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Abstract

Although the concept that cancers originate from stem cells
(SC) is becoming scientifically accepted, mechanisms by which
SC contribute to tumor initiation and progression are largely
unknown. For colorectal cancer (CRC), investigation of this
problem has been hindered by a paucity of specific markers
for identification and isolation of SC from normal and
malignant colon. Accordingly, aldehyde dehydrogenase 1
(ALDH1) was investigated as a possible marker for identifying
colonic SC and for tracking them during cancer progression.
Immunostaining showed that ALDH1" cells are sparse and
limited to the normal crypt bottom, where SCs reside. During
progression from normal epithelium to mutant (4PC) epithe-
lium to adenoma, ALDH1" cells increased in number and
became distributed farther up the crypt. CD133" and CD44"
cells, which are more numerous and broadly distributed in
normal crypts, showed similar changes during tumorigenesis.
Flow cytometric isolation of cancer cells based on enzymatic
activity of ALDH (Aldefluor assay) and implantation of these
cells in nonobese diabetic-severe combined immunodeficient
mice (a) generated xenograft tumors (Aldefluor™ cells did
not), (b) generated them after implanting as few as 25
cells, and (c) generated them dose dependently. Further
isolation of cancer cells using a second marker (CD44" or
CD133" serially) only modestly increased enrichment based on
tumor-initiating ability. Thus, ALDHI1 seems to be a specific
marker for identifying, isolating, and tracking human colonic
SC during CRC development. These findings also support our
original hypothesis, derived previously from mathematical
modeling of crypt dynamics, that progressive colonic SC
overpopulation occurs during colon tumorigenesis and drives
CRC development. [Cancer Res 2009;69(8):3382-9]

Introduction

In the cancer stem cell (SC) paradigm, cancers originate from
uncommon cells—SC—that show pluripotency and self-renewal
(1). Cancer SC were first identified in leukemias and more recently
in solid tumors. The latter includes brain cancers where the
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transmembrane protein CD133 (Prominin-1 or AC133) was used
to identify and isolate SC. As few as 100 CD133" cells implanted in
the forebrain of a nonobese diabetic-severe combined immuno-
deficient (NOD-SCID) mouse could reconstitute the tumor, and
isolation of SC from this new tumor could be serially passed to
other NOD-SCID mice (2, 3). Subsequently, CD133 was used to
isolate SC from a host of other normal and cancerous tissues.
Another transmembrane protein, CD44 (hyaluronate receptor or
P-glycoprotein 1), has also been used as a marker for SC in solid
tumors. For example, breast cancer cells isolated using CD44 in
combination with other markers generated xenograft tumor
growth (4).

Mounting evidence suggests that the cancer SC concept is also
relevant to colorectal cancer (CRC; ref. 5). However, a long-standing
problem has been the paucity of specific markers with which to
identify and isolate both normal and malignant colonic SC and to
investigate their involvement in tumorigenesis. Both CD133 and
CD44 have been used to isolate colon cancer SC, but the specificity
of these two markers for colonic SC is uncertain. For example,
Ricci-Vitiani and colleagues (6) and O’Brien and colleagues (7)
reported that the CD133" subpopulation of cells in CRCs could
initiate xenograft tumors. However, it was subsequently reported
that CD133 expression is not specific to SC in the colon, and both
CD133" and CD133™ metastatic colon cancer cells can initiate
xenograft tumors (8). Another recent study by one of us (E.H.) used
CD44 in combination with the epithelial marker epidermal surface
antigen (ESA) to identify and isolate cells from colon cancers that
initiated xenograft tumors (9). However, immunohistochemical
analysis of normal colonic epithelium shows that CD44 expression
occurs not only in cells at the crypt bottom, where SC reside, but
also in cells within the proliferative compartment, where rapidly
proliferating cells reside (10-14). Thus, the specificity of CD44 and
CD133 for colonic SC remains to be determined and additional SC
markers specific for colonic SC need to be discovered.

A promising new marker for cancer SC is aldehyde dehydroge-
nase 1 (ALDHI). ALDH is a detoxifying enzyme that oxidizes
intracellular aldehydes and thereby confers resistance to alkylating
agents (15-18). In fact, the detoxification capacity of ALDH,
by protecting SC against oxidative insult, might underlie the
well-recognized longevity of SC. ALDH also converts retinol to
retinoic acid, a modulator of cell proliferation, which may also
modulate SC proliferation.

The enzymatic activity of ALDH has been used to isolate SC
subpopulations. Jones and colleagues (19) described this method by
measuring ALDH activity in cells using dansyl aminoacetaldehyde
and used ALDH activity to isolate hematopoietic precursors.
Subsequently, it was shown that as few as 10 ALDH" hematopoietic
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Figure 1. ALDH1, CD44, and CD133 expression in colonic tissues. A, immunohistochemical analysis of normal colonic mucosa, normal-appearing colonic mucosa
from FAP patients, adenomas, and colon carcinomas. B, staining indices for ALDH1, CD44, and CD133. Although CD44 and CD133 profiles were similar, they
were considerably different than ALDH1. AUCs for CD44, CD133, and ALDH1 profiles were as follows: normal crypts, 40.3%, 41%, and 5.6%; normal-appearing FAP
crypts, 55.7%, 56.7%, and 14%; and adenomatous crypts, 76.9%, 75.9%, and 29.3%.

cells were capable of reconstituting bone marrow in sublethal-
irradiated rodents (20). Corti and colleagues (21) showed that
ALDH" cells isolated from murine brain were capable of self-
renewal and of differentiating into multiple lineages. Further
studies by members of our research team (C.G., G.D., and M.S.W.)
showed that ALDH]1 is a specific marker for breast cancer SC (22).

Accordingly, ALDH was investigated as a specific marker for
identifying and isolating normal and malignant human colonic SC
and as a way to quantify the number of SC cells over the course
of colon cancer development. Moreover, showing an increased
number of SC in colonic tumors would validate our original SC
overpopulation hypothesis (23-27). This hypothesis was originally
developed from our mathematical modeling of colon tumorigenesis
(26), in which SC overpopulation was found to be the key
event at the cellular level that links the initiating molecular
event (typically an APC mutation) to the earliest tissue abnormal-
ity, a proliferative change in mutant colonic crypts of familial
adenomatous polyposis (FAP) patients. SC overpopulation not only
initiates colon tumorigenesis but also drives tumor growth
(5, 27). Our earlier report (28) using markers for crypt base cells
(a SC-enriched subpopulation) provided biological evidence

in support of our SC overpopulation hypothesis. The current study
extends that work by studying ALDH as a possible specific marker
for colonic SC and for tracking these cells during tumor
development.

Materials and Methods

Experimental design. This study used (¢) immunostaining to identify
putative colonic SC within normal colonic epithelium, normal-appearing
colonic epithelium of FAP patients, colonic adenomas, and colon
carcinomas; (b) flow cytometry to enumerate and isolate SC from fresh
colonic tissues; and (c) xenograft tumor formation in NOD-SCID mice to
functionally validate ALDH1, CD44, and CD133 as SC markers.

Isolation of epithelial cells from fresh human tissue and sorting by
flow cytometry. Approval for using human tissues was obtained from the
University of Michigan Institutional Review Board. Tissue (~1 cm®) was
provided by the Tissue Procurement Core pathologist staff. Tissues were
minced and dissociated with collagenase (1 mg/mL; type 4; Worthington
Biochemical). Flow cytometry used a fluorescence-activated cell sorter
[(FACS) FACSAria, BD Immunocytometry Systems]. Side-scatter and
forward-scatter profiles were used to eliminate cell doublets. Nonviable
cells were eliminated using the viability dye 4',6-diamidino-2-phenylindole
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(DAPI). ESA was used to obtain carcinoma cell-enriched preparations by
eliminating stromal cells (29). For CD44, CD133, and ESA identification,
allophycocyanin-coupled CD44 antibody (BD Pharmingen), allophycocya-
nin-coupled CD133 antibody (Miltenyi Biotec), and phycoerythrin-coupled
ESA antibody (Biomeda) were used (1:40 dilution). Nonspecific binding was
blocked by Sandoglobin (1 mg/mL; Sandoz). Controls included the
secondary antibody alone. For identification of ALDH" cells, Aldefluor kits
(Stem Cell Technologies), which report ALDH enzymatic activity, were used.

DAPI CD44  ALDH1 Merge

DAPI CD133 ALDH1  Merge

DAPI ESA

ALDHI  Merge

Figure 2. Coexpression of SC markers in normal and malignant colonic tissues.
A, immunofluorescence staining of normal colonic epithelium shows nuclear
staining (DAPI), membranous CD44 expression (green, FITC), and cytoplasmic
ALDH1 expression (red, phycoerythrin). The merged image shows a pink-orange
color from the overlap of membranous CD44 and cytoplasmic ALDH1 staining,
showing that the ALDH1* population is a subset of the CD44* population. B,
staining of normal colonic epithelium shows nuclear staining (DAPI), membranous
CD133 expression (green, FITC), and cytoplasmic ALDH1 expression (red,
phycoerythrin). The merged image reveals a pink-orange color showing overlap
of membranous CD133 and cytoplasmic ALDH1 staining and showing that the
ALDH1* population is a subset of the CD133" population. C, staining of an
invasive colon carcinoma shows nuclear staining (DAPI), ESA expression (green,
FITC), and ALDH1 expression (red, phycoerythrin). The merged image reveals
an orange-yellow color that shows overlap of ESA and ALDH1 staining. Doubly
positive ESA and ALDH1 cells tended to be present at the invasive front of colonic
malignancies.

Methodologic details about these kits are in our previous report (22).
Specific ALDH activity is based on the difference between the presence/
absence of the Aldefluor inhibitor diethylaminobenzaldehyde (DEAB). With
DEAB, Aldefluor expression was <0.01%. On double sorting, cell prepara-
tions showed >97% purity.

Immunohistochemistry/immunofluorescence. Immunostaining
and antibodies against CD133 (1:25; Miltenyi Biotec), CD44 (1:100;
BD Pharmingen), or ALDH1 (1:50; BD Pharmingen) were used. Immuno-
histochemistry was done as we previously reported (25, 28). For
immunofluorescence, slides were incubated with primary antibody and
stained with a fluorescently conjugated IgG (1 h; 24°C). Slides were washed
and coverslipped (antifade mounting medium for confocal microscopy).

Indexes. The longitudinal distribution of staining along the crypt axis for
any given marker—the index—was quantified by counting at each crypt
level the number of cells that showed a positive signal and plotting the
proportion of cells staining positively versus crypt level. For each marker,
24 to 40 crypt hemiaxes for each of five or more stained slides were counted.
Only full-length crypts (~82 crypt levels) from normal and normal-
appearing FAP crypts were selected. Because adenomatous crypts have
variable length, only ones that had lengths (~82 crypt levels) similar to
normal crypts were selected. Graphics and curve fitting (using sixth-order
polynomial analysis) used Microsoft Excel (v. 2002). Area under the curve
(AUC) for plots was calculated using Prism (GraphPad, Inc.) to determine
the proportion of total cells per crypt staining positively.

Xenografting. Cells isolated from human colonic tissues were implanted
into the flanks of NOD-SCID mice to analyze their ability to initiate tumor
xenografts. Cells that generated xenografts were deemed SC. Xenograft
assays were done as we previously described (9). Cell viability was
confirmed by trypan blue exclusion. Cells were implanted s.c. with Matrigel
(BD Biosciences) at a 1:1 ratio in a total volume of 100 pL. Animals were
euthanized when the tumors reached ~1.0 cm to avoid central tumor
necrosis and undue distress. Most studies were done using initial xenografts
formed in NOD-SCID mice (rather than xenografts from serial trans-
plantations).

Proportions of cell subpopulations in tissues. To determine marker
overlap, cells that were Aldefluor” or Aldefluor™ were analyzed for CD44 or
CD133. Gates were set to account for background expression, and then
proportions of CD44" and CD133" populations were evaluated.

Results

Expression patterns for CD44", CD133", and ALDH1" cells in
normal colonic epithelium. Immunohistochemical analysis
showed that most CD44" cells reside in the lower half of the
normal crypt (Fig. 14). A similar pattern was seen for CD133. In
contrast, ALDHI positivity was much more limited. Typically, only
a few ALDHI1" cells (<5) were visualized for each longitudinal crypt
section, usually at or near the base of the crypt (Fig. 14).

Staining indices (Fig. 1B) showed that although CD44" and
CD133" profiles were similar to each other, they were considerably
different from the profile for ALDHI". In normal crypts, there were
~ 7-fold more cells that stained positively for CD44 or CD133 than
stained for ALDH1 (based on AUC). In addition, CD44" and CD133"*
cells distributed farther up the crypt into the region known to
contain rapidly proliferating cells.

Because, in normal colon, the proportion of ALDH1" cells was
smallest among the three markers, two-color immunofluorescence
experiments were done to determine if the ALDH1" cell population
is a subset of the CD44" and/or the CD133" cell populations. As
shown in Fig. 24, CD44 expression was membranous and limited to
the lower half of the crypt. In contrast, ALDHI" cells were few and
limited to the base of the crypt. Merged confocal imaging showed
ALDHI" cells to be a subset of the CD44" cell population. The
ALDHI1" population was also a subset of the CD133" population
(Fig. 2B).
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population) was used to select ALDH*
cells. B, ALDH" cells represent 3.5%
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cells). ESA* selection limited the ALDH* C
population to carcinoma cells. C, H&E
stains of primary human CRC (C) and the
resulting xenograft (D) revealing similar
histopathology.

Analysis of ALDH1', CD44%, and CD133" cells during
progression to colon carcinoma. To evaluate changes in SC
populations during the stepwise progression to colon cancer,
subpopulations of cells expressing these markers was examined,
using immunohistochemistry, for normal crypts, normal-appearing
FAP crypts, and adenomatous crypts. Both the number of ALDH1"
cells and the extent of their distribution along the crypt axis
increased with tumor progression (Fig. 14 and B). In comparison
with normal crypts (Fig. 1B, bottom curve), the number of ALDH1"
cells was higher and cells were distributed farther up the crypt axis
in normal-appearing crypts from FAP patients (Fig. 1B, middle
curve). These changes were even more pronounced in adenomas
(Fig. 1B, top curve). The percentage of ALDH1" cells in normal
crypts was 5.6% (based on AUC); within FAP crypts, 14%; and
within adenomatous crypts, 29.3%. Thus, the number of ALDH1"
cells increased 5.2-fold with tumor progression.

Changes in CD44" and CD133" subpopulations were also
examined. The change in CD44" and CD133" profiles with tumor
progression was similar to that for ALDH1", in that for each marker
the proportion of positively staining cells increased during tumor
progression (normal < FAP < adenoma) and positively staining cells
were distributed even farther up the crypt. The percentage of
CD133" or CD44" cells in normal crypts was ~40% (based on
AUC); in FAP crypts, ~56%; and in adenomatous crypts, ~ 76%.
The number of CD44" or CD133" cells increased 1.9-fold with
tumor progression. As for normal crypts, there was a greater
number of CD44" and CD133" cells in neoplastic crypts compared
with ALDH1". In FAP crypts, there were ~ 4-fold more CD44" or
CD133" cells; in adenomatous crypts, 2.6-fold more.

Staining of colon carcinomas for ALDHI1, CD44, and CD133
showed diffuse staining with strongly staining malignant cells
being present throughout the tumor (Fig. 14). Because stromal cell
populations also express these markers, dual-color immunofluo-
rescence staining was done for each SC marker, coupled with ESA
staining to show which cells staining positively for any given SC
marker are colon carcinoma cells. Results showed that ALDH1"
cells are a subpopulation of the ESA™ population (Fig. 2C). Similar
results were obtained for ESA*/CD44" and ESA"/CD133" staining
(data not shown). These data provide a rationale for using ESA
coupled with each SC marker and FACS to isolate preparations of
cells from CRCs that are enriched in cancer SC.

Although staining indices for carcinomas were not plotted, as
they do not contain recognizable crypt structures, it was found
that cells that were positive for both ESA and ALDHI tended to
be present at the invasive front of colonic malignancies (Fig. 2C).

Flow cytometric analysis of cells from normal and
malignant colonic epithelium. Flow cytometry data for
normal colon were consistent with our immunohistochemical
data. Within the ESA" population from normal colonic epithelium,
the proportion of cells that were ALDH" (i.e., Aldefluor’) was
5.4 + 3.8%. This proportion was considerably lower (4- to 10-fold)
than the proportion for CD44 (49.0 + 5.3%) or CD133 (23.1 £ 6.3%).
These data for ALDH, CD44, and CD133 were similar to the
immunohistochemical data for normal crypts for these same
markers (5.6%, 40%, and 40%; Fig. 1). Within the ESA™ population,
2.5 * 0.3% of normal cells were ALDH"/CD44" and 1.7 + 0.4% were
ALDH'/CD133". In other words, 46% of Aldefluor” cells are CD44"
and 31% are CD133". Overall, these data indicate that, in normal
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of xenograft lines

Table 1. Description of colon cancer cases used for flow cytometry sorting of ALDH* cells and the number of serial passages

Case Gender Age Location of tumor Stage No. passages*
CCXL 1 Female 52 Ascending T3NOMO 7/8
CCXL 2 Female 70 Sigmoid T3NIMO 7/9
CCXL 3 Male 79 Cecum T3N1MO 9/10
CCXL 4 ! Male 75 Sigmoid T2NOMO 12/12
CCXL 5 Male 41 Descending T3N1MO 4/5
CCXL 6 Female 67 Ascending T4NOMO 4/6
cexL 7" Female 65 Ascending T3NIMO 5/5

xenograft lines still continue to be passaged.

* Numerator gives the number of passages generated using Aldefluor™ cells and the denominator gives the total number of passages to date. All

T In these two cases, xenograft tumors were first generated by implanting Aldefluor” cells isolated directly from the primary tumor. In the other five
cases, xenograft tumors were initially generated by implanting cells from the primary tumor in a NOD-SCID mouse and then subsequent xenografts
were generated serially using Aldefluor” cells isolated from a xenograft tumor.

colonic epithelium, many fewer cells express ALDH than CD44
or CD133.

In colon cancers, the proportions of ALDH", CD44", and CD133"
cells were similar to proportions for normal colonic epithelium.
Within the ESA™ population from colon cancers, the proportion of
cells that were ALDH" was 3.5 + 1.0%. Again, this proportion was
considerably lower (5- to 7-fold) than that for CD44 (19.5 £+ 6.9%)
or CD133 (24.8 *+ 6.0%).

Ability of cells isolated using SC markers individually to
form tumor xenografts. Malignant cells from colon carcinomas
were isolated by FACS using ESA and Aldefluor and evaluated for
tumor-initiating ability. Figure 3 shows a typical histogram
obtained from flow cytometric sorting of Aldefluor” cells and the
histopathology of a xenograft tumor that was generated from
implantation of Aldefluor” cells. Xenograft tumors were success-
fully generated using Aldefluor® cells from seven different colon
cancer patients (Table 1). Aldefluor™ cells did not generate
xenografts. In two cases, xenograft tumors were generated by
implanting Aldefluor” cells isolated from the primary tumor.
Implantation of as few as 100 Aldefluor™ cells was capable of tumor
initiation. In the other five cases, xenograft tumors were generated
using Aldefluor” cells isolated from a xenograft tumor that had

previously been established from a primary colon cancer. In all
cases, it was possible to dissociate the xenograft tumor and resort
the cells to obtain an Aldefluor® cell population that could be
serially passaged as another xenograft tumor, ultimately leading to
development of a xenograft tumor line. All xenograft lines were
passaged multiple times using Aldefluor® cells (Table 1). Implan-
tation of as few as 25 cells from these serially passaged xenografts
was capable of generating another xenograft. All xenograft tumors
were adenocarcinomas that typically recapitulated the histologic
phenotype of the original primary colon tumor (see Fig. 3). In
addition, ALDH" cells from these xenografts produced a flow
cytometric profile similar to that for the primary tumor, including a
small subpopulation of Aldefluor® cells. Moreover, xenograft
tumors were generated in a dose-dependent manner; a larger
number of cells tended to decrease the time required for the first
appearance of a tumor (Fig. 44) and increased the proportion of
implants forming tumors (Fig. 4B).

CD44 and CD133 were also used individually as markers to
isolate cells from the ESA™ population from colon carcinomas
and these cells were evaluated for tumor-initiation ability. Both
CD44" and CD133" subpopulations generated xenograft tumors.
CD44™ and CD133™ cells did not generate xenograft tumors during
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Figure 4. Tumorigenicity of cells isolated using individual SC markers. ESA was used to select carcinoma cells from colon cancers before selection using other
markers. Further sorting generated the following additional subpopulations: ALDH* and ALDH™ cells, CD44* and CD44~ cells, and CD133* and CD133 cells.

A, representative experiment showing latency of tumor development after implanting three different doses (500, 1,000, or 10,000) of ALDH* cells or 10,000
ALDH™ cells. B, log dose-response curve for generating xenograft tumors. Xenograft tumors were generated by cancer cells obtained from all patient cases (n = 4).
C, representative experiment showing latency of tumor development after implantation of 10,000 ALDH*, CD44*, or CD133" cells. All cells, including ESA* alone,

were sorted from a single colon cancer.

Cancer Res 2009; 69: (8). April 15, 2009

3386

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on March 7, 2021. © 2009 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst March 31, 2009; DOI: 10.1158/0008-5472.CAN-08-4418

ALDH1 Is a Marker for Human Colonic Stem Cells

9 20004 € 1000 ALDH*/CD44*
= 100 a
P £ £ 1000 ALDH*CD44" ,9
s 8o 70% 70% 70% E 15004 A 100 ALDH*CDa4*
CD44* €0 2 O 100 ALDH*/CD44" |
19.5£6.9% 38% % 1000 7
g 40 ]
- 5 500
5 20 2
E 5
3 0 T T T T L 04
= : % ; * 0 2 4 6 8 10 12
SRR S S
v\? oy ‘\c,-o & Days
> Qw?‘
MY,
ik
€ 500 ALDH*CD133*
3 .~ 800~ 8 260 M.Di;l“ICDﬂE*
—100 89% < 50 ALDH'/CD133
ALDH*' g &b E good © sooaLDH*CD133
CD133* 58% E
0 60
0.9+0.2% E 44% _g 4004
€ 40 33% >
= & 200
o 20 E
§ 4
E c L T L] L) u-
: AT 0 5 10 15 20
\'}9 00':5 & Days
2 X
* &
L

Figure 5. Tumorigenicity of cells isolated using multiple SC markers. ESA was used to select carcinoma cells from colon cancers before selection using other
markers. A, isolation of cells using ALDH and CD44. Left image gives proportions of ALDH* and CD44" cells in colon carcinomas. Only a minority (3.5%) were
ALDH™. A larger proportion (19.5%) were CD44*. The proportion positive for both was 1.3%. Percentages (mean + SE) are averages of four experiments. The middle
plot shows percentage of implants that produced a xenograft tumor after sorting using ALDH and CD44 markers. Percentages represent a summation of data
across xenograft tumor assays using cells isolated from four different cancers involving 10 implants per cell subpopulation category. The same range of implant
doses (50-1,000 cells) was used for each category. Percentage for ALDH* alone was deduced from data on percentage tumor formation and proportions of cells
for ALDH*/CD44* and ALDH*/CD44~. Tumors generally did not result from ALDH™/CD44* or ALDH/CD44~ cells. Right plot depicts a representative experiment
showing latency of tumor development after implantation of two different doses (1,000 and 100) of ALDH*/CD44* or ALDH*/CD44~ cells. No tumors were generated
from ALDH /CD44*, ALDH /CD44", or ESA* cells. B, isolation of cells using ALDH and CD133. Left image gives proportions of ALDH* and CD133" cells in colon
carcinomas. Only a minority (3.5%) were ALDH*. A larger proportion (24.8%) were CD133*. The proportion positive for both was 0.9%. Percentages (mean + SE) are
averages of four experiments. The middle plot shows percentage of implants that produced a xenograft tumor after sorting using ALDH and CD133. Percentages
represent a summation of data across xenograft tumor assays using cells isolated from three different cancers involving nine implants per cell subpopulation category.
The same range of implant doses (50-500 cells) was used for each category. Percentage for ALDH* alone was deduced from data on percentage tumor formation
and proportions of cells for ALDH*/CD133* and ALDH*/CD133". Tumors did not form from ALDH~/CD133* or ALDH /CD133" cells. Right plot depicts a representative
experiment showing latency of tumor development after implantation of different doses (50, 250, and 500) of ALDH*/CD133* or ALDH*/CD133~ cells. No tumors

were generated from ALDH*/CD133~, ALDH™/CD133*, ALDH/CD133, or ESA™ cells.

5 months of observation. ALDH", CD44", CD133", and ESA" cells
formed xenograft tumors more frequently with increasing number
of cells injected (Fig. 4B). Compared with ESA™ alone, the other cell
subpopulations seemed to have somewhat greater tumor-initiating
abilities. The other cell subpopulations generally elicited larger
tumors and elicited them more rapidly than cells isolated using
ESA™ alone (Fig. 4C).

Ability of cells isolated using ALDH and CD44 together to
form tumor xenografts. Malignant cells were isolated from colon
carcinomas using ESA followed by Aldefluor and then CD44.
The proportion of CRC cells positive for both ALDH and CD44 was
1.3% (Fig. 5A4); that is, 37% of Aldefluor® cells were also CD44".
ALDH'/CD44" cells did not show an increased ability to generate
tumor xenografts (Fig. 54) compared with ALDH*/CD44™ or
ALDH" alone. However, ALDH'/CD44" cells tended to elicit
larger tumors and elicited them more rapidly compared with
ALDH'/CD44~ cells (Fig. 54). Taken together, our data on the
proportion of tumors that grow, their size, and their speed of
development indicate that CD44, when used serially with ALDH
to further sort ESA" cells, results in only minimal enrichment of
tumor-initiating cells over ALDH" alone.

Ability of cells isolated using ALDH and CD133 together to
form tumor xenografts. Malignant cells were isolated from colon
carcinomas using ESA followed by Aldefluor and then CD133. The
proportion of CRC cells positive for both ALDH and CD133 was 0.9%
(Fig. 5B); that is, 27% of Aldefluor’ cells were CD133". ALDH'/
CD133" cells showed a somewhat increased ability to generate tumor
xenografts (Fig. 5B) compared with ALDH'/CD133™ or ALDH" alone.
ALDH"/CD133" cells tended to elicit larger tumors and elicited them
more rapidly compared with ALDH"/CD133" cells (Fig. 5B). Taken
together, our data on the proportion of tumors that grow, their size,
and their speed of development indicate that CD133, when used
serially with ALDH to further sort ESA™ cells, results in a modest
enrichment of tumor-initiating cells over ALDH" alone.

Discussion

The study of colon cancer SC would be greatly enhanced by
availability of specific markers to identify and isolate these cells.
One key finding of this study was that ALDH identifies colonic cells
that exhibit known SC properties: (¢) immunohistochemistry
identifies a small subpopulation of ALDH1" cells (<5%) localized
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to the bottom of normal crypts (where SC reside) and (b) the
Aldefluor assay can be used to isolate a subpopulation of malignant
colonic cells that generates xenograft tumors (functionally showing
the ability for self-renewal). Aldefluor™ cells from CRCs did not form
xenograft tumors. Thus, our findings substantiate that ALDH1 and
Aldefluor are specific markers for SC in normal and malignant colon.

In comparison, CD133 and CD44 positivity on immunohisto-
chemistry and flow cytometry identified a considerably larger
subpopulation within normal colonic tissues, subpopulations that
were 7-fold the size of the ALDH" population. These results are
consistent with previously reported data (10-14). Nevertheless,
CD44" or CD133" cells from colon cancers were still capable of
generating tumor xenografts and could do so with potency similar
to that of ALDH1" cells. These data suggest that CD44 and CD133
label the proliferative cell population that contains both rapidly
proliferating cells as well as the much smaller population of colonic
SC. That Aldefluor™ cells, even ones that are CD44" or CD133", do
not form xenograft tumors suggests that many of the SCs within
the CD44" and CD133" populations are eliminated by removal of
Aldefluor” cells during sorting. Thus, we conclude that ALDH1 is
more specific for SC in the colon than are CD44 or CD133.

Cells that were isolated using multiple SC markers (particularly
Aldefluor'/CD133") had slightly better efficiency in generating
tumors than did Aldefluor” cells. In addition, cells that were positive
not only for ALDH but also for CD44 or CD133 tended to generate
tumor xenografts more rapidly than did ESA" cells. This suggests that,
in cell selection, the addition of CD133 positivity or CD44 positivity to
Aldefluor positivity causes somewhat enhanced SC enrichment.

An apparent discrepancy is that no tumors were generated using
cells that were isolated as CD44~ when CD44 was used as the sole
marker for sorting cells, yet there were tumors generated when
cells were implanted from populations that were CD44~ if they
were isolated as ALDH'/CD44 ™ (using these two SC markers in
sequence). The same apparent discrepancy applies to CD133™ cells.
One explanation is that ALDH"/CD44™ cells and ALDH'/CD133~
cells have tumor-initiating ability because they are ALDH', but
these cells only constitute a small fraction of the total CD44~
population and CD133™ population. Consequently, implantation of
CD44~ or CDI133" cells (isolated using CD44 or CD133 markers
individually) might not generate xenograft tumors because the
ALDH'/CD44~ and ALDH'/CD133™ cells are in such low
concentration in the implanted sample. In contrast, when Aldefluor
is used to select ALDH" cells from the ESA" cell population, and
then CD44 or CDI133 is used serially for cell selection, the
enrichment of ALDH'/CD44~ or ALDH'/CD133™ cells then
becomes high enough to generate tumors.

It is uncertain how the overlap of the CD44" or CDI133"
populations with the ALDH" population relates to the ability of
these populations to initiate tumors. Based on our data, this issue
is complex, and our results (Fig. 5, Venn diagrams) suggest that
CD44 positivity and Aldefluor positivity are independent variables,
as are CD133 and Aldefluor positivity. Although it seems, based on
tumorigenic potential, that ALDH is more specific for stemness
than CD44 (CD44"/ALDH™ cells are nontumorigenic), the overall
high tumorigenic potential of the CD44" population (Fig. 4) cannot
be completely explained by a relatively small subset of cells that are
also ALDH" (<10% contained within the CD44" population). One
possible explanation is that CD44"/ALDH™ cells are not by
themselves tumorigenic but somehow support the tumorigenic
growth of CD44"/ALDH" cells. This might occur by the implanta-
tion site becoming humanized due to CD44"/ALDH ™ cells

contained in the implanted sample. This humanization effect has
been observed when immortalized human fibroblasts are trans-
planted along with breast cancer cells (22, 30).

A second key finding of this study is that ALDH-based markers
can be used to track colonic SC during colon tumorigenesis.
ALDH]1 positivity on immunohistochemistry indicated an increas-
ing number of colonic SC over the course of colon cancer
progression, from normal to FAP to adenoma. If 29% of adenoma
cells are ALDH1", and given that an adenoma contains 10° to 10°
cells, one can calculate that there is an absolute increase in the
number of SC in an adenoma relative to a normal crypt. This trend
toward SC overpopulation continued for carcinomas as well. This
was deduced from the fact that colon carcinomas typically have
10% to 10" cells and that our flow cytometric data on Aldefluor
indicate that 3.5% of these carcinoma cells are SC.

A third key finding is that this progressive increase in SC number
strongly supports our SC overpopulation hypothesis (23-27),
developed from our mathematical modeling of colon tumorigen-
esis. In this hypothesis, SC overpopulation is the key event at the
cellular level that links the initiating event at the molecular level
(typically APC mutation) to the earliest event at the tissue level
(a crypt proliferative abnormality). Our earlier study (28) using
markers for crypt base cells provided biological evidence in support
of our SC overpopulation hypothesis. Two other lines of biological
evidence support this hypothesis: (a) a study using methylation
patterns as epigenetic markers for colonic cell fate showed that
there is enhanced SC survival with CRC initiation in FAP (31-33)
and (b) the murine intestinal SC marker, Lgr5, has been reported
to be overexpressed in advanced human CRCs (34-36). Taken
together, these studies suggested that an increased number of
colonic SC occur during the initiation and progression of CRC. The
current study provides even more compelling biological evidence
for our SC overpopulation hypothesis.

Our mathematical modeling also predicted that the overall
proliferative cell population (both SC and rapidly proliferating
cells) increases during colon tumorigenesis (23, 27). The increase,
with tumor progression, in the proportion of cells along the crypt
axis that stain positively for CD44 and CD133 supports that
prediction and is our fourth key finding. Comparing results on
ALDHI1 (that labels SC) with results on CD44 and CD133 (which
seem to label SC and proliferating cells) provides an explanation for
how colonic SC contribute to tumor initiation and progression (i.e.,
that expansion of the SC population leads to expansion of
the proliferating cell population), and together, they constitute an
overall increase in the proliferative cell population during the
stepwise progression to colon carcinoma.

Disclosure of Potential Conflicts of Interest

B. M. Boman has ownership in CA*TX. The other authors disclosed no potential
conflicts of interest.

Acknowledgments

Received 11/20/08; revised 1/16/09; accepted 1/18/09; published OnlineFirst 3/31/09.

Grant support: Will and Jeanne Caldwell Fund for Cancer Research, generous
support from Gregg and Stacey Bacchieri, and NIH grant 5R210K62146.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank the University of Michigan flow cytometry core personnel, Michael
Schnee, Dr. Diane Simeone, Dr. Hasan Korkaya, and Dr. Joseph Carpentino, for their
contributions.

Cancer Res 2009; 69: (8). April 15, 2009

3388

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on March 7, 2021. © 2009 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst March 31, 2009; DOI: 10.1158/0008-5472.CAN-08-4418

ALDH1 Is a Marker for Human Colonic Stem Cells

References

1. Boman BM, Wicha MS. Cancer stem cells: a step
toward the cure. ] Clin Oncol 2008;26:2795-9.

2. Singh SK, Clarke ID, Terasaki M, et al. Identification of
a cancer stem cell in human brain tumors. Cancer Res
2003;63:5821-8.

3. Singh SK, Hawkins C, Clarke ID, et al. Identification of
human brain tumour initiating cells. Nature 2004;432:
396-401.

4. Al-Hajj M, Wicha MS, Benito-Hernandez A, et al.
Prospective identification of tumorigenic breast cancer
cells. Proc Natl Acad Sci U S A 2003;100:3983-8.

5. Boman BM, Huang E. Human colon cancer stem cells:
a new paradigm in gastrointestinal oncology. J Clin
Oncol 2008;26:2828-38.

6. Ricci-Vitiani L, Lombardi DG, Pilozzi E, et al.
Identification and expansion of human colon-cancer-
initiating cells. Nature 2007;445:111-5.

7. O'Brien CA, Pollett A, Gallinger S, Dick JE. A human
colon cancer cell capable of initiating tumour growth in
immunodeficient mice. Nature 2007;445:106-10.

8. Shmelkov SV, Butler JM, Hooper AT, et al. CD133
expression is not restricted to stem cells, and both
CD133" and CD133™ metastatic colon cancer cells
initiate tumors. J Clin Invest 2008;118:2111-20.

9. Dalerba P, Dylla SJ, Park IK, et al. Phenotypic
characterization of human colorectal cancer stem cells.
Proc Natl Acad Sci U S A 2007;104:10158-63.

10. Goodison S, Urquidi V, Tarin D. CD44 cell adhesion
molecules. Mol Pathol 1999;52:189-96.

11. Marhaba R, Zoller M. CD44 in cancer progression:
adhesion, migration and growth regulation. ] Mol Histol
2004;35:211-31.

12. Naor D, Nedvetzki S, Golan I, Melnik L, Faitelson Y.
CD44 in cancer. Crit Rev Clin Lab Sci 2002;39:527-79.
13. Ponta H, Sherman L, Herrlich PA. CD44: from
adhesion molecules to signalling regulators. Nat Rev

Mol Cell Biol 2003;4:33-45.

14. Pure E, Cuff CA. A crucial role for CD44 in

inflammation. Trends Mol Med 2001;7:213-21.

15. Magni M, Shammah S, Schiro R, et al. Induction of
cyclophosphamide-resistance by aldehyde-dehydrogenase
gene transfer. Blood 1996;87:1097-103.

16. Sophos NA, Vasiliou V. Aldehyde dehydrogenase gene
superfamily: the 2002 update. Chem Biol Interact 2003;
143-144:5-22.

17. Yoshida A, Rzhetsky A, Hsu LC, Chang C. Human
aldehyde dehydrogenase gene family. Eur ] Biochem
1998;251:549-57.

18. Dylla S, Beviglia L, Park IK, et al. Colorectal cancer
stem cells are enriched in xenogeneic tumors following
chemotherapy. PLoS ONE 2008;3:¢2428.

19. Jones RJ, Barber JP, Vala MS, et al. Assessment of
aldehyde dehydrogenase in viable cells. Blood 1995;85:
2742-6.

20. Armstrong L, Stojkovic M, Dimmick I, et al
Phenotypic characterization of murine primitive
hematopoietic progenitor cells isolated on basis of
aldehyde dehydrogenase activity. Stem Cells 2004;22:
1142-51.

21. Corti S, Locatelli F, Papadimitriou D, et al. Identifi-
cation of a primitive brain-derived neural stem cell
population based on aldehyde dehydrogenase activity.
Stem Cells 2006;24:975-85.

22. Ginestier C, Hur MH, Charafe-Jauffret E, et al. ALDH1
is a marker of normal and malignant human mammary
stem cells and a predictor of poor clinical outcome. Cell
Stem Cell 2007;1:555-67.

23. Boman BM, Fields JZ, Cavanaugh KL, Gujetter A,
Runquist OA. How dysregulated colonic crypt dynamics
cause stem cell overpopulation and initiate colon
cancer. Cancer Res 2008;6:3304-13.

24. Boman BM, Zhang T, Fields JZ. Correspondence:
Evidence that APC regulates survivin expression: a
possible mechanism contributing to the stem cell origin
of colon cancer. Cancer Res 2004;64:776-9.

25. Zhang T, Otevrel T, Gao Z, Ehrlich SM, Fields JZ,
Boman BM. Evidence that APC regulates survivin
expression: a possible mechanism contributing to the
stem cell origin of colon cancer. Cancer Res 2001;61:
8664-7.

26. Boman BM, Fields ]JZ, Bonham-Carter O, Runquist
OA. Computer modeling implicates stem cell overpro-
duction in colon cancer initiation. Cancer Res 2001;61:
8408-11.

27. Boman BM, Wicha MS, Fields JZ, Runquist OA.
Symmetric division of cancer stem cells—a key mech-
anism in tumor growth that should be targeted in future
therapeutic approaches. Clin Pharmacol Ther 2007;81:
893-8.

28. Boman BM, Walters R, Fields JZ, et al. Colonic crypt
changes during adenoma development in familial
adenomatous polyposis: immunohistochemical evi-
dence for expansion of the crypt base cell population.
Am ] Pathol 2004;165:1489-98.

29. Winter MJ, Nagtegaal ID, van Krieken JH, Litvinov SV.
The epithelial cell adhesion molecule (Ep-CAM) as a
morphoregulatory molecule is a tool in surgical
pathology. Am ] Pathol 2003;163:2139-48.

30. Kuperwasser C, Chavarria T, Wu M, et al. Recon-
struction of functionally normal and malignant human
breast tissues in mice. Proc Natl Acad Sci U S A 2004;
101:4966-71.

31. Kim KM, Calabrese P, Tavare S, Shibata D. Enhanced
stem cell survival in familial adenomatous polyposis.
Am ] Pathol 2004;164:1369-77.

32. Yatabe Y, Tavare S, Shibata D. Investigating stem cells
in human colon by using methylation patterns. Proc
Natl Acad Sci U S A 2001;98:10839-44.

33. Kim KM, Shibata D. Methylation reveals a niche:
stem cell succession in human colon crypts. Oncogene
2002;21:5441-9.

34. Barker N, van Es JH, Kuipers J, et al. Identification of
stem cells in small intestine and colon by marker gene
Lgr5. Nature 2007;449:1003-7.

35. McClanahan T, Koseoglu S, Smith K, et al. Identifi-
cation of overexpression of orphan G protein-coupled
receptor GPR49 in human colon and ovarian primary
tumors. Cancer Biol Ther 2006;5:419-26.

36. van de Wetering M SE, Verweij C, et al. The B-catenin/
TCF-4 complex imposes a crypt progenitor phenotype on
colorectal cancer cells. Cell 2002;111:241-50.

www.aacrjournals.org

3389

Cancer Res 2009; 69: (8). April 15, 2009

Downloaded from cancerres.aacrjournals.org on March 7, 2021. © 2009 American Association for Cancer

Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst March 31, 2009; DOI: 10.1158/0008-5472.CAN-08-4418

AAGCR o et
Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Aldehyde Dehydrogenase 1 Is a Marker for Normal and
Malignant Human Colonic Stem Cells (SC) and Tracks SC
Overpopulation during Colon Tumorigenesis

Emina H. Huang, Mark J. Hynes, Tao Zhang, et al.
Cancer Res 2009;69:3382-3389. Published OnlineFirst March 31, 2009.

Updated version  Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-08-4418

Cited articles  This article cites 36 articles, 13 of which you can access for free at:
http://cancerres.aacrjournals.org/content/69/8/3382.full#ref-list-1

Citing articles  This article has been cited by 83 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/69/8/3382.full#related-urls

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/69/8/3382.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on March 7, 2021. © 2009 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-08-4418
http://cancerres.aacrjournals.org/content/69/8/3382.full#ref-list-1
http://cancerres.aacrjournals.org/content/69/8/3382.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/69/8/3382
http://cancerres.aacrjournals.org/

