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Abstract
At least some cancer stem cells (CSCs) display intrinsic drug resistance that may thwart
eradication of a malignancy by chemotherapy. We have explored the genesis of such resistance by
studying mouse models of liver cancer driven by either MYC or the combination of oncogenic
forms of AKT and NRAS. A common manifestation of chemoresistance in CSCs is efflux of the
DNA-binding dye Hoechst 33342. We found that only the MYC-driven tumors contained a subset
of cells that efflux Hoechst 33342. This “side population” (SP) was enriched for CSCs when
compared to non-SP tumor cells and exhibited markers of hepatic progenitor cells. The SP cells
could differentiate into non-SP tumor cells, with coordinate loss of chemoresistance, progenitor
markers and the enrichment for CSCs. In contrast, non-SP cells did not give rise to SP cells.
Exclusion of Hoechst 33342 is mediated by ABC drug transporter proteins that also contribute to
chemoresistance in cancer. We found that the MDR1 transporter was responsible for the efflux of
Hoechst from SP cells in our MYC-driven model. Accordingly, SP cells and their tumor-initiating
subset were more resistant than non-SP cells to chemotherapeutics that are effluxed by MDR1.

Conclusion—The oncogenotype of a tumor can promote a specific mechanism of
chemoresistance that can contribute to the survival of hepatic CSCs. Under circumstances that
promote differentiation of CSCs into more mature tumor cells, the chemoresistance can be quickly
lost. Elucidation of the mechanisms that govern chemoresistance in these mouse models may
illuminate the genesis of chemoresistance in human liver cancer.

Liver cancer is the fifth most common and third deadliest cancer in the world1. Primary liver
cancer in adults is usually caused by viral infections or sustained chemical or alcohol
exposure2. Chemotherapy is a standard method of treatment for unresectable tumors, but
meta-analysis of chemotherapy has revealed little statistical benefit in 1-year survival rates3.
Understanding how chemoresistance arises in hepatic tumors may lead to improvements in
therapy.

A major mechanism of chemoresistance in cancers, including those of hepatic origin, is the
aberrant expression of ATP Binding Cassette (ABC) transporters4. ABC transporter proteins
are composed of a single or multiple sets of transmembrane domains and nucleotide binding
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domains5. Various substrates, including ions, sugars, proteins, metabolites and hydrophobic
drugs are effluxed through the transmembrane domains, while the nucleotide binding
domains hydrolyze ATP and power the efflux. ABC transporters prevent the accumulation
of toxic compounds in normal cells. High expression of these proteins can also impair
chemotherapy in cancer cells, including cancer stem cells (CSCs)6.

CSCs have been identified in a number of solid cancer models, including liver cancer7.
CSCs are characterized as having enhanced tumor initiating capabilities compared to other
tumor cells8. Furthermore, these cells are often described as maintaining markers and
molecular properties similar to undifferentiated adult stem or progenitor cells for the tissue
of origin. Notable surface markers for hepatic CSCs that were previously identified in
hepatic progenitor cells include CD90, CD44, CD133 and EpCAM9–12. Metabolic markers
such as aldehyde dehydrogenase (ALDH) activity have also been associated with hepatic
CSCs13.

CSCs frequently display enhanced chemoresistance, which may contribute to the survival of
tumor initiating cells and the recurrence of tumors following chemotherapy7. One approach
to identify CSCs exploits enhanced chemoresistance through fractionation of cancer cells
based on the efflux of Hoechst 333426. Subsets of cells that efflux Hoechst 33342 at a
greater rate than the rest of the cell population can by identified by flow cytometry as a
poorly stained side population (SP) of cells. SP cells were initially isolated in order to purify
murine hematopoetic stem cells from bone marrow14. SP cell purification has since been
utilized in the isolation of CSCs from both hematopoietic and solid malignancies, including
hepatic carcinomas7, 15–17. Normal hepatic progenitors also display increased Hoechst
33342 efflux activity18. Most work on hepatic cancers with SP purification has involved
established human or rat hepatic cancer cell lines and chemically-induced cancer models
rather than oncogene-specific in vivo models7, 15, 16. The ABC transporter proteins P-
glycoprotein (P-gp/MDR1), encoded by the multidrug resistance gene 1 (Mdr1), and the
breast cancer resistance protein (BCRP), encoded by the Bcrp1 gene, have both been shown
to contribute to SP formation in a variety of cell types19–21. The molecular mechanisms that
determine which drug transporter protein mediates SP formation in different cancer samples
and models remain unclear. At least one study with lung cancer in vivo, however, suggests
that the initiating oncogene(s) may play a key role in dictating CSC properties22, 23. We
have used mouse models for liver cancer to explore the possibility that the oncogenotype of
a tumor can determine the nature of chemoresistance in SP cells.

MYC is a transcription factor that contributes to a number of cellular processes including
proliferation, apoptosis and metabolism24. Chromosomal amplification of the MYC locus
(8q24) has been found in 40–60% of early HCC samples25, 26. Activation of AKT, which
affects cell survival, proliferation, metabolism and other cellular processes in tumor cells, is
seen in up to 26.5% of recurrent HCC cases and is associated with poor prognosis27, 28.
Aberrant activation of the RAS signaling pathway, which contributes to cell growth and
survival processes, is also a common occurrence following the downregulation of RAS
inhibitor proteins in HCC29. Here, we show that CSCs with increased Hoechst 33342 efflux
activity could be isolated from a MYC-driven murine hepatic tumor model, but not from
hepatic tumors elicited by the combination of AKT and RAS. SP cells isolated from MYC-
driven tumors were enriched for both increased colony formation in vitro and tumor-
initiating capability in NOD/Scidil2Rγ−/− (NSG) mice. Furthermore, these cells exhibited
several properties of hepatic progenitor cells and could differentiate into more mature non-
SP hepatic cancer cells. In contrast, non-SP hepatic cancer cells appeared to be terminally
differentiated, as they did not revert to SP cancer cells following allograft.
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Increased MDR1 expression has been found in primary and metastatic liver tumors taken
from patients following chemotherapy30. While both MDR1 and BCRP1 have been
implicated in SP cell formation in CSCs, we found that only MDR1 mediated the formation
of SP cells in our murine liver tumor model. Tumor-initiating SP cells were also enriched in
tumors following treatment with chemotherapeutics that can be efficiently effluxed by
MDR1. We conclude that the nature of chemoresistance in CSCs may be determined by the
particular oncogene(s) responsible for tumorigenesis. In addition, our work provides a model
for isolating and studying primary hepatic CSCs driven by MYC.

Materials and Methods
Animals

The Tet-o-MYC/LAP-tTA (LT2-MYC) murine hepatoblastoma tumor model has been
previously described31. For hydrodynamic transfection-induced MYC and AKT/RAS
tumors, 20 μg of plasmids encoding MYC and transposon or 20 μg of two plasmids
encoding oncogenic forms of AKT (myristylated AKT) and NRAS (NRASV12) and
transposon were mixed with 2 μg of plasmids encoding the Sleeping Beauty transposase in
2.5 mls of PBS and injected into the lateral tail vein of 6- to 8-week old female wildtype
FVB/N mice (Jackson Laboratory, Maine, USA). Allograft experiments were performed in
NOD/Scidil2Rγ−/− (NSG) mice (Jackson Laboratory, Maine, USA). All animal studies were
approved by the Committee for Animal Research at the University of California, San
Francisco.

Isolation and Analysis of SP cells
In order to obtain single cell suspensions, normal liver and liver tumors were isolated and
diced into 2–5mm size pieces. Tumor pieces were treated with collagenase/dispase (1 mg/
ml) (Roche, Indianapolis, IN, USA) for 10 minutes at 37° C with gentle rocking. Following
treatment, cells were filtered through sterile gauze, 70 μm and then 40 μm cell strainers.
Cell suspensions were treated with 1X Red Blood Cell (RBC) Lysis Buffer (eBioscience,
San Diego, CA, USA) for 5 minutes on ice and washed 3 times with PBS. The average
percentage of viable cells from normal cells was 67.15% ± 7.97% (n=4) and from tumor
cells was 50.97% ± 7.65% (n=4). Aliquots of 106 cells from individual tumors were
resuspended in 1 ml of DMEM+ (2% FBS and 10mM HEPES buffer) and treated with
Hoechst 33342 at a final concentration of 5 μg/ml at 37° C for 50 minutes in the presence or
absence of verapamil (50 μM). The length of incubation with Hoechst 33342 and verapamil
was optimized as previously described32. Following treatment, cells were resuspended in
HBSS+ (Hanks Balanced Salt Solution with 2% FBS and 10 mM HEPES buffer). CD44
expression was analyzed by staining cells with anti-CD44 (IM7) antibody (eBioscience, San
Diego, CA, USA) for 30 minutes prior to analysis. Stained cells were analyzed by
FACSAria II (BD Biosciences, San Jose, CA, USA) with a UV laser excitation of 350 nm
and fluorescence was measured with a 450/50 filter. Propidium Iodide (PI) (0.2 μg/ml) was
used to exclude dead or dying cells. The SP was defined as the fraction eliminated by the
pump inhibitor verapamil.

Colony Formation Assay and Allograft Tumor Initiation Assay
SP, non-SP and live hepatic tumor cells were isolated by flow cytometry. 1×105 cells were
seeded in a 24 well cell culture plate in supplemented ESP-Gro media (GigaCyte, Branford,
CT, USA). Colony formation was counted following 12 days of growth. For allografts, cells
were resuspended in supplemented serum-free media and mixed at 1:1 ratio with Growth
Factor Reduced Matrigel (BD Biosciences, San Jose, CA, USA) and injected into the
hindquarters of NOD/Scidil2γR−/− (NSG) mice.
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Immunohistochemistry and Western Blot
Paraffin-embedded liver or tumor samples were stained with hemotoxylin and eosin (H&E)
(UCSF Craniofacial Histology Core Facility). In situ fluorescent TUNEL staining was done
according to the manufacturer’s protocol (Millipore, Bellirica, MA, USA). Stained samples
were analyzed by fluorescent microscopy (Zeiss Axiophot) and apoptosis was quantified by
ImageJ (NIH). Western blots were performed with the Criterion system (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol and probed with antibodies for MYC
(Epitomics, Burlingame, CA, USA), AFP, C/EBPα, β-Actin (Cell Signaling, Beverly, MA)
and MDR1, MRP1 and BCRP1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assay
LT2-Myc tumor cells were isolated from primary tumors and seeded overnight in 96 well
plates at 1×105 cells per well in RPMI media containing 10% FBS and penicillin (100 IU/
ml)/streptomycin (100 μg/ml). Following treatment with drugs at IC50 dosages, cell growth
was analyzed by TACStm MTT assay according to the manufacturer’s protocol (R&D
Systems, Minneapolis, MN, USA). Treatments were performed in triplicate.

Real-time Quantitative PCR (Q-PCR) analysis
Following isolation of SP and non-SP cells, mRNA was isolated with the Arcturus PicoPure
RNA Isolation Kit according to the manufacturer’s protocol (Applied Biosystems, Carlsbad,
CA, USA). Following reverse transcription of RNA/sample (iScript, Invitrogen, Carlsbad,
CA, USA), Q-PCR was performed with the SYBR Green PCR kit according to the
manufacturer’s protocol (Applied Biosystems, Carlsbad, CA, USA).

Results
SP Cells Possess Greater Tumor-Initiating Potential than do Non-SP Cells

Hepatic overexpression of the human oncogene MYC in mice results in the formation of
highly aggressive poorly differentiated tumors that resemble human hepatoblastomas31, 33.
MYC-mediated hepatic tumorigenesis can be elicited by either induction of transgenic
human MYC or hydrodynamic transfection of human MYC, with both methods resulting in
histologically similar forms of tumors (Fig. 1A). Hydrodynamic co-transfection of plasmids
that express oncogenic forms of human AKT1 and human NRAS promotes hepatic tumors
(AKT/RAS tumors) resembling moderately differentiated hepatocellular carcinoma and
cholangiocarcinoma (Fig. 1A)34. While AKT/RAS tumors have been demonstrated to
express MYC in excess of the levels in normal liver tissue34, MYC-induced tumors have
much higher levels of MYC (Supplementary Fig. 1A), which may augment expression of
MYC-specific properties. We investigated whether the MYC or AKT/RAS-induced primary
hepatic tumors contain an increased SP population when compared to normal livers. Normal
livers and AKT/RAS-induced hepatic tumors contained few if any SP cells (Fig. 1B, C). In
contrast, up to 10.43% of the cells in MYC-induced hepatic tumors fractionated as SP (Fig.
1B, C). The SP gate was determined by treating samples with Hoechst 33342 in the presence
or absence of verapamil, which inhibits drug binding to drug-transporter proteins35.

Because CSCs have greater tumor-initiating potential than other subpopulations in tumors8,
we compared the tumor-initiating potential of SP cells to non-SP cells to determine if CSCs
are enriched in the SP. We first performed colony formation assays in supplemented serum-
free media that promotes growth of hepatic progenitor cells36. While unsorted tumor cells
formed colonies, sorting for SP cells resulted in a nearly 5-fold increase in colony forming
units (CFUs) (Fig. 2A). Non-SP cells failed to form colonies, whereas large colonies were
formed by SP cells (Fig. 2A, B). These in vitro experiments encouraged analysis of SP
tumor-initiating potential in vivo.
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Serial dilution allografts were performed to determine the tumor-initiating potential of SP
cells in vivo. SP cells from MYC-induced tumors formed tumors in highly
immunocompromised NSG mice following subcutaneous injections of 100 cells, whereas at
least 1000 non-SP cells were required to produce any tumors (Fig. 2C, E). In contrast, SP
and non-SP cells from AKT/RAS-induced tumors failed to form any tumors in NSG mice
following subcutaneous injections of up to 1000 cells (Supplemental Fig. 1B). Tumors
derived from allografts of MYC-driven SP cells contained SP and non-SP cells at
percentages similar to those found in primary tumors (Supplemental Fig. 2). SP cells sorted
from SP-derived tumors also formed tumors when seeded at 100 cells in secondary allograft
experiments, whereas the same number of non-SP cells sorted from SP cell-derived tumors
failed to initiate tumors (Fig. 2D). Additionally, SP cell allografts could give rise to non-SP
tumor cells, whereas cells from non-SP allografts did not engender SP cells (Supplemental
Fig. 2). We conclude that a subset of SP cells possesses the CSC-like property of tumor-
initiation. SP cells also appear able to differentiate in vivo into a population of non-SP cells
that does not display the enrichment for tumor-initiating potential found in the SP.

SP Cells Possess Properties of Hepatic Progenitor Cells
CSCs are thought to share properties with normal progenitor cells16. We examined the SP
for evidence of such properties. CD44 has been characterized as a marker of CSCs and is
expressed in hepatic progenitors9, 37. Cd44 mRNA was elevated in SP cells compared to
non-SP cells when measured by quantitative PCR (Q-PCR) (Fig. 3A). Flow cytometry
analysis revealed that CD44 protein expression was enriched on the surface of SP cells
compared to non-SP cells (Fig. 3B). Additionally, other genes found to be upregulated in
hepatic progenitors, including Epcam and Bmi1, were also upregulated in SP cells (Fig.
3A)38, 39. Since CSCs are a subpopulation of the SP, we conclude that they too may carry
markers of normal progenitors.

When unsorted tumor cells were exposed to media that favors the survival and growth of
heptic progenitor cells, the percentage of SP cells increased (Fig. 4A). In contrast, non-SP
cells failed to propagate or even survive in progenitor media (Supplemental Fig. 3), in
accord with the view that they are more differentiated than SP cells. The SP population was
reduced when tumor cells were incubated in media that elicits differentiation of hepatic
progenitors into mature hepatocytes40 (Fig. 4B). Previous work has shown that MYC tumor
cells can differentiate into mature hepatic cells upon the inactivation of MYC in vivo31. We
found that concurrent repression of the MYC transgene by doxycycline enhanced the effect
of differentiation media on the MYC-driven tumor cells, as manifested by complete loss of
the progenitor marker AFP and an increase in C/EBPα, a marker for mature hepatocytes
(Fig. 4C, Supplemental Fig. 4D). We conclude that SP cells from the MYC-driven hepatic
tumors possess properties similar to normal progenitor cells, and that the same is likely to be
true of the CSC subset of SP cells.

MDR1 Mediates SP Formation and Chemoresistance in MYC-driven hepatic tumors
The ABC transporter proteins MDR1 and BCRP have been shown previously to efflux
Hoechst 33342 dye19, 20. Sorted tumor cells were analyzed for the mRNA of ABC
transporters as well as MRP1 (Abcc1a and Abcc1b). Only Mdr1a and Mdr1b mRNAs were
more highly expressed in SP cells than in non-SP cells (Fig. 5A). These results were also
confirmed by Western Blot analysis (Fig. 5B). Notably, expression of BCRP was not
detected by either means. Exposure of LT2-MYC tumor cells to progenitor media enriched
for MDR1 expression, whereas differentiation media did not (Supplemental Fig. 4D).

Since MDR1 was more highly expressed than BCRP in SP cells, we used a functional
analysis to determine whether it was MDR1 that mediated SP formation. To this end, we
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used hydrodynamic transfection of MYC to elicit hepatic tumors in mice that were deficient
in either Mdr1a/1b or Bcrp and analyzed the resulting tumors for SP cells. Hydrodynamic
transfection of MYC elicted hepatic tumors in mice of all genotypes by 90 days
(Supplementary Fig. 4C). MYC induction of tumors in wildtype and Bcrp−/− mice resulted
in the formation of a SP population, whereas hepatic tumors in Mdr1a/1b−/− mice did not
have a SP population (Fig. 5C). The role of MDR1 in mediating the SP phenotype was
further verified in vitro: overexpression of MDR1 enhanced the SP phenotype while partial
knockdown reduced it (Supplemental Fig. 4A, B). These data demonstrate that, while
MDR1 does not affect tumorigenesis, it is responsible for the SP phenotype seen in our
tumor model.

MDR1 and BCRP efflux a number of similar chemotherapeutics, including doxorubicin
(Dox), which is utilized in the treatment of primary hepatic tumors41, 42. MDR1 and BCRP
can also efflux other chemotherapeutics with very different efficacy. For example, MDR1
effluxes paclitaxel (PTX), whereas BCRP does not. In contrast, BCRP is the preferential
transporter for the drug SN3843, 44. Because MDR1 mediates SP formation, we investigated
the role that MDR1 might play in chemoresistance in our hepatic tumor model. The efficacy
of Dox and PTX treatment against LT2-MYC tumor cells was increased when combined
with verapamil (Fig. 6A). SN38 treatment also inhibited cell growth (Fig. 6A), but the
efficacy was not affected by verapamil. Unfractionated LT2-MYC tumor cells were
analyzed for Hoechst 33342 efflux activity following treatment with Dox, PTX and SN38.
The percentage of tumor cells in the SP increased following treatment with Dox or PTX,
providing evidence that SP cells are resistant to chemotherapeutics effluxed by MDR1 (Fig.
6B).

Similar results were also seen in vivo. Treatment of LT2-MYC tumors with PTX elicited
apoptosis (Fig. 6C, Supplemental Fig. 5) and increased the SP fraction in the surviving cells,
when compared to the results of PBS treatment (Fig. 6D). Additionally, cells from PTX
treated LT2-MYC tumors had enhanced tumor-initiating potential compared to cells from
PBS treated LT2-MYC tumors when seeded at 300 cells per injection into NSG mice (Fig.
6E). Thus, PTX treatment selected for tumor-initiating cells that were resistant to MDR1-
effluxed drugs.

Discussion
The chemoresistance of hepatic cancer stem cells

We have demonstrated that tumor-initiation by MYC creates a chemoresistant CSC
population not seen following tumor initiation by AKT/RAS. Furthermore, this population
can be enriched by isolating SP cells that exclude Hoechst 33342 dye. Previous studies have
identified SP cells at very low percentages in developing and fully mature livers18. In these
studies, hepatic progenitors represented a portion of the SP cells present in developing livers
and the majority of SP cells present in mature livers. A portion of cells in MYC-induced
hepatic tumors possess similar Hoechst 33342 efflux activity. These SP cells in our LT2-
MYC hepatic tumor model were enriched for tumor-initiating cells, in comparison with non-
SP cells, similar to CSCs identified as SP cells in other tumor models. The SP cells in the
MYC-driven tumors were also capable of differentiating into more mature, non-SP cancer
cells. This differentiation can occur fairly rapidly in vitro as evidenced by the loss of
chemoresistance, hepatic progenitor markers and tumor-initiating capacity. Since MYC has
been previously demonstrated to regulate global epigenetic states, the rapid differentiation
could be a result of epigenetic reprogramming45. In mammary epithelial cells, neoplastic
nonstem cells can spontaneously give rise to stem-like CSCs suggesting a bidirectional
interconversion between stem and non-stem cell states46. This does not appear to be the case
in our model as SP cells can differentiate into non-SP cells in vivo, but non-SP cells do not
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appear to spontaneously revert back to an SP state. While tumor-initiating CSCs typically
represent only a subset of cells within the SP, enrichment by phenotypic markers such as
chemoresistance can represent a reasonable first step in the purification of CSCs.

MDR1-mediated chemoresistance in hepatic CSCs
Intrinsic and acquired chemoresistance contribute to treatment failure in 90% of recurrent
and metastatic tumors47. Consequently, understanding the mechanisms that may allow CSCs
to escape chemotherapy and contribute to recurrence is important in improving the treatment
of cancer. While BCRP and MDR1 have both been implicated in the chemoresistance of
CSCs, the evidence until now had consisted mainly of increased expression of ABC
transporters in CSCs compared to other subpopulations of tumor cells. We found an increase
of MDR1 in SP cells compared to non-SP cells. In addition, however, we performed a
functional analysis by using hydrodynamic transfection of MYC to elicit hepatic tumor
formation in mice that were deficient in either BCRP or MDR1. The results demonstrated
that the formation of MYC-induced SP cells is dependent upon MDR1.

There are at least two possible explanations for the expression of MDR1 in MYC-driven SP
cells. First, MYC may directly regulate transcription from the Mdr1 genes. Previous studies
have shown that MYCN can enhance MDR1 expression in human neuroblastoma cell lines
and bind in vitro to E-box sequence oligonucleotides derived from putative MYC binding
sites in the MDR1 proximal promoter48. MYC itself might play a similar role in the murine
hepatic cancers that we have studied here. Alternatively, MYC may elicit hepatic tumors
from precursor cells that are already chemoresistant due to intrinsic expression of MDR1.
For example, MDR1 expression is increased during hepatic damage at reactive bile ductules,
where proliferation of bipotential hepatic progenitor cells is thought to occur49. If hepatic
progenitors are the precursor cells of CSCs, expression of MDR1 in the SP fraction
(including CSCs) could represent a legacy from the normal precursor in which
tumorigenesis originated. Whatever its genesis, expression of MDR1 is extinguished when
SP cells differentiate into the non-SP cells that constitute the bulk of the MYC-driven
tumors.

We conclude that the characteristics of CSCs can be determined by the oncogenotype
responsible for tumorigenesis. We found that in MYC-driven hepatic tumors, MDR1
expression is required for formation of the SP and is responsible for the resistance of these
cells to the chemotherapeutics that MDR1 can efflux. Chemoresistant CSCs that are
enriched in the SP could survive initial rounds of chemotherapy and regenerate the bulk
tumor following treatment withdrawal. We conclude that therapeutic inhibition of MDR1
might increase the efficacy of chemotherapeutics such as paclitaxel and doxorubicin against
MYC-driven hepatic CSCs. This in turn might improve the therapeutic outcome. The
models for primary hepatic cancer presented should be useful in exploring how different
oncogenic events promote chemoresistance in CSCs. An understanding of how
chemoresistance arises in CSCs is likely to be important in the personalization of cancer
therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviations

CSC cancer stem cells

SP Side population

ABC ATP Binding Cassette

ALDH aldehyde dehydrogenase

P-gp/MDR1 P-glycoprotein (P-gp/MDR1)

Mdr1 multidrug resistance gene 1

BCRP breast cancer resistance protein

AKT Activation of v-akt murine thymoma viral oncogene homolog

NSG NOD/Scidil2Rγ−/−

LT2-MYC Tet-o-MYC/LAP-tTA

Doxy doxycycline

RBC Red Blood Cell

CFU colony forming units

Dox doxorubicin

PTX paclitaxel

FC fold-change
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Fig. 1. MYC-induced hepatic tumors have increased SP cells compared to normal liver
(A) Upper row, gross morphology of livers and tumors from FVB/N Wt, LT2 and LT2-
MYC transgenic mice and MYC-transfected mice 8 weeks after removal of doxycycline or
hydrodynamic transfection. Lower row, microscopic images of H&E stained normal livers
and MYC-induced tumors. Scale bar = 100 μm. (B) SP analysis of LT2 normal liver cells
and LT2-MYC hepatic tumor cells. (C) SP analysis of FVB/N normal liver cells and hepatic
tumor cells induced by hydrodynamic transfection of AKT/RAS and MYC.
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Fig. 2. SP cells are enriched for tumor-initiating potential
(A) Colony forming assay of unsorted LT2-MYC tumor cells (Total), sorted SP cells and
non-SP cells performed in supplemented HpBGro serum-free media. (n=4), *p<0.00001 (B)
Colony assays with SP and non-SP cells. (C) Primary allograft of LT2-MYC tumor cells.
10000 (n=4), 1000 (n=4) or 100 (n=4) unsorted LT2-Myc tumor cells (Total) and 10000
(n=4), 1000 (n=16) or 100 (n=12) sorted SP cells and 10000 (n=4), 1000 (n=16) or 100
(n=8) non-SP cells were seeded subcutaneously in NSG mice. Animals were monitored for
tumors for 90 days post-injection. *p<0.02, **p<0.00001, ***p<0.003 (D) Secondary
allograft of LT2-MYC tumors derived from SP cells. 100 (n=10) sorted SP cells and 100
(n=10) non-SP cells from LT2-Myc SP cell derived allograft tumors were subcutaneously
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seeded in NSG mice. Animals were monitored for tumors for 90 days post-injection.
*p<0.000006 (E) Representative image of a NSG mouse seeded with 100 SP and 100 non-
SP from LT2-Myc tumors in opposite flanks 60 days after injection.
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Fig. 3. SP cells derived from liver tumors express markers of hepatic progenitor cells
(A) Q-PCR analysis of markers for hepatic progenitor cells (Cd44, Epcam and Bmi1) in
unsorted (Total), sorted SP and non-SP LT2-MYC hepatic tumor cells, *p-value<0.002,
**p-value<0.02, ***p-value <0.01 (B) Flow cytometry analysis for CD44 in SP and non-SP
LT2-Myc hepatic tumor cells. Gating determined by verapamil control.
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Fig. 4. SP cells derived from liver tumors have properties resembling those of hepatic progenitor
cells
(A) SP analysis of LT2-MYC tumor cells grown in hepatocyte progenitor media for 7 days.
SP gate was determined by loss of SP in verapamil treated controls. (B) SP analysis of LT2-
Myc tumor cells grown on collagen-coated plates in mature hepatocyte differentiation media
for 7 days. (C) Western blot analysis of whole cell lysate collected from LT2-MYC tumor
cells grown on collagen-coated plates in mature hepatocyte differentiation ESP-Diff media
with doxycycline (Doxy) (100 ng/ml) for 0, 4, 7 and 14 days. AFP is a marker for hepatic
progenitors and C/EBPα is a marker for mature hepatocytes.
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Fig. 5. MDR1 mediates formation of SP cells
(A) Q-PCR analysis of ABC transporter pump genes in unsorted (Total), sorted SP and non-
SP LT2-MYC hepatic tumor cells and LT2 normal liver cells (Normal). Data are presented
as fold-change relative to normal samples. *p-value<0.03, **p-value<0.002 (B) Western
blot analysis of whole cell lysate from LT2 normal liver (N) and unsorted (T), sorted SP,
non-SP LT2-Myc hepatic tumor cells and FVB/N wildtype kidney tissue (MRP1 and BCRP
positive control). (C) SP analysis in the absence (top row) and presence (bottom row) of
verapamil (50μM) of tumor cells from FVB/N Wt, Bcrp−/− and Mdr1a/1b−/− mice
following MYC hydrodynamic transfection.
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Fig. 6. MDR1 confers chemoresistance to MDR1-effluxed drugs but not BCRP-effluxed drugs in
LT2-MYC SP cells
(A) MTT assay of LT2-MYC hepatic tumor cells following treatment for 72 hours with
either Dox (10μM), PTX (0.1μM) or SN38 (0.1μM) (n=3–4). Cell viability is shown as a
percentage of MTT conversion compared to 0.1% DMSO (PBS) treated samples.
Parentheses denote drug transporters that preferentially efflux these drugs. (B) SP analysis
of isolated LT2-MYC tumor cells treated overnight in vitro with 0.1% DMSO (PBS), PTX
(2.5 nM) or Dox (2.5 nM). (C) TUNEL analysis of LT2-Myc tumors. LT2-MYC tumor
bearing mice were treated with 0.1% DMSO (PBS) or PTX (200 μg) every 3 days and
analyzed after 2 weeks of treatment. (D) SP analysis of LT2-MYC tumors following in vivo
treatment with 0.1% DMSO (PBS) or PTX (200 μg). (E) LT2-MYC tumor cells were
treated with either 0.1% DMSO (PBS) or PTX (200 μg). Following the treatment, 300 live
cells from each sample (n=10) were subcutaneously seeded in NSG mice. Percentages of
mice with tumors were evaluated up to 90 days post-injection.
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