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Side population of a murine mantle cell lymphoma model
contains tumour-initiating cells responsible for lymphoma
maintenance and dissemination
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Abstract

‘Cancer stem cells’ or ‘tumour initiating cells’ in B-cell non-Hodgkin lymphomas have not been demonstrated, although some studies
focused on other cancer types suggest that such populations exist and represent tumour cells resistant to therapy and involved in relapse.
These cells may also represent a putative neoplastic ‘cell of origin” in lymphomas, but there is little substantive data to support this sugges-
tion. Using cell lines derived from a recently established murine IL-14a X ¢-Myc double transgenic/mantle cell lymphoma-blastoid variant
model, heretofore referred to as DTG cell lines, we identified a subset of cells within the side population (SP) with features of ‘tumour-ini-
tiating cells’. These features include higher expression of ABCG2 and BCL-2, longer telomere length, greater self-renewal ability and higher
in vitro clonogenic and in vivo tumorigenic capacities compared with non-SP. In addition, in vitro viability studies demonstrated that the
non-SP lymphoma subpopulation has a limited lifespan in comparison with the SP fraction. Syngenic transplant studies showed that non-
SP derived tumours, in comparison to the SP-derived tumours, exhibit greater necrosis/apoptosis and less systemic dissemination capa-
bility. In conclusion, our data support the interpretation that the DTG SP fraction contains a cell population highly capable of tumour main-
tenance and systemic dissemination and lends support to the concept that ‘tumour-initiating cells’ occur in lymphomas.
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Introduction

‘Cancer stem-cells’ or ‘tumour-initiating cells’ have been defined,
by analogy with normal stem-cells, as cells that have the capacity
to self-renew, that is to divide and generate more ‘cancer stem-
cells’ as well as to differentiate into the variety of neoplastic cells
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found in tumours [1, 2] The identification and isolation of tumour
initiating cells is important because they represent potential candi-
dates responsible for tumour chemoresistance and relapse and
could be the cell of origin of tumours.

Several approaches have been explored to identify and isolate
cancer stem-cells. One of these methods is side population (SP)
analysis. This analysis is based on a technique described by Goodell
et al. [3] who observed that when bone marrow-derived cells are
incubated with Hoechst 33342, a cell-permeable DNA-specific bis-
benzimidazole dye, and then analysed by dual-wavelength flow
cytometry, a small population of cells does not accumulate an
appreciable amount of dye. This population, identified as the SP cell
fraction, is capable of pumping out the vital dye Hoechst 33342. The
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non-SP cells appear as the Hoechst high fraction because they
retain high levels of Hoechst dye staining; they are also referred to
as the main population. Later studies attributed the SP phenotype to
the expression of ATP-binding cassette (ABC) transporters, which
efflux Hoechst dye and chemotherapeutic drugs out of the cells [4].
SP analysis has been commonly used as one of the methods for
enriching for ‘tumour-initiating cells’ in cancer cell lines and primary
tumour cultures [5—15]. Others have shown in other systems that
the SP phenotype correlates with a distinct cell population enriched
for primitive and undifferentiated cells [16].

There is evidence that some acute and chronic leukaemia and
some solid tumours may contain ‘tumour-initiating cells’ and a cell
hierarchy similar of that observed in normal tissues from which a
tumour arises [7, 17, 18]. This view, inspired by the unique capac-
ity of the normal haematopoietic stem-cells to restore long-term
haematopoiesis in myeloablated mice, postulates that most cells
in a tumour lack self-renewal potential and, hence, do not con-
tribute significantly to tumour perpetuation. Although research is
rapidly advancing in this field, to our knowledge, there are no pub-
lished reports examining the presence and/or role of SP cells in
non-Hodgkin lymphomas and only rare papers address the issue
of tumour initiating cells in lymphomas [19].

Non-Hodgkin lymphomas have been increasing in incidence
over the last three decades [20, 21] and are a heterogeneous
group of lymphoid tumours, more than 80% of which are of B-cell
lineage. One type of B-cell non-Hodgkin lymphoma with a poor
prognosis is mantle cell lymphoma (MCL). MCL is distinctive
B-cell non-Hodgkin lymphoma characterized by CD5 and cyclin D1
expression and the t(11;14)(q13;932). In addition to involvement
of lymph nodes, the spleen, bone marrow and gastrointestinal
tract are commonly involved and approximately 25% of patients
have a leukemic phase. There is also a blastoid variant (BV) of
MCL, representing 10-20% of cases, that is particularly aggres-
sive clinically and has high-grade histological features.

Recently, Ford et al. [22] have established an IL-14a X ¢-Myc
double transgenic (DTG)/MCL-BV model. The animals, referred to
as DTG mice, develop an aggressive, monoclonal B-cell lymphoma,
positive for CD5 and cyclin D1 with features consistent with human
MCL-BV [22]. Using this model, we found that DTG lymphoma cell
lines have a surprisingly large SP fraction (up to 6%) and that this
subpopulation is enriched for cells with at least some features of
‘tumour-initiating cells’. Our data support the interpretation that the
DTG SP fraction contains a cell population essential for tumour
maintenance and systemic dissemination and lends support to the
concept that ‘tumour-initiating cells” occur in lymphomas.

Material and methods

Cell lines

Two permanent DTG lymphoma cell lines (designated as 105340 and
101913) were obtained from IL-14a X ¢-Myc DTG mice. Detailed methods
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on the transgenic constructions and production of the single transgenic
parenteral strains (IL-14TG and c-MycTG) as well as the transgenic model
have been described [22, 23]. The cell lines were maintained at 37°C in
RPMI 1640 media (Life Technologies, Grand Island, NY, USA) supple-
mented with 10% heat inactivated (56°C for 30 min.) foetal bovine serum
(FBS, Sigma Chemical, St Louis, MO, USA) in a humidified atmosphere
containing 5% COo.

Side population and cell sorting

The SP and the non-SP fractions of the DTG lymphoma cell lines were
identified and isolated using the DNA-binding dye Hoechst 33342
(Sigma) and flow cytometry sorting based on the protocol described by
Goodell et al. [3]. A total of 5 X 107 cells were stained with the DNA-
binding dye Hoechst 33342 in a final concentration of 5 wg/ml (37°C for
1.5 hrs in the dark), either alone or in the presence of 50 or 100 wmol/I
verapamil (Sigma). At the end of incubation, cells were spun down in the
cold and resuspended in cold HBSS containing 2% FBS and 10 mM
Hepes. One microgram per millilitre of propidium iodine (Pl) (Sigma)
was also added and used for the discrimination of dead cells. As a con-
trol for the SP method, we used the HL60-Dox cell line (HL60 cells
chronically exposed to a low concentration of doxorubicin; courtesy of
Dr M. Andreeff, M.D. Anderson Cancer Center) which is enriched with
high numbers of SP cells. SP cells and non-SP cells were sorted directly
into RPMI 1640 10% FBS culture medium. Cell sorting was performed
with a FACS Vantage (BD Pharmingen, San Jose, CA, USA). Hoechst
33342 was excited with the UV laser at 350 nm and fluorescence emis-
sion was measured with 405/BP30 (Hoechst blue) and 570/BP20
(Hoechst red) optical filters. Pl labelling was measured through the
625/BP30 filter. For SP analysis and cell sorting the gates were placed
using the verapamil control tube. Hence, only cells negative for Hoechst
were included in the SP gate. Conversely, the non-SP gate only included
cells positive for Hoechst (cells without efflux potential). Importantly,
the non-SP gate was shifted to the right and lower side of the histogram
to ensure that a population defined as ‘upper-SP’ is not included in the
non-SP gate. The ‘upper-SP’ fraction represents cells with high DNA
content [24], that, in our experience, disappears after incubation with
verapamil indicating that these cells have functional ATP binding cas-
settes and therefore should be excluded from the non-SP gate. For size
analysis of the SP fraction, mean forward scatter values from several
experiments were used.

Immunofluorescence labelling of ABCG2
and confocal microscopy

Immunofluorescence labelling was performed following the manufac-
turer's recommendations (Molecular Probes Inc. Eugene, OR, USA) as pre-
viously described [25]. A total of 5 X 10* SP cells and non-SP cells were
plated on cytospin slides. The slides were made immediately after cell sort-
ing and fixed for 10 min. in 3.7% formaldehyde at room temperature. The
cells were incubated for 1 hr at room temperature with a rabbit anti-ABCG2
polyclonal antibody (1:50) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Alexa Fluor 488 (green) goat anti-rabbit IgG conjugate antibody was
used as secondary antibody (Molecular Probes). The nuclei were stained
with 4’-6-diamidino-2-phenylindole (DAPI). The cells were analysed with
an Olympus FV500 confocal laser microscope following the adjustment of
background signals from the negative control.
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Laser scanning cytometry for quantification
of BCL2 expression

Laser scanning cytometry (LSC) analysis was performed as previously
described [26]. Cytospin slides from SP and non-SP cells were made
immediately after cell sorting, fixed in 1% paraformaldehyde for 15 min. at
room temperature and then washed with PBS. The slides were incubated
with the FITC conjugated anti-BCL2 monoclonal antibody (DAKO). FITC
conjugated mouse 1gG1 (DAKO) was used as the negative control. The
slides were counterstained with Pl and FITC and fluorescence was meas-
ured. The 488-nm line of the argon laser was used for excitation with a
530-nm bandpass filter. Pl fluorescence was excited using the argon
488-nm line and measured by a 625-nm bandpass filter. 800 to 2,000 cells
were analysed on each slide.

Flow cytometry immunophenotyping

To reveal the immunophenotypic profile of isolated SP cells and to assess
immunophenotypic differences between SP and non-SP cells, both cell
populations were immunophenotyped using 16 antibodies that are specific
for B-cell antigens, previously described stem-cell markers, or adhesion
molecules including CD5, CD19, B220, CD23, CD25, CD34, CD38, CD40,
CD79a, CD90 (THY-1), CD117 (c-KIT), CD123 (IL-3Ra), CD133, IgM, IgD
and CXCR4 (CD184). The data were acquired on a FACS Vantage (BD) and
were analysed using the FlowJo analysis program (TreeStar, San Carlos,
CA, USA).

G-banding karyotyping

Sorted DTG SP and non-SP cells were cultured for 24 hrs. Conventional
cytogenetic analysis was performed on G-banded metaphase cells using
standard techniques. Up to 10 metaphases were analysed from each sam-
ple and the results were reported using the International System for
Human Cytogenetic Nomenclature.

Telomere length measurements using quantitative
fluorescence in situ hybridization (qFISH)

DTG SP and non-SP cell fractions were prepared as described and stained
with a Cy-3 labelled T2AG3 PNA probe. qFISH was performed as previously
described [27, 28]. Images were dark subtracted and flat fielded prior to
quantitative analysis. Depending on the quality of cell spreads, up to 50
interphase nuclei from each sample were analysed. These experiments
were done in triplicate.

Cell cycle and cell proliferation assays

Cell cycle analysis was performed with the FITC BrdU Flow Kit (BD).
500,000 DTG SP and non-SP cells were pulse labelled with BrdU for
45 min. following the manufacturer’s protocol. The cells were stored at
4°C until the analysis. Bivariate analysis of the amount of BrdU (FITC)
versus the DNA content (Pl) was performed with flow cytometry on the
FACSCalibur device (BD) as previously described [29]. The proliferation
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index was calculated using the following formula: proliferation index =
(G2M + S) / (GOG1 + S + G2M) to reflect the percentage of proliferat-
ing cells. The S-phase cell fraction (SPF) reflected the cell percentage in
the S phase and was calculated using the formula SPF = S/ (GOG1 +
S + G2M).

Serial SP and non-SP cell sorting

To compare in vitro self-renewal capacity, we cultured sorted 8 X 10° SP
and non-SP cells separately under the same culture conditions. Both pop-
ulations were re-stained with Hoechst 33342, serially sorted again at 2, 4,
6 and 8 weeks and the proportion of SP cells was quantified. We also
examined and compared cell viability between cultured SP and non-SP cell
fractions. For this analysis, after each serial sorting, a total of 5 X 10° sP
or non-SP cells were separately cultured under the same culture conditions
for up to 3 weeks. Cell viability was analysed by trypan blue exclusion at
1, 2 and 3 weeks after cell sorting.

Methylcellulose clonogenicity assay

Colony formation in methylcellulose (M3434 Stem Cell Technologies,
Vancouver, BC, Canada) was performed according to the manufacturer’s
instructions. 1000 SP and non-SP sorted cells were initially plated and
incubated in 3 ml of methylcellulose for 10 days. After 10 days, wells were
stained with p-iodonitrotetrazolium violet and the number of colonies
(those larger than 10 cells) was counted using a stereomicroscope. In
addition, we compared clonogenic ability between CD34 " and negative SP
cells using a methylcellulose colony-forming assay. CD34 " and negative
SP cells were sorted from the total SP fraction using double staining with
Hoechst 33342 and FITC labelled CD34 antibody. 1000 cells were initially
plated and incubated in 300 L of methylcellulose for 10 days. Colonies
were counted, photographed and measured using QCapture Pr Software
(Qlmaging Inc, Surrey, BC, Canada). All these experiments were per-
formed in duplicate.

In vivo tumorigenicity assay

To determine if the SP fraction is enriched with tumour-initiating cells and
whether tumorigenicity differs between SP and non-SP cells, in vivo
experiments were performed in accord with the institutional guidelines for
the use of laboratory animals. After isolation of the SP and non-SP cell
fractions, sorted cells were washed twice with PBS and various numbers
of cells (1 X 104, 1 x10%and 1 102) were resuspended in 0.1 ml of
saline, and subsequently injected subcutaneously into non-obese dia-
betic/severe combined immunodeficiency (NOD/SCID) mice (Jackson
Laboratories, Bar Harbor, ME, USA). The mice were maintained in the
M.D. Anderson Cancer Center SCID Mouse Core Facility, which consists
of a standard barrier vivarium, under sterile pathogen-free conditions suit-
able for immune-deficient rodents. Subcutaneous tumour growth was
monitored every 2 days starting the second week after inoculation. The
mice were killed when the subcutaneous tumours reached 1.5 c¢cm in
diameter. Tumour tissue and mouse organs were harvested, placed
in 10% formalin (Baxter Diagnostics, Issaquah, WA, USA) and embedded
in paraffin. Thin histological sections were prepared and stained with
haematoxylin and eosin. Unstained sections were also prepared to per-
form immunohistochemical studies. Fresh tumour tissue was obtained,
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cell suspensions were generated and lymphoma cells were cultured and
re-stained with Hoechst 33342 and reanalysed for SP as described above.

Immunohistochemistry

Immunohistochemical methods were used as previously described [30] to
assess protein expression of B220, CD5 and cyclin D1 in formalin fixed,
paraffin-embeddded tissue sections. Antimouse monoclonal antibodies to
B220, CD5 (BD Pharmingen, Heidelberg, Germany) and cyclin D1 (Santa
Cruz Biotechnology) were used.

Immunoglobulin gene rearrangements

Polymerase chain reaction (PCR) methods to assess for immunoglobulin
gene rearrangements were performed with DNA extracted from DTG SP,
non-SP and total (non-fractionated) DTG cells using the DNeasy Tissue kit
(Qiagen, Valencia, CA, USA). The primers used have been previously
described [22]. The PCR products were analysed by electrophoresis using
1.2% agarose gels.

Reverse transcriptase-polymerase chain reaction
(RT-PCR) and stem cell PCR array

Total RNA from SP, non-SP, total DTG cells and CD34" and negative SP
cells was purified using Trizol, according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). Expression of c-Myc was determined
using RT-PCR as previously described [22]. RT-PCR products were sepa-
rated on 1% agarose gels and visualized by UV light after incorporation of
ethidium bromide. For the stem cell-array, total RNA was isolated using
Qiagen RNeasy Mini kit (Qiagen). cDNA was synthesized using RT? First
Strand Kit (C-03) (SA Biosciences, Fredrick, MD, USA) and used to per-
form a qPCR based assay for a panel of mouse self-renewal genes using
RT2 Profiler Stem Cell PCR (PAMM-405) (SA Biosciences) as per manu-
facturer’s instructions.

Statistical analysis

Clonogenicity capacity was calculated according to the following equation:
(colonies per dish/number of SP or non-SP cells per dish) x100. A two-
sample Student’s t test was used where appropriate. P = 0.05 was
accepted as significant. Statistical calculations were done using StatView
(Abacus Concepts, Inc., Berkeley, CA, USA).

Results

DTG cell lines contain a significantly large
SP-cell population

We stained two DTG cell lines with Hoechst 33342 dye and iden-
tified the SP by its characteristic profile in dual-wave length flow
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cytometry analysis. Both DTG lymphoma cell lines contained a
distinct fraction of SP cells, ranging in different determinations
from 0.13% to 6% (median 3.5%). The SP cells markedly dimin-
ished or disappeared in the presence of Hoechst 33342 and vera-
pamil, a calcium channel blocker (Fig. 1A). No significant differ-
ences in cell size were observed between DTG SP and non-SP
cells (average forward scatter of five determinations, SP: 314.3
and non-SP: 340.16; P = 0.3). DTG SP and non-SP cells were
sorted separately for further experiments. Using immunofluores-
cence and confocal microscopy, we assessed for ABCG2 protein
expression in the SP and non-SP lymphoma cells. Higher ABCG2
protein levels were detected in SP cells in comparison with non-
SP cells (Fig. 1B). These results indicate that the DTG lymphoma
cell lines are good models to study the biological and molecular
features of the SP cells.

DTG SP cells and non-SP cells are clonal cell
populations

IgH gene rearrangement studies performed on DNA obtained
from the SP, non-SP and total DTG cell fractions, showed mon-
oclonal gene rearrangements (Fig. S1). The monoclonal bands
detected in the three samples had the same size supporting the
interpretation that they are clonally related. Expression of c-Myc
was also determined in SP and non-SP cells using RT-PCR.
High levels of expression of c-Myc were detected in both cell
fractions (Fig. S1).

DTG SP cells show higher expression levels
of BCL-2 protein than non-SP cells

Using laser scanning microscopy, we quantified the expression
levels of BCL-2 in the DTG SP and non-SP cell fractions.
Significantly higher levels of BCL-2 protein were detected in the
SP in comparison with the non-SP cell fraction (mean 1916837.72
for SP and 1382150.53 for non-SP cells [P < 0.0001]) (Fig. 2A).
These results suggest that DTG SP cells may have higher consti-
tutive resistance to apoptosis than non-SP cells.

DTG SP cells have longer telomere length than
non-SP cells

Since telomere length has been associated with cellular lifespan in
some stem cells, we evaluated this parameter in DTG SP and non-
SP tumour populations. qFISH analysis revealed a significant
higher average telomere length in the DTG SP compared with
non-SP cell fraction (mean 1.87% for SP and 0.51% for non-SP
cells [P < 0.0001]) (Fig. 2B). These results suggest that the SP cells
may have longer lifespan than the non-SP cells, and that SP cells
may represent a reservoir with longer proliferative potential for
generating lymphoma cells.
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DTG SP cells demonstrate a higher degree
of aneuploidy than in non-SP cells

Chromosomes were G-banded and up to 10 metaphases of DTG SP
and non-SP cells were karyotyped. This analysis revealed that SP
cells have a higher degree of aneuploidy than their counterpart
non-SP cells. The chromosome number in SP cells ranged from 57
to 112 with up to five copies per chromosome. The modal chromo-
some number was 57. The chromosome number in non-SP cells
ranged from 50 to 59, with a modal chromosome number also of
57. No chromosomal translocations were identified. The higher
aneuploidy seen in DTG SP cells suggests that this cell fraction, in
comparison with the non-SP fraction, has higher genetic instabil-
ity, higher proliferative potential and asymmetric cell division.

DTG SP cell fraction contains a small
population of CD34" CD38" cells

To determine immunophenotypic differences between DTG SP and
non-SP cells, both cell populations were immunophenotyped
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Fig. 1 SP cell analysis in DTG cell lines. (A) DTG
lymphoma cell lines were enriched with SP cells (in
the analysis shown, 1.74% of the total cellularity).
The SP proportion was reduced when the cells were
incubated with increasing concentrations of vera-
pamil (V1: 50 wg/mland Vo: 100 w.g/ml) to block the
ATP transporter. The same number of cells was
quantified in these experiments. Note that the non-
SP gate was shifted to the right and lower side of the
non-SP region to ensure that a population defined
as ‘upper-SP’ was not included in the sorted non-SP
fraction. (B) Higher expression levels of ABCG2 pro-
tein, as determined by immunofluorescence, were
detected in the SP fraction in comparison with the
non-SP. Nuclei were stained with DAPI.

using flow cytometry and various antibodies specific for B-cells,
stem-cell markers and adhesion molecules. Both SP and non-SP
cells expressed CD5, CD19, CD23 (dim), CD38, CD45 and CD184
(CXCR4) (dim) and were negative for CD25, CD40, CD79a, CD90
(Thy1), CD117 (c-Kit), CD123 (IL3Ra), IgM and IgD. A subset
(4.2%) of DTG SP cells was positive for CD34 and CD38 (Fig. 2C).
In contrast, only 0.16% of the non-SP cells were positive for CD34
and CD38. Interestingly, the percentage of CD34" SP cells
increased when the gating area was moved close to the tip of the
SP region (4.95%), which is the area enriched for cells with the
highest capacity to exclude Hoechst 33342 (Fig. 2C; bold line tri-
angle). On the contrary, the percentage of CD34" decreased when
the gating area was moved far away from the tip of the SP region
(2.47%) (dot line triangle), an area which contains cells with less
capacity to exclude the vital dye. A minor population of both SP
and non-SP cells was CD34™ and CD38".

To gain additional insights into the nature of the SP cell frac-
tion positive for CD34 we analysed the expression of 84 genes
known to be involved in self-renewal and differentiation using a
RT2 Profiler Stem Cell PCR (SA Biosciences) comparing first SP
with non-SP cells, and subsequently SP cells positive for CD34
with SP cells negative for CD34. In addition, we compared the
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Fig. 2 Phenotypic characteristics of DTG SP cells. (A) Laser scanning cytometry revealed higher levels of BCL-2 protein in the SP fraction of DTG cell
lines compared to the non-SP fraction (P < 0.0001). IgG controls were used for SP and non-SP cells and indicated as C and C’. The histogram and
representative immunofluorescence pictures are shown in the left and right panels, respectively. Nuclei were stained with DAPI. (B) The average telom-
ere length was higher in the SP fraction of DTG lymphoma cell lines than the non-SP fraction. The red dots in the FISH pictures represent the telomeric
areas (upper panels). Nuclei were stained with DAPI. Telomere length distribution of up to 50 cells was quantified and the results are shown in the his-
togram. (C) Most of the DTG SP and non-SP cells were CD38 ™" but CD34™. A small subset (4.2%) of SP cells was CD34 . The percentage of CD34*
SP cells increased when the gating area was moved close to the tip of the SP region (4.95%) (bold line triangle), and decreased (2.47%) when the gat-
ing area was moved far away from the tip of the SP region (dot line triangle). In contrast, only 0.16% of the non-SP cells were CD34 ™.

clonogenic ability of CD34™ and CD34~ SP cells using a methyl-
cellulose colony-forming assay. Averaging the results from two
independent experiments, 14 self-renewal genes (17% of all genes
assessed) differed in their expression levels between SP and non-
SP cells establishing a distinctive self-renewal signature for the SP
population. Genes expressed at different levels included /GF1
(up-regulated 16 fold), CXCL12 (up-regulated 10 fold), JAGT (up-
regulated 4.4 fold), S100b (up-regulated up to 4.2 fold) and
NOTCHZ (up-regulated 2.5 fold). A distinctive self-renewal signa-
ture was not found in CD34* SP-cells when compared with CD34~
SP cells. However, the colony assays showed that CD34™ SP cells

© 2009 The Authors

exhibited higher clonogenicity and formed relatively larger
colonies than CD34" cells (mean 174.6 wm for CD34" and
267.1 wm for CD347; [P = 0.002]) (Fig. S3).

DTG SP cells can generate both SP and non-SP
cells and have longer life span in vitro than
non-SP cells

To examine whether DTG SP cells can generate both SP and non-
SP cells, SP and non-SP cells were cultured in vitro, restained
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with Hoechst 33342, reanalysed by flow cytometry and serially
sorted at 2, 4 and 8 weeks. In each continuous sort, SP cells were
able to repopulate both SP and non-SP cells, with an increased
ratio of SP cells to non-SP cells (up to 13.53% SP cells at
8 weeks) (Fig. 3A). However, each successive sort of non-SP cells
demonstrated predominantly non-SP cells with a progressively
decreased ratio of SP cells to non-SP cells (0.73% SP cells at
8 weeks) (Fig. 3A). These findings suggest that the DTG non-SP
cell fraction is less effective in regenerating SP cells than the SP
cell fraction. In addition, it is possible that few SP cells ‘contam-
inate’ the non-SP fraction in each sorting; this may explain the
decreased ratio of SP cells to non-SP cells seen in each succes-
sive sort of non-SP cells.

In addition, we examined differences in cell viability between
serially-sorted DTG SP and non-SP cells. To examine cell viability
differences, equal numbers of SP and non-SP cells were cultured
up to three extra weeks after each serial cell sorting at 2, 4 and
8 weeks. Cell viability was analysed by trypan blue exclusion at
1, 2 and 3 weeks after each sorting. In all these experiments, the
non-SP cell fraction demonstrated a progressive and substantial
decrease in cell viability over time, in comparison with the SP frac-
tion (Fig. 3B).

To determine if the differences seen in cell viability were, at
least in part, due to Hoechst 33342 toxicity, we stained 10 X 108
DTG cells with Hoechst 33342 at a final concentration of 5 wg/ml
(37°C for 1.5 hrs), performed the SP analysis procedure but
without cell sorting (mock analysis), and cultured the cells for
10 days. As a control, the same number of DTG cells were incu-
bated with 5 wg/ml of sterile PBS, SP analysis was performed
(without sorting) and cells were cultured for 10 days. Initially, a
decrease in the cell numbers is seen in both samples (Fig. S2).
Although an initial larger decrease in the total number of viable
cells was seen in the sample exposed to Hoechst 33342 com-
pared with control, a significant recovery in cell growth was seen
in both samples after day 5 and no differences in cell numbers
were seen at day 8 (Fig. S1). These results indicate that although
Hoechst 33342 is toxic, the cells fully recover from the effects of
the dye and from SP analysis after 7 days in culture. Therefore,
Hoechst 33342 toxicity cannot explain the differences in cell via-
bility observed between DTG SP and non-SP cells when cultured
for more than 1 week.

DTG SP cells have more clonogenic ability
than non-SP cells

To investigate differences in clonogenicity ability between DTG SP
and non-SP cells, we assessed colony formation ability using an
in vitro methylcellulose colony-forming assay. A total of 1 X 103
sorted DTG SP and non SP-cells were cultured in methylcellulose
for 10 days. DTG SP cells formed a greater number of colonies
than the non-SP cells (35% for SP cells and 11.8% for non-SP
cells, [P < 0.004]) at 10 days in culture (Fig. 3C) indicating that
the SP cell fraction is more clonogenic than non-SP.
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DTG SP cells are enriched with cells in S phase
of the cell cycle

To reveal cell cycle differences between DTG SP versus non SP
cells, sorted DTG SP and non-SP cells as well as non-sorted DTG
cells were pulse-labelled with BrdU for 45 min. A total of 5 X 10°
SP and non-SP cells were analysed at days 1 and 3 after cell sort-
ing. These experiments revealed similar results, showing that SP
cells had a higher S phase fraction (SPF) than the non SP cells
(average of two determinations: 34% in the SP and 18.8% in the
non-SP cells; P = 0.008) (Fig. 3D). No differences in the distribu-
tion of cells in various phases of the cell cycle were seen between
non-SP cells and the non-sorted DTG cells.

DTG SP cells are more tumorigenic
than the non-SP cells

We explored the in vivo tumorigenic ability of DTG SP and non-
SP cells using 1 x 10%, 1 x 103 or 1 x 102 viable DTG SP and
non-SP cells sorted separately and subcutaneously injected into
NOD/SCID mice. Initially, we injected 1 X 10* viable cells, five
mice with SP and five with non-SP cells. All five mice injected
with SP cells developed subcutaneous tumours at least 1.5 cm
in size at 3 weeks (Table 1 and Fig. 4A). Only one mouse
injected with 1 x 10% non-SP cells developed a 1.5 cm subcu-
taneous tumour at 3 weeks. Two additional mice developed
~1.5 cm subcutaneous tumours, at 4 weeks. The other two mice
injected with non-SP cells never developed tumours (3 months
of follow-up). Subsequently, 1 x 10° and 1 x 10% DTG SP and
non-SP cells were subcutaneously injected into NOD/SCID mice
(Table 1), three with SP and three with non-SP cells. All mice
injected with 1 X 10° SP cells developed palpable subcuta-
neous tumours within the 3 weeks (Fig. 4C). Two of three mice
injected with 1 X 10® non-SP cells also developed palpable
tumours; however, tumour latency was longer, 4 weeks. Mice
injected with 1 X 10% SP cells developed palpable tumours in
4 weeks. By contrast, all three mice injected with 1 X 10? non-SP
cells did not develop subcutaneous tumours at 6 weeks after the
injection. No peripheral blood involvement was detected in mice
injected with 1 X 10? non-SP cells and necropsies confirmed
the absence of systemic lymphoma (Fig. 4D).

Morphological evaluation of the DTG SP derived and non-SP
derived lymphomas showed that both reproduced the blastoid
histological appearance and the immunophenotypic characteris-
tics of the primary lymphomas, being positive for B220, CD5
and cyclin D1 (Fig. 4B) [22]. However, some differences
between DTG SP and non-SP lymphomas were noted. Clusters
of neoplastic cells were seen in several organs including, liver
(intrasinusoidal and portal spaces), pancreas (perivascular),
spleen (red pulp) and bone marrow in mice injected with the SP
fraction (Fig. 5). By contrast, there was much less systemic
dissemination in mice injected with non-SP cells. For example,
although liver involvement was observed in some mice injected
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Fig. 3 Self renewal, clonogenic ability and cell cycle properties of DTG SP cells. (A) To compare in vitro self-renewal capacity, sorted DTG SP and
non-SP cells were cultured separately. Both subpopulations were re-stained with Hoechst 33342, and serially sorted again at 2, 4, 6 and 8 weeks
and the proportion of SP cells quantified at the times as shown in the schematic diagram (upper panel). In each sorting, DTG SP cells were able
to repopulate both SP and non-SP cells with an increased ratio of SP to non-SP (up to 13.53% SP cells at 8 weeks). Each successive sort of non-
SP cells demonstrated predominantly non-SP cells with a progressively decreased ratio of SP to non-SP (0.73% SP cells at 8 weeks). (B) To com-
pare cell viability between the DTG SP and non-SP fractions in culture, SP and non-SP cells were separately cultured under the same culture con-
ditions up to three extra weeks after each serial sorting at 2, 4, 6 and 8 weeks. Cell viability was analysed by tryphan blue exclusion in duplicate
at 1, 2 and 3 weeks. Cell viability data of the DTG SP and non-SP fractions sorted at 4 weeks and maintained in culture up to 3 extra weeks is
shown. At the end of the 3™ week, SP cells show a viability of 75% whereas the non-SP cells show a viability of 25%. Representative pictures of
the DTG SP and non-SP cultures at the end of the 3™ week in culture are shown in the lower panel. Similar results were obtained with the SP and
non-SP cells sorted at 2, 6 and 8 weeks. (C) Differences in clonogenic ability between DTG SP and non-SP cells was assessed using an in vitro
methylcellulose colony-forming assay. A total of 1 X 10° sorted SP and non SP-cells were cultured in methylcellulose for 10 days. The DTG SP
cell fraction was more clonogenic than the non-SP fraction, 35% for SP cells and 11.8% for non-SP cells, [P < 0.004]. SP cells formed more
colonies than the non-SP cells at 10 days. The methylcellulose cultures stained with p-iodonitrotetrazolium violet are shown (left panel). (D) Sorted
DTG SP and non-SP cells as well as non-sorted DTG cells were pulse labelled with BrdU for 45 min. The percentage of cells in each cell cycle
phase is shown in the right panels. DTG SP cells had a higher S phase fraction than the non SP-cells; average of two determinations: 34% in the
SP and 18.8% in the non-SP cells (P = 0.008).
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Table 1 DTG SP cells are more tumorigenic and induce more lymphoma dissemination than the non-SP cells

Number of cells Tumour incidence Tumour latency PB involvement Liver involvement Spleen involvement BM involvement

SP 10,000 5/5 2 wks ND 5/5 3/5 5/5
Non-SP 10,000 3/5% 2-3 wks ND 2/3 2/3 073
SP 1,000 3/3 3 wks 3/3 3/3 3/3 1/3
Non-SP 1,000 2/3 4 wks 3/3 2/3 2/3 0/3
SP 100 3/3 4 wks 3/3 3/3 2/3 1/3
Non-SP 100 0/3* 0/3 0/3 0/3 0/3

Abbreviations: PB, peripheral blood, BM, bone marrow; wks, weeks; ND, not determined.

Latency refers to the time from tumour cell injection to the appearance of a palpable tumour.

*Two mice injected with 10,000 non-SP cells did not develop subcutaneous tumours (follow-up 12 weeks). No tumours were found in the autopsy.
*Three mice injected with 100 non-SP cells did not develop subcutaneous tumours (follow-up 6 weeks). No tumours were found in the autopsy and
no peripheral blood involvement was found by morphology and flow cytometry immunophenotyping.

Fig. 4 In vivo Tumorigenicity of DTG SP cells as compared with non-SP cells. (A) DTG SP cells were more tumorigenic than non-SP cells. All five mice
inoculated with 1 x 10* SP cells formed subcutaneous tumours reaching 1.5 cm at 3 weeks. (B) The DTG SP-derived lymphomas reproduced the mor-
phologic and immunophenotypic characteristics of the primary tumours including the blastoid appearance and positivity for B220, CD5 and cyclin D1.
(C) Subcutaneous tumours were also found in mice inoculated with 1 x 10% and 1 x 10 SP cells and with 1 x 10° non-SP cells but not in those
injected with 1 % 102 non-SP. (D) Peripheral blood (PB) involvement was detected in mice injected with 1 X 102 SP cells but not in those injected with
the same number of non-SP by morphology and by flow cytometry immunophenotyping. PB of mice injected with 1 x 10? non-SP cells showed few
mature appearing monocytes and occasional granulocytes.
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Fig. 4 Continued.

with non-SP cells involvement was usually minimal in the form
of scattered single cells within sinusoids unlike the large cell
clusters and/or portal involvement observed in mice injected
with SP cells. Another histological difference was that non-SP
derived lymphomas demonstrated more extensive tumour
necrosis (estimated ~30-40%) compared with SP-derived
lymphomas (~5%) (Fig. 5). SP re-analysis of lymphoma cell
suspensions obtained from the DTG SP- and non-SP-derived
tumours showed that the SP-derived tumours contained
more than two-fold higher number of SP cells than non-SP-
derived tumours.

These data suggest that the DTG SP fraction is more
tumorigenic resulting in a greater tumour burden than the
non-SP fraction in mice. The presence of extensive tumour
necrosis in mouse tumours derived from non-SP cells sug-
gests that the non-SP fraction is incapable of sustaining
tumour growth for a prolonged period of time. In aggregate,
these results suggest that the DTG SP population contains a
subset of cells more capable of tumour maintenance and sys-
temic dissemination.

© 2009 The Authors
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Discussion

Since its initial application in the analysis of bone marrow
haematopoietic stem-cells, the SP technique has been adapted to
identify putative stem-cells in multiple tissues [31-35]. It also has
been used recently to isolate and characterize ‘tumour-initiating
cells’ from several types of cultured cancer cell lines [5, 6, 12—15].
In this work, using a recently described IL-14a X c¢-Myc
DTG/MCL-BV murine model, that closely simulates human MCL
[22], we found that DTG lymphoma cell lines have a surprisingly
large SP fraction (up to 6%). The explanation for why DTG cell
lines have a higher SP percentage than other lymphoma cell lines
that we have examined is not clear to us at this time (Fig. S3).
However, we think that, at least in part, the higher SP percentage
may be related to the fact that these DTG lymphomas are highly
aggressive and rapidly fatal and that the DTG cell lines also have a
very high proliferation rate with a duplication time of 16-18 hrs.
Because of their high percentage of SP cells, we used DTG cell
lines to characterize the biological and molecular features of the
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Fig. 5 /n vivo systemic dissemination of DTG SP cells. (A) Mice injected with DTG SP cells showed lymphoma systemic dissemination with numerous
clusters of lymphoma cells (arrows) in the liver (intrasinusoidal), pancreas (perivascular) and spleen (red pulp) (upper panels). These lymphoma clus-
ters were highlighted by the B220 immunostain. Clusters of lymphoma cells were also seen in the portal areas in the livers of mice injected with SP
cells but not in those injected with non-SP cells. Rare single tumour cells inside of the sinusoids were seen in two mice injected with 1 X 10% non-SP
and with 1 x 10° non-SP cells. (B) The non-SP derived lymphomas (middle and right upper panels) showed extensive areas of coagulation necrosis
and apoptosis that were much less evident in the SP-derived tumours (middle and right lower panels) (haematoxylin and eosin, x40 and x400).

SP cells and to address whether these cells have features of
‘tumour-initiating cells’.

Here, we present evidence that the DTG SP fraction, in compar-
ison with the non-SP fraction, possesses cells with several intrin-
sic properties of ‘tumour-initiating cells’, such as higher expression
of BCL-2, higher self-renewal ability, longer telomeres, expression
of the stem cell marker CD34 in a small subset of the SP cells, and
a higher clonogenic and tumorigenic ability in vitro and in vivo.

Our data suggest that DTG SP cells have higher constitutive
resistance to apoptosis than non-SP cells. Consistent with previ-
ous studies that show that ABCG2 (BCRP) is one of the molecular
determinants of the SP phenotype [4], we found higher expression
of ABCG2 protein in SP than non-SP cells. ABCG2 was initially
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identified in drug-selected MCF7 breast cancer cells and later
found to efflux multiple chemotherapy drugs [36]. The strongest
evidence linking ABCG2 and the SP phenotype comes from the
nearly complete loss of the bone marrow SP phenotype in abcgfl"
mice [36]. We also found higher baseline levels of BCL-2 expres-
sion in DTG SP cells than in non-SP cells. Xu et al. [37] compared
the mRNA expression level of BCL-2 by quantitative real-time PCR
between SP and non-SP fractions in MCF7 breast cancer cells, and
consistent with our data, found that BCL-2 mRNA expression lev-
els were 2.5-fold higher in SP than in non-SP cells [37].

DTG SP lymphoma cells also have a significantly higher average
telomere length and higher chromosomal aneuploidy than non-SP
cells. Telomere shortening is one of the factors that limits cell
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proliferation [38]. It has been shown that telomerase activity appears
to correlate with self-renewal capacity and is reduced as haematopoi-
etic stem cells differentiate to multipotent progenitors [39]. Our data
are consistent with other studies that found higher expression of
human telomerase reverse transcriptase in SP in comparison with
non-SP fractions [6, 40]. The presence of significantly longer telom-
eres in SP cells, in comparison with non-SP cell chromosomes, sug-
gests that the SP fraction may represent a cell reservoir with endless
repopulation potential, continuously generating cancer cells and
driving disease progression. We found a higher S-phase fraction in
DTG SP compared to non-SP cells. The increased percentage of SP
cells in S-phase may relate to longer telomere maintenance since the
highest level of telomerase activity has been detected in S-phase
cells of several human cancer cell lines [41].

If the SP cells represent a reservoir for the immortalized
growth fraction of DTG lymphoma cells it would not be surprising
to discover that this cell population exhibits higher chromosomal
aneuploidy than the rest of the tumour cells. Using G banding
techniques and conventional karyotyping, we found that the DTG
SP fraction, does indeed contain cells with more chromosomal
aneuplody that the non-SP fraction. These data support the inter-
pretation that at least a subset of the DTG SP cells has more
genomic instability than non-SP cells, and may be the result of a
longer lifespan in this cellular fraction in comparison with the rest
of the lymphoma cells. In addition, the higher degree of aneu-
ploidy seen in a subset of the SP cells in comparison with the non-
SP fraction suggests that the SP cells divide asymmetrically and
this can be a source of clonal evolution.

Our data also indicate that DTG SP cells have longer replicative
potential and a longer lifespan than the non-SP cells, and that they
self-renew, generating both SP and non-SP cells in vitro and in
vivo. DTG non-SP cells revealed a substantial decrease in the ratio
of SP to non-SP cells after serial cell sorting and in their lifespan
over time in culture. Self-renewal and differentiation are hallmark
properties of stem-cells in general and, by analogy, of ‘tumour-ini-
tiating cells’. These properties allow ‘tumour-initiating cells’ to
generate additional ‘tumour-initiating cells’ and diverse cancer
cells with limited proliferative potential. Previous studies, in other
cellular systems, have shown that SP cells can generate SP and
non-SP cells in vivo and in vitro [12-15, 42, 43].

It has been claimed that some of these observed differences are
attributable to Hoechst 33342 toxicity [44]. In our tumour cell
model these differences did not appear to reflect toxic effects of the
Hoechst dye. Specifically, cell viability of SP and non-SP fractions
was similar before each serial sorting (higher than 90%). Also, to
further assess the toxicity of Hoechst 33342 in DTG lymphoma
cells, the cells were incubated with and without Hoechst 33342 for
1.5 hrs, submitted to the mock manipulations of the SP assay, and
cultured without sorting for 10 days. In the first few days after the
SP procedure, DTG lymphoma cells incubated with Hoechst 33342
showed a higher decrease in the total cell number in comparison
with the control. However, they started to recover after the fifth day
and they fully recovered by the seventh day of culture. No differ-
ences in the total cell number between DTG lymphoma cells incu-
bated with or without Hoechst 33342 were seen by day 7 in culture.

© 2009 The Authors
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Previous studies have shown that the SP cell fraction contains
a heterogeneous cell population [45—-47], and this is supported by
our data. We also found that there is a small subset of DTG SP
cells with a more primitive progenitor phenotype, expressing both
CD34 and CD38, among cells that are CD34°CD38" [48].
Interestingly, the proportion of CD34*/CD38™ SP cells was higher
in the tip of the SP region, which is the area enriched with cells
with the highest capacity to exclude Hoechst 33342 dye, suggest-
ing that the most primitive cells are those with highly functional
ATP binding cassettes. Consistent with this interpretation, using
array microarray methods, we found that CD34 mRNA expression
levels were 10.9-fold higher in DTG SP than in non-SP cells (data
not shown). Although, we found differences in the expression of
genes involved in self-renewal and differentiation between SP and
non-SP cells, a distinctive self-renewal signature was not found in
CD34" SP cells when compared with CD34™ SP cells.

If all the cells in the SP fraction represent ‘tumour-initiating
cells’, then it would be expected that they might proliferate more
slowly than non-SP cells. However, others have shown [5, 12, 13,
43, 49], in agreement with our data, that the SP fraction has
higher clonogenity capacity, higher proliferation rate in vitro, and
when injected in mice also forms tumours more quickly than the
non-SP fraction. It is plausible that only a small subset of the SP
fraction represents true ‘tumour-initiating cells’, and that these
cells divide asymmetrically to produce progenitor-like cells or
so-called transient amplifying cells, that might be the rapidly
cycling cell subset. This hypothesis, if confirmed, would explain
the high cell proliferation rate and the fast tumour growth of the
SP fraction and the higher proliferation rate of the CD34~ CD38*
SP fraction (putative progenitor-like cells and predominant subset
of the SP fraction) in comparison to the CD34 ™" SP fraction.

Several additional differences were also noted between SP and
non-SP derived lymphomas. Non-SP derived lymphomas demon-
strated more extensive areas of tumour necrosis and apoptosis
compared with SP-derived lymphomas. Extensive lymphoma dis-
semination was generally seen in mice injected with SP cells, and
to a lesser degree in those injected with non-SP cells. It was par-
ticularly interesting that we found small clusters of lymphoma
cells in a perivascular distribution in several organs in mice
injected with SP cells but not in those injected with non-SP.
Normal stem-cells reside in tissue-specific niches that anchor
them to the appropriate tissue microenvironment for regulation of
fundamental stem-cell properties. There is an intriguing associa-
tion of normal stem-cells or progenitor cells with the vascular
niche with data supporting the role of the vascular niche in initiat-
ing cancer metastasis [50-53]. Our present study also suggests
the importance of the vascular niche in lymphoma dissemination,
by demonstrating a perivascular distribution of disseminated lym-
phoma cells in mice injected with SP cells. However, we cannot
exclude the possibility that perivascular distribution of lymphoma
cells that we have observed represents an early stage of lym-
phoma dissemination.

This study has prompted us to screen for SP-cells in human
lymphoma cell lines. Our results reveal that some of the most
widely used human lymphoma cell lines contain a small, but
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distinct SP fraction, ranging from 0.01 to 0.32% (Fig. S4). These
percentages are similar to the reported SP percentages in non-
neoplastic stem-cells or progenitor cells as well as in most cancer
cell lines reported up to date [3, 5, 12-15]. However, in these cell
lines the isolation of an adequate number of SP cells for further
experiments is difficult and not always possible.

In conclusion, our data suggest that the DTG SP fraction con-
tains a cell population with some of the features attributable to so
called ‘tumour-initiating cells’, and that they may represent the
cell reservoir responsible for lymphoma maintenance and dis-
semination. Methods to enrich for SP cells in human lymphoma
cell lines need to be developed to further study this cell fraction
in human lymphomas.
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Fig. 81 (Left) PCR methods to assess for /gH gene rearrange-
ments performed on DNA obtained from the SP, non-SP and total
DTG cell fractions reveal a monoclonal /gH gene rearrangement.
The monoclonal bands detected in the three samples are of simi-
lar size supporting the interpretation that they are clonally related.
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(Right). High levels of expression of c-Myc were confirmed in both
cell fractions by RT-PCR.

Fig. S2 Hoechst 33342 toxicity study in DTG cells. The same
number of DTG were incubated with Hoechst 33342 in a final
concentration of 5 pg/ml (37°C for 1.5 hrs) and with 5 pg/ml of
sterile PBS (37°C for 1.5 hrs) as a control. SP procedure was per-
formed, but without sorting, and after the cells were cultured for
10 days. An initial decrease of cell number was observed in both
Hoechst incubated and control. However, a sustained increase in
the total cell number was seen in both samples starting the fifth
day and no differences in total cell numbers were seen after day 7.

Fig. S3 CD34™ SP cells form larger colonies (A) and exhibited
higher clonogenicity (B) than CD34" cells. (A) Representative pic-
tures of the cell colonies for CD34" and negative SP cells are
shown. The pictures were taken at the same magnification. (B) The
CD34™ SP cell fraction was less clonogenic than the CD34~ SP cell
fraction, 11% for CD34™ SP cells and 36% for CD34~ SP-cells. The
CD34" cell fraction represented up to 5% of the total SP population.

Fig. S4 SP cell analysis in human lymphoma cell lines. Eleven out
of 12 human lymphoma cell lines demonstrated a rare, but distinct
SP population ranging between 0.01% and 0.32%. L428, a Hodgkin
cell line, did not contain a detectable SP cell fraction. The highest
percentage is shown in the figure. The results of three determina-
tions and the standard deviation (S.D.) are shown in the table.
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