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Cancer stem cells have been strongly linked to resistance and
relapse in many malignancies. However, purifying them from
within the bulk tumor has been challenging, so their precise

genetic and functional characteristics are not well defined. The side pop-
ulation assay exploits the ability of some cells to efflux Hoechst dye via
ATP-binding cassette transporters. Stem cells have increased expression
of these transporters and this assay has been shown to enrich for stem
cells in various tissues and cancers. This study identifies the side popula-
tion within a zebrafish model of acute lymphoblastic leukemia and cor-
relates the frequency of side population cells with the frequency of
leukemia stem cells (more precisely referred to as leukemia-propagating
cells within our transplantation model). In addition, the side population
within the leukemia evolves with serial transplantation, increasing in
tandem with leukemia-propagating cell frequency over subsequent gen-
erations. Sorted side population cells from these tumors are enriched for
leukemia-propagating cells and have enhanced engraftment compared to
sorted non-side population cells when transplanted into syngeneic recip-
ients. RNA-sequencing analysis of sorted side population cells compared
to non-side population cells identified a shared expression profile within
the side population and pathway analysis yielded Wnt-signaling as the
most overrepresented. Gene set enrichment analysis showed that stem
cell differentiation and canonical Wnt-signaling were significantly upreg-
ulated in the side population. Overall, these results demonstrate that the
side population in zebrafish acute lymphoblastic leukemia significantly
enriches for leukemia-propagating cells and identifies the Wnt pathway
as a likely genetic driver of leukemia stem cell fate.
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ABSTRACT

Introduction

Although arising from a single cell initially, over time cancer cells acquire a series
of genetic and epigenetic changes. At the time of diagnosis, the cancer consists of
a heterogeneous collection of cells with differences in gene expression, proliferative
capacity, morphology, and metastatic potential. Defined by their capacity to repop-
ulate a tumor from a single cell, cancer stem cells (CSC) also evolve over time, lead-
ing to therapy resistance and relapse.1 Increased tumor heterogeneity and CSC
have been associated with resistance and relapse for many tumor types, including
acute myelogenous leukemia and acute lymphoblastic leukemia (ALL).2-5

ALL is the most common pediatric cancer with approximately 3,000 new cases
each year.6 It can be derived from either T cells or B cells, with B-cell ALL (B-ALL)
typically having much more positive treatment outcomes. T-cell ALL (T-ALL) is a
more aggressive malignancy, resulting from the transformation of immature T
cells.7,8 While the cure rate for pediatric patients has improved with more intensive
treatment regimens, prognosis is bleak for the 20% of children and 60% of adult
patients with refractory and relapsed T-ALL.9 Relapses and refractory disease are



attributed to resistance to chemotherapy in the small sub-
population of leukemia stem cells (LSC) with the capacity
to regrow the tumor from a single cell.1,10 Thus, these LSC
present an obvious target for preventing relapsed disease.
However, there are no definitive markers to identify an
LSC within the bulk ALL, and therefore our understand-
ing of the molecular drivers of LSC fate in this disease is
limited.
One promising method for studying CSC is the side

population (SP) assay. This assay exploits the stem cell’s
inherent ability to efflux the fluorescent dye Hoechst
33342 through an increased expression of certain ATP-
binding cassette (ABC) transporters. This method was
originally developed by Goodell et al., who discovered
that normal bone marrow cells incubated with Hoechst
33342 could be analyzed by dual-wavelength flow
cytometry to reveal a small subpopulation of cells that
did not accumulate the dye.11 These cells were found to
be highly enriched for hematopoietic stem and progenitor
cells.11 The method has subsequently been applied to
identify putative stem and progenitor cells in many other
normal tissues12-15 as well as human cancers,16-18 including
T-ALL.19
In this study, we characterize the SP cells within tumors

generated in a robust model of zebrafish ALL that is mor-
phologically and genetically similar to the human
disease.20-22 Tumors are generated by co-injecting single
cell zebrafish embryos with plasmids containing the
zebrafish lymphocyte-specific rag2 promoter driving
expression of a biofluorescent protein and the murine
oncogene Myc.20 Most leukemias spread quickly beyond
the thymus to invade the entire body. These tumors are
transplantable by intraperitoneal injection into syngeneic
and/or irradiated recipients. Through limiting-dilution
transplantations, the frequency at which cells from a spe-
cific tumor engraft can be calculated using Extreme
Limiting Dilution Analysis (ELDA) software.23 These cells
are often classified as LSC but are more precisely desig-
nated leukemia-propagating cells (LPC). This approach
allowed us to correlate the LPC frequency in relation to
the frequency of SP cells, and then use the sorted side
population as a proxy for LSC to identify transcriptional
changes by RNA-sequencing.

Methods

Animals
All zebrafish experiments were performed as approved by the

University of Chicago Institutional Animal Care and Use
Committee using clonal golden 2 (CG2) syngeneic fish, which
were a gift from Dr. Sergei Revskoy.24

Generation of mosaic transgenic fish that develop
acute lymphoblastic leukemia
Rag2-GFP25 and rag2-Myc26 sequences were inserted into a

pDEST-Tol2-pA2 backbone (gift from Dr. Christian Mosimann)
to add inverted terminal repeats of minimal recognized tol2
sequence flanking the promoter/gene sequence. Co-injection of
these vectors with M3 Tol2 transposase mRNA into single-cell
embryos increases the efficiency of genomic integration27 and
produces GFP+ ALL tumors as described previously.28,29 Fish are
screened from 21-42 days post-fertilization (dpf) for green thymi
to identify tumors for further experiments.

Cell transplantation and limiting-dilution analysis
Limiting-dilution transplantation of leukemia cells was per-

formed as described previously.30 Briefly, fish were euthanized in
a high dose (~0.1%) of Tricaine MS-222 (Western Chemical Inc.)
and tumors harvested in 10% fetal bovine serum/90% 0.9X
phosphate-buffered saline and heparin salt (300 U/mL) (Sigma),
filtered through a 40 μm filter, and diluted into limiting cell
doses along with carrier peripheral blood cells from a wild-type
fish. Five microliters of the different cell dilutions were injected
into the peritoneal cavity of anesthetized CG2 recipient fish.
Engraftment was screened for weekly, starting at 2 weeks, and
continued for 1 month after the final positive engraftment or
until all members of the transplant group were positive or dead.
Engraftment rates to calculate the LPC frequency were analyzed
using ELDA software.31

Side population assay and fluorescent activated cell
sorting
SP staining and analyses were performed as described previ-

ously.28 Briefly, tumors were harvested as described for cell trans-
plantations, then incubated with 15 μg/mL Hoechst 33342 (Life
Technologies) at 28°C for 2 h protected from light. The inhibitor
sample also included 250 μM verapamil (Sigma). It should be
noted that in our hands, the Hoechst dye was not stable at 4°C
for more than 1-2 months, so fresh stock solution was made
monthly for optimal staining. Cells were then washed and ana-
lyzed by flow cytometry on an LSR Fortessa X-20 instrument
with a UV laser and Hoechst blue and Hoechst red bandpass fil-
ters (450/50 and 670/30, respectively). For fluorescent activated
cell sorting, a BD AriaFusion instrument was used and cells were
sorted with a 100 μm nozzle tip into 10% fetal bovine
serum/90% 0.9X phosphate-buffered saline.

Quantitative polymerase chain reaction
RNA from each tumor was reverse transcribed in a 20 μL vol-

ume with random primers using the Maxima First Strand cDNA
Synthesis Kit for reverse transcriptase-quantitative polymerase
chain reaction (qPCR) (Fermentas) as described in the manufac-
turer’s instructions. qPCR was performed in 10 μL reactions that
included 1-4 μL diluted cDNA, primers and SsoAdvanced SYBR
Green Supermix supplemented with ROX (Biorad). Data were
collected from triplicate reactions according to recommended
settings (Biorad) on a 7900HT instrument with 384-well format
(Applied Biosystems), and analyzed by the delta-delta CT
method.32 Expression of ef1a was used as a reference gene.

RNA-sequencing and analysis
The RNA-sequencing and analysis are described in the Online

Supplementary Methods.

EdU proliferation assay
Proliferation assays were performed with a Click-iT EdU

Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen) accord-
ing to the manufacturer’s instructions with incubation adjusted
to 2  h at 28°C.

Statistical analysis
Linear correlations were assessed by R2 and the Pearson corre-

lation coefficient, and non-parametric correlations were assessed
by the Spearman rank correlation coefficient, with two-tailed P-
values used in both cases. LPC frequencies, confidence intervals,
and pairwise test P-values were all determined by ELDA soft-
ware.31 The statistical significance of data from qPCR experi-
ments was determined by multiple t-tests.
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Results

The frequency of side population cells correlates with
leukemia-propagating cell frequency in zebrafish acute
lymphoblastic leukemia
To evaluate the SP assay as a potential method for study-

ing LPC in our zebrafish model, we harvested primary or
transplanted tumors and measured the frequency of SP cells
by flow cytometry as previously described.28 All zebrafish
leukemias were generated in the clonal CG2 zebrafish line
to facilitate syngeneic transplantation studies. In the 57
leukemias tested, SP frequency varied between 0 – 64.6%,
with a mean of 14.84% and a median of 7.8% (Figure 1). Of
the tumors tested, 87.7% (50 of 57) had a detectable SP. In
order to determine LPC frequencies, tumor cells were trans-
planted at limiting dilutions into multiple syngeneic, sub-
lethally irradiated CG2 recipient fish and evaluated for
tumor engraftment for 2-4 months (Online Supplementary
Table S1). Similarly to the wide range of SP frequencies, we
also observed a wide range of LPC frequencies (0.09 –
13.4%), and these parameters were positively correlated (R2

= 0.6898) (Figure 1C). This suggests that the SP assay
enriches for LPC in zebrafish ALL, as has been shown in
other models and tissues.

Leukemia-propagating cell frequency and side popula-
tion frequency increase in tandem in serially trans-
planted tumors
From our correlative data, we noted that the tumors

with the lowest SP% and LPC% were most often pri-

mary tumors, and those with the highest SP% and LPC%
had been transplanted multiple times. Since Blackburn et
al. had previously shown that the LPC frequency in this
model undergoes clonal evolution,33 we were curious to
know whether the SP% was evolving similarly. To test
this, we transplanted primary tumors at limiting dilution,
and measured the SP% on the day of transplantation. We
then performed serial limiting-dilution transplantation of
the tumors that grew out from these primary transplants,
along with the SP assay for each subsequent passage
(Figure 2) (Online Supplementary Table S2). Indeed, large
increases in LPC frequency often corresponded with
increases in SP%, and when these data were pooled with
those from other lineages there was a general trend of
increase in both parameters after multiple transplants
(Figure 2C). Additionally, the latency and proliferation
rate (measured by EdU incorporation) were independent
of LPC frequency and SP% (data not shown), confirming
previously reported data.33 These results provide further
evidence for the connection between LPC frequency and
the SP assay.

Sorted side population cells have increased 
leukemia-propagating cell frequency
To measure the ability of the SP to enrich for LPC in our

model more directly, we sorted SP and non-SP cells and
transplanted them at limiting dilutions along with unsort-
ed, unstained control cells into recipient fish to determine
the LPC frequency of each group (Figure 3A, Table 1 and
Online Supplementary Table S3). In three independent
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Figure 1. Frequency of side population cells in zebrafish acute lym-
phoblastic leukemia correlates with leukemia-propagating cell fre-
quency. (A, B) Side population (SP) assay performed on a zebrafish
acute lymphoblastic leukemia (ALL) tumor without (A) or with (B) ver-
apamil inhibitor to block dye efflux. Live, singlet, tumor cells are
shown separated by their emission of Hoechst blue (450/50 nm
bandpass filter) and Hoechst red (670/30 nm bandpass filter).
Data are shown for one representative tumor of 57 tested. (C)
Correlation of the percentage of SP cells versus the frequency of
leukemia-propagating cells (LPC). 
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experiments, there was a very significant increase in LPC
frequency in the SP groups as compared to the non-SP
groups (Figure 3B). These experiments showed both an
enrichment of LPC activity in the SP groups and a deple-
tion within the non-SP groups, including one tumor
whose non-SP did not have engraftment of a single LPC.
These results, in combination with the previous correla-
tive data, strongly demonstrate that the SP in this
zebrafish ALL model is enriched for LPC.

Zebrafish acute lymphoblastic leukemia side 
population cells have a common expression profile
with increased expression of stem cell- and Wnt 
pathway-associated genes
Once we had validated the SP assay as a method to

enrich for LPC in our model, we did bulk RNA sequenc-
ing on sorted SP and non-SP cells from three distinct
tumors (Figure 4). This produced 272 genes that were dif-
ferentially expressed in the SP of each individual tumor
(Figure 4A and Online Supplementary Table S4) and 761
genes whose mean expression across all three tumors
(Figure 4B and Online Supplementary Table S5) was differ-
entially expressed between SP and non-SP cells. Overall,

the common expression profile showed a bias towards
genes with increased expression in the SP, without a
strong shared pattern of expression in the non-SP. This is
not surprising as despite having been derived from genet-
ically identical fish, individual tumors in this model are
quite heterogeneous and have varied progression and
functional parameters.  PANTHER pathway analysis34 of
the two differentially expressed gene sets identified Wnt
signaling as the most overrepresented pathway (Figure
4C and Online Supplementary Table S6). The Wnt pathway
has been implicated in regulating stem cells in normal and
malignant tissues,35 shown to be necessary for self-renew-
al of LSC in acute myelogenous leukemia,36 and also been
proposed to play a similar role in ALL.37,38
We further analyzed the entire RNA-sequencing

dataset with gene set enrichment analysis (GSEA) using
the Gene Ontology: Biological Processes gene set. This
analysis identified 464 significantly upregulated path-
ways (Online Supplementary Table S7) including canonical
Wnt signaling, and stem cell differentiation as the highest
ranked gene set (Figure 5A). The majority of the 185 sig-
nificantly downregulated pathways related to metabolic
processes, including cell cycle transitions, protein transla-
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Figure 2. Side population size undergoes clonal evolution in tan-
dem with leukemia-propagating cell frequency. (A) Graphic
depicting the workflow of serial limiting-dilution transplants. (B)
Representative lineage of a primary tumor with leukemia-propa-
gating cell (LPC) frequency, percent side population (SP), and
latency to >50% tumor burden. Dpi: days post-injection; dpt: days
post-transplant. The statistical significance of the increase in
LPC% from the parent tumor was determined by pairwise tests
using Extreme Limiting Dilution Analysis software *P<0.01. (C)
Pooled data from multiple lineages showing percent SP (left y-
axis, red) and LPC frequency (right y-axis, blue) (n=14).
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tion and processing, and oxidative phosphorylation
(Online Supplementary Table S7), suggesting that the SP
includes an increased number of quiescent cells, another
trait characteristic of stem cells.39,40 We validated expres-
sion of several stem cell genes and a panel of Wnt path-
way genes by qPCR in four tumors sorted for SP and non-
SP, which showed a significant increase in all but one of
the tested genes (Figure 5B). Overall, the results described
in this study demonstrate that the SP assay greatly enrich-

es for LPC in zebrafish ALL and provides more evidence
for the importance of the Wnt signaling pathway in LSC.

Discussion

Although the importance of CSC to tumor mainte-
nance, resistance, and relapse has long been proposed,41
the challenge of isolating and targeting these cells has been
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Figure 3. Sorted side population cells have increased leukemia-propagating
cell frequency. (A) Graphic depicting the workflow of determining leukemia-prop-
agating cell (LPC) frequency in the side population (SP) and non-SP. FACS: fluo-
rescent activating cell sorting; ELDA: Extreme Limiting Dilution Assay. (B) Three
independent SP limiting-dilution analysis experiments. Data are shown as mean
LPC frequency with 95% confidence intervals. The statistical significance of dif-
ferences was determined by pairwise tests using ELDA software: **P<10-5,
***P<10-8, ****P<10-11 (n = 60 fish per experimental group, 360 total). 

Table 1. Limiting-dilution analysis of sorted side population cells.
Cells                                                 Cell dose                                           Engraftment                                       LPC frequency [LPC%]
                                                                                                                                                                         (95% confidence interval)

                                                                        1000                                                                 9/11                                                                             
Unsorted, unstained                                    100                                                                 18/24                                                                1/66.5 [1.5%] 
                                                                           10                                                                   34/35                                                              (0.97% – 2.3%)
                                                                        1000                                                                10/10                                                                            
Side population                                             100                                                                 16/17                                                                 1/15 [6.5%]
                                                                           10                                                                   18/28                                                               (3.8% – 11%)
                                                                       1000                                                                   8/9                                                                              
Non-side population                                     100                                                                 15/17                                                              1/109.3 [0.91%] 
                                                                           10                                                                    4/26                                                               (0.52% – 1.6%)
Representative table (Tumor 2 in Figure 2B) showing limiting-dilution analysis of sorted side population cells transplanted into syngeneic recipients compared to unsorted and
non-side population. Seventy-five fish per group were transplanted for a total of 225 fish: 1000 cell dose = 15 fish, 100 cell dose = 25 fish, 10 cell dose = 35 fish. Recipient fish that
died before the median engraftment date were excluded from the total. Mean leukemia-propagating cell (LPC) frequencies, 95% confidence intervals, and pairwise P-values
determined by Extreme Limiting Dilution Analysis software. 

P<3.76 x 10-7

P<2.78 x 10-9
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difficult to overcome. This is largely due to the simple fact
that CSC are not equivalent to normal stem cells, and as
such many of the markers used to isolate stem cells in spe-
cific tissues fail or underperform at isolating CSC. There is
evidence that those tissue stem cell markers that do effi-
ciently enrich for CSC in specific cancers, such as glioblas-
toma42 and acute myelogenous leukemia,43,44 are derived
from transformed stem or early progenitor cells, although
this point is still controversial. In malignancies without
established CSC markers, such as ALL, the CSC can only
be identified retrospectively, after it has demonstrated its
ability to regrow a heterogeneous tumor, at which point
the original cell is lost within the bulk tumor. This study
establishes that the SP assay is a promising method for
enriching LPC from ALL tumors, bypassing the lack of a
reliable surface marker for isolation. This assay yields
only an enrichment: not every LPC is found in the SP, nor
are the SP cells exclusively LPC. However, this study
demonstrates that the SP can be studied as a proxy for
LSC to better understand their molecular drivers and,
eventually, to identify better markers.
The Rag2-Myc zebrafish model has been extensively

studied in the context of T-ALL, and because the tumors
derive from the thymus, it was thought to produce ALL
exclusively of T-cell origin. However, a recent study from
Langenau’s laboratory has provided evidence for the exis-
tence of tumors of B-cell origin produced with this
method, in addition to T-cell tumors.45 The origin of these
B-ALL remains unclear, as they could be derived from
early lymphoid progenitors located in the thymus, extra-
thymic B-cell progenitors that home to the thymus after
transformation, or possibly from B-cell precursors that
line the thymus at later stages of development.46
Regardless, these tumors present a new opportunity to
study B-ALL in zebrafish, a tumor type with few animal
models.47 Another closely related model utilizing the
human MYC oncogene was also recently demonstrated
by Frazer’s team to produce both pre-B-ALL and T-ALL.48
Analysis of our own RNA-sequencing data showed a
clear difference in expression of putative B- and T-cell
genes between individual tumors, suggesting that ALL of
both B- and T-cell origin are included in our dataset
(Online Supplementary Figure S1). Our data indicate that SP
cells from both T- and B-ALL share a common genetic sig-

SP enriches for LPC and Wnt expression in zebrafish ALL

haematologica | 2019; 104(7) 1393

Figure 4. Sorted side population cells from different tumors share similar expression profiles and increased Wnt signaling pathway gene expression. (A) Venn dia-
gram representing the overlap of differentially expressed genes in the side population (SP) versus non-SP for three tumors: 272 genes were differentially regulated
between the SP and non-SP in all three tumors. (B) Heatmap demonstrating differentially expressed genes between SP and non-SP cells. Cluster analysis performed
using gene analysis set from mean expression across all three tumors (761 genes, listed in Online Supplementary Table S5). Expression shown as log2 fold change.
(C) PANTHER pathway analysis of 272 differentially expressed genes highlighting Wnt signaling as the most overrepresented pathway. 
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nature and imply a likely role for Wnt/β-catenin signaling
in stem cell pathways across a wide array of ALL. Further
studies are needed to evaluate the impact of this signature
on functional LSC and in human leukemia.  
The identification of the Wnt signaling pathway associ-

ated with LSC has been reported previously, further vali-
dating our model system. Along with the observed enrich-
ment of putative stem cell genes, the increased expression
of Wnt pathway members in the zebrafish ALL SP is fur-
ther evidence of the overlap between LSC and the SP. The
Wnt pathway has been tied to normal stem cell and CSC
function in many tissues and cancers35 including acute
myelogenous leukemia36 and T-ALL.38 In a mouse T-ALL
model, Giambra et al. found that leukemias with condi-
tional loss of β-catenin1 had greatly impaired leukemia-
propagating ability, but loss of β-catenin1 after the tumor
had already been established did not affect disease progres-
sion. This coincides with our data highlighting a role for

Wnt signaling in ALL specific to LSC. Our results also high-
light a potential target for therapeutic intervention in
Wnt16. While complete inhibition of the Wnt pathway
could produce significant off-target effects, targeting an
individual ligand isoform with a specific role in LSC may
provide clinical benefit without substantial side effects.
Wnt16 was significantly increased in the SP of all four
tumors measured, and has been previously associated with
transformation in a subset of ALL.49 While additional work
will still be needed to validate Wnt16 as a potential thera-
peutic target, this and other targets identified through this
study will be pursued to examine new treatments for ALL.
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Figure 5. Sorted side population cell gene expression is enriched for stem cell differentiation and canonical Wnt signaling. (A) Gene set enrichment analysis (GSEA)
with the Gene Ontology (GO): biological processes gene sets for stem cell differentiation and canonical Wnt signaling. NES: normalized enrichment score; FDR: false
discovery rate. (B) Quantitative polymerase chain reaction validation of selected stem/Wnt-associated genes identified in the side population (SP) versus non-SP dif-
ferentially expressed genes and GSEA. Normalized to ef1a. Statistical significance determined by multiple t-tests: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001
(n = 4). 
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