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Abstract

The HOX11/TLX1 homeobox gene is aberrantly expressed in a subset of T-cell acute lymphoblastic
leukemia (T-ALL). Here we employed oligonucleotide microarrays to compare the expression
profiles of the K3P and Sil leukemic cell lines originating from patients with HOX11* T-ALL to that
of Jurkat cells which originated from a distinct subtype of T-ALL (TAL1*). To distinguish potential
HOX11 target genes from those characteristic of the stage of HOX11 leukemic arrest, we also
performed gene expression analysis on Jurkat cells genetically-engineered to express exogenous
HOX11. The resulting HOX11 gene expression signature, which was validated for representative
signaling pathways by transient transfection of reporter constructs, was characterized by elevated
expression of transcriptional programs involved in cell proliferation, including those regulated by
E2F, c-Myc and CREB. We subsequently showed that ectopic HOX11 expression resulted in
hyperphosphorylation of the retinoblastoma protein (Rb) which correlated with inhibition of the
major Rb serine/threonine phosphatase PP1. HOX11 also inhibited PP2A serine/threonine
phosphatase activity concomitant with stimulation of the AKT/PKB signaling cascade. These results
suggest that transcriptional deregulation of G41/S growth-control genes, mediated in large part through
blockade of PP1/PP2A phosphatase activity, plays an important role in HOX11 pathobiology.
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Introduction

The HOX11/TLX1 homeobox gene encodes an oncogenic transcription factor that is activated
in approximately 5-10% of childhood and 30% of adult T-cell acute lymphoblastic leukemia
(T-ALL), frequently due to chromosomal translocations involving the T cell receptor 6 or B
genes (Owens and Hawley, 2002). Ferrando and colleagues previously reported the gene
expression profiles of primary leukemic lymphoblasts from T-ALL patients (Ferrando et al.,
2002). In the case of HOX11* samples, the expression profile was indicative of leukemic arrest
at the early cortical thymocyte stage of T cell development. However, it was not possible in
that study to distinguish HOX11 target genes from genes that are normally expressed at this
stage of T cell differentiation. Thus, while the transforming potential of HOX11 is well
established (Hawley et al., 1994a; Hawley et al., 1997; Keller et al., 1998; Owens et al.,
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2003), the transcriptional programs affected by its aberrant expression in developing T cell
precursors remain to be elucidated.

Our group previously performed a comprehensive structure-function analysis of HOX11 and
inferred from hematopoietic precursor immortalization assays that specific homeodomain-
DNA interactions are required for HOX11-mediated transformation (Owens et al., 2003). In
addition, these experiments revealed that the amino terminus of HOX11 (amino acids 1-200)
was essential for transforming function. In addition to DNA binding activity (Owens et al.,
2003; Dear et al., 1993; Allen et al., 2000), HOX11 was shown by others to interact directly
with the catalytic subunits of the protein serine/threonine phosphatases PP2A and PP1 via a
region (amino acids 149—190) upstream of the homeodomain (Kawabe et al., 1997), with high
affinity interaction requiring amino acids 1-190. PP2A and PP1 are important regulators of
multiple intracellular signaling pathways (Janssens and Goris, 2001; Cohen, 2002). In the
context of leukemic transformation, HOX11-mediated inhibition of PP2A was proposed to
eliminate a G,/M cell-cycle checkpoint based on results obtained with y-irradiated Jurkat T-
ALL cells (Kawabe et al., 1997).

Here we conducted oligonucleotide microarray analyses of two cell lines established from
patients with HOX11* T-ALL [K3P (Dube et al., 1991) and Sil (Hatano et al., 1991)] and
compared the gene expression profiles to those of TAL1* Jurkat T cells (Pulford et al., 1995)
before and after introduction of a HOX11 transgene. We next searched for HOX11 “signature”
genes conserved between human and murine cells by determining the gene expression profile
of amurine HOX11* tumor cell line that originated from a T-cell leukemia/lymphoma induced
in mice transplanted with HOX11-transduced bone marrow cells (Hawley et al., 1997). We
confirmed that HOX11 modulated selected gene expression programs identified in this manner
in transient transfection experiments with reporter constructs linked to appropriate cis-acting
regulatory elements. The results obtained indicate that HOX11 stimulates multiple signaling
pathways, most notably those regulating G1/S-phase progression. Moreover, the combined data
support a mechanism of HOX11 oncogenicity in which inhibition of PP1/PP2A activity plays
an important role.

Expression profiling of HOX11* T-ALL cell lines

Ferrando and colleagues previously determined the expression profiles of primary leukemic
lymphoblast samples from T-ALL patients using oligonucleotide microarrays representing
~7,300 genes (Affymetrix HU6800 GeneChip) (Ferrando et al., 2002). The expression
signature associated with HOX11* T-ALL reflected leukemic arrest at the early cortical stage
of thymocyte differentiation whereas that identified for TAL1* leukemic lymphoblasts
resembled thymocytes transiting the late cortical stage. Building on this framework, we
employed Affymetrix HG-U133A GeneChips comprising ~14,500 genes to compare the
expression patterns of the HOX11* K3P (Dube et al., 1991) and Sil (Hatano et al., 1991) T-
ALL cell lines with that of Jurkat T-ALL cells, which are TAL1* (Pulford et al., 1995).

Analysis of microarray data from hybridization experiments performed in triplicate for genes
differentially expressed in HOX11* K3P and Sil cells versus TAL1* Jurkat cells identified
high levels of expression of HOX11 itself as expected (and, vice versa, TALL in Jurkat cells)
and increased levels of expression of a number of associated genes (24 probe sets) placed by
Ferrando and colleagues into the “Cell proliferation” and “Chemotherapy response and drug
targets” functional groups (Figure 1A, see also Supplementary Information file “Filtered
data.xls”, Ferrando sheet). Collectively, the mean signal intensities of expression values for
these HOX11 signature genes in K3P cells (3,000 £ 90) and Sil cells (2,770 * 60) were

Oncogene. Author manuscript; available in PMC 2008 June 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riz and Hawley

Page 3

significantly higher than in Jurkat cells (600 + 100) (P < 0.002; Table 1). We interpreted these
results to indicate that the K3P and Sil cell lines were valid in vitro models of HOX11* T-ALL.

Among the previously described HOX11 signature genes, we noted examples known to be
involved in cell cycle progression and G4/S transition, including those regulated by E2F and
c-Myc (Sears and Nevins, 2002). These findings prompted us to systematically examine the
microarray data for E2F and c-Myc target genes. A subgroup of E2F target genes (50 probe
sets) was created by in silico screening of genes identified by several groups in experiments
that combined E2F global chromatin immunoprecipitation of cross-linked protein-DNA
complexes with DNA microarray analyses (Ren et al., 2002; Weinmann et al., 2002; Wells et
al., 2002). To complete the list, we also included known direct E2F-induced genes such as
dihydrofolate reductase (DHFR) and cyclin D3 (Fry etal., 1999; Ma et al., 2003). In aggregate,
the mean signal intensities of expression levels for all extracted E2F targets were significantly
increased in K3P (3,100 * 50) and Sil (3,000 £ 100) cells versus Jurkat cells (1,000 + 200)
(P < 0.006; Table 1), suggesting that the HOX11* molecular phenotype is associated with
elevated E2F activity. To compare gene expression levels of c-Myc target genes in HOX11*
versus HOX11™ T-ALL cells (Zeller et al., 2003), we used a similar bioinformatics approach
to compile two subgroups: set | consists of c-Myc-inducible genes (22 probe sets) identified
in c-Myc global chromatin immunoprecipitation experiments that contain promoter-associated
E-boxes (Fernandez et al., 2003) and set Il consists of genes (35 probe sets) identified in c-
Myc global chromatin immunoprecipitation experiments whose expression positively
correlates with c-myc mRNA levels in multiple tissues and cell lines (correlation coefficient
>0.69) (Li etal., 2003). As can be seen in Table 1, the mean expression level for the combined
set | c-Myc targets was increased ~2.3-fold in K3P and Sil cells versus Jurkat cells (P < 0.02)
whereas the mean expression level for the combined set Il c-Myc targets was increased ~1.7-
fold, although the results obtained for the latter comparison did not reach statistical significance
for Sil versus Jurkat cells (P < 0.06). (See Supplementary Information file “Filtered data.xIs”,
E2F and Myc sheets, for a complete listing of E2F and Myc targets.)

Among other genes expressed at significantly higher levels in Sil and K3P cells than in Jurkat
cells were targets (17 probe sets) of the CAMP response element binding protein (CREB) (>2.8-
fold, P < 0.03; Table 1 and Supplementary Information file “Filtered data.xls”, CREB sheet)
(Conkrightetal., 2003) and a subset of genes (29 probe sets) involved in mitochondrial function
(2-fold, P < 0.001; Table 1 and Supplementary Information file “Filtered data.xIs”,
Mitochondrial sheet), the latter genes potential downstream targets of the c-Myc/NRF-1 and
CREB transcriptional networks (Kelly and Scarpulla, 2004). In addition, significantly elevated
expression (17- to 26-fold; P <0.02 and 0.001, respectively, in K3P and Sil cells) was observed
for a subset of genes (14 probe sets) induced by IFN (Table 1 and Supplementary Information
file “Filtered data.xlIs”, IFN sheet) (Krasnoselskaya-Riz et al., 2002).

Lastly, a large subset of genes (43 probe sets) related to Wnt signaling (Varas et al., 2003),
including Wnt family members, Wnt receptors and Wnt-induced genes, were found to be
expressed at reduced levels compared with the average signal for the entire microarray in all
cases. More striking, however, was the observation that their collective expression was down-
regulated in the HOX11* K3P and Sil cell lines compared with HOX11~ Jurkat cells (~3.5-
fold lower, P < 0.001; Table 1 and Supplementary Information file “Filtered data.xIs”, Wnt
sheet).

Gene expression changes induced by ectopic expression of HOX11 in Jurkat cells

To begin to address the question of which features of the molecular portrait of HOX11" T-
ALL could be attributed to HOX11 expression, the HOX11 gene was stably introduced into
HOX11™ Jurkat cells by retroviral-mediated gene transfer using an amphotropic MSCVhyg-
HOX11 retrovirus that also expressed the hygromycin resistance gene as selectable marker

Oncogene. Author manuscript; available in PMC 2008 June 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riz and Hawley

Page 4

(Hawley et al., 1994a; Hawley et al., 1994b). Ectopic expression of exogenous HOX11 in
Jurkat/MSCVhyg-HOX11 cells was confirmed by Western blot analysis (see Supplementary
Figure 1). Jurkat cells transduced with amphotropic MSCVhyg retrovirus containing only the
hygromycin resistance gene served as controls (Hawley et al., 1994b). To avoid clone-specific
variations in gene expression patterns, bulk populations of Jurkat/MSCVhyg-HOX11 and
Jurkat/MSCVhyg cells were subjected to microarray analysis.

The microarray data was filtered to identify genes whose median values of the signal log, ratio
intriplicate experiments in Jurkat/MSCVhyg-HOX11 cells versus Jurkat/MSCVhyg cells were
>1 and all values for the corresponding K3P/Jurkat and Sil/Jurkat signal log, ratios were >1.
A list of 112 genes identified by these criteria was created (see Supplementary Information file
“Filtered data.xls”, HOX11 groups sheet) and uploaded into the NetAffx Gene Ontology Data
tool (Ashburner et al., 2000) to generate functional groups (see Supplementary Information
file “HOX11 groups.jpg”). The most strongly represented functional groups were “Cell cycle”,
“DNA replication and chromosome cycle”, “Chromosome organization and biogenesis”, and
“Regulation of transcription”. Notably, included within these groups were E2F and c-Myc
target genes, genes associated with chromatin remodeling and transcription, and transcripts
modulated by the phosphatidylinositol 3-kinase (PI3K)/AKT and IFN signaling pathways, all
of which were up-regulated. Selected genes identified by this approach are presented in Figure
1B.

HOX11* T-ALL molecular phenotype exhibited by murine HOX11* T-cell tumors

Previously, we reported that enforced retroviral expression of HOX11 in murine bone marrow
cellstransplanted into syngeneic BALB/c recipients gave rise to T-ALL-like malignancies after
long latency (Hawley et al., 1997). To determine whether the murine HOX11* T-cell tumors
shared common molecular features with HOX11* T-ALL, we carried out microarray
hybridizations on the THY137 cell line, which originated from one of the HOX11* T-cell
tumors. THY 137 cells resemble CD4*CD8* double-positive cortical thymocytes that have
acquired surface CD3 expression. For comparison, microarray hybridizations were also
performed on the HOX11™ THY112.2C cell line, which was derived from a T-cell tumor that
arose in a BALB/c mouse transplanted with bone marrow cells transduced with a retroviral
vector constitutively expressing the v-H-ras gene (Hawley et al., 1995). THY112.2C thymic
lymphoma cells express low levels of CD4, CD8 and CD3.

Included among the genes differentially expressed in HOX11* THY 137 cells versus
HOX11™ THY112.2C cells were E2F- and c-Myc-related genes and CREB targets, all of which
were expressed at higher levels in THY 137 cells. Selected genes are presented in Figure 2A.
A list of all genes (43 probe sets) expressed in human and murine HOX11* T-ALL at least 2-
fold higher than in the corresponding HOX11™ control cells was created using
RESOURCERER software (see Supplementary Information file “Filtered data.xIs”, HOX11
all >2 sheet). The logs ratios of signal intensities of selected genes are shown in Figure 2B.
Highlighted are genes involved in cell proliferation, chromatin remodeling, transcription,
signaling pathways and mitochondrial function.

Validation of microarray data and HOX11 transcriptional mechanisms

As shown in Figure 1B, the direct introduction of HOX11 into Jurkat cells caused activation
of E2F targets, c-Myc targets and c-Myc cooperating genes such as CDC6, ORC1L, RAD51,
PCNA, MYB, MYCBP(AMY), RAF1 and NMI (Hateboer et al., 1998; Zeller et al., 2003; Ren
et al., 2002; Weinmann et al., 2002; Wells et al., 2002). Among the genes differentially
expressed at higher levels in HOX11* THY 137 cells were c-myc itself and the E2F target
cyclin D3 (CCND3; Figure 2A), deregulated expression of which may predispose to malignant
transformation (Chen et al., 2003; Sonoki et al., 2001).
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E2F- and Myc-dependent transcription is regulated by the retinoblastoma (Rb) family of
proteins (“pocket” proteins), which includes Rb and the related proteins p107 and p130 (Sears
and Nevins, 2002; Classon and Harlow, 2002; Beijersbergen et al., 1994; Luo et al., 2004).
This suggested that the observed activation of G1/S-specific transcription could be due to
HOX11-mediated derepression of cell cycle regulatory genes under the control of pocket
proteins. Consistent with this notion, Western blot analysis showed increased levels of
phosphorylation of Rb in HOX11-expressing Jurkat/MSCVhyg-HOX11 cells compared with
control Jurkat/MSCVhyg cells (Figure 3A). To examine this possibility in more detail, we
performed transient transfection experiments in NIH3T3 cells with a luciferase reporter
plasmid pRb-TA-Luc containing an Rb response element upstream of a minimal promoter from
the herpes simplex virus thymidine kinase (HSV tk) gene. Compared with the empty vector
pcDNAZ3, cotransfection with pcDNA3-HOX11 resulted in a 1.8-fold increase in expression
from pRb-TA-Luc (Figure 3B). This result was noteworthy as we had previously observed that
HOX11 down-regulated transcription from the intact HSV tk promoter, albeit at higher
concentrations of input DNA (Owens et al., 2003). Although the transfection conditions were
different in that study, deletion of the third helix of the homeodomain (H3d mutant), which is
essential for DNA binding, abrogated HOX11-mediated repression. To determine whether the
HOX11-mediated increase in Rb response element-controlled transcription involved DNA
binding-dependent or -independent mechanisms, the HOX11 H3d mutant (pcDNA3-HOX11
H3d) was cotransfected into NIH3T3 cells together with pRb-TA-Luc. As can be seen in Figure
3B, the DNA binding function of HOX11 was not essential for the induction. In fact, reporter
gene transcription was further increased 1.9-fold compared with wild-type HOX11 (3.4-fold
compared with the empty vector control), congruent with our previous data indicating a
separable repressive function of the HOX11 homeodomain on RNA polymerase Il-mediated
transcription (Owens et al., 2003).

HOX11 was previously reported to physically interact with the catalytic subunit of the protein
serine/threonine phosphatase PP2A in T-ALL cells and to disrupt a Go/M cell-cycle checkpoint
(Kawabe et al., 1997). In addition to regulating Go/M transition, PP2A has also been suggested
to regulate S-phase progression through direct interaction with Rb and p107 (Avni et al.,
2003; Voorhoeve et al., 1999; Cicchillitti et al., 2003). We confirmed that HOX11 interacted
with PP2A in Jurkat/MSCVhyg-HOX11 cells (Figure 4A). HOX11 was also reported to target
the protein serine/threonine phosphatase PP1 in T-ALL cells (Kawabe et al., 1997). By
comparison with PP2A, PP1 has been shown to play a role in the G4/S transition by directly
dephosphorylating Rb (Ludlow and Nelson, 1995; Berndt et al., 1997; Yan and Mumby,
1999). Therefore, we next examined whether the levels of PP1 and/or PP2A activity were
affected by expression of exogenous HOX11 in Jurkat cells. Using specific antibodies against
PP1 and PP2A, the respective proteins were immunoprecipitated from Jurkat/MSCVhyg-
HOX11 and control Jurkat/MSCVhyg cells and PP1/PP2A phosphatase activities were
measured using a commercial serine/threonine phosphatase assay kit. As shown in Figure 4B,
HOX11 significantly inhibited the phosphatase activities of both PP1 and PP2A (by ~40% and
~69%, respectively), being ~60% and ~83% as effective as okadaic acid at suppressing PP1
and PP2A phosphatase activities, respectively. These observations in human T-ALL cells
confirm and extend previous findings of an ~50% relative suppression of total phosphatase
activity by HOX11 in comparison with okadaic acid following injection into Xenopus oocytes
(Kawabe et al., 1997). Taken together, the combined data indicated that HOX11 indirectly up-
regulated expression of E2F and c-Myc transcriptional networks by disrupting PP1/PP2A
regulation of Rb (and, by inference, the p107 pocket protein).

Recent studies have demonstrated that c-Myc expression is controlled by PP2A via
mechanisms other than those involving p107, including through the AKT (protein kinase B)
signaling pathway (Yeh et al., 2004; Ivaska et al., 2002; Dominguez-Caceres et al., 2004).
Moreover, the AKT-c-Myc axis represses CDKN1B (KIP1, p27) (Baudino et al., 2003). We
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noted that CDKNIB/KIP1 expression was reduced in HOX11* T-ALL cells and down-
regulated following introduction of HOX11 into Jurkat cells (Figure 1B). On the other hand,
the MCL1 gene, which is a target of an AKT-activated protein complex containing CREB, was
up-regulated (Figure 1B) (Wang et al., 1999). These data suggested that HOX11 impacted the
AKT signaling pathway via PP2A. AKT is a downstream effector of PI3K that is involved in
an variety of processes, including playing a role in controlling the function of E2F family
members in T cells (Franke et al., 1997; Brennan et al., 1997). Because Jurkat cells exhibited
high basal levels of AKT phosphorylation due to defects in the lipid phosphatases Src
homology 2 domain containing inositol polyphosphate phosphatase (SHIP) and phosphatase
and tensin homolog deleted on chromosome ten (PTEN) (Shan et al., 2000; Freeburn et al.,
2002), we explored possible AKT involvement using NIH3T3 cells in which the exogenous
HOX11 gene had been introduced under the control of a doxycycline-regulatable promoter.
We first verified that human HOX11 interacted with the mouse PP2A protein in NIH3T3 cells
(Figure 4A). As shown in Figure 5, five to fifteen minutes following serum stimulation,
NIH3T3 cells expressing HOX11 in the presence of doxycycline exhibited higher levels of
AKT phosphorylation than control NIH3T3 cells. By comparison, no differences were
observed in the levels of phosphorylation of Erk kinases between HOX11-expressing and
HOX11-nonexpressing NIH3T3 cells under these conditions, indicating specificity for the
AKT signaling pathway and implicating PP2A in the process.

Given that PP1 and PP2A were reported to be the primary phosphatases involved in
dephosphorylating activated CREB (Wadzinski et al., 1993; Alberts et al., 1994; Canettieri et
al., 2003), and the implied role of CREB in regulating a number of the genes whose expression
patterns were modulated by HOX11 (Table 1), we next performed luciferase reporter assays
in NIH3T3 cells using the pCRE-Luc plasmid which contains multiple copies of a CRE binding
site. Compared with the empty vector pcDNAS3, cotransfection with pcDNA3-HOX11 resulted
ina2-fold increase in expression from pCRE-Luc (Figure 6A). Cotransfection with the HOX11
H3d mutant (pcDNA3-HOX11 H3d) gave essentially identical results (1.8-fold induction),
consistent with an indirect (DNA binding-independent) mechanism of CREB activation
involving PP1/PP2A.

Rb/E2F, c-Myc and CREB all interact with proteins — histone deacetylases and histone
acetyltransferases — that regulate chromatin structure (“chromatin remodeling factors™) (Luo
etal., 1998; Zhang et al., 2000; Blobel, 2000; Goodman and Smolik, 2000; Frank et al.,
2003; Taubert et al., 2004). In particular, HDAC1 and HDAC?2 are histone deacetylases that
are dephosphorylated by PP1, and inhibition of PP1 phosphatase activity disrupts their
interactions with transcriptional corepressors (Galasinski et al., 2002). Included in this HDAC-
PP1 complex is CREB, which is dephosphorylated by PP1 at Ser133 (Canettieri et al., 2003).
Phosphorylation of Ser133 promotes recruitment of the histone acetyltransferases CREB-
binding protein (CBP)/p300 (Blobel, 2000; Goodman and Smolik, 2000), which in turn
stimulate acetylation of promoter-bound histones. HDAC inhibitors seem to potentiate CREB
activity by prolonging Ser133 phosphorylation in response to a CAMP stimulus (Canettieri et
al., 2003). It was notable, therefore, that CBP RNA levels were reduced in HOX11* K3P and
Sil cells compared with Jurkat cells (mean signal intensities, 550 + 60 for K3P cells, 380 + 20
for Sil cells, and 1200 + 200 for Jurkat cells; see below), and also in HOX11* THY137 cells
versus HOX11™ THY112.2C cells (Figure 2A). On the other hand, the histone acetyltransferase
Htatip (Tip60) was found to be induced in all human and murine HOX11* T cells (Figure 2B).
Tip60 is recruited to c-Myc target genes and postulated to contribute to histone acetylation in
response to mitogenic signals (Frank et al., 2003). Recently, E2F1 was shown to bind Tip60
and recruit it to chromatin in late Gy (Taubert et al., 2004); E2F1 had previously been shown
to interact with CBP/p300 (Blobel, 2000; Goodman and Smolik, 2000). Another gene involved
in the regulation of chromatin structure that was more highly expressed in HOX11* T-ALL
cells and up-regulated in Jurkat/MSCVhyg-HOX11 was the SET gene (Figure 1B), which
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encodes one of two essential subunits of the inhibitor of acetyltransferases complex (INHAT)
that functions as a histone chaperone (Schneider et al., 2004; Kutney et al., 2004). SET was
originally discovered as a leukemia-associated protein encoded by the SET-CAN translocation
(von Lindern et al., 1992), and subsequently demonstrated to be an inhibitor of PP2A (Li et
al., 1996).

We also detected a group of IFN-inducible genes that were expressed at higher levels in K3P
and Sil cells than in Jurkat cells, some of which were confirmed to be up-regulated following
introduction of HOX11 into Jurkat cells (Figure 1B). To analyze the ability of HOX11 to
activate luciferase reporter gene expression via the IFN-stimulated response element ISRE, we
cotransfected pcDNA3-HOX11 into NIH3T3 cells together with the pISRE-Luc plasmid.
Ectopic HOX11 expression increased ISRE-driven reporter gene expression by 1.5-fold and
required an intact homeodomain (Figure 6A), ruling out a mechanism involving PP1/PP2A.
In parallel cotransfection experiments with the pAP1(PMA)-TA-Luc plasmid containing the
HOX11 target sequence TAAT (Dear et al., 1993), no stimulation of luciferase production was
detected (Figure 6A). Because the sequence of the ISRE and the promoter region of pISRE-
Luc does not contain this or any other known HOX11 binding motif (Owens et al., 2003; Allen
et al., 2000; Dear et al., 1993), stimulation of transcription by HOX11 through the ISRE may
be mediated in a manner analogous to Aldhl (Greene et al., 1998), either via protein-protein
interactions or indirectly by an as yet unidentified intermediate HOX11 target gene.
Interestingly, cotransfection of pcDNA3-HOX11 Lys55GIn (Owens et al., 2003), a mutant of
HOX11 in which lysine 55 in the third helix of the homeodomain was changed to glutamine,
stimulated ISRE-driven reporter gene expression at levels 2.3-fold higher than wild-type
HOX11 (3.5-fold greater than empty vector) (Figure 6A). The mutated residue coincides with
aconserved lysine that has been shown in other homeodomain proteins to be part of the binding
surface involved in interactions with CBP/p300 which prevent their binding to DNA (Shen et
al., 2001). These findings implicated a role for CBP/p300 in HOX11-mediated modulation of
ISRE-dependent transcriptional induction (Weaver et al., 1998). In this context, it was
previously shown that homeodomain protein interactions with CBP/p300 were mutually
repressive, inhibiting CBP/p300 histone acetyltransferase activity (Shen et al., 2001). As noted
above, CBP mRNA levels were reduced in both HOX11* human and murine cells, and we
confirmed that Jurkat/MSCVhyg-HOX11 cells synthesized lower levels of CBP protein than
control Jurkat/MSCVhyg cells (Figure 6B). Thus, HOX11 appears to inhibit CBP/p300 at the
transcriptional as well as posttranslational levels.

The diminished expression of certain Wnt-induced and Whnt-related genes in HOX11* T-ALL
and Jurkat/MSCVhyg-HOX11 cells that was observed was in accordance with the documented
ability of HOX11 to also act as a negative regulator of gene expression (Owens et al., 2003;
Greene et al., 1998). To further investigate this observation, we next performed luciferase
reporter assays in 293T cells using the TOPflash luciferase reporter plasmid. Transcription of
the luciferase gene in the TOPflash plasmid is under the control of a transcription factor
complex consisting of members of the T cell factor (TCF)/lymphoid enhancer factor (LEF)
family of DNA-binding molecules associated with stabilized p-catenin (Verbeek et al., 1995;
loannidis et al., 2001; Gounari et al., 2001; Varas et al., 2003). The TOPflash plasmid was
cotransfected together with an expression plasmid encoding a constitutively stabilized form of
B-catenin [AN87pcat (Gat et al., 1998)] and either pcDNA3-HOX11, pcDNA3-HOX11 H3d,
pcDNA3-HOX11 Lys55GlIn, or the empty pcDNAS3 vector. Parallel experiments were carried
out with a negative control luciferase reporter plasmid, FOPflash, which contains mutated TCF/
LEF binding sites. We detected a potent repressive effect (86% inhibition) of wild-type HOX11
on B-catenin-TCF/LEF-driven TOPflash expression compared with that observed in the
presence of pcDNAS3 (Figure 6B). Background levels of expression from the FOPflash plasmid
with mutated TCF/LEF binding sites increased substantially (5.1-fold) in the context of the
HOX11 H3d mutant due to a generalized derepression of RNA polymerase I1-mediated
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transcription (Owens et al., 2003). Nonetheless, significant repression of B-catenin-TCF/LEF-
directed transcription was still observed upon deletion of helix 3 of the HOX11 homeodomain
(48% of empty vector). Collectively, these results supported a DNA binding-independent
mechanism for HOX11-mediated repression of Wnt target genes. It is known that TCF/LEFs
are negatively regulated by phosphorylation on serine/threonine residues (Ishitani et al.,
2003); considering that a role for PP2A in Wnt signaling downstream of stabilized p-catenin
has been reported (Ratcliffe et al., 2000), it seems reasonable that TCF/LEF function may be
positively regulated by PP2A(PP1).

Discussion

Genome-wide expression profiling provides a powerful tool for studying how complex
signaling cascades are linked to downstream transcriptional programs (Riz et al., 2003).
Toward a better understanding of how aberrant HOX11 expression during normal thymocyte
differentiation leads to T-ALL, we conducted microarray profiling experiments involving
HOX11* T-ALL cell lines and T-ALL experimental models engineered to express exogenous
HOX11. Extracting biologically meaningful information from the large amount of expression
data generated by microarray profiling can be challenging and is fraught with potential artifacts
(Ebert and Golub, 2004; Tan et al., 2003). Therefore, rather than initially focusing on
differences in the expression levels of individual genes in HOX11* and HOX11™ cells, a key
feature of our experimental design was to employ a hypothesis-driven approach to first
construct sets of functionally-related genes whose collective expression levels significantly
differed between sample groups. We then confirmed that HOX11 regulated the implicated
pathways and processes by independent biochemical and functional analyses. These
investigations revealed that HOX11 modulated multiple G4/S transcriptional networks (Sears
and Nevins, 2002). On the basis of results obtained with a large series of mutant HOX11
proteins, we previously speculated that a significant component of the leukemogenic properties
of HOX11 are most likely due to direct interactions between the homeodomain and the
regulatory regions of specific target genes (Owens et al., 2003). The novel finding of the current
study is that a major complementary mode of oncogenic transcriptional deregulation by
HOX11 is via homeodomain-independent mechanisms. Moreover, the data presented herein
identified the protein serine/threonine phosphatases PP1 and PP2A as being central effectors
of this facet of HOX11 transcriptional activity.

We noticed that target genes of the E2F and c-Myc transcription factors were prominent among
the HOX11 signature genes previously reported by Ferrando and colleagues (Ferrando et al.,
2002) which were expressed at higher levels in HOX11* K3P and Sil cells. These observations
raised the possibility of a generalized deregulation of the Rb/E2F and p107/c-Myc pathways
in HOX11" T-ALL (Sears and Nevins, 2002; Classon and Harlow, 2002; Beijershergen et
al., 1994; Luo et al., 2004). Characterization of the collective behavior of test sets of E2F and
c-Myc targets identified in chromatin immunoprecipitation studies (Ren et al., 2002;
Weinmann et al., 2002; Wells et al., 2002; Fernandez et al., 2003; Fry et al., 1999; Ma et

al., 2003; Zeller et al., 2003) corroborated this notion: certain E2F and c-Myc targets had
increased expression in K3P and Sil cells versus Jurkat cells, were up-regulated following
introduction of HOX11 into Jurkat cells, and displayed elevated transcript levels in a murine
HOX11* T-cell tumor compared with a HOX11™ T-cell tumor. Additionally, we showed that
stable expression of exogenous HOX11 in Jurkat cells resulted in hyperphosphorylation of Rb,
while ectopic HOX11 expression in NIH3T3 cells alleviated repression mediated through an
Rb-response element. Data from others has indicated a central role for PP1 in the
dephosphorylation of Rb during G; progression (Ludlow and Nelson, 1995; Berndt et al.,
1997; Yan and Mumby, 1999). We demonstrated that HOX11 was ~60% as effective as
okadaic acid at inhibiting PP1 phosphatase activity in stably transduced Jurkat/MSCVhyg-
HOX11 cells. In view of an earlier report that HOX11 physically associates with PP1 in Jurkat
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cells (Kawabe et al., 1997), these findings imply one aspect of HOX11-mediated growth
deregulation that involves inhibition of PP1-dependent dephosphorylation of Rb. We further
showed that HOX11 was ~83% as effective as okadaic acid at inhibiting PP2A phosphatase
activity in stably transduced Jurkat/MSCVhyg-HOX11 cells. PP2A has been implicated in the
regulation of S-phase progression through direct interaction with Rb and p107 (Avni et al.,
2003; Voorhoeve et al., 1999; Cicchillitti et al., 2003), and to control c-Myc and E2F function
via other mechanisms including that involving the AKT signaling pathway (Yeh et al., 2004;
Ivaskaetal., 2002; Dominguez-Caceres et al., 2004; Brennanetal., 1997). Considered together
with our observation of prolonged AKT phosphorylation following serum stimulation of
HOX11-expressing NIH3T3 cells, these results point to an expanded role of this phosphatase
in T-cell oncogenesis beyond disruption of the G,/M cell-cycle checkpoint (Kawabe et al.,
1997). Along these lines, CREB is another transcription factor whose activity has been reported
to be negatively modulated by PP1 and PP2A (Wadzinski et al., 1993; Alberts et al., 1994;
Canettieri et al., 2003). We found that a number of CREB target genes were more highly
expressed in HOX11* human and murine T-cell tumors. The demonstration that HOX11
transactivated transcription of a reporter gene linked to a CRE-binding sequence in a
homeodomain-independent manner is also consistent with a PP1/PP2-coupled mechanism. On
the other hand, we observed down-regulation of a set of Wnt-regulated target genes. In this
instance as well, a DNA-binding-independent mechanism of HOX11 regulation potentially
involving PP1/PP2A (Ishitani et al., 2003; Ratcliffe et al., 2000) was suggested from the
reporter assays with stabilized B-catenin.

These latter findings suggest additional ways in which HOX11 mediates its transforming
function besides promoting G4/S (this report) and Go/M (Kawabe et al., 1997) transition.
Signaling through the pre-T cell receptor (pre-TCR), which controls the differentiation of
immature CD4"CD8 CD25*CD44~ double-negative thymocytes into CD4*CD8* double-
positive cells, stimulates CRE-dependent transcription (Grady et al., 2004). Wnt family
members are expressed during various stages of T-cell development (loannidis et al., 2001;
Gounari etal., 2001; Ishitani et al., 2003; Verbeek et al., 1995; Varas et al., 2003); the complex
of B-catenin with TCF or LEF activates transcription of T-cell specific genes such as CD3e,
CD4, TCRa, TCRp and TCR$ (Varas et al., 2003), and is required for progression to the
CD4*CD8* double-positive T cell stage (Verbeek et al., 1995). However, Wnt signaling must
be transiently switched off to ensure the rearrangement and expression of the TCRp chain
before CD4 and CD8 expression (loannidis et al., 2001; Gounari et al., 2001). We posit that
concomitant activation of CREB-mediated signaling and down-regulation of Wnt signaling
would be the outcome of inappropriate activation of HOX11 during transit of the CD25*
double-negative thymocyte stage by juxtaposition to TCR& and TCRp regulatory elements as
aresult of the t(10;14)(q24;911) and t(7;10)(g35;924) chromosomal translocations. Moreover,
there is an increasing body of evidence showing a role of histone modification in T cell
differentiation, especially during the CD4*CD8* double-positive to CD4*/CD8* single-
positive transition (Mathieu et al., 2000; Agata et al., 2001). By down-regulating CBP protein
levels, HOX11 could prevent de novo histone acetylation, contributing to the CD4*CD8*
block. In accord with this supposition, the Lys55GIn mutant of HOX11 does not immortalize
mouse bone marrow precursors (Owens et al., 2003) nor does it arrest development of
hematopoietic progenitors into mature T cells in fetal thymic organ cultures (Owens et al.,
2004) (B. Owens and R.G.H., unpublished data). In other homeodomain proteins, the residue
mutated was shown to be involved in direct inhibitory protein-protein interactions with CBP
(Shen et al., 2001). Loss of CBP expression is associated with lymphomagenesis in mice
(Kang-Decker et al., 2004). Moreover, hyperphosphorylation of CBP reduces interaction with
transcription factors such as NF-«B, a process that can be mimicked by blocking PP2A activity
(Yalcin et al., 2003). In addition, there is a critical developmentally-regulated interplay
between pre-TCR signaling through NF-xB and Notch signaling during the transition of
CD4~CD8™ double-negative thymocytes to the CD4*CD8* double-positive stage of T cell
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development (Ciofani et al., 2004). The very recent finding that >50% of human T-ALL cases
harbor activating mutations in the NOTCH1 gene, including HOX11* Sil T-ALL cells,
provides direct proof of the importance of synergistic aberrations involving these signaling
pathways in T-ALL pathogenesis (Weng et al., 2004).

Comparison between human and murine T-ALL models revealed other genes that are up-
regulated by HOX11 that were not studied further but which would be presumed to contribute
to leukemic transformation of T cell precursors (Figure 2B). Among these are Socs-1, which
functions at the transition from the CD25*CD44~ double-negative thymocyte stage to the
CD4*CD8* double-positive stage stage (Fujimoto et al., 2000; Trop et al., 2001), and the
oncogenic T-cell transcription factor Gfi-1 (Schmidt et al., 1998a), which is similarly required
at this stage (Schmidt et al., 1998b) and which has been reported to predispose to T cell
tumorigenesis by promoting S phase entry concomitant with hyperphosphorylation of Rb
(Karsunky et al., 2002).

Finally, although not a focus of this paper, it is worth mentioning that the centrosomal kinase,
Aurora-A/STK15, which has been implicated in genome instability and malignant
transformation, is modulated through direct interaction with PP1 (Du and Hannon, 2002).
Considered together with previous data (Kawabe et al., 1997; Shen et al., 2001), perhaps what
is most notable about the current findings is that the oncogenic action of HOX11 is remarkably
analogous to that of transforming viral proteins. For example, SV40 large T antigen and
adenovirus E1A oncoprotein form complexes with Rb and CBP/p300 (Eckner et al., 1996;
Ait-Si-Ali et al., 1998), whereas SV40 small t antigen and polyoma virus small and middle T
antigens form complexes with PP2A (Pallas et al., 1990; Sontag et al., 1997). In this regard,
a critical role for PP2A in human cell transformation has recently come to light (Chen et al.,
2004). We note that leukemic fusion proteins encoded by translocations involving the
Drosophila trithorax-related chromatin-modifying proto-oncogene, MLL, form complexes
with SET and PP2A (Li et al., 1996; Adler et al., 1997). In Drosophila, the thrithorax protein
physically interacts with the catalytic subunit of PP1 (Rudenko et al., 2003), suggesting that
mammalian PP1 may also be a physiologically relevant partner of MLL. These observations
argue that the leukemogenic activities of MLL fusion proteins share overlapping features with
that of HOX11.

The above results notwithstanding, it is necessary to underscore the fact that HOX11 regulation
of ISRE-controlled transcription was dependent on an intact homeodomain as is the expression
ofthe HOX11 target gene Aldh1 (Greene etal., 1998; Owens et al., 2003). Using hematopoietic
precursor cell immortalization as a surrogate transformation assay (Hawley et al., 1994a;
Hawley et al., 1997), our laboratory previously reported that deletion of the third helix of the
homeodomain (HOX11 H3d mutant) or the introduction of point mutations within helix 3 (e.g.,
HOX11Asn51Ala mutant) abrogated HOX11 immortalizing function (Owens et al., 2003).
Thus, we appreciate that cooperating HOX11 homeodomain-dependent transcriptional
mechanisms still remain to be elaborated and pivotal direct targets responsible for full
oncogenic activity of this master regulator remain to be identified.

Materials and methods

Cell lines and gene transfer experiments

The human T-ALL cell lines K3P (Dube et al., 1991), Sil (Hatano et al., 1991), and Jurkat
(T1B-152; American Type Culture Collection, Manassas, VA) were cultured in Iscove's
Modified Dulbecco's medium (IMDM; Invitrogen Corp., Carlsbad, CA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Invitrogen Corp.). The HOX11 gene was
introduced into Jurkat cells by retroviral-mediated gene transfer using amphotropic vector
stocks of the MSCVhyg-HOX11 retroviral vector containing the hygromycin resistance gene
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(Hawley et al., 1994a; Hawley et al., 1994b). Control cells were Jurkat cells transduced with
amphotropic vector stocks of the empty MSCVhyg retroviral vector backbone (Hawley et

al., 1994b). After drug selection (200 ug/ml hygromcyin B; Invitrogen Corp.), HOX11 protein
levels were determined by Western blotting using an anti-HOX11 antibody (described below).

The murine THY137 cell line was derived from a T-cell tumor that arose in a BALB/c mouse
transplanted with MSCV-HOX11-transduced bone marrow cells (Hawley et al., 1997). The
murine THY112.2C cell line, used as a control, was derived from a T-cell tumor that arose in
a BALB/c mouse transplanted with bone marrow cells transduced with the MSCV-v-H-ras
retroviral vector constitutively expressing the v-H-ras gene (Hawley et al., 1995). Both cell
lines were maintained in IMDM supplemented with 10% heat-inactivated FBS.

Murine NIH3T3 cells (CRL-1658, ATCC) and human embryonic kidney 293T cells (obtained
from M. Eiden, National Institute of Mental Health, National Institutes of Health, Bethesda,
MD) were cultured in Dulbecco's modified Eagle medium with high glucose (Invitrogen Corp.)
plus 10% FBS. NIH3T3 cells stably expressing the HOX11 gene were derived by retroviral
transduction with MSCV-HOX11 as described previously (Allen et al., 2000). NIH3T3/
iHOX11 cells with doxycyline-inducible HOX11 expression were generated by cotransduction
with a retroviral vector in which the HOX11 gene was placed under the control of the
doxycycline-regulatable promoter P et0)7-cmvmin @nd a retroviral vector driving the
expression of an improved version of a reverse tetracycline-controlled transactivator rtTAS-
M2 (Urlinger et al., 2000) (R.G.H., J. Molete, and T.S. Hawley, unpublished data). HOX11
expression constructs based on the pcDNA3 backbone were described previously (Owens et
al., 2003) and used in transient transfection experiments with luciferase reporter constructs
containing cis-acting regulatory elements. The luciferase reporter plasmids included pRb-TA-
Luc containing an Rb-response element to measure transcriptional regulation by Rb, pCRE-
Luc containing multiple copies of the cAMP response element (CRE) to monitor the activation
of CAMP response element binding protein (CREB) and cAMP-mediated signal transduction
pathways, and pISRE-Luc containing five copies of the interferon (IFN)-stimulated response
element (ISRE) (BD Mercury Pathway Profiling Luciferase Systems; BD Biosciences
Clontech, Palo Alto, CA). Modulation of T cell factor (TCF)/lymphoid enhancer factor (LEF)-
mediated transcription was investigated by cotransfection of a plasmid expressing a stabilized
B-catenin [AN87pcat (Gat et al., 1998)] from the human elongation factor 1 promoter
(Ramezani et al., 2003) (A. Ramezani and R.G.H., unpublished data) and the TOPflash
luciferase reporter plasmid (Upstate USA, Inc., Chicago, IL) containing TCF/LEF binding
sites, with the FOPflash luciferase reporter plasmid (Upstate USA, Inc.) containing mutated
TCF/LEF binding sites used as a negative control. NIH3T3 or 293T cells were seeded in 6 well
dishes 16 hrs prior to transfection. Duplicate wells for each construct were set up in order to
measure luciferase activity and HOX11 protein expression levels. Transient transfection was
performed using a lipid-mediated gene transfer method and the FUGENE 6 transfection reagent
(Roche Diagnostics Corp. Indianapolis, IN). Cells were transfected with 0.75 ug pcDNA3-
HOX11 construct and 0.5 pg luciferase reporter plasmid DNA. Thirty six hours
posttransfection, cells were harvested and lysed in Reporter Lysis Buffer (Promega Corp.,
Madison, WI). Luciferase activity was determined using a commercial assay kit (Bright-Glo
Luciferase Assay System; Promega Corp.) according to the manufacturer's instructions. A
plasmid (0.05 pg) containing the lacZ gene driven by the simian virus 40 (SV40) promoter was
used as an internal control to monitor efficiency of transfection. The levels of f-galactosidase
activity were measured using the FluoReporter lacZ/Galactosidase Quantitation Kit (Molecular
Probes, Inc., Eugene, OR) and varied less than 10% between samples.
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Microarray gene expression analysis

Total RNA was isolated by TRIzol Reagent (Invitrogen Corp.) and further purified using
RNeasy mini spin columns (QIAGEN Inc., Valencia, CA). Complementary DNA synthesis
was performed with an HPLC purified T7-(dT)24 primer (Genset Oligos/Proligo LLC,
Boulder, CO). Biotin-labeled complementary RNA (cRNA) synthesis, hybridization, washing,
staining and scanning were performed according to protocols provided by Affymetrix Inc.
(Santa Clara, CA) as previously described (Krasnoselskaya-Riz et al., 2002). Target cRNA
from three independent cultures of the human T-ALL cell lines was hybridized to three
Affymetrix HG-U133A GeneChip oligonucleotide arrays (three biological replicates); target
cRNA from two independent cultures of the murine T-cell tumor lines was hybridized to two
Affymetrix MG-U74Av2 GeneChip oligonucleotide arrays (two biological replicates). The
detailed procedures are available on the Affymetrix website
(http://www.affymetrix.com/support/technical/manuals.affx).

Quality control and low-level analysis of expression data were performed using Microarray
Suite Version 5.0 software (MAS 5.0; Affymetrix). Subsequent data analysis was performed
in Microsoft Excel or with GeneSpring software (Silicon Genetics, Redwood City, CA). Gene
annotation queries were conducted through the Affymetrix NetAffx Analysis Center
(https:/iwww.affymetrix.com/analysis/query/go_analysis.affx) and gene sets categorized
based on Gene Ontology (GO) (Ashburner et al., 2000) information from the Locus Link
website of the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/LocusLink/) and information obtained from the Myc Target
Gene Database (Zeller et al., 2003) (http://www.myc-cancer-gene.org/index.asp) maintained
by Johns Hopkins University School of Medicine (Baltimore, MD). RESOURCERER software
(The Institute for Genomic Research, Rockville, MD) was used to compare human and murine
data (http://pga.tigr.org/tigr-scripts/magic/rl.pl).

Immunoprecipitation, Western blotting and PP1/PP2A phosphatase assay

Immunoprecipitations and Western blotting were carried out as described (Owens et al.,
2003; Yu et al., 2003). In brief, cells were lysed on ice in RIPA buffer (50 mM Tris-HCI pH
7.4, 1% NP40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM
NaV304, 1 mM PMSF, 10 pug/ml leupeptin, 10 ug/ml aprotinin) for 30 min. Insoluble materials
were removed by centrifugation at 14,000 rpm at 4 °C for 10 min. Whole cell lysates (500
ug) were incubated at 4 °C with 1 pg of antibody overnight and then with protein A or protein
G beads for an additional 2—3 hrs. Immunoprecipitates were washed three times with HNTG
buffer (20 mM Hepes pH 7.5, 150 mM NacCl, 1% glycerol, 0.1% triton X-100 and 1 mM
NazVOy,) and then resolved by 10% SDS-PAGE for immunoblotting. Antibodies used
included: anti-HOX11 (C-18), anti-PP1 (E-9), anti-ERK1 (K-23), anti-phospho-ERK1 (E-4)
and anti-CBP (C-1) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-CBP NT (Upstate USA,
Inc.); anti-PP2A-Catalytic o and anti-Rb (BD Biosciences Pharmingen, San Diego, CA); and
anti-AKT and anti-phospho-AKT (Thr308) (Cell Signaling Technology Inc. Beverly, MA).

PP1/PP2A phosphatase activities in the immunoprecipitates were measured using a
colorimetric serine/threonine phosphatase assay kit (Upstate USA, Inc.). Jurkat cells were
pretreated with or without okadaic acid (1 uM) for 1 hr and then lysed on ice in cell lysis buffer
containing 50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM EGTA, 10% glycerol, 1.5 mM
MgCly, 1% NP40, 2 pg/ml leupeptin, 2 pg/ml aprotinin and 1 mM PMSF for 30 min. Cell
lysates (500 pg) were incubated with 2 pg of anti-PP1(E-9) or anti-PP2A for 1 hr and then with
protein A or protein G beads for an additional 2 hrs. Immunoprecipitates were washed twice
in TBS buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl) and once in phosphatase assay buffer
(50 mM Hepes pH 7.5, 100 mM NaCl, 0.1 mg/ml BSA, 0.1 mM EDTA, 0.1% -
mercaptoethanol). PP1/PP2A phosphatase activities in the immunoprecipitates were measured
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in 50 pl phosphatase assay buffer containing 200 uM phosphopeptide (KRpTIRR) at 30°C for
30 min (Ambach etal., 2000). The reactions were terminated by the addition of malachite green
solution and were examined at 620 nm after 15 min. The amount of phosphate released was
calculated based on a standard curve.
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HOX11" T-ALL molecular phenotype. (A) Upper graph: Expression levels of representative
HOX11 signature genes involved in “Cell proliferation” and “Chemotherapy response and drug
targets” identified by Ferrando and colleagues (Ferrando et al., 2002) in K3P and Sil cells (dark
bars) and Jurkat cells (white bars) are shown for triplicate experiments. Horizontal lines
represent the mean signal intensities for the set of selected HOX11 signature genes in K3P (*;
3000 = 90) and Jurkat (**; 600 + 100) cells. Lower graph: Log, ratios of signal intensities
illustrating relative differences in expression levels of the selected HOX11 signature genes in
K3P (blue bars) and Sil (pink bars) cells by comparison with Jurkat cells. Gene descriptions:
TOP2A, topoisomerase (DNA) 1l alpha 170kDa; RPAL, replication protein Al, 70kDa;
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MCM2, minichromosome maintenance deficient 2; TK1, thymidine kinase 1; DHFR,
dihydrofolate reductase; TOPB1, topoisomerase (DNA) Il binding protein 1; MCM6,
minichromosome maintenance deficient 6; POLA, polymerase (DNA directed), alpha;
MAD1L1, MAD1 mitotic arrest deficient-like 1; LAP18/STMNZ1, stathmin 1/oncoprotein 18;
POLD2, polymerase (DNA directed), delta 2, regulatory subunit 50kDa; TDT, terminal
deoxynucleotidyl transferase; MCM4, minichromosome maintenance deficient 4; UNG,
uracil-DNA glycosylase; ERCC1, excision repair cross-complementing rodent repair
deficiency; POLG, polymerase (DNA directed), gamma; MCM3, minichromosome
maintenance deficient 3; POLR2E, polymerase (RNA) Il (DNA directed) polypeptide E,
25kDa; HPRT1, hypoxanthine phosphoribosyltransferase 1; and MCM5, minichromosome
maintenance deficient 5. Values of multiple probe sets recognizing DHFR and MCM4 are
plotted to highlight extent of variability of the microarray data due to differences in
hybridization efficiencies. See Table 1 for P values and Supplementary Information file
“Filtered data.xIs”, K3P and Sil vs Jurkat >4 sheet. (B) Expression patterns of genes (with
unique identifiers) that recapitulated the HOX11* T-ALL molecular phenotype following
transduction of Jurkat cells with the MSCVhyg-HOX11 retroviral vector. Ectopic HOX11
expression resulted in increased expression of E2F and c-Myc transcriptional targets, c-Myc
interacting partners, transcripts modulated by AKT and IFN signaling pathways, and genes
associated with chromatin remodeling and transcription, whereas expression of WNT-related
genes was down-regulated. Graphs were generated using GeneSpring. The colorbar range is
from 0—13 for K3P and Sil versus Jurkat, and from 0—1.3 for Jurkat/MSCVhyg-HOX11 versus
Jurkat/MSCVhyg.
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@ K1/J1
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HOX11" T-ALL molecular phenotype exhibited by murine HOX11* T cell tumors. (A)

Increased expression of E2F, c-Myc and CREB transcriptional targets (unique identifiers) in

murine HOX11* THY137 cells (HOX11) compared with murine v-Ha-ras-transformed

THY112.2C cells (Control). The graph was generated using GeneSpring. The colorbar range
is from 0—6. (B) Logj ratios of signal intensities demonstrating increased expression of selected

genes in human and murine HOX11* cells by comparison with respective HOX11™ controls
in independent experiments. Human and murine array data were combined based on gene

ortholog tables using RESOURCERER software. Gene descriptions: SOCS-1, suppressor of

cytokine signaling 1; NDUFB8, NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8,
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19kDa; HTATIP, HIV-1 Tat interacting protein, 60kDa; GTF3A, general transcription factor
I1IA; ATP50, ATP synthase H+transporting, mytochondrial F1 complex, O subunit; UQCR,
ubiquinol-cytochrome c reductase (6.4kD) subunit; MRPL9, mitochondrial ribosomal protein
L9; and GFI1, growth factor independent 1. Logs ratios of the signal intensities of two probe
sets of the NDUFB8 gene are plotted to highlight extent of variability of the microarray data
due to differences in hybridization efficiencies. See Supplementary Information for unique
identifiers and additional details. Abbreviations: K, K3P cells; S, Sil cells; J, Jurkat cells; H,
HOX11* THY137 thymoma cells; C, control HOX11™ THY112.2C thymoma cells.
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Figure 3.

Consequences of ectopic HOX11 expression on Rb phosphorylation state and function. (A)
Rb phosphorylation state in HOX11-transduced Jurkat cells (HOX11) versus empty vector-
transduced Jurkat cells (Mock). Arrows indicate the migration positions of
hyperphosphorylated (upper) or hypophosphorylated (lower) Rb. (B) Rb-mediated repression
of gene expression in NIH3T3 cells is partially reversed by coexpression of HOX11. Transient
cotransfection and luciferase reporter assays were performed in NIH3T3 cells using pRb-TA-
Luc containing an Rb response element plus the empty pcDNA3 plasmid (Mock), pcDNA3-
HOX11 expressing wild-type HOX11 (HOX11) or pcDNA3-HOX11 H3d, a DNA-binding
deficient mutant of HOX11 that contains a deletion (from amino acid 246 to amino acid 251)
of the third helix of the homeodomain (H3d) (Owens et al., 2003). The data represent three
independent experiments.
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Figure 4.

HOX11 inhibits PP1/PP2A phosphatases. (A) HOX11 co-immunoprecipitates with PP2A in
HOX11-expressing Jurkat and NIH3T3 cells. Abbreviations: M, Jurkat cells expressing the
empty MSCVhyg vector backbone; HOX11, Jurkat cells expressing MSCVhyg-HOX11; WT,
wild-type NIH3T3 cells; iHOX11, NIH3T3 cells bearing a doxycycline-inducible HOX11
expression cassette; DOX, doxycycline; IP, antibody used for immunoprecipitation; 1B,
antibody used for immunoblotting; IgG HC, immunoglobulin heavy chain. (B) Jurkat cells
expressing MSCVhyg-HOX11 (HOX11) or the MSCVhyg vector backbone (Mock) were
pretreated with (OA) or without 1uM okadaic acid for 1 hr, whole lysates were prepared,
immunoprecipitated with anti-PP1 or anti-PP2A antibodies and examined for PP1 or PP2A
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phosphatase activity, respectively, as described in Materials and methods. The data represent
three independent experiments.
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Figure 5.

Increased AKT phosphorylation in HOX11-expressing cells. NIH3T3 cells or NIH3T3 cells
bearing a doxycycline-inducible HOX11 expression cassette (iIHOX11) were starved in serum-
free medium for 6 hrs and then stimulated with 10% FBS in the presence or absence of 1ug/
ml doxycycline (DOX). Whole cell lysates were prepared and examined by Western blotting
with anti-phospho-AKT (pAKT) and anti-phosphospho-Erk (pErk1, pErk2) antibodies. The
blot was stripped and reprobed with anti-AKT (not shown) and anti-Erk (lower panel) to
demonstrate that equal amounts of the respective proteins were loaded. Representative results
of three independent experiments are shown.
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Figure 6.

HOX11 modulates multiple transcriptional networks. (A) Relative luciferase activity from
cotransfection of the reporter plasmids pCRE-Luc containing multiple copies of the CRE-
binding sequence (CRE), pISRE-Luc containing five copies of the ISRE-binding sequence
(ISRE), and pAP1(PMA)-TA-Luc containing six tandem copies of the sequence TAATGAC
resembling a HOX11-binding site [TAAT (Owens et al., 2003)] into NIH3T3 cells with
HOX11 expression vectors: pcDNA3-HOX11 expressing wild-type HOX11 (HOX11);
pcDNA3-HOX11 H3d, a DNA-binding deficient mutant of HOX11 that contains a deletion
(from amino acid 246 to amino acid 251) of the third helix of the homeodomain (H3d); and
pcDNA3-HOX11 Lys55GIn, a mutant of HOX11 in which lysine 55 in the third helix of the
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homeodomain, which forms a salt bridge between the protein and the phosphate groups of
DNA and which may be involved in interactions with CBP/p300 coregulators, has been
changed to glutamine (K55Q) (Owens et al., 2003; Shen et al., 2001). Controls included the
empty pcDNA3 plasmid (Mock) as well as the pTAL-Luc luciferase reporter plasmid
containing a minimum promoter (not shown). The data presented are average of at least 3
independent transfections. (B) CPB protein levels are reduced in Jurkat cells expressing
MSCVhyg-HOX11 (HOX11) compared with Jurkat cells expressing the empty MSCVhyg
vector (Mock). CPB was immunoprecipitated from whole cell extracts with a rabbit anti-CBP
polyclonal antibody (anti-CBP NT) followed by immunoblotting with a mouse anti-CBP
monoclonal antibody (anti-CBP C1). (C) Repression of transcription mediated by TCF/LEF
family members was examined by transiently cotransfecting a plasmid expressing a stabilized
B-catenin [AN87pcat (Gat et al., 1998)] from the human elongation factor 1 promoter (A.
Ramezani and R.G.H., unpublished data) and the TOPflash luciferase reporter plasmid
containing TCF/LEF binding sites (TCF) into 293T cells together with the HOX11 expression
plasmids described in (A). The FOPflash luciferase reporter plasmid containing mutated TCF/
LEF binding sites (mTCF) served as a negative control.
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