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(Bacl(ground: Iesbp represses transcription of PTPN13 (the gene encoding Fap1l) and loss of Icsbp induces Fap1l-dependent
Results: Tel and Hdac3 cooperate with Icsbp for PTPN13 repression, but this activity is inhibited by interaction of Tel with

Conclusion: Tel-PdgfRpB antagonizes the effects of Tel and Icsbp on PTPN13 transcription.
Significance: Tyrosine kinase activity of Tel-PdgfRp is not required for induction of Fapl-dependent Fas resistance.

J

Icsbp is an interferon regulatory transcription factor with leu-
kemia suppressor activity. In previous studies, we identified the
gene encoding Fas-associated phosphatase 1 (Fap1; the PTPN13
gene) as an Icsbp target. In the current study, we determine that
repression of PTPN13 by Icsbp requires cooperation with Tel
and histone deacetylase 3 (Hdac3). These factors form a multi-
protein complex that requires pre-binding of Tel to the PTPN13
cis element with subsequent recruitment of Icsbp and Hdac3.
We found that knockdown of Tel or Hdac3 in myeloid cells
increases Fap1 expression and results in Fap1-dependent resist-
ance to Fas-induced apoptosis. The TEL gene was initially iden-
tified due to involvement in leukemia-associated chromosomal
translocations. The first identified TEL translocation partner
was the gene encoding platelet-derived growth factor receptor 3
(PdgfRB). The resulting Tel-PdgfR fusion protein exhibits
constitutive tyrosine kinase activity and influences cellular pro-
liferation. In the current studies, we find that Tel-PdgfRp influ-
ences apoptosis in a manner that is independent of tyrosine
kinase activity. We found that Tel-PdgfRf3 expressing myeloid
cells have increased Fapl expression and Fapl-dependent Fas
resistance. We determined that interaction between Tel and
Tel-PdgfRB decreases Tel/Icsbp/Hdac3 binding to the PTPN13
cis element, resulting in increased transcription. Therefore,
these studies identify a novel mechanism by which the Tel-
PdgfRB oncoprotein may contribute to leukemogenesis.

Fas-associated phosphatase 1 (Fap1)? is a protein-tyrosine
phosphatase (PTP) that is encoded by the PTPN13 gene (1). Fas
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is a Fapl substrate, and interaction between Fap1l and the Fas C
terminus results in de-phosphorylation and inhibition of Fas (2,
3). In acute myeloid leukemia, increased expression of Fapl
correlates with resistance to Fas-induced apoptosis and
decreased response to chemotherapeutic agents (4, 5). Fapl-
dependent Fas resistance may also be involved in persistence of
the leukemia stem cell clone during treatment of chronic mye-
loid leukemia (CML) (6).

In previous investigations, we found that the interferon con-
sensus sequence binding protein (Icsbp, also known as inter-
feron regulatory factor 8; Irf8) repressed PTPN13 transcription
(7). We determined that Icsbp-induced PTPN13 repression
occurred in granulocyte/monocyte progenitor cells, and that
this activity increased during myeloid differentiation (7). We
found that tyrosine-phosphorylated Icsbp had a greater affinity
for the PTPN13 cis element and was a more efficient repressor
of transcription (7). Because Icsbp becomes increasingly tyro-
sine phosphorylated as differentiation proceeds, this provided a
mechanism for decreased Fap1 expression during myelopoiesis
(8,9).

We found that decreased Fapl expression in differentiating
phagocytic cells resulted in increased sensitivity to Fas-induced
apoptosis (7). Conversely, we found that increased Fap1 expres-
sion in myeloid cells with knockdown or knockout of Icsbp
resulted in Fap1l-dependent Fas resistance (7).

In clinical studies, decreased Icsbp expression was found in
the bone marrow of human subjects with uncontrolled CML,
during progression of CML to blast crisis, and in the majority of
de novo acute myeloid leukemia (10 —12). Therefore, decreased
Icsbp expression provided a potential mechanism for increased
Fapl in acute myeloid leukemia and CML. In vivo studies in
Icsbp knock-out mice and murine CML models demonstrated
that bone marrow progenitor cells with decreased Icsbp expres-
sion were hypersensitive to cytokine-induced proliferation and
survival in comparison to normal progenitor cells (13, 14). We
identified a number of target genes that may contribute to Icsbp
leukemia suppression activity, including PTPN13. For example,
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because Icsbp activates genes encoding phagocyte effector pro-
teins (15, 16), decreased Icsbp expression results in differentia-
tion block. Icsbp activates transcription of the gene encoding
Neurofibromin 1 (a Ras-Gap), resulting in a sustained prolifer-
ative response to cytokines in Icsbp-deficient cells (9, 16 -19).
Therefore, clarifying mechanisms by which Icsbp regulates
gene transcription is important to understanding molecular
mechanisms of leukemogenesis.

Icsbp activates some target genes in myeloid progenitor cells
and other target genes in mature phagocytes. Icsbp also
represses some target genes, and repression activity increases
or decreases during differentiation in a gene-specific manner
(9, 15, 16, 18, 19). Understanding the leukemia suppressor
effect of Icsbp therefore involves better understanding of mech-
anisms by which Icsbp regulates various genes. Because Icsbp
binds to all identified target genes as a member of a multipro-
tein complex, this involves identifying differences in protein-
partnering and binding site selection.

In the current studies, we identified a multiprotein complex
that is necessary for Icsbp-induced PTPN13 repression. This
repression complex includes Tel and histone deacetylase 3
(Hdac3). Tel is an ets protein that was first identified because
the TEL gene is involved in leukemia-associated chromosomal
translocations (20). Subsequent studies determined that Tel
interacts with Irf proteins, including Icsbp, and represses tran-
scription of various target genes during normal myelopoiesis.
Transcriptional repression of previously identified target genes
by the Tel-Irf complex involved recruitment of histone deacety-
lase activity (21, 22).

We considered the possibility that fusion proteins generated
by leukemia-associated TEL translocations might alter target
gene regulation by Tel. One such translocation involves TEL
and the gene encoding platelet-derived growth factor receptor
B (PdgfRp) (20). This translocation was identified in subjects
with chronic myelomonocytic leukemia (CMMoL); a
myeloproliferative/dysplastic disorder (20). Other investigators
demonstrated that the sole expressed transcript resulting from
this translocation includes the N terminus of Tel and the C
terminus of PdgfRB; neither mRNA nor protein representing
the reciprocal fusion gene were found (20). Wild type Tel is also
expressed in these cells from the nonmutated allele.

Tel-PdgfRB fusion protein includes the basic helix loop helix
domain from Tel, but does not include the Tel DNA-binding
domain. The fusion protein also includes the transmembrane
and kinase domains of PdgfRB, but not the extracellular domain
(20). Additional studies determined that homodimerization of
Tel-PdgfRB through Tel-basic helix loop helix domains
resulted in constitutive tyrosine kinase activity (23). Dimeriza-
tion between Tel-PdgfRB and the product of the normal Tel
allele was also observed (20, 23). It is additionally possible that
Tel-PdgfRB could interact with other normal Tel protein part-
ners, such as Irf proteins, although this has not been
investigated.

In the current study, we found that expression of Tel-PdgfR3
in myeloid cells increased Fapl expression and induced Fas
resistance. We found that this was due to decreased binding of
the Tel-Icsbp-Hdac3 complex to the PTPN13 cis element in
Tel-PdgfRB expressing cells. Therefore, these studies identified
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amechanism, independent of Tel-PdgfR 3 tyrosine kinase activ-
ity, by which this fusion protein may influence the pathogenesis
of leukemia.

MATERIALS AND METHODS
Plasmids

Protein Expression Vectors—The Icsbp cDNA was obtained
from Dr. Ben Zion-Levi (Technion, Haifa, Israel), the full-
length ¢cDNA was generated by PCR and subcloned into the
mammalian expression vector pcDNA and the pMSCVpuro
retroviral vector (Stratagene, La Jolla, CA) (24). The cDNAs for
Tel and Hdac3 were generated using mRNA isolated from U937
cells by reverse transcription followed by PCR. Sequence anal-
ysis was performed to verify identity with published sequences
and the cDNAs were subcloned into expression vectors. The
Tel-PdgfRB cDNA was a generous gift from Dr. Jonathan Licht
(Northwestern University, Chicago, IL). A kinase-inactive form
of Tel-PdgfRB was very kindly provided by Dr. Jean-Baptiste
Demoulin (De Duve Institute, University of Louvain, Brussels)
(25).

ShRNA Expression Vectors—shRNAs and scrambled control
sequences for Icsbp, Tel, and Hdac3 were designed with the
assistance of the Promega website. Double-stranded oligonu-
cleotides representing the complementary sequences separated
by a hairpin loop were subcloned into the pLKO.1puro vector (a
gift from Dr. Kathy Rundell, Northwestern University). Several
sequences were tested and the most efficient for suppression
were used individually or in combinations, as previously
reported (22).

PTPN13 Reporter Constructs—Oligonucleotides were syn-
thesized with 3 copies of the —587 to —627 bp sequence from
the PTPNI13 promoter (previously identified Icsbp-binding
site) (7). This double-stranded oligonucleotide was subcloned
into a minimal promoter/luciferase reporter vector (pGL3-pro-
moter, Stratagene). Reporter constructs were also generated
with 2.0 kb or 500 bp of PTPN13 5’ flank. These constructs were
described previously (7).

Oligonucleotides

Oligonucleotides were custom synthesized by MW G Biotech
(Piedmont, NC). Double-stranded oligonucleotides used in
DNA affinity purification experiments represented the —587 to
—627-bp sequence of the PTPN13 promoter (5'-CTCCCG-
GAGTCTGTTTCTAATTTCTGCAAATGATTGTGG-3":
the ISRE-like sequence is underlined), or a mutant form of the
PRDI-consensus (which also binds ets/Irf heterodimers), which
does not bind Icsbp (5'-TGTCTTTGTCTTTGTCTT-3').

Myeloid Cell Line Culture

The human myelomonocytic leukemia cell line U937 (26)
was obtained from Andrew Kraft (Hollings Cancer Center,
Medical University of South Carolina, Charleston, SC). The
human myeloblastic cell line KG1 was obtained from Dr. Leoni-
das Platanias (Robert H. Lurie Comprehensive Cancer Center,
Northwestern University). Cells were maintained as described

(7).
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Murine Bone Marrow Culture

Animal studies were approved by the Animal Care and Use
Committees of Northwestern University and Jesse Brown Vet-
erans Affairs Medical Center. Bone marrow mononuclear cells
were obtained from the femurs of WT C57/BL6 mice. Scal™
cells were separated using the Miltenyi magnetic bead system
(Miltenyi Biotechnology, Auburn, CA). Bi-potential myeloid
progenitor cells (granulocyte monocyte progenitors) were cul-
tured (at 2 X 10° cells/ml) in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 1% penicillin-
streptomycin, 20 ng/ml of murine GM-CSF (R & D Systems
Inc., Minneapolis, MN), 100 ng/ml of stem cell factor (SCF, R &
D Systems Inc.), and 10 ng/ml of murine recombinant IL3 (R &
D Systems Inc.). Cells were maintained in GM-CSF/SCF/IL3
for 48 h, or differentiated over 48 h in 10 ng/ml of G-CSF or
M-CSEF, as described (7, 22). Some myeloid progenitors were
transduced with a retroviral vector to express Tel-specific shR-
NAs, Hdac3-specific shRNAs, or scrambled control shRNAs, as
described (22).

Chromatin Co-immunoprecipitation

U937 cells were incubated briefly in medium supplemented
with formaldehyde and cell lysates were sonicated to generate
chromatin fragments with an average size of <200 bp (27).
Lysates were immunoprecipitated with antibody to Tel or irrel-
evant control antibody, as described (22).

Quantitative Real Time PCR

Determining mRNA Expression—RNA was isolated using the
TRIzol reagent (Invitrogen) and tested for integrity by denatur-
ing gel electrophoresis. Primers were designed with Applied
Biosystems software and real time PCR was performed using
SYBR Green according to the “standard curve” method. Results
were normalized to 18 S and are reported as mRNA abundance
relative to abundance in the cDNA sample used for standard
curve.

Quantifying Chromatin Immunoprecipitation—Chromatin
that co-precipitated with Tel antibody or preimmune serum
was amplified with primers flanking the Icsbp-binding cis ele-
ment in the PTPN13 promoter (—669 to —646: 5'-GTCGT-
GCTTGCACAGCTCCGCTCT-3' and —512 to —489: 5'-AC-
CTTGCATCAGACAGTGTCTCTC-3'). Results  were
normalized to PCR with total, nonprecipitated chromatin to
control for differences in DNA abundance between samples.

Myeloid Cell Line Transfections and Reporter Gene Assays

Stable Transfectant Cell Lines—U937 cells were transfected
by electroporation with vectors to express Icsbp, Tel, Hdac3,
Icsbp + Tel + Hdac3, or empty pcDNAamp vector plus a vec-
tor with a neomycin phosphotransferase cassette (pSRa) (30 ug
each). U937 or KG1 cells were also transfected by electropora-
tion with a construct to express Tel-PdgfRB or empty
pcDNAamp control plus pSRa (30 ng each). Stable pools of
cells were selected in G418 (0.5 mg/ml) and aliquots were tested
for Icsbp, Tel, and Hdac3 expression by real time PCR and
Western blot.

Transient Transfections for Reporter Gene Assays—U937
cells (32 X 10°/ml) were transfected with a vector to express
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various combinations of Icsbp, Tel, HDAC3, Tel-PdgfRp, a
kinase inactive form of Tel-PdgfRpB, Tel-specific shRNAs,
Hdac3-specific shRNAs, or relevant control vectors and mini-
mal promoter/firefly luciferase reporter constructs with 3 cop-
ies of the —587 to —627 bp PTPN13 sequence (ptpnl13GL3-p)
or minimal promoter/reporter control (p-GL3-p) (70 ug). Cells
were co-transfected with a CMV/Renilla luciferase vector to
control for transfection efficiency. Some cells were analyzed
after treatment with imatinib (IM) (at 1 um).

Transfectants were assayed for firefly and Renilla luciferase
expression after 48 h, as described (7, 22). Results of Renilla
assays were used to normalize firefly luciferase values between
samples and between experiments. Luciferase assay results are
reported in light intensity units.

Apoptosis Assays

Cells were incubated with Fas-agonist antibody (CH11) or
control antibody, as described (28). In some experiments, cells
were incubated for the last 12 h with SLV peptide (or control
VLS peptide) to disrupt the Fas/Fap-1 interaction (29). Apopto-
sis assays were performed using annexin V/propidium iodide
double staining. The cells were washed with culture medium,
adjusted to a concentration of 1 X 10° cells/ml, incubated with
Annexin-V/FITC solution (2.5 pug/ml) and propidium iodide
(12.5 pg/ml) on ice for 15 min, and analyzed on a BD Biosci-
ences FACScan flow cytometry (Cambridge, MA). Results are
reported as % apoptotic cells out of total cells.

Immunoprecipitation and Western Blots

Western Blots of Lysates Proteins—Cells were lysed by boiling
in 2X SDS sample buffer. Lysate proteins (50 ng) were sepa-
rated by SDS-PAGE (8% acrylamide) and transferred to nitro-
cellulose. Western blots were serially probed with various anti-
bodies plus GAPDH or tubulin (to control for loading). Each
experiment was repeated at least three times with different
batches of lysate proteins. A representative blot is shown.

Immunoprecipitation and Western Blots—Lysate proteins
were isolated from control and Tel-PdgfRp KG1 transfectants
and immunoprecipitated under denaturing conditions with an
anti-phosphotyrosine (phospho-Tyr) antibody (clone 4G10,
Upstate Biotechnology, Charlottesville, VA) or irrelevant con-
trol antibody. Precipitated proteins were collected with Staph
protein A-agarose, separated by SDS-PAGE, and transferred to
nitrocellulose. Western blots were probed with anti-Icsbp
antibody.

In other experiments, lysate proteins were immunoprecipi-
tated under nondenaturing conditions with an antibody to
PdgfRp or irrelevant control antibody. Western blots of precip-
itated proteins were probed with antibodies to Icsbp, Tel,
Hdac3, and PdgfRB (from Santa Cruz Biotechnology, Santa
Cruz, CA). Each experiment was repeated at least three times
with different batches of lysate proteins. A representative blot is
shown.

Isolation of Nuclear Proteins

Nuclear proteins were extracted from U937 cells as described
in previous studies (7, 22).

VOLUME 287 +NUMBER 11+MARCH 9, 2012



Tel-PdgfRf3 Interferes with Repression of PTPN13 by Icsbp/Irf8

In Vitro DNA-binding Assays

DNA Affinity Purification Assays—Nuclear proteins (300 pug)
were incubated with biotin-labeled double-stranded oligonu-
cleotide probe representing the —587 to —627 bp PTPN13 pro-
moter sequence or a non-Icsbp-binding PRDI mutant sequence
overnight in DNA affinity purification assay buffer (25 mm
HEPES (pH 7.6), 60 mm KCl, 5 mm MgCl,, 7.5% glycerol, 0.1 mm
EDTA, 1 mMDTT, and 0.25% Triton X-100). The DNA-protein
complexes were precipitated with 50 wl of a 50% slurry of neu-
travidin-coated agarose beads (Pierce). Proteins bound to the
beads were eluted, separated by SDS-PAGE (10% acrylamide),
and transferred to nitrocellulose. Western blots were probed
with an antibody to Icsbp, Tel, Hdac3, or PdgfRp.

Statistical Analysis

Statistical significance was determined by Student’s ¢ test and
analysis of variance methods 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 consid-
ered statistically significant at p < 0.05 (95% confidence inter-
val). Bars that are not statistically significantly different are
indicated by a lowercase letter in all figures.

RESULTS

Icsbp, Tel, and Hdac3 Cooperate to Repress a PTPN13 Pro-
moter cis Element—In previous investigations, we identified a
cis element in the PTPN13 promoter located between —587
and —627 bp, repressed by Icsbp, and homologous to the Irf/ets
DNA-binding consensus sequence (7, 30). We demonstrated
binding of Icsbp to this cis element in vitro and in vivo (7). In the
current investigations, we generated an artificial promoter/re-
porter plasmid with three copies of this PTPN13 cis element
(referred to as ptpn13GL3-p). In initial experiments, this con-
struct (or empty pGL3-p control vector) was transfected into
U937 myeloid leukemia cells along with a dose titration of a
vector to express Icsbp (or empty control expression vector).

As anticipated, these studies demonstrated that overex-
pressed Icsbp induced a dose-dependent decrease in activity of
the isolated PTPNI3 cis element (Fig. 14). We found that
reporter expression in experiments with this PTPN13 cis ele-
ment containing construct was decreased significantly in trans-
fectants with 30 or 50 g of Icsbp expression plasmid in com-
parison to transfectants with empty vector control (p = 0.0001,
n = "7and p = 0.000001, n = 7, respectively). In contrast, there
was no significant decrease in PTPN13 cis element activity in
transfectants with 10 ug of Icsbp expression plasmid in com-
parison to control transfectants (p = 0.4, n = 8). For all reporter
gene assays, statistical significance is reported as standard error
and 7 indicates the number of independent transfection exper-
iments (performed in triplicate).

In control experiments, we found that overexpression of the
Icsbp protein was increased by increasing amounts of Icsbp
expression plasmid in the transfectants (Fig. 1B). This corre-
lated with decreased expression of endogenous Fapl protein.
These experiments were performed using lysate proteins from
reporter gene assays presented in Fig. 14.
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Because Icsbp cooperates with Tel and Hdac3 to repress
other target genes, we tested the ability of Tel and Hdac3 to
repress the PTPN13 cis element-containing reporter construct
(22). We found that overexpressed Tel repressed this cis ele-
ment in a dose-dependent manner (Fig. 14). Activity of the
PTPN13 cis element was significantly less in transfection exper-
iments with 30 or 50 ug of Tel expression plasmid in compari-
son to transfectants with empty control expression vector (p =
0.0001, n = 8, and p < 0.0001, n = 8, respectively). However,
PTPNI3 cis element activity was not significantly repressed in
transfectants with 10 ug of Tel expression plasmid (p = 0.8, 7 =
8 for comparison with control transfectants).

In control experiments, overexpression of Tel was increased
in the transfectants with increasing doses of Tel expression
plasmid (Fig. 1C). This correlated with decreased endogenous
Fapl protein expression in these cells. These experiments were
performed with cell lysate proteins from reporter gene assays
from Fig. 1A.

Repression of the PTPN13 cis element-containing construct
by overexpressed Hdac3 was significant at the highest levels of
Hdac3 expression plasmid tested (p = 0.00001, » = 8 for trans-
fectants with 50 ug of Hdac3 expression plasmid versus control
plasmid, and p = 0.04, n = 8 for transfectants with 30 ug of
Hdac3 expression plasmid) (Fig. 1A). PTPN13 cis element
activity was not significantly different in control transfectants
versus transfectants with 10 ug of Hdac3 expression plasmid
(»p=09,n=238).

In control experiments, we found that increasing doses of
Hdac3 expression plasmid in the transfectants resulted in
increased Hdac3 expression (Fig. 1D). This correlated with
decreased expression of endogenous Fapl protein. These
experiments were also performed with cell lysates from
reporter gene assays presented in Fig. 14.

To address the specificity of these results, we also tested
activity of the PTPN13 cis element in transfection experiments
with overexpressed Irfl or Irf2, Pu.l (an ets protein that also
partners with Icsbp), and Hdac2. None of these proteins
repressed the cis element (not shown).

We next investigated whether Icsbp, Tel, and Hdac3 cooper-
ate to repress the Icsbp-binding PTPN13 cis element. For these
experiments, U937 cells were co-transfected with PTPN13 cis
element-containing reporter vector (or control) and vectors to
overexpress both Icsbp and Tel. Because we were interested in
cooperative rather than additive effects, amounts of Icsbp and
Tel expression vectors were used that did not individually influ-
ence PTPN13 cis element activity (10 ug for each). We found
that activity of the PTPN13 cis element was significantly less in
cells co-expressing Icsbp + Tel at these levels in comparison to
transfectants with empty expression vectors (p < 0.00001, n =
12) (Fig. 1A), suggesting a greater than additive effect (because
10 pg of either Icsbp or Tel plasmid did not alone alter PTPN13
cis element activity).

We performed similar experiments to determine whether
Hdac3 cooperated with either Icsbp or Tel for repression of the
PTPN13 cis element. Combinations of Hdac3, Icsbp, and Tel
expression vectors were transfected into U937 cells using
amounts of expression plasmid that did not individually repress
the PTPN13 cis element. We found that activity of the PTPN13
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FIGURE 1. Tel and Hdac3 cooperate with Icsbp to repress the Icsbp-binding cis element from the PTPN13 promoter. A, Icsbp, Tel, and Hdac3 cooperate
torepressaPTPN13 ciselement. U937 myeloid cells were co-transfected with a reporter vector with three copies of the Icsbp-binding PTPN13 cis element linked
to a minimal promoter (ptpn13GL3-p) or with empty vector control (p-GL3p) along with various combinations of vectors to overexpress Icsbp, Tel, and Hdac3
(or empty expression vector, indicated as control). Other cells were co-transfected with these reporter constructs plus various combinations of vectors to
express Icsbp (or empty vector control), and Tel- or Hdac3-specific ShRNAs (or scrambled control shRNA). Activity of the empty p-GL3p plasmid was less than
10% of the activity of the ptpn13GL3-p construct and was subtracted as background. Activity of the PTPN13 cis element was not influenced by co-transfection
with control expression vector or vectors expressing scrambled control shRNA, so the latter is not shown. Sets of experiments with reporter gene activity that
is not significantly different (p > 0.2 for all comparisons) are indicated by a lowercase letter (i.e. all bars indicated by a are not significantly different, etc.).
Statistically significant difference in reporter gene activity between pairs of experiments (p < 0.01 for all comparisons) are indicated by *, **, *** # ##, ###, &,
&&, &&&, A or An (i.e. the bars labeled by * are significantly different from each other, etc.). B, overexpression of Icsbp decreases Fap1 expression in a
dose-dependent manner. U937 myeloid cells were transfected with an Icsbp expression vector or with empty control vector, as indicated. Western blots of cell
lysates were probed with antibodies to Icsbp, Tel, Hdac3, Fap1, or Gapdh (as a loading control). This blot represents transfectants performed at the same time
as one of the reporter gene assays from A. C, overexpression or knockdown of Tel influences Fap1 expression. U937 myeloid cells were transfected with a Tel
expression vector (or empty control vector), or a vector to express a Tel-specific ShRNAs (or scrambled shRNA control vector). Western blots of cell lysates were
probed with antibodies to Icsbp, Tel, Hdac3, Fap1, or Gapdh (as a loading control). This blot represents transfectants performed at the same time as one of the
reporter gene assays from A. D, overexpression or knockdown of Hdac3 influences Fap1 expression. U937 myeloid cells were transfected with an Hdac3
expression vector (or empty control vector), or a vector to express an Hdac3-specific shRNAs (or scrambled shRNA control vector). Western blots of cell lysates
were probed with antibodies to Icsbp, Tel, Hdac3, Fap1, or Gapdh (as a loading control). This blot represents transfectants performed at the same time as one
ofthereporter gene assays from A. £, the histone deacetylase inhibitor trichostatin A blocks repression of the Icsbp-binding PTPN 13 promoter cis element. U937
cells were co-transfected with the PTPN13 cis element containing the reporter construct (as above) and a vector to overexpress lcsbp. Samples were treated
with TSA. Reporter assays were performed and sets of experiments without a statistically significant difference (p > 0.2) are indicated by a lowercase a.
Statistically significant differences in reporter activity (p < 0.01 for all comparisons) are indicated by *, **, or ***,

cis element-containing construct was significantly less in trans- Because Tel and Hdac3 are constitutively expressed in
fectants co-expressing Hdac3 with either Icsbp or Tel in com- U937 cells, we determined the effect of decreased expression
parison to transfectants with control expression vectors (p < of these proteins on repression of the PTPN13 cis element by
0.000001, » = 12, and p < 0.00001, n = 11, respectively) (Fig. Icsbp. This provided an additional method to examine coop-
1A). We also found that PTPN13 cis element activity was sig- eration. For these experiments, U937 cells were co-trans-
nificantly less in transfectants co-overexpressing Icsbp + Tel + fected with the PTPN13 cis element-containing reporter
Hdac3 (10 g each) in comparison to Icsbp + Tel (p = 0.0006, vector (or control vector) and various combinations of vec-
n = 12) or Iesbp + Hdac3 (p = 0.00001, » = 12) (Fig. 1A). tors to overexpress Icsbp (or vector control) and a vector to
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FIGURE 2. Icsbp, Tel, and Hdac3 cooperate to repress the PTPN13 promoter. A, Icsbp, Tel, and Hdac3 cooperate to repress the PTPN13 promoter. U937
myeloid cells were co-transfected with a reporter vector with 670 bp of the PTPN13 promoter (ptpn13GL3) or with empty vector control (p-GL3) and a vector
to expresslcsbp (50 wg), Tel (50 wg), Hdac3 (50 ng), all three (10 g each), or empty expression vector (indicated as control). Activity of the empty p-GL3 plasmid
was ~10% of the activity of the ptpn13GL3 construct and was subtracted as background. Results of reporter assays that are not statistically significantly
different are indicated by lowercase a. Statistically significant differences in reporter gene activity are indicated by *, **, *** or #. B, overexpression of the Icsbp,
Tel, and Hdac3 decrease in Fap1 expression in a dose-dependent manner. U937 myeloid cells were transfected with vectors to express Icsbp, Tel, Hdac3, or all
three together (or with empty expression vector). Western blots (WB) of cell lysates were probed with antibodies to Icsbp, Tel, Hdac3, Fap1, or Gapdh (as a
loading control). This blot represents transfectants performed at the same time as one of the reporter gene assays from A.

express Tel or Hdac3 specific shRNAs (or scrambled
shRNAs).

A dose titration of Tel- and Hdac3-specific SARNA vectors
was performed to identify the amount of vector that produced
significant knockdown of the protein (Fig. 1, C and D), but did
not influence activity of the PTPN13 cis element-containing
construct (Fig. 1A4). For these experiments, we used an amount
of Icsbp expression vector that induced maximal PTPN13 cis
element repression (50 ug). We found that PTPN13 cis element
activity was significantly greater in transfectants with Icsbp
overexpression and Tel knockdown, or Icsbp overexpression
and Hdac3 knockdown in comparison to transfectants with
Icsbp overexpression alone (p < 0.000001, # = 6 for both sets).
Therefore, Icsbp-induced repression of the PTPN13 cis ele-
ment was impaired by knockdown of either Tel or Hdac3.

In control experiments, expression of Tel protein was
decreased in the transfectants with increasing doses of a Tel-
specific ShARNA expression plasmid and this correlated with
increased endogenous Fapl protein (Fig. 1C). Similarly, we
found that increasing doses of an Hdac3-specific shRNA
expression plasmid decreased Hdac3 expression and increased
expression of endogenous Fapl protein (Fig. 1D). These blots
were performed with cell lysates from reporter gene assays pre-
sented in Fig. 1A.

These results suggested that Icsbp depends upon partner
proteins for binding to and/or repression of the PTPN13 cis
element. To determine whether histone deacetylase activity
was required for PTPN13 repression, additional studies were
performed using trichostatin A (TSA; a histone deacetylase
inhibitor). U937 cells were co-transfected with the PTPN13
cis element-containing artificial promoter construct
(ptpn13GL3-p; or control vector), and an Icsbp expression vec-
tor (or control expression vector), and analyzed with or without
TSA treatment. We found that TSA reversed the repression
activity of overexpressed Icsbp in a dose-dependant manner
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(Fig. 1E). The dose of TSA that was required to inhibit Hdac3 in
these studies was consistent with our published investigations
of repression of the GAS2 promoter by Icsbp, Tel, and Hdac3 in
U937 cells (22).

For the experiments above (Fig. 1, A and D), activity of the
empty pGL3-p reporter vector was less than 10% of the activity
of the PTPN1I3 cis element-containing reporter vector. This
control vector activity was not influenced by overexpression or
knockdown of Tel, Icsbp, or Hdac3, or by treatment with TSA,
and was subtracted as background. Activity of the transfected
ptpnl3GL3-p reporter plasmid was not altered by transfection
with empty control expression vector or control vectors with
various scrambled shRNAs. “Control” lanes in Fig. 14 represent
transfection with empty pcDNA expression vector.

These studies suggested that Icsbp, Tel, and Hdac3 all influ-
enced the same PTPN13 cis element. However, it was possible
that this might be an artifact of the artificial promoter/reporter
system used in these studies, and that Tel and Hdac3 might not
influence activity of this cis element in the context of the intact
promoter. To investigate this, additional transfection experi-
ments were performed using a construct with 670 bp of the
PTPN135' flank. In previous studies, we demonstrated that 670
bp was the minimal PTPN13 promoter sequence that included
the Icsbp-binding cis element (7).

Therefore, U937 cells were co-transfected with the 670-bp
PTPN13 promoter construct (or empty reporter vector) and
vectors to overexpress Tel (50 ug), Hdac3 (50 ug), or Icsbp +
Tel + Hdac3 (10 ug each) (or empty expression vectors). These
studies demonstrated repression by overexpressed Tel or
Hdac3, consistent with repression of the isolated cis element by
these proteins (Fig. 24). Also similar to the studies with the
isolated cis element, the three proteins together repressed the
670-bp promoter more efficiently than each of them individu-
ally (Fig. 2A). We found similar results in transfection experi-
ments with a 2.0-kb PTPN13 promoter construct (not shown).
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FIGURE 3. Tel and Hdac3 bind to the PTPN13 cis element. A, Tel and Hdac3 interact with the Icsbp-binding PTPN13 cis element in vitro. DNA affinity
purification assays were performed with U937 nuclear proteins and biotin-labeled, double-stranded oligonucleotide probes representing the PTPN13 cis
element (dsPTPN13) or a mutant form of the ets/Irf DNA-binding consensus sequence (dsPRDImut). Proteins that bound to the probes were purified by affinity
probe for avidin-conjugated beads, separated by SDS-PAGE, and identified by serially probing Western blots with antibodies to Icsbp, Tel, and Hdac3.
Nonaffinity purified protein was included on the SDS-PAGE to control for loading (indicated as 1/10 input protein). B, Tel, but not Icsbp or Hdac3, bound to the
PTPN13 cis element in vitro. DNA affinity purification assays were also performed using the dsPTPN13 and dsPRDImut probes and in vitro translated Icsbp, Tel,
or Hdac3. For these experiments, recombinant proteins were labeled with [**SImethionine. Untreated, in vitro translated proteins were included on the
SDS-PAGE as a loading control and to demonstrate size of the proteins (indicated as 1/10 input protein). C, Tel binding facilitated binding of Icsbp and Hdac3 to
the PTPN13 cis element in vitro. DNA-affinity purification assays were also performed with combinations of in vitro translated Tel, Icsbp, and Hdac3. For these
studies Tel synthesized in vitro in the absence of [**S]methionine (unlabeled) was combined with **S-labeled Icsbp or Hdac3. For other experiments, unlabeled
Tel and Hdac3 were combined with 3*S-labeled Icsbp, or unlabeled Tel and Icsbp were combined with labeled 3°S-labeled Hdac3. Probes used in these
experiments were dsPTPN13 and dsPRDImut, as above, and unbound in vitro translated proteins were run in control lanes (indicated as 1/10 input protein). D,
Tel binds to the PTPN13 cis element in vivo. Chromatin immunoprecipitation experiments were performed using U937 myeloid leukemia cells and an antibody
to Tel (orirrelevant control antibody). Cell lysates were sonicated to generate chromatin fragments of <200 bp prior to immunoprecipitation. Co-precipitating
chromatin was amplified by quantitative real time PCR using primers that flank the Icsbp-binding PTPN13 cis element (generating an 80-bp product). Results

are normalized to total input chromatin. A statistically significant increase in co-precipitation with Tel antibody is indicated by *.

In control experiments, we found that overexpression of
Icsbp, Tel, or Hdac3 each decreased expression of endogenous
Fap1 protein, and the three together had an even greater effect
(Fig. 2B). These experiments were performed with cell lysate
proteins from reporter gene assays from Fig. 24. We found that
the activity of empty reporter vector (pGL3) was less than 10%
the activity of the PTPN13 promoter/reporter vector. Activity
of the control vector was not influenced by overexpression of
Tel, Icsbp, or Hdac3 and was subtracted as background.

Icsbp Binding to PTPN13 Cis Element Requires Tel—These
studies demonstrated that Icsbp, Tel, and Hdac3 cooperate to
repress the PTPN13 cis element. However, they did not specif-
ically demonstrate Tel or Hdac3 interaction with this cis ele-
ment. We investigated these potential interactions using an in
vitro DNA-affinity purification assay. For these experiments,
nuclear proteins from U937 cells were incubated with a biotin-
labeled, double-stranded oligonucleotide probe representing
the PTPN13 cis element, or a probe representing a mutant form
of the ets/Irf consensus sequence. Proteins that bound to the
oligonucleotide probes were purified by affinity of the probe for
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avidin beads, separated by SDS-PAGE, and identified by West-
ern blot. Because we previously demonstrated increased Icsbp
binding to this PTPN13 cis element during differentiation,
some nuclear proteins were isolated from IFN+y-treated U937
cells (for monocyte differentiation; 500 units/ml for 48 h). We
found that Icsbp, Tel, and Hdac3 all bound to the PTPNI13
probe in this assay, but not to the mutant probe (Fig. 34). In the
case of Tel, binding was increased by differentiation (Fig. 34).

We next investigated whether binding order was important
for assembly of the Icsbp-Tel-Hdac3 protein complex on the
PTPNI13 cis element. For these experiments, >*S-labeled Icsbp,
Tel, and Hdac3 were individually in vitro translated in rabbit
reticulocyte lysate and incubated with the PTPN13 cis element
probe or mutant control probe. Proteins that bound to the
probes were co-purified by affinity to avidin beads, separated by
SDS-PAGE, and identified by autoradiography. We found that
only in vitro translated Tel bound independently to the
PTPN13 probe (Fig. 3B).

Therefore, we investigated whether Tel binding to the
PTPNI3 cis element facilitated Icsbp or Hdac3 binding. For
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these experiments, >*S-labeled in vitro translated Icsbp was
incubated with the PTPN13 probe in the presence of in vitro
translated (but unlabeled) Tel, Hdac3, or Tel + Hdac3. Affinity
purified proteins were analyzed by SDS-PAGE. We found that
Icsbp bound in the presence of Tel, but not Hdac3 (Fig. 3C). We
also found reproducibly more Icsbp binding in the presence of
Tel + Hdac3 in comparison to Tel alone. We performed similar
studies of Hdac3 binding. We found that Hdac3 bound in the
presence of Tel, but not Icsbp alone (Fig. 3C). These studies
suggested that assembly of the repression complex required
pre-binding of the Tel for Icsbp and Hdac3 recruitment.

We initially identified PTPNI13 as an Icsbp target gene by
coupling chromatin immunoprecipitation (with an Icsbp anti-
body) with screening a CpG island microarray (7). Therefore,
we used chromatin immunoprecipitation to investigate in vivo
Tel binding to this PTPN13 cis element. For these experiments,
U937 cells were treated with formaldehyde to form DNA-pro-
tein cross-links, cell lysates were sonicated under conditions
that sheared the DNA to fragments of less than 200 bp, and
chromatin was co-immunoprecipitated with an antibody to Tel
(or irrelevant control antibody). Co-precipitating chromatin
was amplified by quantitative real time PCR using primers
flanking the PTPN13 cis element, as described in Ref. 7. This
assay identified specific in vivo Tel binding to the PTPN13 cis
element (Fig. 3D).

Icsbp, Tel, and Hdac3 Cooperate to Influence Fapl Expression—
Our previous studies determined that expression of Fap1 pro-
tein and mRNA was decreased by Icsbp overexpression and
increased by Icsbp knockdown in myeloid cell lines and primary
murine myeloid progenitor cells (7). In the current investiga-
tions, we determined whether the expression level of Tel and/or
Hdac3 also influenced Fapl expression. For initial studies,
U937 cells were stably transfected with vectors to overexpress
Icsbp, Tel, Hdac3, or Icsbp + Tel + Hdac3 (or empty control
vectors). Cell lysates were analyzed by Western blot for Fapl
expression. We found that overexpression of any of these pro-
teins individually decreased Fap1 protein (Fig. 4A4). Simultane-
ous overexpression of the three proteins resulted in a greater
decrease in Fapl protein in comparison to overexpression of
any individual protein. In control experiments, we found that
each of the proteins were appropriately overexpressed (Fig. 4A4).
We also found that overexpression of Icsbp, Tel, or Hdac3 did
not influence the expression level of the other two.

These stable transfectants were analyzed for Fapl mRNA
expression by real time PCR. Consistent with protein expres-
sion results, we found significantly less Fapl mRNA in trans-
fectants overexpressing Icsbp, Tel, or Hdac3 in comparison to
control vector transfectants (p < 0.0001, n = 3) (Fig. 4B). The
effect of Hdac3 overexpression on Fapl mRNA abundance was
somewhat less than the effects of Icsbp or Tel. However, co-
overexpression of all three proteins decreased Fapl mRNA
expression to a significantly greater extent than each protein
individually (p < 0.00001, n = 3) (Fig. 4B). In control studies,
Icsbp, Tel, and Hdac3 were each significantly overexpressed in
cells stably transfected with the relevant expression vector (p <
0.000001 for all proteins, n = 3). For all real time PCR experi-
ments, 7 represents the number of independent experiments
performed in triplicate.
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We previously found that Fap1 expression in primary murine
myeloid progenitors and differentiating cells from Icsbp ™/~
mice was greater than expression in WT mice (7). Therefore,
we investigated the impact of Tel or Hdac3 knockdown on Fap1
expression in primary murine myeloid cells. For these experi-
ments, bone marrow cells were isolated from WT mice and
transduced with a retroviral vector to express Tel-specific shR-
NAs, Hdac3-specific ShRNAs, or scrambled control shRNAs.
Cells were cultured in GM-CSF, IL3, and SCF and CD34™" cells
were separated. Cells cultured under these conditions are
enriched for the granulocyte/monocyte progenitor population
(31).

These transduced cells were analyzed for Fapl protein
expression by Western blot of total cell lysates. Consistent with
results of studies in U937 cells, we found increased Fap1 protein
in cells with Tel or Hdac3 knockdown (Fig. 4C). Control exper-
iments demonstrated knockdown of the target proteins by the
respective ShRNA expression vectors. In these studies, Hdac3
knockdown did not influence Tel protein expression, and Tel
knockdown did not influence Hdac3 protein expression.

Transduced cells were also analyzed for Fapl mRNA expres-
sion by real time PCR. We found significantly more Fapl
mRNA in cells with Tel or Hdac3 knockdown in comparison to
cells expressing a scrambled control shRNA (p < 0.002, n = 3)
(Fig. 4D). In control experiments, the abundance of Tel or
Hdac3 mRNA were appropriately decreased by these vectors.
However, knockdown of Tel did not significantly alter mRNA
expression for Icsbp or Hdac3 in comparison to expression of
scrambled, control shRNA (p = 0.2, n = 3) (Fig. 4D). Similarly,
knockdown of Hdac3 did not significantly alter mRNA expres-
sion for Icsbp or Tel in comparison to expression of scrambled,
control shRNA (p = 0.1, n = 3) (Fig. 4D).

Expression of Fap1, Tel, Hdac3, and Icsbp mRNA was equiv-
alent in sham transduced cells and in cells transduced with
scrambled control shRNA expression vectors specific to Tel or
Hdac3. Therefore, data are shown only from the scrambled
shRNA control for shTel.

Tel and Hdac3 Influence Fas-induced Apoptosis in a Fapl-
dependent Manner—QOverexpression of Icsbp in U937 cells
increases the sensitivity of this relatively resistant cell line to
Fas-induced apoptosis (7). In the current studies, we used stable
transfectants, described above, to investigate the impact of Tel
and Hdac3 overexpression on Fas sensitivity, and the possibility
of functional cooperation between proteins. For these studies,
cells were treated with a Fas agonist antibody (CH11) or irrele-
vant control antibody, and apoptosis was determined by
annexin V staining and flow cytometry. For all apoptosis stud-
ies, n represents the number of independent experiments, per-
formed in triplicate.

Control cells were resistant to induction of apoptosis by Fas-
agonist antibody in this assay (no significant difference in apo-
ptosis with versus without Fas-Ab, p = 0.9, n = 3) (Fig. 5A).
Icsbp overexpression significantly increased the % of cells
undergoing apoptosis in response to Fas antibody in compari-
son to control U937 cells (p < 0.0001, » = 3), as in our previous
studies (7). We found that overexpression of Tel or Hdac3 also
significantly increased the % of cells undergoing apoptosis in
response to Fas-Ab in comparison to control vector transfected
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FIGURE 4. Icsbp, Tel, and Hdac3 cooperate to decrease Fap1 expression. A, Icsbp, Tel, and Hdac3 cooperated to decrease Fap1 protein expression in U937
transfectants. U937 cells were stably transfected with vectors to express Icsbp, Tel, Hdac3, Icsbp + Tel + Hdac3, or empty control vectors. Protein expression
was analyzed by Western blots (WB) of total cell lysates serially probed with antibodies to Fap1, Icsbp, Tel, HDac3, and tubulin (as a loading control). B, Icsbp,
Tel, and Hdac3 cooperated to decrease Fap1 mRNA expression in U937 transfectants. The stable U937 transfectants described above were also analyzed for
expression of Fap1, Icsbp, Tel, and Hdac3 mRNA by quantitative real time PCR. Results were normalized to 18 S. Lack of statistically significant difference (p >
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(p > 0.4 for all comparisons) are indicated by lowercase letters (a, b, ¢, and d). Statistically significant differences (p < 0.01 for all comparisons) are indicated by
*, **, or ***'

cells (for Tel, p = 0.0002, n = 3, and for Hdac3, p = 0.006, n =
3) (Fig. 5A). Cells that were co-overexpressing Icsbp and Tel
were significantly more Fas sensitive in comparison to cells that
were overexpressing Icsbp or Tel alone (p = 0.02 and 0.01,
respectively, n = 3). Cells co-overexpressing Icsbp and Tel and
Hdac3 were more Fas sensitive than cells co-overexpressing
Icsbp and Tel (p = 0.01, n = 3) (Fig. 5A). These studies sug-
gested that decreased Fapl expression, caused by overexpres-
sion of the three proteins, increased Fas sensitivity.
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Interaction between Fapl and Fas is blocked by a specific
tripeptide representing the C-terminal amino acids of Fas (ser-
ine-leucine-valine; SLV peptide) (29). In previous studies, we
found that Fas resistance of Icsbp ™/~ primary murine myeloid
progenitor cells was reversed by treatment with the SLV pep-
tide (7). In the current studies, we used transduced primary
murine bone marrow cells, as described above, to investigated
the effect of Tel or Hdac3 knockdown on Fapl-dependent Fas
resistance. Cells were assayed for annexin V staining by flow
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cytometry after treatment with the Fas agonist antibody (or
control antibody).

We found that knockdown of either Tel or Hdac3 signifi-
cantly decreased the % of myeloid progenitor cells that were
sensitive to Fas-Ab-induced apoptosis (for comparison to con-
trol vector-transduced cells, p = 0.003 and 0.001, respectively,
n = 3) (Fig. 5B). To determine the role of Fap1 in Fas resistance,
these cells were incubated with SLV peptide (or VLS control
peptide). We found that treatment with SLV peptide signifi-
cantly increased apoptosis in Fas-Ab-treated cells with knock-
down of Tel or Hdac3 (p = 0.006 and 0.002 respectively, n = 3)
(Fig. 5B). Apoptosis was not significantly different in experi-
ments with VLS control peptide versus no added peptide (p >
0.5, n = 6), so VLS treatment is used as the negative control in
these studies.

Tel-PdgfRB Impairs Repression of PTPN13 Promoter by Icsbp,
Tel, and Hdac3—Because binding of Tel to the PTPNI3 cis
element is essential for assembly of the complex with Icsbp and
Hdac3, we hypothesized that the Tel-PdgfRp fusion protein
might influence activity of the PTPN13 cis element. To test this
hypothesis, U937 cells were co-transfected with the PTPN13 cis
element-containing reporter construct (or reporter vector con-
trol) and a vector to express Tel-PdgfR (or control expression
vector). We found that overexpression of Tel-PdgfR signifi-
cantly increased activity of the PTPN13 cis element in a dose-
dependent manner (p = 0.002 and 0.0001 for comparison of
transfectants with 10 or 30 ug of Tel-PdgfR 3 plasmid with con-
trol plasmid transfectants, n = 3) (Fig. 6A).

We considered the possibility that Tel-PdgfRB might pre-
vent Icsbp and/or Tel from binding to and repressing the
PTPNI3 cis element. To investigate this hypothesis, U937
transfection experiments were performed with the PTPN13 cis
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element reporter vector (or control), Tel-PdgfRB expression
vector (or control), and a dose titration of Icsbp or Tel expres-
sion vector. We found that activity of the PTPN13 cis element
was significantly greater in cells co-transfected with vectors to
express both Tel-PdgfRB and Icsbp in comparison to transfec-
tants overexpressing Icsbp only (p = 0.0003 and 0.00001 for
comparison of 30 or 50 ug of Icsbp expression vector * Tel-
PdgfRB, n = 4) (Fig. 6A). Similarly, we found that PTPN13 cis
element activity was significantly greater in cells co-transfected
with vectors to express both Tel-PdgfRB and Tel in comparison
to transfectants overexpressing Tel only (p < 0.00001 for com-
parison of 30 or 50 ug of Tel expression vector = Tel-PdgfRp,
n=4).

We considered the possibility that endogenous tyrosine
kinase activity of Tel-PdgfRB might be responsible for activa-
tion of the PTPN13 cis element. To investigate the role of Tel-
PdgfRp kinase activity on PTPN13 cis element activity directly,
we repeated the experiment in the presence of the tyrosine
kinase inhibitor imatinib (IM). Although this tyrosine kinase
inhibitor was developed to inhibit the Bcr-abl oncogene, it also
inhibits Tel-PdgfRB (32). We found that PTPN13 cis element
activity in Tel-PdgfRB expressing transfectants was not signif-
icantly altered by treatment with 0.5 or 2.0 um doses of IM in
comparison to sham treatment (p = 0.2 in three-way analysis of
variance for comparison of untreated, low dose and high dose
IM-treated Tel-PdgfRp expressing transfectants, n = 3) (Fig.
6B).

We verified that these doses of IM significantly inhibited Tel-
PdgfRp kinase activity (autophosphorylation) by Western blot
of lysate proteins from the transfectants (Fig. 6C). This experi-
ment also demonstrated an equivalent increase in endogenous
Fapl protein in transfectants with Tel-PdgfRB = IM. This
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FIGURE 6. Tel-PdgfR impairs repression of the Icsbp-binding PTPN13 by lcsbp and Tel. A, Tel-PdgfRB expression increased activity of the PTPN13 cis
element and impaired repression by overexpressed Icsbp and Tel. U937 cells were stably transfected with a vector to express Tel-PdgfR (or control expression
vector) and co-transfected with a reporter vector with three copies of the Icsbp-binding PTPN13 cis element linked to a minimal promoter (ptpn13L3-p) or
control reporter vector, and vectors to express various amounts of Icsbp or Tel (or empty control vector). Activity from the empty reporter vector was <10% of
the ptpn13GL3-p, which was subtracted as background. Reporter activity not statistically significant (p > 0.2) is indicated by a lowercase a. Statistically
significant differences in reporter activity are indicated by *, **, *** # #i#, ###, & &&, &&&, A, or AA. B, Tel-PdgfRB-induced PTPN13 cis element activity is
independent of tyrosine kinase activity of the fusion protein (imatinib studies). U937 cells that were stably transfected with a vector to express Tel-PdgfR or
control expression vector were co-transfected with a reporter vector with three copies of the Icsbp-binding PTPN13 cis element linked to a minimal promoter
(ptpn13GL3-p) or control reporter vector. Some transfectants were treated with the tyrosine kinase inhibitor imatinib (IM). Activity from the empty reporter
vector was <10% of the ptpn13GL3-p, which was subtracted as background. Reporter not statistically significantly different (p > 0.2 for all comparisons) is
indicated by a lowercase letter (a, b, and c). Statistically significant differences (p < 0.01 for all comparisons) in reporter activity are indicated by * or **. C,
Tel-PdgfRB-induced increase in Fap1 protein expression is not inhibited by imatinib. U937 myeloid cells were stably transfected with a vector to express
Tel-PdgfRB or empty control vector. Some transfectants were treated with imatinib as indicated. Total cell lysates were analyzed for Tel-PdgfRp tyrosine
phosphorylation (activation) by Western blots (WB), which were serially probed with antibodies to Fap1, phospho-PdgfRp, total PdgfR3, or tubulin (as a loading
control). This blot represents transfectants performed at the same time as one of the reporter gene assays from B. D, Tel-PdgfRB-induced PTPN13 cis element
activity isindependent of tyrosine kinase activity of the fusion protein (studies with kinase inactive fusion protein). U937 cells that were stably transfected with
a vector to express Tel-PdgfRp, a kinase inactive form of Tel-PdgfR3 (KD-Tel-PdgfR), or control expression vector were co-transfected with a reporter vector
with three copies of the Icsbp-binding PTPN13 cis element linked to a minimal promoter (ptpn13GL3-p) or control reporter vector. Reporter activity not
statistically significantly different is indicated by a lowercase letter (a, b, and ¢). Statistically significant differences in reporter activity are indicated by *. E,
Tel-PdgfRB increased Fap1 protein expression in a tyrosine kinase independent manner. U937 myeloid cells were stably transfected with a vector to express
Tel-PdgfRpB, KD-Tel-PdgfRB, or empty control vector. Total cell lysates were analyzed by Western blots, which were serially probed with antibodies to PdgfRg,
Fap1, or tubulin (as a loading control). The anti-PdgfRB antibodies used in this experiment recognize both endogenous PdgfRB and the product of the
Tel-PdgfRB transgene. This blot represents transfectants performed at the same time as one of the reporter gene assays from B. F, Tel-PdgfRB expression does
not alter expression or tyrosine phosphorylation of Icsbp in myeloid cell line transfectants. Tel-PdgfR stable transfectants were also analyzed for phospho-
rylation and expression of Icsbp. Cell lysates were immunoprecipitated (under denaturing conditions) with an antibody to phosphotyrosine or irrelevant
control antibody. Co-precipitating proteins were separated by SDS-PAGE and Western blots were probed with an antibody to Icsbp. Nonprecipitated lysates
were also included on the SDS-PAGE (indicated as /10 input protein) as a loading control for Icsbp abundance.

10000

Western blot was performed with cell lysate proteins from were equivalently expressed in this experiment, and both forms
transfectants used to generate reporter gene assay data. of Tel-PdgfRp increased endogenous Fap1 protein expression
U937 cells were also co-transfected with the PTPN13 cisele-  (Fig. 6E).

ment-containing reporter construct (or reporter vector con-
trol) and a vector to express a kinase inactive form of Tel-
PdgfRB (KD-Tel-PdgfRpB) versus “wild type” Tel-PdgfRpB (or
vector control) (25). We found that activity of the PTPN13 cis
element-containing construct was increased equivalently by
expression of either Tel-PdgfRfB or KD-Tel-PdgfRB in this
assay (p = 0.8, n = 3) (Fig. 6D). The two forms of Tel-PdgfRf3
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Because Icsbp knockdown increases PTPN13 promoter
activity (7), we considered the possibility that Tel-PdgfRf3
might decrease Icsbp expression, as has been observed for Bcr-
abl (14, 22). Also, because tyrosine phosphorylation of Icsbp
increases binding affinity for the PTPN13 cis element, we con-
sidered the possibility that Tel-PdgfR3 might decrease Icsbp
tyrosine phosphorylation. The latter was contraintuitive, but
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FIGURE 7. Tel-PdgfRB increased activity of the PTPN13 promoter. A, Tel-PdgfR B increased PTPN13 promoter activity in a kinase-independent manner. U937
cells that were stably transfected with a vector to express Tel-PdgfRp, a kinase inactive form of Tel-PdgR3 (KD-Tel-PdgfRp), or control expression vector were
co-transfected with a reporter vector with 670 bp of the PTPN13 promoter (ptpn13GL3) or control reporter vector. Activity from the empty reporter vector was
<10% of the ptpn13GL3, which was subtracted as background. Differences in reporter activity not statistically significantly different (p > 0.6) are indicated by
a lowercase a. Statistically significant differences (p < 0.0001) in reporter activity are indicated by *. B, Tel-PdgfRB increased Fap1 protein expression in a
tyrosine kinase-independent manner. U937 myeloid cells were stably transfected with a vector to express Tel-PdgfRB, KD-Tel-PdgfR 3, or empty control vector.
Total cell lysates were analyzed by Western blots (WB), which were serially probed with antibodies to PdgfRB, Fap1, or tubulin (as a loading control). The
anti-PdgfRB antibodies used in this experiment recognize both endogenous PdgfRB and the product of the Tel-PdgfRB transgene. This blot represents
transfectants performed at the same time as one of the reporter gene assays from A.

might occur through an indirect mechanism, such as phospha-
tase activation by Tel-PdgfRB. We investigated these possibili-
ties by performing phosphotyrosine immunoprecipitation and
Western blotting for Icsbp in cells stably expressing Tel-
PdgfRpB (or transfected with control vector). We found that
Icsbp protein abundance and tyrosine phosphorylation were
not influenced by Tel-PdgfR expression (Fig. 6F).

These studies suggested that expression of the Tel-PdgfRf
fusion protein interfered with PTPN13 repression by Icsbp and
Tel. However, these studies were performed with an artificial
promoter construct with the isolated cis element. Although this
assay was specific for influence of these proteins on a common
cis element, we performed control studies to assure that Tel-
PdgfRp also influenced the intact PTPN13 promoter. To inves-
tigate this, additional transfection experiments were performed
using a construct with 670 bp of the PTPN13 5’ flank (or empty
reporter vector) and vectors to express Tel-PdgfRB (30 ug), or a
kinase inactive form of Tel-PdgfRB (30 ug) (or empty expres-
sion vector).

These studies demonstrated that both forms of Tel-PdgfRpB
were equivalently efficient at activation of the PTPNI13 pro-
moter (Fig. 7A). The extent of promoter activation for the two
forms of Tel-PdgfR 3 was similar to the studies with the isolated
cis element (Figs. 6D and 7A). We found similar results in trans-
fection experiments with a 2.0-kb PTPN13 promoter construct
(not shown).

In control experiments, we found that expression of either
Tel-PdgfRB or kinase-inactive Tel-PdgfRf was equivalent and
each increased expression of the endogenous Fap1 protein (Fig.
7B). These experiments were performed with cell lysate pro-
teins from reporter gene assays from Fig. 7A. We found that
activity of empty reporter vector (pGL3) was not influenced by
expression of either form of Tel-PdgfRB and was subtracted as
background.
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Tel-PdgfRB Impairs Binding of Tel and Icsbp to PTPN13 Pro-
moter Cis Element—These studies led to the hypothesis that
Tel-PdgfRB might prevent binding of Icsbp, Tel, or both to the
PTPN13 cis element. To investigate this possibility, we per-
formed DNA-affinity purification assays, similar to studies
above, with cells stably transfected with a Tel-PdgfRf expres-
sion vector (or control vector). Nuclear proteins from these
transfectants were incubated with a biotin-labeled, double-
stranded oligonucleotide probe with either the PTPN13 cis ele-
ment or mutant, nonbinding control probe. Proteins that
bound to the probes were purified by affinity to avidin beads,
and Icsbp or Tel were identified by Western blot. We found that
expression of Tel-PdgfRp significantly decreased binding of
both Icsbp and Tel to the PTPN13 cis element probe (Fig. 8A).
The Tel antibody used in these experiments recognizes both
endogenous Tel and the Tel-PdgfR fusion protein. Therefore,
this experiment also demonstrated that the fusion protein did
not bind to the PTPN13 cis element probe in vitro.

Tel-PdgfRpB interacts with wild type Tel through the basic
helix loop helix domains in the two proteins (23). Therefore, we
hypothesized that the fusion protein might bind to wild type
Tel and make it unavailable for interaction with the PTPN13 cis
element. To investigate this possibility, we determined if
endogenous Tel interacted with Tel-PdgfRB using the transfec-
tants described above. We found that an anti-PdgfRB antibody
successfully co-immunoprecipitated endogenous Tel in exper-
iments with cells expressing Tel-PdgfRf3 expressing cells, but
not control cells (Fig. 8B).

Because Icsbp binding to the PTPN13 cis element required
pre-binding of Tel, these results suggested that decreased avail-
ability of Tel in Tel-PdgfRB expressing cells might decrease
Icsbp interaction with this cis element. Also, because Tel inter-
acts with Irf proteins, it was possible that expression of Tel-
PdgfRB might deplete available Icsbp in the transfectants;
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FIGURE 8. Tel-PdgfRp interacted with Tel and Icsbp and decreased binding of these proteins to the PTPN13 cis element. A, Tel-PdgfRB expression in
myeloid cell lines decreased binding of Tel and Icsbp to the PTPN13 cis element in vitro. DNA affinity purification assays were performed with KG1 nuclear
proteins stably expressing Tel-PdgfR3 (or with empty control vector), and biotin-labeled, double-stranded oligonucleotide probes representing the Icsbp/Tel
binding site in the PTPN13 promoter (dsPTPN13) or a non-lcsbp binding mutant sequence (dsPRDImut). Affinity purified proteins were separated by SDS-PAGE
and Western blots were probed with antibodies to Icsbp and Tel (using an antibody that recognizes both wild type Tel and the Tel-PdgfRB fusion protein).
Nonprecipitated proteins were also included on the SDS-PAGE (indicated as 1/10 input protein) and Western blots were probed with a Lamin A antibody as a
loading control. B, Tel and Icsbp co-immunoprecipitated with Tel-PdgfRB from myeloid cells. Total cell lysates from these KG1 stable transfectants were
immunoprecipitated with an antibody to PdgfRB (or with irrelevant antibody control). Immunoprecipitates were separated by SDS-PAGE and Western blots
were serially probed with antibodies to Icsbp, Tel, or PdgfRB. The Tel and PdgfRB antibodies used in these experiments recognize the endogenous protein and
the Tel-PdgfRB fusion proteins. Nonprecipitated proteins were included on the SDS-PAGE (indicated as 1/10 input protein) and Western blots were also probed

with tubulin antibody as a loading control.

either by direct interaction between Icsbp and the fusion pro-
tein, or indirectly through interaction with Tel bound to Tel-
PdgfRpB. Therefore, we also investigated Icsbp co-immunopre-
cipitation with Tel-PdgfRB using these transfectants. We found
significant co-precipitation of Icsbp with PdgfRpB in experi-
ments with cells expressing the fusion protein, but not with
endogenous PdgfRp in control cells (Fig. 8B).

Tel-PdgfRB Increases Fapl Expression and Impairs Fas-in-
duced Apoptosis—Based on these results, we investigated the
effect of Tel-PdgfRB on Fapl protein and mRNA using stable
transfectants of the Kgl myeloid line. We found increased
expression of the Fap1 protein in Tel-PdgfR expressing cells in
comparison to control cells by Western blot (Fig. 94). We also
investigated Fapl mRNA expression in these transfectants.
Consistent with protein expression results, we found signifi-
cantly more Fapl mRNA in Tel-PdgfRpB expressing transfec-
tants in comparison to control transfectants (p < 0.00001, n =
3) (Fig. 9B). This increase in Fapl mRNA expression was not
altered by treatment of the transfectants with IM (p = 0.8, n =
3 for Tel-PdgfRB expressing transfectants with versus without
IM) (Fig. 9B). These experiments were performed at an IM dose
that inhibited Tel-PdgfRp activity (determined by autophos-
phorylation; Fig. 9C).

Expression of Icsbp and Tel mRNA was not significantly dif-
ferent in Tel-PdgfRB expressing transfectants in comparison to
control transfectants (p = 0.2 and 0.4, n = 3, respectively) (Fig.
9B). Expression of the fusion protein did not significantly alter
expression of endogenous PdgfRB mRNA in comparison to
control vector transfectants (p = 0.05, n = 3) (Fig. 9B).

We anticipated that increased Fapl expression in Tel-
PdgfRp expressing cells would impair Fas-induced apoptosis.
To investigate this, stable transfectants overexpressing Tel-
PdgfRp (or vector control cells) were treated with Fas agonist
antibody and SLV peptide or VLS control. Apoptosis was deter-
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mined by flow cytometry, as above. We found that Fas-antibody
treatment significantly increased apoptosis in control Kgl cells
(p = 0.002, n = 4 for % apoptotic cells with versus without
Fas-Ab) (Fig. 9D), as in our previous studies (7). Fas-antibody
treatment induced significantly less apoptosis in Tel-PdgfRf3
expressing cells in comparison to control cells (p = 0.003, n =
4). However, apoptosis in Tel-PdgfRB expressing cells treated
with SLV peptide and Fas-antibody was significantly greater
than Tel-PdgfRB expressing cells treated with Fas-antibody
alone (p = 0.001, n = 4) (Fig. 9D). The % of apoptosis for Tel-
PdgfRB expressing cells treated with Fas-Ab + SLV peptide was
not significantly different with versus without tyrosine kinase
inhibition with IM (p = 0.3, n = 4) (Fig. 9D).

Neither SLV nor VLS peptide alone induced significant apo-
ptosis in Tel-PdgfRB expressing cells or control cells in the
absence of the Fas-agonist Ab, consistent with our previous
studies (7).

DISCUSSION

In this study, we determined that repression of PTPN13 tran-
scription by Icsbp involves formation of a multiprotein com-
plex with Tel and Hdac3. We also found that pre-binding of Tel
to the cis element is necessary for Icsbp binding, and histone
deacetylase activity is necessary for PTPN13 repression. Addi-
tionally, we determined that knockdown of Tel or Hdac3
increases PTPN13 transcription, Fapl expression, and Fapl-
dependent Fas resistance in myeloid cells. These studies there-
fore identify a novel function for Tel; regulation of Fas sensitiv-
ity during myelopoiesis. We also found that expression of the
leukemia-associated Tel-PdgfRf oncoprotein increases Fapl
expression and Fas resistance. Importantly, this effect did not
require tyrosine kinase activity of the fusion protein. Instead,
our studies suggest that interaction with Tel-PdgfR results in
decreased availability of Tel and Icsbp for binding to the
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FIGURE 9. Tel-PdgfRp increased Fap1 expression and induced Fas resistance in myeloid cells. A, Tel-PdgfR increased Fap1 protein expression in KG1
myeloid cells. KG1 cells were stably transfected with a vector to express Tel-PdgfRB or control vector and analyzed for Fap1 protein expression. Western blots
of total cell lysates were serially probed with antibodies to Fap1, Tel (using an antibody which identifies endogenous Tel and Tel-PdgfRp), or tubulin (as a
loading control). C, Tel-PdgfRB increased Fap1 mRNA expression in KG1 myeloid cells. The KG1 stable transfectants described above were also analyzed for
Fap1 mRNA expression by real time PCR. Expression of Icsbp, endogenous Tel, endogenous PdgfR3, and Tel-PdgfR3 were also determined. For these experi-
ments, Tel- and PdgfRB-specific primer sets were used, which do not recognize the Tel-PdgfRg fusion transcript, and a Tel-PdgfRB primer set was used, which
only recognizes the fusion transcript. Nonstatistically significant differences in mRNA expression (p > 0.05 for all comparisons) are indicated by lowercase letters
(a, b, ¢, and d). Statistically significant differences (p < 0.001 for all comparisons) in expression are indicated by * or **. B, treatment with imatinib impaired
Tel-PdgfRB autoactivation in KG1 transfectants. KG1 myeloid cells were stably transfected with a vector to express the Tel-PdgfR fusion protein or empty
control vector. Untreated cells were compared with cells treated with imatinib (/M) as indicated. Total cell lysates were analyzed for Tel-PdgfRp tyrosine
phosphorylation (activation) by Western blots, which were serially probed with antibodies to phospho-PdgfR, total PdgfRp, or tubulin (as a loading control).
The anti-PdgfRB antibodies used in this experiment recognize both endogenous PdgfRB and the product of the Tel-PdgfRB transgene. C, Tel-PdgfR3 induced
Fap1-dependent Fas resistance in KG1 myeloid cells. KG1 stable transfectants with Tel-PdgfR3 or control vector were analyzed for Fas-induced apoptosis. Cells
were treated with SLV (Fas/Fap1 blocking peptide) or VLS control peptide, and Fas-agonist antibody or irrelevant control antibody. Some cells were addition-
ally treated with imatinib. Apoptosis was determined by annexin V staining and flow cytometry, and expressed as % apoptotic cells. Differences in apoptosis
not statistically significantly different (p > 0.05 for all comparisons) are indicated by lowercase letters (a, b, and c). Statistically significant differences (p < 0.001
for all comparisons) are indicated by *, **, or ***,

PTPN13 cis element. This is a novel activity for Tel-PdgfRBand  activation was shown to involve formation of a multiprotein
a nontyrosine kinase-related mechanism by which this onco- complex with Icsbp, Pu.1 (an ets protein), Irfl, and the CREB-
protein may contribute to leukemogenesis. binding protein (CBP) (8). Assembly of the activation complex
Icsbp is an interferon regulatory transcription factor that involves pre-binding of the ets protein, as we found for PTPN13
functions as a “tumor suppressor” for myeloid leukemia. Iden- in the current studies. These protein-protein interactions are
tification of Icsbp target genes has clarified some of the molec- mediated by signal-dependent phosphorylation of Pu.1 and the
ular mechanisms involved in this activity. The first identified Irf proteins.
Icsbp target genes encoded phagocyte-specific proteins, Icsbp target genes involved in regulating cell proliferation
including gp9177°¥, p67°"°X, Toll-like receptor 4, and IL18  were also identified, including genes encoding Neurofibromin 1
(15, 16, 33, 34). Icsbp activates transcription of these genes dur-  (Nf1; a RasGap) and growth arrest-specific protein 2 (Gas2; a
ing myelopoiesis, resulting in acquisition of phagocyte func- calpain inhibitor) (18, 22). Icsbp activates NFI transcription by
tional competence. For some of these genes, transcriptional forming a multiprotein complex with Pu.1 and Irf2, similar to
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the mechanism for activation of phagocyte effector genes (18).
In cytokine-stimulated myeloid progenitor cells, Icsbp-induced
Nfl expression terminates Ras-related proliferative signals
transduced by cytokine receptors (9). In contrast, Icsbp
represses GAS2 transcription by participating in a complex
with Tel and Hdac3. Decreased Gas2 expression increases cal-
pain-mediated degradation of B-catenin protein (22). There-
fore, decreased Icsbp activity results in B-catenin-dependent
cell proliferation (22).

These studies suggest that, during normal myelopoiesis,
Icsbp is involved in activation of phagocyte-specific genes, pro-
liferation arrest, and increased sensitivity to Fas-induced apo-
ptosis. Conversely, decreased Icsbp expression, which is com-
mon in CML and acute myeloid leukemia, results in
differentiation block, dysregulation of cytokine-stimulated
proliferation, and Fas resistance. Identification of these Icsbp
target genes suggested the existence of an “ets/Irf code” or gene
regulatory network involved in myelopoiesis. These studies
additionally suggest the hypothesis that the ets partner for
Icsbp determines whether the Icsbp complex will activate (with
Pu.1l) or repress (with Tel) transcription. Identification and
characterization of additional target genes will determine
whether this hypothesis is correct.

Studies in our laboratory and others indicate that the level of
Fap1 expression influences Fas resistance in leukemia and other
malignancies. Our current studies suggest that increased Fapl
expression would be anticipated in CMMoL with TEL/PDG-
FRB (due to t(5;12)), although this will require confirmation.
CMMoL with this translocation is not common, and gene
expression profiles for such patients are not found in publicly
available databases. If increased Fapl expression is associated
with Fas resistance in CMMoL subjects, our studies suggest
that this would not be amenable to treatment with IM or other
tyrosine kinase inhibitors. This may provide a partial explana-
tion for the inferior therapeutic response of CMMoL to IM in
comparison to CML.

Previous studies of Tel-PdgfRpB focused on tyrosine kinase
activity of the oncogene. These studies demonstrated that this
activity dysregulates proliferation in CMMoL cells. Studies of
apoptosis in cells expressing Tel-PdgfRB have not been as clear.
One published report indicates that apoptosis is increased in
BaF3 cells expressing Tel-PdgfRB (17). Comparison to our
results suggests that the cellular milieu (i.e. lymphoid versus
myeloid) may be an important determination of some conse-
quences of Tel-PdgfRpB expression. We found that expression
of Tel-PdgfRp in the Fas-sensitive KG1 myeloid progenitor cell
line results in Fas resistance that is overcome by blocking Fap1-
Fas interaction. We found that Fap1 expression is not altered by
IM treatment of Tel-PdgfRB expressing cells, nor did IM treat-
ment further influence Fas sensitivity of SLV peptide-treated
Tel-PdgfRB expressing cells.

Our studies identify a mechanism for Fas resistance in Tel-
PdgfRB expressing cells that is independent of tyrosine kinase
activity, but dependent on protein-protein interactions with
the fusion protein. Our results suggested that Tel-Tel-PdgfRpB
interaction prevents Tel from participating in normal gene reg-
ulatory activities. Our studies also suggest that Icsbp-Tel-
PdgfR interaction occurs, perhaps involving a heterotrimer of
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Tel, Icsbp, and Tel-PdgfRB. The exact interactions will be of
interest for potential targeting of this molecular mechanism in
CMMol.

These studies suggest that inhibition of the Tel-PdgfRf tyro-
sine kinase activity may leave some leukemia promoting activ-
ities unperturbed. This has implications for understanding
CMMolL with this translocation and suggests multifunctional-
ity for this oncoprotein.
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