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Abstract
Acute lymphoblastic leukemia (ALL) with translocation t(4;11) is found in 60–85% of infants
with ALL and is often refractory to conventional chemotherapeutics after relapse. Using the
t(4;11) ALL line SEM, we evaluated chemotherapy resistance in NOD.CB17-Prkdcscid/J mice.
SEM cells were injected into the tail vein and engraftment was monitored by flow cytometry.
Once engraftment was observed, mice were injected intraperitoneally with phosphate-buffered
saline (PBS), or vincristine (0.5 mg/kg body weight) three times per week for 4 weeks (n = 8 per
group). The level of P-glycoprotein in SEM cells was increased 3-fold by vincristine treatment
compared to PBS-treated mice. Survival curves showed that leukemia cell growth was initially
delayed by vincristine treatment, but the mice eventually succumbed to disease. These data
describe a novel inducible model for investigating multidrug resistance mechanisms in high risk
t(4;11) ALL.
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1. Introduction
Acute lymphoblastic leukemia (ALL) with chromosomal translocation t(4;11) is found in
60–85% of infants with ALL, 2% of children, and 3–6% of adults with this disease [1,2].
This leukemia is a high-risk leukemia since it is particularly resistant to conventional
chemotherapeutics upon relapse. Commonly used chemotherapeutics for treating high-risk
ALL include vincristine, prednisone, doxorubicin, cytarabine, methotrexate [3]. Multidrug
resistance (MDR) is an important factor in the development of drug-resistant cells during
chemotherapy that results in a poorer prognosis. A key MDR gene that has been extensively
studied is P-glycoprotein (PgP), encoded by the mdr1 gene [4]. PgP is an energy dependent,
transmembrane efflux pump with specificity for a broad range of substrates that include
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Vinca alkaloids (vincristine), taxanes, actinomycin D, and anthracyclins [5]. Multidrug
resistance protein-1 (MRP1) and lung resistance protein (LRP) constitute two non-PgP-
mediated mechanisms of MDR [6].

The severe-combined immunodeficient (SCID) mouse and, more recently, the nonobese
diabetic × SCID (NOD/SCID) cross have been useful as mouse models for evaluation of
different chemotherapeutic agents against leukemia [7–12]. The SCID background is well
known for the absence of T and B lymphocyte populations and eliminates a T-cell mediated
rejection of xenografted leukemia cells. The NOD background presents reduced natural
killer lymphocyte activity and absence of circulating complement that further increase
engraftment efficiency. Leukemia in this mouse model mimics the human disease and
engraftment sites are bone marrow, spleen, and liver, with significant numbers of cells in the
blood [13].

Several cell lines have been established from patients with ALL carrying the t(4;11)
chromosomal translocation. The SEM leukemia line was established from a 5 year old
female with relapsed t(4;11) ALL and has been useful for evaluating alternative treatment
strategies for this disease [14]. In a preliminary study, we found that vincristine treatment
initially delayed SEM cell growth in NOD/SCID mice. However, the SEM cells
subsequently grew out and the mice died from leukemia during the vincristine treatment
regimen. We hypothesized that the mechanism of re-growth of the SEM leukemia cells was
due to increased resistance of the cells to vincristine. In this study, we describe a novel
inducible model for the investigation of multi-drug resistance in high-risk t(4;11) ALL in
vivo. The objective of the study is to verify whether P-glycoprotein, product of the mdr1
gene, is elevated in these cells after treatment with vincristine. This model should prove
useful for mechanistic studies of multi-drug resistance in this high-risk leukemia that may
lead to more efficacious treatment strategies.

2. Methods and Materials
2.1. Cells and reagents

SEM is an established cell line from a patient diagnosed with high-risk pre-B ALL
containing the chromosomal translocation t(4;11)(q21;q23) [14]. The cells were grown at
37°C, 5% CO2 in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (Sigma, St. Louis, Mo.), 50 IU/ml penicillin, 50 µg/ml streptomycin, 0.25 µg/
ml amphotericin B, 1 mM sodium pyruvate, and 2 mM L-glutamine (Invitrogen). For
injection into mice, SEM cells were harvested, washed 2× in Dulbecco’s PBS without Ca2+
or Mg+ (Sigma), and resuspended at a final concentration of 50 × 106 cells/ml in PBS for
injections.

Vincristine was purchased from Sigma. Phycoerythrin-cyanin 7 (PE-Cy7)-conjugated anti-
human CD19, allophycocyanin-Cy7 (APC-Cy7) conjugated anti-mouse CD45, fluorescein
isothiocyanate (FITC)-conjugated anti-human PgP, and FITC-conjugated mouse IgG2b were
purchased from Becton Dickinson (San Jose, CA).

2.2. Immunodeficient mice
Sixteen 6 wk old female NOD.CB17-Prkdcscid/J mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, common name NOD/SCID). Mice were housed and handled
under pathogen-free conditions at the University of California, Davis vivarium in a
temperature controlled environment with a 12 h light-dark cycle. Mice were given sterile
food and water ad libitum. Mice were weighed once per week. At the age of 8 weeks, each
mouse was injected with 5 × 106 SEM cells (100 µl volume) through the tail vein using a 1
cc syringe equipped with a 30 gauge needle (Becton Dickinson). All experimental
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procedures were approved by the University of California, Davis Institutional Animal Care
and Use Committee.

2.3 Detection of leukemia cell engraftment
To monitor engraftment of the leukemia cells, approximately 25–30 µl of blood was
collected from the tail artery of each mouse beginning 2 weeks after tail vein injection. Red
blood cells were lysed using PharmLyse (Becton Dickinson) according to the
manufacturer’s recommendation and the peripheral blood mononuclear cells (PBMCs) were
stained with PE-Cy7 conjugated anti-human CD19 and APC-Cy7 conjugated anti-mouse
CD45. Incubations of the cells with antibodies were performed at room temperature for 20
min. The cells were washed in PBS containing 0.1% BSA and 7 mm sodium azide (Sigma)
and then fixed in 1% paraformaldehyde (Sigma) before analysis. The stained cells were
analyzed on a FACSCanto fluorescence-activated cell sorter (FACS) using FACSDiva
software (Becton Dickinson). Each analysis of peripheral blood cells was performed using
appropriate scatter gates to exclude cellular debris and aggregated cells. As a negative
control for engraftment, peripheral blood mononuclear cells were prepared from
immunodeficient mice (from a previous study) that had not been injected with leukemia
cells and were frozen at −80°C in 10% dimethylsulfoxide (DMSO), 90% fetal bovine serum
until use. The frozen PBMCs were quickly thawed and washed in PBA to remove the
DMSO. As a positive control for CD19+ cells, the frozen PBMCs from non-engrafted mice
were spiked with SEM cells cultured in vitro. Both the negative control cells and PBMCs
spiked with cultured SEM cells were stained with the antibodies described above and used
to set the gates for CD19+ cells. Thirty thousand events were collected for each sample.
Positive engraftment was established when the proportion of human CD19+ cells reached
0.5 to 1% in the murine PBMC population.

2.4 Vincristine treatmemt
Vincristine was dissolved in sterile PBS and stored at −20°C until use. Vincristine was
tested against SEM cells in vitro to confirm toxicity. SEM cells were treated with a final
concentration of 2 µg/ml vincristine or an equivalent amount of PBS as a control. After 48 h,
cell death was measured by lysing the cells in a hypotonic solution containing 1 mg/ml
sodium citrate, 0.1% Triton X-100, and 50 µg/ml propidium iodide (PI, Sigma) and
analyzing the resulting nuclei by flow cytometry. The extent of cell death (percent) was
determined by measuring the fraction of nuclei that contained sub-diploid DNA content
[15]. Twenty thousand events were collected for each sample stained with propidium iodide.

Once engraftment of leukemia was observed in the peripheral blood, mice were randomly
separated into control or vincristine treatment groups (n = 8 per group). Mice were treated
three times per week by intraperitoneal injection with PBS (control group) or vincristine at a
concentration of 0.5mg/kg body weight. The treatment period was four weeks. The
approximate volume per injection was between 80 – 120 µl depending upon the weight of
the mouse. During the treatments, the blood from each mouse was monitored for growth of
the leukemia cells twice in the first week and weekly afterward. Body weights were obtained
weekly in order to adjust the quantity of vincristine per animal. For statistical comparisons
between treatment groups, the event free survival (EFS) was calculated beginning with the
initiation of PBS or vincristine injections. An event was defined as overt clinical illness
necessitating euthanization, which included greater than 20% weight loss, lethargy, severe
weakness, or inability to reach food or water for 24h.

2.5 Analysis of P glycoprotein (PgP) expression
For analysis of PgP expression in mice, blood was collected from each mouse when the
proportion of human CD19+ cells reached 3–5 % of the PBMC population. Red blood cells
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from each mouse were lysed as described above and the PBMCs were stained with PE-Cy7-
conjugated anti-human CD19 and FITC-conjugated anti-human PgP (Becton Dickinson).
Cells were stained with FITC-conjugated mouse IgG2b (Becton Dickinson) as an isotype
control. Forty thousand events were collected for each sample. Appropriate scatter gates
were used to exclude cellular debris and aggregated cells. Cultured SEM cells were also
stained with FITC-labeled isotype control or FITC-anti-human PgP to determine the level of
protein on the surface of these cells grown under in vitro conditions. Thirty thousand events
were collected on the flow cytometer for each sample of cultured SEM cells.

2.6 Statistical analysis
All statistical analyses were performed with GraphPad software (GraphPad Software, Inc.,
San Diego, CA) and the data were displayed as arithmetic means ± standard error (SE).
Kaplan-Meier survival curves were used to determine differences in EFS by log-rank test. P
values were obtained using two-tailed t-tests for evaluation of significant differences for
percent of CD19+ cells, and PgP expression between vincristine-treated and control mice.
The confidence interval for significant differences was set at 95%.

3. Results
3.1. PgP is not expressed in the SEM line in culture

In a preliminary study, we found the growth of the SEM cells in the NOD/SCID mice
treated with vincristine was reduced or delayed 7–10 days compared to the control mice, but
the cells eventually grew and the mice died from leukemia 4–5 wk after treatment began
(data not shown). We hypothesized that at least a part of the mechanism by which the SEM
cells grew during vincristine treatment was due to an increased resistance to vincristine.
Since vincristine is a target of the multi-drug resistant pumping mechanism, we analyzed
whether P glycoprotein, the protein product of mdr1 gene, was elevated in these cells.
Vincristine was first tested against SEM cells grown in culture to ensure that the drug was
toxic to the leukemia cell line. After 48 h, greater than 95% of SEM cells were dead (data
not shown) indicating vincristine was toxic to these cells in vitro. The presence of PgP on
the cell surface of cultured SEM cells was determined by staining with anti-PgP antibody or
isotype control immunoglobulin, with subsequent analysis by flow cytometry. The
difference in mean fluorescence intensity between cells stained with isotype and PgP
antibody was not statistically significant for SEM cells harvested from in vitro culture
conditions (Fig. 1).

3.2 PgP expression is induced by vincristine treatment in vivo
Sixteen NOD/SCID mice were injected with SEM leukemia cells. By monitoring for the
presence of human CD19+SEM cells in the peripheral blood of these mice, 100%
engraftment of the leukemia cells was observed 15–18 days after injection into the tail vein.
Once engraftment was observed, the mice were treated with PBS (n = 8) or vincristine at a
concentration of 0.5 mg/kg body weight (n = 8) three times per week. The percent of human
CD19+ cells increased significantly in the PBS-treated compared to the vincristine-treated
mice over a treatment period of 24 days (P < 0.05, Fig. 2). By day 24, the number of living
mice in the PBS-treated and vincristine-treated groups was 5 and 7, respectively. Three of
the 5 mice in the PBS-treated group were euthanized on day 24 after blood was collected to
determine leukemia burden.

PgP expression was measured on the cell surface when the mean percent of human CD19+
cells reached 3–5 % of the PBMC population in each group, to allow enough cells to be
collected and statistically analyzed by flow cytometry. Therefore, the level of PgP was
measured in the PBS-treated mice and vincristine-treated mice on days 13 and 18 after the
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beginning of treatment, respectively. Fig. 3 shows the expression levels of PgP on the cell
surface of SEM cells from the control mice (A) and the vincristine-treated mice (B). The
difference in mean fluorescence intensity between cells stained with isotype and PgP
antibody was not significant for SEM cells from the PBS- treated mice (Fig. 3A). However,
in the vincristine-treated mice, the mean fluorescence intensity of the PgP staining was
approximately 3-fold greater than in cells stained with the isotype control antibody (Fig.
3B), indicating that PgP expression was induced by in vivo treatment of the mice with
vincristine (P < 0.05). The difference in staining intensity for the isotype control IgG2b in
Fig. 3A and B was likely due to nonspecific binding of the isotype in experiments performed
on two different experimental days. Hemolysis of samples during collection of small
volumes and the required lysis of red blood cells before staining could contribute to
nonspecific background staining.

3.3 Survival of mice is briefly enhanced by vincristine treatment
The mice were monitored for clinical illness for the entire treatment period of four weeks.
Survival curves showed that 62.5% of mice receiving the vincristine were still alive
compared to 12.5% of the PBS-treated mice by day 27 of the 4 week treatment period (P <
0.05, Fig. 4). . However, mean body weights for the PBS- and vincristine-treated mice
remained equivalent for each week throughout the study. Both groups of mice began to lose
weight one week after engraftment was established and the animals progressively lost
weight during the treatment period. At 10 weeks of age (2 weeks after injection of leukemia
cells and just prior to reaching positive engraftment levels), the PBS-treated mice weighed
21.29 ± 0.44 g and vincristine-treated mice weighed 21.11 ± 0.89 g (maximum weight). By
13 weeks of age, the PBS- and vincristine-treated mice weighed 17.76 ± 0.88 and 18.15 ±
0.51, respectively.

4. Discussion
To our knowledge, this is the first report of an inducible in vivo model for multidrug
resistance in human high-risk ALL with chromosomal translocation t(4:11). MDR is often
studied by generating MDR-resistant sublines from cultured cells and either studying these
sublines in vitro or injecting the resistant clonal cells into immunodeficient mice. Resistant
sublines have been utilized to study MDR in many types of cancers in vivo, including T-cell
leukemia, Burkitt’s lymphoma, and promyelocytic leukemia [16–19]. The SEM cell line
used for this study was established in culture from a relapsed patient with ALL containing
the translocation t(4;11) [14], and treatment of the patient may have induced an initial MDR
state prior to removal of the cells and establishment of the cell line. However, without
selective pressure, these cells lost PgP expression and were sensitive to vincristine in vitro.
Upon engraftment into NOD/SCID mice and subsequent treatment with vincristine, SEM
cells increased expression of the PgP protein and likely other MDR transport proteins, and
resulted in reversion to a drug resistant phenotype. A delay in leukemia cell growth in the
mice and increased survival were observed after vincristine treatment compared to control,
but all of the mice succumbed to disease. This model represents an inducible system that is
superior to injecting already resistant sublines and may be used to evaluate step-wise in vivo
mechanisms involved in the development of or reversion to a multidrug resistant state in
these cells.

The greatest obstacle for successful chemotherapy against leukemia is the development of
cells that are resistant to the therapeutic agents. Olson et al. [20] recently showed that
prognosis of pediatric ALL patients was not significantly dependent upon overexpression of
the MDR efflux pumps PgP, MRP or LRP in newly diagnosed patients. PgP was
upregulated or overexpressed in only about 2% (5 of 295) of the patient samples taken at the
time of diagnosis and the small number did not allow statistical analysis of a correlation
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between PgP expression and survival. Lack of correlation of PgP, MRP-1, and LRP
expression and therapeutic success against pediatric ALL at diagnosis was also shown by
others [21–23]. However, Styczynski et al. [24] showed patients with relapsed ALL had a
strong trend toward adverse impact of PgP, MRP1, and LRP expression on prognosis. These
data suggest that these efflux and transport systems play an important role in the greater lack
of success of conventional chemotherapeutics used for patients with relapsed ALL. It should
be noted that the studies referenced above did not specifically differentiate the subtypes of
ALL in the analysis groups, so the actual impact of PgP expression on the prognosis and
overall survival in patients with high-risk t(4;11) ALL is not clear, whether at diagnosis or
after relapse.

Vincristine is a neurotoxic therapeutic agent that can induce cumulative peripheral
neuropathy and epileptic seizures and is usually administered once per week to the human
patient [25]. We did not observe overt signs of intolerance to the multiple dosing of
vincristine (3× per week), such as weakness, palsy, or changes in behavior when compared
to the condition of the PBS-treated mice. However, the mice in both groups showed similar
changes in weight before and after engraftment of the leukemia cells. By day 25, the average
percent of CD19+ SEM cells was 13.96 ± 1.75 for PBS-treated mice compared to 3.86 ± 1.0
for vincristine-treated mice. Since the leukemia burden was significantly higher in the PBS-
treated mice which would make these mice more ill, the lack of a difference in weight loss
between the two groups may reflect some toxicity induced by the vincristine treatment.

Palucka et al. [26] showed that leukemic cells from patients at relapse engrafted more
rapidly in SCID mice than cells from newly diagnosed patients. SEM cells engrafted in the
NOD/SCID mice approximately 2 weeks after injection into the tail vein, whereas Leim et
al. [10] showed that biopsy material took an average of 43 ± 5 days for engraftment to occur.
The rapid engraftment of SEM cells and reversion to chemotherapy resistance after
vincristine treatment provides a useful model for the study of MDR in high-risk leukemia
without the need to obtain patient biopsy material. This model is also relatively
uncomplicated and provides an important means for developing novel treatment strategies
that overcome MDR mechanisms in this often fatal disease.
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Figure 1.
SEM cells do not express PgP under in vitro culture conditions. SEM cells grown in culture
were stained with FITC-conjugated mouse IgG2b (isotype control) or FITC-conjugated anti-
PgP antibody and analyzed by flow cytometry. MFI, mean fluorescence intensity. Data
represent means ± SE for three independent experiments.
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Figure 2.
Vincristine initially reduces the leukemia burden in NOD/SCID mice compared to control
animals. Sixteen NOD/SCID mice were engrafted with SEM leukemia cells and treated
intraperitoneally with either PBS (control mice, n = 8) or vincristine (0.5mg/kg body weight,
n = 8) three times per week for 4 weeks. The percentage of human CD19+ cells in the mouse
peripheral blood was monitored by staining the mononuclear cells with APC-Cy7
conjugated anti-mouse CD45 and PE-Cy7 conjugated anti-human CD19, and analyzing the
cells by flow cytometry. Asterisks indicate significant differences in %CD19+ cells from
PBS and vincristine-treated mice (P < 0.05).
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Figure 3.
Vincristine treatment induces expression of PgP on the cell surface of SEM leukemia cells
in NOD/SCID mice. Sixteen NOD/SCID mice were engrafted with SEM leukemia cells and
treated as described in Figure 2. Peripheral blood mononuclear cells were isolated and
stained with PE-Cy7-conjugated anti-human CD19 and FITC-conjugated anti-P-
glycoprotein or FITC-conjugated isotype control antibody. Staining was performed when the
%CD19+ cells were 3–5% of the murine PBMC population (day 13 for the PBS group, day
18 for the vincristine group). The cells were gated on the CD19 population and the levels of
PgP were analyzed by flow cytometry. MFI, mean fluorescence intensity. Asterisks indicate
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significant differences between the MFI of isotype control stained cells and PgP stained cells
(P < 0.05).
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Figure 4.
Vincristine treatment increases survival of NOD/SCID mice, but does not induce remission.
Sixteen NOD/SCID mice were engrafted with SEM leukemia cells and treated as described
in Figure 2. Mice were euthanized when they displayed overt clinical illness, which included
greater than 20% weight loss, lethargy, severe weakness, or inability to reach food or water
for 24h. Differences in survival between the PBS- and vincristine-treated mice were
determined by log-rank test (P < 0.05).
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