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Although cure rates for acute lymphoblastic leukemia (ALL) have increased, development of resistance to drugs and
patient relapse are common. The environment in which the leukemia cells are present during the drug treatment is
known to provide significant survival benefit. Here, we have modeled this process by culturing murine Bcr/Abl-positive
acute lymphoblastic leukemia cells in the presence of stroma while treating them with a moderate dose of two
unrelated drugs, the farnesyltransferase inhibitor lonafarnib and the tyrosine kinase inhibitor nilotinib. This results in
an initial large reduction in cell viability of the culture and inhibition of cell proliferation. However, after a number of
days, cell death ceases and the culture becomes drug-tolerant, enabling cell division to resume. Using gene expression
profiling, we found that the development of drug resistance was accompanied by massive transcriptional upregulation
of genes that are associated with general inflammatory responses such as the metalloproteinase MMP9. MMP9 protein
levels and enzymatic activity were also increased in ALL cells that had become nilotinib-tolerant. Activation of p38,
Akt and Erk correlated with the development of environment-mediated drug resistance (EMDR), and inhibitors of Akt
and Erk in combination with nilotinib reduced the ability of the cells to develop resistance. However, inhibition of p38
promoted increased resistance to nilotinib. We conclude that development of EMDR by ALL cells involves changes in
numerous intracellular pathways. Development of tolerance to drugs such as nilotinib may therefore be circumvented by
simultaneous treatment with other drugs having divergent targets.

Introduction

A major challenge facing patients with acute lymphoblastic leu-
kemia (ALL) is the development of resistance to drug therapy.
ALL can be divided into different subcategories. Philadelphia-
chromosome (Ph) positive ALL belongs to a poor-prognosis sub-
category and is caused by the aberrant fusion of the BCR and
ABL genes."? Even specific drugs, such as nilotinib, imatinib and
dasatinib that target the Ber/Abl protein, in general only produce
a transient response.*”

Therapeutic drugs initially are able to effectively reduce
the numbers of peripheral blood leukemic cells, but relapse for
Ph-positive ALL while on treatment is frequent.’” A primary
well-known mechanism of drug resistance in this subclass of ALL
is the emergence of a clone that has acquired point mutations in
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the Abl ATP binding pocket, which renders the specific drugs
relatively ineffective.®

This type of drug resistance typically emerges after weeks or
months of treatment and has been named acquired drug resis-
tance because an intrinsic property of the ALL cells has been
modified. Meads et al."! argued that a phase preceding the
acquired drug resistance can be distinguished, if cancer cells are
supported by the microenvironment in which they reside while
being treated with drugs. The type of drug resistance that evolves
in this phase is called environment-mediated drug resistance
(EMDR) and is mediated both by cell-cell contact and by growth
factors and other products in trans. EMDR is likely to be a major
source of relapse.

In patients, leukemic lymphoblasts exposed to therapeutic
drugs generally are located in the proximity of other cells and
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thereby facilitating survival and
proliferation of the leukemia cells.
We treated the lymphoblastic leu-
kemia cell lines B2 and 8093 that
were established from individual
BCR/ABL P190 transgenic mice
with two drugs, nilotinib and lona-
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stroma. If a moderate dose of drug
is used for treatment, not all of the
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leukemia cells are eradicated, and
EMDR reproducibly emerges after
8-14 d of continued drug treat-
ment, after which the cells are able

to proliferate in that concentration
of the drug (lonafarnib, Fig. S1 and
ref. 17). The drug nilotinib forms a
complex in the ATP-binding pocket
of the Abl moiety of Bcr/Abl and
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ferase, an enzyme responsible for
the prenylation of proteins such as
Ras.”

To examine if EMDR is associ-
ated with changes in gene expres-
sion, we treated both ALL cell
lines in our in vitro model in trip-

licate with nilotinib or with lona-

Figure 1. EMDR to two drugs with a different mechanism of action is accompanied by differential expres-
sion of common genes. Schematic illustration summarizing the results of gene expression profiling on
two different pro-B lymphoblastic leukemia cell lines (8093 and B2) from BCR/ABL transgenic mice, that
developed EMDR during treatment with nilotinib or lonafarnib in the presence of stroma. For each condi-
tion, the most up and downregulated genes (lower part and upper part of the heatmap, respectively) are
shown. Red and green represent the individual up/downregulation values, respectively.

farnib and isolated RNA before
treatment  (beginning),
acquisition of drug resistance
(midpoint; m, d3/4) and at the

final drug-resistant phase (end; e,

during

extracellular matrix. We have previously developed a transgenic
mouse model for the type of ALL caused by the Bcr/Abl oncopro-
tein'? and are able to culture ALL cells in vitro if stromal support
is provided. This co-culture system can also be used to model
the emergence of EMDR. By using a moderate dose of drug, we
were able, over the course of 2-3 weeks, to generate ALL cells
that were tolerant to imatinib, lonafarnib, nilotinib and a CKIIa
kinase inhibitor in the presence of stroma, whereas similar doses
of drug are able to kill the cells when no stroma is present.”*'® In
the current study, we report on the changes that occur in such
cultures as the ALL cells develop EMDR.

Results
Emergence of EMDR in pro-B lymphoblastic leukemia cells is
accompanied by drug-specific as well as common changes in the

expression of multiple genes. The BCR/ABL oncogene encodes
a constitutively active tyrosine kinase which activates a variety
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d20/30). RNA was subjected to
microarray analysis as previously
described.?® A comparison of the expression profiles of nilo-
tinib-resistant 8093 cells with the original non-drug-resistant
population showed that around 3,000 genes were differentially
(> 2x up or down) regulated, whereas in the second ALL cell
line, B2, only around 480 genes showed altered expression.
Lonafarnib-resistance was accompanied by smaller changes
in expression, with around 250 genes in 8093 and 175 in B2
being affected (Fig. 1). While the ALL cell line B2 was from a
transgenic mouse on an outbred genetic background, 8093 was
from an animal at f6 on C57Bl/6]. Thus, overall, the geneti-
cally homogenous cells showed more changes than cells from
a mixed genetic background and treatment with the Ber/Abl-
specific drug nilotinib caused more differences than with the
farnesyltransferase inhibitor.

When we extracted those genes that were in common
between the two cell lines, there were 403 genes associated with
nilotinib-resistance development in common between 8093
and B2. Resistance development to lonafarnib was restricted to
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32 common genes for 8093 and B2 (Fig. 1). We also examined
whether there were any genes commonly regulated between
nilotinib- and lonafarnib-treated cells. Surprisingly, although
these drugs have a very different mechanism of action, we iden-
tified 12 genes in common, which all were increased in EMDR-
generated lymphoblasts (Table 1). Expression of some genes was
maintained at a high level at the end point, when the cells were
fully viable and actively proliferating again. These results show
that ALL cells, as measured by gene array, exhibit multiple and

heterogeneous responses to drug treatment, as well as activation
of common pathways during the development of EMDR.
EMDR is associated with differential regulation of genes typ-
ically associated with inflammation. To analyze EMDR-related
changes in gene expression in more detail, we used Ingenuity
Pathway Analysis software. This initial analysis demonstrated
that a remarkable number of the genes in the nilotinib-treated
8093 and B2 cells, of which expression was significantly altered,
belonged to categories typically associated with inflammation®

Table 1. Genes showing increased expression during the acquisition of EMDR to both nilotinib or lonafarnib

nilotinib lonafarnib
Gene symbol
8093 B2 8093 B2
& 6X 11x 3% 3% cd36°

gp49a° (NM_008147; Mm.

266X 35%x 9% 5% 43966)

gp49b/Lilrb4< (NM_013532;

*
204x 28X 7X 4x Mm. 34408)

24x 30x 6X 5% gpnmb/osteoactivin®

* 74x% 20x 3% 3x clec4d/clecsf8®
* 29% 20% 8x 4x ccl3/mipla/scya3f
* 68X 21x 9% 4x ccl6°

51x 30x 8x 7% mmp12"

42x 9x 5% 3% gda

16x 16x 3% 5% atp6vOd2/V-ATPase
* 232x 23x 16X 5% lyzs

OTTMUSG

* 31x 30x 11x 6% 00000000971

Gm11428; AMWAP

Glycoprotein; surface

Surface glycoprotein

glycoprotein

Glycoprotein; surface

Glycoprotein; surface

Matrix metalloproteinase

Guanine deaminase

ATPase, H transport, lyso-
somal VO subunit D2

Muraminidase

Expressed in LPS-
stimulated macrophages

feature Function/relation to malignancy

Primary receptor for adhesion of
platelets to collagen; macrophage

expression
scavenger receptor

Stimulates inflammation; induces transcription of
IL-3 and IL-4; induces calcium release

Negative regulator of inflammation

Induced by proinflammatory stimuli; expression
associated with poor

expression vl Frs oo TH
P survival in glioblastoma?

Upregulated by proinflammatory

expression cytokines
. Associated with poor survival in
chemokine . 3
multiple myeloma and lymphoma
. Induced by p38 activity; associated with poor
chemokine yp 4 P

prognosis in ALL*®
Involved in invasion of glioma, lung carcinoma***

Involved in purine metabolism, catalyzes hydroly-
sis of guanine to xanthine

Subunit of multimeric proton pumps, expressed
in dendritic cells*

Found in high concentrations in
granulocytes

Predicted activated macrophage/microglia WAP
domain protein
precursor; extracellular proteinase inhibitor family
member*

*Also significantly modified in vivo. Fold-upregulation is as indicated, compared with cells at t = 0. Also see Fig. S1 and Fig. S3.2CD36 is a scavenger
receptor involved in inflammation.?' ®"Gp49a lacks an inhibitory ITIM and has a stimulatory activity in inflammation.? <Gp49b/Lilrb4/ILT3 is a member of
the immunoglobulin superfamily that is expressed, among others, by macrophages, mast cells and T-cells. It has an ITIM motif and negatively regulates
IgE and mast-cell dependent inflammation. It also downregulates proinflammatory cytokine production in activated T-cells.?-?* 4Gpnmb/osteoac-

tivin is expressed, among others, on macrophages, osteoclasts and dendritic cells. It is induced by IFNy and LPS and acts as a feedback regulator of
proinflammatory responses.?®?” ¢Clec4d is expressed at high levels in macrophages and is upregulated by, among others, IL.-6 and IFNvy.2%*°fCcl3 is a
proinflammatory cytokine.' It is involved in CLL survival.?? 9Ccl6 is an important proinflammatory chemokine produced by the innate immune system
in large amounts during inflammatory disorders.** Transcription can be activated by activation of the MAPK/MEK pathway.* "MMP12 expression is
implicated in the pathology caused by inflammation in the lung. It is expressed by macrophages.?-**
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(see Fig. 83). As illustrated in Figure 2, this included products
involved in the metabolism of leukotrienes and prostaglandins;
in platelet and mast cell function; cytokines, chemokines and
their receptors; Toll-like and IgE Fc-receptors and signaling;
complement; proteases, peptidases and tryptases; lysozome/
phagosome-associated products; and other products involved
in the activation of macrophages as well as products involved in
negative regulation of inflammation.* Of note, also 6 of the 12
genes associated with EMDR to both nilotinib and lonafornib
(Table 1) are related to inflammation.

In many cases, complete signaling pathways including their
stimuli and receptors were transcriptionally upregulated dur-
ing EMDR. For example, most of the factors involved in pros-
taglandin/leukotriene/thromboxane synthesis, which are critical

mediators of acute and chronic inflammation,*** were increased

in expression during EMDR (Fig. 2; Fig. S4). These included
phospholipase A2 (pla2g7), which initially converts diacylglyc-
erol and phospholipids to arachidonic acid; the lipooxigenase
alox5, which is involved in the synthesis of leukotrienes from ara-
chidonic acid; cyclooxygenase 1 (coxI/ptgsl), which converts ara-
chidonic acid into prostaglandin H2; prostaglandin D synthetase
2 (ptgds2), which converts prostaglandin H2 into prostaglandin
D2; and thromboxane synthase 1 (tbxasI), platelet-activating fac-
tor (paf) and pro-platelet basic protein (ppbp), which are impor-
tant for the generation of thromboxane from prostaglandin H2.
In addition, several related receptors were upregulated during
EMDR (ptger3, f2r, cysltrl and ptafr).

Also, products related to signaling via CD36, a critical media-
tor of sterile inflammation,* were upregulated during EMDR.
Binding of CD36 to its ligands oxLDL and amyloid-f allows
TLR4/6 heterodimerization and stimulates sterile inflammation
by induction of IL-1B production and the generation of reactive
oxygen species. Interestingly, besides ¢436, also a mammalian
homolog of amyloid-B, the amyloid-f like precursor protein 2
(aplp2), tlr4, il-1B and several components of the reactive oxygen
species-generating NADPH oxidase complex including p97/7,
p47"% and p22¢"* were upregulated during EMDR (Fig. 2).

Some of the genes identified by gene array were chosen for
further validation using western blotting, ELISA and quanti-
tative RT-PCR. As shown in Figure 3A, western blot analysis
confirmed that the increased expression of ¢436 measured by
the array corresponded with increased protein expression dur-
ing nilotinib and lonafarnib-induced EMDR. Using quantitative
RT-PCR and ELISA, validation of thaxl, ptgs2 (cox-2), clec4d,
lilrb4, ccl6 (mRNA) and Ccl3 (ELISA), all known mediators in
inflammation, further supported the microarray results (Fig. 3B).

Increased activity of Mmp9. One interesting EMDR-
associated gene identified by our analysis, which is related to
both inflammation and leukemia development, is Mmp9. This
metalloproteinase is well-known for its role in chronic and acute
inflammatory disease and the inflammatory component in can-
cers.”4® Moreover, Poyer et al.* and Pegahi et al”® reported
that childhood ALL samples make and secrete Mmp2/Mmp?9.
Schneider et al. further showed that the in vitro secretion of
Mmp9 is a prognostic marker for childhood ALL, with high
secretion of Mmp9 associated with a lower survival rate.”* While

www.landesbioscience.com

neither B2 nor 8093 showed significant mmp9 expression at t = 0
without drug treatment, there was an increase in the levels of
mmp9 in both samples when the cells had been treated for 3 d
with nilotinib, when the viability of the culture had decreased
to 5-10% of that of the culture at t = 0. The expression of other
mmps including mmpl2, mmpl3 and mmpl9 was also increased
after treatment with nilotinib and with lonafarnib (not shown).
We verified that the increased mmp9 expression correlated with
increased Mmp9 protein (Fig. 3D).

Because Mmps can release stroma-associated cytokines from
the matrix, we considered the possibility that increased Mmp9
activity could result in increased pro-survival signals to the leu-
kemic cells. Mmp?9 is synthesized as an inactive pro-polypeptide.
To investigate if the induced Mmp9 had enzymatic activity, we
performed zymography for gelatinase activity. Because drug
treatment could not be performed in the absence of serum and
serum contains a substantial amount of Mmp activity, we assayed
Mmp9 levels in the lymphoblastic leukemia cells and not in the
tissue culture supernatant. As shown in Figure 3E, 8093 cells
treated with DMSO over the course of 14 d showed no evidence
of the production of active Mmp9. In contrast, cells treated with
nilotinib had a clear induction of Mmp9 activity.

BCR/ABL ALL cells show elevated expression of genes related
to inflammation during treatment with nilotinib in vivo. In a
previous analysis, we performed gene expression profiling of pro-B
cells from BCR/ABL P190 transgenic mice before onset of leuke-
mia, during leukemia progression and after 8 d of treatment with
nilotinib to monitor the distinct stages of leukemia development
in vivo.® Interestingly, reanalysis of expression array data from
these flow-sorted AA4.1*, CD19* bone marrow cells directly iso-
lated from normal wild type (wt) and BCR/ABL transgenic mice
showed a concordant outcome with that of the EMDR in cul-
tured cells (Fig. 4; Fig. S2). For example, short-term resistance to
nilotinib was associated with increased expression of chemokines
(¢cl3, ccl6) cytokine receptors (ill3ral, csflr), components of the
complement system (clga, clgc, clgb, clgh, cfh, c3), Fc-receptors
(fegrl, fegr3) and other genes related to inflammation (f13a1, 1t3,
clecdd, tgfbi, mfaip2, hmoxl, timp2, tfec, pltp, Ipl).

EMDR is accompanied by activation of Akt, Erk1/2 and
p38MAPK pathways. The increased expression of genes during
EMDR could be caused by massive activation of signal trans-
duction pathways regulating stress and inflammation. The acti-
vation of the serine/threonine kinases Akt, Erk1/2 and p38 has
been linked to oncogenic signaling® as well as to the regulation
of inflammation. We therefore examined the activation of these
kinases during the development of EMDR using western blot-
ting. Interestingly, in the presence of stromal support, there was
lictle activation of the Erk1/2 or of the Akt pathway in the ALL
cells under steady-state conditions at t = 0 (Fig. 5). However,
phosphorylation of Erk1/2 and Akt was highly induced at the
point when the cells had become able to grow in the presence of
nilotinib (Fig. 5A) or lonafarnib (Fig. 5B). The MAPK p38 was
activated before the cells had been exposed to drugs, but activa-
tion increased above the initial level during the development of
EMDR. Thus, EMDR is specifically associated with the activa-
tion of the serine/threonine kinases Akt, Erk1/2 and p38.

Oncolmmunology 621

. Do not distribute.

l0oSscience

©2012 Landes B



8093 B2 8093 B2
b m e b m e IgEFe-receptor signaling b me b m e Cytokines/Chemokines
Fcerla Fc receptor, IgE, high affinity |, alpha Cel6 chemokine (C-C motif) ligand 6
Ms4a2/Fcer1b membrane-spanning 4-domains, subfamily A, 2 Cel3 chemokine (C-C motif) ligand 3
Cp4da glycoprolein 49,4 Cxcl4 chemokine (C-X-C motif) ligand 4
Lilrb4 /Gp49b leukocyte Ig-like receptor, subfamily B, member 4 Ccl2 chemokine (C-C motif) ligand 2
Lgals3 lectin, galactose binding, soluble 3 115 interleukin 15
Cd300If IREM-1 CD300 antigen Ilkg family mgmber K ) Tgfbi transforming growth factor, beta induced
Ms4a7 membrane-spanning 4-domains, subfamily A, 7 Cxel2 chemokine (C-X-C motif) ligand 2
Fcgrd Fc receptor, IgG, low affinity IV b interleukin 1 beta
Activation of macrophages 1f9o interleukin 1 family, member 9
Papss2 3"-phosphoadenosine 5'-phosphosulfate synthase 2 g:zi z:zx:t;:: Eg:g-gt::gtilfl?:g:n1123
Cdé3 Cd63 antigen s s
Clec4d C-type lectin domain family 4, member d g::ns ;?:mz:me {C:X:Cimotif)ligand 16
OTTMUSGO... predicted gene, OTTMUSG00000000971 et
Igf1 insulin-like growth factor 1
Msr1 macrophage scavenger receptor 1 Cal7 chemokine (C-C motif) ligand 7
Clec5a C-type lectin domain family 5, member a
Mpeg1 macrophage expressed gene 1 Cytokine/Chemokine receptors
Haver2 / Tim3 hepatitis A virus cellular receptor 2 M1 interleukin 1 receptor-like 1
Cdés CD68 antigen Csf2rb2 colony stimulating factor 2 receptor, beta 2
Arg1 arginase 1, liver Cerl chemokine (C-C motif) receptor 1
Mre1 mannose receptor, C type 1 Il4ra interleukin 4 receptor, alpha
Cnr2 cannabinoid receptor 2 (macrophage) Csfir colony stimulating factor 1 receptor
Myadm myeloid-associated differentiation marker Csf2rb colony stimulating factor 2 receptor
Msr2 macrophage scavenger receptor 2 1113ra1 interleukin 13 receptor, alpha 1
Itgax integrin alpha X Nrp1 neuropilin 1
Mgl macrophage N-acetyl ine specific lectin 1 Igfr insulin-like growth factor 2 receptor
Hck hemopoietic cell kinase li6ra interleukin 6 receptor, alpha
Stab1 stabilin 1 5 ¢ :
Fcgr1 /CD64 Fc receptor, IgG, high affinity | Cytokine signaling
X Dab2 disabled homolog 2 (Drosophila)
Proteases/Peptidases/Tryptases Ch2sh cholesterol 25-hydroxylase
Cpa3 carboxypeptidase A3, mast cell DECTIN1 similar to dendritic cell-associated C-type lectin-1
Mcpt2 mast cell protease 2 Tnfaip2 tumor necrosis factor, alpha-induced protein 2
Tpsb2 tryptase beta 2 NRAMP1 solute carrier family 11, member 1
Mcptd mast cell protease 4 Tefec transcription factor EC
Cmat chymase 1, mast cell Irak2 interleukin-1 receptor-associated kinase 2
Tpsg1 tryptase gamma 1 Cdc42bpb Cdc42 binding protein kinase beta
Mmp12 matrix metallopeptidase 12 TLR signaling
Mcpt1 mast cell protease 1
Adam8 a disintegrin and metallopeptidase domain 8 Tird toll-like receptor 4
Mmp8 matrix metallopeptidase 8 Tir8 toll-like receptor 8
Cpd carboxypeptidase D TIr13 toll-li.ke receptor 13
Mmp19 matrix metallopeptidase 19 Vean Versican
Mmp9 matrix metallopeptidase 9 Cd14 CD14 antigen
Timp2 tissue inhibitor of metalloproteinase 2 Tnip3/LIND  TNFAIP3 interacting protein 3
Mmp13 matrix metallopeptidase 13 Slfn2 schlafen 2
Anxa2 annexin A2 TIr2 toll-like receptor 2
Pr glandin/Leukotriene metaboli Anti-inflammatory cytokines/signaling
Alox5 arachidonate 5-lipoxygenase Rnf128 ring finger protein 128
Pla2g7 phospholipase A2, group VII Cd200r3 CD200 receptor 3
Akric12 aldo-keto reductase family 1, member C12 Cd200r4 Cd200 receptor 4
Tbxas1 thromboxane A synthase 1, platelet Cd200r1 CD200 receptor 1
Ptger3 prostaglandin E receptor 3 (subtype EP3) Gpnmb glycoprotein (transmembrane) nmb
Gna14 guanine nucleotide binding protein, alpha 14 Cd300a CD300A antigen
Ptgs1 prostaglandin-endoperoxide synthase 1 1rn interleukin 1 receptor antagonist
Mitf microphthalmia-associated transcription factor Cd9 CD9 antigen
Ptgds2 p in D2 21 jieti Aoah acyloxyacyl hydrolase
Dpep2 dipeptidase 2 Tyrobp TYRO protein tyrosine kinase binding protein
Cusltr1 cvsteinvl leukotriene receptor 1 Casp4 caspase 4, is-related cysteine
Platelet activation Tnfrsfo TNF receptor superfamily, member 9
F13a1 coagulation factor XlII, A1 subunit Trem2 triggering receptor expressed on myeloid cells 2
F13a1 coagulation factor XIII, A1 subunit Complement
F2r coagulation factor Il (thrombin) receptor Cdss CD55 antigen
Itga2b integrinialpha 2b C3art complement component 3a receptor 1
Hs6st2 heparan sulfate 6-O-sulfotransferase 2 C5ar complement component 5a receptor 1
Ppbp pro-platelet basic protein Clqc complement component 1, qC chain
Cd36 CD36 antigen
- Cfh complement component factor h
PAF Platelet-activating factor Clab t 1t 1, q beta polypeptid
Gsn gelsolin . ) Cfp complement factor properdin
F2ri2 coagulation factor Il (thrombin) receptor-like 2 Clqa 't 1,q alpha pol .
Ptafr platelet-activating factor receptor c3 complement component 3
Platelet/Mast cell d Lysosome/Phagosome
Maob monoamine oxidase B Lyzs lysozyme
Tph1 tryptophan hydroxylase 1 Atp6v0d2 ATPase, H+ transporting, lysosomal VO subunit D2
Adgalt alpha 1,4-galactosyltransferase Ctsd cathepsin D
Fpr1 formyl peptide receptor 1 Ctsh cathepsin H
Furin furin Atp6v0al ATPase, H+ transporting, lysosomal VO subunit A1
Serpinb2 serine peptidase inhibitor, clade B, member 2 Ctsl cathepsin L
Hmox1 heme oxygenase (decycling) 1 Lyz lysozyme
Anxa3 annexin A3 Ctsc cathepsin C
Plau plasminogen activator, urokinase Ctsb cathepsin B
PId3 phospholipase D family, member 3 Ifi30 interferon gamma inducible protein 30
Plscr1 phospholipid scramblase 1 Lipa lysosomal acid lipase A
Pltp phospholipid transfer protein NRAMP1 solute carrier family 11, member 1
Fndc3b fibronectin type Ill domain containing 3B Superoxide metabolism
Lp! lipoprotein lipase
Serpinb6a serine peptidase inhibitor, clade B, 6a Cybb cytochrome b-245, beta polypeptide
Firt3 fibronectin leucine rich transmembrane Smox /SMO  spermine oxidase
protein 3 Ncf1 neutrophil cytosolic factor 1
Cyba cytochrome b-245, alpha polypeptide

Figure 2. For figure legend, see page 623.
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Figure 2 ( See previous page). Large-scale upregulation of inflammatory-associated gene products in 8093 and B2 BCR/ABL lymphoblastic leukemia
cells that developed EMDR to nilotinib. Functional grouping of genes related to inflammation, which show significant changes in expression during
the development of EMDR. Shown are the average up/downregulation values of each time point during nilotinib treatment of the two ALL cell lines
8093 and B2: b = begin of treatment (day 0); m = midpoint (maximal reduction of cell viability as a consequence of drug treatment); e = endpoint (full
recovery of drug treated ALL cells that developed EMDR). Red and green represent the individual up/downregulation values, respectively. Absolute
log-transformed, corrected microarray values were used of biological triplicates + SEM.
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Figure 3. Increased expression of inflammation-associated genes during EMDR. (A) Western blot analysis of samples from B2 on day 14 DMSO (-), on

day 14 nilotinib (+) and on day 19 lonafarnib (+); from 8093 on day 14 DMSO (-), on day 9 nilotinib (+) and on day 14 lonafarnib (+). (B) Real-time RT/PCR

on 8093 cells treated with 16 nM nilotinib in the presence of stroma as indicated. White bar, DMSO-treated cells; gray bar, t = 3 d of nilotinib treatment;
black bar, t =9 d. Results are expressed as % of that of gapdh gene expression. Bars represent mean + SEM of triplicate samples. Samples independent
of those used for the microarray. (C) Murine ccl3 levels were measured during the course of EMDR in the supernatant of the indicated cells treated with

least once.

nilotinib using an ELISA. Samples independent of those used in other experiments. *p < 0.05; **p < 0.01; ***p < 0.001 when compared with start. (D)
Western blot analysis of Mmp9 protein. Lane 1, untreated 8093 cells; lane 2, 8093 cells at day 11 resistant to nilotinib; lane 3, 8093 cells at day 18 resis-
tant to lonafarnib. Mmp9 proteins include 92 kDa, 82 N-terminal cleaved and 65 kDa C-terminal cleaved forms (indicated with arrowheads). Bottom
part, GAPDH loading control of the same samples. (E) Zymography on samples taken on the indicated days of 8093 cells treated with DMSO or 0.3 .M
nilotinib. The arrow points to Mmp9 activity. Positive control for Mmp?9 activity (c) mouse spleen lysates. The position of molecular weight standards
is indicated to the left. A negative of the original zymogram is shown. The image (B, D and E) show a representative result of experiments repeated at

Inhibition of the Erk, JNK or Akt pathways inhibits the devel-
opment of tolerance to nilotinib. To further examine the relation-
ship between EMDR and the activation of these signal transduction
pathways, we investigated the effect of their inhibition on the process
of EMDR to nilotinib in 8093 ALL cells. Pilot experiments were
performed to determine a suitable dose of inhibitor that, when used
as monotreatment, did not eradicate the culture. Next, using that
dose, its effect on EMDR in the presence of nilotinib was evaluated.

As shown in Figure 6A, treatment with 10 uM of the MEK
inhibitor U0126 allowed ALL cells to develop drug tolerance
within 10 d, as measured by regain of viability in the culture and
resumption of cell proliferation. However, although cells treated
with nilotinib alone similarly developed nilotinib-resistance,
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the addition of U0126 together with nilotinib, or after 4 d of
monotreatment with nilotinib, killed the cells and prevented the
emergence of nilotinib-resistance. A similar effect was obtained
with an Akt inhibitor: when combined with nilotinib, viability
dropped to 0 and no cell division was measured. Alone, the Akt
inhibitor suppressed the proliferation of the ALL cells but had
a small overall effect at the concentration used on the viabil-
ity of the cells that remained (Fig. 6B). We also tested inhibi-
tors of the stress-activated pathways including p38 and JNK.
Figure 6C and E illustrates that the effect of the JNK inhibi-
tor was similar to that of the MEK and Akt inhibitors. The p38
inhibitor alone only had a small effect. However, in contrast to
the other inhibitors, the inactivation of the p38 pathway reduced

Oncolmmunology 623

. Do not distribute.

l0oSscience

©2012 Landes B



8093 B2 p190 mice
b me b mew p | n GeneSymbol Gene Description
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C1qc complement component 1, q subcomponent, C chain
C1gb complement component 1, g subcomponent, beta polypeptide
Ccl6/C10 chemokine (C-C motif) ligand 6
Sirpa signal-regulatory protein alpha
Ccl3/MIP1alpha chemokine (C-C motif) ligand 3
Lilrb4/ILT3/Gp49B1  leukocyte immunoglobulin-like receptor, subfamily B, member 4
Clec4d/CLECSF8 C-type lectin domain family 4, member d
Ms4a6d membrane-spanning 4-domains, subfamily A, member 6D
Lgals3 lectin, galactose binding, soluble 3
Clqa complement component 1, g subcomponent, alpha polypeptide
Cd9 CD9 antigen
Cd68 CD68 antigen
Igsf6 immunoglobulin superfamily, member 6
Ms4a6c membrane-spanning 4-domains, subfamily A, member 6C
Pilra paired immunoglobin-like type 2 receptor alpha
Hmox1/HO-1 heme oxygenase (decycling) 1
Tgfbi transforming growth factor, beta induced
Cth complement component factor h
Tnfaip2 tumor necrosis factor, alpha-induced protein 2
Anxa3 annexin A3
Csfir colony stimulating factor 1 receptor
Timp2 tissue inhibitor of metalloproteinase 2
P2ry6 pyrimidinergic receptor P2Y, G-protein coupled, 6
Mafb v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (avian)
Nrp1 neuropilin 1
Cd300d /MAIR2 Cd300D antigen
Ms4a7 membrane-spanning 4-domains, subfamily A, member 7
Lrp1/CD91 low density lipoprotein receptor-related protein 1
I113ra1 interleukin 13 receptor, alpha 1
Cc3 complement component 3
Anxa2 annexin A2
Fcgr3/CD16 Fc receptor, IgG, low affinity |1l
Clec4a2/DCIR C-type lectin domain family 4, member a2
Pilrb1 paired immunoglobin-like type 2 receptor beta 1
ClIn8 ceroid-lipofuscinosis, neuronal 8
Pltp phospholipid transfer protein
Fcgr1/CD64 Fc receptor, IgG, high affinity |
Tcfec transcription factor EC
Sqrdl sulfide quinone reductase-like (yeast)
Sdc3 syndecan 3
4732429D16Rik RIKEN cDNA 4732429D16 gene
Kit kit oncogene
Lpl lipoprotein lipase
Ptplad2 protein tyrosine phosphatase-like A domain containing 2
Cd300a CD300A antigen
Metrnl meteorin, glial cell differentiation regulator-like
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Figure 4. ALL cells in the bone marrow of BCR/ABL transgenic mice show elevated expression of genes related to inflammation during treatment
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with nilotinib. Gene array results of transcriptionally upregulated genes of transgenic BCR/ABL mice and, as a comparison, from the two murine BCR/
ABL-positive leukemia cell lines, 8093 and B2, are shown. Up and downregulation of gene expression during the development of EMDR to nilotinib is
visualized by a heatmap (expression values are log transformed and up/downregulation ratios are visualized by red and green color intensity, respec-
tively). Gene array results represent the average level of gene expression from three individual experiments for the different stages during develop-
ment of EMDR (ex vivo: b, untreated leukemia cells; m, mid point; e, development of nilotinib resistance/end point; in vivo: w, AA4.1%, CD19* pro-B
cells from wild type mice; p, pre-leukemic AA4.1* CD19* pro-B cells from BCR/ABL transgenic mice; |, AA4.1* CD19* pro-B cells lymphoblastic leukemia
cells from transgenic mice; n, AA4.1* CD19* pro-B cells lymphoblastic leukemia cells from BCR/ABL mice treated for 8 d with nilotinib). Genes related to
inflammation are accentuated by gray boxes.
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Figure 5. Emergence of EMDR in lymphoblastic leukemia cells during treatment with nilotinib or lonafarnib is accompanied by activation of major sig-
nal transduction pathways. Western blot analysis of samples from 8093 cells treated with 20 nM nilotinib (A) or B2 treated with 0.25 M lonafarnib (B)
isolated during a time course of developing EMDR. Samples independent from those of the microarray; single experiment. The location of molecular
weight markers (kDa) is indicated in the different parts. Numbers above the lanes show the day of sampling.

the effectiveness of nilotinib, and increased viability of nilotinib-
treated cells (Fig. 6D and E).

Discussion

More than one century ago, in 1863, Rudolf Virchow proposed,
for the first time, a connection between inflammation and can-
cer. Within the past decade, numerous links have been reported
between cancer and inflammatory processes in the microen-
vironment. For example, some types of cancers are thought to
be initiated by chronic inflammation of the surrounding tissue
and anti-inflammatory drugs are known to decrease the risk of
developing some cancers (reviewed in refs. 53—55). Interestingly,
a widely used mouse model for the induction of plasmacytomas
that resemble Burkitt lymphoma or diffuse large cell B cell lym-
phoma in man is based on the constitutive overexpression of the
pro-inflammatory cytokine interleukin 6.7 Also, it is well-
known, that some types of carcinomas attract and receive support
from innate immune cells.’®

Although we here report an association between inflamma-
tion and leukemia, our study differs from those mentioned above
in that the hallmarks of inflammation are found in the leukemia
cells themselves. This outcome was unexpected. Some type of
inflammatory response under such conditions could be antici-
pated from the microenvironment (stromal cells): when cancer
cells are exposed to a therapeutically effective drug, numerous
malignant cells will be killed, and this could result in a reaction
from the microenvironment as if an aseptic “wound” is present,
because of the dead and dying cells, and cell debris. However,
we also performed gene expression profiling on the irradiated
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fibroblasts in the presence of nilotinib-treated 8093 cells and
the fibroblasts did not show an inflammatory or any other major
response on a transcriptional level to the presence of nilotinib-
treated 8093 cells (GEO profiles GSE33329). Indeed, in our cur-
rent study, we found that the leukemia cells themselves reacted to
drug treatment in the presence of stroma by expressing inflamma-
tory genes not typically associated with cells of this lineage. This
effect was not restricted to the initial phase of acute “wounding”
but for some genes persisted for up to 3—4 weeks after initiation
of the drug treatment.

Numerous microarray analyses on RNA from ALL samples
have been reported, many of which sought to discriminate dif-
ferent subcategories of ALL based on gene signatures. There
are fewer studies that investigated drug resistance, and those
that examined this issue mainly used samples of drug-resistant
patients, not samples of patients that were being treated by drugs.
However, two reports including that of Cheok et al.”” and Rhein
etal.?’ treated ALL patients for 1 or 8 d and compared the expres-
sion profiles of the treated ALL cells to those of the same patient
at diagnosis. The study of Rhein et al.®’ used an approach that
was conceptually somewhat similar to ours. They performed
microarray analysis on relatively pure populations of ALL cells
from the peripheral blood of the same patients at diagnosis and
after 8 d of treatment with methotrexate. The CD11b (integ-
rin o) and the IFNyR1 were two genes of which the expres-
sion was commonly increased among their samples. CD11b is a
typical integrin expressed on innate immune cells. Interestingly,
this integrin is a marker for minimal residual disease in child-
hood ALL.®" CD11b expression was also increased in both nilo-
tinib-resistant B2 and 8093 cells (not shown). Of the set of 82
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Figure 6. Inhibition of Erk, Akt and JNK pathways inhibits drug tolerance to nilotinib. 8093 ALL cells were treated with control DMSO, 16 nM nilotinib
or inhibitors of different pathways alone or combined with nilotinib. Inhibitors used include (A) 10 wM of the MEK inhibitor U0126, (B) 50 nM of the Akt
inhibitor Triciribine (C) 10 wM of the JNK inhibitor SP600125 and (D) 20 .M of the p38 inhibitor CAY10571 (an SB203580 analog). The graphs shown in
(B—E) were generated in a single experiment; the graphs share the nilotinib-treated and DMSO-treated samples. The graph in A represents a separate
experiment. Left parts, viability (% viable cell counts/total cell counts). (E) Total viable cell counts from (B-D). Results shown are representative of three

commonly modified gene products in the samples of Rhein et al.
there were 20 genes of which expression was increased at day 8,
and 7 of these were also upregulated in our study in 8093 cells
treated with nilotinib. Interestingly, this included lysozyme and
IL8. A murine paralog of IL8 is cxcl2/MIP-2, which was highly
increased in expression in 8093 cells resistant to nilotinib and
in AA4.1*, CD19* leukemic cells treated in vivo with nilotinib
(not shown). Thus, in these human patient samples, there was

626 Oncolmmunology

increased expression of at least three inflammation-associated
genes over the 8 d of treatment.

Such inflammatory response, as well as the response to the
stress of drug treatment, could correlate with changes in signal
transduction pathways in cancer cells. For example, Akt was
reported to be activated by the proinflammatory environment in
breast cancer.®? We here detected activation of the Erk, p38 and
Akt pathways in the mouse ALL cells that developed resistance
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to nilotinib and lonafarnib. Interestingly, the Erk, Akt and JNK
pathways all contributed to the survival of nilotinib-stressed ALL
cells, since inhibition of those pathways decreased the ability of
the ALL cells to grow out in the presence of nilotinib. In con-
trast, our results show that the role of p38 in protection of ALL
cells is complex, which is consistent with the context-dependent
role of this pathway in other cell types. For example, although
p38 activation is seen in different cancers, inactivation of p38
by gene targeting in mice results in increased tumorigenesis.®
In contrast, inhibition of p38 activation in chronic lymphocytic
leukemia and in ALL cells grown on stroma decreased survival
and proliferation, respectively.®*® Interestingly, the effect of p38
pathway inhibition on nilotinib-treated Ber/Abl-positive leuke-
mia measured here during EMDR is consistent with other stud-
ies in Ber/Abl-positive leukemia cells. Although our study is the
first to report this in EMDR, the therapeutic effect of imatinib,
dasatinib and IFNvy on Ber/Abl-positive cells was also reported to
be diminished in the presence of p38 inhibitors.®*%

Although our studies show a correlation between increased
expression of genes associated with inflammation and EMDR, we
have not demonstrated that this promotes EMDR, or conversely,
that EMDR causes the inflammatory response. Experiments
using general non-steroidal anti-inflammatory drugs show that
they can decrease EMDR, but the targets of such drugs are not
precisely defined, and moreover, we found increased expression
of some of the genes after combined exposure with nilotinib
(manuscript in preparation). Overall, we conclude that EMDR
of Ber/Abl-expressing lymphoblastic leukemia cells is accompa-
nied by multiple changes in pathway activation and in transcrip-
tion. Importantly, we also conclude that multiple combinations
of drugs are able to overcome the ability of the ALL cells to reset
their sensitivity to drugs such as nilotinib in the presence of
stromal support, suggesting that the most effective strategies for
eradication of ALL cells in the bone marrow should include the
simultaneous exposure to multiple drugs.

Materials and Methods

Cells and drug treatment. Growth of B2 and 8093 mouse Ber/Abl
P190 transgenic pro-/pre-B acute lymphoblastic leukemia cells
has been described before in references 13 and 16. Murine ALL
cells were cultured on a mitotically inactivated irradiated mouse
embryonic fibroblast (MEF) feeder layer. Cells were also plated
on irradiated OP9 feeder layers in aMEM including 20% FBS,
1% L-glutamine and 1% penicillin/streptomycin as described
in reference 69. Viability of cells was measured by Trypan blue
exclusion. Viability is expressed as the percentage of viable cells
of the total cell number. All measurements were done in triplicate
wells. Values are expressed as mean + SEM. Drug concentrations
are indicated in the individual experiments. We used Triciribine
as Akt inhibitor, SP600125 as JNK inhibitor and CAY10571 as
p38 inhibitor (Cayman Chemicals, 10010237, 10010466 and
10010400, respectively). The MEK1/2 inhibitor U0126 was from
Cell Signaling (9903). Nilotinib and lonafarnib were obtained
from Novartis and Schering-Plough, respectively.
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Microarrays. All samples from individual time points were
biological triplicates, except end points of lonafarnib and nilo-
tinib treated 8093 cells (duplicates). B2 cells were treated with
0.25 wM lonafarnib and harvested on day 0, 3 and 30; B2 cells
treated with 0.5 wM nilotinib were collected at day 0, 3 and 21;
8093 were treated with 1.0 wM lonafarnib and collected on day
0, 4 and 26; 8093 cells treated with 0.02 wM (20 nM) nilotinib
were harvested on day 0, 3 and 20. In these cultures, similar to
normal precursor B-lineage cells grown on stroma, there is a con-
tinuous trafficking of lymphoblasts from the medium to the top of
the MEF layer, underneath it and back into the culture medium.
Only cells loosely attached to the stroma or in the culture medium
were collected. RNA was extracted using the Trizol reagent as
per the manufacturer’s (Invitrogen Corporation) instructions.
RNA was re-purified with phenol-chloroform extraction and
ethanol precipitation. Microarray hybridization was performed
by the Genome Core facility at the Research Institute of Children
Hospital of Los Angeles. Briefly, RNA quality was first assessed
using an Agilent Bioanalyzer (Agilent Technologies) and the
28S/18S ratios of all of the samples were between 1.3 and 2.
RNA was converted to cDNA with Superscript Choice for cDNA
Synthesis (Invitrogen) and subsequently converted to biotinyl-
ated cRNA with an Enzo High Yield RNA Transcript labeling
kit (Enzo Diagnostics). After hybridization to the murine Mouse
Gene 1.0 ST arrays (28,000 transcripts, Affymetrix), the gene
chips were automatically washed and stained with streptavidin-
phycoerythrin using a fluidics system. The chips were scanned
with a Hewlett-Packard GeneArray Scanner (Hewlett-Packard).
Results were analyzed using Partek and Ingenuity Systems (ver-
sion 7.1) software programs. Only genes that show an up-/
downregulation of > 2 times between the start and end point
were used for further analysis. For final visualization of microar-
ray data, average microarray values from individual time points
were calculated and log transformed. Up/downregulation values
represent the ratio of the individual time point divided by the
average of all time points from one condition. Ratios were then
transformed to heatmaps using the Cluster software version 2.11
downloaded from http://rana.lbl.gov/EisenSoftware.htm.

Zymography. Cells were collected and lysed in 25 mM TRIS-
HCI pH 7.5, 100 mM NaCl, 1% (v/v) NP-40 for 15 min at 4°C.
After centrifugation, supernatants were stored at -80°C. Twenty
micrograms protein was run on 7% SDS-PAA gels with 0.1%
gelatin, as described in reference 70.

Antibodies and ccl3 measurements. Ccl3/Mip-la levels in
cell supernatant were measured using a mouse Ccl3/Mip-la
Quantikine ELISA kit (R&D Systems). CD36 antibodies
were from Novus Biologicals, Inc.; Gapdh from Chemicon
International/Millipore; pErk1/2; Erk1/2; p-p38; p38; p-Akg
Akg; Eif4e from Santa Cruz Biotechnology.

Real-time RT/PCR. To quantify expression levels of selected
genes, RNA was extracted from a nilotinib drug resistance-
induction experiment independent from the ones performed for
the microarrays. Cells were resuspended in RNAprotect Cell
Reagent (Qiagen) prior to RNA extraction using an RNeasy
Plus Mini Kit (Qiagen). An additional on-column treatment
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with DNase (Qiagen) was incorporated. RNA was reverse-tran-
scribed into cDNA with a High Capacity 1st Strand Synthesis
Kit (Applied Biosystems). Real-time RT/PCR was done as
described in reference 71. Murine primer sets used for amplifi-
cation were as follows: gapdhU (5'-ACC CAG AAG ACT GTG
GAT GG-3") and gapdhD (5-CAC ATT GGG GGT AGG
AAC AC-3") yielding a 171 bp product; clec4dU (5'-GGT ACT
TGG ACC TGC TGT CCT GT-3") and clec4dD (5-ATG
GCG TCT TGT CCA CCC ACT-3') yielding a 250 bp prod-
uct; lilrb4U (5-AGA CCC AGA CCC CAC ATT CCA TGA-
3') and lilrb4D (5'-GTG TGC CCT GGT TAC ATT GTC
TTT CA-3') yielding a 276 bp product; cc/6U (5-TCC TTG
TGG CTG TCC TTG GGT-3") and cc/6D (5-ATG ATG
CCC GGC TTG ATG CAC-3") yielding a 202 bp product;
cox2/ptgs2U (5"TGC TGC CCG ACA CCT TCA ACA-3")
and cox2/ptgs2D (5-AAC CCG GCC AGC AAT CTG TCT-
3') yielding a 134 bp product; tbxasU (5'-TTA CGG GAC CAG
CAA GCA GCA-3') and thxasD (5-TCA AAG CCT TCC
ACG CCC ACA-3") yielding a 101 bp product. Results were
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