B S T R A C T

Purpose: Operable thoracic esophageal/gastroesophageal junction carcinoma (EC) is often

treated with chemoradiation and surgery but tumor responses are unpredictable and het-

erogeneous. We hypothesized that aldehyde dehydrogenase-1 (ALDH-1) could be associ-

ated with response.

Methods: The labeling indices (LIs) of ALDH-1 by immunohistochemistry in untreated tumor

specimens were established in EC patients who had chemoradiation and surgery. Uni-

variate logistic regression and 3-fold cross validation were carried out for the training (67%

of patients) and validation (33%) sets. Non-clinical experiments in EC cells were performed

to generate complimentary data.

Results: Of 167 EC patients analyzed, 40 (24%) had a pathologic complete response (pathCR)

and 27 (16%) had an extremely resistant (exCRTR) cancer. The median ALDH-1 LI was 0.2

(range, 0.01e0.85). There was a significant association between pathCR and low ALDH-1 LI

( p � 0.001; odds-ratio [OR] ¼ 0.432). The 3-fold cross validation led to a concordance index

(C-index) of 0.798 for the fitted model. There was a significant association between exCRTR

and high ALDH-1 LI ( p � 0.001; OR ¼ 3.782). The 3-fold cross validation led to the C-index of

0.960 for the fitted model. In several cell lines, higher ALDH-1 LIs correlated with resistant/
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aggressive phenotype. Cells with induced chemotherapy resistance upregulated ALDH-1

and resistance conferring genes (SOX9 and YAP1). Sorted ALDH-1þ cells were more resis-

tant and had an aggressive phenotype in tumor spheres than ALDH-1� cells.

Conclusions: Our clinical and non-clinical data demonstrate that ALDH-1 LIs are predictive

of response to therapy and further research could lead to individualized therapeutic

strategies and novel therapeutic targets for EC patients.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction (and CD133) have in vitro features of CSCs, including prolifera-
Esophageal cancer (EC) remains a global health problem with

more than 600,000 new cases diagnosed each year (Jemal

et al., 2011). While the incidence of squamous cell histology

has been declining, that of adenocarcinoma of the esophagus

and or gastroesophageal junction has been rising at an annual

rate of 1.5% since 1998 in the USA (Thrift and Whiteman,

2012). Approximately 50% of newly diagnosed patients have

local-regional cancer. When feasible, based on the extent of

the tumor and co-morbidities, patients with localized thoracic

EC are often treatedwith chemoradiation then surgery (trimo-

dality therapy; TMT), (van Hagen et al., 2012; Ajani et al., 2011)

because primary surgery (Rice et al., 2009; Kelsen et al., 1998)

or preoperative chemotherapy produces lower cure rates

(Allum et al., 2009).

One distinct issue with preoperative therapy is that of

unpredictability of response to therapy and patient outcome.

Approximately 20% of patients achieve a pathologic complete

response (defined as no residual cancer cells in the resected

specimen; pathCR). Patients with pathCR often have a longer

survival (Rizk et al., 2007; Rohatgi et al., 2005a) andhave a lower

rate of distant relapse than those who have <pathCR (Rohatgi

et al., 2005b). In w20% of cases tumor is extremely resistant

(defined as �50% residual cancer in the surgical specimen;

exCRTR) (Chirieac et al., 2005). One challenge is to predict the

outcomes prior to surgery (spare surgery in some cases with

pathCR)andanother is topredict thepossibilityofexCRTRprior

to chemoradiation (avoid chemoradiation in some, if possible).

We have reported a clinical variables model that is associated

with pathCR but the specificity and sensitivity of the model

was low for clinical implementation (Ajani et al., 2012). Addi-

tionally, clinical response after chemoradiation is not associ-

ated with pathCR (Cheedella et al., 2012). There is not an

established biomarker(s) model for clinical implementation.

We focused on aldehyde dehydrogenase-1 (ALDH-1) as a

potential biomarker because our prior data suggested that

the cancer stem cell (CSC) markers participate in repopulation

of resistant EC (Sims-Mourtada et al., 2006, 2007). CSCs are a

chemotherapy-resistant population capable of self-renewal

(Awad et al., 2010). ALDH-1 is a marker of normal and malig-

nant human mammary stem cells and a prognosticator of

poor clinical outcome (Ginestier et al., 2007). ALDH-1 is highly

expressed in the tumorigenic cell population of various can-

cers including lung, breast, (Ricardo et al., 2011) ovarian,

(Wang et al., 2012a) pancreas, (Kim et al., 2011) brain, colon,

and head and neck (Nguyen et al., 2011). Jiang et al. reported

that isolated NSCLC cells with over-expression of ALDH-1
tion, self-renewal, differentiation, and resistance to chemo-

therapy (Jiang et al., 2009; Moreb et al., 2008). Similarly,

ALDH-1 over-expressing ovarian cancer cells that were

enriched by CD44 were resistant to chemotherapy (Wang

et al., 2012a). In breast carcinomas, high ALDH-1 activity iden-

tified tumorigenic cell fraction that could recapitulate the het-

erogeneity of the parental tumor (Ginestier et al., 2007;

Nogami et al., 2012). The association of ALDH-1 with

chemotherapy-resistance has been reported in mantle cell

lymphoma (Brennan et al., 2010) and pancreatic adenocarci-

noma (Kim et al., 2011). In EC, ALDH-1 has been associated

with nodal metastases and poor prognosis (Wang et al.,

2012b; Zhang et al., 2012).

Our analyses are unique in that we report substantial

response to therapydata in a large cohort of EC patient popula-

tion treatedwithTMTbutmost importantly,we report the pre-

dictive value of ALDH-1 that has not been reported previously

and considerable complementary non-clinical experimental

results in EC cells that have not been reported previously.
2. Patients and methods

2.1. Patient population

Eligible patients had to have a histologic documentation of the

adenocarcinoma or squamous cell carcinoma of the thoracic

EC. In addition, patientswere required tohave complete clinical

staging to include baseline endoscopic ultrasonography,

computerized tomography of the chest and abdomen, complete

blood count, serum chemistries, pulmonary function studies,

and electrocardiogram. All patients were evaluated and dis-

cussed by the multidisciplinary team (comprising of various

specialties: gastroenterology, pathology, medical oncology, ra-

diation oncology, thoracic surgery, and others). All patients

were a priori deemed eligible for and later completed TMT.

The surgical specimen of each patientwas scored by previously

published methods (Chirieac et al., 2005; Wu et al., 2007) and

designated as: pathCR, some response, or exCRTR. We focused

on the two extremes of response (pathCR and exCRTR).

2.2. Trimodality therapy

All patients received 50.4Gyof radiation in28 fractions. Concur-

rent chemotherapy included a fluoropyrimidine plus either a

platinum compound or taxane. Approximately 6 weeks after

the completion of chemoradiation, patients underwent a
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preoperative work-up to include imaging studies, blood tests,

and upper endoscopy with biopsies. Surgery ensued. The type

of surgery to be performed (Ivor-Lewis, transhiatal, or other)

was at the discretion of the primary surgeon.

2.3. Follow-up of patients

After surgery, patients were followed periodically for 5 years

or until death. Survival data were collected from our Tumor

Registry, medical records, or the Social Security Database.

2.4. Tissue collection and analysis

Untreated tumor biopsies for research purposes were collected

under an Institutional Review Board approved ongoing banking

protocolatour institution.Researchstudieswereperformedun-

der another approved protocol. Histology was confirmed in the

corresponding adjacent section prior toALDH-1 staining.All tis-

sue sections were 4-mm in thickness and numerically adjacent.

Staining was performed using Abcam ab23375 antibody, rabbit

polyclonal at 1:100 dilution. Positive controls were placed on

all tissue sections and consisted of FFPE cell pellets of cell lines

known to overexpress ALDH-1. Negative controls were used as

well. Twomembers of the team,without prior knowledge of pa-

tient outcome, independently scored each tumor to establish

the average labeling index. Procedure was in place for discor-

dant cases to be jointly reviewedunder a double-headedmicro-

scope. Minimum of 200 and maximum of 400 tumor cells were

counted in highest scoring region(s). Results were then submit-

ted for analysis to our biostatisticians.

2.5. Cells and reagents

The human esophageal adenocarcinoma cell lines FLO-1, BE3,

SKGT-4, JHESO and OACP (provided by Drs. Raju and Hung,

both at our institution) (Raju et al., 2006; Soldes et al., 1999). All

cell lines are authorized and re-characterized in the core facility

every 6 months. Cells were cultured in DMEM supplemented

with 10% fetal bovine serum (FBS) and antibiotics (100 mg/mL

streptomycin and 100 IU/mL of penicillin). 5-FU and docetaxel

were purchased from Sigma Chemical Co. (St. Louis, MO). Anti-

bodiesALDH-1andShhwereobtained fromAbcam(Cambridge,

MA), YAP1waspurchased fromSantaCruzBiotechnology;SOX9

was from were purchased from Chemicon (Billerica, MS), Bcl-2

was obtained from Cell SignalingTechnology (Beverly, MA).

2.6. Flow cytometric labeling and fluorescence-activated
cell sorting

ALDH-1 activity was assessed by fluorescence-activated cell

sorting in three cell lines (OAPC, JHESO and FLO-1) according

to the ALDEFLUOR detection kit following the protocol and

Diethylaminobenzaldehyde (DEAB) was used to inhibit

ALDH-1 activity to show the specificity of the detection.

ALDH-1 positive or negative cells were sorted from JHESO cells

by fluorescence-activated cell sorting according to the ALDE-

FLUOR detection kit. ALDEFLUOR/DEAB treated cells were

used to define negative gates. FACS was performed with

>1 � 106 cells using the BD FACSCanto II (Becton Dickinson)

or FACSAria (Becton Dickinson).
2.7. Tumor sphere formation assay

Tumor sphere culture was performed as previously described

(Song et al., 2013). Briefly, Single cells or FACS-isolated ALDH-

1þ or ALDH-1� cell populations (2500/well) were seeded in

triplicate onto a 6-well ultra-low attachment plate (Corning)

in serum-free DMEM/F-12 supplemented with 10 ng/ml

epidermal growth factor, 5 mg/ml insulin, 0.5 mg/ml hydrocor-

tisonum and bovine pituitary extract (Invitrogen). After 10e14

days of culture, the number of tumor spheres formed (diam-

eter >100 mm) was counted under a microscope.

2.8. Cell proliferation assay

Cell proliferation assayswere performed using the CellTiter 96

aqueous nonradioactive cell proliferation assay (MTS) accord-

ing to the instructions of the manufacturer (Promega Co.,

Madison, WI). All assays were performed in triplicate and

repeated at least three times.

2.9. Protein extraction and western blot analysis

Protein isolation and Western blot analyses were performed

as previously described and immunoreactive bandswere visu-

alized by chemiluminescence detection (Song et al., 2009).

2.9.1. Establishment of 5FU-resistant EC cells

The5-FUresistantSKGT-4andYes-6cell linesweregeneratedby

continuously culturing the drug-sensitive parental cell lines

(SKGT-4andYes-6) inmediumcontaining increasingconcentra-

tions of 5-FU in a stepwise procedure over 6 months. Resistant

cell lines were maintained in the presence of 5-FU. To avoid an

influence of 5-FU, all resistant cell lines were cultured in 5-FU-

free medium for over 3 weeks before subsequent analysis.

2.9.2. Statistical methods

Univariate logistic regression was fit for the binary outcome of

pathCR (or exCRTR), where ALDH-1 LI was included as the only

covariate. The fitted model was validated through a 3-fold cross

validation, where 2/3 of the data set was used as the “training

set” and remaining 1/3 served as the “validation set”. This pro-

cesswasrepeated1000 timesandtheaverageconcordance index

was summarized. The concordance index (C-index) (Harrell,

2001) is a measure for validating the predictive ability of a sur-

vivalmodel and ranges between 0 and 1,withhigher values indi-

catingbetter predictive/discriminativemodels.Wealso assessed

the goodness-of-fit through fitting the model using 1000 boot-

strap samples. All statistical analyses were performed in Splus.
3. Results

3.1. Patient characteristics

Patient characteristics are shown in Table 1. The majority of

patients were men (89%) and had adenocarcinoma histology

(96%). Most had baseline T3 or higher tumors (84%) and node

positive (61%) disease by endoscopic ultrasound.

http://dx.doi.org/10.1016/j.molonc.2013.10.007
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Table 1 e Patient characteristics.

Frequency

Age (years) Median 62

Range 27e80

Gender M 149 89.22%

F 18 10.78%

Ethnicity White 152 91.02

Hispanic 13 7.78

AfricaneAmerican 2 1.20

Histology Adeno 160 95.81%

SCC 7 4.19%

Tumor grade Well-diff 4 2.40%

Mod diff 72 43.11%

Poorly diff 91 54.49%

Baseline

EUST Stage

Tx 8 4.79%

T2 19 11.38%

T3 137 82.04%

T4 2 1.20%

T4b 1 0.60%

Baseline

EUS N stage

N0 60 35.93%

N1 102 61.08%

Nx 5 2.99%

Baseline M M0 155 92.81%

M1a 12 7.19%

Induction Chemo Yes 67 40.12

No 100 59.88

Type of surgery Ivor Lewis

Esophagectomy

113 67.66

Transhiatal

Esophagectomy

18 10.77

Transthoracic

Esophagectomy

9 5.39

Three-field

Esophagectomy

13 7.78

Minimally

Invasive

Esophagectomy

14 8.38

Taxanesa 96

Platinuma 86

Taxane and

platinuma

21

EUS denotes, endoscopic ultrasonography.
a All patients received a fluoropyrimidine (iv or oral).
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3.2. Response to chemoradiation

40 (24%) of 167 patients had pathCR, 27 (16%) had exCRTR and

the rest had some evidence of response in the surgical

specimen.
3.3. Overall and progression-free survival

Of 167 patients, 87 have died. Themedian overall survival (OS)

is 46 months (95% CI: 32.6e79.6). Of 167 patients, 95 have died

or experienced relapse. The median progression-free survival

time is 28 months (95% CI: 19.5-not estimable).
3.4. Prediction: ALDH-1 labeling indices and response to
chemoradiation

Figure 1 shows an example of ALDH-1 staining in untreated

tissues of a patient with pathCR and another with exCRTR.
For pathCR, the partial residual plot suggested a linear as-

sociation between ALDH-1 and the logit of pathCR (there was

only one outlierwith ALDH-1 LI of 0.6). The fitted univariate lo-

gistic regression model suggested that higher ALDH-1 LI was

associated with lower probability of pathCR (Odds ration

[OR] ¼ 0.432; p¼<0.001). The C-index was 0.797 for the fitted

model. The 3-fold cross validation resulted in an average C-in-

dex of 0.798. The C-index from 1000 bootstrap samples was

also 0.798 (Figure 2).

For exCRTR, the partial residual plot suggested a linear as-

sociation between ALDH-1 and the probability of exCRTR

(there was only one exception with ALDH-1 LI of 0.3). The

fitted univariate logistic regression model suggested that

higher ALDH-1 is associated with higher logit of achieving

exCRTR (OR ¼ 3.782; p¼<0.001). The C-index was 0.961 for

the fitted model. The 3-fold cross validation resulted in an

average C-index of 0.961 and it was 0.960 from 1000 bootstrap

samples (Figure 3).

3.5. Prognosis: ALDH-1 labeling indices and prognosis of
patients

For overall survival, the Martingale residual plot suggested a

linear relationship between ALDH-1 LIs and the risk of death.

The fitted univariate Cox proportional hazard model sug-

gested that higher ALDH-1 LI was significantly associated

with an increased risk of death (Hazard ratio [HR] ¼ 3.4;

p ¼ 0.03).

For progression-free survival, the Martingale residual plot

suggested a linear relationship between ALDH-1 Li and the

risk of death or relapse. The fitted univariate Cox proportional

hazards model suggested that higher ALDH-1 LI was signifi-

cantly associated with increase risk of death or relapse

(HR ¼ 3.87; p ¼ 0.006). ALDH-1 expression was associated

with lymph node metastases.

3.6. ALDH-1 and resistance in cell lines with
upregulation of resistance-conferring genes

The proportion of ALDH-1þ cells is high for OAPC cells, me-

dium for JHESO cells and low for FLO-1 cells (Figure 4). FACS

analysis demonstrated that the level of ALDH1þ cells in EC

cell lines are correlated with response to 5-FU (data shown)

and docetaxel (data not shown) treatment. The cells with

higher proportion of ALDH-1þ such as OACP and JHESO

were more resistant to chemotherapy than FLO-1 cells with

lower proportion of ALDH-1þ. Correspondingly, stem cell

signaling related genes: SOX9, Shh and Hes-1 which have

been reported as resistance conferring genes are correlated

to ALDH1 level as well as response to 5-FU and docetaxel.

ALDH-1þ and � cells were sorted from JHESO cells. ALDH-

1þ cells had a higher proliferation rate than ALDH-1� cells.

ALDH-1� cells were highly sensitive to 5-FU compared to

ALDH-1þ cells (Figure 5).

Our results also demonstrated that cell lines with higher

ability to form tumor spheres (OAPC and JHESO) had a higher

fraction of ALDH-1þ cells andweremore resistant to 5-FU and

docetaxel compared to those with diminished ability to form

tumor spheres (SKGT-4, BE3, and FLO-1; Supplemental

Figure 1).

http://dx.doi.org/10.1016/j.molonc.2013.10.007
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Figure 1 e Immunohistochemistry staining of ALDH-1 in untreated EC tumor of a patient with pathCR showing low LI (upper row) and a

patient with exCRTR showing high LI (lower row). Abbreviations: pathCR, pathologic complete response; exCRTR, extreme resistance; and LI,

labeling index.
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Upregulation of ALDH-1 and other stem cell markers (YAP1

and Gal-3) were noted in SKGT-4 and YES-6 cells when both

were made resistant to 5-FU (Supplemental Figure 2).
4. Discussion

Our results on EC cells suggest that high ALDH-1 LIs are asso-

ciated with therapy resistance, aggressive phenotype (higher
Figure 2 e Area under the receiver operating characteristic curve for

pathCR (pathologic complete response) with C-index of 0.798).
proliferative rate) in tumor spheres, and overexpression of

resistance conferring genes (Shh, YAP1, Shh, Gal-3, and Hes-

1). In addition, we observed that if cells were made resistant

to 5-FU, the proportion of ALDH-1þ cells increased, there

was overexpression of resistance conferring genes, and

aggressive phenotype in the tumor sphere assays. These

unique data support the observations made in our large

cohort of patients.
Figure 3 e Area under the receiver operating characteristic curve for

exCRTR (pathologic extreme resistance) with C-index of 0.960).

http://dx.doi.org/10.1016/j.molonc.2013.10.007
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Figure 4 e EC cells with high ALDH-1 LIs are resistant to chemotherapy and upregulate resistance-conferring genes. A. ALDH1 activity assessed

by fluorescence activated cell sorting in 3 cell lines (FLO-1, JHESO, and OAPC) according to ALDEFLUOR detection kit following the protocol

and diethylaminobenzaldehyde (DEAB) was used to inhibit ALDH-1 activity to document the detection specificity. B. Bar graphs demonstrating

the percentage of ALDH-1 positive cells in 3 cell lines. C. Immunoblotting of 3 cell lines demonstrates upregulation of resistance conferring CSC

genes are more upregulated in cells with higher percentage of ALDH-1. D. 3 cell lines exposed to various concentrations of 5-FU and the degree of

response (cells with high percentage of ALDH-1 are more resistant).
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Our cohort of 167 was treated with the uniform strategy of

TMT. The pathologic responses were characterized by vali-

dated method (Wu et al., 2007) and ALDH-1 LIs were assessed

in untreated tumor tissue. Our data are particularly striking

for the enrichment of only exCRTR tumor patients in a specific

category where ALDH-1 LI are �60. The C-index in various

models was 0.960 by two cross validation methods. This

observation opens up a possibility of a therapeutic strategy

in which one could avoid chemoradiation prior to surgery in

these patients or add a specific agent that might overcome

resistance to chemoradiation; e.g., Shh inhibition (Sims-

Mourtada et al., 2007) or by targeting other genes such asYAP1,

Gal-3, Hes-1, etc. The data on patients who achieved pathCR is

also encouraging. Nearly all pathCR patients had ALDH-1

LI < 0.3 (there was only one exception). The C-index for

pathCR was 0.798 by two cross validation methods. This

observation could also trigger a unique strategy. Patients

who have low baseline ALDH-1 LI (and achieve a clinical com-

plete response as defined in the reference (Cheedella et al.,

2012) following completion of chemoradiation) could be inves-

tigated for selective surgery.

Our results define the heterogeneity of response to chemo-

radiation in patients with localized EC and, tie these results to

ALDH-1 (a well knownmarker of CSCs or side population). Our

results are supported by complimentary findings that higher

the density of CSCs in a given tumor, higher is the likelihood

of the tumor being resistant to therapy (Steg et al., 2012). In
addition, our non-clinical data demonstrate that upregulation

of resistance conferring genes occurs when cells have high

ALDH-1 LIs or are made resistant to cytotoxic agents (which

also enriches for ALDH-1þ cells). These observations provide

a research trajectory to focus on a specific therapeutic tar-

get(s) in patients that can be exploited to overcome therapy

resistance. Most importantly, these are the first data to estab-

lish ALDH-1 as a predictive biomarker.

Our analysis has the drawback of not having an indepen-

dent validation cohort yet. This would be our next step before

strategizing for clinical implementation. We were able to

cross-validate by two separate methods and provide unique

non-clinical supportive data. The strength of our results is

that (1) this is the first report of ALDH-1 as a predictive marker

in cancer patients, (2) we are reporting on a large number of

patients all treated with TMT, (3) we have scored the surgical

specimens for treatment response assessment with a vali-

dated method, (Wu et al., 2007) and (4) our non-clinical data

confirm the clinical observations but also provide insights

into how we could uncover clinical therapeutic targets for

EC patients.
5. Conclusion

In conclusion, ALDH-1 LIs are predictive of pathCR ( p � 0.001)

and exCRTR ( p � 0.001), and prognostic of overall survival

http://dx.doi.org/10.1016/j.molonc.2013.10.007
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Figure 5 e Cells with higher percentage of ALDH-1 more readily for tumor sphere and are resistant to 5-FU. A. From JHESO, ALDH-1D and

ALDH-1L cells are sorted by fluorescence activated cell sorting in 3 cell lines (FLO-1, JHESO, and OAPC) according to ALDEFLUOR

detection kit following the protocol and tumor sphere assays were carried out in triplicate in ultra-low attachment plate in the tumor sphere

medium. After 8e10 days in culture, the number and size of the tumor spheres were counted under a microscope. The ALDH-1D cells formed

larger tumor spheres and these are numerically shown in the bar graph below. B. The proliferation rate of ALDH1D and ALDH-1L cells using

the MTS proliferation assay on day 2 and day 6 demonstrate higher proliferative activity of ALDH-1D cells. C. ALDH-1D cells are more

resistant to 5-FU at different concentrations.
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( p ¼ 0.03) and progression-free survival ( p ¼ 0.006), produce

high C-index by two cross validation methods for exCRTR

(0.960) and pathCR (0.798), and finally, our non-clinical data

parallel our clinical observations and provide insights into

how to navigate effectively for making more progress. Finally,

our data can pave the path to implementation of a biomarker

strategy for individualized therapeutic strategies for EC

patients.
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