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HEMATOPOIESIS

The transcriptome of the leukemogenic homeoprotein HOXA9 in

human hematopoietic cdls

Sheri Tinnell Dorsam, Christina M. Ferrell, Glenn P. Dorsam, Mika Kakefuda Derynck, Ulka Vijapurkar, Daniel Khodabakhsh, Bonnie Pau,
Hillary Bernstein, Christopher M. Haqgq, Corey Largman, and H. Jeffrey Lawrence

Hematopoietic defects in HOXA9~/~ mice
demonstrate akey role for this homeopro-
tein in blood cell development. Con-
versely, enforced HOXA9 expression is
leukemogenic in mice, and HOXA9 is fre-
guently activated in human acute myeloid
leukemia (AML). Although HOXA9 is
thought to function as a transcription
factor, few downstream targets have been
identified. We searched for early HOXA9
target genes by using a transient overex-
pression strategy in 3 hematopoietic cell
lines (2 myeloid, 1 lymphoid). cDNA mi-

croarray analyses identified 220 genes
whose expression was modulated at least
2-fold. Expression signatures in myeloid
and lymphoid cells demonstrated that
HOXA9 functions as both an activator
and repressor of a variety of genes in
cell-specific patterns suggesting that the
transcriptional effects of HOXA9 are
largely dependent on the cell context.
Transient transcription assays and target
gene expression patterns in HOXA9~/~
marrow cells imply that we have identi-
fied direct physiologic targets. Many tar-

get genes are expressed in CD34* stem
cells or are members of gene families
involved in proliferation or myeloid differ-
entiation. Expression of 14 HOXA9 target
genes correlated with high-level HOXA9
expression in primary AML. These data
suggest that many genes identified in this
survey may mediate the biologic effects
of HOXA9in normal and leukemic hemato-
poiesis. (Blood. 2004;103:1676-1684)

© 2004 by The American Society of Hematology

Introduction

HOX homeodomain proteins exert important effects during
embryogenesis and blood cell development.’-3 As a member of
this large family, HOXAQ is expressed in normal human CD34*
blood cellsand is down-regul ated during differentiation. HOXA9-
deficient mice display a variety of myeloid and lymphoid
defects.*®> HOXA9 overexpression in bone marrow cells induces
marked stem cell expansion, and HOXA9~/~ hematopoietic stem
cells appear to have amajor proliferative defect® (H.J.L. et al, in
preparation).

Several studies have established arole for HOXA9 overexpres-
sion in myeloid leukemogenesis. Acute myeloid leukemia (AML)
arising in leukemia-prone BXH2 mice shows frequent retroviral
activation of HOXA9.” Retroviral overexpression of HOXA9 immor-
talizes murine marrow cells in vitro and readily leads to leukemic
transformation in vivo.8® HOXA9 is also important in human AML
because this geneis activated in most patientswith acute AML, and
at(7;11) chromosomal translocation resulting in a NUP98-HOXA9
genefusion is found in some patients.”1° In a previous gene expression
study in human leukemia, HOXA9 emerged as one of the top 20 genes
that distinguished AML from acute lymphoid leukemia (ALL), and
high levels of HOXA9 expression correlated with poor progno-
sis. 112 Thus, HOXA9 expression is part of the gene expression
signature for AML and may also be a prognostic factor.

Several HOX genes, including HOXAO9, are direct targets of the
mixed lineage leukemia gene (MLL), and leukemias associated
with MLL translocations show uniform activation of HOXA9.13-16

The ability of an MLL fusion gene to induce myeloid leukemiain
murine marrow cells requires the presence of HOXA9, suggesting
that HOXA9 is a mediator of the transforming effects of MLL
fusion proteins.t” Thus, altered HOXA9 gene expression may be a
common pathway that unifies diverse initiating events in many
myeloid leukemias.1®

Because HOXA9 exerts major biologic effects on normal and
leukemic hematopoiesis, and because very little is known about the
molecular pathways regulated by this homeoprotein, we completed
a comprehensive gene expression profile of hematopoietic cellsin
which HOXA9 was transiently overexpressed. This study reveals
that HOX A9 rapidly modulates the expression of alarge number of
genes that are implicated in normal hematopoiesis and in
oncogenesis.

Materials and methods
Cell lines

Tetracycline (tet)-inducible Jurkat cells were purchased from Clontech
(Palo Alto, CA). Tet-inducible U937 cells were provided by Dr Gerad
Grosveld (St Jude Children’s Research Hospital, Memphis, TN). Tet-
inducible K562 cells were supplied by Dr Dan Rosson (Lankenau Medical
Research Center, Wynnewood, PA). All Tet-inducible cell lines were
maintained in RPM| with 10% tet-free serum. NIH3T3 fibroblasts were
transduced with MIG-GFP or MIG-HOXA9/GFP containing murine stem
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cell virus (MSCV)—based retroviruses and maintained in Dulbecco modi-
fied Eagle medium (DMEM) with 10% serum.

DNA transfections

A Flag epitope-tagged HOXA9 cDNA encoding a 246—amino acid protein
(accession number NM_010456) was cloned into the tet-inducible vector,
pBl-eGFP (Clontech), yielding pBI-FlagHOXA9-eGFP. pBl-eGFP con-
tains atet-activator responsive bidirectional promoter region. In the absence
of tetracycline, pBl-FlagHOXA9-eGFP expresses both Flag-HOXA9 and
eGFP proteins. pBl-eGFP (reference control) or pBI-FlagHOXA9-eGFP
was electroporated into tet-activator expressing U937, K562, and Jurkat
cells. All studies were performed using transient transfections in the
absence of tetracycline, coupled with fluorescence-activated cell sorting
(FACS) of eGFP* cells 24 hours after transfection. Two independent
eGFP* transfections and sorts were performed for each cell line to yield
biologic replicates. HOXA9 protein expression was verified by Western
blot analysiswith an anti-HOXA9 antibody.

RNA amplification

Total RNA from sorted cells was isolated with the RNeasy Mini kit
(Qiagen, Valencia, CA). mRNA in 1 pg total RNA was amplified 5- to
20-fold as previously described.’® Briefly, mMRNA was reverse transcribed
into cDNA using an oligo-dT-T7 primer and was subsequently converted to
double-stranded cDNA. T7 RNA polymerase was used to generate a pool of
amplified RNA.

cDNA microarrays

A 44022 human cDNA clone set, purchased from Research Genetics
(Invitrogen, Carlsbad, CA), was printed onto 2 poly-L-lysine—coated glass
dlides (approximately 20000 genes/slide) and postprocessed following
protocolslisted at http://www.microarrays.org/pdfs/PostProcessing2001.pdf.
To control for variability between the 2 samples, HOXA9~ (reference)
samples were cultured, transfected, and sorted simultaneously with the
HOXA9* samples with which they were hybridized. Then, 2 g amplified
MRNA from HOXA9~ and HOXA9" samples from the same transfection/
sorting experiment were |abeled with Cyanine 3 (Cy3) or Cy5, respectively,
and combined for hybridization to microarrays.?° In addition to performing
biologic replicate hybridizations from 2 independent sorting experiments,
the third hybridization represented a technical replicate, which consisted of
independently labeled RNA samples from one of the eGFP* sorting
experiments. Arrays were hybridized overnight in a 63°C water bath and
washed twice with 2 X sodium chloride/sodium citrate (SSC)/0.01%
sodium dodecy! sulfate (SDS) and once with 0.5 X SSC. The dlides were
scanned with a dual-laser Axon Instruments 4000B Scanner using GenePix
4.0 software (Axon Instruments, Union City, CA). Images for the Cy5 and
Cy3 channels were acquired separately. Spots that were covered by array or
hybridization artifacts were manually flagged and were not used in
subsequent analyses. GenePix results files containing ratio of medians
measurements, calculated as Cy5/Cy3, were uploaded to the NOMAD
microarray database for storage and normaization. NOMAD is a database that
is used to archive microarray GenePix results (.gpr) files. This “warehouse’
is an open source system for storing and querying microarray experiments.
For further details go to http://sourceforge.net/projects/ucsf-nomad/.

Microarray analysis

When microarray .gpr files were uploaded to NOMAD, normalized
fluorescence ratios were calculated. Signal intensities between the Cy5 and
Cy3 images were normalized by applying a scaling factor to al of the Cy5
channel val ues so that the mean of ratios = 1.2* Spot quality was ensured by
inclusion of data points where R? is greater than 0.75. Next, a table of
microarray data containing rows of genes and columns of data points from
individual experimentswas created in NOMAD. Thisfile was opened in the
CLUSTER program, and data points were log, transformed and filtered.
After average linkage hierarchical clustering was performed, values in the
resulting .cdt file were visuaized by TREEVIEW software.2 Statistical
significance of the microarray data was assessed by Statistical Analysis for
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Microarrays (SAM), at test permutation algorithm.23 The input parameters
used for this analysis were: row average imputer and one class response.

RT-PCR validation

EPS8, EST AA789015, MYB, TCN1, LYN, and GAPDH transcript levels
were detected in amplified RNA from K562 transfected cells by standard
reverse transcription-polymerase chain reaction (RT-PCR). PCR products
were visualized on ethidium bromide-stained agarose gels. Fold difference
was calculated from densitometric values of PCR product intensities from
PCR cycles within the linear range. ALDH1 and JUNB transcripts were
detected by a one-step quantitative real-time RT-PCR method with TagMan
fluorogenic probes.?*

VHL, ID2, MBNL, SFRSL1, and CD36 expression levels were measured
in amplified RNA from each cell line, and expression was quantified using
real-time PCR with SYBR Green. Annealing and acquisition tempera-
tures were determined empirically from dissociation curves.? Fold
differences for all real-time PCR experiments were cal culated using the
2-45CT method.?6

Luciferase reporter vector cloning and assays

A 1-kb fragment of the human ALDH1 promoter was PCR amplified from a
2.5-kb fragment in an ALDH1 promoter-containing vector provided by Dr
Fred Gonzalez (National Cancer Institute, Bethesda, MD). A 1-kb region of
the human CD36 promoter was PCR amplified from genomic DNA
(gDNA). PCR products were cloned into the PCR2.1 TOPO T/A cloning
vector and then into the pGL 3-enhancer vector.

Reporter and expression plasmids were transfected with Lipofectamine
2000 (LF2000; Invitrogen). Two micrograms of plasmid DNA (1 pg
pBI-GFP or pBI-HOXA9/GFP and 1 p.g reporter vector) were added to 4
wL LF2000 and incubated with 6 X 10° K562 or U937 cells, or 7.5 X 10°
Jurkat cellsin 24-well plates. Cells were harvested 48 hours later and lysed
in Luciferase Assay Reagent (Promega, Madison, WI). Reporter light units
were measured in a Monolight 2010 Luminometer (BD Biosciences, San
Jose, CA).

Mouse bone marrow

Marrow cells from the tibias and femurs of HOXA9~/~ mice and wild-type
controls were enriched for Lin~ Sca® immature progenitors using the
Spin-Sep technique (StemCell Technologies, Vancouver, BC, Canada).®
RNA wasisolated, and 1 .g was amplified following the protocol described
in “RNA amplification.” Real-time PCR was performed for JUNB and
EPSB3 using SYBR Green.

Patient samples

Total RNA was isolated from 11 cryopreserved bone marrow samples of de
novo AML, provided by the UCSF Leukemia Cell Bank. Relative
expression levels of HOXA9 and JUNB were compared to GAPDH, as
measured by real-time PCR.

Results
Gene expression profiling of early HOXA9 gene targets

To identify primary HOXA9 target genesin hematopoietic cellswe
used a transient, FACS-selectable expression system coupled with
cDNA microarrays. Three human leukemic cell lines, 2 myeloid
(U937, myelomonocytic, and K562, erythroid/megakaryocytic)
and one lymphoid (Jurkat, T cell), were analyzed. Whereas U937
cells express measurable levels of HOXA9 mRNA, K562 and
Jurkat cells do not'® (and C.M.F,, unpublished data, January 2002).

Plasmids overexpressing eGFP aone or eGFP with an internal
ribosomal entry site (IRES)—driven HOXA9 cDNA were tran-
siently transfected into each cell line. Cells were harvested 24
hours later and sorted for eGFP positivity. High levels of HOXA9
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MRNA and protein in cells transfected with the HOXA9 vector
were confirmed by real-time PCR and Western blot analyses (data
not shown; Figure 1A). mRNA from the HOXA9~ and HOXA9*
samples was amplified by in vitro transcription (IVT) and labeled
with Cy3 and Cy5, respectively. The 2 samples were combined and
hybridized to large-scale cDNA microarrays. IVT amplification
fidelity, comparing unamplified to amplified RNA samples, and
array hybridization-to-hybridization reproducibility of indepen-
dently amplified samples were 75% and 85%, respectively, as
measured by the R? correlation coefficient. To decrease the
percentage of misclassifications, triplicate microarray hybridiza-
tions were performed for each cell line.2”

CLUSTER software was used to filter the microarray data for
each cell line. This analysis created a list of 220 genes that were
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modulated at least 2-fold. Selected named genes enumerated by
these criteria are arranged in functional groups in Figure 2. The
classes of genes represented included signaling molecules, onco-
genes, kinases, cell surface molecules, enzymes, and other transcrip-
tion factors. Ninety expressed sequence tags (ESTs) were also
identified (data not shown). More genes were modulated in the
U937 and K562 cells (132 and 106 genes) than in the Jurkat cells
(41 genes). In the 2 cell lines that lack detectable endogenous
HOXAO9, K562 and Jurkat, HOXA9 up-regulated more genesthan it
down-regulated (68 genes up versus 38 genes down in K562; 23
genes up versus 18 genes down in Jurkat). However, in U937,
HOXA9 overexpression induced the up-regulation of 36 genes, but
down-regulated 96 genes. Thus, HOXA9 appears to modulate
many genes, acting both as an activator and arepressor.

Figure 1. Gene expression profiling of early HOXA9 gene
targets. (A) Western blot analysis shows HOXA9 protein

expression in transfected U937, K562, and Jurkat cell lines 24
hours after transfection with GFP (HOXA9~) or GFP/HOXA9
(HOXA9") expression vectors. (B) Comparison of HOXA9-
modulated transcript expression patterns between cell lines
using the Eisen hierarchical cluster analysis.?? The cluster
contains 141 known genes with a minimum of 3 data points
that were at least 2.5-fold up- or down-regulated. Red indi-
cates induction, green indicates repression, gray indicates
excluded data, and black indicates no change. Genes were
grouped into smaller clusters showing similar expression
patterns: i, up-regulated in all 3 cell lines; ii, up-regulated in
myeloid, no change in lymphoid; iii, up-regulated in myeloid,
down-regulated in lymphoid; iv, down-regulated in all 3 cell
lines; and v, down-regulated in myeloid, up-regulated in
lymphoid. m = AA789015, > = Al234380, ® = Al299780. (C)
Genes exhibiting the greatest magnitude of change by HOXA9
in each cell line. Red indicates gene activation; green indi-
cates repression in at least 2 of 3 experiments. Gene names
that are highlighted in blue were detected in CD34* stem

A C
U937 K562 Jurkat
HOXA9: - + - + - +
B
U937 | K562 | Jurkat
|
ii
-8
il
-8
iv
V -4

Gene Expression Changes
Fold Difference ( Log,,Transformed)

cells.3 Names of genes or ESTs that were identified as being
statistically significant by the SAM algorithm are italicized. For

,’::w:: U937 and K562 cell lines, the false discovery rate (FDR) was
,sz:'“mw set at 10%. For the Jurkat cell line, the FDR was 46%.
35 fold downeaguizled m = AA789015; P = Al234380; @ = Al299780. Error bars
23 fold downreguisied

indicate SE of mean fold change for at least 2 experiments.
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Next, we performed another analysis with the CLUSTER
software using microarray data from al 3 cell lines to compare
expression patterns between the different cell lines. This pattern
was then manually divided into smaller groups based on differen-
tial target regulation in myeloid versus lymphoid backgrounds
(Figure 1B groups i-v). Many genes showed up-regulation in
myeloid, and either no expression or down-regulation in lymphoid
cells, suggesting that the transcriptional effects of HOXA9 depend
largely on cellular context (Figure 1B groups ii-iv). A few genes
were regulated in the same manner in all 3 lines, indicating that
transcription of some targets is modulated in a cell context-
independent fashion (Figure 1B groups i and iv). The ESTs
AAT789015 and PKNOX 1 were up-regulated and 3 ESTs (A1243377,
A1299780, and A1243380) were down-regulated in all 3 lines.
Figure 1C presents genes that showed the greatest degree of change
in each cell line.

We aso used the Significance Analysis of Microarrays algo-
rithm, SAM,2 to analyze the microarray data for each cell line.
Most of the genes previously highlighted by the CLUSTER
analysis, 174 (79%) of 220, were shown to be significantly changed
by HOXA9 overexpression and are italicized in Figure 1C. All of
the geneslisted in Figure 2 were significant as determined by SAM
analysis, except where indicated.

in- carboxyl methyltransferase 1
ublqulin -specific prolease 1

']Fwdabw-lme (oaw&aej_mzs
nsiocated

17

Validation of HOXA9 targets identified by microarray analysis

Of the 48 genes that were expressed in a similar manner in more
than one cell line, 9 were chosen for validation by RT-PCR in K562
cells. We selected genes involved in malignant transformation,
such as JUNB and EPS8, the stem cell-specific gene ALDH1,
which also plays a role in drug resistance,?® and genes, such as
transcobalamin 1 (TCN1), CD36, MYB, ID2, and LYN, that have
been previously detected in myeloid cells. The direction of each
gene's change in expression as determined by microarray was
confirmed by RT-PCR (Figure 3A). The array data also suggested
that HOXA9 can modulate the same gene in opposite directionsin
different cell lines. Of the 12 genes that were differentialy
regulated between cell lines, 3 were chosen for further analysis.
Figure 3B shows real-time PCR data confirming this phenomenon
for MBNL, SFRS11, and VHL. In 15 (94%) of 16 comparisons of
gene expression levels by the 2 methods, the direction of change
seen by RT-PCR was consistent with changes observed on the
microarrays.

To determine if genes identified in this survey were direct
targets of HOXA9, we performed luciferase reporter gene anaysis
of the ALDH1 and CD36 promoters (Figure 4).2° For ALDH1, we
observed that HOX A9 overexpression increased transcription from
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Figure 3. RT-PCR validation of selected HOXA9 gene targets. (A) Confirmation of
HOXA9-regulated genes in K562 cells. Gene expression levels were calculated by
normalizing PCR data from HOXA9~ and HOXA9" samples to control genes as
described in “Materials and methods.” Fold up- or down-regulation was calculated
using the ratio of HOXA9*/HOXA9~ normalized PCR values and the mean of ratios of
HOXA9"/HOXA9" signals from the microarray data. *No expression was detected in
one of the HOXA9 conditions such that the ratio could not be calculated, and a lower
limit of differential expression is reported. Arrows indicate that the expression of these
genes may be higher than what is reported because the HOXA9~ sample value was
0. (B) Quantitative verification of differential expression of HOXA9 target genes in
different cell lines. Expression of 3 genes was analyzed by real-time RT-PCR, and
fold changes in expression are expressed as the ratio of GAPDH-normalized
HOXA9*/HOXA9™ values. Fold changes from the arrays represent the mean values
from at least 2 hybridizations.

this promoter 1.6- and 2.4-fold in U937 and K562 cells, respec-
tively, but down-regulated transcription 2.4-fold in Jurkat cells.
Analysis of the HOXA9 responsiveness of the CD36 promoter
showed down-regulation by HOXA9 by 2.3-, 1.9-, and 4.4-fold in
U937, K562, and Jurkat cells, respectively. For both genes, the
effect of HOXA9 on the promoter-driven reporter activity paral-
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leled the changes in mRNA levels detected by microarray
and RT-PCR.

To analyze whether HOXA9 gene targets identified in myeloid
cell lines were also targets in other cell types, JUNB and EPS3
MRNA levels were assessed in NIH3T3 fibroblasts stably trans-
duced with aHOXA9 expression vector. Figure 5A shows HOXA9
expression is increased over 100-fold in the transduced cells as
compared with parental cells. Consistent with the changes seen in
K562 cells, JUNB expression is decreased and EPS3 expression is
increased in HOXA9-overexpressing cells. If these 2 genes are
authentic targets of HOXA9 in hematopoietic cells, we reasoned
that their expression levels would be altered in marrow cells from
HOXA9-deficient mice. Figure 5B shows JUNB and EPS8 expres-
sion levels in immature precursor-enriched bone marrow cells of
control and HOXA9~/~ mice. JUNB expression is increased by
60-fold, whereas EPS8 expression is decreased 8-fold, thus exhibit-
ing the converse of the changes observed in HOXA9-overexpress-
ing cell lines.

HOXAQ9 target expression in CD34+ stem cells

To discern which HOXAO9 target genesidentified in thismicroarray
analysis were involved in normal stem cell biology, we searched
the most comprehensive, current database of CD34* human bone
marrow cells, The Human Stem Cell Transcriptome Database
(http://westsun.hema.uic.edu/cd34.html).%° The expression of 36
genesthat are activated by HOXA9 and 42 genesthat are repressed
by this homeodomain protein were detected in CD34+ cells from
low to very high expression levels (Figure 6). In addition to
confirming HOXA9 expression, this database reported that several
uncharacterized HOXA9 targets, including EST AA789015, are
expressed in CD34" stem cells (highlighted in blue in Figure 1C).
These data indicate that HOXA9 can modulate a number of
characterized and uncharacterized genes involved in normal stem
cell function.

Analysis of HOXAO9 targets in AML

AML is a heterogeneous disease that can result from different
chromosomal abnormalities, and HOXA9 mRNA levels, athough
elevated in most cases, vary within this disease. Therefore, to
determine if any candidate HOXA9 gene targets were similarly
altered in primary AML samples with high HOXA9 levels, we
performed an in silico analysis of the Affymetrix GeneChip dataset
published by Armstrong et al.16 These AML patient samples were
divided into high and low HOXA9-expressing groups based on
their HOXA9 mRNA expression levels (Figure 7A). Average gene
expression levels were calculated for all genes and these values
were compared between the 2 groups. Ten HOXAO9 targets are

A B
3 34
O-HOXA9
@ B+HOXAQ i
D 2+ o 24
c c
e 2
Q [&]
o k=
£ 17 RE
0 |
U937 K562 Jurkat U937

o-HOXA9
m+HOXA9

Figure 4. Reporter gene analysis of HOXA9 target

promoters in all 3 cell lines. Luciferase reporter plas-

mids contain the following promoter regions: (A) ALDH1

promoter (—980 to +23); (B) CD36 promoter (—1129
K562 Jurkat

to +36).
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Figure 5. Putative HOXA9 gene target expression in other cell A B
types. (A) JUNB and EPS8 expression levels are modulated by
HOXA9 in NIH3T3 fibroblasts. HOXA9, JUNB, and EPS8 expres-
sion levels were measured in RNA from parental cells and stably 20 1000
transduced HOXA9 overexpressing cells by real-time PCR. (B) § O HOXA9 5 ¢9 B JUNB
Confirmation of converse changes of EPS8 and JUNB in HOXA9- ‘i 154 WJUNB o 754 B EPS8*1000
deficient murine marrow cells. Marrow cells were isolated from Fﬁ’_ O 5758 g
adult HOXA9~/~ mice and wild-type (control) litermates and i i
enriched for Lin~ Sca* primitive cells. HOXA9, JUNB, and EPS8 g 10-| o 504
levels were assessed by real-time PCR. EPS8 levels are multi- 5 3
plied by 1000 for scaling purposes. ‘g E

2 5 2 25]

o o

7] [}

o x

v 04
Control 3T3 3T3 + HOXA9 Control HOXA9-

up-regulated and 4 are down-regulated in a manner that correlates
with HOXA9 expression. In addition, JUNB expression was
confirmed by real-time PCR in a separate set of AML patient
samples and was inversely related to HOXA9 expression with a
2-fold lower level of expression in the high HOXA9 group as
compared to the low HOXA9 group (Figure 7B). Thus, 14 (10%) of
the named genes that were up- or down-regulated by HOXA9 in
our transient overexpression study are similarly modulated in
primary AML samples. Whereas many of the other target genes
were either not represented on the GeneChip or were not differen-
tially regulated, a few were regulated in the opposite direction.
However, it was not our expectation that the transcriptome of
HOXAO9-transfected cell lines would necessarily completely over-

lap with the transcriptome of primary AML, given the array of
genetic mutations in this disease. Rather, we posit that areas of
overlap represent genes worthy of further study.

Discussion

A mgjor finding of this study is that activation of HOXA9 can
rapidly modulate the expression of a large group of genes,
representing a wide variety of functional categories not previously
known to be targets of any HOX gene. Real-time PCR or SAM
analysis confirmed a large percentage of these changes, and
transient transcription assays suggest that at least some of these
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Figure 6. HOXAO9 target genes that are expressed in CD34* stem cells. All genes listed are significant as determined by SAM.
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Figure 7. Expression levels of HOXA9 targets in primary samples of AML. (A) Gene expression profiles for 28 human primary AML patient samples were downloaded from
the www.genome.wi.mit.edu/MPR website.26 HOXA9 expression levels were used to divide the samples into 2 groups. High HOXA9 samples had pixel intensities ranging from
2000 to 6000 (n = 17) and low HOXA9-expressing samples had pixel intensity values of 2000 or below (n = 11). A Student t test was performed to determine which gene
expression differences were statistically significant. *P < .05; **P < .001. Fourteen genes whose expression was significantly different between the HOXA9-high and
HOXA9-low groups of primary AML showed the same direction of change of expression as seen in the microarray studies. (B) JUNB mRNA levels in high and low
HOXA9-expressing AML patient samples, as measured by quantitative real-time PCR. Samples were segregated into one of 2 groups, based on relative expression of HOXA9,
and normalized to GAPDH. High HOXA9-expressing samples had HOXA9/GAPDH ratios of more than 0.05 (n = 4), and low HOXA9 samples had ratios less than 0.05 (n = 7).
Values for JUNB represent the mean relative expression level for each HOXA9 expression group.

genes are direct targets of HOXA9. This study also provides
insights concerning the general transcriptional function of HOX
genes by confirming that they can act as activators and repressors
of gene transcription.31:32 We also demonstrate that a human HOX
gene can positively or negatively regulate a given gene, depending
on cellular context, as previously recognized in Drosophila.®®
Importantly, we also report that many of the HOXA9 targets we
identified are expressed in CD34* stem cells, where HOXA9 is
expressed during normal blood cell development. We also showed
that some HOXA9 target genes are dysregulated in primary
samples of human AML and correlate with HOXA9 expression in
this disease.

In addition, we found some HOXA9 targets that undergo
expression changes during myeloid differentiation as demonstrated
by gene expression profiling analyses of U937 and NB4 cells with
or without retinoic acid.3*3> These experiments revealed changesin
a variety of gene families, including transcription factors and
cytoskeletal and transcription/translation-associated proteins. Be-
cause HOXA9 is expressed in CD34" cells* and its expression
decreases as cells mature, we surmised that the expression pattern
of some of its targets may be reversed during differentiation.
Indeed, examination of these published datasets showed that VIM,
MYB, GTFIIB, and ribosomal genes, which are up-regulated by
HOXA9 in our overexpression study, are down-regulated on
differentiation, and ID2, WSB-1, and S100A8, which are down-
regulated by HOXA9 in our study, are up-regulated as differentia-
tion progresses. In the HL60 cell line, vitamin D, retinoic acid, and
12-O-tetradecanoyl phorbol-13-acetate (TPA)—induced differentia-
tion showed changes for small inducible cytokines, including
MIP1A, which is up-regulated in differentiation, yet repressed by
HOXAZ9 in our experiments.36-38 | astly, MafB induction is critical
for monocytic differentiation, and HOXA9 may aid in keeping
cellsin animmature state by repressing this genein CD34" cells.®®

Other candidate HOXA9 targets play roles in embryonic
development such as NLK, IRX-3, and NFIA. NLK, the vertebrate
homolog of the Drosophila gene, nemo, has been shown to have
diverse roles in signaling during development, and plays arolein
organism patterning.*® Expression of IRX-3, a member of the
Iroquois homeodomain family, is also expressed during embryonic
development, and has recently been shown to be a putative target of
HOXA3.4142 The expression pattern of nuclear factor 1/A during

mouse embryogenesis points to its potential role for this gene in
development.*

Among other targets identified, several emerge as potential
mediators of the leukemogenic effects of HOXAY, including genes
involved in cell cycle regulation and proliferation. For example,
Cdc6 and Cdk7 were up-regulated in myeloid cells overexpressing
HOXA9. Cdc6 has been reported to bind to chromatin and aid in
the initiation of DNA replication and cell proliferation.** Cdk7
mediates several processesincluding cell cycle control and transcrip-
tional regulation.*> In addition, increased expression of ribosomal
proteins, elongation factors, RNA-splicing factors, and RNA
helicases was identified in a proliferation cluster of genes that was
associated with increased doubling time in cell lines analyzed by
Ross et a.2! Members of these gene families were also up-
regulated by HOXAY, such as RPL27a, RPS3a, HNRPU, DDX8,
DDX36, ADD3, and SFRSL11.

Some genes that are repressed by HOXA9 have tumor suppres-
sor functions. JUNB and LYN were both down-regulated by
HOXAZQ in the myeloid cells tested. Loss of JUNB in mice results
in a myeloproliferative syndrome that resembles chronic myeloid
leukemia (CML) and is associated with up-regulation of antiapo-
ptotic bcl-2 and bcl-xl proteins*6 LYN-deficient mice display
increased numbers of myeloid progenitors and develop monocyte/
macrophage tumors.*” Although the VHL gene was also shown to
be down-regulated by HOXA9 in myeloid cells, a connection
between this gene has been associated with other cancers, and we
report that its expression is not detected in HOXA9 high-expressing
AML samples.

Conversely, several oncogenes, including MYB, and 2 Ras
family members, EPS8 and RAP1B, were up-regulated in the
myeloid cell lines analyzed. MYB overexpression transforms cells
in culture and results in acute leukemia in animals.*® EPS8 and
RAP1B havetransforming potential when overexpressed in NIH3T3
fibroblasts.*%% Other HOX A9 target genesthat were grouped into a
leukemia cluster by Ross et al are PTPRC and ETS2.2! ETS2 has
been previously shown to participate in t(8;21) translocations in
AML-M2.5 In addition, several other HOXA9 targets have been
previoudy associated with leukemia such as HOXB2, MBNL
(KIAA0428), PIM-1, HMG17, and RPS3A (FTEL).141652:% Thys,
several potentially oncogenic pathways appear to be modulated by
HOXA9 and may therefore mediate its leukemogenic effects.
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Further support for the roles of HOXAQ targets, such as EPSS,
RPS3A, or TACC1, as oncogenes lies in the fact that ther
expression was not detected in CD34" stem cells, which may mean
that their expression is the result of aberrant activation of HOXA9
in primitive myeloid cells. However, other oncogenes that have
been previously shown to be dysregulated in leukemia are also
expressed in stem cells, such as ETS2, HMG17, and PIM1,
suggesting that further research on the expression of these genes
isrequired.

Although HOXA9 appears to regulate a variety of genes, the
same phenomenon has been observed for other transcription factors
and oncogenes such as Myc, Myb, and Ras.>>5" Overexpression
strategies of these proteins has shown that they also modul ate many
genes with vastly different functions. Some shared targets between
HOXA9 and RAS include YES RAP1B, MAN2A1, SDC4, and
VIM. RPL27a, JUNB, ID2, ETS2, VHL, and JUN aretargetsthat are
shared between HOXA9 and MY C. Targets in common between
MYB and HOXA9 are transcription/trandation-associated pro-
teins, small inducible cytokines, and cytoskeletal genes.

Lastly, some of the HOX A9 targets identified have been shown
to be targets or family members of targets of other HOX genesin
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other cell systems. For example, in the instances of RAP1B and
IRX-3, HOX B4 has been shown to regulate RAP1 and IRX-5.5859 A
study of MLL target genes showed that |RX-3 was downstream of
this protein, presumably through a HOX gene.8° Overexpression of
HOXD3 showed that it also regulates VIM, as well as syndecan 1,
RAB13, and several keratins.3t HOXC13 overexpression in murine
skin also regulates several keratin-associated proteins and 14-3-
3B.51 Comparison of HOXA9 and HOXA 13 gene targets reveaed
that they both regulate small inducible cytokines and 14-3-3
proteins.®? Nonetheless, the genes showing the largest and most
consistent changes in expression following HOXA9 activation are
ESTs of unknown function, suggesting that several important
HOXAO9 target genes are as yet uncharacterized.

Acknowledgments

We thank Sarah EImes and Jane Gordon for assistance with cell
sorting and Stephen Fong for his aid with HOXA9~/~ bone
marrow isolation.

References

Lawrence HJ, Largman C. Homeobox genes in
normal hematopoiesis and leukemia. Blood.

classification of cancer: class discovery and class
prediction by gene expression monitoring. Sci-

the hemolymphopoietic transcription factor
Ikaros. J Biol Chem. 2002;277:13488-13493.

1992;80:2445-2453. ence. 1999;286:531-537. 25. Rajeevan MS, Ranamukhaarachchi DG, Vernon
2. Krumlauf R. Hox genes in vertebrate develop- 13. Yu BD, Hess JL, Horning SE, Brown GA, Kors- SD, Unger ER. Use of real-time quantitative PCR
ment. Cell. 1994;78:191-201. meyer SJ. Altered Hox expression and segmental to validate the results of cDNA array and differen-
3. Lawrence HJ, Sauvageau G, Humphries RK, identity in Mil-mutant mice. Nature. 1995;378: tial display PCR technologies. Methods. 2001;25:
Largman C. The role of HOX homeobox genes in 505-508. 4_43'451' . . .
normal and leukemic hematopoiesis. Stem Cells. 14, Debernardi S, Lillington DM, Chaplin T, etal. Ge- 26 Livak KJ, Schmitgen TD. Analysis of relative
1996:14:281-291. nome-wide analysis of acute myeloid leukemia gene expression data using real-time quantitative
4. Sauvageau G, Lansdorp PM, Eaves CJ, et al. with normal karyotype reveals a unique pattern of PCRand t.he.2(—DeIta Delta C(T)) Method. Meth-
Differential expression of homeobox genes in homeobox gene expression distinct from those ods. 2001'25'402_40?
functionally distinct CD34+ subpopulations of with translocation-mediated fusion events. Genes ~ 27. Lee ML, Kuo FC, Whitmore GA, Sklar J. Impor-
human bone marrow cells. Proc Natl Acad Sci Chromosomes Cancer. 2003;37:149-158. tance of replication in microarray gene expres-
U SA. 1994,91:12223-12227. 15. Ferrando AA, Armstrong SA, Neuberg DS, et al. sion SIUdIe.S.: statistical mgthod§ and evidence
: ] ) from repetitive cDNA hybridizations. Proc Natl
5. Lawrence HJ, Helgason CD, Sauvageau G, et al. Gene expression signatures in MLL-rearranged Acad Sci U S A. 2000:97:9834-9839
Mice bearing a targeted interruption of the ho- T-lineage and B-precursor acute leukemias: ) X . !
meobox gene HOXA9 have defects in myeloid, dominance of HOX dysregulation. Blood. 2003; 28. Magni M, Shammah S, Schira R, Mellado W,
erythroid, and lymphoid hematopoiesis. Blood. 102:262-268. Dalla-Favera R, Gianni AM. Induction of cyclo-
1997:89:1922-1930. ) phosphamide-resistance by aldehyde-dehydro-
’ 16. Armstrong SA, Staunton JE, Silverman LB, et al. genase gene transfer. Blood. 1996;87:1097-1103.
6. Thorsteinsdottir U, Mamo A, Kroon E, etal. Over- MLL translocations specify a distinct gene ex- 29. Elizondo G, Corchero J, Sterneck E, Gonzalez
expression of the myeloid leukemia-associated pression profile that distinguishes a unique leuke- FJ. Feedback inhibition of the retinaldehyde de-
Hoxa9 gene in bone marrow cells induces stem mia. Nat Genet. 2002;30:41-47. hy&rogenase gene ALDH1 by retinoic acid
cell expansion. Blood. 2002;99:121-129. : ; S .
17. Ayton PM, Cleary ML. Transformation of myeloid through retinoic acid receptor alpha and CCAAT/
7. NakamuraT, Largaespada DA, Lee MP, et al. Fu- progenitors by MLL oncoproteins is dependent on enhancer-binding protein beta. J Biol Chem.
sion of the nucleoporin gene NUP98 to HOXA9 Hoxa7 and Hoxa9. Genes Dev. 2003;17:2298- 2000;275:39747-39753.
by the chromosome translocation t(7;11)(p15; 2307. 30. Gomes |, Sharma TT, Edassery S, Fulton N, Mar
p15) n hyman myeloid leukaemia. Nat Genet. 18. Look AT. Oncogenic transcription factors in the BG, Westbrook CA. Novel transcription factors in
1996;12:154-158. human acute leukemias. Science. 1997;278: human CD34 antigen-positive hematopoietic
8. Calvo KR, Sykes DB, Pasillas M, Kamps MP. 1059-1064. cells. Blood. 2002;100:107-119.
Hoxa9 immortalizes a granulocyte-macrophage 19 g gh LR, Hill AA, Brown EL, Hunter CP. Quanti- ~ 31. Miyazaki YJ, Hamada J, Tada M, et al. HOXD3
colony-stimulating factor-dependent promyelo- tative analysis of mMRNA amplification by in vitro enhances motility and invasiveness through the
cyte capable of biphenotypic differentiation to transcription. Nucleic Acids Res. 2001;29:E29- TGF-beta-dependent and -independent pathways
forced mefs expression. ol Cell Bl 2000:20: 38, {14549 cells, Oncogene. 2002i21:798 805
3074-3285. P ) ’ o 20. Wang E, Miller LD, Ohnmacht GA, Liu ET, Marin- 32. Valerius MT, Patterson LT, Feng Y, Potter SS.
9. Kroon E, Krosl J, Thorsteinsdottir U, Baban S cola FM. High-fidelity mRNA amplification for O e e e e
: ' ’ ’ ' gene profiling. Nat Biotechnol. 2000;18:457-459. sion in the developing kidney. Proc Natl Acad Sci
Buchberg AM, Sauvageau G. Hoxa9 transforms U S A. 2002;99:8090-8095.
primary bone marrow cells through specific col- 21. Ross DT, Scherf U, Eisen MB, et al. Systematic 33. Lohmann I, McGinnis W. Hox genes: it's all a mat-
laboration with Meis1a but not Pbx1b. EMBO J. variation in gene expression patterns in human " ter of context. Curr Biol. 2002:12:R514-516
1998:17:3714-3725. cancer cell lines. Nat Genet. 2000;24:227-235. i i ' o )
! X . 34. Pigquemal D, Commes T, Manchon L, et al. Tran-
10. Lawrence HJ, Rozenfeld S, Cruz C, et al. Fre- 22. Eisen MB, Spellman PT, Brown PO, Botstein D. scriptome analysis of monocytic leukemia cell
quent co-expression of the HOXA9 and MEIS1 Cluster analysis and display of genome-wide ex- differentiation. Genomics. 2002;80:361-371.
homeobox genes in human myeloid leukemias. pression patterns. Proc Natl Acad Sci U SA. 35. LiuTX, Zhang JW, Tao J, et al. Gene expression
Leukemia. 1999;13:1993-1999. 1998;95:14863-14868. networks underlying retinoic acid-induced differ-
11. Thomas JG, Olson JM, Tapscott SJ, Zhao LP. An 23. Tusher VG, Tibshirani R, Chu G. Significance entiation of acute promyelocytic leukemia cells.
efficient and robust statistical modeling approach analysis of microarrays applied to the ionizing Blood. 2000;96:1496-1504.
to discover differentially expressed genes using radiation response. Proc Natl Acad Sci U SA. 36. SavliH, Aalto Y, Nagy B, Knuutila S, Pakkala S.
genomic expression profiles. Genome Res. 2001; 2001;98:5116-5121. Gene expression analysis of 1,25(0H)2D3-de-
11:1227-1236. 24. Dorsam G, Goetzl EJ. Vasoactive intestinal pep- pendent differentiation of HL-60 cells: a cDNA
12. Golub TR, Slonim DK, Tamayo P, et al. Molecular tide receptor-1 (VPAC-1) is a novel gene target of array study. Br J Haematol. 2002;118:1065-1070.



1684

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

DORSAM et al

Lee KH, Chang MY, Ahn JI, et al. Differential gene
expression in retinoic acid-induced differentiation
of acute promyelocytic leukemia cells, NB4 and
HL-60 cells. Biochem Biophys Res Commun.
2002;296:1125-1133.

Zheng X, Ravatn R, Lin Y, et al. Gene expression
of TPA induced differentiation in HL-60 cells by
DNA microarray analysis. Nucleic Acids Res.
2002;30:4489-4499.

Kelly LM, Englmeier U, Lafon I, Sieweke MH,
Graf T. MafB is an inducer of monocytic differen-
tiation. EMBO J. 2000;19:1987-1997.

Mirkovic I, Charish K, Gorski SM, McKnight K,

Verheyen EM. Drosophila nemo is an essential
gene involved in the regulation of programmed
cell death. Mech Dev. 2002;119:9-20.

Houweling AC, Dildrop R, Peters T, et al. Gene
and cluster-specific expression of the Iroquois
family members during mouse development.
Mech Dev. 2001;107:169-174.

Guidato S, Prin F, Guthrie S. Somatic motoneu-
rone specification in the hindbrain: the influence
of somite-derived signals, retinoic acid and
Hoxa3. Development. 2003;130:2981-2996.

Chaudhry AZ, Lyons GE, Gronostajski RM. Ex-
pression patterns of the four nuclear factor |
genes during mouse embryogenesis indicate a
potential role in development. Dev Dyn. 1997;
208:313-325.

Bell SP, Dutta A. DNA replication in eukaryotic
cells. Annu Rev Biochem. 2002;71:333-374.

Bregman DB, Pestell RG, Kidd VJ. Cell cycle
regulation and RNA polymerase Il. Front Biosci.
2000;5:D244-257.

Passegue E, Jochum W, Schorpp-Kistner M,

47.

48.

49.

50.

51.

52.

53.

54.

Mohle-Steinlein U, Wagner EF. Chronic myeloid
leukemia with increased granulocyte progenitors
in mice lacking junB expression in the myeloid
lineage. Cell. 2001;104:21-32.

Harder KW, Parsons LM, Armes J, et al. Gain-
and loss-of-function Lyn mutant mice define a
critical inhibitory role for Lyn in the myeloid lin-
eage. Immunity. 2001;15:603-615.

Lipsick JS, Wang DM. Transformation by v-Myb.
Oncogene. 1999;18:3047-3055.

Maa MC, Hsieh CY, Leu TH. Overexpression of
p97Eps8 leads to cellular transformation: implica-
tion of pleckstrin homology domain in p97Eps8-
mediated ERK activation. Oncogene. 2001;20:
106-112.

Altschuler DL, Ribeiro-Neto F. Mitogenic and on-
cogenic properties of the small G protein Raplb.
Proc Natl Acad Sci U S A. 1998;95:7475-7479.
Sacchi N, Watson DK, Guerts van Kessel AH, et
al.. Hu-ets-1 and Hu-ets-2 genes are transposed
in acute leukemias with (4;11) and (8;21) translo-
cations. Science. 1986;231:379-382.

Amson R, Sigaux F, Przedborski S, Flandrin G,
Givol D, Telerman A. The human protooncogene
product p33pim is expressed during fetal hemato-
poiesis and in diverse leukemias. Proc Natl Acad
Sci U SA. 1989;86:8857-8861.

Kondos H, Anastasiadou E, Photopoulou A, Cary
P, Aleporou-Marinou V, Pataryas T. Elevated lev-
els of the chromosomal protein HMG 17 in
chronic myelogenic leukemia. Biochem Mol Biol
Int. 1995;36:803-809.

Kho CJ, Wang Y, Zarbl H. Effect of decreased
fte-1 gene expression on protein synthesis, cell
growth, and transformation. Cell Growth Differ.
1996;7:1157-1166.

55.

56.

57.

58.

59.

60.

61.

62.

63.

BLOOD, 1 MARCH 2004 - VOLUME 103, NUMBER 5

Rushton JJ, Davis LM, Lei W, Mo X, Leutz A,
Ness SA. Distinct changes in gene expression
induced by A-Myb, B-Myb and c-Myb proteins.
Oncogene. 2003;22:308-313.

Zuber J, Tchernitsa Ol, Hinzmann B, et al. A ge-
nome-wide survey of RAS transformation targets.
Nat Genet. 2000;24:144-152.

Fernandez PC, Frank SR, Wang L, et al.
Genomic targets of the human c-Myc protein.
Genes Dev. 2003;17:1115-1129.

Morsi El-Kadi AS, in der Reiden P, Durston A,
Morgan R. The small GTPase Rap1l is an imme-
diate downstream target for Hoxb4 transcriptional
regulation. Mech Dev. 2002;113:131-139.

Theokli C, Morsi El-Kadi AS, Morgan R. TALE
class homeodomain gene Irx5 is an immediate
downstream target for Hoxb4 transcriptional
regulation. Dev Dyn. 2003;227:48-55.

Schraets D, Lehmann T, Dingermann T, Mar-
schalek R. MLL-mediated transcriptional gene
regulation investigated by gene expression profil-
ing. Oncogene. 2003;22:3655-3668.

Tkatchenko AV, Visconti RP, Shang L, et al. Over-
expression of Hoxc13 in differentiating keratino-
cytes results in downregulation of a novel hair
keratin gene cluster and alopecia. Development.
2001;128:1547-1558.

Zhao 'Y, Potter SS. Functional specificity of the
Hoxal3 homeobox. Development. 2001;128:
3197-3207.

Gomes |, Sharma TT, Mahmud N, et al. Highly
abundant genes in the transcriptosome of human
and baboon CD34 antigen-positive bone marrow
cells. Blood. 2001;98:93-99.





