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Aldehyde dehydrogenase 1: A specific cancer stem
cell marker for human colorectal carcinoma
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Abstract. Since the identification of cancer stem cells (CSCs)
a new understanding of tumor occurrence and development
has evolved. According to the stem cell (SC) theory, colorectal
carcinoma (CRC) SCs may be derived from mutations in
normal intestinal cells. CSCs can be defined by their cell of
origin (SCs or early progenitor cells). Thus, through a shared
stem cell marker between CSCs and SCs, it is possible to inves-
tigate the association between its expression and the various
clinicopathological features in patients with CRC. Aldehyde
dehydrogenase 1 (ALDHI1) is an appropriate marker. The
present study was performed to examine the role of ALDHI1
in CRC. Through indirect fluorescence antibody staining, the
association between ALDHI protein expression and various
clinicopathological parameters was investigated. Furthermore,
enzyme-linked immunosorbent assay (ELISA) was used to
investigate the differing content of ALDH1 between CRC
tissues and normal colorectal tissues. The results revealed
that ALDHI expression was markedly associated with tumor
stage, Dukes' stage and the level of tumor cell differentiation.
Using ELISA, it was demonstrated that there was a greater
level of ALDHI in CRC tissue than in normal colorectal tissue.
Therefore, ALDHI levels can be used as a useful parameter
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for pathological evaluation of tissue histology and to predict
disease prognosis.

Introduction

Colorectal carcinoma (CRC) comprises colon and rectal
cancer and is one of the most common types of malignant
digestive tract tumor in humans. It is the fourth most common
type of cancer in males and the third most common cancer
in females worldwide (1). CRC is one of the major causes of
cancer-associated mortality (2). In general, CRC incidence
rates continue to increase in developing countries, whereas
incidence rates are stabilizing or decreasing in developed
countries. The increase of CRC in developing countries
may reflect the adoption of western lifestyles and behaviors,
including the consumption of high-fat diets, physical inac-
tivity and smoking (3,4). It has been established that cancer
stem cells (CSCs) have a phenotype that can be defined by
their cell of origin [stem cell (SC) or early progenitor cells]
and by oncogenic events, which contribute to their transfor-
mation (5). Certain studies have provided evidence to support
this concept (5,6). One approach for identifying shared SC
markers is to focus on conserved stem and progenitor cell
functions, which may be inherited by the malignant SC
compartment.

Aldehyde dehydrogenase 1 (ALDHI) is a detoxifying
enzyme responsible for the oxidation of intracellular alde-
hydes (7-10). ALDHI thereby confers resistance to alkylating
agents (11). Through its role in oxidizing retinol to retinoic
acid, ALDHI1 is important in the early differentiation of
SCs (12). It has been demonstrated that murine and human
hematopoietic and neural stem and progenitor cells have a high
ALDHI activity (13-16). Increased ALDHI1 activity has also
been identified in SC populations in multiple myeloma and
acute myeloid leukemia (16,17). Thus, ALDHI activity may
provide a common marker for normal and malignant stem and
progenitor cells. Previous observations have suggested that
ALDHI is a marker for CSCs in various types of malignancy
and that ALDHI in CSCs is associated with chemoresistance
and an increased potential for malignancy (18-24).
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Previous immunohistochemistry results demonstrated
that ALDHI expression was higher in breast and lung cancer
compared with normal tissue (25,26), while in malignant
ovarian tumors expression levels were lower than that in
normal ovaries (27). However, to the best of our knowledge,
whether the expression of ALDHI1 in human CRC is associ-
ated with clinicopathological features and the differentiation
of tumor cells has not previously been investigated. Thus, the
present study aimed to elucidate whether the expression of
ALDHI is a significant clinicopathological prognostic factor
in patients with CRC using immunofluorescence staining and
enzyme-linked immunosorbent assay (ELISA).

Materials and methods

Patients and tissue specimens. The fresh tissues of primary
CRCs were obtained from the Department of Pathology at the
Red Flag Hospital Affiliated to Mudanjiang Medical College
(Mudanjiang, China) between January 1, 2010 and October
20, 2012. Prior to surgery, none of the patients involved in
the present study had received any type of therapy, including
radiation or chemotherapy. Of these tumor specimens, 20 were
well differentiated, 20 were moderately differentiated, 20 were
poorly differentiated and 10 were mucinous carcinomas. A
total of 20 fresh samples were collected for ELISA, including
10 colorectal tissues and 10 corresponding adjacent normal
mucous tissues (>5 cm from the margin of the tumor), which
were stored at -80°C until use. All tissue samples were fixed
in formalin, embedded in paraffin and deparaffinized for
immunofluorescence staining. Written informed consent
was obtained from the patient's families and all protocols
were reviewed and approved by the Ethical Committee of
Mudanjiang Medical College.

Indirect immunofluorescence. Indirect immunofluorescence
was performed as previously described (28). The sections
were rinsed with Tris-buffered saline (TBS; Sigma-Aldrich,
Shanghai, China) and blocked in buffer for 30 min in a
humidified chamber at 37°C. For ALDHI staining, the sections
were incubated at 4°C overnight with a rabbit monoclonal
anti-ALDHI1 antibody (1:400; EarthOx; cat no. HZ348711).
The slides were then incubated with a fluorescent-conjugated
monoclonal secondary antibody (1:150; EarthOX; HZ369731,
30 min; 37°C; Fluor 491-520 nm). Following incubation with the
secondary antibody, the sections were rinsed three times with
TBS and Tween 20 and then coverslipped. Finally, the samples
were examined by fluorescence microscopy (Nikon Eclipse
80i; Nikon, Tokyo, Japan). The assessed tumor area, based on
immunofluorescence staining, was used to calculate the density
of the positive cell staining.

Evaluation of labeling. Evaluation of the immunofluorescence
staining for ALDHI expression was performed independently
by two pathologists. Imaging analysis of the colorectal tumors
for ALDHI1 expression was performed in one selected area
(magnification, x200) per case.

ELISA for ALDHI. The ALDHI levels in tissue homogenate of
the tumor tissue were quantified using a commercially available
ELISA kit (Tianjin Haoyang Biological Manufacture Co., Ltd.,
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Tianjin, China), according to the manufacturer's instructions.
An ELISA standard curve was generated and then according to
the optical density data, the ALDHI content of the normal and
malignant tumor tissues was determined.

Statistical analysis. All the data were analyzed using SPSS
software version 11.0 for Windows (SPSS, Inc., Chicago,
IL, USA). The association between ALDHI1 immunofluo-
rescence expression and the clinicopathological parameters
was evaluated using the y?2 test. P<0.05 was considered to
indicate a statistically significant difference. The association
of ALDHI content between primary colorectal tissues and
normal colorectal tissues was assessed using the Pearson
¥2 test. P<0.001 was considered to indicate a statistically
significant difference.

Results

Patient characteristics. A total of 70 patients were enrolled
in the present study; 50% were male (35 of 70) and 50%
were female (35 of 70). The median age of the patients was
61.7 years (range 22-80 years). A total of 45 (64.2%) patients
were >60 years old and 25 (35.7%) were <60 years old. The
diagnosis in all patients was colorectal adenocarcinoma
and was classified by the degree of tumor cell differen-
tiation (well, moderately or poorly differentiated). Of the
70 patients, 20 patients (28.5%) had well-differentiated
tumors, 20 (28.5%) had moderately differentiated tumors,
20 (28.5%) had poorly differentiated tumors and 10 (14.3%)
had mucinous carcinomas. A total of 29 patients were at
Dukes' stage A+B (41.4%) and 41 patients were at Dukes'
stage C+D (58.5%). According to the tumor-node metastasis
(TNM) staging system, 10 patients (14.3%) were at stage I,
19 patients (27.1%) were at stage II, 32 patients (45.7%) were
at stage III and 9 patients (12.9%) were at stage I'V. Lymph
node metastases were present in 36 patients (51.4%) and
absent in 34 patients (48.6%; Table I).

ALDHI expression in normal colorectal tissue and CRC
tissue. Compared with normal colorectal tissue, CRC tissue
exhibited markedly higher levels of ALDHI protein expres-
sion. Normal mucosal specimens at least 5 cm distant from
the primary colorectal carcinomas were obtained from
10 patients with CRC. ALDHI1 was detected in the cytoplasm
of the CRC tissue and certain normal colorectal tissue.
Staining was observed in the cytoplasm of the epithelial cells.
In the 10 normal controls, ALDHI1 reactivity was demon-
strated in ~10% of the epithelial cells. Of the 70 colorectal
cancer specimens, a high rate of positive staining was
observed (=20%). Patients exhibiting =20% positive cells
were classified as ALDHI positive and the remainder as
ALDHI negative. The results of the immunofluorescence
staining for ALDHI in the normal colorectal tissue and the
CRC tissue are shown in Fig. 1.

Correlation between ALDHI positive expression and various
clinicopathological features. The association between
ALDHI protein and the clinicopathological features of the
CRC patients are summarized in Table II. No significant
correlation was identified between ALDHI expression and
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Table I. Patient characteristics.
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Clinical data n (%)
Total cases 70

Male 35 (50)

Female 35 (50)
Age (years)

>60 45 (64.2)

<60 25 (35.7)
Median (years) 61.7 (22-80)
Differentiation

Well 20 (28.5)

Moderate 20 (28.5)

Poor 20 (28.5)

Mucinous carcinomas 10 (14.3)
Dukes' stage

A+B 29 41.4)

C+D 41 (58.5)
TNM stage

I 10 (14.3)

II 19 27.1)

III 32 45.7)

v 9 (12.9)
Lymph node metastasis

Positive 36 (51.4)

Negative 34 (48.6)

TNM, tumor node metastasis.

Figure 1. Immunofluorescence staining of ALDHI expression in normal
colorectal epithelium and in colorectal carcinoma tissue. (A) Expression of
ALDHI in normal colorectal tissue. (B) Expression of ALDHI in colorectal

cancer tissue (magnification, x200). ALDHI, aldehyde dehydrogenase 1.

Figure 2. Immunofluorescence staining of ALDHI expression in differently
differentiated cells in colorectal carcinoma. (A) Expression of ALDHI in a
well-differentiated malignant tumor. Expression of ALDHI in (B) moder-
ately and (C) poorly differentiated tumor cells and (D) mucinous carcinomas
(magnification, x200). ALDH1, aldehyde dehydrogenase 1.

age, gender, tumor size or lymph node metastasis. ALDHI1
expression, however, was closely associated with the differ-
entiation of tumor cells. The results revealed that the greater
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Table II. Correlation between ALDH1 positive expression and various clinicopathological features in colorectal carcinoma

patients.
Clinicopathological feature n Positive Negative Positive rate (%) . P-value
Gender
Male 35 22 13 62.8 0.530 P>0.05
Female 35 19 16 543
Age (years)
=60 45 26 19 57.8 0.033 P>0.05
<60 25 15 10 60.0
Tumor size (cm)
<3 15 8 7 533
>3 55 33 22 60.0 0.216 P>0.05
Differentiation
Mucinous carcinomas 10 3 7 30.0
Well 20 7 13 350 16.431 P<0.05
Moderate 20 13 7 65.0
Poor 20 18 2 90.0
Duke's stage
A+B 29 12 17 414 6.031 P<0.05
C+D 41 29 12 70.7
TNM stage
I 9 3 333
I 20 9 11 45.0 7.940 P<0.05
I 32 21 11 65.6
v 9 8 88.9
Lymph node metastasis
Positive 36 24 12 66.7 2.000 P>0.05
Negative 34 17 17 50.0

ALDHI1, aldehyde dehydrogenase 1.

the degree of differentiation of the tumor cell, the lower the
rate of ALDHI staining. A higher ALDHI band intensity
was detected in the poorly differentiated malignant tumors
(Fig. 2A) compared with the mucinous carcinomas and well
or moderately differentiated tumors (Fig. 2B-D). A positive
correlation was observed between the differentiation of
tumor cells and the proportion of ALDH1 immunostained
cells (¥*=16.43; P<0.05) among the examined samples. Of the
10 mucinous carcinoma cases, three ALDHI positive cases
were noted. Of the 20 well-differentiated cases, ALDH1
expression was noted in 7 cases (35%). Of the 20 moder-
ately differentiated cases, ALDHI expression was noted in
13 cases (65%) and of the 20 poorly differentiated cased,
ALDHI expression was noted in 18 cases (90%). Dukes' C+D
stages demonstrated a higher expression rate of ALDHI1
(70.7%) compared with Dukes' A+B stages (41.4%; P<0.05).
Using the TNM staging system, positive staining of the
ALDHI protein was identified in 3 out of the 9 cases of TNM
stage I (33.3%); 9 cases were identified in 20 of the TNM
stage II samples (45%); 21 cases were identified in 32 of the
TNM stage III samples (65.6%) and 8 cases were identified
in 9 of the TNM stage IV samples (88.9%; ¥*=7.94; P<0.05).

Table III. Quantitative results of ALDH1 in colorectal carci-
noma tissue and in normal colorectal tissue.

ALDHI1 mean + SD,

Sample n (ng/ml)
Colorectal carcinoma tissue 10 559.00+151.76
Normal colorectal tissue 10 298.60+58 43

ALDHI1, aldehyde dehydrogenase 1; SD, standard deviation.

The immunofluorescence staining for ALDHI1 expression in
various TNM stages is shown in Fig. 3.

Quantitative detection of ALDHI in CRC tissue and in normal
colorectal tissue. According to the ELISA kit instructions, an
ELISA standard curve was drawn (Fig. 4), and then according
to the standard curve, the levels of ALDH1 in the normal and
malignant tumor tissues were calculated. In the CRC tissue,
the content of ALDHI was 559.0+151.76 ng/ml, whereas,
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Figure 3. ALDHI expression in various TNM stages from (A) TNM I, (B) TNM II, (C) TNM III and (D) TNM IV (magnification, x200). ALDH1, aldehyde

dehydrogenase 1. TNM, tumor node metastasis.
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Figure 4. Standard curve of the enzyme-linked immunosorbent assay for
detecting ALDHI1 content. ALDH1, aldehyde dehydrogenase 1; OD, optical
density.

in normal colorectal tissue, the content of ALDH1 was
298.6+58.43 ng/ml. Using a Pearson 2 test (t=5.064; P<0.001;
Table I1T), the ALDHI content was found to be significantly
increased in the human colorectal cancer tissue compared
with the normal colorectal tissue.

Discussion

The cancer stem cell theory was initially proposed by Hamburger
and Salmon (29), who demonstrated that only a small percentage
of tumor cells was able to form colonies in soft agar. According
to the CSC hypothesis, cancer originates from SCs that exhibit
pluripotency and self-renewal (30). CSCs are hypothesized to
lead to the initiation, progression and recurrence of cancer.

Certain tumor-initiating cells share common cell surface
markers, leading to their designation as SCs (18).

CSCs can be defined by the cell of origin (SCs or early
progenitor cells). Identifying the normal and malignant
stem/progenitor cells by the same marker, supports the
hypothesis that stem and progenitor cells are primary targets
of transformation, and also adds further evidence to the cancer
stem cell hypothesis. The candidate marker ALDHI is a good
choice, which is in accordance with the above theory that
CSCs can be defined by the cell of origin (SCs) (21).

One key finding of the present study was that, compared
with the normal colorectal tissues, the tumor tissues expressed
a high rate of ALDHI staining (=20%). A second key finding
of the present study was the correlation between the differen-
tiation degree of the tumor cell and the expression of ALDHI.
Through indirect immunofluorescence staining, it was demon-
strated that with decreased differentiation (from well to poorly
differentiated), the ALDHI-positive staining rates increased
(x*=16.43; P<0.05). The reason for mucinous carcinoma exhib-
iting the lowest staining rate may be attributed to the mucago
of mucinous carcinomas affecting the staining of ALDHI in
cancer cells. The results also suggested that poorly differenti-
ated cancer cells expressed increased colorectal SCs compared
with well-differentiated cells. These findings supported those
of Huang et al, which revealed that the overall proliferative
cell population increases during colorectal tumorigenesis (19).
A third important finding was that low-grade tumors exhib-
ited higher expression of ALDHI1 compared with high grade
tumors (P<0.05). Additionally, Dukes' C+D stages demon-
strated a higher expression of ALDH1 compared with Dukes'
A+B stages (P<0.05). Western blotting was used to determine
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the protein content of ALDHI, however, no significant findings
were obtained. Considering that the protein content was small,
ELISA was used to analyze the content of ALDHI in fresh
CRC tissues. Through an ELISA assay, the present study also
found an increased level of ALDHI in CRC tissues compared
with normal colorectal tissues.

In conclusion, the present study supported the CSC hypoth-
esis by demonstrating that normal and malignant SCs share a
common functional marker. As a CSC marker shared by normal
colorectal tissues and CRC tissues, ALDHI may be impor-
tant in CRC carcinogenesis and may be used as an important
marker for CSC. It can be regarded as a valuable marker in
CRC patients and, through detecting the content of ALDHI,
may assist in the differentiation of colorectal carcinogenesis
from normal colorectal tissues. At present, ALDHI is attracting
increased attention, however, whether ALDHI negative cells
also possess the same ability as SCs has yet to be elucidated. As
the sample size of the present study was limited, further studies
with larger samples are warranted to assess the possibility that
ALDHI expression may be used in the pathological evaluation
of tissue histology to predict disease prognosis and the response
to chemotherapy in patients with CRC.
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