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Stem cells in the etiology and treatment of cancer

Mei Zhang and Jeffrey M Rosen

Using approaches first applied in human leukemias, recent
progress has been made in the identification of putative cancer
stem cells in several different carcinomas and other solid
cancers. Additional studies have suggested that cancer stem
cells may be derived not only from transformation of quiescent,
long-term stem cells but also from short-lived progenitors that
then obtain the ability to undergo self-renewal. Therefore, the
heterogeneity observed in many types of human cancers may
reflect both the activation of specific oncogenes and/or loss of
specific tumor suppressor genes and the different stem and/or
progenitor cell populations in which these genetic or epigenetic
events occur. Similarities have been observed in the pathways
regulating stem cell homing and metastasis, and increasing
evidence also suggests that treatment failure and the
recurrence of human cancer may reflect the intrinsic
quiescence and drug resistance of cancer stem cells.
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Introduction

The concept that stem cells might be important in the
etiology of cancer originated more than a century ago
(reviewed in [1]). In the past two decades, there has been
increasing evidence that tumors might also contain cancer
stem cells, rare cells with indefinite proliferative potential
that account for the growth of tumors and which might be
resistant to conventional therapies. By definition, an adult
stem cell is a cell that comes from a given organ, has long-
term replicative potential and possesses the ability to both
self-renew and differentiate into the cellular components
of that organ [2]. This unique property of stem cells to
undergo self-renewal divisions is tightly regulated in nor-
mal organogenesis, and the de-regulation of self-renewal
might be one of the key events involved in carcinogenesis.

Evidence for the existence of cancer stem cells, a limited
population of tumor cells also capable of self-renewal and

responsible for giving rise to all components of a hetero-
geneous tumor, was first demonstrated in acute myelo-
genous leukemia (AML). In pioneering studies by John
Dick and his colleagues, it was shown that only a minority
of the leukemic cells exhibited the necessary pluripo-
tency to reconstitute tumors in the bone marrow of
NOD-SCID (non-obese diabetic—severe combined
immunodeficiency) mice [3,4]. Subsequently, a landmark
study in 2003 provided proof of principle using mouse
models, by demonstrating that inhibiting tumor stem cell
self-renewal after deletion of the polycomb gene Bmil
could prevent leukemic recurrence [5°].

Until recently, the identification of solid tumor stem cells
has remained elusive. In studies of human leukemic
cancer stem cells, investigators used FACS (fluores-
cence-activated cell-sorting) with a set of unique cell
surface markers to isolate a subpopulation of tumor cells;
these cells were then transplanted into immuno-compro-
mised NOD-SCID mice. Using an analogous approach,
Michael Clarke and colleagues employed cell surface
markers to isolate a subpopulation of highly tumorigenic
breast cancer cells from several human breast cancers,
primarily from metastatic pleural effusions [6].

These studies have engendered a great deal of interest
both with the scientific community and with clinicians,
because they represent a paradigm shift for the develop-
ment of new cancer treatments. The cancer stem cell
hypothesis fundamentally alters the way that we look at
cancer recurrence. Using the terms ‘‘cancer stem cells” or
“tumor stem cells” to search PubMed for the five-year
period between 2001 and the present generates more than
700 citations for articles and reviews. Approximately two
years ago, Michael Clarke and his colleagues published a
review in Current Opinion in Genetics & Development,
entitled ‘““T'herapeutic implications of cancer stem cells’
[7]. 'Thus, our review focuses on progress in this rapidly
exploding field over the past two years and discusses
several key questions that remain to be answered.

Origin of cancer stem cells

There are several fundamental questions yet to be
resolved: what is the cell of origin of cancer stem cells?
Are they derived only from transformation of quiescent,
long-term stem cells or can short-lived progenitors
regain the ability to undergo self-renewal? Because
the hematopoietic stem cell lineages are the best char-
acterized, these questions have been addressed primar-
ily in studies of the origin of leukemias. Evidence from
the study of AML has revealed that stem-like leukemia-
initiating cells that are obtained from various subtypes of

Current Opinion in Genetics & Development 2006, 16:60-64

www.sciencedirect.com



Stem cells in the etiology and treatment of cancer Zhang and Rosen 61

AML exhibiting different stages of differentiation share
similar cell-surface markers with the normal long-term
hematopoietic stem cells, suggesting that the cancer
stem cells originated from the transformed normal stem
cells and not from the more committed progenitors [3,8].
T'his hypothesis has been supported also by functional
assays showing that leukemic stem cells, in a similar
fashion to hematopoietic stem cells, are arranged as a
hierarchy of cells with different self-renewal capacities

[9].

By contrast, studies by Weissman and colleagues have
suggested that not only the long-term hematopoietic stem
cells but also the committed short-lived myeloid progeni-
tors can be transformed and give rise to tumors with
comparable latencies, phenotypes and gene expression
profiles [10-12]. For example, short-lived myeloid pro-
genitors transduced with the MLL-ENL (mixed-lineage
leukemia—eleven nineteen leukemia) fusion oncogene
gave rise to AML with similar latencies compared with
those of prospectively isolated stem cells. These experi-
ments performed using mouse models have been
extended to the granulocyte-macrophage progenitors iso-
lated from patients at several different stages of chronic
myelogenous leukemia (CML). These studies revealed
that activation of B-catenin in CML granulocyte-macro-
phage progenitors enhanced their self-renewal potential
and leukemic activity. A similar conclusion was obtained
by Huntley ¢ a/. [13°], who studied the transformation of
committed myeloid progenitors with the leukemic onco-
gene MOZ-TIF2 (monocytic leukemia zinc finger pro-
tein—transcriptional intermediary factor 2). Similar to the
previous studies with MLI—~ENL, MOZ-TIF2, but inter-
estingly not BCR-ABL (Breakpoint cluster region—Abel-
son), was able to induce AML, which could be serially
transplanted. Thus, these results support the hypothesis
that some, but not all, leukemia oncogenes can confer
self-renewal properties to both the committed progeni-
tors and mediate their transformation to leukemia. These
studies also suggest that the heterogeneity observed in
many types of human cancers may reflect the activation of
specific oncogenes and/or loss of specific tumor suppres-
sor genes and the different stem and/or progenitor cell
populations in which these genetic or epigenetic events
occur [14].

Extension of these studies to solid tumors has been
hampered by the lack of detailed markers to characterize
cell lineages in both normal tissues and tumors derived
from these tissues. Nevertheless, in lung [15], brain [16—
18] and prostate [19] — to list a few examples — a variety
of different cell surface markers have been identified that
enable the functional isolation of stem and/or progenitor
cells that can initiate tumorigenesis. Somewhat surpris-
ingly, a subpopulation of highly tumorigenic cells has
been isolated also from several immortalized cancer cell
lines [20-22].

Drug resistance in stem cells

Stem cells potentially can undergo self-renewal and dif-
ferentiation throughout the entire lifetime of the organ-
ism. Thus, it is not surprising that members of a self-
defense system against xenobiotics — members such as
ATP-binding cassette transporters — are highly
expressed in stem cells. For example, the breast cancer
resistance protein (BCRP-ABCG?2), a specific ATP-bind-
ing cassette transporter, is expressed in a variety of stem
cells, such as hematopoietic stem cells, and its expres-
sion was greatly reduced in more committed cells as a
function of differentiation [23]. Cancer stem cells are
believed to maintain this property. Thus, side popula-
tion (SP) cells, which efflux Hoechst dye, have been
suggested to be frequently involved in human AML and
may be a target for leukemic transformation [24]. More
recently, it has been shown that BCRP was highly
expressed in CD347/CD38™ cells, a proposed stem cell
subpopulation from human normal bone marrow and
bone marrow from AML patients, and was actively
involved in the drug efflux [25]. Such SP cells also have
been identified from a variety of primary cancers, includ-
ing brain, breast and lung cancer, as well as cancer cell
lines [26°]. Research shows that they are enriched in the
putative cancer stem cells, and are responsible for the
resistance to chemotherapy [27].

ATP-binding cassette protein family members, such as
ABCG2, ABCB1/MDR-1 (multi-drug resistance-1),
ABCC1, and ABCAZ, have been reported to be respon-
sible for the SP phenotype [28,29]. However, ABCG2*
and ABCG2™ cells generated from several cancer cell
lines, including those of prostate, breast and glioma,
showed similar tumorigenicity [22]. Therefore, further
studies need to be done to correlate the expression of
other ATP-binding cassette transporters, their contribu-
tion to the SP phenotype, and their functional role in the
resistance of stem cells to chemotherapy.

Cancer stem cells and clinical significance

Another fundamental question that remains to be
answered is, ‘“what are the key differences between
signaling pathways in normal and cancer stem cells that
might provide a therapeutic window?”” Elucidation of the
mechanisms responsible for the recurrence of the malig-
nant disease is one of the crucial issues in cancer research.
In some cancers, such as breast cancers, 25% of recur-
rences may occur after a period of 10 years, and the
properties of these tumors are almost always similar to
those of the primary tumors [30,31]. Cancer stem cells,
although they may only comprise a very small proportion
of the cells within a tumor, are believed to be relatively
quiescent, therefore avoiding the toxicity of the anti-
cancer drugs that target the rapidly dividing cells. In
addition to the tumor suppressor gene PTEN [35] and
the polycomb gene Bmil [36], molecular signaling path-
ways that play a role in normal stem cell self-renewal —
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pathways such as Wnt [32], Hh [33] and Notch [34] — also
actively participate in cancer development.

For example, Bmil is required for maintenance of adult
stem cells in some tissues because it represses genes such
as Ink4a and Asf that induce premature cellular senes-
cence and cell death [37,38]. Interestingly, an 11-gene
signature has been derived by a comparison of genes
involved in the Bmil-driven pathway in neural stem cells
with those involved in metastasis in the TRAMP (trans-
genic adenocarcinoma of the mouse prostate) mouse
model of prostate cancer [39]. This signature has been
suggested to represent a subset of highly malignant
cancers with a high probability of recurrence. Although
the prognostic significance of these studies remains to be
validated, they do support the hypothesis that stem and/
or progenitor cells may be responsible for both metastasis
and cancer recurrence.

A comparison of the pathways regulating stem cell hom-
ing with those involved in metastasis may also provide
important new insights into the mechanisms involved in
both metastasis and quiescence. For example, the SDF1-
CXCR4 (stromal cell-derived factor—-CXC chemokine
receptor 4) axis appears to be a pivotal regulator of not
only trafficking of stem cells in the body but also of
metastasis [40]. This has led to the hypothesis that
migrating cancer stem cells are derived from normal stem
cells by genetic alterations that influence both ‘stemness’
and epithelial-mesenchymal transition [41°]. In this
regard, elevated Hh pathway activity has recently been
reported to distinguish metastatic from localized prostate
cancer [42°], potentially as a consequence of increased
Smoothened expression. Furthermore, Beachy and his
colleagues have suggested that Bmil may be a down-
stream target of the Hh pathway.

So, is it possible to selectively target these pathways
involved in cancer stem cell self-renewal? Treatment
of mice, with Hh pathway inhibitors, such as cyclopamine
[43] or cyclopamine analogs [44], inhibits the growth of
medulloblastomas in both xenograft and genetically engi-
neered mouse models, without any apparent toxicity.
Thus, in the absence of tissue injury or inflammation,
the Hh pathway may be inactive in most normal adult
tissues [33], thus minimizing the toxicity of these inhi-
bitors. Inhibition of the Notch pathway with specific
gamma-secretase inhibitors provides another potential
target to inhibit cancer stem cell self-renewal, although
in this case a potential toxicity may be goblet cell meta-
plasia [45].

Additional approaches may include the identification of
markers that are differentially expressed on cancer stem
cells. For example, a CD347/CD38™ subpopulation in
hematopoietic stem cells and leukemic stem cells
expressed different cellular markers, with Thy-1 and c-

kit only expressed on hematopoietic stem cells [46,47],
and IL-3 (interleukin-3) receptor a-chain uniquely on
leukemic stem cells [48]. Further studies identifying
cancer stem cells from different types of tumors and
performing comparative gene expression profiles with
their normal stem cells counterparts may help identify
potential therapeutic targets. The key to these studies
will derive from an understanding of the factors and
pathways regulating normal development and stem cell
renewal. For example, adult human stem cells, immorta-
lized non-tumorigenic cells, and tumor cells and cell lines,
but not differentiated cells, have been reported to express
Oct-4 (Octamer-4), a transcription factor known to be
important for pluripotency in embryonic stem cells [49].
Oct-4 expression has also been observed in highly tumori-
genic CD44*/CD24~ breast cancer initiating cells [20].
Interestingly, overexpression of Oct-4 has been shown
recently to result in dysplastic growths of epithelial tis-
sues that normally depend on its continuous expression
[50]. The significance of these observations in most
human cancers remains to be determined.

Finally, it is also likely that differences between normal
and cancer stem cells may reflect post-transcriptional as
well as post-translational modifications. Thus, one poten-
tial target, which has been used to isolate tumorigenic
breast cancer cells, is the adhesion receptor CD44, which
displays extensive differential splicing in normal cells
and tumors [51]. Thus, it is conceivable that cell surface
epitopes, which differ on normal and cancer stem
cells, may provide selective targets for antibody-based
therapies.

Conclusions

Despite the explosion of new information and the expo-
nential number of publications in the past few years in the
‘cancer stem cell’ field, much remains to be learned.
There is a need for better cell-lineage markers for the
multiple cell types present in most tissues, and for better
reagents to facilitate the isolation of these cells in order to
enable the identification of the cells of origin for the
different subtypes of cancers. Little information is cur-
rently available about the nature of the stem cell niche
and the pathways regulating quiescence and self-renewal
in both normal tissue stem cells and cancer stem cells. In
summary, although recent progress has been encouraging,
the differences in signaling pathways in normal and
cancer stem cells need to be elucidated to provide new
therapeutic targets with the eventual goal of eliminating
residual disease and recurrence.

Acknowledgements

The authors would like to thank their colleagues, Drs Peggy Goodell,
Wendy Woodward, Fariba Behbod and Mercy Chen for their critical
comments, and would also like to apologize to those investigators whose
work was not cited because of space limitations. M Zhang is supported by a
grant from the Komen Foundation, and JMR is supported by grants from
the National Cancer Institute, CA16303 and CA84243.

Current Opinion in Genetics & Development 2006, 16:60-64

www.sciencedirect.com



Stem cells in the etiology and treatment of cancer Zhang and Rosen 63

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e Of special interest
ee Of outstanding interest

1. Sell S: Stem cell origin of cancer and differentiation therapy.
Crit Rev Oncol Hematol 2004, 51:1-28.

2. Reya T, Morrison SJ, Clarke MF, Weissman IL: Stem cells,
cancer, and cancer stem cells. Nature 2001, 414:105-111.

3. Bonnet D, Dick JE: Human acute myeloid leukemia is organized
as a hierarchy that originates from a primitive hematopoietic
cell. Nat Med 1997, 3:730-737.

4. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T,
Caceres-Cortes J, Minden M, Paterson B, Caligiuri MA, Dick JE:
A cell initiating human acute myeloid leukaemia after
transplantation into SCID mice. Nature 1994, 367:645-648.

. Lessard J, Sauvageau G: Bmi-1 determines the proliferative

. capacity of normal and leukaemic stem cells. Nature 2003,
423:255-260.

The authors demonstrate that the polycomb gene Bmi1 regulates the
proliferative potential of leukemic stem cells. This supports the hypothesis
that targeting pathways regulating the self-renewal of cancer stem cells
might be of potential therapeutic benefit. Deletion of Bmi1 caused the
leukemic cells to undergo proliferation arrest and show signs of differentia-
tion and apoptosis, leading to transplant failure of the leukaemia.

6. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF: Prospective identification of tumorigenic breast
cancer cells. Proc Natl Acad Sci USA 2003, 100:3983-3988.

7. Al-Hajj M, Becker MW, Wicha M, Weissman |, Clarke MF:
Therapeutic implications of cancer stem cells. Curr Opin Genet
Dev 2004, 14:43-47.

8. Wang JC, Dick JE: Cancer stem cells: lessons from leukemia.
Trends Cell Biol 2005, 15:494-501.

9. HopeKJ, JinL, Dick JE: Acute myeloid leukemia originates from
a hierarchy of leukemic stem cell classes that differ in self-
renewal capacity. Nat Immunol 2004, 5:738-743.

10. Cozzio A, Passegue E, Ayton PM, Karsunky H, Cleary ML,
Weissman IL: Similar MLL-associated leukemias arising from
self-renewing stem cells and short-lived myeloid progenitors.
Genes Dev 2003, 17:3029-3035.

11. Weissman IL: Normal and neoplastic stem cells. Novartis Found
Symp 2005, 265:35-50 discussion 50-34, 92-37.

12. Jamieson CH, Aillles LE, Dylla SJ, Muijtiens M, Jones C,
Zehnder JL, Gotlib J, Li K, Manz MG, Keating A et al.:
Granulocyte-macrophage progenitors as candidate
leukemic stem cells in blast-crisis CML. N Engl J Med 2004,
351:657-667.

13. Huntly BJ, Shigematsu H, Deguchi K, Lee BH, Mizuno S, Duclos N,
. Rowan R, Amaral S, Curley D, Williams IR et al.: MOZ-TIF2,

but not BCR-ABL, confers properties of leukemic stem

cells to committed murine hematopoietic progenitors.

Cancer Cell 2004, 6:587-596.
The authors demonstrate that some, but not all, leukemia oncogenes
could confer properties of leukemic stem cells to hematopoietic progeni-
tors destined to undergo apoptotic cell death. These experiments support
the earlier studies by Cozzio et al. [10], demonstrating that MLL-ENL
could transform committed myeloid progenitor cells lacking the capacity
for self-renewal. Both studies suggest that cancer stem cells do not
necessarily overlap with multipotent stem cells of the tissue of origin.

14. LiY, Welm B, Podsypanina K, Huang S, Chamorro M,
Zhang X, Rowlands T, Egeblad M, Cowin P, Werb Z et al.:
Evidence that transgenes encoding components of the Wnt
signaling pathway preferentially induce mammary cancers
from progenitor cells. Proc Natl Acad Sci USA 2003,
100:15853-15858.

15. Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar |,
Vogel S, Crowley D, Bronson RT, Jacks T: Identification of
bronchioalveolar stem cells in normal lung and lung cancer.
Cell 2005, 121:823-835.

16. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S,
Fiocco R, Foroni C, Dimeco F, Vescovi A: Isolation and
characterization of tumorigenic, stem-like neural precursors
from human glioblastoma. Cancer Res 2004, 64:7011-7021.

17. YuanX, Curtin J, Xiong Y, Liu G, Waschsmann-Hogiu S, Farkas DL,
Black KL, Yu JS: Isolation of cancer stem cells from adult
glioblastoma multiforme. Oncogene 2004, 23:9392-9400.

18. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T,
Henkelman RM, Cusimano MD, Dirks PB: Identification of human
brain tumour initiating cells. Nature 2004, 432:396-401.

19. Xin L, Lawson DA, Witte ON: The Sca-1 cell surface marker
enriches for a prostate-regenerating cell subpopulation that
can initiate prostate tumorigenesis. Proc Nat/ Acad Sci USA
2005, 102:6942-6947.

20. PontiD, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D,
Pilotti S, Pierotti MA, Daidone MG: Isolation and in vitro
propagation of tumorigenic breast cancer cells with stem/
progenitor cell properties. Cancer Res 2005, 65:5506-5511.

21. Kondo T, Setoguchi T, Taga T: Persistence of a small
subpopulation of cancer stem-like cells in the C6 glioma cell
line. Proc Natl Acad Sci USA 2004, 101:781-786.

22. Patrawala L, Calhoun T, Schneider-Broussard R, Zhou J,
Claypool K, Tang DG: Side population is enriched in
tumorigenic, stem-like cancer cells, whereas ABCG2*
and ABCG2™ cancer cells are similarly tumorigenic.
Cancer Res 2005, 65:6207-6219.

283. Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J,
Morris JJ, Lagutina |, Grosveld GC, Osawa M, Nakauchi H et al.:
The ABC transporter Bcrp1/ABCG2 is expressed in a wide
variety of stem cells and is a molecular determinant of the
side-population phenotype. Nat Med 2001, 7:1028-1034.

24. Wulf GG, Wang RY, Kuehnle I, Weidner D, Marini F, Brenner MK,
Andreeff M, Goodell MA: A leukemic stem cell with intrinsic
drug efflux capacity in acute myeloid leukemia. Blood 2001,
98:1166-1173.

25. Raaijmakers MH, de Grouw EP, Heuver LH, van der Reijden BA,
Jansen JH, Scheper RJ, Scheffer GL, de Witte TJ, Raymakers RA:
Breast cancer resistance protein in drug resistance of
primitive CD34+38— cells in acute myeloid leukemia.

Clin Cancer Res 2005, 11:2436-2444.

26. Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern JG, Jax TW,

. Gobel U, Goodell MA, Brenner MK: A distinct ‘“‘side population”
of cells with high drug efflux capacity in human tumor cells.
Proc Natl Acad Sci USA 2004, 101:14228-14233.

The authors demonstrate that the SP phenotype defines a class of cancer

stem cells that have inherently high resistance to chemotherapeutic

agents and that should be targeted during the treatment of malignant
disease. This report expands on previous studies in leukemic cells by

Waulf et al. [24]. This concept is nicely reviewed by Dean et al. [27].

27. Dean M, Fojo T, Bates S: Tumour stem cells and drug
resistance. Nat Rev Cancer 2005, 5:275-284.

28. Zhou S, Morris JJ, Barnes Y, Lan L, Schuetz JD, Sorrentino BP:
Bcerp1 gene expression is required for normal numbers
of side population stem cells in mice, and confers relative
protection to mitoxantrone in hematopoietic cells in vivo.
Proc Natl Acad Sci USA 2002, 99:12339-12344.

29. Bunting KD, Zhou S, Lu T, Sorrentino BP: Enforced P-
glycoprotein pump function in murine bone marrow cells
results in expansion of side population stem cells in vitro and
repopulating cells in vivo. Blood 2000, 96:902-909.

30. Rosen PP, Groshen S, Saigo PE, Kinne DW, Hellman S:
Pathological prognostic factors in stage | (T1INOMO0) and
stage Il (TIN1MO) breast carcinoma: a study of 644 patients
with median follow-up of 18 years. J Clin Oncol 1989,
7:1239-1251.

31. Ragaz J, Olivotto IA, Spinelli JJ, Phillips N, Jackson SM,
Wilson KS, Knowling MA, Coppin CM, Weir L, Gelmon K et al.:
Locoregional radiation therapy in patients with high-risk
breast cancer receiving adjuvant chemotherapy: 20-year
results of the British Columbia randomized trial.

J Natl Cancer Inst 2005, 97:116-126.

www.sciencedirect.com

Current Opinion in Genetics & Development 2006, 16:60-64



64

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

The authors introduce the concept that properties of migrating cancer
stem cells are crucial for tumor progression, supported in part by the
microarray analysis of metastatic prostate cancer from the TRAMP mice

Oncogenes and cell proliferation

Reya T, Clevers H: Wnt signalling in stem cells and cancer.
Nature 2005, 434:843-850.

Beachy PA, Karhadkar SS, Berman DM: Tissue repair and stem
cell renewal in carcinogenesis. Nature 2004, 432:324-331.

Liu S, Dontu G, Wicha MS: Mammary stem cells, self-renewal
pathways, and carcinogenesis. Breast Cancer Res 2005,
7:86-95.

Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A,
Zack JA, Kornblum HI, Liu X, Wu H: Negative regulation of neural
stem/progenitor cell proliferation by the Pten tumor
suppressor gene in vivo. Science 2001, 294:2186-2189.

Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL,
Morrison SJ, Clarke MF: Bmi-1 is required for maintenance
of adult self-renewing haematopoietic stem cells.

Nature 2003, 423:302-305.

Park IK, Morrison SJ, Clarke MF: Bmi1, stem cells, and
senescence regulation. J Clin Invest 2004, 113:175-179.

Molofsky AV, He S, Bydon M, Morrison SJ, Pardal R: Bmi-1
promotes neural stem cell self-renewal and neural
development but not mouse growth and survival by repressing
the p16"4? and p19*" senescence pathways. Genes Dev 2005,
19:1432-1437.

Glinsky GV, Berezovska O, Glinskii AB: Microarray analysis
identifies a death-from-cancer signature predicting therapy
failure in patients with multiple types of cancer.

J Clin Invest 2005, 115:1503-1521.

Kucia M, Reca R, Miekus K, Wanzeck J, Wojakowski W,
Janowska-Wieczorek A, Ratajczak J, Ratajczak MZ: Trafficking
of normal stem cells and metastasis of cancer stem cells
involve similar mechanisms: pivotal role of the SDF-1-CXCR4
axis. Stem Cells 2005, 23:879-894.

Brabletz T, Jung A, Spaderna S, Hlubek F, Kirchner T:

Opinion: migrating cancer stem cells — an integrated concept
of malignant tumour progression. Nat Rev Cancer 2005,
5:744-749.

The authors demonstrate that Hh pathway inhibition may be of thera-
peutic benefit for medulloblastoma without any overt toxicity. This finding
is supported by the studies of Berman et al. [43] and Romer et al. [44] and
was extended here to prostate cancer.

43.

44.

45.

46.

47.

48.

49.

50.

Berman DM, Karhadkar SS, Hallahan AR, Pritchard JI, Eberhart
CG, Watkins DN, Chen JK, Cooper MK, Taipale J, Olson JM et al.:
Medulloblastoma growth inhibition by hedgehog pathway
blockade. Science 2002, 297:1559-1561.

Romer JT, Kimura H, Magdaleno S, Sasai K, Fuller C, Baines H,
Connelly M, Stewart CF, Gould S, Rubin LL et al.: Suppression of
the Shh pathway using a small molecule inhibitor eliminates
medulloblastoma in Ptc1*'~p53~/~ mice. Cancer Cell 2004,
6:229-240.

van Es JH, van Gijn ME, Riccio O, van den Born M, Vooijs M,
Begthel H, Cozijnsen M, Robine S, Winton DJ, Radtke F et al.:
Notch/gamma-secretase inhibition turns proliferative cells in
intestinal crypts and adenomas into goblet cells. Nature 2005,
435:959-963.

Blair A, Hogge DE, Ailles LE, Lansdorp PM, Sutherland HJ: Lack of
expression of Thy-1 (CD90) on acute myeloid leukemia cells
with long-term proliferative ability in vitro and in vivo.

Blood 1997, 89:3104-3112.

Blair A, Sutherland HJ: Primitive acute myeloid leukemia cells
with long-term proliferative ability in vitro and in vivo lack
surface expression of c-kit (CD117). Exp Hematol 2000,
28:660-671.

Jordan CT, Upchurch D, Szilvassy SJ, Guzman ML, Howard DS,
Pettigrew AL, Meyerrose T, Rossi R, Grimes B, Rizzieri DA et al.:
The interleukin-3 receptor alpha chain is a unique marker
for human acute myelogenous leukemia stem cells.
Leukemia 2000, 14:1777-1784.

Tai MH, Chang CC, Kiupel M, Webster JD, Olson LK, Trosko JE:
Oct4 expression in adult human stem cells: evidence in
support of the stem cell theory of carcinogenesis.
Carcinogenesis 2005, 26:495-502.

Hochedlinger K, Yamada Y, Beard C, Jaenisch R: Ectopic

expression of Oct-4 blocks progenitor-cell differentiation and
causes dysplasia in epithelial tissues. Cell 2005, 121:465-477.

and a Bmi1 gene signature elucidated by Glinsky et al. [39].

42.

51. Miletti-Gonzalez KE, Chen S, Muthukumaran N, Saglimbeni GN,
Wu X, Yang J, Apolito K, Shih WJ, Hait WN, Rodriguez-Rodriguez
L: The CD44 receptor interacts with P-glycoprotein to promote
cell migration and invasion in cancer. Cancer Res 2005,
65:6660-6667.

Karhadkar SS, Bova GS, Abdallah N, Dhara S, Gardner D, Maitra A,
Isaacs JT, Berman DM, Beachy PA: Hedgehog signalling in
prostate regeneration, neoplasia and metastasis. Nature 2004,
431:707-712.

Free journals for developing countries

The WHO and six medical journal publishers have launched the Access to Research Initiative, which enables nearly
70 of the world's poorest countries to gain free access to biomedical literature through the Internet.

Gro Harlem Brundtland, director-general for the WHO, said that this initiative was ‘perhaps the biggest step ever
taken towards reducing the health information gap between rich and poor countries’.

For more information, visit www.healthinternetwork.net

Current Opinion in Genetics & Development 2006, 16:60-64

www.sciencedirect.com



	Stem cells in the etiology and treatment of cancer
	Introduction
	Origin of cancer stem cells
	Drug resistance in stem cells
	Cancer stem cells and clinical significance
	Conclusions
	Acknowledgements
	References and recommended reading


