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Human Pancreatic Cancer Stem
Cells: Implications for How We

Treat Pancreatic Cancer

Abstract

Pancreatic cancer has the worst prognosis of any major malignancy, with an annual death rate that approximates
the annual incidence rate. Delayed diagnosis, relative chemotherapy and radiation resistance and an intrinsic bio-
logic aggressiveness all contribute to the abysmal prognosis associated with pancreatic cancer. Answers to the
frustrating effort to find effective therapies for pancreatic cancer may be gained through a renewed perspective on
tumorigenesis as a process governed by a select population of cells, termed cancer stem cells (CSCs). Cancer
stem cells, like their normal counterparts, have the properties of self-renewal and multilineage differentiation
and possess inherently heightened DNA damage response and repair mechanisms that make them difficult to
eradicate. Initially discovered in leukemias, researchers have identified CSCs in several solid-organ malignancies
including breast, brain, prostate, and colon cancers. We have recently identified a CSC population in human pan-
creatic cancers. These pancreatic CSC represent 0.5% to 1.0% of all pancreatic cancer cells and express the cell
surface markers CD44, CD24, and epithelial-specific antigen. Pancreatic CSCs have been shown to be resistant to
standard chemotherapy and radiation, and devising specific therapies to target this distinct cell population is likely
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needed to identify effective therapies to treat this dismal disease.

Introduction

Pancreatic cancer is a highly lethal disease, which is usually diagnosed
in an advanced state for which there are little or no effective thera-
pies. Attempts to better understand the molecular characteristics of
pancreatic cancer have focused on studying gene and protein expres-
sion profiles of samples of pancreatic cancer. However, these studies
have not taken into account the heterogeneity of cancer cells present
within a particular tcumor. Emerging data have shown that malignant
tumors are quite heterogeneous and that they are composed of a
small subset of distinct cancer cells (usually defined by cell surface
marker expression) that are responsible for tumor initiation and
propagation, termed cancer stem cells (CSCs), and of more differen-
tiated cancer cells, which have very limited proliferative potential.
These cells are called CSCs because, like their normal counterparts,
they possess the ability to self-renew and produce differentiated prog-
eny. Cancer stem cells have now been identified in several solid tumor
types, including breast, brain, prostate, and colon cancers [1-5].

Isolation of Pancreatic CSCs
The existence of CSCs was first observed in hematopoietic malig-
nancies. More than a decade ago, John Dick’s group at the University

of Toronto observed that rare subpopulations of cells within leuke-
mia are able to generate leukemia in nonobese diabetic—severe com-
bined immunodeficient (NOD-SCID) mice [6]. These cells were
discriminated by the surface marker expression CD34"CD38" and
displayed properties of self-renewal and multilineage differentiation
along with potent proliferative capacity. The technique of sorting
cells based on cell surface marker expression and dilutional tumor-
initiation assays assessing the ability of subsets of cancer cells to pro-
duce tumor xenografts in immunocompromised NOD-SCID mice
was also applied to investigate the possible existence of solid-organ
CSCs. Using these techniques, the first solid-organ CSC was isolated
from breast cancers by Al-Hajj et al. [1]. Using the markers CD44,
CD24, and epithelial-specific antigen (ESA), which are known to be
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intimately involved in cell-cell adhesion with multiple signaling func-
tions [7-9], the investigators determined that the cancer cell popula-
tion expressing the markers CD44*ESA*CD24 ™" was capable of
re-creating a breast cancer with all its iz vivo complexity with as few
as 100 cells. Unsorted breast cancer cells and CD44"CD24" cells from
breast cancer specimens did not contribute to de novo tumorigenesis
[2]. Further studies of these breast CSCs showed activation of path-
ways that govern self-renewal in normal stem cells, including the
hedgehog signaling pathway and the polycomb gene family member
(BMI-1) [10].

As in breast cancer, FACS analysis revealed heterogeneous surface
marker expression for CD44, CD24, and ESA among pancreatic
tumor cells. To prove that distinct subpopulations were responsible
for tumor initiation in pancreatic cancer, FACS-sorted pancreatic can-
cer cells were derived directly from patient’s primary tumors or primary
tumors established as low-passage xenografts in NOD-SCID mice.
Cells were sorted for the markers CD44, CD24, and ESA, both in-
dividually or in combination, and were injected into mice, and their
tumorigenic potential was assessed. In a dose—response analysis of un-
sorted pancreatic cancer cells (10%-10% injected per mouse, no tumor
growth was evident at 16 weeks unless at least 10* cells were injected,
where four of six mice developed tumors. For cancer cells sorted for
the markers CD44, CD24, and ESA, the expression of these individ-
ual markers identified cell populations with enhanced tumorigenic
potential (Table 1). Injection of cancer cells expressing dual marker
combinations (CD44"ESA", CD24"ESA", and CD44"CD24") re-
sulted in further enhanced tumorigenic potential compared with sin-
gle marker—sorted cells, with more tumors forming with injection of
as few as 100 cells, and no tumors forming in marker-negative cells
until at least 107 cells were injected. The sorted cell population with the
highest tumorigenic potential expressed all of the markers CD44,
CD24, and ESA, with CD44"CD24"ESA" pancreatic cancer cells com-
prising only 0.2% to 0.8% of all pancreatic cancer cells. Six of 12 ani-
mals injected with 100 CD44"CD24"ESA" cells formed tumors,
whereas cells negative for expression of these cell surface markers did
not develop any tumors until 10* CD44"CD24 ESA™ cells were in-
jected, when only 1 of 12 animals developed a tumor (Table 1). Thus,
pancreatic cancer cells expressing the cell surface markers CD44, CD24,
and ESA had at least a 100-fold increased tumorigenic potential com-
pared with nontumorigenic cells [11]. The percentage of pancreatic can-
cer cells expressing these cell surface markers in individual tumors was
maintained on passaging in NOD-SCID mice.

CD44"CD24"ESA" pancreatic cancer cells’ ability to recapitulate
the primary tumor of origin in its entirety was verified by histology.
Tumors derived from CD44"CD24"ESA" pancreatic cancer cells
were remarkably similar in appearance to the patient’s primary tumor
and also had similar patterns of expression of the pancreatic adeno-
carcinoma markers S100P and stratifin (Figure 1). The FACS surface
marker expression pattern of xenografts derived from CD44"'CD24"
ESA" cells paralleled the phenotypic diversity characterized in the

Table 1. Tumor Formation Ability of Sorted Pancreatic Cancer Cells Using Cell Surface Markers.

Marker/Cell Number 104 10° 500 100
Unsorted 416 0/6 0/3 0/3
CD24"ESA* 6/8 5/8 5/8 2/8
CD24 ESA™ 2/8 1/8 0/8 0/8
CD44"/CD24"/ESA* 10/12 10/12 7/12 6/12

CD447/CD24 /ESA” 1/12 0/12 0/12 0/12

Pancreatic Cancer Stem Cells  Lee et al. 15

CD44°CD24’ESA™ ==} = CD44*CD24*ESA*

S100P

Stratiffin

100pm .

Tumor generated from
CD44'CD24'ESA" cells

Primary Tumor

Figure 1. Tumor formation in NOD-SCID mice injected with pancre-
atic cancer stem cells. Implantation of 500 CD44"CD24"ESA™ pan-
creatic CSCs results in tumor formation (top panel). Expression of
the proteins S100P (middle two panels) and stratifin (bottom two
panels) is similar in the tumor generated from CD44"CD24"ESA*
cells and the patient’s primary tumor.

original tumor, further verifying that CD44"CD24"ESA" pancreatic
cancer cells have the capacity to both self-renew and produce differ-
entiated progeny [11].

Another discriminating cell surface marker that enriches for popu-
lations of CSCs in both brain and colon cancer is CD133 [3-5]. In a
study by Hermann et al. [12], they found that a small but distinct
population of pancreatic cancer cells expresses CD133 and enriches
for cells with potent tumor-initiating capacity. CD133" cells com-
prised 1% to 3% of pancreatic adenocarcinoma cells analyzed in their
study. In comparison to CD133" and bulk pancreatic cancer cells,
as few as 500 CD133" cells injected in immunocompromised mice
generated xenografts with the phenotype of the primary pancreatic
cancer of origin. Interestingly, their report states that there was ap-
proximately 14% overlap between CD44"CD24"ESA" and CD133"
cells [12]. These findings suggest that more than one set of specific
cell surface markers may enrich for pancreatic CSC populations and
that a more distinguishing expression marker or set of markers to
identify pancreatic CSCs may yet to be discovered (Table 2).

Self-renewal Pathways in Pancreatic CSCs and
Therapeutic Implications

Self-renewal and differentiation potential are features of stem cells.
Self-renewal allows normal stem cells to persist during the lifetime of
the organism, and differentiation of stem cells provides the progenitors
and mature cells for tissue genesis, maintenance, and regeneration after
stress or injury. Pathways that are important for self-renewal in normal
stem cells are often found to be dysregulated in human cancers [13].

Table 2. Cell Surface Markers Used to Identify Pancreatic CSCs.

1. CD44'/CD24"/ESA
2. CD133"

Li et al. [11]
Hermann et al. [12]




16 Pancreatic Cancer Stem Cells  Lee et al.

Self-renewal signaling pathways that have been implicated in solid-
organ malignancies include Notch, Wnt/B-catenin, phosphatase and
tensin homologue deleted from chromosome 10, sonic hedgehog
(SHH), and BMI-1 [10,14-18]. To assess whether upregulation of
molecules important in self-renewal pathways occurred in pancreatic
cancer cells, we performed real-time reverse transcription—polymerase
chain reaction to assess the expression of developmental signaling
molecules. We observed that the SHH transcript was elevated 4-fold
in CD44"CD24 ESA™ nontumorigenic pancreatic cancer cells and
46-fold in CD44"CD24"ESA" pancreatic cancer cells when compared
with normal pancreatic epithelial cells (Figure 2). These data suggested
that there is significant upregulation of SHH in pancreatic CSC that
persists, albeit at a much lower level, in the differentiated progeny [11].
It has been shown in other studies that human pancreatic adenocar-
cinomas display increased activation of the hedgehog pathway [18,19].
Transgenic overexpression of SHH within the pancreas results in the
development of pancreatic cancer precursor lesions, termed PanIN le-
sions, accumulation of genetic mutations commonly seen in pancreatic
cancer, including K-7zs mutations, and upregulation of Her2/neu. In-
hibition of hedgehog signaling by cyclopamine inhibited pancreatic
cancer growth both in vitro and in vive, suggesting that this signaling
pathway has an early and critical role in pancreatic cancer development.
Overexpression of the polycomb gene family member protein BMI-1
has been shown to contribute to the invasive potential of epithelial ma-
lignancies including breast, brain, colon, and oral cancers [20-23]. An
important recent revelation was the finding that BMI-1 is crucial for the
maintenance and self-renewal in both normal stem cells [24—26] and
CSCs [10,27]. There are no published reports investigating the func-
tional role of BMI-1 in pancreatic cancer. We observed that BMI-1 is
significantly elevated in CD44"CD24"ESA" pancreatic CSCs com-
pared to their differentiated CD44 CD24 ESA™ pancreatic cancer cell
counterparts, suggesting that BMI-1 may play a role in the mainte-
nance of self-renewal in this pancreatic CSC population (Figure 2).

The Role of Pancreatic CSCs in Tumor Metastasis
The cytokine receptor CXCR4 is expressed in hematopoietic stem
cells and interacts with the ligand stromal cell-derived factor 1 (SDF-1)

that is secreted by bone marrow stromal cells. This chemotactic signal-
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ing cascade is responsible for the homing of hematopoietic cells to the
bone marrow. The CXCR4 cytokine is also overexpressed in advanced
and metastatic breast cancers and may play a key role in cancer cell
mobility [28,29]. CXCR4 has also been found to be overexpressed
in advanced pancreatic cancer samples [30]. Hermann et al. [12] re-
cently explored the relationship between pancreatic CSCs and CXCR4
and found that CD133" pancreatic CSC present at the invading front
of pancreatic cancers showed high expression levels of CXCR4. Inter-
estingly, whereas CD133"CXCR4- and CD133"CXCR4" cells were
able to form primary tumors equally, only CD133"CXCR4" cells were
able to metastasize [12]. The results of this study suggest that there are
stationary and migratory forms of pancreatic CSCs. Importantly, abro-
gation of CXCR4 signaling prevented metastasis in this tumor model.
These findings may have clinical implications when considering strate-
gies to inhibit metastasis of pancreatic CSCs.

Therapeutic Consequences of Pancreatic CSCs

A practical consequence of CSC heterogeneity is that strategies to
induce cell death to treat cancer must address the unique survival
mechanisms of the CSC within the cancer cell population. Most tra-
ditional cancer treatments have been developed and assayed based on
their ability to kill most of the cancer cell population and result in
tumor shrinkage. These treatments likely miss the CSCs, which have
been shown in several cancer types to be quite resistant to standard
chemotherapy and radiation. A prediction of the CSC model is that
treatments that target the CSC will be required to result in an effec-
tive cure of cancer. As such, tumor shrinkage is not going to be a
useful parameter to measure effectiveness of CSC therapies, and ap-
proaches to measure CSC burden will need to be devised.

Studies in CD34 CD38™ leukemic stem cells showed that these leu-
kemic CSCs were significantly less sensitive to daunorubicin or cyta-
rabine than bulk leukemic cells [31]. In glioblastoma, it was determined
that the CSC population expressing CD133" in both primary tumors
and xenografts was enriched two- to four-fold following ionizing radi-
ation [32]. Enrichment of the CD133" brain CSC occurred due to in-
herent resistance of this distinct population to radiation-induced
apoptosis. The ability of the CSC to resist apoptosis-induced radiation
was conferred by the preferential activation of DNA damage response
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Figure 2. Upregulation of developmental signaling molecules in pancreatic CSCs. mRNA expression of SHH (A) and BMI-1 (B) in normal
pancreas, nontumorigenic CD44~CD24 ESA™ pancreatic cancer cells, and highly tumorigenic CD44"CD24"ESA™ pancreatic CSCs.
Total RNA was quantitated by real-time reverse transcription—polymerase chain reaction. Data are expressed as the mean = SE. *P <

.05 versus normal pancreas.
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in these cells [32]. In a recent report, Hermann et al. [12] showed that
CD133" pancreatic CSCs are resistant to standard chemotherapy.
Some studies suggest that Wnt/B-catenin signaling leads to in-
creased tolerance of DNA damage, thus conferring radiation resistance
of CSCs [33-35]. Wnt signaling activates the DNA damage response,
and one transcriptional target of B-catenin signaling is survivin, which
is known to promote cellular survival in pancreatic cancer in response
to apoptotic stimuli such as ionizing radiation [36]. The complex na-
ture of CSC survival mechanisms extends beyond Wnt/B-catenin sig-
naling. Notch activity has also been implicated in breast cancer’s
response to radiation injury [37], and targeting this pathway has
shown effective antitumor response in preclinical trials [38]. Alterna-
tively, some studies suggest that the level of compaction of chromatin
dictates accessibility to genomic DNA and subsequent mediation of
DNA damage responses and that a looser configuration of chromatin
in stem cells leads to accelerated DNA repair following injury. Such
has been shown in embryonic stem cells that have lower levels of
the chromatin structural protein histone-1. In a study by Murga
et al. [39], embryonic stem cells with lower levels of histone-1, which
results in less chromatin compaction, had enhanced recovery from
DNA damage in comparison to differentiated cells. Pancreatic CSCs
likely share some of the signaling cascades involved in cellular re-
sponses to DNA damage present in other stem cell systems; however,
the specific responses and mechanisms involved in the chemotherapy
and radiation resistance of pancreatic CSCs remain to be elucidated.

Microenvironmental Cues

The stromal epithelial interactions that occur in the stem cell niche
of cancers have profound implications in understanding the complex
processes involved in tumor initiation, propagation, and metastasis.
Pancreatic cancer is noted for its profound desmoplasia. Although
CSCs have inherent defense mechanisms to radiation and chemother-
apy, the robust desmoplasia in pancreatic cancer likely provides a mi-
lieu for additive resistance. Supporting this possibility is a recent report
that demonstrated that the addition of conditioned media of pancre-
atic cancer—associated fibroblasts to cultures of pancreatic cancer cells
inhibited the response of the cancer cells to chemotherapy and radia-
tion study [40].

Pancreatic cancers have been demonstrated to be quite hypoxic, and
CSCs may be enriched in areas of hypoxia, which promotes stem cell
maintenance and blocks differentiation [41]. Hypoxia induces chemo-
kines such as hypoxia-inducible factor 1, which upregulates vascular
endothelial growth factor and thus promotes tumor angiogenesis
[42]. Hypoxia-inducible factor 1 is also implicated in tumor responses
to radiation injury through induction of metabolic pathways, activa-
tion of p53 signaling, and induction of tumor proliferation [43].
The expression of hypoxia-inducible factor 1 and vascular endothelial
growth factor was observed to be significantly upregulated in pancre-
atic cancer [44]. The interaction of pancreatic CSC and the hypoxic
tumor microenvironment is a fertile area for future investigation.

Understanding microenvironmental cues will be important when
considering CSC therapeutics. It is likely that the best preclinical
model system to test CSC therapeutics will be primary pancreatic
cancers established in the orthotopic location, that is, the pancreatic
niche. This model system will not only mimic the heterogeneity of
tumors seen in actual patients but will also allow the contribution of
the tumor microenvironment, thus will allow assessment of the thera-
peutic responses in a clinically relevant setting.
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Conclusions

Evidence suggests that pancreatic cancer is a CSC-driven disease.
Isolation and characterization of pancreatic CSCs reveal that these
tumor-initiating cells share important molecular pathways seen in other
solid-organ CSCs and contribute to resistance to conventional chemo-
therapy and radiation. A better understanding of the pathways govern-
ing the key properties of self-renewal, differentiation, and interactions
between pancreatic CSCs and the tumor microenvironment will ulti-
mately aid in the development of more effective therapeutics against
pancreatic cancer.

References

[1] Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, and Clarke MF
(2003). Prospective identification of tumorigenic breast cancer cells. Proc Natl
Acad Sci USA 100 (7), 3983-3988.

[2] Collins AT, Berry PA, Hyde C, Stower M], and Maitland NJ (2005). Prospec-
tive identification of tumorigenic prostate cancer stem cells. Cancer Res 65 (23),
10946-10951.

[3] Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman
RM, Cusimano MD, and Dirks PB (2004). Identification of human brain tu-
mour initiating cells. Nature 432 (7015), 396-401.

[4] O’Brien CA, Pollett A, Gallinger S, and Dick JE (2007). A human colon can-
cer cell capable of initiating tumour growth in immunodeficient mice. Nature
445 (7123), 106-110.

[5] Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, and
De Maria R (2007). Identification and expansion of human colon-cancer—
initiating cells. Nature 445 (7123), 111-115.

[6] Bonnet D and Dick JE (1997). Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Naz Med 3 (7),
730-737.

[7]1 Ponta H, Sherman L, and Herrlich PA (2003). CD44: from adhesion molecules
to signalling regulators. Nat Rev Mol Cell Biol 4 (1), 33-45.

[8] Weichert W, Denkert C, Burkhardt M, Gansukh T, Bellach J, Altevogt P, Dietel
M, and Kiristiansen G (2005). Cytoplasmic CD24 expression in colorectal can-
cer independently correlates with shortened patient survival. Clin Cancer Res 11
(18), 6574-6581.

[9] Jin L, Hope K], Zhai Q, Smadja-Joffe F, and Dick JE (2006). Targeting of

CD44 eradicates human acute myeloid leukemic stem cells. Nat Med 12 (10),
1167-1174.

Liu S, Dontu G, Mantle ID, Pastel S, Ahn NS, Jackson KW, Suri B, and Wicha
MS (2006). Hedgehog signaling and Bmi-1 regulate self-renewal of normal and
malignant human mammary stem cells. Cancer Res 66 (12), 6063-6071.

Li C, Heidt DG, Dalcrba P, Burant CE, Zhang L, Adsay V, Wicha M, Clarke
ME and Simeone DM (2007). Identification of pancreatic cancer stem cells.
Cancer Res 67 (3), 1030-1037.

Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, Bruns CJ,
and Heeschen C (2007). Distinct populations of cancer stem cells determine
tumor growth and metastatic activity in human pancreatic cancer. Cell Stem Cell
1, 313-323.

Huang EH, Heidt DG, Li CW, and Simeone DM (2007). Cancer stem cells: a
new paradigm for understanding tumor progression and therapeutic resistance.
Surgery 141 (4), 415-419.

Lessard J and Sauvageau G (2003). Bmi-1 determines the proliferative capacity
of normal and leukaemic stem cells. Nature 423 (6937), 255-260.

Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, and
Wicha MS (2004). Role of Notch signaling in cell-fate determination of human
mammary stem/progenitor cells. Breast Cancer Res 6 (6), R605-R615.

Yilmaz OH, Valdez R, Theisen BK, Guo W, Ferguson DO, Wu H, and
Morrison SJ (2006). PTEN dependence distinguishes haematopoietic stem cells
from leukaemia-initiating cells. Nature 441 (7092), 475-482.

Clement V, Sanchez P, de Tribolet N, Radovanovic I, and Ruiz i Altaba A (2007).
HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer stem cell
self-renewal, and tumorigenicity. Curr Biol 17 (2), 165-172.

Thayer SP, di Magliano MP, Heiser PW, Neilsen CM, Roberts DJ, Lauwers GY,
Qi YD, Gysin S, Fernandez-del Castillo C, Yajnik V, et al. (2003). Hedgehog is
an early and late mediator of pancreatic cancer tumorigenesis. Nature 425 (6960),

851-856.



18

(19]

(20]

(21]

(22]

(23]

[24]

(28]

(29]

Pancreatic Cancer Stem Cells  Lee et al.

Berman DM, Karhadkar SS, Maitra A, Montes De Oca R, Gerstenblith MR,
Briggs K, Parker AR, Shimada Y, Eshleman JR, Watkins DN, et al. (2003).
Widespread requirement for Hedgehog ligand stimulation in growth of digestive
tract tumours. Nature 425 (6960), 846-851.

Kim JH, Yoon SY, Jeong SH, Joo JH, Moon SK, Choe IS, Choe YK, and Kim JW
(2004). Overexpression of Bmi-1 oncoprotein correlates with axillary lymph node
metastases in invasive ductal breast cancer. Breast 13 (5), 383-388.

Cui H, Hu B, Li T, Ma ], Alam G, Gunning WT, and Ding HF (2007). Bmi-1
is essential for the tumorigenicity of neuroblastoma cells. Am J Pathol 170 (4),
1370-1378.

Kim JH, Yoon SY, Kim CN, Joo JH, Moon SK, Choe IS, Choe YK, and Kim
JW (2004). The Bmi-1 oncoprotein is overexpressed in human colorectal cancer
and correlates with the reduced p16™*/p14*** proteins. Cancer Lett 203 (2),
217-224.

Kang MK, Kim RH, Kim §J, Yip FK, Shin KH, Dimri GP, Christensen R, Han
T, and Park NH (2007). Elevated Bmi-I expression is associated with dysplastic
cell transformation during oral carcinogenesis and is required for cancer cell rep-
lication and survival. Br J Cancer 96 (1), 126-133.

Molofsky AV, He S, Bydon M, Morrison SJ, and Pardal R (2005). Bmi-1 promotes
neural stem cell self-renewal and neural development but not mouse growth and
survival by repressing the p16™* and p19* senescence pathways. Genes Dev 19
(12), 1432-1437.

Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, Morrison SJ,
and Clarke MF (2003). Bmi-1 is required for maintenance of adult self-renewing
haematopoietic stem cells. Nature 423 (6937), 302-305.

van der Lugt NM, Domen J, Linders K, van Roon M, Robanus-Maandag E, te
Riele H, van der Valk M, Deschamps ], Sofroniew M, van Lohuizen M, et al.
(1994). Posterior transformation, neurological abnormalities, and severe hema-
topoietic defects in mice with a targeted deletion of the mi-1 proto-oncogene.
Genes Dev 8 (7), 757-769.

Cui H, Ma ], Ding J, Li T, Alam G, and Ding HF (2006). Bmi-I regulates the
differentiation and clonogenic self-renewal of I-type neuroblastoma cells in a
concentration-dependent manner. / Biol Chem 281 (45), 34696-34704.
Luker KE and Luker GD (2006). Functions of CXCL12 and CXCR4 in breast
cancer. Cancer Lett 238 (1), 30—-41.

Su YC, Wu MT, Huang CJ, Hou ME, Yang SE and Chai CY (2006). Expression
of CXCR4 is associated with axillary lymph node status in patients with early
breast cancer. Breast 15 (4), 533-539.

Wehler T, Wolfert F, Schimanski CC, Gockel I, Herr W, Biesterfeld S, Seifert JK,
Adwan H, Berger MR, Junginger T, et al. (2006). Strong expression of chemokine
receptor CXCR4 by pancreatic cancer correlates with advanced disease. Oncol Rep
16 (6), 1159-1164.

Costello RT, Mallet F, Gaugler B, Sainty D, Arnoulet C, Gastaut JA, and Olive
D (2000). Human acute myeloid leukemia CD34"/CD38" progenitor cells have
decreased sensitivity to chemotherapy and Fas-induced apoptosis, reduced im-

[33]

[41]

[42]

[43]

Translational Oncology Vol. 1, No. 1, 2008

munogenicity, and impaired dendritic cell transformation capacities. Cancer Res
60, 4403-4411.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW,
Bigner DD, and Rich JN (2006). Glioma stem cells promote radioresistance
by preferential activation of the DNA damage response. Nature 444 (7120),
756-760.

Chen MS, Woodward WA, Behbod F, Peddibhotla S, Alfaro MB, Buchholz TA,
and Rosen JM (2007). Wnt/beta-catenin mediates radiation resistance of Scal*
progenitors in an immortalized mammary gland cell line. / Cell Sci 120 (Pt 3),
468-477.

Woodward WA, Chen MS, Behbod F, Alfaro MB Buchholz TA, and Rosen JM
(2007). WNT/beta-catenin mediates radiation resistance of mouse mammary
progenitor cells. Proc Natl Acad Sci USA 104 (2), 618-623.

Ayyanan A, Civenni G, Ciarloni L, Morel C, Mueller N, Lefort K, Mandinova
A, Raffoul W, Fiche M, Dotto GP, et al. (2006). Increased Wnt signaling
triggers oncogenic conversion of human breast epithelial cells by a Notch-
dependent mechanism. Proc Natl Acad Sci USA 103 (10), 3799-3804.
Asanuma K, Moriai R, Yajima T, Yagihashi A, Yamada M, Kobayashi D, and
Watanabe N (2000). Survivin as a radioresistance factor in pancreatic cancer. Jpn
J Cancer Res 91 (11), 1204-1209.

Phillips TM, McBride WH, and Pajonk F (2006). The response of CD24 vy
CD44" breast cancer—initiating cells to radiation. J Natl Cancer Inst 98 (24),
1777-1785.

Fan X, Matsui W, Khaki L, Stearns D, Chun ], Li YM, and Eberhart CG
(2006). Notch pathway inhibition depletes stem-like cells and blocks engraft-
ment in embryonal brain tumors. Cancer Res 66 (15), 7445-7452.

Murga M, Jaco I, Fan Y, Soria R, Martinez-Pastor B, Cuadrado M, Yang SM,
Blasco MA, Skoultchi Al, and Fernandez-Capetillo O (2007). Global chromatin
compaction limits the strength of the DNA damage response. J Cell Biol 178
7), 1101-1108.

Hwang RE, Moore T, Arumugam T, Ramachandran V, Amos KD, Rivera A, Ji
B, Evans DB, and Logsdon CD (2008). Cancer-associated fibroblasts promote
pancreatic tumor progression. Cancer Res 68 (3), 918-926.

Keith B and Simon MC (2007). Hypoxia-inducible factors, stem cells, and can-
cer. Cell 129 (3), 465-472.

Buchler B, Reber HA, Buchler M, Shrinkante S, Buchler MW, Friess H, Semenza
GL, and Hines O] (2003). Hypoxia-inducible factor 1 regulates vascular endothe-
lial growth factor expression in human pancreatic cancer. Pancreas 26 (1), 56-64.
Moeller BJ, Richardson RA, and Dewhirst MW (2007). Hypoxia and radiother-
apy: opportunities for improved outcomes in cancer treatment. Cancer Metastasis
Rev 26 (2), 241-248.

Sun HC, Qiu ZJ, Liu J, Sun J, Jiang T, Huang KJ, Yao M, and Huang C
(2007). Expression of hypoxia-inducible factor-1 alpha and associated proteins
in pancreatic ductal adenocarcinoma and their impact on prognosis. /nz J Oncol

6, 1359-1367.



