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Abstract

The interferon consensus sequence binding protein (Icsbp) is a transcription factor that influences
multiple aspects of myelopoiesis. Expression of Icsbp is decreased in the bone marrow of human
subjects with chronic myeloid leukemia (CML), and studies in murine models suggest that lcsbp
functions as an anti-oncogene for CML. We previously identified a set of Icsbp target genes that
may contribute to this anti-oncogene effect. The set includes PTPN13, the gene encoding Fas-
associated phosphatase 1 (Fapl, a Fas antagonist). We previously demonstrated that myeloid
progenitor cells from Icsbp-knockout mice exhibit Fap1-dependent Fas resistance. In the present
study, we determined that the Fas resistance of Bcr—abl+ cells is Icsbp- and Fapl-dependent. We
also found that treatment of Bcr—abl+ bone marrow cells with a Fap1-blocking peptide prevents in
vitro selection of a tyrosine kinase inhibitor (TKI)-resistant population. Therefore, these results
have implications for therapeutic targeting of the Fas-resistant leukemia stem cell population and
addressing TKI resistance in CML.
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Introduction

The interferon consensus sequence binding protein is an interferon regulatory transcription
factor with leukemia suppressor activity (referred to as Icsbp or 1rf8) [1-3]. Expression of
Icsbp is restricted to hematopoietic stem cells (HSCs), myeloid and lymphoid progenitors,
and maturing phagocytes and B-cells. Icsbp functions as a transcriptional activator or
repressor, depending upon identity of the cis element and the cellular context [1,4-7]. Gene
expression profiling of bone marrow cells from subjects with chronic myeloid leukemia
(CML) determined that Icsbp expression is decreased in comparison to normal bone marrow

© 2012 Informa UK, Ltd.

Correspondence: Elizabeth A. Eklund, Department of Medicine, The Feinberg School at Northwestern University, 303 E. Superior,
Lurie 5-105, Chicago, IL 60611, USA. Tel: 312-503-3208. e-eklund@northwestern.edu.

Potential conflict of interest: Disclosure forms provided by the authors are available with the full text of this article at
www.informahealthcare.com/Ial.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 2

[2,8,9]. These studies additionally determined that expression of Icsbp increases during
remission with tyrosine kinase inhibitors (TKIs), but decreases with development of TKI
resistance, and is lowest during progression to blast crisis (BC) [8,9].

Several murine models support a leukemia suppressor role for Icsbp. For example, mice
with IRF8 gene disruption develop a myeloproliferative neoplasm (MPN) that is
characterized by increased circulating granulocytes [3]. In IRF8-/- mice, this MPN
progresses to acute myeloid leukemia (AML) by ~12 months [3,10]. In a more CML-
specific model, murine bone marrow was transduced with a p210 Bcr—abl-expression vector
and transplanted into syngeneic mice [11]. These mice develop an MPN that evolves to
myeloid BC over time [11]. Further studies determined that Icsbp expression is decreased in
the bone marrow of these mice, and that engineered re-expression of lcsbp decreases
myeloproliferation and delays BC [12].

To identify molecular mechanisms involved in leukemia suppression, we performed
chromatin immunoprecipitation-based high-throughput screening for Icsbp target genes. The
identified set was enriched for genes encoding phagocyte effector proteins, consistent with
previously identified Icsbp target genes. However, target genes of potential significance to
leukemogenesis were also identified, including genes that regulate cytokine-induced
proliferation and programmed cell death [6,7,13]. The gene encoding Fas-associated
phosphatase 1 (Fapl; the PTPN13 gene) was in the latter cluster [6]. This is of interest,
because the expression profile of Fapl is the reciprocal of the Icsbp expression profile at all
clinical stages of CML [9].

Fapl interacts with the Fas C-terminus, resulting in Fas dephosphorylation and inhibition of
Fas-induced apoptosis [14,15]. Other investigators determined that a tripeptide with Fas C-
terminal amino acids (serine-leucine-valine; SLV) specifically blocks the interaction of
Fapl with Fas. These investigators found that treatment of epithelial cell lines with SLV
peptide increases sensitivity to Fas-induced apoptosis [15].

We found that Icsbp interacts with a specific cis element and represses PTPN13 gene
transcription. Icsbp-induced PTPN13 repression increases during myelopoiesis, suggesting
that Icsbp mediates sensitivity to Fas-induced apoptosis as differentiation proceeds [6]. We
found that knockdown of Icsbp in myeloid cell lines increases Fapl expression and confers
resistance to Fas-induced apoptosis [6]. Fapl expression and Fas resistance are also
increased in primary myeloid progenitor cells from IRF8-/- mice in comparison to wild-type
(WT) mice. In those prior studies, Fas resistance was reversed by treatment of Icshp
knockdown cells or IRF8-/- murine bone marrow cells with SLV peptide, thereby
implicating Fapl in this process [6].

Expression of p210 Bcr—abl in myeloid cell lines or primary murine bone marrow progenitor
cells decreases Icsbp mRNA and protein in a TK-dependent manner [7]. Investigating the
functional association between Icsbp, Fapl and Fas resistance in CML was the goal of the
present study. A Fas-resistant subset of CML leukemia stem cells (LSCs) has been identified
that persists during TKI treatment, even in subjects with complete cytogenetic remission
[16,17]. These cells are hypothesized to expand over time, predisposing to development of
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overt TKI resistance or BC [16]. Therefore, targeting the Fapl/Fas interaction in CML might
complement the action of TKI agents.

Materials and methods

Plasmids

Icsbp cDNA was obtained from Ben Zion-Levi (Technion, Haifa, Israel) and subcloned into
the pcDNA expression vector. p210 Bcr—Abl cDNA in the MIGR1 vector was obtained
from R. Bhatia (City of Hope). shRNAs and scrambled control sequences for Icsbp were
designed using the Promega website and subcloned into the pLKO.1-puro vector (from
Kathy Rundell, Northwestern University, Chicago, IL). Several were tested and the most
efficient for suppression used (see [6,7]).

A double-stranded, synthetic oligonucleotide with three copies of the —587 to —627 bp
sequence from the PTPN13 promoter (a previously described lcsbp-binding cis element)
was subcloned into a minimal promoter/luciferase reporter vector (pGL3-promoter;
Stratagene) [6]. Another construct was generated with 670 bp of the PTPN13 5’ flank
(starting at the transcription start site) subcloned into a luciferase reporter vector (p-GL3-
basic).

Oligonucleotides

Oligonucleotides were synthesized by MWG Biotech (Piedmont, NC). Double-stranded
oligonucleotides used in DNA-affinity purification represent the —587 to —627 bp PTPN13
promoter sequence (5'-CTCCCGGAGTCTGTTTCTAATTTCTGCAAATGATTGTGG-3'),
or a non-lcsbp-binding, mutant form of the PRDI-consensus (5’-tgtctttgtctttgtctt-3”) [6].

Myeloid cell line culture

The human myelomonocytic leukemia line U937 [18] was obtained from Andrew Kraft
(Hollings Cancer Center, Medical University of South Carolina, Charleston, SC). The
human myeloblastic cell line Kgl was obtained from Leonidas Platanias (Northwestern
University, Chicago). Cells were maintained as described [6,7].

Murine bone marrow culture

Animal studies were approved by the Animal Care and Use Committees of Northwestern
University and Jesse Brown VA. Bone marrow mononuclear cells were obtained from the
femurs of WT C57/BL6 mice. Cells were transduced with a retroviral vector to express p210
Bcr—abl or empty control vector [7]. Some cells were cultured under HSC conditions in
Dulbecco’s modified Eagle’s (DME) medium supplemented with 10% fetal calf serum, 1%
penicillin—streptomycin (pen-strep), 10 ng/mL murine interleukin 6 (IL6; R&D Systems
Inc., Minneapolis, MN), 10 ng/mL murine recombinant IL3 (R&D Systems) and 100 ng/mL
stem cell factor (SCF; R & D Systems). Scal+ cells were separated using the Miltenyi
magnetic bead system, according to the manufacturer’s instructions (Miltenyi Biotec,
Auburn, CA). Granulocyte monocyte progenitors (GMPs) were cultured in DME medium
supplemented with 10% fetal calf serum, 1% pen-strep, 20 ng/mL murine granulocyte
macrophage-colony stimulating factor (GM-CSF; R & D Systems), 100 ng/mL SCF and 10
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ng/mL murine recombinant IL3. CD34+ cells were obtained using a magnetic bead
purification technique, as above. Some cultured GMPs were differentiated over 48 h in 10
ng/mL of G-CSF or M-CSF to granulocytes or monocytes, respectively [6,7,19]. These
cultured cells were used in studies of MRNA and protein expression, and apoptosis, as
described below.

For drug-resistance studies, transduced cells were cultured under GMP conditions with the
addition of imatinib (IM) at an initial dose of 0.2 pg/mL (versus sham treatment with
buffer). The dose of IM was gradually increased over 6 weeks to 2.0 ug/mL. In some
experiments, cells were also incubated with VLS or SLV peptides (10 pM). For some of
these studies, Fas-sensitive cells were depleted prior to culture in IM or SLV/VLS peptide
by incubation with Fas-agonist antibody (CH11) or control antibody (24 h, 37 °C, 5% CO5),
followed by removal of apoptotic cells using the Miltenyi magnetic bead system (Dead Cell
Removal Kit; Miltenyi Biotec).

Chromatin co-immunoprecipitation

Kg1l cells were incubated briefly in formaldehyde-supplemented medium and cell lysates
sonicated to generate chromatin fragments of < 200 bp [6,7]. Lysates were
immunoprecipitated with lcsbp or irrelevant control antibody, as in [6,7].

Quantitative real time PCR

Primers were designed with Applied Biosystems software and real time polymerase chain
reaction (PCR) was performed using SYBR Green and the “standard curve” method. For
some studies, RNA was isolated using TRIzol reagent (Gibco-BRL, Gaithersburg, MD).
Result were normalized to 18S. The same set of control cDNA was used to generate the
standard curve for analysis of various samples, thereby permitting comparison between
samples and between experiments. For cell line transfection experiments, the standard curve
was generated with cDNA from non-transfected cells. For murine bone marrow
experiments, the standard curve was generated with cDNA from WT murine bone marrow
growing in GM-CSF, IL3 and SCF. In some experiments, comparison of expression levels
for different messages was performed by normalizing to Ct numbers (i.e. for comparison of
relative Scal, CD34 and CD38 expression).

For other studies, chromatin that co-precipitated with Icsbp or control antibody was
amplified with primers flanking the Icsbp-binding PTPN13 promoter cis element (-669 to
-646: 5-GTCGTGCTTGCACAGCTCCGCTCT-3 and -512 to -489: 5'-
ACCTTGCATCAGACAGTGTCTCTC-3). Results were normalized to total chromatin.

Myeloid cell line transfections and reporter gene assays

Kg1l cells were transfected by electroporation with vectors to express p210 Bcr-abl, or
empty MIGR1 vector plus a vector with a neomycin phosphotransferase cassette (pSRa) (30
ug each). Stable pools were selected in G418 (0.5 mg/mL).

U937 cells were transfected with vectors to express various combinations of Icsbp, p210
Bcr—abl or control, and minimal promoter/firefly luciferase reporter constructs with three
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copies of the =587 to —627 bp PTPN13 sequence (ptpn13GL3-p) or control (pGL3-p) (70
ug), and a cytomegalovirus (CMV)/Renilla luciferase vector (for transfection efficiency).
Transfectants were assayed for firefly and Renilla luciferase after 48 h [6,7].

Apoptosis assays
Cells were incubated with Fas-agonist antibody CH11 or control. In some experiments, cells
were incubated for the last 12 h with SLV peptide (or control VLS peptide) [15]. Apoptosis
assays were performed using annexin V/propidium iodide double staining. The cells were
analyzed on a Becton-Dickinson FACScan flow cytometer (Cambridge, MA).

Western blots

Cells were lysed by boiling in 2 x sodium dodecyl sulfate (SDS) sample buffer. Lysate
proteins (50 pg) were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (8%
acrylamide) and transferred to nitrocellulose. Western blots were serially probed with
various antibodies plus tubulin (loading control). Each experiment was repeated at least
three times with different batches of lysate proteins. To quantify band density, blots were
electronically scanned and evaluated using Un-Scan-It software (Silk Scientific, Orem, UT).

DNA-affinity purification assays

Nuclear proteins (300 pg) were incubated with biotin-labeled ds oligonucleotide probe
representing the =587 to —627 bp PTPN13 promoter or a non-Icsbp-binding PRDI-mutant
sequence in DNA-affinity purification assay (DAPA) buffer (25 mM HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid], pH 7.6, 60 mM KCI, 5 mM MgCls, 7.5%
glycerol, 0.1 mM ethylenediaminetetraacetic acid [EDTA], 1 mM dithiothreitol [DTT] and
0.25% Triton X-100). DNA-protein complexes were precipitated with 50 pL of a 50%
slurry of neutravidin-coated agarose beads (Pierce, Rockford, IL). Proteins bound to the
beads were separated by SDS-PAGE and transferred to nitrocellulose. Western blots were
probed with an antibody to Icsbp.

Statistical analysis

Statistical significance was determined by paired Student’s t-test or analysis of variance
(ANOVA) methods (for analysis of > 2 groups) using SigmaPlot and SigmaStat software.
Statistical significance is reported as standard error. For transfection, apoptosis and real time
PCR experiments, n values represent the number of independent experiments, each of which
was performed in triplicate. Differences are considered statistically significant if p < 0.05
(95% confidence interval).

Results

Bcr—abl increases Fapl expression in myeloid cells

We first investigated Fapl expression in Ber—abl+ cells. For these studies, we generated
stable transfectants of the Kgl myeloid leukemia cell line using a p210 Bcr—abl expression
vector or empty control vector [7]. We used the p210 form in preference to the p190 form
because p210 is more common in adult CML and is most frequently associated with myeloid
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BC. In previous studies, we found that knockdown of Icsbp in Kgl cells increases Fapl
expression and Fapl-dependent Fas resistance [6]. Kgl cells are relatively sensitive to Fas-
induced apoptosis in comparison to other myeloid leukemia cell lines (i.e. U937 cells,
employed in studies below) [6]. This relative Fas sensitivity of Kgl cells correlates with
relatively increased expression of Icsbp and decreased Fapl expression in comparison to
U937 cells [6].

Ber—abl+ Kgl cells and control cells were analyzed for Fapl and Icsbp mRNA expression
by real time PCR, and protein expression by Western blot. We found significantly more
Fapl mRNA [Figure 1(A)] in Bcr—abl+ Kg1l cells in comparison to control cells (p <
0.0001, n = 3). This correlated with increased Fapl protein in Ber—abl+ cells [Figure 1(B)].
As in previous studies, we found significantly less Icsbp mMRNA (p < 0.0001, n = 3) [Figure
1(A)] and protein [Figure 1(B)] in Ber—abl+ Kgl cells in comparison to control cells [7].

To determine whether inhibition of Bcr—abl TK activity alters Fapl expression, some stable
transfectants were treated with imatinib (2.0 uM). We found that IM treatment of Bcr—abl+
Kg1 transfectants significantly decreased expression of Fapl mRNA (p = 0.0003, n = 3)
[Figure 1(A)] and protein [Figure 1(B)] and increased expression of lcsbp mRNA (p <
0.0001, n = 3) and protein. The dose of IM used in this study consistently inhibits Ber—abl
tyrosine kinase activity in Kgl stable transfectants, as determined by Bcr-abl auto-
phosphorylation [Figure 1(B)] [7,20].

However, these studies were performed in a leukemia cell line that exhibits abnormal cell
survival prior to introduction of the Bcr—abl oncogene. Therefore, we also investigated the
effect of Ber—abl on Fapl expression in primary bone marrow cells. For these studies, bone
marrow mononuclear cells were isolated from C57 Black 6 mice and transduced with a
retroviral vector to express p210 Becr—abl, or with empty control vector (MIGR1) (as in our
previous studies) [7,20]. This retroviral vector also expresses green fluorescent protein
(GFP), and ~80% of cells were GFP+ with our transduction technique. Some transduced
cells were cultured in IL3, IL6 and SCF for 48 h, followed by isolation of Scal+ cells. This
process enriches the HSC population [19]. Other cells were cultured in GM-CSF, 1L3 and
SCF followed by isolation of CD34+ cells. This population is enriched for bi-potential
GMPs, the population that is most similar to the LSC in chronic phase CML [19,21-23].
Some of the latter cells were cultured for an additional 24 h in G-CSF or M-CSF to induce
granulocyte or monocyte differentiation, respectively. Such ex vivo differentiated cells are
-80% CD34-CD38+ and positive for Grl or Macl (indicating granulocyte or monocyte
differentiation) [19].

Transduced murine bone marrow cells were analyzed for expression of Fapl, Icsbp and
Bcr—abl mRNA by real time PCR. In studies of control cells, we found that Fapl expression
is not significantly different in HSCs versus GMPs (p = 0.6, n = 4), but decreases
significantly with granulocyte or monocyte differentiation (p < 0.0001, n = 4) [Figure 2(A)].
In Ber—abl+ GMPs, expression of Fapl mRNA is significantly greater than in control GMPs
(p < 0.00001, n = 4) [Figure 2(A)]. This difference is also reflected at the protein expression
level [Figure 2(B)]. Fapl expression does not decrease with differentiation of Ber—abl+ cells
[Figure 2(A)]. In contrast, there is no significant difference in Fapl expression in control
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HSCs versus Ber—abl+ HSCs (p = 0.4, n = 4). Significantly less Icsbp is expressed in Ber
—abl+ cells in comparison to control cells (p < 0.002, n = 4), consistent with our previous
results [Figures 2(A) and 2(B)].

Resistance to IM and other TKIs develops in 50% of human subjects treated with these
agents, and is associated with increased probability of progression to blast crisis (BC)
[24-27]. We used an in vitro model to investigate the impact of IM resistance on expression
of Fapl and Icsbp in Ber—abl+ cells. For these studies, primary murine bone marrow cells
were transduced with a Bcr—abl expression vector and cultured under GMP conditions, as
above. Ber—abl+ cells were cultured with or without IM (initial dose of 0.2 UM increasing to
2.0 UM over 6 weeks versus sham treatment) [28]. Culture in IM under these conditions
results in selection of a resistant population. IM-resistant and IM-naive Bcr—abl+ cells used
in these studies were cultured for a total of 3 months. Empty vector transduced cells were
cultured for 48 h under GMP conditions as a control for these studies. Fapl and lcsbp
mRNA was quantified by real time PCR.

We found increased Fapl mRNA and decreased Icsbp mRNA in IM-resistant Ber—abl+ cells
in comparison to IM-naive Bcr—abl+ cells (p < 0.0001, n = 6) [Figure 3(A)]. These
differences in Icsbp and Fapl mRNA correlate with protein expression in these cells [Figure
3(A)]. Ber-abl expression is less in IM-resistant Bcr—abl+ cells in comparison to IM-naive
cells (IMRNA; p = 0.002, n = 6) [Figures 3(A) and 3(B)]. This suggests that IM resistance
develops due to point mutation of the BCR-ABL transgene, rather than increased transgene
copy number/expression. Cultured cells were also analyzed to determine whether
development of IM resistance alters the differentiation stage of long-term cultured Bcr-abl+
cells. For these studies, the cultured cells were analyzed by real time PCR for relative
expression of Scal, CD34 and CD38. We found that both types of long-term Bcr—abl+
cultures were enriched for CD34+ cells with relatively less CD38 expression [Figure 3(C)].
We found that CD34 expression was slightly but significantly increased and CD38
expression was decreased in IM-resistant cells in comparison to IM-naive Bcr—abl+ cells (p
< 0.006, n = 3).

Bcr—abl increases PTPN13 promoter activity in an Icsbp-dependent manner

We next determined whether increased PTPN13 promoter activity results in increased Fapl
expression in Ber—abl+ cells. For these studies, we used a reporter construct that includes
670 bp of the PTPN13 promoter (the minimal promoter sequence that is repressed by Icsbp)
[6]. This PTPN13-promoter/reporter construct (or empty vector control) was co-transfected
into a myeloid cell line with a vector to express Bcr—abl (or empty expression vector). We
used U937 myeloid leukemia cells for these studies, since this line expresses abundant Fapl

[6].

We found that PTPN13 promoter activity is significantly greater in Bcr—abl+ transfectants in
comparison to control cells (p < 0.0001, n = 4) [Figure 4(A)]. Therefore, we investigated the
role of TK activity in Ber—abl-induced PTPN13 promoter activity. For these studies, U937
cells were co-transfected as above, and reporter activity was determined with versus without
IM treatment. We found that IM significantly decreases Bcr—abl-induced PTPN13 reporter
activity in a dose dependent manner [Figure 4(A)] (p < 0.001, n = 4 for all comparisons).
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We found a comparable effect of Bcr—abl expression and IM treatment (2.0 pM) on the
expression of endogenous Fapl mRNA in U937 cells [Figure 4(B)] (p < 0.01, n = 3 for
control cells versus Ber—abl+ cells, and for Ber—abl+ cells with versus without IM
treatment).

We also investigated the contribution of decreased Icsbp to PTPN13 promoter activity in
Bcr—abl+ cells. Our previous studies identified a specific PTPN13 cis element that is
repressed by Icsbp [6]. Therefore, we determined whether Ber—abl influences activity of this
cis element in an lIcsbp-dependent manner. For these studies, U937 cells were co-transfected
with a reporter construct with three copies of the Icsbp-binding PTPN13 cis element linked
to a minimal promoter (or minimal promoter control vector), and a vector to express p210
Bcr—abl (or empty vector). We found that Ber—abl significantly increases activity of this
PTPN13 cis element (p < 0.0001, n = 6) [Figure 5(A)].

Next, U937 cells were co-transfected with the PTPN13 cis element-containing construct (or
control vector) and a dose titration of Icsbp expression vector. The goal of these studies was
to identify the maximum level of Icsbp expression that does not alone influence PTPN13 cis
element activity (10 pg of plasmid; p = 0.7, n = 6). Based on these results, U937 cells were
co-transfected with the PTPN13 cis element-containing reporter vector, Bcr—abl expression
vector and Icsbp expression vector (10 pg). We found that re-expression of Icsbp reverses
the effect of Bcr—abl on this PTPN13 cis element [Figure 5(A)]. To determine whether TK
activity mediates increased PTPN13 cis element activity in Bcr—abl+ cells, some
transfectants were treated with IM. We found that IM decreases the effect of Bcr—abl on
PTPN13 cis element activity in a dose-dependent manner [Figure 5(B)].

We also investigated whether Icsbp-knockdown rescues PTPN13 cis element activity in IM
treated Ber—abl+ transfectants. In initial experiments, U937 cells were co-transfected with
the PTPN13-cis element containing reporter construct and a dose titration of plasmid vector
to express lcsbp-specific ShRNAs. The goal of these studies was to identify the maximal
amount of plasmid that did not alter PTPN13 cis element activity [Figure 6(A)]. For these
studies, we used Icsbp shRNA vectors (and scrambled control vectors) that were validated in
our previous investigations [6,7]. U937 cells were also co-transfected with the PTPN13 cis
element-containing construct, a vector to express Bcr—abl and a vector to express Icsbp-
specific ShRNAs (10 pg). We found that Icsbp knockdown blocks the effect of IM on
PTPN13 cis element activity in Bcr—abl+ transfectants (p = 0.6, n = 6 for comparison of IM-
treated Ber—abl+ transfectants with versus without Icsbp-specific ShRNA) [Figure 6(B)].

Bcr—abl decreases Icsbp binding to the PTPN13 cis element

To clarify the mechanism for Icsbp-dependent PTPN13 regulation by Bcr-abl, we
determined the effect of Bcr—abl on interaction of Icshp with the PTPN13 cis element. We
first investigated this question using an in vitro DNA affinity purification assay. For these
studies, cell lysate proteins from Bcr—abl+ or control vector transfected Kgl cells were
incubated with biotin labeled, double stranded oligonucleotide probes representing the
PTPN13 cis element or with a non-lcsbp-binding oligonucleotide sequence.
Oligonucleotides and interacting proteins were purified by affinity of the biotin label for an
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avidin matrix, and identified by Western blot. We found a decrease in total and PTPN13-
bound Icsbp in Ber—abl+ cells [Figure 7(A)].

We also investigated Icsbp binding to the PTPN13 cis element in vivo. For these studies,
chromatin was immuno-precipitated from Bcr—abl+ or control Kgl cells with an antibody to
Icsbp. Recovered chromatin was amplified by real time PCR using primers flanking the
Icsbp-binding PTPN13 cis element [6,20]. Chromatin that co-precipitated with an irrelevant,
control antibody was a negative control for these studies, and results were normalized to
non-precipitated (total input) chromatin. We found a significant decrease in occupancy of
the PTPN13 cis element by Icsbp in Ber—abl+ Kg1l cells in comparison to control cells (p <
0.0001, n = 3) [Figure 7(B)].

Bcr—abl induces Fapl-dependent Fas resistance in myeloid cells

We investigated the role of increased Fapl in Fas resistance of Bcr—abl+ cells using Kgl
stable transfectants, described above. Ber—abl+ or control Kgl cells were treated with a Fas-
agonist antibody (Ab) and assayed for apoptosis by annexin V staining and flow cytometry
[6]. Fas-Ab fails to induce significant apoptosis in Bcr—abl+ Kgl cells, although apoptosis is
induced in control cells under these conditions [Figure 8(A)]. To determine the role of Fapl
on Fas resistance, cells were treated with the SLV peptide (to block Fapl/Fas interaction) or
VLS control peptide. We found that treatment of Bcr—abl+ Kgl cells with SLV peptide
rescued Fas-Ab induced apoptosis; apoptosis in these cells is not significantly different from
that in control cells treated with Fas-Ab (p = 0.4, n = 4) [Figure 8(A)]. In control
experiments, there was no significant difference in apoptosis in Bcr—abl+ versus control
Kg1 cells without Fas-Ab (£ SLV peptide). We found that the addition of VLS control
peptide did not alter apoptosis under any of the assay conditions, so this peptide was used as
a negative control (i.e. results were not different from results without any peptide treatment).

We also investigated the impact of Bcr—abl on Fas-induced apoptosis using transduced
primary murine bone marrow cells, as described above. We found that Bcr—abl+ HSCs and
GMPs were significantly less sensitive to Fas-Ab induced apoptosis in comparison to
control cells (p < 0.001, n = 6) [Figure 8(B)]. We also found that treatment with Fap1-
blocking SLV peptide reverses Fas resistance of Ber—abl+ GMPs (p < 0.0001, n = 6 for
comparison between Ber—abl+ GMPs with SLV versus VLS). In contrast, treatment with
SLV peptide does not significantly alter Fas resistance of the Ber—abl+ HSC population (p =
0.5, n = 6 for experiments with Bcr—abl+ HSCs with SLV versus VLS). These results
suggest that Fas resistance in Bcr—abl+ GMPs is Fapl-dependent, but resistance in Bcr—abl+
HSC is not, consistent with Fapl expression levels in these cells. This is relevant, because
the LSC in CML chronic phase is the Scal —~CD34+ CD38- population (GMP-like) in
murine models, rather than the Scal+ CD34- population (HSC-like) [19,21-23]. In control
experiments, there was no difference in apoptosis in Bcr—abl+ versus control cells in the
absence of Fas-Ab (£ SLV peptide; not shown). VLS control peptide treatment was not
significantly different from no peptide for any condition (not shown).
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Fapl inhibition prevents development of TKI resistance in Bcr—abl+ myeloid progenitor

cells

We next determined the effect of IM resistance on Fas-induced apoptosis using the in vitro
IM resistance model, described above. For these studies, IM-naive Bcr—abl+, IM-resistant
Bcr-abl+ and control cells were assayed for Fas-Ab induced apoptosis after treatment with
SLV peptide (or VLS control), high-dose IM (5 pM) or both. We found that both IM-
resistant and IM-naive Bcr—abl+ cells exhibit significantly less Fas-induced apoptosis in
comparison to control cells (p < 0.0001, n = 4) [Figure 9(A)]. Fas-induced apoptosis of IM-
naive Bcr—abl+ cells is increased significantly by treatment with Fap1-blocking, SLV
peptide (p < 0.0002, n = 4) [similar to Figure 5(B)]. In contrast, treatment with SLV peptide
does not alter Fas-induced apoptosis in IM-resistant Bcr—abl+ cells (p = 0.6, n = 6) [Figure
9(A)].

Treatment of IM-naive Bcr—abl+ cells with high-dose IM increases both baseline and Fas-
induced apoptosis. However, this higher IM dose has little effect on apoptosis in IM-
resistant Ber—abl+ cells (p = 0.2, n = 4) [Figure 9(A)]. Treatment with SLV peptide plus IM
increases Fas-induced apoptosis in both IM-resistant and IM-naive Bcr—abl+ cells; however,
the effect is significantly greater in IM-naive cells (p < 0.0001, n = 4) [Figure 9(A)].

We also used this model to investigate the role of Fapl in development of IM resistance. As
in the experiments above, murine bone marrow cells were transduced with Bcr—abl
expression vector (or control vector). To determine whether the Fas-resistant subpopulation
of cells is more susceptible to development of IM resistance, some Bcr—abl-transduced cells
were incubated with Fas-agonist antibody and annexin V positive cells were removed prior
to culture (referred to as the Fas-resistant population). Cells cultured in an increasing dose of
IM were compared to cells cultured without IM (IM-naive cells). SLV or VLS peptides were
added to the cultures undergoing selection and to IM-naive cultures. Cells were counted
each week.

In the absence of IM, we found that incubation of Bcr—abl+ cells with SLV peptide impairs
growth in comparison to VLS control peptide [Figure 9(B)]. Depletion of Fas-sensitive cells
increased cell growth in Ber—abl+ cultures treated with SLV or VLS peptide [Figure 9(B)].
Cells transduced with control vector survived in culture for ~2 weeks under all conditions
(not shown).

IM treatment of Bcr—abl+ cultures significantly decreased the number of cells during initial
weeks of culture under all conditions [Figure 9(C)]. Cultures with IM plus SLV peptide
grew more slowly in comparison to IM plus VLS control peptide. In comparison, growth in
Ber—abl+ IM-treated cultures that were depleted of Fas-sensitive cells was greater than
growth in total cell cultures (in with SLV or VLS). After several months of IM selection,
control VLS peptide-treated, Ber—abl+ cells began to increase in number [Figure 9(C)]. In
contrast, IM-treated Bcr—abl+ cultures that were incubated with SLV peptide did not
undergo this period of expansion [Figure 9(C)]. There were no viable cells in the IM plus
SLV treated Ber—abl+ cultures at 91 days, and no viable cells in the Fas-resistant IM plus
SLV treated Bcr—abl+ at 98 days [Figure 9(C)].
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Discussion

In previous studies, we determined that decreased Icsbp expression results in Fapl-
dependent resistance to Fas-induced apoptosis [6]. In the present study, we show that
impaired Icsbp expression in Ber—abl+ myeloid progenitor cells contributes to Fapl-
dependent Fas resistance. We demonstrate the involvement of Ber—abl TK activity in this
process, and that Fap1-dependent insensitivity to Fas-induced apoptosis increases with
development of IM resistance. CML cells are recognized as being relatively resistant to Fas-
induced apoptosis, but mechanisms for this were not well defined. Fas expression is not
consistently decreased in CML, and expression of FasL in CML bone marrow actually
increases with progressive disease [29,30]. Since Fas resistance worsens with drug
resistance and BC, the latter is thought to be an unsuccessful attempt at compensation [31].
Fas resistance is hypothesized to be a source of persistence and/or expansion of CML-LSCs,
even in complete cytogenetic remission [17].

Our previous studies suggest that Fapl protects progenitor cells from Fas-induced apoptosis
during normal myelopoiesis. This would be especially important in the presence of
metabolic stress or increased reactive oxygen species, both of which increase FasL [32].
Metabolic stress and increased reactive oxygen species are also found during the emergency
granulopoiesis response to infectious challenge. Under these conditions, Fapl expression in
GMP would permit survival and expansion of these cells as a part of the innate immune
response. During myelopoiesis, decreasing Fapl expression would permit scheduled death
of circulating granulocytes and monocytes, either after activation, or diapedesis into the
tissues.

In contrast, aberrantly increased Fapl expression in CML would adversely influence
myelopoiesis. The resultant Fas resistance would result in sustained survival of Bcr—abl+
GMPs/LSCs. Such cells provide a potential reservoir for the development of additional
mutations that lead to overt TKI resistance or BC. In addition, increased Fapl expression
confers relative Fas resistance to circulating, post-mitotic CML cells. This would facilitate
accumulation of such cells in the circulation and tissues. These results are consistent with
clinical observations that the apoptosis pathway is generally “primed” in CML, but
defective.

Our findings suggest that development of IM resistance in Bcr—abl+ GMPs results in
decreased lcshp expression, increased Fapl expression and increasing Fas resistance. In
previous studies, we showed that treating myeloid cells with SLV peptide decreases
Fapl/Fas interaction, and increases Fas phosphorylation and apoptosis in response to Fas
agonists [6]. In the present work, we find that treatment with SLV peptide abrogates Fas
resistance in Bcr—abl+ cells, and this effect is enhanced by treatment with IM. In contrast,
we found that Fas insensitivity of IM-resistant Bcr—abl+ cells is not efficiently reversed by
treatment with Fapl-blocking peptide, with or without the addition of high-dose IM. This
suggests interventions to increase Fas sensitivity via Fapl would be most effective early in
disease, as a TKI adjuvant.
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We hypothesize that Fapl-dependent Fas insensitivity influences the development of TKI
resistance in CML. Consistent with this, we found that incubation in Fap1-blocking SLV
peptide prevents emergence of an IM-resistant, Bcr—abl+ population in vitro. Also
consistent with our hypothesis, we found that depletion of Fas-sensitive cells from a Bcr—abl
+ population accelerates the development of IM resistance in vitro. However, the presence
of SLV peptide prevents development of IM resistance even in this Fas-resistant population,
also suggesting a role for Fapl in Fas resistance.

These studies use a peptide with the three C-terminal amino acids from Fas to block Fap1l.
The immediate translational applications of this work for treatment of CML are limited,
because peptide therapeutics are complicated by technical concerns regarding solubility and
stability. However, the fact that a tripeptide is sufficient to block the Fas/Fapl interaction
suggests that a small molecule might be developed with the same effect. Additionally,
increased Fapl has also been associated with Fas resistance in colon cancer, suggesting
wider applications for targeting the Fap1/Fas interaction [33,34]. These are areas of interest
for future investigations.
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Figure 1.

Bcr—abl increases Fapl expression in a tyrosine kinase dependent manner in Kg1 myeloid
cells. (A) Ber—-abl increases Fapl mRNA expression in Kgl myeloid cells. Kgl cells were
stably transfected with a vector to express Ber—abl (p210) or empty control vector.
Expression of Fapl, Icsbp and Ber—abl mRNA was determined by real time PCR.
Transfectants were analyzed with or without treatment with the tyrosine kinase inhibitor
imatinib (IM). Statistically significant differences in expression are indicated by *, **, #

or ## (p<0.001, n = 3). (B) Ber—abl increases Fapl protein expression in Kg1 myeloid cells.
Kg1 stable transfectants, described above, were also analyzed for expression of Fapl, Icsbp
and Bcr—abl protein. Cells were analyzed with versus without IM treatment, and cell lysates
were separated by SDS-PAGE. Western blots were probed with antibodies to Fap1l, lcshp,
Bcr, phospho-Bcr (as an indication of Ber—abl activity) or tubulin (as a loading control).
Blots were scanned, band density was quantified, normalized to loading control, and
graphed relative to samples from non-1M treated Bcr—abl+ cells (set at a value of 1).
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Figure 2.

Ber—abl increases Fapl expression in a tyrosine kinase dependent manner in transduced
primary murine bone marrow cells. (A) Bcr—abl increases Fapl mRNA expression in
primary murine bone marrow cells. Murine bone marrow mononuclear cells were
transduced with a retroviral vector to express Ber—abl (p210) or with empty control vector
(MIGR1). Cells were cultured under hematopoietic stem cell (HSC: IL3/IL6/SCF) or
granulocyte/monocyte progenitor (GMP: IL3/GM-CSF/SCF) conditions, or ex vivo
differentiated to granulocytes (with G-CSF) or monocytes (with M-CSF). Cells were
analyzed for Fapl, Icsbp or Ber—abl expression by real time PCR. Statistically significant
differences are indicated by *, ** *** # ## or ## (n<0.01, n = 4). (B) Bcr—abl increases
Fapl protein expression in primary murine bone marrow cells. Primary transduced cells,
described above, were also analyzed for expression of Fapl, Icsbp and Ber—abl protein.
Cells were cultured under GMP conditions, and cell lysates were separated by SDS-PAGE.
Western blots were probed with antibodies to Fap1l, Icsbp, Ber or tubulin (as a loading
control).
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Western blot
Murine bone marrow

Tyrosine kinase resistance influences Fapl expression in Ber—abl+ cells. (A) Expression of
Fapl mRNA is increased in imatinib-resistant Bcr—abl+ primary murine bone marrow cells.
Murine bone marrow cells were transduced with a retroviral vector to express Bcr—abl or
with empty MIGR1 control vector. Cells were cultured under GMP conditions, and some
Bcr—abl+ cells were cultured with increasing doses of IM to induce in vitro TKI resistance.
Cells were analyzed for expression of Fapl, lcsbp and Ber-abl by real time PCR.
Statistically significant differences are indicated by *, **, *** # or # (p <0.002, n = 6). (B)
Expression of Fapl protein in Ber—abl+ primary murine bone marrow cells is increased by
ex vivo resistance to imatinib (IM). Transduced murine bone marrow cells, described above,
were analyzed for expression of Fapl, lcsbp and Ber—abl protein. Cell lysates were
separated by SDS-PAGE and Western blots were serially probed with antibodies to Fapl,
Icsbp, Ber and tubulin (as a loading control). Blots were scanned, band density was
quantified, normalized to loading control, and graphed relative to samples from IM-naive
Ber—abl+ cells (set at a value of 1). (C) IM-resistant and IM-naive Bcr—abl+ primary murine
bone marrow cells are enriched for CD34 expression. Transduced bone marrow cells,
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described above, were also analyzed by real time PCR for expression of Scal, CD34 and
CD38. Standard curve method was used to permit comparison between samples, and results
were normalized to Ct numbers to compare expression of different genes. Statistically
significant differences are indicated by * and ** (p< 0.006, n = 3).
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Figure4.
Bcr—abl activates the PTPN13 promoter in a tyrosine kinase dependent manner. (A) Bcr—abl

induces activation of the PTPN13 promoter in a tyrosine kinase dependent manner. U937
cells were co-transfected with a reporter vector with 670 bp of the PTPN13 promoter (or
empty control vector), and a vector to express Ber—abl (or empty expression vector).
Transfectants were analyzed for luciferase reporter expression with versus without various
amounts of the tyrosine kinase inhibitor, imatinib (IM). Statistically significant differences
in reporter expression are indicated by *, ** or *** (p<0.001, n = 4). (B) Bcr—abl increases
Fapl mRNA expression in U937 transfectants. U937 cells were transfected with a vector to
express Ber—abl (or empty vector control). Cells were analyzed with or without treatment
with IM (2.0 uM) for expression of Icsbp and Fapl by real time PCR. Statistically
significant differences are indicated by *, **, *** # ## or ## (n< 0,001, n = 3).
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Figure5.
Bcr—abl activates the Icsbp-binding PTPN13 cis element in an Icsbp dependent manner. (A)

Bcr—abl induces activation of the Icsbp-binding PTPN13 cis element in an Icsbp dependent
manner. U937 cells were co-transfected with an artificial promoter construct with multiple
copies of the Icsbp-binding PTPN13 cis element (or minimal promoter/reporter control
vector) and vectors to express various combinations of Icsbp and Ber—-abl (or relevant
control vectors). Luciferase reporter activity was determined. Statistically significant
differences in reporter activity are indicated by *, ** *** or # (n<0.01, n =6). (B) Bcr-abl
induces activation of an Icsbp-binding PTPN13 cis element in a tyrosine kinase dependent
manner. U937 cells were co-transfected with an artificial promoter construct with multiple
copies of the Icsbp-binding PTPN13 cis element (or minimal promoter/reporter control

Leuk Lymphoma. Author manuscript; available in PMC 2014 December 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 21

vector) and vectors to express Ber—abl or control expression vector. Transfectants were
analyzed for luciferase reporter activity after treatment with various amounts of imatinib
(IM). Statistically significant differences in reporter activity are indicated by *, ** or
***(p<0.001, n = 6).
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Figure6.

Bcr-abl activates the Icsbp-binding PTPN13 cis element in a tyrosine kinase dependent
manner. (A) Knockdown of endogenous Icsbp increases activity of an Icsbp-binding
PTPN13 cis element in a dose dependent manner. U937 cells were co-transfected with an
artificial promoter construct with multiple copies of the Icsbp-binding PTPN13 cis element
(or minimal promoter/reporter control vector) and vectors to express various amounts of an
Icsbp-specific ShRNA (or scrambled shRNA control vector). Transfectants were analyzed
for luciferase reporter activity. Statistically significant differences in reporter activity are
indicated by * or **(p<0.001, n = 6). (B) lcsbp-knockdown rescues Bcer—abl induced
activation of the PTPN13 cis element in IM treated transfectants. U937 cells were co-
transfected with an artificial promoter construct with multiple copies of the Icsbp-binding
PTPN13 cis element (or minimal promoter/reporter control vector) and vectors to express
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various combinations of Bcr—abl, Icsbp-specific ShRNA or relevant control vectors. Some
transfectants were treated with IM to inhibit Bcr-abl-TK activity, and transfectants were
analyzed for luciferase reporter activity. Statistically significant differences in reporter
activity are indicated by * or **(p< 0.001, n = 4).
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Chromatin Immunoprecipitation

Bcer-abl Transfectants
PTPN13 cis element

Control
. Bcr-abl+

*

|
Control Ab

Icsbp Ab

Bcr-abl expression decreases Icsbp expression and binding to the PTPN13 cis element in
myeloid cells. (A) Bcr—abl expression in Kgl myeloid cells decreases in vitro Icsbp-binding
to the PTPN13 cis element. Kg1 cells were stably transfected with a vector to express Ber—
abl or empty control vector, as described above. Cell lysates were incubated with a biotin-

labeled probe with the Icsbp-binding PTPN13 cis element versus a mutant form of the

Icsbp-binding PRDI sequence. DNA-bound proteins were isolated by affinity of the probe to
neutravidin matrix. Affinity purified proteins were separated by SDS-PAGE and identified
by probing Western blots with an antibody to Icsbp. Protein concentrations were normalized
by probing “total input ” protein lanes with an antibody to tubulin. (B) Bcr—abl expression in
Kgl myeloid cells decreases in vivo Icsbp binding to the PTPN13 cis element. Ber—abl+ and
control Kg1 stable transfectants, described above, were analyzed for in vivo lcsbp binding
by chromatin immunoprecipitation. Cell lysates were subjected to immunoprecipitation with
an antibody to Icsbp or control antibody. Co-precipitating chromatin was amplified by real

time PCR with primers that flank the Icsbp-binding PTPN13 cis element. Statistically
significant difference is indicated by * (p<0.0001, n = 3).
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Figure8.
Ber—abl induces Fapl-dependent Fas resistance in myeloid progenitor cells. (A) Ber-abl+

Kg1 cells exhibit Fapl-dependent Fas resistance. Kgl cells were stably transfected with a
vector to express Ber—abl or with empty control vector, as described above. Cells were
pretreated with SLV peptide (Fapl-blocking) or VLS control peptide followed by treatment
with Fas-agonist antibody (or control antibody). Cells were analyzed for apoptosis by
staining for annexin V and flow cytometry. Statistically significant differences in apoptosis
are indicated by * or ** (p<0.001, n = 6). (B) Bcr—abl+ primary murine myeloid progenitor
cells exhibit Fapl-dependent Fas resistance. Primary murine bone marrow cells were
transduced with a vector to express Ber—abl or with empty vector control, as described
above. Cells were cultured under HSC or GMP conditions, or differentiated with G-CSF or
M-CSF, and pretreated with SLV or VLS control peptide, followed by treatment with Fas-
agonist antibody (or control antibody). Cells were analyzed for apoptosis by staining for
annexin V and flow cytometry. Statistically significant differences in apoptosis are indicated
by * or ** (p<0.0001, n = 4).
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Figure9.
Fapl-dependent Fas insensitivity influences development of IM resistance in Ber—abl+

myeloid progenitor cells. (A) IM resistance decreases Fas sensitivity in Bcr—abl+ primary
murine myeloid progenitor cells. Primary murine bone marrow cells were transduced with a
vector to express Ber—abl or with vector control and cultured under GMP conditions. Some
Bcr—abl+ cells were treated with increasing doses of IM to induce in vitro TKI resistance, as
described above. Cells were pretreated with SLV versus VLS, and high-dose IM (5 uM)
versus sham treatment, followed by treatment with Fas-agonist Ab (or control). Apoptosis
was determined by flow cytometry for annexin V staining. Statistically significant
differences in apoptosis are indicated by *, **, *** # # or ## (n<0.001, n = 4). (B) Fas-
resistant Bcr—abl+ primary murine myeloid progenitor cells expand more rapidly in vitro in
comparison to the total Ber—abl+ population. Primary murine bone marrow cells were
transduced with a vector to express Bcr—abl and cultured under GMP conditions with SLV
or VLS peptide. Prior to culture, some cells were treated with a Fas-agonist antibody, and
apoptotic cells were removed (indicated as the Fas-resistant population). Viable cells were
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counted each week. Statistically significant differences in cell numbers at a given time point
are indicated by *, ** or *** (p<0.01, n = 3). (C) Fapl-blocking SLV peptide impairs
development of IM resistance by Bcr—abl+ cells in vitro. Primary bone marrow cells were
transduced with a Ber—abl expression vector and some cells were depleted of the Fas-
sensitive subpopulation, as above. Cells were cultured under GMP conditions with or
without an increasing dose of IM (0.2 pg/mL to 2.0 pg/mL over 6 weeks), with SLV or VLS
(control) peptide in the culture. Viable cells were counted each week. Statistically
significant differences in cell numbers at a given time point are indicated by *, ** or ***
(p<0.01, n=3).
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