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Abstract
Cure rates in pediatric acute myeloid leukemia (AML) remain suboptimal. Overexpression of the
surface receptor CXCR4 is associated with poor outcome in acute lymphoblastic leukemia (ALL)
and AML. Certain non-chemotherapeutic agents have been shown to modulate CXCR4 expression
and alter leukemia interactions with stromal cells in the bone marrow microenvironment. Because
chemotherapy is the mainstay of AML treatment, we hypothesized that standard cytotoxic
chemotherapeutic agents induce dynamic changes in leukemia surface CXCR4 expression, and
that chemotherapy-induced upregulation of CXCR4 represents a mechanism of acquired
chemotherapy resistance. Here, we show that cell lines variably upregulate CXCR4 with
chemotherapy treatment. Those that showed upregulation were differentially protected from
chemotherapy-induced apoptosis when co-cultured with stroma. We further explored the
functional effects of chemotherapy-induced CXCR4 upregulation in an AML cell line
(MOLM-14, which consistently upregulated CXCR4) and primary samples. We found enhanced
stromal-cell derived factor-1α (SDF-1α)-mediated chemotaxis and stromal protection from
additional chemotherapy-induced apoptosis. Further, treatment with the CXCR4 inhibitor
plerixafor preferentially decreased stromal protection in cells with higher chemotherapy-induced
upregulation of surface CXCR4. Upregulation of surface CXCR4 by standard chemotherapy may
represent a mechanism of chemotherapy resistance in pediatric AML and may be a biomarker that
can identify optimal patients for CXCR4 inhibition.
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Introduction
Stepwise advances in the treatment of children with acute leukemia have led to remarkable
improvements in cure rates and survival.(1) The greatest improvements have been achieved
in pediatric ALL and cure rates are approaching 90 percent.(1) However, children with high-
risk acute leukemias continue to have suboptimal outcomes. Further, a disproportionate
number of children with AML are not cured of their disease. Research in AML continues to
be focused primarily on factors intrinsic to the leukemic blast that can predict outcome and
response to therapy. For example, studies have established that the core binding factor
mutations inv(16) and t(8;21) portend a favorable outcome in AML, while monosomy 7,
del(5q), MLL gene rearrangements (MLL-R), and FLT3/ITD are associated with poor

Corresponding author: Edward Allan R. Sison, The Bunting Blaustein Cancer Research Building, 1800 Orleans Street, Room 2M46,
Baltimore, MD 21231 USA. Phone: 410-955-8688, Fax: 410-955-8897, esison1@jhmi.edu.

Conflict of Interest: The authors declare no conflict of interest.

NIH Public Access
Author Manuscript
Mol Cancer Res. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Mol Cancer Res. 2013 September ; 11(9): 1004–1016. doi:10.1158/1541-7786.MCR-13-0114.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prognosis.(1) As a result, recent clinical trials have focused on intensifying therapy for
children with high-risk features, as well as identifying other potentially prognostic
mutations, including those in nucleophosmin (NPM1)(2) and CCAAT/enhancer binding
protein-alpha (CEBPA).(3) However, 5-year event-free survival rates continue to be
between 50 and 60 percent with contemporary therapies.(1)

Recently, research has broadened to include extrinsic mechanisms of leukemia cell survival
and proliferation, namely the bone marrow microenvironment. The bone marrow
microenvironment consists of stromal cells, endothelial cells, osteoblasts, and other cells
that support the development of hematopoietic stem cells (HSCs).(4, 5) Many studies have
also demonstrated that the bone marrow microenvironment has a similar supportive effect
on leukemias.(6, 7) For example, co-culture with bone marrow stromal cells clearly
contributes to the ability of leukemia cells to survive in vitro.(8, 9) We also previously
demonstrated that bone marrow stroma selectively provides more protection to MLL-R ALL
compared to non-MLL-R ALL. We also found that co-culture of primary samples of infant
MLL-R ALL with bone marrow stroma attenuated cytotoxicity induced by the FLT3
inhibitor lestaurtinib and promoted the survival of leukemic stem cells (LSCs).(10)

Multiple receptor-ligand interactions regulate the migration, adhesion, quiescence, and
proliferation of leukemia cells within the bone marrow microenvironment, such as the
interactions between very late adhesion molecule-4 (VLA-4) and its ligands fibronectin(11)
and vascular cell adhesion molecule-1 (VCAM-1).(12) Children’s Oncology Group reported
that VLA-4 surface expression is predictive of outcome and relapse risk, suggesting that
leukemia-stromal interactions are important in AML.(13) Another important mediator of
leukemia-microenvironment interactions is CXCR4, a transmembrane G-protein-coupled
receptor expressed by HSCs, various white blood cells, and leukemia cells.(14-16) CXCR4
is activated by stromal cell-derived factor 1 (SDF-1 or CXCL12), a chemokine
constitutively secreted by stromal and endothelial cells in the bone marrow
microenvironment.(17-19) Interactions between CXCR4 and SDF-1 are paramount in the
migration and survival of leukemia cells in vitro and in vivo.(16, 20, 21) High CXCR4
expression has also been implicated as a marker of poor prognosis in both ALL(22, 23) and
AML.(24-26) In addition, preclinical models of ALL and AML demonstrate that inhibition
of CXCR4 enhances the efficacy of chemotherapy and tyrosine kinase inhibitors (TKIs).(10,
27-31) These findings suggest that CXCR4 expression is a factor that helps mediate
response to therapy through increased leukemia-microenvironment interactions.

Therefore, we sought to better elucidate the role of CXCR4 in chemotherapy resistance.
Previous studies have shown that CXCR4 expression in leukemias is dynamic and is
modulated by non-chemotherapeutic agents such as TKIs and histone deacetylase (HDAC)
inhibitors.(32-35) Because chemotherapy is the foundation of pediatric leukemia treatment,
we hypothesized that surface CXCR4 expression by acute leukemias changes dynamically in
response to standard cytotoxic chemotherapeutic agents. We also hypothesized that
chemotherapy-mediated upregulation of surface CXCR4 would lead to increased protection
by normal human bone marrow stroma due to enhanced SDF-1α/CXCR4 signaling. Our
data demonstrate for the first time that surface CXCR4 expression is modulated by standard
chemotherapeutic agents and that the direction of CXCR4 modulation (ie, up or down) is
predictive of the degree of stromal protection. We also show for the first time that
chemotherapy-induced upregulation of surface CXCR4 results in increased SDF-1α-
mediated chemotaxis and a stromal-mediated survival advantage in an AML cell line and
AML primary samples. Finally, we show that treatment with plerixafor decreases stromal
protection preferentially in leukemias that upregulate surface CXCR4 in response to
chemotherapy. These novel findings suggest that standard therapies for AML may increase
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treatment resistance in surviving leukemic blasts and that this resistance may be overcome
by CXCR4 inhibition.

Materials and Methods
Cell lines and reagents

Cell culture reagents included RPMI 1640 medium, 100x penicillin-streptomycin solution
(PS) and 200 mmol/L L-glutamine solution (LG) (all purchased from Invitrogen, Carlsbad,
CA), fetal bovine serum (FBS, Gemini Bio-Products, West Sacramento, CA), and 50 μmol/
L hydrocortisone solution (Sigma-Aldrich, St. Louis, MO). ALL (697, HB-1119, Nalm-6,
SEM-K2) and AML (MOLM-14, MV4-11) cell lines were purchased from ATCC
(Manassas, VA) and DSMZ (Braunschweig, Germany). All cell line cultures were
maintained in RPMI 1640 supplemented with 10% FBS, 1% PS, and 1% LG and incubated
at 37°C in 5% CO2. Stock solutions of all chemotherapeutic agents (cytarabine,
daunorubicin, etoposide, methotrexate, and vincristine; Sigma-Aldrich) were prepared
according to the manufacturer’s instructions and stored at -80°C until ready for use.
Plerixafor was kindly provided by Genzyme (Cambridge, MA).

Primary leukemia samples
Diagnostic bone marrow and peripheral blood samples were collected from newly diagnosed
children with AML enrolled on a Johns Hopkins institutional review board-approved
protocol. Following collection, primary leukemia cells were isolated using density
centrifugation (Ficoll-Paque PLUS, GE Healthcare, Piscataway, NJ). Samples were viably
cryopreserved by suspension in 90% FBS/10% DMSO and storage in liquid nitrogen. To
perform the experiments, primary AML cells were maintained in RPMI 1640 supplemented
with 20% FBS, 1% PS, and 1% LG.

Normal human bone marrow stromal cell cultures
Normal human bone marrow was collected from healthy adult bone marrow transplant
donors according to a Johns Hopkins institutional review board-approved protocol.
Establishment and maintenance of stromal cell cultures were performed as previously
described.(10) All stromal cell cultures were maintained at 33°C in 5% CO2. For stromal co-
culture experiments, 96 well plate stroma cultures were washed 3 times with phosphate-
buffered saline prior to the addition of leukemia cells. All co-culture plates were incubated
at 37°C in 5% CO2.

Measurement of CXCR4 expression by flow cytometry
Cells were stained with APC-conjugated anti-human CD184 (12G5, eBioscience, San
Diego, CA) and read on a FACSCalibur (BD Biosciences, San Diego, CA). To evaluate
intracellular CXCR4 expression, surface CXCR4 was blocked with nonconjugated anti-
human CXCR4 antibody (4G10, Santa Cruz Biotechnology, Santa Cruz, CA), fixed with 4%
paraformaldehyde (Sigma-Aldrich), permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich), stained with APC-conjugated anti-human CD184, and read on a FACSCalibur.
Results were analyzed using FlowJo (Tree Star, Inc., Ashland, OR). Gates were drawn
around the live populations, as determined by forward scatter and side scatter properties, and
the mean fluorescence index (MFI) of CXCR4 of live cells was calculated.

Measurement of CXCR4 expression by quantitative real-time PCR (qRT-PCR)
To evaluate gene expression of CXCR4 and its positively-regulating transcription factor
NRF-1, RNA was isolated from leukemic cells using the RNEasy Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. RNA was stored at -80°C until ready for
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use. cDNA was made using SuperScript III Reverse Transcriptase and associated reagents
(Invitrogen) and run on a Mastercycler (Eppendorf, Hamburg, Germany). qRT-PCR was
performed using TaqMan primers for CXCR4 and NRF-1, with GAPDH as a control
(Invitrogen), according to the manufacturer’s instructions. qRT-PCR was performed and
results were analyzed using the CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA).

Apoptosis assays
Cell lines and primary AML samples were treated with dose ranges of chemotherapy for 48
to 72 hours in 96 well plates. Cells were harvested and stained with PE-conjugated Annexin
V and 7-AAD (BD Pharmingen, San Diego, CA), read on a FACSCalibur, and analyzed
with FlowJo. In co-culture experiments, leukemia cells were distinguished from stromal
cells by their forward scatter/side scatter properties.

Chemotaxis
Culture medium with and without human recombinant SDF-1α (Peprotech, Rocky Hill, NJ)
was placed in the bottom of 24 well plates. Millicell hanging cell culture inserts (8 μm
membrane pore size, Millipore, Billerica, MA) were placed into each well. Leukemic cells
were seeded into each insert at a concentration of 1×106/mL. Plates were incubated at 37°C.
After incubation, trypsin at a 1:10 dilution was added to the bottom of each well and plates
were incubated for an additional 5 minutes. Migrated cells were then quantified by
harvesting cells from the bottom of each well and counting in triplicate using a
hemacytometer and Trypan Blue exclusion. Results are expressed as the number of migrated
cells in an SDF-1α-containing well divided by the number of migrated cells in a media only-
containing well.

Flow cytometric measurement of phosphorylated Akt and ERK1/2
Cells were treated with vehicle control or cytarabine for 72 hours and then serum-starved
overnight. Cells were then prepared according to the BD Phosflow Protocol for Human
PBMCs (BD Biosciences). Briefly, cells were fixed using Cytofix Buffer, permeabilized
using Perm Buffer III, stained with PE-conjugated anti-human Akt (pS473) and Alexa Fluor
488-conjugated anti-human ERK1/2 (pT202/pY204) (all purchased from BD Biosciences),
and read on a FACSCalibur. The MFI of live cells was calculated using FlowJo.

Statistical analysis
Paired student’s t-tests and independent two-sample t-tests were used to calculate p values.
Alpha was set to 0.05. Error bars in all figures represent the standard error of the mean
(SEM).

Results
Baseline surface CXCR4 levels affect the degree of chemotaxis toward an SDF-1α gradient

We measured baseline levels of surface CXCR4 of a representative panel of ALL (697,
HB1119, Nalm-6, SEM-K2) and AML (MOLM-14, MV4-11) cell lines by flow cytometry
(Fig. 1A for cell line characteristics(36-41)). Surface CXCR4 levels varied at baseline, with
Nalm-6 and MOLM-14 having the highest and lowest values of the cell lines tested,
respectively (Fig. 1A). Previous work has suggested that SDF-1α-induced chemotaxis is
dependent on surface CXCR4 expression in CD34+ HSCs.(42) Therefore, we measured
chemotaxis of MOLM-14 and Nalm-6 toward a gradient of SDF-1α to determine if this
phenomenon was also true in leukemia. Cells were seeded in hanging cell culture inserts
placed into wells containing SDF-1α or media alone. Migrated cells were measured after 4
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and 24 hours of incubation. Nalm-6, which had the highest expression of surface CXCR4
among the cell lines tested, demonstrated striking SDF-1α-induced chemotaxis that was
both time- and SDF-1α-concentration-dependent (Fig. 1B). In contrast, MOLM-14, which
had the lowest expression of surface CXCR4 among the cell lines tested, demonstrated
minimal chemotaxis. We also found that cell lines with intermediate surface expression of
CXCR4 had intermediate SDF-1α-induced chemotaxis (data not shown). We concluded that
chemotactic responses to SDF-1α in leukemia cell lines are dependent on levels of surface
CXCR4.

Surface CXCR4 levels change in response to chemotherapy in leukemia cell lines
We next wanted to determine if surface CXCR4 expression changed in response to
chemotherapy. Cell lines were treated with dose ranges of 5 chemotherapeutic agents
commonly used in the treatment of either ALL or AML (cytarabine, daunorubicin,
etoposide, methotrexate, and vincristine). After 48 hours of treatment, flow cytometry was
performed to measure surface CXCR4 expression (Fig. 2A for effects of daunorubicin on
MOLM-14). To determine the overall effect of chemotherapy on surface CXCR4
expression, we recorded the maximal change in CXCR4 for each drug-cell line combination.
Treatment with chemotherapy resulted in CXCR4 upregulation in 697, MOLM-14, and
MV4-11, and downregulation in HB-1119, Nalm-6, and SEM-K2 (Fig. 2B). Interestingly,
each cell line responded to all chemotherapeutic agents in a consistent manner (i.e., either
up- or downregulation). These results suggest that expression of surface CXCR4 changes
dynamically in response to chemotherapy in leukemia cell lines and that these changes in
surface CXCR4 expression are consistent within a given cell line from agent to agent.

Stroma provides protection from chemotherapy-induced apoptosis in cell lines that
upregulate surface CXCR4

SDF-1α produced by normal bone marrow stromal cells has been shown to mediate the
migration and survival of CXCR4+ HSCs.(42, 43) Studies have also suggested that patients
with leukemias with higher surface expression of CXCR4 have a poorer outcome than those
with lower surface expression.(22-26) Therefore, we hypothesized that upregulation of
surface CXCR4 by leukemia cell lines could lead to stromal protection from chemotherapy-
induced apoptosis due to increased leukemia-stromal interactions. Cells were treated for 48
hours with a dose range of daunorubicin, cytarabine, or etoposide in the presence or absence
of normal human bone marrow stroma feeder layers. These agents were selected because all
are used in the treatment of both ALL and AML. Apoptosis was quantified by flow
cytometry, after staining with Annexin V and 7-AAD (Figs. 2C and 2D for examples of
primary analysis). We then calculated a range of inhibitory concentrations (IC10 through
IC90) using Calcusyn software (Biosoft, Cambridge, United Kingdom). To quantify the
protective effect of stroma, we defined the protective index (PI) as the average IC values on
stroma divided by the average IC values off stroma: therefore, PI >1 indicated stromal
protection, PI ≤1 indicated no stromal protection. In general, cell lines that upregulated
surface CXCR4 were protected from chemotherapy-induced apoptosis when plated on
stroma, while those that downregulated CXCR4 showed no or minimal protection (average
PI for all chemotherapeutic agents 1.807 vs. 1.211, p=0.025) (Figs. 2E-2H). These data
suggest that modulation of surface CXCR4 helps to mediate stromal protection from
chemotherapy.

Modulation of surface CXCR4 is driven by multiple mechanisms
To determine the kinetics and mechanism of surface CXCR4 modulation, cell lines were
treated with chemotherapy for 96 hours. Doses of chemotherapy used in these experiments
were the IC50 doses at 48 hours for each cell line-drug combination. The cell line-drug
combinations were selected based on which combinations resulted in either a two-fold
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increase in surface CXCR4 expression after treatment with the 48-hour IC50 (MOLM-14
with daunorubicin, NALM-6 with cytarabine) or a 50 percent decrease in surface CXCR4
expression after treatment with the 48-hour IC50 (SEM-K2 with vincristine, HB-1119 with
vincristine). Aliquots of cells were harvested at 10 time points for flow cytometric analysis
and RNA isolation. Surface CXCR4 expression was measured by flow cytometry and
mRNA expression of CXCR4 and its positively-regulating transcription factor NRF-1 was
measured by qRT-PCR. The changes in surface CXCR4 were time-, drug-, and cell line-
dependent. Simultaneous qRT-PCR measurement of CXCR4 and NRF-1 suggested specific
molecular mechanisms of surface CXCR4 modulation. For example, daunorubicin-induced
upregulation of surface CXCR4 in MOLM-14 started at 3 hours, but NRF-1-driven CXCR4
transcription did not increase until 48 hours (Fig. 3A), suggesting that changes in
intracellular CXCR4 localization were responsible for early increases in surface CXCR4.
Cytarabine-induced upregulation of surface CXCR4 in Nalm-6, on the other hand, correlated
temporally with increases in NRF-1-driven CXCR4 transcription (Fig. 3B). Vincristine
produced increases in NRF-1-driven CXCR4 transcription in SEM-K2 and simultaneous
decreases in surface CXCR4 (Fig. 3C), suggesting CXCR4 degradation prior to cell surface
localization. CXCR4 transcription also increased despite decreases in surface CXCR4 in
HB-1119, also suggesting CXCR4 degradation (Fig. 3D). Next, we performed additional
time course experiments to verify mechanistic patterns of surface CXCR4 upregulation.
Specifically, aliquots of cells were harvested at multiple time points for flow cytometric
analysis to measure expression of surface and intracellular CXCR4. As suggested by the
qRT-PCR data, increases in surface CXCR4 were higher than increases in intracellular
CXCR4 in daunorubicin-treated MOLM-14 cells, suggesting that there may have been
cytoplasmic relocalization of CXCR4 to the cell surface that accounted for surface CXCR4
upregulation at early time points (Fig. 3E). In addition, cytarabine-induced surface CXCR4
upregulation in Nalm-6 was driven by increases in both surface and intracellular levels of
CXCR4 (Fig. 3F). These experiments suggest that chemotherapy-induced modulation of
CXCR4 may be driven by a number of factors and that these factors appear to vary by drug,
time, and cell line.

Chemotherapy-induced upregulation of surface CXCR4 results in increased SDF-1α-
mediated chemotaxis and a stromal-mediated survival advantage

MOLM-14, an AML cell line, was the most consistent upregulator of surface CXCR4 in the
above experiments. Therefore, we used MOLM-14 to test the functionality of
chemotherapy-induced upregulation of surface CXCR4. Specifically, MOLM-14 cells were
split into 3 aliquots and pretreated for 72 hours with chemotherapy at IC50 doses or vehicle
control (Fig. 4A). Viable cells were then isolated using density centrifugation and surface
CXCR4 was measured by flow cytometry. After 72 hours of pretreatment, viable
chemotherapy-pretreated MOLM-14 cells had higher levels of surface CXCR4 compared to
control-pretreated cells (Fig. 4B). As activation of CXCR4 leads to phosphorylation of
downstream targets, including members of the PI3K/Akt and MAPK/ERK pathways,(44) we
wanted to determine if increased surface CXCR4 expression translated to increased CXCR4
activation. Chemotherapy pretreatment did in fact result in higher levels of phosphorylated
Akt and phosphorylated ERK 1/2, as measured by flow cytometry (Figs. 4B-4D). Viable
cells from each pretreatment aliquot were then used for chemotaxis and apoptosis assays. In
the chemotaxis assays, twice as many cytarabine-pretreated cells migrated toward an
SDF-1α gradient compared to control-treated cells (Fig. 4E). In the apoptosis assays, cells
from each pretreatment aliquot were plated on and off stroma and treated for an additional
72 hours with a full dose range of daunorubicin. We chose daunorubicin as a post-treatment
because it is commonly used in AML. Pretreatment with cytarabine and vincristine resulted
in striking stromal protection from daunorubicin-induced apoptosis (Fig. 4F). Collectively,
these experiments demonstrate that chemotherapy-induced upregulation of surface CXCR4
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results in increased SDF-1α-mediated chemotaxis and a stromal-mediated survival
advantage.

Chemotherapy modulates surface CXCR4 expression in primary pediatric AML samples
We observed functional advantages conferred by upregulation of CXCR4 in MOLM-14, an
AML cell line. We therefore sought to determine if similar phenomena occurred in primary
samples of pediatric AML. We first tested whether surface CXCR4 expression changed in
response to chemotherapy. Primary AML samples (n=8, characteristics listed in Table 1)
were treated for 48 hours with dose ranges of 3 chemotherapeutic agents used in the
treatment of AML (cytarabine, daunorubicin, and etoposide). Baseline levels of surface
CXCR4 expression were variable by primary sample (Fig. 5A). Maximal changes in surface
CXCR4 were variable by sample and by drug, and individual samples did not always
respond to all drugs in the same manner (Fig. 5B).

Chemotherapy-induced changes in surface CXCR4 affect stromal protection of primary
pediatric AML samples

We sought to determine the effect of changes in surface CXCR4 on stromal protection from
chemotherapy-induced apoptosis in primary pediatric AML samples. We chose to study
primary samples 7 and 8 because we had enough cells from these samples to perform the
treatment schema depicted in Fig. 4A. Pretreatment of primary samples with IC50 doses of
chemotherapy was used to induce changes in surface CXCR4. Pretreatment of sample 7 with
daunorubicin or cytarabine for 48 hours resulted in 20 and 36 percent increases in surface
CXCR4, respectively, compared to control-pretreated cells (Fig. 5B). In contrast,
pretreatment of sample 8 with daunorubicin and cytarabine caused 33 and 50 percent
decreases in surface CXCR4, compared with control-pretreated cells (Fig. 5B). Viable cells
were then isolated, plated on or off stroma, and treated with a dose range of daunorubicin.
We again chose daunorubicin as a post-treatment because it is commonly used in AML.
Stroma conferred protection from daunorubicin-induced apoptosis in sample 7, while sample
8 was not protected by stroma (Fig. 5C). These results suggest that increases or decreases in
surface CXCR4 induced by chemotherapy may modulate the survival advantage conferred
by stroma in pediatric AML.

Plerixafor decreases stromal protection and increases chemosensitivity in AML with
chemotherapy-induced upregulation of surface CXCR4

We and others have demonstrated that combining chemotherapy or TKIs with a CXCR4
inhibitor decreases the protective effect of stroma in ALL and AML.(10, 27-31) Therefore,
to determine if stromal protection in AML cells with chemotherapy-induced upregulation of
surface CXCR4 expression was mediated by CXCR4, we cultured MOLM-14 on stroma
with or without the CXCR4 inhibitor plerixafor and compared chemotherapy-induced
apoptosis by culture and pretreatment conditions. Similar to our previous experiments, we
pretreated MOLM-14 with chemotherapy at IC50 doses (cytarabine, daunorubicin, and
vincristine) or vehicle control for 72 hours. Viable cells were isolated using density
centrifugation and increases in surface CXCR4 expression in chemotherapy pretreated cells
was verified by FACS (Fig. 6A). Cells from each pretreatment were then plated on stroma
and treated with a dose range of daunorubicin with or without plerixafor. Following
treatment, apoptosis was measured by flow cytometry after staining for Annexin V and 7-
AAD. Control-pretreated MOLM-14 had a minimal increase in chemosensitivity with
plerixafor (Fig. 6B). MOLM-14 pretreated with daunorubicin showed some induction of
chemosensitivity with plerixafor at intermediate doses of daunorubicin (Fig. 6C).
Interestingly, plerixafor was able to induce the greatest chemosensitization effect in
MOLM-14 pretreated with either vincristine (Fig. 6D) or cytarabine (Fig. 6E). As vincristine
and cytarabine induced the greatest increases in surface CXCR4 expression (Fig. 6A), these
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results suggest that plerixafor diminishes stromal protection more effectively in leukemias
that upregulate surface CXCR4 in response to chemotherapy.

Discussion
Pediatric AML continues to be difficult to cure in spite of improvements in treatment,
including the use of intensive combination chemotherapeutic treatment regimens.(1) For
reasons that are not fully understood, a number of leukemias, including leukemias with low-
risk cytogenetic features, relapse or are refractory to current therapies. It is possible that
survival signals from the bone marrow microenvironment allow subpopulations of leukemia
cells to evade chemotherapy-induced death. Therefore, chemotherapy resistance and support
of leukemogenesis may not be mediated exclusively by the leukemia itself: its environment
may also play a significant role. This idea is substantiated by recent evidence that suggests
that the presence of an altered microenvironment can initiate the development of dysplasia
and leukemia.(45)

The SDF-1/CXCR4 axis is an important pathway in hematopoiesis and hematologic
malignancies. Overexpression of CXCR4 in CD34+ HSCs enhances SDF-1α-mediated
chemotaxis, in vitro survival, and engraftment,(42) and increased CXCR4 expression
mediates migration and engraftment of AML in a xenograft mouse model.(16) Several
studies have reported that increased CXCR4 expression by leukemic blasts portends a poor
prognosis in AML,(24-26) suggesting that CXCR4 expression impacts response to therapy.
CXCR4 also mediates pseudoemperipolesis, or migration under a monolayer of bone
marrow stromal cells, of AML blasts.(21) Pseudoemperipolesis is thought to emulate
migration of leukemia cells to microscopic niches in the bone marrow microenvironment
and demonstrates the importance of receptor-ligand interactions in leukemia. Our
experiments supported these findings, as a leukemia cell line with high surface expression of
CXCR4 had increased SDF-1α-induced chemotaxis compared to a cell line with low surface
expression of CXCR4.

In addition, CXCR4 expression is affected by anti-cancer agents, suggesting that residual
leukemic blasts may have different interactions with the microenvironment after treatment
than at diagnosis. For example, the HDAC inhibitor suberoylanilide hydroxamic acid caused
decreased CXCR4 expression in chronic lymphocytic leukemia (CLL) primary samples,
which resulted in decreased SDF-1α-induced chemotaxis.(33) In contrast, valproic acid
induced increased CXCR4 expression, causing increased SDF-1α-mediated chemotaxis.(32)
Similarly, imatinib caused increased CXCR4 in chronic myelogenous leukemia cell lines,
which functionally resulted in increased stroma-induced migration and quiescence,(34) and
dasatinib induced upregulation of surface CXCR4 in Philadelphia-chromosome positive
ALL cell lines.(35) Our experiments add to the evidence that anti-cancer agents can
modulate surface CXCR4 expression. It is clear that the presence of minimal residual
disease after induction therapy portends a poor prognosis in pediatric ALL and AML. To
simulate this situation in vitro, we purposely pretreated our cell lines and primary samples
with suboptimal doses of chemotherapy in our chemotaxis and apoptosis experiments so as
not to completely eradicate the leukemias. In those experiments, treatment with suboptimal
doses of chemotherapy led to increased surface CXCR4 expression in cell lines and primary
samples, suggesting that inadequate doses of chemotherapy may enhance leukemia-
microenvironment interactions. We recognize that CXCR4 modulation and the subsequent
effects on stromal protection were variable by drug and cell line. For example, etoposide had
a lesser effect on stromal protection than daunorubicin and cytarabine, and HB-1119 and
MV4-11 did not always show stromal protection consistent with the direction of CXCR4
modulation. It is certainly possible that differences in each cell line and/or the mechanisms
of action of each chemotherapeutic agent led to variations in the degree of stromal
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protection. We also acknowledge that our experiments were performed using cell lines and
bulk leukemia primary samples, and it would be interesting to learn what effects
chemotherapy has on CXCR4 expression in LSCs. These are interesting issues that we are
beginning to explore experimentally. Ultimately, our results highlight that standard
chemotherapy may increase leukemia-microenvironment interactions in residual, viable
blasts, which in turn leads to chemotherapy resistance.

Previous work has suggested that leukemia-microenvironment interactions may play an
important role in the pathogenesis of high-risk pediatric acute leukemias. For example, we
previously demonstrated that stroma preferentially protects MLL-R ALL patient samples
and that ex vivo culture of MLL-R primary samples with stroma prior to transplantation into
immunodeficient mice promotes the survival of LSCs.(10) In addition, poor clinical
outcome(46) and poor cytogenetic risk features(47) have been shown to be determinants of
AML patient sample engraftment in immunodeficient mice. However, the role of CXCR4 in
the engraftment of AML primary samples remains unclear. Some studies have suggested
that higher CXCR4 expression is associated with engraftment of HSCs(42) and AML
primary samples(16, 48) in immunodeficient mice, while others have suggested that
engraftment of AML primary samples is CXCR4-independent.(46, 47) It appears that
leukemia-stromal interactions are multifactorial but it is clear that CXCR4 is a major
element.

There is evidence from the literature that FLT3/ITD+ AML cell lines demonstrate increased
chemotaxis toward SDF-1α compared to FLT3-wild type cell lines, suggesting that the
presence of FLT3/ITD enhances SDF-1/CXCR4 signaling.(49) An additional study found
that stromal co-culture results in higher rates of proliferation for FLT3/ITD+ AML blasts
compared to FLT3-wild type AML blasts,(31) indicating that leukemia cell interactions with
bone marrow stromal cells impart a survival advantage in FLT3/ITD+ leukemia. Both of the
AML cell lines (MOLM-14 and MV4-11) tested in our experiments upregulated surface
CXCR4 expression in response to chemotherapy. Interestingly, both AML cell lines harbor a
FLT3/ITD mutation, which is a high-risk cytogenetic feature in AML. Upregulation of
surface CXCR4 in MOLM-14 led to functional advantages, as measured by chemotaxis and
stromal protection from additional treatment with chemotherapy. Therefore, we chose to
study AML primary samples to determine if these phenomena could be demonstrated using
primary samples. Sample 7, which harbored a FLT3/ITD mutation, upregulated surface
CXCR4 in response to treatment with daunorubicin and cytarabine and chemotherapy-
pretreated cells were protected from daunorubicin-induced apoptosis by stromal co-culture.
In contrast, Sample 8, which did not have a low- or high-risk cytogenetic feature,
downregulated surface CXCR4 in response to chemotherapy and chemotherapy-pretreated
cells were not protected from daunorubicin-induced apoptosis by stromal co-culture.
Therefore, it is conceivable that FLT3/ITD+ AML is high-risk and difficult to treat in part
because of increased interactions with the bone marrow stromal microenvironment mediated
by CXCR4 and SDF-1α. This hypothesis certainly warrants further study.

Our data not only suggest that upregulation of surface CXCR4 is a mechanism of stromal-
mediated chemotherapy resistance but that this resistance can be reversed with CXCR4
inhibition. Preclinical studies of CXCR4 inhibition in AML have demonstrated that small
molecules and antibodies against CXCR4 causes decreased survival and proliferation and
increased sensitivity to anti-cancer therapies both in vitro and in vivo.(16, 28-30) This
treatment strategy has recently also moved into the clinic. Most notably, a phase 1/2 trial of
plerixafor in combination with mitoxantrone, etoposide, and cytarabine in adults with
relapsed or refractory AML demonstrated tolerability, mobilization of AML blasts into the
peripheral blood, and resulted in a rate of complete remission (with or without complete
blood count recovery) of 46 percent.(50) Ongoing clinical trials of CXCR4 antagonism as a
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chemosensitization strategy in hematologic malignancies include phase 1 trials of the anti-
CXCR4 antibody MDX-1338 alone or in combination with chemotherapy in patients with
relapsed or refractory AML, CLL, diffuse large B cell lymphoma, follicular lymphoma, and
multiple myeloma; a phase 1 trial of plerixafor in combination with cytarabine and
daunorubicin in newly-diagnosed adults with AML; and a phase 1 trial of plerixafor in
combination with high-dose cytarabine and etoposide in children and young adults with
relapsed or refractory ALL, AML, MDS, and acute leukemias of ambiguous lineage.
Inhibition of leukemia-microenvironment interactions is an attractive therapeutic strategy
and may enhance the effectiveness of chemotherapy and targeted agents. Our data suggest
that the degree of surface CXCR4 upregulation may be a biomarker with the potential to
identify optimal patients for CXCR4 inhibition.

We have demonstrated that surface CXCR4 expression is dynamically altered by
chemotherapy exposure in ALL and AML cells, and may be driven by transcription, changes
in localization of CXCR4, CXCR4 degradation, or a combination of mechanisms.
Chemotherapy-induced upregulation of surface CXCR4 results in increased SDF-1α-
mediated chemotaxis and a stromal-mediated survival advantage in pediatric AML. Notably,
plerixafor decreased stromal protection in chemotherapy-pretreated cells that upregulated
surface CXCR4, suggesting that stromal protection is at least in part mediated by CXCR4.
Upregulation of surface CXCR4 may therefore represent a mechanism of chemotherapy
resistance in pediatric AML.
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Figure 1. Baseline surface CXCR4 levels affect the degree of chemotaxis toward an SDF-1α
gradient
(a) Surface CXCR4 expression in viable, untreated cells was measured by flow cytometry.
Results are the averages of triplicate measurements. Error bars in this and subsequent figures
represent SEM. (b) MOLM-14 and Nalm-6 were seeded in hanging cell culture inserts and
placed into 24-well plates containing supplemented media alone (control) or supplemented
media with SDF-1α (75 or 150 ng/mL). Migrated cells were measured in triplicate after 4
and 24 hours. *p<0.05 vs. control.
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Figure 2. Surface CXCR4 levels change consistently in response to chemotherapy and cell lines
that upregulate CXCR4 are protected by stroma from chemotherapy-induced apoptosis
Cell lines were treated for 48 hours with dose ranges of 5 chemotherapeutic agents:
daunorubicin (Dauno), vincristine (VCR), cytarabine (AraC), etoposide (Etop), and
methotrexate (MTX). Surface CXCR4 expression was measured in the live populations by
flow cytometry. Live gates were drawn using forward and side scatter characteristics. (a)
Histograms of surface CXCR4 expression for MOLM-14 after treatment for 48 hours with
daunorubicin are shown as representative examples of primary analysis. (b) Maximal
changes in surface CXCR4 expression from baseline after treatment with all 5 agents are
represented in the 6 cell lines. (c-h) Cells were treated with daunorubicin, cytarabine, or
etoposide for 48 hours in the presence or absence of normal human bone marrow stroma
feeder layers. Apoptosis was measured by Annexin V and 7-AAD staining. Examples of
primary analysis after daunorubicin treatment of (c) 697 and (d) MOLM-14 are shown. To
quantify the protective effect of stroma, the protective index (PI) after treatment with (e)
daunorubicin, (f) cytarabine, and (g) etoposide was calculated for each cell line. (h)
Collectively, CXCR4-upregulating cell lines (697, MOLM-14, and MV4-11) were
preferentially protected by stroma from chemotherapy-induced apoptosis compared to
CXCR4-downregulating cell lines (HB-1119, Nalm-6, and SEM-K2). *p<0.05, **p<0.01
for upregulators vs. downregulators.
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Figure 3. Treatment of leukemia cell lines resulted in modulation of CXCR4 cell surface
expression, transcription, and localization
Cell lines were treated with chemotherapy and harvested at 10 time points over 96 hours.
Surface CXCR4 and mRNA expression of CXCR4 and NRF1 were measured
simultaneously by flow cytometry and qRT-PCR, respectively. The effects of (a)
daunorubicin on MOLM-14, (b) cytarabine on Nalm-6, (c) vincristine on SEM-K2, and (d)
vincristine on HB-1119 are shown. In additional experiments, changes in surface and
intracellular CXCR4 induced by chemotherapy were measured by flow cytometry. (e)
Surface and intracellular changes in CXCR4 induced by daunorubicin in MOLM-14 and (f)
changes in CXCR4 induced by cytarabine in Nalm-6 are shown.
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Figure 4. Chemotherapy-induced upregulation of surface CXCR4 results in functional
advantages, including increased chemotaxis and stromal protection from chemotherapy-induced
apoptosis
(a) This treatment schema was used for experiments described in figures 4 and 5 to assess
functionality of chemotherapy-induced modulation of surface CXCR4. In figure 4,
MOLM-14 cells were pretreated with vehicle control or chemotherapy for 72 hours. Viable
cells were isolated for flow cytometry, chemotaxis, and apoptosis assays. (b) Expression of
surface CXCR4, phosphorylated Akt, and phosphorylated ERK1/2 was measured in
duplicate by flow cytometry after pretreatment with vehicle control or cytarabine.
Representative histograms of (c) phosphorylated Akt and (d) phosphorylated ERK1/2
expression after control or cytarabine pretreatment are depicted. (e) Control- and cytarabine-
pretreated MOLM-14 cells were seeded in hanging cell culture inserts and placed into 24-
well plates containing supplemented media alone (control) or supplemented media with
SDF-1α (75 ng/mL). Migrated cells were measured in triplicate after 4 hours. (f) Viable
cells from each pretreatment aliquot were plated on and off stroma and treated for an
additional 72 hours with a dose range of daunorubicin. PI was calculated to quantify the
protective effect of stroma. *p<0.05, **p<0.01 vs. control.
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Figure 5. Chemotherapy modulates surface CXCR4 levels and affects the degree of stromal
protection in primary pediatric AML samples
(a) Surface CXCR4 expression in viable, untreated primary samples was measured in
triplicate by flow cytometry. (b) Primary pediatric AML samples were treated for 48 hours
with dose ranges of chemotherapy. Changes in surface CXCR4 in response to IC50 doses of
chemotherapy was measured in the live populations by flow cytometry. (c) Primary samples
7 and 8 were pretreated with vehicle control, daunorubicin, or cytarabine for 48 hours.
Viable cells from each pretreatment aliquot were plated on and off stroma and treated for an
additional 48 hours with a dose range of daunorubicin. PI was calculated to quantify the
protective effect of stroma. *p<0.05, ***p<0.0001 vs. control.
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Figure 6. Plerixafor decreases stromal protection and increases chemosensitivity in MOLM-14
with chemotherapy-induced upregulation of surface CXCR4
(a) MOLM-14 cells were pretreated with vehicle control or chemotherapy for 72 hours.
Surface CXCR4 expression in live cells was measured by flow cytometry. (b-e) Viable cells
were plated on stroma and treated with a dose range of daunorubicin with or without 5
μmol/L plerixafor. Following treatment, cells were harvested and stained with Annexin V
and 7-AAD. Viable cells are negative for both Annexin V and 7-AAD. Results after
pretreatment with (b) vehicle control, (c) daunorubicin, (d) vincristine, and (e) cytarabine are
shown. P values compare overall treatment effects by chemotherapeutic agent of the stroma
vs. stroma + plerixafor culture conditions.
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