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Cancer stem cell characteristicsin retinoblastoma
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Purpose: There is increasing evidence that cancer stem cells contribute to tumor progression and chemoresistance in a
variety of malignancies, including brain tumors, leukemias, and breast carcinomas. In this study, we tested the hypothesis
that retinoblastomas contain subpopulations of cells that exhibit cancer stem cell properties.

Methods: The following sources of retinoblastoma cells andtissues were examined for the presence of stem cell markers
by immunocytochemistry: retinoblastoma tumors from mice transgenic for the SV40 T-antigen (drivef-hyteiréz-

ing hormone promoter), cell pellets of human Y79 and WERI-RDb27 retinoblastoma cell lines, and archival human retino-
blastoma pathological specimens. Hoechst dye exclusion, mediated by the stem cell surface marker ABCG2 (ATP-bind-
ing cassette transporter, G2 subfamily), was assessed by flow cytometry in mouse tumors and WERI-Rb27 cells.
Results: Small numbers of retinoblastoma cells (less than 1%) exhibited immunoreactivity to stem cell markers ABCG2,
aldehyde dehydrogenase 1 (ALDH1), MCM2 (minichromosome maintenance marker 2), SCA-1 (Stem cell antigen-1),
and p63. Hoechst dye uptake in mouse tumors and WERI-Rb27 cells was enhanced by additidvl ®&&pamil,
consistent with activity of the calcium-sensitive ABCG2 protein. Flow cytometric analysis confirmed the presence of
small subpopulations of cells excluding Hoechst dye in mouse retinoblastoma tumors (0.3%) and WERI-Rb27 cells (0.1%)
in a verapamil-sensitive manner. ABCG2 and ALDH1 positive cells were Hoechst-dim, as seen by dual labeling in vitro.
Conclusions: Mouse and human retinoblastoma tumor cells contain a small subpopulation of cells that exhibit a cancer
stem cell-like phenotype. Especially significant is the expression of ABCG2 in mouse and human tumor cells, a calcium-
sensitive cell surface protein that not only acts to exclude Hoechst dye, but also confers resistance to over 20 different
chemotherapeutic agents. These findings point to a heterogeneity in retinoblastoma tumors that may have significant
impact on future treatment strategies.

Retinoblastomas arise when both alleles ofrthgene The hypothesis of cancer “stem cells” originates from pre-
are inactivated in the same retinobl&ktcodes for a nuclear vious observations that not every cell within a tumor can main-
phosphoprotein that regulates retinoblast proliferation anthin tumor growth, and that large numbers of tumor cells are
development [1]. As proposed more than two decades agoeeded to transplant a tumor. Some cancers appear to contain
retinoblastoma arises from a primitive neuroectodermal ceitem-like cells (cancer stem cells) that are slowly dividing,
[2]. The malignant cells typically express a restricted set ofhemoresistant, and are capable of tumor progression [8,9].
markers, particularly IRBP and cone-specific genes, and formiihe existence of cancer stem cells was first shown in acute
various rosette structures representing photoreceptor diffemyeloid leukemia [10,11] and has since been demonstrated in
entiation. This expression pattern follows the cone photoresther cancers, including breast cancer [12] human brain tu-
ceptor default pathway of retinal development. Thus, althoughmors [13] and even the C6 glioma cell line, maintained in
the target cell is a pluripotent retinoblast, the cellular phenczulture over many years [14]. Therefore, there is precedent
type largely resembles that of photoreceptors, in which condsr the persistence of cancer stem cells with unique stem cell-
are the dominant cellular phenotype [3,4]. For many years, dike properties. Yet, we still do not know whether all cancers
elusive goal has been to identify the retinoblastoma cell cdre organized into a hierarchy of cells with different prolifera-
origin [5]. There has been a general consensus in the literatuiee and differentiation potentials.
that primitive neuro-ectodermal cells are in some way involved  ABCG2 (or BCRP), an ATP-binding cassette transporter
in RB tumorigenesis [6,7]. More recently, the theory of a “canin the G2 subfamily, is a cell surface, drug-resistance marker
cer stem cell” component to retinoblastoma has been put fothat has been utilized to identify stem cells from a variety of
ward [5]. tissues, including tumors and leukemias. Specifically, ABCG2

expression confers upon cells the ability to exclude Hoechst
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oping retina [21]. The side population has been identified astacally significant correlations between expression of stem cell
group of cells able to exclude the Hoechst 33342 dye, a chanarkers and tumor stage, treatment or prognosis. This will be
acteristic abolished with 50M verapamil treatment [22]. The the topic of a future study.

SP phenotype, coupled with expression of stem cell markers Immunohistochemistry: Table 1 lists the primary anti-
are two of the hallmarks of stem cells, both cancer stem cellmdies, their sources, and concentrations for all staining tech-
and otherwise. In the present study, we tested the hypothesigjues used in this report. For negative controls, we tested
that retinoblastoma contains subpopulations of cells that exhese antibodies on mouse fibroblasts (NIH 3T3 cells) and

press these unique stem cell characteristics. human cervical carcinoma cells (HeLa cells), with no staining
observed (data not shown). Paraffin-embedded retinal tissue
METHODS sections of archival human specimens were rehydrated through

Animals: Animal experiments were performed in accordancexylene and graded alcohols and underwent antigen retrieval.
with NIH guidelines (DHEW publication NIH80-23) and with Antigen retrieval was accomplished by placing slides in 10
approval by the Institutional Animal Care and Use CommitimM sodium citrate buffer (pH 6.0), heated at°@for 10
tee of the Veterans Affairs Medical Research Service. Freghin. The slides and buffer were then cooled to room tempera-
retinoblastoma (RB) tumors were harvested from adult SV4€re over an interval of 20 min, followed by three rinses in
B-LH-T-Ag mice. Breeding pairs of mice for the initiation of water for 2 min each. The water was blotted off and the pri-
our colony were generously provided by Dr. Daniel Albertmary antibody was added to the slides. Frozen sections skipped
[23]. The mouse model was created by expression of a viréthe previous steps and were rinsed directly in PBS, then car-
oncogene (simian virus 40 T-Antigen), in the retina ofried through the rest of the protocol. Goat serum (5%) was
transgenic mice, resulting in heritable ocular tumors with hisused for blocking of nonspecific staining on slides. All tissue
tological, ultrastructural and immunohistochemical charactersections were incubated in 0.25% Triton X-100 for 5 min. After
istics comparable to those of human RB [23]. Animals wera rinse in phosphate-buffered saline (PBS), sections were in-
killed by CQ, inhalation and their eyes placed in 4% paraform-cubated for 1 h with primary antibody. After rinsing three times
aldehyde buffered with PBS. The fixed eyes were incubatefibr 5 min each in PBS, sections were incubated wii/inl
in 30% sucrose and OCT compound. Frozen sections weod biotinylated goat anti-rabbit or anti-mouse immunoglobu-
cut for immunohistochemistry. lin (Zymed/Invitrogen, Carlsbad, CA) for 60 min. Tissue sec-
Cdlls: For cell culture studies, we used the well-estabtions were incubated for 20 min with horseradish peroxidase-
lished cell lines Y79 [24] and WERI-Rb27 [25], derived from conjugated avidin (Elite kit, Vector Laboratories, Burlingame,
genetically related donors [26]. The WERI-Rb27 cell line wasCA). The sections were rinsed in 0.05 M Tris (pH 7.4) and
derived from a 24-month-old boy with bilateral retinoblas-antigens were detected with diaminobenzidine (Vector). The
toma, with abnormal mRNA transcripts corresponding to thérown to black reaction product was visualized by light mi-
retinoblastoma gene. Y79 cells originated from the intraocueroscopy. Negative controls that consisted of incubations in
lar tumor of a 2 1/2 year-old female. WERI-Rb27 cells weres% isotype control serum without primary antibody did not
maintained in DMEM with 10% calf serum, 1X MEM nones- generate reaction product.
sential amino acids (GIBCO, Grand Island, NY), 1X MEM Fluorescent immunostaining in suspension: WERI-Rb27
vitamins (GIBCO), 0.37% sodium bicarbonate, 0.058% I-cells and dissociated mouse tumor cells were double labeled
glutamine and 10Qg/ml gentamicin. Y79 cells were main- in suspension with Hoechst 33342 and either ABCG2 or
tained in RPMI 1640 with 20% fetal calf serum, 0.37% so-ALDH1. Cells (2x10) were centrifuged at 800 rpm (149x g)
dium bicarbonate, 0.058% I|-glutamine, 10 mM HEPES, andor 5 min. The supernatant was decanted and cells resuspended
100ug/ml gentamicin. in 4 ml of DMEM with 10% calf serum. Hoechst 33342 dye
Human archival RB tumor specimens. Serial paraffin sec- (Molecular Probes, Eugene, OR) was added&d/Bl, and
tions of three human RB tumors were examined for the presells were incubated at 3T for 90 min. Cells were washed
ence of stem cell markers. Three human RB cases were ugedce in PBS and centriguged at 149x g for 5 min. Cells were
for comparison with the human cell lines and mouse tumorsesuspended in 200 PBS and divided into two tubes. No
However, three human cases were insufficient to make statiblocking serum was used. One tube received @@l
ABCG2 antibody and was incubated 1 h at room temperature,
while the other tube received 5% isotype control antibody.

TABLE 1. PRIMARY ANTIBODIES

Antibody  Conpany (catal og number)  Concentration Cells were washed two times with PBS and resuspended in
----------------------------------------------- 100 ul PBS. TRITC conjugated anti-mouse 1gG (Sigma
ABCGZ Signet Labs (BXP-21) 6.25 g/ Chemical, St. Louis, MO) was added at 1:100 dilution to both
ALDH1 Transduction Labs (A84320) 2.5 ug/n b Cell . b dfor1h t Cell
SCA-1 BD Bi osci ences (E13. 161, 7) 5 ug/ni tubes. Cells were incu atg or 1 hatroom tempera.ure. ells
MCMR Santa Cruz Bi ochem (N-19) 2 ug/ m were washed two times with PBS and resuspended in residual
p63 BD Bi osci ences (55951) 5  ug/m supernatant after decanting, then pipetted onto a slide and

This is a listing of the primary antibodies used for immunocytochemgoverSIIpped for microscopic viewing. Fluorescent cells were

istry, along with commercial sources and working concentrations fo\{isualized with a Nikon ES600 microscope with epifluorespent
staining. filters for Hoechst and TRITC. Images were captured with a
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SONY ICX 285AL SPOT camera (Diagnostic Instruments,verapamil-sensitive Hoechst 33342 dye uptake in WERI-Rb27
Sterling Heights, Ml). cells, Y79 cells, and mouse tumor cells, but not NIH 3T3 mouse
Identification of side populations: Methods for identifi-  fibroblast cells [28]. In this study, we examined cells from
cation of side populations were adapted from previous reportaouse tumors, and WERI-Rb27 cells for the presence of side
[26,27]. Briefly, cells were incubated withyg/ml Hoechst  populations by flow cytometry. As seen in Figure 1, a small,
33342 dye (with or without verapamil (MP Biomedicals, but persistent number of cells (0.3% for the mouse tumor, 0.1%
Eschwege, Germany)) for 90 min, rinsed in PBS and centrfor WERI-Rb27) displayed uptake of Hoechst 3342 dye that
fuged at 149x g for 5 min. Cells were resuspended in PB®as abolished by the addition of B verapamil, the defini-
with 2 ug/ml propidium iodide (Sigma). Cell samples (mousetion of a side population [22]. As seen in Figure 1, boxes are
tumor cells and WERI-Rb27 cells) were analyzed at thelrawn that bound the area of the side population.
Roswell Park UV cell sorter facility using a FACSVantage ABCG?2 staining co-localizes with Hoechst-dim cells in
cell sorter with Turbosort with UV capabilities and CellQuestRB: The presence of side populations in RB cell cultures, as
software for data acquisition and analysis. An Argon laser (33%een in Figure 1, led us to examine the co-localization of
363 nm) was used to excite the Hoechst dye. Fluorescenttmechst-dim cells with ABCG2 immunoreactive cells in SV40
emission was collected with a 405/30 nm band pass filter fg3-LH-T-Ag mouse tumors, WERI-Rb27, and Y79 cells. If, in
Hoechst blue and a 660 nm ALP (long pass filter) for Hoechdact, ABCG2 confers the ability to exclude Hoechst dye, one
red. Dead cells were excluded by propidium iodide fluoreswould predict that cells immunoreactive for ABCG2 would
cence at 564-606 nm. The side population “SP” was identiecessarily be Hoechst-dim. This result is shown in Figure 2.
fied as a group of cells able to exclude the Hoechst dye, la each case, cells that were ABCG2 bright (less than 1% of
characteristic abolished with 5®/ verapamil treatment [22]. the population, Figure 2A,E,l), were Hoechst-dim (Figure
2B,F,J), as seen definitively in the merged image (Figure
RESULTS 2C,G,K). Brightfield images were captured (Figure 2D,H,L)
RB side populations (SPs) detected by flow cytometry: Inpre-  to ensure that the labeled cells appeared healthy and intact. It
vious studies, using a novel microtiter assay, we have showwas important to determine cell morphology, as less intact cells

Hoechst Hoechst+Verapamil Figure 1. RB side populations (SPs)
MS_TMR-PI_HO MS_TMR-PI_HO detected by flow cytometry. Side
populations, characteristic of a stem
cell phenotype, are identified by
verapamil-sensitive exclusion of the
Hoechst 33342 fluorescent dye. In
this experiment, cell suspensions
were incubated with Hoechst 33342
dye and analyzed by flow cytometry
; as described in Methods. Cancer
£ P / & stem cells would be expected to ex-
.,J / clude the dye, except in the presence
Vi Mouse tumor A Mouse tumor of verapamil, a drug that can abol-
: : s ish the dye excluding properties of
50 100 o 4{.‘50 200 1 gﬂﬁg} 50 100 150 200 250 the ABCG2 transporter. The fluores-
uv-za (x1000) cence intensities of each cell in a
WERI-PI_HO WERI-PI HO VER population of at least 10,000 are
plotted (Hoechst blue [y-axis] ver-
sus Hoechst red [x-axis]). The axes
represent fluorescence intensities.
The side population region was de-
fined on the basis of fluorescence
emission in both red and blue wave-
lengths. Boxes were drawn (labeled
P4) to indicate verapamil-sensitive,
i Hoechst-excluding side popula-
-t tions. Both WERI-Rb27 and fresh
SV40BLH-T-Ag mouse RB tumors
were found to contain side popula-
tions, and the percentage of cells in

WERI-Rb27 WERI-Rb27 the boxes (as a percentage of the

U U T L LR LR UL R AL total number of live cells) is given
50 100 150 200 250 . "y
Uv-2A (x1000) 50 100 wix 2 ado) in each plot. Cells within these P4

boxes are putative cancer stem cells.
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occasionally took up the TRITC-conjugated secondary antifisotype control serum) is shown in Figure 4A. Stem cell/pro-
body in a nonspecific manner. genitor cell markers were detected immunohistochemically
ALDHL1 staining co-localizes with Hoechst-dim cellsin in small numbers of mouse RB tumor cells (less than 1%).
RB: Aldehyde dehydrogenases (ALDHS) are intracellular enThese markers included: ALDH1 (Aldehyde dehydrogenase-
zymes that oxidize aldehydes to carboxylic acids [29]. Mea1, Figure 4B), SCA-1 (mouse-specific stem cell antigen, Fig-
sures of ALDH1 activity have been used successfully to erdre 4C) [19], the chemoresistance marker ABCG2 (Figure 4D),
rich for hematopoetic progenitor populations [30]. We staine@nd p63 (Figure 4E), a marker expressed by corneal limbal
WERI-Rb27 and Y79 cells to detect the presence of ALDH1epithelial stem cells [31]. It is important to note that there are
immunopositive/Hoechst dim cells that would further indi-six known isoforms of p63 with distinct subcellular localiza-
cate a potential cancer stem cell phenotype. In each case, ceitsr patterns (nuclear versus cytoplasmic) and different anti-
that were ALDH1 bright (less than 1% of the population, Fig-body specificities. The particular antibody that we used from
ure 3A,E), were Hoechst-dim (Figure 3B,F), as seen morBD Biosciences is clone 4A4, a mouse IgG2A made against
definitively in the merged image (Figure 3C,G). Brightfield the N-terminal portion (amino acids 1-65) of a p63-GST fu-
images were captured (Figure 3D,H) to ensure that the labelstbn protein that cross reacts with both human and mouse p63.
cells appeared healthy and intact. This antibody detects both nuclear and cytoplasmic portions
Subpopulations of mouse RB cellsareimmunoreactiveto  of the protein. In all cases, these markers were observed in
stem cell markers: We examined immunoreactivity of stem frozen sections of mouse RB tumors, with less than 1% of the
cell and progenitor markers in frozen sections of Sp48-  cells immunoreactive.
T-Ag mouse tumors (Figure 4). A negative control panel

WERI-RB27 Mouse Tumor

Figure 2. Co-localization of
ABCG2 staining with
Hoechst-dim cells in human
and mouse RB. For each cell
type, we examined ABCG2
immunoreactivity along with
Hoechst dye uptake in a dual-
labeling experiment. Stem
cells that reside in a side popu-
lation are typically ABCG2-
bright and Hoechst-dim. The
left column @A-D) illustrates
the same field of WERI-Rb27
cells. The middle columrEf
H) illustrates the same field of
Y79 cells. The right columni{

L) shows the same field of
mouse RB tumor cell#\ E,I:
ABCG2 immumnoreactivity
(red).B,F,J: Hoechst dye up-
take (blue)C,G,K: A merged
image (red and blue) of the top
two rows.D,H,L: Brightfield
images. Arrows point to bright
red cells that are immunoreac-
tive for ABCG2 and Hoechst-
dim, characteristic of cancer
stem cells. Scale bars represent
10 wm.
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WERI-RB27
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Figure 3. Co-localization of ALDH1 staining with Hoechst-dim cells in RB. For each cell type, we examined ALDH1 immuntyreéuniyi

with Hoechst dye uptake in a dual-labeling experiment. Cancer stem cells would most likely be ALDH1-bright and Hoechstapimnowhe
(A-D) illustrates the same field of WERI-Rb27 cells. The bottom W] illustrates the same field of Y79 celfs,E: ALDH1 immunore-
activity is shown in redB,F: Hoechst dye uptake is shown in blGeG: Merged images of ALDH1 immunoreactivity and Hoechst dye uptake
in WERI-Rb27 cells and Y79 cell lin@®,H: Brightfield images. Arrows point to putative cancer stem cells that are immunoreactive for
ALDH1 and Hoechst-dim. Scale bars represenirh0

¥
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Figure 4. Subpopulations of SV#QH-T-Ag mouse tumor cells immunoreactive to stem cell markers. Immunoreactivities of stem cell and
progenitor markers were determined in frozen sections of VKOT-Ag mouse tumors. Stem cell/progenitor cell markers were detected
immunohistochemically in small numbers (less than 1%) of tumor £ellegative control panel (goat serum instead of primary antibody).
B: ALDH1 (Aldehyde dehydrogenase-0). SCA-1 (mouse-specific stem cell antigdd) Stem cell/chemoresistance marker ABCBE2163

(a marker of corneal limbal epithelial stem cells [31]). Scale bars represgnt. 10
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Subpopulations of cellsin human RB tissues areimmu-  after primary RB are believed to result from Btemutation
noreactive to stem cell markers: We examined immunoreac- itself, radiation-induced neoplasms, or seeding and invasion
tivity of stem cell and progenitor markers in archival humarof metastatic tumor cells. We propose yet another possible,
retinoblastoma specimens (Figure 5). These markers includednmutually exclusive, mechanism: The persistence of sub-
the stem cell/chemoresistance marker ABCG2 (Figure 5A,Bpopulations of RB cancer stem cells that escape chemotherapy
and ALDH1 (Aldehyde dehydrogenase-1, Figure 5C). Intereould cause metastasis. As evidence, we present a small sub-
estingly, ABCG2 immunoreactive cells were seen sporadicallpopulation of RB cells that exhibit some characteristics of a
in the retina (Figure 5B). In both cases, the number of immuzancer stem cell phenotype including the ABCG2 chemore-
noreactive cells was less than 1% of the total number of cellsistance marker.

Expression of MCM2 in RB: MCM2 (minichromosome We found that expression of MCM2, a neural stem cell
maintenance protein 2) exhibits G1 phase-specific expressionarker, is evident not only within the RB tumor itself, but
and is a useful marker for detecting slowly cycling putativesporadically within histologically unaffected areas of the retina
neural stem cells in situ [32]. MCM2 is correlated with poorin RB patients. Tumorigenic cells with characteristics similar
prognosis in lung carcinoma [33]. We examined archival specto neural stem cells have been isolated from pediatric brain
mens of human RB and detected an interesting pattern afmors [36]. These cells were multipotent, self-renewing and
MCM2 expression (Figure 6). MCM2 immunoreactive cellsable to produce proliferating neurospheres with the capacity
were seen in tumor tissues surrounding blood vessels (Figute differentiate into neurons and glia. In a separate study [13],
6A), adjacent to the optic nerve (Figure 6B), and sporadicallg cell derived from human brain tumors expressed the surface
within the retina itself, both in the inner nuclear layer and phomarker ABCG2, self-renewed, and could differentiate in cul-

toreceptor layer (Figure 6C-E). ture to form tumor cells that resembled the original tumor. In
addition, there was a positive correlation between self-renewal
DISCUSSION capacity and increasing aggressiveness of the original tumor.

One present challenge in the treatment of retinoblastoma This may explain the poor prognosis of patients having MCM2
the incidence of metastatic or secondary tumors that redua@munoreactivity in lung carcinomas [33], and MCM2 could
life span and quality of survival. Patients with germline ret-be a similarly important clinical marker in RB, as well. Tu-
inoblastoma have a markedly increased frequency of seconghors containing a higher percentage of cancer stem cells may
ary malignant neoplasms [34]. Those who survive are at irmetastasize and spread more readily. As evidence for cell hi-
creased risk for developing additional malignancies at a ratrarchy within solid tumors, Al-Hajj et al. [12] injected hu-

of about 2% per year [35]. Additional malignancies that occuman breast cancer cells into mice and identified a distinct sub-
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Figure 5. Subpopulations in human RB tissues immunoreactive to stem cell markers. We examined immunoreactivities ofiatkenscell
ABCG2 and ALDHL1 in archival human retinoblastoma specimens. The chemoresistance marker ABCG2 was seen in areas oARB tumor (
and sporadically within the retina itseB)( ALDH1 (Aldehyde dehydrogenase-1) immunoreactive human RB tumor cells are sh@yn in (
Immunoreactivity for both ABCG2 and ALDH1 in human tumors suggest the presence of cells that have a stem cell phenobgrs. Scale
represent 1Qum.
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population capable of generating heterogeneous primary angdre, and form tumors containing both glia and neurons, when
secondary tumors similar to the original pathology specimengjected into nude mice [14]. It is unknown how long-term
Their results suggested that the tumorigenic cells can both seffropagation may affect RB heterogeneity. Therefore, we in-
renew and form nontumorigenic cancer cells [12]. cluded fresh RB mouse tumors, along with preserved human
Despite the many years since they were first propagatguhthological specimens in our analysis.

in culture, Y79 and WERI-Rb27 cells appear to have retained In summary, mouse and human RB tumor cells contain a
their heterogeneity, with regard to cancer stem cell charactesmall subpopulation of cells that exhibit some cancer stem
istics. As precedent, Kondo et al. [14] analyzed the regeneraell characteristics. Especially significant is the expression of
tive and tumor formation potential of six well-known cell lines: ABCG2, a calcium-sensitive cell surface protein that not only
C6 (rat glioma), MCF-7 (breast cancer), U-20 and SaOS-acts to exclude Hoechst dye, but also confers resistance to
(osteosarcoma), B104 (rat neuroblastoma), and HelLa (adenover 20 different chemotherapeutic agents. Previous studies
carcinoma, cultured over 50 years). They found that all buishowed heterogeneous drug resistance marker immunoreac-
the U-20 and SaOS-2 cells contained side population cells. tivity in pathology specimens of retinoblastoma, namely the
the C6 glioma line, sorted SP cells could produce both new SRultidrug resistance proteins (MDR)-P-glycoprotein (P-gp)
and non-SP cells in culture, produce neurons and glia in cuknd vault protein lung resistance protein (LRP) [37]. The pres-

- & B Figure 6. MCM2 immunoreac-
A B ‘ ™3 tivity in human RB tissues and
" retina. MCM2 was localized

retinoblastoma specimens.
Positive nuclear staining was

y / & @ by immunoreactivity in human

o evident in tumor cells that are
. around blood vessels (BW)
8 and those in solid regionB).
BV 8 /a - . Immunoreactive nuclei were
| L found sporadically within the
. retina in the inner nuclear layer

(C,D) and the photoreceptor
layer €). Scale bars represent
10 wm.
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ence of these resistance markers, including now ABCG2, suf-Pardal R, Clarke MF, Morrison SJ. Applying the principles of stem-
gests the possibility of subpopulations of RB cells that can _ cell biology to cancer. Nat Rev Cancer 2003; 3:895-902.
escape standard chemotherapeutic treatments. In this stuflyReya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, can-
we describe specific stem cell characteristics in retinoblas- €' and cancer stem cells. Nature 2001; 414:105-11.
. 10. Bonnet D, Dick JE. Human acute myeloid leukemia is organized
toma, but we cannot yet assert that these are conclusively can- . o L -
as a hierarchy that originates from a primitive hematopoietic

cer stem cells. More studies are needed. Self-renewal experi- .. nat Med 1997: 3:730-7.

ments, using sorted cells, could be used to show that the isfy. | apidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-
lated side population can eventually generate a population that  Cortes J, Minden M, Paterson B, Caligiuri MA, Dick JE. A cell
resembles the original unsorted population. In addition, we initiating human acute myeloid leukaemia after transplantation
are in the process of determining resistance to a panel of che- into SCID mice. Nature 1994; 367:645-8.
motherapy drugs, another hallmark of cancer stem cells. Fd2. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke
ture studies involving transplantation of sorted cells (with and ';)’":- P&Oificti‘aeéd?’sifgfiggg;tulrggrgggesnsicgb“éaﬁtca”99r ;e”s-
: : H roc Na cal Cl ) . -o. efratum In: Froc
vr;/:g;;):t; ggirgtc;tztei;?py treatments) will address the issue of Natl Acad Sci U S A 2003; 100:6890.

Mai hall h b bef d 13. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire
ajor challenges have to be overcome before our under- J, Dirks PB. Identification of a cancer stem cell in human brain

standing of cancer stem cells can be harnessed and translated yymors. Cancer Res 2003: 63:5821-8.

to meaningful treatments for patients. These challenges in4. Kondo T, Setoguchi T, Taga T. Persistence of a small subpopula-
clude identifying the stem cell subpopulation, characterizing tion of cancer stem-like cells in the C6 glioma cell line. Proc
differentiation and tumor-forming potential, and deciding the  Natl Acad Sci U S A 2004; 101:781-6.

best therapeutic strategy based upon these findings. The &g Kim M, Turnquist H, Jackson J, Sgagias M, Yan Y, Gong M,
istence of even a small subpopulation of chemoresistant can- D&an M, Sharp JG, Cowan K. The multidrug resistance trans-
cer stem cells in retinoblastoma would have a significant im-  P"ter ABCG2 (breast cancer resistance protein 1) effluxes

act on therapeutic strategies necessary for tumor eradication Hoechst 33342 and is overexpressed in hematopoietic stem cells.
P b 9 y * Clin Cancer Res 2002; 8:22-8.
16

. Scharenberg CW, Harkey MA, Torok-Storb B. The ABCG2 trans-
porter is an efficient Hoechst 33342 efflux pump and is prefer-
entially expressed by immature human hematopoietic progeni-
tors. Blood 2002; 99:507-12.
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