
Aldehyde Dehydrogenase 1 Is a Tumor Stem Cell-Associated 
Marker in Lung Cancer

Feng Jiang1, Qi Qiu1, Abha Khanna4, Nevins W. Todd2, Janaki Deepak2, Lingxiao Xing1, 
Huijun Wang5, Zhenqiu Liu3, Yun Su6, Sanford A. Stass1, and Ruth L. Katz4

1Department of Pathology, University of Maryland School of Medicine, Baltimore, Maryland 
2Department of Medicine, University of Maryland School of Medicine, Baltimore, Maryland 
3Division of Biostatistics, Greenebaum Cancer Center, University of Maryland School of Medicine, 
Baltimore, Maryland 4Department of Pathology, The University of Texas M. D. Anderson Cancer 
Center, Houston, Texas 5Institutes of Biomedical Sciences, Fudan University, Shanghai, People’s 
Republic of China 6Department of Surgery, The School of Clinical Medicine, Southeast University, 
Nanjing, People’s Republic of China

Abstract

Tumor contains small population of cancer stem cells (CSC) that are responsible for its 

maintenance and relapse. Analysis of these CSCs may lead to effective prognostic and therapeutic 

strategies for the treatment of cancer patients. We report here the identification of CSCs from 

human lung cancer cells using Aldefluor assay followed by fluorescence-activated cell sorting 

analysis. Isolated cancer cells with relatively high aldehyde dehydrogenase 1 (ALDH1) activity 

display in vitro features of CSCs, including capacities for proliferation, self-renewal, and 

differentiation, resistance to chemotherapy, and expressing CSC surface marker CD133. In vivo 

experiments show that the ALDH1-positive cells could generate tumors that recapitulate the 

heterogeneity of the parental cancer cells. Immunohistochemical analysis of 303 clinical 

specimens from three independent cohorts of lung cancer patients and controls show that 

expression of ALDH1 is positively correlated with the stage and grade of lung tumors and related 

to a poor prognosis for the patients with early-stage lung cancer. ALDH1 is therefore a lung tumor 

stem cell-associated marker. These findings offer an important new tool for the study of lung 

CSCs and provide a potential prognostic factor and therapeutic target for treatment of the patients 

with lung cancer.

Copyright © 2009 American Association for Cancer Research.

Requests for reprints: Feng Jiang, Department of Pathology, University of Maryland School of Medicine, 10 South Pine Street, MSTF 
7th floor, Baltimore, MD 21201-1192. Phone: 410-706-4854; Fax: 410-706-8481. fjiang@som.umaryland.edu. 

Note: Supplementary data for this article are available at Molecular Cancer Research Online (http://mcr.aacrjournals.org/).

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

NIH Public Access
Author Manuscript
Mol Cancer Res. Author manuscript; available in PMC 2014 December 04.

Published in final edited form as:
Mol Cancer Res. 2009 March ; 7(3): 330–338. doi:10.1158/1541-7786.MCR-08-0393.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://mcr.aacrjournals.org/


Introduction

Non-small cell lung cancer (NSCLC) is the most lethal of all cancers in the United States 

and worldwide mainly because of the lack of effective systemic treatment and rapid 

development of resistance to chemotherapy (1). Development of effective therapeutics is 

urgently needed (2). Also needed is the ability to precisely identify early-stage lung cancer 

patients at high risk for recurrence, who would then benefit most from adjuvant therapies 

(2).

Accumulating evidence has proposed a model in which tumorigenesis is driven by cancer 

stem cells (CSC) that are derived from mutated adult stem cells (3). CSCs undergo self-

renewal, recapitulate the phenotype of the tumor from which they were derived, develop into 

phenotypically diverse cancer cell populations, proliferate extensively, and drive both 

continued expansion of malignant cells and resistance to chemotherapy (3, 4). As is true in 

most human carcinogenesis, lung tumor growth and metastasis might be promoted by CSCs 

that are responsible for the aggressiveness of lung cancer (5–8). The existence of lung CSCs 

could explain why current treatments for lung cancer cannot consistently eradicate tumor 

cells and “have reached a therapeutic plateau,” because these therapies target the bulk of 

cancer and are unlikely to eliminate CSCs (3, 4). Furthermore, residual lung CSCs may 

regenerate a cancer cell population, leading to tumor relapse after therapy. As a result, 

although conventional chemotherapeutic drugs can shrink lung tumors, their effects are 

usually transient, and they often do not appreciably extend the life of patients (1–8). 

Therefore, analysis of molecular genetic aberrations that characterize lung CSCs would 

deepen our understanding of the tumor biology and development of lung tumorigenesis. 

Most importantly, the molecular genetic changes could be developed as a new diagnostic 

system for monitoring the patients’ prognosis and predicting the treatment response of lung 

cancer, offering the best opportunity to prevent its recurrence. Additionally, the CSC-related 

molecular genetic changes may enable the development of specific agents for eradicating 

tumor-maintaining CSCs and thus yield efficient therapeutic approaches to ultimately cure 

lung cancer.

The aldehyde dehydrogenase (ALDH) family is cytosolic isoenzyme responsible for 

oxidizing intracellular aldehydes, thus contributing to the oxidation of retinol to retinoic acid 

in early stem cell differentiation (9). Murine and human hematopoietic and neural stem cells 

have high ALDH activity (10–15). Class 1 of the ALDH family (ALDH1) is the isoform of 

ALDH that predominates in mammals (12, 13). Increased ALDH1 activity has been found in 

stem cell populations in human multiple myeloma, acute myeloid leukemia, and brain and 

breast cancers (10–17). Therefore, ALDH1 activity might be usable as a common marker for 

both normal and malignant stem cell populations (17). ALDH1 expression has been reported 

in some lung cancer cell lines (18), and the increased expression of ALDH1 could result 

from cigarette smoking and contribute to malignant transformation of lung cells (19). 

However, the stem cell-related function and clinical significance of the ALDH1 has not yet 

been investigated in lung cancer. If this is the case in human lung tumorigenesis, it may lead 

to new targets for developing effective prognostic and therapeutic strategies for treatment of 

this challenging malignancy.
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In this current study, we first used the Aldefluor assay and fluorescence-activated cell 

sorting (FACS) analysis to isolate ALDH1-positive cells from human lung cancer cell lines. 

We then evaluated whether ALDH1-positive cells had stem cell-like characteristics. The 

ALDH1-positive cancer cells exhibited the important CSC properties: in vitro self-renewal, 

differentiation, and multidrug resistance capacities, expression of stem cell marker, in vivo 

tumor initiation, and occurrence of a heterogeneous population of cancer cells. Furthermore, 

by analyzing the expression of ALDH1 in 303 lung tissues from three different populations 

of patients with lung cancer, we found that relatively high ALDH1 protein levels were 

positively associated with stage and grade of the tumors and inversely related to the patients’ 

survival. Our data suggested that ALDH1 might be a lung tumor stem cell marker and a 

potential prognostic factor and therapeutic target for efficient treatment of lung cancer.

Results

NSCLC Cell Lines Display a Distinctive Fraction of ALDH1-Positive Cells

We used the Aldefluor assay followed by FACS analysis to assess the presence and size of 

the cell population with ALDH1 enzymatic activity in six human lung cancer cell lines. As 

shown in Fig. 1A, the NSCLC cell lines H460, H125, H322, and H358 had an average of 

2% (2.16 ± 1.28; n = 4) ALDH1-positive cells ranging from 0.6% (H322) to 2.9% (H125) of 

gated cells. The cell lines H82 and H1299 had no ALDH enzymatic activity. Interestingly, 

these two cell lines are small cell lung cancer cell lines. We therefore focused on the four 

NSCLC cell lines, H460, H125, H322, and H358, in the following experiments.

ALDH1-Positive Cells Feature Stem Cell-Like Characteristics In vitro

To examine whether ALDH1-positive cells exhibit increased in vitro growth and 

clonogenicity, we first cultured the parental NSCLC cells and their corresponding ALDH1-

positive and ALDH1-negative cells for 2, 4, 6, and 8 days, respectively. ALDH1-positive 

cells grew more rapidly than the parental cells and ALDH1-negative cells did (Fig. 1B), 

indicating increased proliferative capacity of the ALDH1-positive cancer cells. We then 

examined the clonogenic potential of the different cell populations for their individual 

proliferative capacity by plating the cells and culturing at clonal density for 14 days. As 

shown in Fig. 1C, formation of large colonies was substantially greater among ALDH1-

positive populations than it was among ALDH1-negative populations, providing further 

evidence that ALDH1-positive cells display increased proliferative capacity.

Furthermore, after culturing the different cell populations under the same condition, we 

reanalyzed the cells and measured their differentiation ability by using the Aldefluor assay 

and FACS analysis. ALDH1-positive cells gave rise to 52% (52 ± 2.6%) ALDH1-positive 

and 48% (48 ± 2.2%) ALDH1-negative cells (Fig. 1D). In contrast, the ALDH1-negative 

cells produced only ALDH1-negative cells and could not differentiate into ALDH1-positive 

cells. These results imply that ALDH1-positive cells might undergo asymmetrical division 

in vitro to self-renew and generate heterogeneous cell populations of both high and low 

aggressive tumorigenic phenotypes.
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To investigate whether ALDH1-positive cells have greater invasiveness than ALDH1-

negative and parental cancer cells do, we conducted the in vitro Matrigel invasion assay on 

sorted and unsorted NSCLC cells. The experiments were repeated three times. As shown in 

Fig. 1E, the ALDH1-positive cells were considerably more invasive than the ALDH1-

negative cells and the unsorted parental cancer cells (all P < 0.05).

The results of all these investigations suggest that ALDH1-positive lung cancer cells possess 

CSC-like in vitro properties.

ALDH1-Positive Cells Express a Distinct Stem Cell Marker

To determine whether the ALDH1-positive cells expressed distinct stem cell molecular 

markers, we tested CD133 antibody, a previously proven lung CSC marker (20), on 

ALDH1-positive and ALDH1-negative populations. Immunofluorescence analysis revealed 

that the cytoplasm of ALDH1-positive cells had strong immunoreactivity for CD133 relative 

to that of ALDH1-negative cells (Supplementary Fig. S1). Sixty-four percent (64 ± 2.9%) of 

ALDH1-positive cells were positively immunoreactive to CD133, but only 1.2% (1.2 ± 

0.6%) of ALDH1-negative cells were positively immunoreactive to CD133 (P < 0.05). This 

implies that ALDH1-positive cells derived from lung cancer cells are enriched in CSCs.

ALDH1-Positive Cells Are Highly Resistant to Chemo-therapeutic Drugs

Resistance to chemotherapy is another important feature of CSCs. To evaluate whether 

ALDH1-positive cells showed heightened resistance to the chemotherapeutic agents 

commonly used in the clinic as first-line therapy for lung cancer, we performed sensitivity 

assays with those drugs on ALDH1-positive and ALDH1-negative cells. The ALDH1-

positive cells displayed greater resistance to the chemotherapeutic drugs than the ALDH1-

negative cells did (Supplementary Fig. S2). This finding is in line with the poor therapeutic 

effect that conventional chemotherapeutic agents have in lung cancer patients, therefore 

suggesting that ALDH1-positive cells may represent lung CSCs.

Tumor Formation and Self-Renewal of ALDH1-Positive Cancer Cells In vivo

To determine whether ALDH1-positive lung cancer cells were capable of tumor initiation in 

vivo, we s.c. implanted ALDH1-positive and ALDH1-negative H358 and H126 cells into 

flanks of the nude mice, respectively. After 4 weeks, the dose of 1 × 103 ALDH1-positive 

lung cancer cells implanted into five mice yielded tumors with diameters of 10 ± 2.3 mm3 in 

all mice, whereas the same dose of ALDH1-negative cells did not produce tumors in any 

mice. Furthermore, the dose of 1 × 105 ALDH1-H125 positive lung cancer cells yielded 

much larger tumors in all five mice, with diameters of 30 ± 2.9 mm3, whereas the same dose 

of ALDH1-negative H125 cells generated a small tumor mass (5 mm3) in only one of the 

five mice (Fig. 2A). Similarly, the dose of 1 × 105 ALDH1-positive lung cancer cells created 

much larger tumors in all five mice, with diameters of 36 ± 3.2 mm3, whereas the same dose 

of ALDH1-negative H358 cells generated a small tumor mass (4 mm3) in only one of the 

five mice.

Histopathologic examination revealed a highly cellular mass with characteristics of 

adenocarcinoma of the lung in the engrafted tumors from the ALDH1-positive H125 cancer 
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cells (Fig. 2B). Further, fluorescence in situ hybridization (FISH) analysis with specific 

genetic probes exhibited deletion of the FHIF gene (Fig. 2C), one of the most frequently 

seen genetic characteristics of lung cancer cells, in the tumor masses generated from the 

ALDH1-positive lung cancer cells.

To elucidate whether ALDH1-positive cancer cell could self-renew and generate lung 

tumors with heterogeneity in vivo, Aldefluor assay and FACS analysis of the tumor engrafts 

were conducted after cell disassociation. The disaggregated cells of the tumors generated 

from the ALDH1-positive cells gave rise to an average of 46% (46 ± 3.1%) ALDH1-positive 

cells and an average of 54% (54 ± 3.3%) ALDH1-negative cells (Fig. 2D). However, the 

disassociated cells from the tumor of the ALDH1-negative cancer cells showed only 

ALDH1-negative populations.

Altogether, our in vivo data strongly suggest that, in contrast to the ALDH1-negative tumor 

cells, the ALDH1-positive lung cancer cells show unique features of cancer stem-like cells, 

including initiation of tumorigenesis and active tumor cell proliferation with multipotent 

differentiation potential.

ALDH1 Overexpression Is Associated with Aggressive Biological Behavior of NSCLC

To assess whether ALDH1 up-regulation is involved in the aggressive biological behavior of 

NSCLC, we first analyzed the expression of ALDH1 by using immunohistochemical 

analysis of freshly collected transbronchial needle aspiration (TBNA) specimens. There 

were 18 of 60 lung cancer samples showing positive staining for ALDH1 (Fig. 3A; Table 1). 

This ALDH1 overexpression was statistically significantly related to clinical stage of the 

patients’ disease (P = 0.02). We then examined ALDH1 expression in lung tissue 

microarrays obtained from a cohort of 59 patients with different clinical stages and 

histologic types and grades of NSCLC. Consistent with the results of our evaluations of the 

TBNA specimens, ALDH1 protein expression was found in cytoplasm and confined mainly 

to the tumor cells (Fig. 3B). Overexpression of ALDH1 occurred in 17 of 59 (29%), lung 

tumors occurred in 8 of 30 (27%) adenocarcinomas, and 8 of 25 (32%) CSCs, and 1 of 4 

(25%) large cell carcinomas of the lung. The results from these two independent sets of 

clinical samples suggested that the high ALDH1 expression significantly correlated with 

histologic grade and clinical stage of those patients with the NSCLCs (all P < 0.05).

Furthermore, staining with CD133 antibody for the immunohistochemical analysis of the 

tissue microarrays showed that a subset of ALDH1-positive cancers cells expressed CD133. 

Overall, 10 of the 17 (60%) cancer specimens that showed ALDH1-positive expression also 

showed positive expression for CD133, whereas none of the samples that had ALDH1-

negative expression showed CD133 expression. In addition, all of the CD133-positve 

samples were also positive for ALDH1 staining. These data confirm our observation in our 

in vitro cell culture experiments: ALDH1-positive cells might be rich with lung CSCs.
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ALDH1 Overexpression Is Associated with a Poor Prognosis for Patients with Early-Stage 
NSCLC

To assess the potential use of ALDH1 as a prognostic marker in early-stage lung tumors, we 

analyzed the relationship between ALDH1 expression and clinical outcomes of patients with 

early NSCLC by using the lung tissue microarrays consisting of stage I NSCLC tissues. 

Although ALDH1-positive cells were found infrequently (19%) in the specimens of the 

early-stage lung cancer specimens, the probabilities of overall survival at 5 years after 

surgery were 0.32 (95% confidence interval, 0.26–0.49) for patients whose tumors had 

positive ALDH1 expression compared with 0.72 (95% confidence interval, 0.66–0.82) for 

those whose tumors had no ALDH1 expression. Also, the probabilities of cancer-specific 

survival were 0.62 (95% confidence interval, 0.46–0.83) and 0.96 (95% confidence interval, 

0.88–0.98) for patients whose tumors showed positive and negative ALDH1 expression, 

respectively. These data suggest that the cancer and overall-specific survival probabilities 

were significantly different between the two groups (P = 0.006 and 0.009, respectively, log-

rank test; Fig. 3C and D).

Moreover, by performing multivariate analysis (age, sex, histologic type of lung cancer, and 

patient’s smoking status) using the Cox model, we found that overexpression of ALDH1 

was an independent predictor of disease-free and cancer-specific survival (P = 0.019 and 

0.016, respectively, log-rank test) from among the clinical and histopathologic variables 

tested.

Collectively, the observation that relatively high ALDH1 expression was statistically 

significantly associated with a more advanced pathologic grade and stage of disease and 

with a poor clinical outcome of lung cancers suggests that ALDH1 plays an important role 

in the progression of lung cancer. Detection of ALDH1 protein expression could be usable 

as a prognostic biomarker for the disease.

Discussion

In this study, by using Aldefluor assay for detecting ALDH1 expression followed by 

standard FACS analysis, we successfully isolated ALDH1-positive cells from lung cancer 

cells. We also showed that ALDH1-positive cells exhibited properties consistent with those 

of tumor stem cells, including high capacities for proliferation, self-renewal, resistance to 

chemotherapy in vitro, and expression of the CSC surface marker CD133. Furthermore, our 

in vivo experiments showed that ALDH1-positive cells could generate tumors that 

recapitulated the heterogeneity of lung cancer cells. More importantly, ALDH1 

overexpression was positively associated with aggressive biological behavior of NSCLC and 

a poor prognosis for patients with early-stage NSCLC.

CSCs and normal stem cells express similar surface markers, by which they may be 

identified and characterized (3). However, the rigorous identification and isolation of tissue-

specific CSCs has thus far been accomplished in only a few human organ systems (21). 

Furthermore, although some potential CSC markers have been developed in animal (e.g., 

Sca-1, a cell surface marker for bronchioalveolar stem cells in mice), there is no functional 

human homologue for them (8). CD133 could be used with exclusion of CD24, CD31, 
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CD34, CD44, CD45, CD90, and CD113 for isolating human lung CSCs (17, 21). However, 

several other cell populations have been identified that share the same marker phenotype, 

including circulating fibrocytes (17, 21), thus limiting its application in enriching lung CSCs 

(6). A Hoechst 33342 efflux assay in combination with flow cytometry has been used to 

identify and isolate “side populations,” which might be enriched in cancer stem-like cells 

(17). Although the assay shows high efficiency in isolating side populations, the toxicity 

associated with the Hoechst 33342 dye create bias by selectively injuring non-side 

population cells that might affect subsequent functional stem cell assays in vitro and in vivo 

(22). Furthermore, several recent reports even suggested that side populations in some 

tumors might not represent CSCs (23–25).

Our findings showed that using an Aldefluor-FACS assay could successfully separate 

ALDH1-positive cells. Because ALDH1-positive cells are viable and selectable based on 

their fluorescence, they are readily available for stem cell studies both in vitro and in vivo, 

thus avoiding the toxicity associated with Hoechst 33342 on the isolated cells. Furthermore, 

the Aldefluor assay can detect ALDH1 activity rather than cell surface phenotype and hence 

overcomes the necessity to identify specific cell surface markers that discriminate stem cells 

from their differentiated progeny, the expression of which may also be dynamic and 

influenced by the local microenvironment (17). Therefore, unlike the previously described 

CSC phenotype, which might require the use of a combination of several surface antigens 

(26), the Aldefluor-FACS would be a simple and effective approach for defining and 

isolating an enriched lung CSC population from cancer cell lines and could be potentially 

amenable to clinical applications. We are currently developing a protocol using the 

Aldefluor-FACS assay that could be applied to surgically obtained human tissues for 

isolating lung CSCs.

There are following pieces of evidence from this study supporting that the ALDH1-positive 

cancer cells might be enriched in lung tumor-stem-like cells. First, the tumor stem cells 

should have properties of self-renewal, proliferation, and recapitulating the phenotype of the 

tumor from which they were derived. Our in vitro experiments revealed that ALDH1-

positive cancer cells grew faster and had higher clone formation efficiency than did 

ALDH1-negative cancer cells. Furthermore, in vivo experiments using mice showed that 

only 1 × 103 ALDH1-positive cancer cells were required to form tumors, whereas at least 1 

× 105 ALDH1-negative cancer cells were necessary, indicating that the tumor formation 

ability of ALDH1-positive cells was dramatically greater than that in the latter. In addition, 

the H&E staining and FISH analysis of engrafted tumors illustrated histopathologic and 

genetic patterns similar to those of the primary lung cancer cells, implying that the ability of 

the ALDH1-positive population in vivo could recapitulate the characteristics of the tumor 

subtype. Second, asymmetrical cell division is an important characteristic of CSCs because 

it requires one division for self-renewal and differentiation and further generates additional 

CSCs and phenotypically diverse cancer cells (27). Our in vitro tests showed that the 

ALDH1-positive cancer cells rather than ALDH1-negative cancer cells could undergo 

asymmetrical cell division and differentiate into both ALDH1-positive and ALDH1-negative 

cells, indicating their multipotent differentiation potential. The asymmetrical cell division of 

ALDH1-positive cells was also confirmed in mice: the dissociated cells of the engraftments 
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generated from ALDH1-positive cancer cells displayed an average of 46% ALDH1-positive 

cells and an average of 54% ALDH1-negative cells. The data further showed that ALDH1-

positive cells could give rise to a heterogeneous property of lung tumor. Third, according to 

the tumor stem cell theory, cancer can survive chemotherapy and relapse because of the 

resident CSCs that are drug resistant and can repopulate the tumor even when the bulk of 

nontumorigenic cells are killed (28–30). In the chemosensitivity assay, we found that 

ALDH1-positive cancer cells were more tolerant to common chemotherapeutic agent than 

ALDH1-negative populations, indicating that ALDH1-positive cancer cells were widely 

resistant to chemotherapy. Finally, we showed that the ALDH1-positive cells shared the 

stem cell marker, CD133, to a great degree in vitro and in vivo.

Taken together, these observations indicate that ALDH1-positive cells could fulfill the 

criteria that are sufficient to indicate the persistence of a malignant stem cell pattern; 

therefore, the ALDH1-positive lung cancer cells might be potential CSCs of lung 

tumorigenesis.

In addition to its important applications for better understanding the molecular mechanisms 

of carcinogenesis, the CSC hypothesis has fundamental clinical implications for cancer risk 

assessment, prognostication, and development of potential therapeutics for human 

malignancies. We here showed that ALDH1 overexpression occurred in the TBNA samples 

from lung cancer patients and was significantly associated with the clinical stage of the 

disease, although the ALDH1-positive cells represented a relatively small population. This 

observation was consistent with the notion that CSCs constituted a minority of the tumor 

population. Furthermore, when tested in two large independent cohorts of archived lung 

tissue specimens, ALDH1 overexpression was positively correlated with the stage and grade 

of NSCLCs. In addition, we found that ALDH1 expression inversely correlated with 

survival of the patients with stage I NSCLC. Moreover, ALDH1 could function as a 

prognostic factor for predicting outcome in patients with early-stage lung cancer. Therefore, 

our data imply that elevated expression of ALDH1 could contribute to lung cancer 

development and progression and that detection of the ALDH1 aberrations might be a useful 

biomarker for identifying a poor prognosis in patients with NSCLC. ALDH1 may also 

provide a therapeutic target for developing specific agents for eradiating lung CSCs and thus 

could potentially yield efficient therapeutic approaches to cure human NSCLCs.

In summary, using in vitro and in vivo experimental systems, we showed that Aldefluor 

assay followed by FACS analysis might provide a useful approach for isolating lung cancer 

cells with increased ALDH1. These ALDH1-positive cancer cells are endowed with 

extensive proliferation and self-renewal potential, being able to generate tumors that 

recapitulate the heterogeneity of the parental lung tumor cells, and therefore have stem cell 

properties. This assay for ALDH1 is readily available and thus could be added to the 

currently available panel of diagnostic markers used to improve the accuracy of clinical 

outcome predictions and choice of appropriate therapy. ALDH1 would also facilitate the 

development of an effective therapeutic target for NSCLC cancer. Nevertheless, further 

molecular biologic analysis of ALDH1 and a longitudinal clinical study in large population 

to validate its prognostic value to develop a novel strategy for improving treatment 

efficiencies of lung cancer will be needed.
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Materials and Methods

Cell Lines and Cultures

Six human lung cancer cell lines H460, H125, H322, H358, H82, and H889 were obtained 

from the American Type Culture Collection. The cells were maintained in the culture 

medium recommended by the American Type Culture Collection and harvested by using 

treatment with 0.25% trypsin (Invitrogen) when they were in the logarithmic phase of 

growth for use in the following experiments.

Aldefluor Assay and Separation of the ALDH1-Positive Cell Population by FACS Analysis

To isolate an Aldefluor-stained cell population with ALDH1 enzymatic activity, we used the 

Aldefluor kit (Stem Cell Technologies), which is designed for optimal identification and 

isolation of stem cells through specific interaction with human ALDH1 (15). The 

experiments were undertaken according to the manufacturer’s instruction. Briefly, cells were 

suspended in Aldefluor assay buffer containing uncharged ALDH1-substrate, BODIPY-

aminoacetaldehyde (BAAA), and incubated for 40 min at 37°C. BAAA was taken up by 

living cells through passive diffusion and then converted by intracellular ALDH into a 

negatively charged reaction product BODIPY-aminoacetate, which was retained inside cells 

expressing high levels of ALDH1, causing the cells to become brightly fluorescent. The 

brightly fluorescent ALDH1-expressing cells (ALDH1-positive cells) were detected in the 

green fluorescence channel (520–540 nm) of a FACScan instrument (BD Biosciences). A set 

of cells was stained using the identical conditions with the specific ALDH inhibitor, 

diethylaminobenzaldehyde (Sigma), to serve as a negative control for each experiment. 

Propidium iodide (Sigma) fluorescence was detected using the orange fluorescence channel. 

Because only cells with an intact cellular membrane could retain the Aldefluor reaction 

product, only viable ALDH1-positive cells were identified. Cells incubated with BAAA and 

diethylaminobenzaldehyde were used to establish the baseline fluorescence of these cells 

(R1) and to define the (ALDH1)-positive region (R2). Incubation of cells with the substrate 

in the absence of diethylaminobenzaldehyde induced a shift in BAAA fluorescence defining 

the Aldefluor-positive population. Data were analyzed by using Cell Quest software (BD 

Biosciences). Each experiment was repeated three times.

Cell Proliferation Assay

Parental cells and sorted ALDH1-positive and ALDH1-negative cells were plated in six-well 

plates (1 × 104 per well) in growth medium supplemented with fibroblast growth factor 

(Sigma) and epidermal growth factor (Sigma). One well every week was used for cell 

counting by using trypan blue exclusion. To determine their in vitro self-renewal ability, a 

single cell per well was seeded in 96-well plates. After seeding, the single cell-containing 

wells were identified and analyzed for the ability of the cells to generate spheres. Each 

experiment was repeated three times.

Cell Invasion Assay

Cellular potential for invasiveness was determined using Matrigel invasion chambers (BD 

Biosciences Discovery Labware) according to the manufacturer’s instruction. Briefly, cells 
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were seeded into the upper chambers at 2 × 105 per chamber in serum-free DMEM. The 

outer chambers were filled with the same medium but containing fetal bovine serum as the 

chemoattractant. Cells were incubated for 48 h, and the noninvading cells were removed by 

swabbing the top layer of Matrigel. The membranes containing the invasive cells were 

stained with hematoxylin and mounted on slides, and the entire membrane with invading 

cells was counted on light microscopy. Each experiment was repeated three times.

Immunofluorescence Assay

Sorted ALDH1-positive and ALDH1-negative cells were grown on glass coverslips for 48 h 

and fixed in 4% paraformaldehyde (Sigma). Immunofluorescence staining was done as 

described previously (31) with a primary antibody against CD133 (Miltenyi Biotec). Finally, 

cells were examined and imaged under a Leica microscope (Leica Microsystems) equipped 

with Hamamatsu 9792-95 digital camera (Hamamatsu).

Drug Sensitivity Assay

The lung cancer cells were seeded in 96-well plates at 100 μL/well. After 24 h recovery, six 

chemotherapeutic drugs, cisplatin, gemcitabine, doxorubicin, daunorubicin, vinorelbine, and 

docetaxel, were added at their 50% inhibitory concentrations to both sorted and unsorted 

cells. The cells were then incubated for another 24 h. Sensitivity was determined using a 

colorimetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (Sigma) and inner salt cell proliferation assay (Promega) 

according to the manufacturer’s protocol. Absorbance was measured and drug resistance 

was calculated as described previously (32).

Tumor Cell Implantation Experiments

Five mice per group of athymic Swiss nu/nu/Ncr nu (nu/nu) mice were s.c. inoculated with 

ALDH1-positive and ALDH1-negative H358 and H125 cells at doses of 1 × 103 and 1 × 

105, respectively. The mice were observed for 4 weeks to allow tumor growth and then 

euthanized under deep anesthesia with pentobarbital (Sigma). The tumors were surgically 

removed and their volume was calculated by using formula: 0.52 × length × width2. A 

portion of the tumor tissues was fixed in 10% formaldehyde and embedded in paraffin. The 

embedded tissues were stained with H&E for histopathologic examination and FISH for 

genetic characterization. Disassociated cells were obtained from the rest of the tumor grafts 

(33) and then were reanalyzed by using Aldefluor assay and FACS analysis.

FISH Analysis

A specific probe for FHIT, a tumor suppressor gene that is commonly deleted in lung cancer 

(34), was labeled with green fluorescent dye and tested by using FISH on the tissue sections 

prepared from the tumor xenografts as described previously (34). Briefly, the centromeric 

probe for chromosome 3 (Vysis) was labeled with red fluorescent dye and used as the 

internal control probe. The centromeric probe for chromosome 3 probe was mixed with the 

FHIT probe in hybridization buffer (Vysis). After hybridization for overnight, the slides 

were then examined using a Leica microscope (Leica Microsystems).
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Clinical Specimens and Immunohistochemical Analysis

To determine correlation between ALDH1 expression and clinicopathologic features in 

NSCLCs, we first prospectively collected TBNA samples through bronchoscopy from 96 

patients including 36 cancer-free and 60 lung cancer patients (Table 1). Cytocentrifuge 

slides were made from each TBNA sample and then fixed in 4% paraformaldehyde as 

described in our previous work (35). Second, we obtained tissue microarrays (Express 

Biotech) constructed from surgically resected lung tissues of 59 patients with different 

stages and histologic types of NSCLC (32). Furthermore, to evaluate the associations 

between ALDH1 expression and the outcomes of NSCLC patients, we used lung tissue 

microarrays consisting of tumor specimens obtained from 148 patients with stage I NSCLC, 

for whom we had complete medical records and follow-up data (36).

Immunohistochemical staining was done on the biopsy samples and tissue microarrays by 

using rabbit polyclonal antibody against ALDH1 (Santa Cruz Biotechnology) and 3,3′-

diaminobenzidine (Santa Cruz Biotechnology) as chromogens. We also performed 

immunohistochemical analysis with antibody against CD133 (Miltenyi Biotec) on the 

commercial tissue microarray slides. Each batch of slides contained a positive control and a 

negative control. The immunoreactive score of the samples for ALDH1 was determined 

based on previously published criteria (15, 19). Briefly, scoring of the ALDH1 staining was 

done independently by two experienced investigators who examined the samples by light 

microscopy and in a blinded manner with respect to the clinical information of the subjects. 

Staining intensity was rated according to the following scale: 0 = no visible staining, 1 = 

faint staining, 2 = moderate staining, and 3 = strong staining. Percentage of cells with 

positive ALDH1 was graded as 0%, <10%, 10% to 25%, 25% to 50%, and 50% to 75% or 

higher. Considering 0.6 mm diameter tissue core biopsy specimens on tissue microarrays, 

we reviewed entire area of each tissue spot under high power (×400). To compare all of the 

available data, an overall score was assigned to each case by multiplying the intensity score 

by the mean percentage of cells staining. Cutoff points were chosen to categorize samples as 

ALDH1 positive or negative in term of the overall score. The sample had ≤10% of cells for 

ALDH1 expression with faint staining (the overall score was ≤10%) was regarded as a 

negative ALDH1 specimen. The sample had >10% of cells for ALDH1 expression with faint 

or higher staining (the overall score was >10%) was regarded as a positive ALDH1 one. The 

immunoreactive score of the samples for CD133 was determined according to previously 

published criteria (37).

Statistical Analysis

The statistical software SPSS12.0 (SPSS) was used to analyze the differences between 

ALDH1-positive and ALDH1-negative cells with unpaired or paired t tests for statistical 

significance. P values < 0.05 were considered significant. To evaluate the association 

between ALDH1 expression and histopathologic characteristics of lung tumors and clinical 

stages and outcomes of the patients, survival curves were calculated by using the product-

limit estimate (Kaplan-Meier method) and the curves were examined by using the log-rank 

test. Univariate and multivariate analyses were also done using Cox’s proportional hazards 

model to determine which factors might have significant influence on the patients’ survival.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
ALDH1-positive lung cancer cells have tumor stem cell properties in vitro. A. FACS 

analysis of cancer cells using the Aldefluor assay, in which cells were incubated with ALDH 

substrate, BAAA, which was then converted by intracellular ALDH1 into a negatively 

charged reaction product BODIPY-aminoacetate. BODIPY-aminoacetate was retained 

inside cells positively expressing ALDH1, causing the cells to become brightly fluorescent. 

Brightly fluorescent ALDH1-expressing cells (ALDH1-positive cells) were detected in the 

green fluorescence channel by using flow cytometry. Cells incubated with BAAA and a 

specific inhibitor of ALDH, diethylaminobenzaldehyde, were used to establish the baseline 

fluorescence of these cells (R1) and to define the Aldefluor (ALDH1)-positive region (R2). 

FACS analysis was done on all cell lines and repeated three times. A. Result from H358 cell 

line. B. Cell growth curve of parental lung cancer cells and their corresponding ALDH1-

positive and ALDH1-negative cancer cells. ALDH1-positive cancer cells grew more rapidly 

compared with parental and ALDH1-negative cancer cells. Experiments were undertaken on 

all NSCLC cell lines and repeated three times. B only showed the result from H358 cell line. 

C. Analysis of cell colony numbers in clonogenicity assays of ALDH1-positive and 

ALDH1-negative and unsorted cells. ALDH1-positive cell populations formatted larger and 

more colonies compared with unsorted and ALDH1-negative cells. Experiments were done 

on all cell lines and repeated three times. C showed the result from H358 cell line. D. 
Reanalyzing ALDH1-positive and ALDH1-negative cancer cells and measuring their 

differentiation ability by using the Aldefluor assay and FACS. ALDH1-positive cells (left) 

gave rise to 52% (52 ± 2.6%) ALDH1-positive population and 48% (48 ± 2.2%) ALDH1-
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negative cells, whereas ALDH1-negative cells (right) only produced ALDH1-negative cell 

population, implying that ALDH1-positive cells might undergo asymmetrical division to in 

vitro self-renew and generate heterogeneous cell populations of both high and low 

aggressive tumorigenic phenotypes. Experiments were undertaken on all cell lines and 

repeated three times, whereas D only showed the result from H358 cells. E. Matrigel 

invasion assay on sorted and unsorted cells. ALDH1-positive and ALDH1-negative lung 

cancer and unsorted cells (2 × 105) were seeded and incubated for 48 h. Columns, number of 

cells invaded across the membrane. ALDH1-positive cells were more invasive than 

ALDH1-negative cells and unsorted parental cancer cells. *, P < 0.05, t test, statistical 

significance. Each experiment was repeated three times. Points, mean of the independent 

experiments.
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FIGURE 2. 
ALDH1-positive lung cancer cells have tumor stem cell properties in vivo. A. Tumor 

formation ability of ALDH1-positive cells was greater than that of ALDH1-negative cancer 

cells. ALDH1-positive and ALDH1-negative H125 cells were implanted into flanks of nude 

mice. After 4 weeks, the dose of 1 × 105 ALDH1-positive lung cancer cells yielded larger 

tumors (red arrow) in all five mice with diameters of 30 ± 2.9 mm3, whereas the same dose 

of ALDH1-negative H125 cell only generated a small tumor mass (5 mm3; green arrow) in 

only one of five mice. Animal experiments were done by using cell lines H358 and H125 

and repeated three times. A only showed the result from H125 cell lines. B. Histopathologic 

examination of the engrafted tumors formed by ALDH1-positive H125 cancer cells revealed 

a highly cellular mass with characteristics of adenocarcinoma of lung. C. Dual-color FISH 

analysis of xenograft tumor cells generated from ALDH1-positive H125 lung cancer cells 

with a probe (green signal) for FHIT gene and a probe (red signal) for chromosome 3 

centromeric region. The majority of cells in tumor cells bore deletion of FHIT indicated by 

fewer green signals than red ones. D. Reanalyzing cells of engrafted tumors generated from 

ALDH1-positive and ALDH1-negative cancer cells and measuring their differentiation 

ability by using the Aldefluor assay and FACS. Cells from the tumor produced by ALDH1-

positive H125 cancer cells (left) gave rise to 46% (46 ± 3.1%) ALDH1-positive population 

and 54% (54 ± 3.3%) ALDH1-negative cells, whereas cells from the tumor formed by 

ALDH1-negative H125 cells (right) only produced ALDH1-negative cell population, 

implying that ALDH1-positive cells might undergo asymmetrical division to in vivo self-

renew and generate heterogeneous cell populations of both high and low aggressive 

tumorigenic phenotypes. Aldefluor assay and FACS experiments were undertaken on 

disaggregated cells of tumor engrafts from H358 and H125 cell lines and repeated three 

times, respectively, whereas D only illustrated the result from H125 cells.
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FIGURE 3. 
ALDH1 overexpression is associated with aggressive biological behavior of NSCLC and a 

poor prognosis for patients with NSCLC. A. Analysis of TBNA specimen obtained from a 

lung tumor mass from a stage IV NSCLC patient by using immunohistochemistry showed 

positive ALDH1 expression. B. immunohistochemical analysis of a paraffin-embedded lung 

tumor tissue of a patient diagnosed with stage IV lung adenocarcinoma showed that 

overexpression of ALDH1 occurred predominately in cytoplasm of cancer cells. C. 
Probability of cancer-specific survival by levels of ALDH1 expression in stage I NSCLC. D. 
Probability of overall survival by levels of ALDH1expression in stage I NSCLC. Kaplan-

Meier method was used to determine the survival probability, and log-rank test was used to 

compare the survival curves between groups.
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Table 1

Immunohistochemical Staining of ALDH1 on TBNA Samples According to Clinicopathologic Characteristics

Characteristics No. patients ALDH1-positive expression P*

All cases 96

Age (y) 0.90

 ≤55 37 7

 >55 59 11

Gender 0.80

 Female 40 8

 Male 56 10

Diagnosis

 Normal 36 0

 NSCLC 60 18 0.02

 Stage I 9 2

 Stage II 18 5

 Stage III 16 5

 Stage IV 17 6

Differentiation of NSCLC 0.01

 Well 18 3

 Moderate 22 6

 Poor 20 9

NOTE: Number (%) of patients unless otherwise indicated.

*
All P values were determined by two-sided tests. P values ≤ 0.05 were considered statistically significant.
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