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Cancer stem cells- normal stem cells" Jedi"
that went over tothe" dark side"
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Abstract: Evidence has accumulated that cancer develops from a population of quiescent tissue committed/pluripotent stem
cells(TCSC/PSC) or cellsdevel opmentally closely related to them that are distributed in various organs. To support thisnotion,
stem cells (SC) are long lived cells and thus may become the subject of accumulating mutations that are crucia for
initiation/progression of cancer. Moreimportant, they may maintain these mutations and pass them to the daughter stem cells.
Therefore, mutations that occur in normal SC, accumulate during the life of an organism at the clona level in the stem cell
compartment committed to a given tissue/organ. As a consequence, this may lead to the malignant transformation of SC and
tumor initiation. Furthermore, many biol ogical featuresof normal and cancer SC such asthephysiological trafficking of normal
and metastasis of cancer stem cellsinvolve similar molecular mechanisms, and we discuss these similarities here. Therefore,
looking both at the origin and behavioral aspectswe can envision cancer SC being normal SC " Jedi" that went over to the "dark

side".
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I ntroduction

Evidence supports that many if not all cancers depend
on a small population of cancer stem cells for their
continuous growth and expansion. The concept of
cancer stem cells has been postulated in the past by
severa investigators [33, 39, 41, 48], and recently ex-
perimentally documented for human leukemias [4, 27],
brain [43], breast [11], prostate [5, 49] and lung cancers
[18]. To support this notion, stem cells (SC) are long
lived cells and thus become the subject of accumulating
mutations that are crucial for the initiation/progression
of cancer. Thus, mutations that occur in normal SC
accumulatein the SC compartment and finally may lead
to malignant transformation and clonal expansion of SC
and tumor initiation [3, 9, 17, 40].

Compelling evidence accumulated that quiescent
pluripotent stem cells (PSC) or tissue committed stem
cells(TCSC) or cellsdevelopmentally closely related to
them that are distributed in various organs to maintain
physiological cell turnover may be a cellular origin of
cancer development. Since cancer SC similarly as nor-

mal SC exist in aquiescent state, they may berelatively
more resistant to the cytostatics than target dividing
cells. Thereforein agrowing tumor, cancer SC represent
a subpopulation of tumor cells which are capable of
re-growing new tumorsafter unsuccessful treatment and
initiatemetastases[9]. Therefore, devel opment of effec-
tivetherapiesthat will specifically target cancer SC may
become a promising therapeutic option to fight cancer.
Moreover, several mechanismsthat areinvolved in self
renewal and trafficking of normal SC areaso involved
in expansion and metastasis of cancer SC[25]. Thiswill
be discussed in thisreview.

The concept of cancer stem cells-
back to the past

The concept that adult tissues contain embryonic rem-
nants that generally lie dormant and that malignancies
originatein thispopul ation of very primitive, embryonic
like stem cells that were "lost" during developmental
organogenesis was postulated almost 150 years ago by
Vrichow, Connheim and Durante [17, 40, 48]. The ma-
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lignant transformation of dormant embryonic stem cell-
like cells corresponds very well with the development
of some rare tumors (e.g., teratomas) that usually are
encountered in younger patients [41]. Nowadays, how-
ever, it is postulated that normal TCSC/PSC are the
equivalent of Virchow’sembryonic rests, and that most
cancersarisefrom maturation arrest and proliferation of
these normal SC whose major physiological role is
supplying cellsfor agiven organ or tissue.

Theideathat cancer may originateinthecompartment
of stem/progenitor cells was recently proven in amodel
of human leukemias where only avery small population
of leukemic cellsis able to establish leukemiain immu-
nodeficient mice[4, 27]. Similarly, it wasa so shown that
a small population of CD133 positive cells in growing
brain tumors is able to establish tumors in immunodefi-
cient mice [43]. Recently, CD34* Sca-1* CD45 cells
isolated from bronchial epithelium werefound to be the
origin of lung adenocarcinomas [18] and Sca-1* CD45
cellsto be the origin of prostate cancer [5, 49].

Furthermore, recent evidence accumulated that an
o-chemokine receptor CXCR4 that is expressed on em-
bryonic stem cells[25] aswell asnormal TCSC/PSC for
different organs/tissues [1, 2, 14, 19, 37, 38] is aso
highly expressed on several tumors derived from these
cells(Tablel). Thisimpliesthat the SDF-1-CXCR4 axis
may influence the biology of cancer and playsapivota
rolein directing the metastasis of CXCR4* tumor cells
by chemoattracting them to organs that highly express
its specific ligand (e.g., lymph nodes, lungs, liver, or
bones), a-chemokine stromal derived factor-1 (SDF-1).
Supporting thisnaotion, it has been recently reported that
several CXCR4* cancers (e.g., breast, ovarian, prostate
cancers, as well as rhabdomyosarcoma, and neuroblas-
toma) metastasize to the bones and lymph nodes from
the bloodstream in an SDF-1-dependent manner [12, 28,
31, 35, 44]. The involvement of SDF-1 seems to be
crucial for metastasis of severa cancer SC, however,
other motomorphogens are involved in this process as
well.

Presence of pluripotent/tissue committed stem
cellsin adult tissues

Itiswell known that SC are present in all the tissues as
apool of cellsthat maintains the cell number in various
organs. For example, the presence of stem cellsisvery
well demonstrated in certain anatomical areas of skin,
intestinal epithelium, liver, lungs, bonemarrow, skel etal
muscles and brain. These TCSC distributed in various
organs are ableto differentiate into cellsfor al of those
tissues to which they are committed. However, several
intriguing reports postul ated that tissues from adult or-
ganisms may also contain even more primitive popula-
tions of PSC that may differentiate into cells from
various germ layers[16, 22, 24].
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Table 1. Normal tissue/organ-specific stem cellsare origin of cancer
stem cellsfor different tumors

Normal tissue Corresponding tumor
Hematopoietic stem cells Leukemias
Neural stem cells Brain tumors
Bronchial endocrine stem cells Small cell lung cancer

Mammary gland epithelium stem cells| Breast cancer

Skeletal muscle satellite cells Rhabdomyosarcoma
Neuroectodermal stem cells Neuroblastoma
Renal tubular epithelium stem cells Willms tumor
Retina pigment epithelium stem cells | Retinoblastoma
Liver oval stem cells Hepatoblastoma

Ovarian cancer
Cervical cancer

Ovarian epithelium stem cells
Cervical epithelium stem cells

Our laboratory focused on the potential presence of
these PSC/TCSC in the bone marrow (BM) tissue and
we noticed that this organ in addition to hematopoietic
stem cells (HSC) aso harbors versatile subpopulations
of non-hematopoietic PSC/TCSC. These rare cells ac-
cumulatein BM during ontogenesis and being amobile
population of cellsarereleased from BM into peripheral
blood after tissue injury to regenerate damaged organs
[21, 22, 24, 37]. The concept that BM may contain
non-hematopoietic PSC/TCSC was surprisingly not
taken carefully enough into consideration in several
recently reported experiments demonstrating so-called
plasticity or trans-dedifferentiation of BM-derived
HSC. These studies, without including proper controls
to exclude this possibility, often lead to wrong interpre-
tations.

Thus, the presence of TCSC/PSC in BM tissue
should be considered before experimental evidence is
interpreted simply as trans-dedifferentiation/plasticity
of HSC. We postulate that BM-derived stem cells are
heterogeneous and that these non-hematopoietic
TCSC/PSC are enriched in populations of CXCR4*
CD34* AC133* linn CD45 and CXCR4* Sca-1* lin
CD45 in humans and mice, respectively, and display
several markers of PSC (e.g., are very small ~5umin
diameter, contain open-type chromatin/euchromatin,
express early embryonic transcription factors such as
Oct-4, Nanog and Rex-1) [21, 22, 24, 37]. It ispossible
that these BM CD45 (negative) non-hematopoietic SC
identified by us can harbor cells described/identified by
other investigators as mesenchymal SC (MSC), multi-
potent adult progenitor cells (MAPC), unrestricted so-
matic SC (USSC) or MIAMI cells by employing
different approaches[23].

Stem cellsasorigin of tumors- many roads
lead to the appear ance of cancer stem cells

Figure 1 shows different scenarios how cancer SC can
originate in thetissues. Thefirst possibility isthe deve-
lopment of cancer SC from a mutated clone of the
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tissue/organ specific SC. Accordingly, cancer can de-
velop both in the compartment of the most primitive
normal SC (NSC) or derive from a population of more
differentiated transient amplifying/progenitor cells. The
second possibility isthat tumor development originates
from BM-derived TCSC/PSC chemoattracted to dam-
aged organsinitially in an attempt "to regenerate dam-
aged tissues'. As mentioned above, BM contains a
mobile pool of TCSC/PSC [37] and these cells may
home to damaged tissues as a result for example of
chronic inflammation. If these cells incorporate at the
"wrong time" to the "wrong place", they may instead of
regenerating the damaged organ, contributeto theorigin
of acancer SC. This possibility had been recently dem-
onstrated for gastric cancer [34] and intestinal andeno-
carcinomas (Dr. Ed Scott, personal communication).
This scenario makes a strong link between chronic in-
flammati on/tissueinjury/irradiation and devel opment of
some tumors. On the other hand it is well known that
BM isasourceof circulating TCSC for endotheliumthat
playsacrucial rolein subsequent tumor vascularization
[36]. Next, some cancers such as teratocarcinomas or
some of the pediatric sarcomas (e.g., nephroblastoma)
may also develop from very early embryonic stem cell-
like cells (ESC) that are "aberrantly” left in the tissues
during ontogenesis [41]. Finaly, the possibility also
existsthat more differentiated cellsif affected by muta-
tions that render them immortal may dedifferen-
tiate/become in certain situations cancer SC. This
scenario may be more common in some patients who
have a family history of cancer and who carry predis-
posing inborn mutations and chromosomal abnor-
malities.

Similarities between normal and cancer stem
cells

Table2 summarizesthesimilaritiesbetween normal and
cancer SC. Firstly, both normal and cancer stem cells
possess high/unlimited self-renewal capability rende-
ring them practically immortal. Whilenormal stem cells
differentiate properly into mature cells, this process is
severely perturbed in malignant cancer SC. Secondly,
similar genesareinvolvedin regul ating the self-renewal
of thesecellsfor exampl e Jagged-Notch or Wnt-Frizzled
pathways [17]. Both types of SC also highly express
telomerase and ABC transporter proteins on their sur-
face[9]. Thislatter fact isresponsible for their relative
resistance to chemotherapeutics. Due to the high ABC
activity they weakly accumulateHo3342 and are present
inthe so called side population of cells stained with this
fluorochrome. Third, since both normal and cancer SC
may secret some growth factors/cytokines[29], severa
steps of the growth of normal and cancer stem cellsmay
be regulated by autocrine mechanisms. For example,
several factors secreted by these cells may stimulate
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angiogenesis. Finally, normal and cancer SC respond to
similar motomorphogens (Fig. 2) such as SDF-1, hepa-
tocyte growth factor/scatter factor (HGF/SF), leukemia
inhibitory factor (LIF) or vascular growth factor
(VEGF) explaining why these factors may regulate the
trafficking of normal SC during devel opment/regener-
ation and at the same time may promote metastasis of
corresponding cancer SC (Table 1). Finally as already
mentioned, normal and cancer SC share several markers
characteristic for the SC compartment such as: CXCR4,
antigens CD133, CD34, Sca-1 (mouse), LIF-R and c-
met receptor. Thus, similar markers may be employed
to sort SC from the normal and malignant transformed
tissues.

Pivotal role of the SDF-1-CXCR4 axis
in accumulation of CXCR4+ stem/progenitors
in bone marrow

The BM tissue itself develops relatively late during
ontogenesis at a time when fetal marrow replaces fetal
liver as the hematopoietic organ. This developmental
process establishes hematopoiesis in the human BM by
the end of the second trimester of gestation. At thistime
fibroblasts and osteoblasts in early bones begin to ex-
press/secrete SDF-1 that chemoattracts CXCR4* HSC
from the fetal liver into BM [32, 45]. The important
message from developmental studies is that CXCR4*
HSC fromthefetal liver colonizethe BM microenviron-
ment (to which they are chemoattracted by an SDF-1
gradient) as the first wave of CXCR4* stem cells. Our
recent data suggest that during ontogenesis, in addition
to HSC, other TCSC (e.g., for muscles, neurons, liver,
heart, endocrine pancreas and kidney tubular epithe-
lium) and perhaps even more primitive PSC (precursors
for various TCSC) accumulate gradually in the BM
environment in a SDF-1-dependent manner, wherethey
find an environment conduciveto their survival [21-24,
37]. Thus, BM can be envisioned not only asthe"home"
of HSC but also as the "home" of asmall population of
versatile CXCR4* TCSC that may servein adult life as
a reserve/mobile pool of stem cells for tissue/organ
regeneration [6, 19, 20, 24, 37].

Toinvestigate thisideafurther we hypothesized that
CXCRA4* stem/progenitor cells residing in BM can be
recovered, like CXCR4* HSC, from asuspension of BM
mononuclear cells (BMMNC) using chemotactic isola-
tion to an SDF-1 gradient [37]. To confirm that cells
isolated by a chemotactic SDF-1 gradient are enriched
in TCSC, rea-time RT-PCR, immunohistochemical
staining and the appropriatein vitro culture assayswere
used to identify the isolated population of cells. We
found that cells isolated in this way are enriched in
MRNA for markers for early skeleta muscle (Myf-5,
MyoD, myogenin), heart muscle (Nkx2.5/Csx, GATA-
4, MEF-2C), neural (Nestin, GFAP), liver (CK19, a-
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fetoprotein) and endocrine pancreas (Nkx6.1, Pdx1,
Ptf1) [21-24, 27, 37]. Furthermore, using immunohisto-
chemical staining we also detected in these cells the
presenceof variousproteinscharacteristic of TCSC such
as Myf-5, nestin, Nkx2.5/Csx and GATA-4. More im-
portantly, the tissue/organ commitment and stem/pro-
genitor nature of BM-derived CXCR4* TCSC was

Fig. 1. Different scenarios how
cancer SC may originate in the tis-
sues. Scenario 1: cancer SC (CSC)
may develop from a transformed
local pool of tissuestem cells(NSC)
or moredifferentiated transient am-
plifying progenitor cells. Scenario
2: circulating BM-derived
TCSC/PSC if incorporated at the
wrong time to the wrong place (e.g,
chronic inflammation, tissue dam-
aged/irritation) may mutate to
cancer SC. Scenario 3: cancer SC
may originatefrom embryonic stem
cell-like cells aberrantly deposited
during ontogenesis (Virchow’s hy-
pothesis) (ESC). Scenario 4: effec-
tivemutationsthat will render more
differentiated cells immortal may
lead to the development of cancer
SC. This scenario is possible more
frequently in patients with afamily
history of cancer.

TCSCIPSC

Fig. 2. Similar factorsregulate traf-
ficking of normal SC for regenera-
tion and metastasis of cancer SC.
Evidence accumulated that SDF-1-
CXCR4, HGF/SF-c-met, LIF-LIF-
R and VEGF-VEGF-R axes are
involved in trafficking of normal
and cancer SC. While CXCR4, c-
met and LIF-R receptors are ex-
pressed on normal and cancer SC,
their corresponding ligands are up-
regulated in a HIF-1a dependent
manner in various tissues/organs
damaged by hypoxia, inflamma-
tion, injury, and radio-chemother-
apy.

UPREGULATED BY:
- Hypoxia

- Tissue/organ injury
- Inflamation

- Radio/chemotherapy

demonstratedininvitro cultures- wherethesecellswere
found to be able to differentiate into cardiomyocytes
[21], grow neurospheres [24] and formed endothelial
colonies [42]. Interestingly, CXCR4* BMMNC also
highly expressed mRNA for transcription factors of
pluripotent stem cells (PSC) such as mRNA for Oct-4,
Nanog and Rex-1, which suggested that (1) some PSC
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Table 2. Properties of normal and cancer stem cells

Immortality - ability for self-renewal

Differentiation ability (normal SC but very rare cancer SC)

Long telomers, high activity of telomerase

High expression of ABC transporters (efflux pump) - relative
resistance to cytostatics

Secretion of several growth factors, cytokines - predisposition to
autocrine growth

Secretion of chemoattracants for endothelial progenitors -
stimulation of angiogenesis

Motility-migration (normal SC), metastasis (cancer SC)

Expression of similar surface receptors (e.g, CXCR4, Sca-1
antigen, CD133, c-met, c-kit, LIF-R)

could possibly be present among cells enriched for
TCSC or (2) TCSC may express some markers typical
of PSC[21, 22, 24]. Weenvision that TCSC accumul ate
during ontogenesisin BM asareserve pool of stem cells
for regeneration [37]. These cells, however, if chemoat-
tarcted into the wrong places at the wrong time may in
certain circumstances contribute to cancer devel opment
[15, 25].

Similarly, several investigators hypothesized recent-
ly that in addition to BM also other adult tissues (e.g.,
skin, skeletal muscles and lungs) may also contain a
population of very immature stem cells (PSC?) that are
abletodifferentiateinto cellsfromdifferent germlayers
[16, 46, 47]. Thus, al of these cells potentially, can give
rise to cancer and be equivaent to the developmental
embryonic remnants postulated by Virchow 150 years

ago [48].

Developmental motomor phogens as pivotal
pro-metastatic factor s - damaged or gan/tissues
chemoattract both normal and cancer stem
cells

As mentioned above, evidence accumulated that in ad-
dition to SDF-1 also severa other mottomorphogens
such asHGF/SF, LIF or VEGF are important chemoat-
tractants/pro-metastatic factors for tumor cells (Fig. 2).
To support this notion both normal and cancer SC ex-
press on their surface corresponding receptors such as
CXCR4, c-met and LIF-R. Interestingly, promoters of
the genes that encode all of these factors and receptors
contain binding sites for hypoxia inducible factor 1a
(HIF-10).

The HIF-1a dependent regulation of CXCR4-SDF-1,
c-met-HGF/SF and LIFR-LIF axes has severa import-
ant consequences. Since tissue damage results in re-
duced oxygen supply and hypoxia, these conditionssuch
as chronic inflammation or tissue/organ injuries create
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an environment that chemoattracts circulating
TCSC/PSC for regeneration/organ repair [2, 7, 34, 37].
However , similar conditions may chemoattract meta-
stasizing cancer SC. This explains an obvious link
between inflammation and cancer development and
cancer spread. On the other hand, since radio-che-
motherapy also upregulates the expression of SDF-1,
HGF/SF and LIF in tissues, one of the unwanted
side-effects of radio-chemotherapy is generation of a
prometastatic environment for cancer SC in various
organs. This promotes the spread of cancer cells that
survived radio-chemotherapy to the organsthat highly
express these motomorphogens.

Futureinvestigations

It is straightforward that by studying the biology of
normal SC we learn more about the biology of cancer
SC. Since cancer SC are responsible for tumor re-
growth after radiochemotherapy and tumor meta-
stasis, there is aneed to develop efficient strategies to
target these cells.

The SDF-1-CXCR4, HGF/SF-c-met and LIF-R-LIF
axeshaveemerged asimportant regul atorsof trafficking
of normal and malignant SC, which meansthat they are
potential targets for various therapeutic interventions.
Small-molecular inhibitorsof CXCR4 such as T140 and
AMD 3100, modified recombinant SDF-1 or HGF/SF,
blocking antibodiesagainst CXCR4 or LIF-R are exam-
ples of such potentia promising compounds [10, 13].
RNA-mediated interference (RNAI) could also have
potential as downregulators of the expression of
CXCR4, c-met and LIF-R in target cells[8]. Similarly,
downregulation of HIF-1a by an SIRNA strategy may
lead to downregulation of the expression of SDF-1,
HGF/SF and LIF in various tissues, and as a conse-
guenceinhibit spreading of CXCR4*, c-met* and LIF-R*
tumor cells[26, 30]. Recently, asmall molecular inhibi-
tor of transcriptional co-activation of HIF-1a, caled
chetomin, has been identified. Interestingly, systemic
administration of chetomin inhibited hypoxiainducible
transcription within tumors and inhibited tumor growth
in mice[30].

In conclusion, there is no doubt that new, more
efficient, powerful compounds free from side-effects
will emerge soon, with the ability to control the meta-
static behavior of SC. New drugswill also be devel oped
to target specifically the popul ation of cancer SC. These
new strategies will give new therapeutic possibilitiesto
effectively fight these "rebelled warriors' of the "dark
side".

Acknowledgments: Because of the space limitation we are not able
tociteall theexcellent work of our colleaguesand other investigators
working in this field, for what we deeply apologize. Supported by
NIH grant RO1 HL61796-01 to MZR.



180

References

[ 1] AraT, Nakamuray, EgawaT, Sugiyama T, Abe K, Kishimoto
T, Matsui Y, Nagasawa T (2003) Impaired colonization of the
gonads by primordial germ cells in mice lacking a chemokine
stromal cell-derived factor-1 (SDF-1). Proc Natl Acad Sci USA
100: 5319-5323

[ 2] Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F,
Kiedrowski M, Rovner A, Ellis SG, Thomas JD, DiCorleto PE,
Topol EJ, Penn M S (2003) Effect of stromal-cell-derived factor
1 on stem-cell homing and tissue regeneration in ischaemic
cardiomyopathy. Lancet 362: 697-703

[ 3] Beachy PA, Karhadkar SS, Berman DM (2004) Tissue repair
and stem cell renewal in carcinogenesis. Nature 432: 324-330

[ 4] Bonnet D, Dick JE (1997) Human acute myeloid leukemia is
organized as hierarchy that originates from a primitive hemato-
poietic cell. Nat Med 3: 730-737

[ 5] Burger PE, Xiong X, Coetzee S, Salm SN, Moscatelli D, Goto
K, Wilson EL (2005) Sca-1 expression identifies stem cell in
the proximal region of prostatic ducts with high capacity to
recongtitute prostatic tissue. Proc Natl Acad Sci USA 102:
7180-7185

[ 6] Butler M, Guthrie SM, Koc M, Afzal A, Caballero S, Brooks
HL, MamesRN, Segal M S, Grant MB, Scott EW (2005) SDF-1
isboth necessary and sufficient to promote proliferative retino-
pathy. JClin Invest 115: 86-93

[ 7] Ceradini DJ, Kulkarni AR, Calaghan MJ, Tepper OM, Bastidas
N, Kleinman ME, Capla JM, Galiano RD, Levine JP, Gurtner
GC (2004) Progenitor cell trafficking is regulated by hypoxic
gradients through HIF-1 induction of SDF-1. Nat Med 10:
858-864

[ 8] ChenY, Stamatoyannopoulos G, Song CZ (2003) Down-regu-
lation of CXCR4 by inducible small interfering RNA inhibits
breast cancer cell invasionin vitro. Cancer Res 63: 4801-4804

[ 9] Dean M, Fojo T, Bates S (2005) Tumor stem cells and drug
resistance. Nat Rev Cancer 5: 275-283

[10] Devine SM, Flomenberg N, Vesole DH, Liesveld J, Weisdorf
D, Badel K, CaandraG, DiPersio JF (2004) Rapid mobilization
of CD34+ cells following administration of the CXCR4 anta-
gonist AMD3100 to patients with multiple myeloma and non-
Hodgkin’slymphoma. J Clin Oncol 22: 1095-1102

[11] Dontu G, Al-Hajj M, Abddlah WM, Clarke MF, Wicha MS
(2003) Stem cells in normal breast development and breast
cancer. Cell Prolif 36, Suppl 1: 59-72

[12] Geminder H, Sagi-Assif O, Goldberg L, Meshel T, Rechavi G,
Witz IP, Ben-Baruch A (2001) A possiblerole for CXCR4 and
itsligand, the CX C chemokine stromal cell-derived factor-1, in
the development of bone marrow metastasesin neuroblastoma.
JImmunol 167: 4747-4757

[13] Greene WC (2004) The brightening future of HIV therapeutics.
Nat Immunol 5: 867-871

[14] Hatch HM, Zheng D, Jorgensen ML, Petersen BE (2002) SDF-
1alpha/lCXCR4: a mechanism for hepatic oval cell activation
and bone marrow stem cell recruitment to the injured liver of
rats. Cloning Stem Cells 4: 339-351

[15] Houghton M, Stoicov C, Nomura S, Rogers AB, Carlson J, Li
H, Ca X, Fox JG, Goldenring JR, Wang TC (2004) Gastric
cancer originating from bone marrow derived cells. Science
306: 1568-1571

[16] Howell JC, Lee WH, Morrison P, Zhong J, Y oder MC, Srour
EF (2003) Pluripotent stem cells identified in multiple murine
tissues. Ann NY Acad Sci 996: 158-173

[17] Huntly BJP, Gilliland DG (2005) Leukemia stem cell and the
evolution of cancer-stem-cell research. Nat Rev Cancer 5: 311-
321

[18] Kim CFB, Jackson EL, Woolfenden AE, Lawrence S, Babar I,
Vogel S, Crowley D, Bronson RT, Jacks T (2005) I dentification

M.Z. Ratajczak

of bronchioalveolar stem cellsin normal lung and lung cancer.
Cell 121: 823-835

[19] Kollet O, Shivtiel S, Chen YQ, Suriawinata J, Thung SN,
DabevaMD, Kahn J, Spiegel A, Dar A, Samira S, Goichberg P,
Kalinkovich A, Arenzana-Seisdedos F, Nagler A, Hardan I,
Revel M, Shafritz DA, Lapidot T (2003) HGF, SDF-1, and
MMP-9 areinvolved in stress-induced human CD34+ stem cell
recruitment to the liver. JClin Invest 112: 160-169

[20] Korbling M, Estrov Z (2003) Adult stem cells for tissue repair
- anew therapeutic concept? N Engl J Med 349: 570-582

[21] KuciaM, Dawn B, Hunt G, Guo Y, Wysoczynski M, MaikaM,
Ratgjczak J, Rezzoug F, lldstad ST, Bolli R, Ratajczak MZ
(2004) Cellsexpressing early cardiac markersresideinthebone
marrow and are mobilized into the peripheral blood after
myocardial infarction. Circ Res 95: 1191-1199

[22] KuciaM, Ratajczak J, Ratgjczak MZ (2005) Bone marrow asa
source of circulating CXCR4+ tissue committed stem cells
(TCSC). Biol Cell 97: 133-146

[23] KuciaM, Ratajczak J, Ratajczak MZ (2005) Are bone marrow
stem cells plastic or heterogenous - that is the question. Exp
Hematol 33: 613-623

[24] KuciaM, RecaR, JdaVR, Dawn B, Ratajczak J, Ratgjczak MZ
(2005) Bone marrow as ahome of heterogenous popul ations of
nonhematopoietic stem cells. Leukemia 19: 1118-1127

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

[26] Kung AL, Zabludoff SD, France DS, Freedman SJ, Tanner EA,
VieiraA, Cornell-Kennon S, Lee J, Wang B, Wang J, Memmert
K, Nageli HU, Petersen F, Eck MJ, Bair KW, Wood AW,
Livingston DM (2004) Small molecule blockade of transcrip-
tional coactivation of the hypoxia-inducible factor pathway.
Cancer Cell 6: 33-43

[27] Lapidot T, Pflumio F, Doedens M, Murdoch B, Williams DE,
Dick JE (1992) Cytokine stimulation of multilineage hemato-
poiesis from immature human cells engrafted in SCID mice.
Science 255: 1137-1141

[28] LiburaJ, DrukalaJ, MajkaM, Tomescu O, Navenot M, Kucia
M, Marquez L, Peiper SC, Barr FG, Janowska-Wieczorek A,
Ratgjczak MZ (2002) CXCR4-SDF-1 signaling is active in
rhabdomyosarcoma cells and regulates locomotion, chemo-
taxis, and adhesion. Blood 100: 2597-2606

[29] Majka M, Janowska-Wieczorek A, Ratajczak J, Ehrenman K,
Pietrzkowski Z, Kowalska MA, Gewirtz AM, Emerson SG,
Ratajczak MZ (2001) Numerous growth factors, cytokines, and
chemokinesare secreted by human CD34(+) cells, myeloblasts,
erythroblasts and megakaryoblasts and regulate norma hema-
topoiesis in an autocrine/paracrine manner. Blood 97: 3075-
3085

[30] Mazure NM, Brahimi-Horn MC, Berta MA, Benizri E, Bilton
RL, DayanF, GinouvesA, BerraE, Pouyssegur J(2004) HIF-1:
master and commander of the hypoxic world. A pharmacologi-
cal approach to its regulation by ssIRNAs. Biochem Pharmacol
68: 971-980

[31] Muller A, Homey B, Soto H, Catron D, Buchanan ME, McCla-
nahan T, Murphy E, Yuan W, Wagner SN, Barrera JL, Mohar
A, Verastegul E, Zlotnik A (2001) Involvement of chemokine
receptorsin breast cancer metastasis. Nature 410: 50-56

[32] NagasawaT, Hirota S, TachibanaK, TakakuraN, Nishikawa S,
Kitamura Y, Yoshida N, Kikutani H, Kishimoto T (1996) De-
fects of B-cell lymphopoiesis and bone-marrow myelopoiesis
in mice lacking the CXC chemokine PBSF/SDF-1. Nature 382:
635-638

[33] Pardal R, Clarke MF, Morrison SJ(2003) Applying the princi-
plesof stem-cell biology to cancer. Nat Rev Cancer 3: 895-902



Cancer stem cells

[34] Ponomaryov T, Peled A, Petit |, Taichman RS, Habler L,
Sandbank J, Arenzana-Seisdedos F, Magerus A, Caruz A, Fujii
N, Nagler A, Lahav M, Szyper-Kravitz M, Zipori D, Lapidot T
(2000) Induction of the chemokine stromal-derived factor-1
following DNA damage improves human stem cell function. J
Clin Invest 106:1331-1339

[35] Porcile C, Baetto A, Barbero S, Pirani P, Schettini G (2004)
CXCR4 activation induces epidermal growth factor receptor
transactivation in an ovarian cancer cell line. AnnNY Acad Sci
1030: 162-169

[36] Rafii S, Lyden D (2003) Therapeutic stem and progenitor cell
transplantation for organ vascul arization and regeneration. Nat
Med 9: 702-712

[37] Ratajczak MZ, KuciaM, RecaR, MakaM, Janowska-Wieczo-
rek A, Ratajczak J(2004) Stemcell plasticity revisited: CXCR4-
positive cells expressing mRNA for early muscle, liver and
neural cells’hideout’ inthe bone marrow. Leukemia 18: 29-40

[38] Ratajczak MZ, MgikaM, KuciaM, Drukala J, Pietrzkowski Z,
Peiper S, Janowska-Wieczorek A (2003) Expression of func-
tional CXCR4 by muscle satellite cells and secretion of SDF-1
by muscle-derived fibroblastsis associated with the presence of
both muscle progenitors in bone marrow and hematopoietic
stem/progenitor cellsin muscles. Stem Cells 21: 363-371

[39] Reya T, Morrison SJ, Clarke MF, Weissman IL (2001) Stem
cells, cancer, and cancer stem cells. Nature 414: 105-111

[40] Sl S (2004) Stem cell origin of cancer and differentiation
therapy. Crit Rev Oncol/Hematol 51: 1-28

[41] Sdll S, Pierce GB (1994) Maturation arrest of stem cell differen-
tiation isacommon pathway for the cellular origin of teratocar-
cinomas and epithelial cancers. Lab Invest 70: 6-22

[42] shi Q, Rafii S, WuMH, Wijelath ES, Yu C, IshidaA, Fujita,
Kothari S, Mohle R, Sauvage LR, Moore MA, Storb RF, Ham-

181

mond WP (1998) Evidencefor circul ating bonemarrow-derived
endothelial cells. Blood 92: 362-367

[43] Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T,
Henkelman RM, Cusimano M D, DirksPB (2004) | dentification
of human brain tumour initiating cells. Nature 432: 396-401

[44] Sun 'Y X, Wang J, Shelburne CE, Lopatin DE, Chinnaiyan AM,
Rubin MA, Pienta KJ, Taichman RS (2003) Expression of
CXCR4 and CXCL 12 (SDF-1) in human prostate cancers (Pca)
invivo. JCell Biochem 89: 462-473

[45] Tachibana K, Hirota S, lizasa H, Yoshida H, Kawabata K,
Kataokay, Kitamuray, MatsushimaK, Y oshidaN, Nishikawa
S, Kishimoto T, Nagasawa T (1998) The chemokine receptor
CXCR4 is essential for vascularization of the gastrointestinal
tract. Nature 393: 591-594

[46] Toma JG, Akhavan M, Fernandes KJL, Barnabe-Heider F,
Sadikot A, Kaplan DR, Miller FD (2001) Isolation of multipo-
tent adult stem cells from the derims of mammalian skin. Nat
Cell Biol 3: 778-784

[47] Vacanti MP, Roy A, CortiellaJ, Bonassar L, Vacanti CA (2001)
Identification and initial characterization of spore-like cellsin
adult mammals. J Cell Biochem 80: 455-460

[48] Virchow R (1855) Editoria. ArchPathol Anat Physiol KlinMed
8: 23-

[49] Xin L, Lawson A, Owen NW (2005) The Sca-1 cell surface
marker enriches for a prostate-regenerating cell subpopulation
that caninitiate prostatetumorigenesis. Proc Natl Acad Sci USA
102: 6942-6947

Received July 5, 2005
Accepted July 8, 2005



