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HoxA10 is a homeodomain transcription factor that is maxi-
mally expressed in myeloid progenitor cells. An increase in
HoxA10 expression correlates with poor prognosis in human
acute myeloid leukemia (AML). Consistent with this scenario,
HoxA10 overexpression in murine bone marrow induces a
myeloproliferative neoplasm that advances AML over time.
Despite the importance of HoxA10 for leukemogenesis, few
genuine HoxA10 target genes have been identified. The current
study identified ARIH2, the gene encoding Triad1l, as a HoxA10
target gene. We identified two distinct HoxA10-binding cis ele-
ments in the ARIH2 promoter and determined that HoxA10
activates these cis elements in myeloid cells. Triad1 has E3 ubiq-
uitin ligase activity, and we found that HoxA10-overexpressing
myeloid cells exhibited a Triad1-dependent increase in protein
ubiquitination. Therefore, these studies have identified the
regulation of protein ubiquitination as a novel function of
Hox transcription factors. Forced overexpression of Triadl
has been show previously to inhibit colony formation by mye-
loid progenitor cells. In contrast, HoxA10-overexpressing
myeloid progenitor cells exhibited increased proliferation in
response to low doses of various cytokines. We found that
Triadl knockdown further increased cytokine-induced pro-
liferation in HoxA10-overexpressing cells. Therefore, these
studies have identified a HoxA10 target gene that antagonizes
the overall influence of overexpressed HoxA10 on myelopro-
liferation. This result suggests that the consequences of
HoxA10 overexpression reflect a balance between the target
genes that facilitate and antagonize proliferation. These
results have implications for understanding the mechanisms
of leukemogenesis in AML with Hox overexpression.

HOX genes encode a set of highly conserved homeodomain
transcription factors that are involved in the regulation of
embryogenesis and definitive hematopoiesis. HOX genes are
arranged in four groups (A—D) on four different chromosomes
in mouse and man (1). Each group includes between 9 and 11
genes, numbered according to the homology between groups
(1). HOX gene transcription is tightly regulated during hema-
topoiesis, with 5" HOX genes (HOXI1-4) actively transcribed in
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hematopoietic stem cells and 3'-genes (HOX7-13) activated in
committed progenitors (2). Decreased HOX gene transcription
is also important for the normal progression of hematopoiesis
(2).

Increased expression of a specific group of HOX genes
(HoxB3, -B4, -A7, -A9, and -A10) is associated with poor prog-
nosis in human AML? (3-5). In AML, Hox expression is both
increased and prolonged in differentiating hematopoietic cells.
Several murine models support the functional significance of
aberrant Hox expression for myeloid leukemogenesis (6 -12).
For example, overexpression of HoxB3 or HoxB4 in murine
bone marrow expands the hematopoietic stem cell population
in vitro and in vivo. Also, overexpression of HoxA9 or HoxA10
expands the common granulocyte/monocyte progenitor popu-
lation in vitro and results in the development of a myeloprolif-
erative neoplasm in vivo (8 —12). The myeloproliferative neo-
plasm in HoxA10-overexpressing mice progresses to AML
over time, suggesting that dysregulated HoxA10 expression
predisposes to the accumulation of additional mutations
required for the progression to AML. However, the mecha-
nisms by which Hox proteins influence these cellular events
are largely unknown because few genuine Hox target genes
have been identified.

The goal of our studies was to identify HoxA10 target genes
that are functionally significant for leukemogenesis. Using var-
ious approaches, we identified a number of HoxA1l0 target
genes that may contribute to the pathogenesis of AML. For
example, we found that HoxA10 represses the transcription of a
number of phagocyte effector genes in myeloid progenitor cells
(13-15). HoxA10-induced repression of these genes decreases
as myelopoiesis proceeds, permitting differentiation stage-spe-
cific transcription (14, 15). We also identified genes involved in
regulating the proliferation and survival of hematopoietic pro-
genitor cells as HoxA10 target genes. This included genes
encoding Mkp2, B3-integrin, and TgfB2 (16, 17). These target
gene products contribute to the expansion of HoxA10-overex-
pressing myeloid progenitor cells (16, 17). In the current study,
we report that HoxA10 activates ARIH2 transcription. This
gene encodes Triadl, an E3 ubiquitin ligase (also referred to as
ariadne-like 2) (18, 19).

Triadl contains two RING (really interesting new gene)
domains that bind substrate proteins and E2 ubiquitin ligases.
E2 (or ubiquitin-conjugating) proteins bring ubiquitin to the E3

2 The abbreviations used are: AML, acute myeloid leukemia; RA, retinoic acid;
G-CSF, granulocyte-colony-stimulating factor; SCF, stem cell factor; MSCV,
murine stem cell virus.
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ligase-substrate complex. The E3 ligase attaches ubiquitin to
the substrate, thereby tagging the substrate for proteasome-
mediated degradation. Previous studies determined that Triad1
interacts functionally with several E2 ligases, including Ubch?
and Ubc13 (19, 20). Co-overexpression of Triadl and UbcH7
increases total protein ubiquitination in myeloid progenitor
cells or myeloid cell lines, but genuine Triad1/UbcH7 substrate
proteins have not been identified (20). Although Triad1 is ubiq-
uitously expressed, expression increases during myelopoiesis
and is greatest in mature neutrophils (19). Other investigators
found that engineered overexpression of Triadl in myeloid
progenitor cells results in decreased colony formation (19).
This suggests the possibility that HoxA10-dependent Triadl
expression antagonizes the pro-proliferative consequences of
dysregulated expression of other HoxAl0O target genes in
HoxA10-overexpressing cells.

In these studies, we investigated the hypothesis that HoxA10
regulates the expression of Triadl, thereby influencing protein
ubiquitination. The impact of increased Triadl expression on
myeloproliferation has implications for understanding leuke-
mogenesis in Hox-overexpressing AML.

MATERIALS AND METHODS
Plasmids

Protein Expression Vectors—The cDNA for human HoxA10
was obtained from C. Largman (University of California, San
Francisco) (21). This cDNA sequence, which represents the
major transcript in mammalian hematopoietic cells, encodes a
393-amino acid, 55-kDa protein (22). The Triadl cDNA was
obtained from Dr. Bert A. van der Reijden (Radboud University,
Netherlands). Both cDNA sequences were subcloned into the
pSRa or pcDNAamp vector for expression in mammalian cell
lines and the MSCV vector for the generation of retrovirus (per
the manufacturer’s instructions (Stratagene, La Jolla, CA)).

ShRNA Expression Vectors—HoxA10- and Triadl-specific
shRNA and scrambled control sequences were designed with
the assistance of the Promega Web site. Double-stranded oli-
gonucleotides representing the complementary sequences sep-
arated by a hairpin loop were subcloned into the pLKO.1puro
vector (a gift from Dr. Kathy Rundell, Northwestern University,
Chicago). Several sequences were tested, and the most efficient
of these were used in combination for HoxA10 or Triadl sup-
pression. Scrambled shRNA sequences were used as negative
controls in all studies.

ARIH2 Reporter Vectors—Various fragments of the ARIH2
5'-flank were amplified by genomic PCR from U937 chromatin
and sequenced to ensure identity with the published sequence
(from the Ensembl database). ARIH2 5'-flank sequences were
subcloned into the pGL3-basic reporter vector (Promega, Mad-
ison, WI). Additional constructs were generated with three
copies of the —22 to —48-bp (proximal) or —174 to —198-bp
(distal) HoxA10-binding sequences from the ARIH2 promoter
in the pGL3-promoter vector. Constructs were also generated
with the —22 to —48-bp (proximal) or —174 to —198-bp (dis-
tal) ARIH2 sequences with mutation in the Hox-binding con-
sensus (see below).
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Oligonucleotides

Oligonucleotides were custom synthesized by MWG Biotech
(Piedmont, NC). Double-stranded oligonucleotides used in
electrophoretic mobility shift assays or to generate reporter
constructs represented —22 to —48-bp (proximal, wild type
5'-TTAAAAATATAAATATAATTCTTTTCA-3'; Hox-bind-
ing mutant, 5'-TTAAAAATCTCCATAGAATTCTTTTCA-
3') or —174 to —198-bp (distal, wild type 5'-TCTTGT-
CAATATAATTATATCATGGA-3'; Hox-binding mutant,
5"-TCTTGTCAAGCGAAGCATATCATGGA-3') sequences
from the ARIH2 promoter. Bold letters represent mutated
bases.

Myeloid Cell Lines and Culture

The human myelomonocytic leukemia cell line U937 (24)
was obtained from Andrew Kraft (Hollings Cancer Center,
Medical University of South Carolina, Charleston). Cells were
maintained as described (25). U937 cells were treated for 48 h
with retinoic acid (RA) plus dimethyl formamide for granulo-
cyte differentiation.

Primary Murine Bone Marrow Studies

Animal studies were performed according to a protocol
approved by the Animal Care and Use Committees of North-
western University and the Jesse Brown Veterans Affairs Med-
ical Center.

Bone Marrow Harvest and Culture—Bone marrow mononu-
clear cells were obtained from the femurs of WT, HoxA10™/~,
or HoxA10~/~ C57/BL6 mice (26). Scal+ cells were separated
using the Miltenyi magnetic bead system (Miltenyi Biotec, Inc.,
Auburn, CA). Bipotential myeloid progenitor cells were cul-
tured (at a concentration of 2 X 10° cells/ml) for 48 h in DME
supplemented with 10% fetal calf serum, 1% penicillin-strepto-
mycin, 10 ng/ml murine GM-CSF (R&D Systems Inc., Minne-
apolis, MN), and 10 ng/ml murine recombinant IL-3 (R&D Sys-
tems). Cells were either maintained in GM-CSF + IL-3 for 48 h
or differentiated over a 48-h time span in 10 ng/ml granulocyte-
CSF (G-CSF).

Bone Marrow Retroviral Transduction—Retrovirus was gen-
erated with the HoxA10/MSCYV plasmid or control MSCV plas-
mid using the Phoenix cell packaging line according to the
manufacturer’s instructions (Stratagene). The average concen-
tration of producer cell supernatants was 107 plaque-forming
units/ml.

Bone marrow mononuclear cells were cultured for 24 h in 10
ng/ml IL-3, 10 ng/ml GM-CSF, and 100 ng/ml SCF. Cells were
transduced by incubation with retroviral supernatant in the
presence of Polybrene (6 ug/ml) as described previously (27).
Transduced cells were selected for 48 h in puromycin, with or
without G-CSF-induced differentiation, and used for gene
expression studies. Transgene expression was confirmed by
real-time PCR. Transduction studies were repeated at least
three times with at least two different batches of retroviruses.

Quantitative Real-time PCR

RNA was isolated using the TRIzol reagent (Invitrogen) and
tested for integrity by denaturing gel electrophoresis. Primers
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were designed with Applied Biosystems software, and real-time
PCR was performed using SYBR Green according to the “stan-
dard curve” method. Results were normalized to 18 S (for
mRNA determination) or input chromatin (for chromatin
immunoprecipitation studies).

Chromatin Co-immunoprecipitation and CpG Island Screening

U937 cells were incubated briefly in medium supplemented
with formaldehyde to generate DNA-protein cross-links. For
CpG island microarray screening, cell lysates were sonicated to
generate chromatin fragments with an average size of 2.0 kb
(28). Lysates underwent two rounds of immunoprecipitation
with an antibody custom-generated to a HoxA10-specific pep-
tide as described previously (16). Precipitated chromatin was
recovered as described (28). Several batches of immunoprecipi-
tated chromatin were combined for each experiment and
amplified by PCR. Chromatin was labeled and used to screen a
CpG island microarray as described (16).

The identified genes were confirmed by independent chro-
matin immunoprecipitation experiments. For these studies,
chromatin was co-immunoprecipitated from U937 lysates with
antibody to HoxA10 or preimmune serum. In initial studies,
lysates were sonicated to generate chromatin fragments of 1000
bp. This precipitated chromatin was analyzed by PCR using
primer sets to amplify various 1000-bp sequences in the
5'-flank or first exon (as a negative control). PCR products were
separated by agarose gel electrophoresis. In other studies, cell
lysates were sonicated to generate chromatin fragments of
~100 bp. This chromatin was used in quantitative real-time
PCR experiments.

Myeloid Cell Line Transfections and Assays

Stable Transfectants—U937 cells were transfected by elec-
troporation with equal amounts of a HoxA10 or Triad1 expres-
sion vector or with empty vector control (using pcDNAamp)
plus a vector with a neomycin phosphotransferase cassette
(pSRa) (30 g each). Stable pools of transfected cells were
selected in G418 (0.5 mg/ml), and aliquots of cells were tested
for HoxA10 and Triad1l expression by Western blot.

Other cells were transfected by electroporation with a lenti-
viral construct (pLKO.1puro vector) for expression of HoxA10-
or Triadl-specific shRNAs (or scrambled control shRNAs).
Stable pools of transfected cells were selected in puromycin (1.2
pg/ml) and tested for HoxA 10 or Triad1 expression by Western
blot. In some experiments, U937 stable transfectants with
either a HoxA10 expression vector or empty vector control
were co-transfected with a vector to express either a Triadl-
specific ShRNAs or scrambled control. Co-transfectants were
selected in both G418 and puromycin.

ARIH?2 Reporter Assays—To identify the ARIH2 promoter cis
element that is activated by HoxA10, U937 cells were co-trans-
fected with a construct containing various ARIH2 5'-flank
sequences linked to a luciferase reporter (629-, 333-, 198-, 167-,
109-, 48-, and 29-bp ARIH2-pGL3-b or pGL3-b control) (30
pg) and a vector to overexpress HoxA10 (or empty vector con-
trol) (50 pg). In other experiments, cells were co-transfected
with a luciferase reporter vector containing a minimal pro-
moter and the —22 to —48-bp (proximal) or —174 to —198-bp

16834 JOURNAL OF BIOLOGICAL CHEMISTRY

(distal) HoxA10-binding cis elements from the ARIH2 pro-
moter (or empty p-GL3-p vector control). Reporter assays were
performed with or without 48 h of treatment with retinoic acid
(48 h) with dimethyl formamide (24 h). Cells were also trans-
fected with a 3-galactosidase reporter vector to control for
transfection efficiency (CMV/B-gal).

Western Blots

U937 or murine bone marrow cells were lysed by boiling in
2X SDS sample buffer. Lysate proteins (50 ug) were separated
by SDS-PAGE (8% acrylamide) and transferred to nitrocellu-
lose. Western blots were serially probed with antibodies to
HoxA10, Triadl, and GAPDH (to control for loading). Each
experiment was repeated at least three times with different
batches of lysate proteins. Representative blots are shown. For
some studies, cells were pretreated with the proteasome inhib-
itor MG132 for 5 h (5 um) to stabilize ubiquitinated proteins.

Proliferation Assays

U937 stable transfectants with a vector to overexpress
HoxA10 or empty vector control plus Triad1l-specific shRNAs
or scrambled shRNA control were deprived of fetal calf serum
for 24 h and treated with a dose titration of fetal calf serum
(0.01-10%) for 24 h. Some cells were also treated with retinoic
acid. Cell proliferation was determined by the incorporation of
[*H]thymidine (for the last 16 h of incubation) according to
standard techniques.

In Vitro DNA Binding Assays

Isolation of Nuclear Proteins—Nuclear proteins were
extracted from U937 cells by the method of Dignam (29) with
protease inhibitors as described (25).

Electrophoretic Mobility Shift Assays (EMSA)—Oligonucleo-
tides probes were prepared, and EMSA were performed as
described (16, 17). For binding reactions that included a
HoxA10 antibody, disruption of the complex (not supershift)
was anticipated. This is because the HoxA10 peptide used to
generate the antibody is in close proximity to the DNA-binding
homeodomain.

For all experiments, at least three different batches of nuclear
proteins were tested in at least two independent experiments.
The integrity of the nuclear proteins and equality of protein
loading was determined in control EMSA with a probe repre-
senting a classical CCAAT-box from the a-globin gene pro-
moter. Antiserum to HoxA10 (not cross-reactive with other
Hox proteins) was obtained from Covance Research Products
(Richmond, CA) and Santa Cruz Biotechnology (Santa Cruz,
CA).

Genomic Sequence Analysis

Conserved genomic sequences and consensus sequences for
Hox protein DNA binding were identified using VISTA soft-
ware (Genomics Division of the Lawrence Berkeley National
Laboratory (Berkeley, CA) (30-32).

Statistical Analysis

Statistical significance was determined by Student’s ¢ test and
analysis of variance methods using SigmaPlot and SigmaStat
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TABLE 1
HoxA10 target genes (CpG island array screen)
*, published previously.

HoxA10 Target Genes (CpG island array screen)
DNA-binding Cytokines/ Apoptosis
IREB2 receptors DUSP4*
PBX1 TGFB2* NME4
ZNF222 TMEMS8 COX6B2
ZNF452 EML5 GLUD1
ZBTB8
HIST1H1B Signal transduction Other
.. . EIF4E
Ubiquitination Pg’?}fgf CLAST4
UBEZS AGXT2L1
ARIH2

software. Graphs are presented with error bars representing
standard error calculations.

RESULTS

Identifying ARIH2 as a HoxA10 Target Gene—To identify
HoxA10 target genes, we coupled chromatin immunoprecipi-
tation with microarray screening as reported previously (16). In
these studies, chromatin that co-precipitated with a HoxA10
antibody (or preimmune serum) was used to screen a CpG
island microarray. CpG islands that specifically co-precipitated
with HoxA10 were identified. Because 70% of all promoters are
adjacent to CpG islands, this approach should permit identifi-
cation of the majority of HoxA10 target genes.

We used U937 cells for these screening studies (24). U937
cells are a myeloid leukemia line that is similar to bipotential
granulocyte/monocyte progenitors. U937 cells are able to
undergo granulocytic differentiation with RA or dimethyl sulf-
oxide or monocytoid differentiation with interferon y or tumor
necrosis factor «. Differentiating U937 cells exhibit prolifera-
tion arrest and increased sensitivity to apoptosis and also
develop phagocyte functional competence (24). Therefore,
these cells represent a reasonable model of myelopoiesis.

Using this approach, we identified a number of potential
HoxA10 target genes, some of which were reported previously
(16). We found increased representation of genes encoding
cytokines, cytokine receptors, and signaling intermediates
involved in cell proliferation and/or survival (Table 1). This was
consistent with the influence of HoxA10 on progenitor expan-
sion. A number of target genes encoding other transcription
factors were also identified, consistent with previous observa-
tions regarding cross-regulation between homeodomain (HD)
proteins.

Interestingly, we also identified HoxA10 target genes, includ-
ing ARIH2, that were involved in protein ubiquitination (18,
19). This suggested a previously unidentified sphere of influ-
ence for Hox proteins, that of regulating protein activity by
post-translational modification.

We used computer algorithms to analyze the ARIH2 5'-flank
for conserved DNA-binding consensus sequences for Hox pro-
teins (30-32). The ARIH2 CpG island that was identified by
screening encompassed —320 to —490 bp of the 5'-flank (rela-
tive to the transcription start site (+1)). Because chromatin was
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sonicated to ~2.0 kb for these experiments, we investigated the
proximal 2.5 kb of the ARIH2 5'-flank for potential Hox-bind-
ing sites. We compared the human and murine genes and iden-
tified consensus sequences for Hox binding to DNA alone or as
a heterodimer with Pbx or Meis proteins (frequent Hox part-
ners). The proximal 1.0 kb of the ARIH2 5'-flank was highly
conserved between mouse and human (Fig. 14), and we identi-
fied eight Hox/Pbx-binding consensus sequences within the
proximal 200 bp (Table 2).

To confirm the microarray screening results, independent
chromatin co-immunoprecipitation studies were performed.
In these experiments, HoxA10-co-precipitating chromatin was
amplified by PCR using primers representing various ARIH2
sequences (Fig. 1B, last five lanes). Preimmune serum was a
negative control in these experiments (Fig. 1B, middle five
lanes), and input nonprecipitated chromatin was a positive
control (Fig. 1B, first five lanes). Chromatin was sheared to an
average size of ~1.5 kb for this study.

In these studies, we found that the proximal 1.4 kb of the
ARIH?2 5'-flank specifically co-precipitated with HoxA10. In
contrast, chromatin representing the —1.4 to —2.4-kb
sequence (Fig. 1B, last lane) or the first intron (+1.5 to +2.5 kb;
not shown) was not enriched in HoxA10-co-precipitating chro-
matin. These results identified a HoxA10-binding site within
the proximal 1.0 kb of the ARIH2 5'-flank.

HoxA10 Activated two ARIH?2 Cis Elements—W e next inves-
tigated the influence of HoxA10 on ARIH2 promoter activity.
For these studies, U937 cells were transfected with a series of
reporter constructs containing truncations of the proximal
ARIH2 5'-flank (or empty reporter vector) and a HoxA10
expression vector (or empty expression vector), and reporter
activity was determined (Fig. 24). Based on the locations of the
Hox-binding consensus sequences, constructs were generated
with 629, 333, 198, 167, 109, 48, 29 bp of the ARIH2 5'-flank
(indicated by arrows in Fig. 1A). Because previous studies had
indicated a higher level of Triadl expression in neutrophils in
comparison with myeloid progenitors, transfectants were ana-
lyzed with or without RA-induced differentiation (experiments
with RA are represented by hash-marked bars in Fig. 2A).

The 629-, 333-, 198-, 167-, 109-, and 48-bp constructs all
exhibited promoter activity in these transfection experiments
(Fig. 2A). In contrast, the smallest (29 bp) construct did not
have promoter activity under any of the assay conditions (Fig.
2A, bars 1-4). The activities of the 629-, 333-, 198-, 167-, 109-,
and 48-bp constructs were significantly greater in RA-treated
transfectants in comparison with untreated transfectants (Fig.
2A, p = 0.002, n = 6; compare open bars with open hash-
marked bars). The increase in reporter activity due to RA treat-
ment was not significantly different for any of the constructs in
this group (p = 0.2, n = 6).

The 628-, 333-, and 198-bp constructs had activities that
were similar to each other in untreated transfectants or in
RA-differentiated transfectants (Fig. 24; for untreated transfec-
tants, compare bars 24, 21, and 28, p = 0.6 n = 6; for RA-
differentiated transfectants, compare bars 19, 23, and 27, p =
0.4, n = 6). The activities of the 167-, 109-, and 48-bp constructs
were also similar to each other in untreated transfectants or
RA-differentiated transfectants (Fig. 24; for untreated transfec-
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A

ARIH2 Promoter

L] L] L] L] L] L] L]
AGTGTAGTGGCGTGATCTTGGCTCACTGCAGCCTCAACCTCCTGTGCTCAAGA-AATCCTCCCACCTCAGCCTIC
GGGGTAGAGGG————-— CTTGAGGAAGTAAAGTGCTTACCTAGITAGCTGGATTCAGTCCTCCCAC-—————— TG

CCAAGTAGCTGGGACTACAGGCATGCACCACCACGACATTTATGAGTAATGTGACATAAATGAGCCACGACAGC
ETEGERAAGIAATGENE———-E8T THEEE — ——————-ARE-————— TGGGTATAGTGACACATAC---CTAT---—--—

. ) ) . . . . .
ATGAGTAAAGTGAGATCTGAAATAT-TAGCATTATTCTGTGTTAGATTACCACAGTGGAGGTGATTTTGT————
************ AGATCTAGGATACGTATCTAGATCCTATCACACACACACACAA---AAGTGGGCTTATGGGA

. .
————————— AGTAAAA———————————GTTAAATTTTAAGTCAGTTACAATTTGCTTGGTCAACATCTACATAA
CAGCACAGCAGAAAAAAAGCACTTGCTGCCAACCITGAAGACCTITATTATTTACTTATTTG-—-TTTATTTTA

L]
CA ———————————— GATTGAAATTGTGGTAGTTGAGAATCTGAAGGACAGAAATACTGGAGTAAAGAAG
GATTTGTTTACTTTATCTATATTGAGTATATTGTAGCTG————T ————— CAGACATACCAGAAGAGGGCAT

. . . ® . . .
CAGGC----TTTCAGCTGGGTGAGGTGGAGGTTACAGTGA----GCTGAGATGGCAACACTGCACTCCAACCTG
CAGAACCCATTACAGATGGGTGTGA-———— GCTACCATGTAGTTGTTGAGAATTGAACTCAGGACTTC----TIG

GGTGACAGAGGGAGGCCCTGTCTCAAACAAACAAAAAAAAGAAGTGGTCTTTCAAACTGAGAGAGAGAATTGAG
S L PHP AAAAGCAGTCAGTACTCTT---AACTG--—-—-—-—— TGAG

L] L] L] L]
ATTAAATTATTGETACCTGTTTACTTAGATTACTTTCTTTT T TTTTTTTTTGAGACGAATTTTCTTGTCACCCA
———————————— CCATCTCICCACCCTGAAGACL ITCTTT------==22=- - == ZZAAATACCTGG-—--=--

L] L] L J L] L] L] L]
GGCTCAAGTGCAGTGGCGCGATCTCACCTCACTGCAAC----CTCTGCCTCCCTGGTTGGAGTGATTCT-CCTG
AGCTCAAATA-GTTGGAGAGAACA-ACCTCACACCAACTGTTCTITTGACTTCCACTCAAGGTIGCCICTACCCA

. ) . [ . .
EBCEEAGEEIT - ——————————————————— CCGAGTAGCTGGG-ATTACAG——- GCTCGAACTCCTGACCTC
CATCCACCTAAAACGTATAAATGAAAGAAACAAAATAGCTGGGCATGGCAGCACAIGTITG-————

AGGTGATCCACCTGCCTTGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACAACACCCAGCTGAATACTT
——————— CACTIG------ZZ2ZZZAGAAGECGAGG--—CAGGTGG-—————-——--ZIffoZZiooooors

L] L] L] L] L] L] L] L]
TCTTITTTTAGAAGGTCATGTAACTCITGTCAATATAATTATGTCATGGATTTTTTTTGTTGGCACTTTAAAAG
TCTCIGAGITCAAGCTCAGCT-——== TGGITGGIAGAGTTGU-—=——==—-----2o——o—-foZioon o

AAGATAATTAATTTAATAGTTACTCTGTCCCTTGTTACTTGTCCTTTAAAATACCTTTGCTTTAAA

AAGACAAGTCATTATGIGGT-——————————————

L] L] L]
TAAACTTGCARAAGCAGTATACCAGC

AAAAA-
_______________ GAGACCCTTTCTTAAACAAAAACAA

L] L]
TTTTAGATGGAAATCATATT

TITAAAAATATANATATALATTCTTTTCA
TAAACTTGAGAAA---GGGTATCAGTTCTAAAAATATAAAT=TGTCTCTTTTCGTTTCAGATGGAAATCCTATG

Human sequence in black, Murine sequence in blue,
Hox or Hox/Pbx consensus in red, Proximal and distal sites underlined,

[Cpg island in brackets

-1.4 kb to +1 bp

-629 bp to +1 bp

=333 bp to +1 bp

-200 bp to +1 bp

-1.4 kb to -2.4 kb

Y T T
input chromatin control IP aHoxA10 IP

Chromatin co-immuno-precipitation
HoxA10 Ab and ARIH2

FIGURE 1. Identification of ARIH2 as a HoxA10 target gene in myeloid cells. A, the ARIH2 5'-flank includes conserved consensus sequences for Hox DNA

binding. The 5'-flanks of the human (black) and murine (blue) ARIH2 genes

were compared for conserved sequences (gray). Conserved Hox DNA-binding

consensus sequences were identified (red). The location of the CpG island identified by chromatin immunoprecipitation is indicated by the red brackets.
Sequences representing HoxA10-binding cis elements are underlined. Arrows indicate the location of truncations used in reporter gene assays. B, proximal
5'-flank co-immunoprecipitated with HoxA10 from U937 cells. Chromatin co-immunoprecipitation was performed with U937 cells and an antibody to HoxA10
or preimmune serum (as a negative control). Chromatin was amplified by PCR using primers flanking various sequences in the ARIH2 5'-flank as indicated.

Nonprecipitated (input) chromatin was a positive control.

tants, compare bars 8, 12, and 15, p = 0.8 n = 6; for differenti-
ated transfectants, compare bars 7, 11, and 15, p = 0.7, n = 6).
However, the activities of the 628-, 333-, and 198-bp constructs
were significantly greater than the activities of the 167-, 109-,
and 48-bp constructs (p = 0.006, n = 8 for undifferentiated
transfectants; p = 0.0002, n = 6 for RA-treated transfectants).

Overexpression of HoxA10 significantly increased the activ-
ity of the 629-, 333-, 198-, 167-, 109-, and 48-bp constructs (Fig.
2A; for untreated transfectants, compare the open bars and the
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gray bars for this group, p < 0.01 n = 8; for RA-treated trans-
fectants, compare the open hash-marked bars and the gray
hash-marked bars, p < 0.01 n = 8). The 628-, 333-, and 198-bp
constructs had significantly more reporter activity in HoxA10-
overexpressing transfectants in comparison with the activity of
the 165-, 109-, and 48-bp constructs in these transfectants (Fig.
2A, compare bars 19, 23, and 27 with bars 7, 11, and 15, p =
0.0002, n = 6). Also, HoxA10 overexpression induced a greater
increase in the activity of the 628-, 333-, or 198-bp constructs in
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comparison with the increase in the activity of the 165-, 109-,
and 48-bp constructs (199.7 £ 7.4% increase versus 91.0 = 0.8%
increase, respectively; p < 0.01, n = 8).

In these experiments, the empty reporter vector had minimal
activity, which was not influenced by RA treatment or HoxA10
overexpression. This activity was subtracted as background.

These results suggested that the proximal 629 bp of the
ARIH2 promoter included two cis elements that were activated
by HoxA10: —28 and —48 bp and between —165 and —198 bp.
Examination of the ARIH2 promoter revealed three overlap-
ping Hox-binding consensus sequences between —22 and —48
bp (referred to as proximal) and one Hox-binding consensus
between —174 and —198 bp (referred to as distal). Therefore,
we generated reporter constructs with three copies of the prox-
imal or distal sequence linked to a minimal promoter.

These constructs (or control minimal promoter/reporter
vector) were co-transfected into U937 cells with a vector to
overexpress HoxA1l0 (or empty vector control) (Fig. 2B).
Reporter gene assays were performed with or without RA-in-
duced differentiation. We found that differentiation signifi-

TABLE 2
Hox/Pbx consensus sequences
Sequence ARIH2 promoter location
ATGATTNATN Consensus
ATGATTTCCATC —4to —14
AAGAATTATATT —25to —36
ATATTTATAT —32to —41
ATATTTTTTAA —38to —48
AAGTTTATT —68to —76
ATTAAATTAATT —132to —142
ATTAATTAG —137 to —142
ATAATTATAT —182to —191
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cantly increased the activity of either of these ARIH2 sequence
containing constructs in these transfectants (Fig. 2B, compare
bars 2 and 4 for the distal cis element and bars 6 and 8 for the
proximal cis element, p < 0.01, n = 9).

HoxA10 overexpression also significantly increased the
activity of both of the ARIH2 cis elements in U937 transfectants
(Fig. 2B; for untreated transfectants, compare bars 3 and 4 for
the distal cis element and bars 7 and 8 for the proximal cis
element, p < 0.001, n = 9; for RA-differentiated transfectants,
compare bars I and 3 for the distal cis element and bars 5 and 7
for the proximal cis element, p < 0.01, n = 9). The proximal cis
element was significantly less active than the distal cis element
under all conditions tested (Fig. 2B; p < 0.001, n = 9). The
activity of the control minimal promoter/reporter vector was
less than 10% of the activity of either ARIH2 cis element-con-
taining construct, was not increased by differentiation or
HoxA10 overexpression, and was subtracted as background.

To verity that HoxA10 was acting through the Hox-binding
consensus sequences in these constructs, additional reporter
constructs were analyzed. The —22 to —48-bp construct
includes three sequences that meet the Hox/Pbx-binding con-
sensus. We introduced a mutation in one of these potential
binding sites (—32 to —41 bp) and generated a construct with
three copies of the mutant sequence linked to a minimal pro-
moter and reporter. A construct with three copies of the distal
cis element with a mutation in the single Hox consensus-bind-
ing site (—182 to —191 bp) was also generated. These mutant
constructs were assayed in U937 transfection experiments as
described above. We found that the activity of these mutant
constructs was not significantly different from the activity of
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FIGURE 2. HoxA10 activated two cis elements in the ARIH2 promoter. A, overexpressed HoxA10 activated cis elements between —198 and —26 bp in the
ARIH2 promoter in myeloid cell line transfection experiments. U937 cells were co-transfected with a series of reporter constructs (629,333,198, 167,109, 48, and
29 bp) representing the ARIH2 5’'-flank (or empty reporter vector) and a vector to overexpress HoxA10 (or empty expression vector). *, indicates statistically
significant differences in reporter gene activity of various constructs; **, indicates significant difference in reporter activity in HoxA10-overexpressing trans-
fectants; *** and #, indicate statistically significant differences in HoxA10-overexpressing versus control transfectants. Bars are numbered 7-28 and grouped
according to construct. B, HoxA10 activated two cis elements between —198 and —26 bp in the ARIH2 promoter. U937 cells were co-transfected with a
construct with three copies of the —22 to —48 bp (proximal, bars 5-8) or —174 to — 198 (distal, bars 1-4) sequence from the ARIH2 5'-flank linked to a minimal
promoter and reporter (or minimal promoter/reporter control vector) and a vector to overexpression HoxA10 (or empty expression vector). Transfectants were
analyzed for reporter activity with or without RA-induced differentiation. *, **, #, and ##, indicate statistically significant increase in reporter expression with
HoxA10 overexpression; *** and ###, indicate significant increase in reporter expression with differentiation versus without differentiation for the proximal and
distal cis element-containing constructs, respectively; &and &&, indicate statistically significant differences in reporter activity between the proximal and distal
reporter constructs for undifferentiated and RA-treated HoxA10-overexpressing transfectants, respectively.
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FIGURE 3. HoxA10 bound to two ARIH2 promoter cis elements. A, HoxA10 bound to the proximal ARIH2 cis element in vitro. EMSA were performed with
nuclear proteins from U937 cells and a double-stranded, synthetic oligonucleotide probe representing the proximal (—22 to —48 bp) ARIH2 cis element.
Binding assays were performed with nuclear proteins from untreated U937 cells (lanes 1 and 2-12) or from RA-differentiated U937 cells (lane 2). Some binding
reactions were incubated with control preimmune serum (lane 3) or an antibody to HoxA10 (lane 4). Other binding reactions were incubated with excess,
unlabeled, double-stranded oligonucleotide competitors as follows: no competitor (lane 5), the homologous ARIH2 sequence (lane 6), a HoxA10-binding cis
element from the DUSP4 promoter (lane 7), the distal or proximal HoxA10-binding cis elements from the CYBB promoter (lanes 8 and 9, respectively) or an
unrelated CYBB cis element (lane 10), and the distal ARIH2 cis element (lane 11) or a form of the proximal ARIH2 sequence with a Hox-binding site mutation (lane
12). The HoxA10-containing complex is indicated by the upper arrow and the free probe by the lower arrow. B, HoxA10 bound to the distal ARIH2 cis element in
vitro. EMSA were also performed with nuclear proteins from U937 cells and a double-stranded synthetic oligonucleotide probe representing the distal (—174
to —198 bp) ARIH2 cis element. Binding assays were performed with nuclear proteins from untreated U937 cells (lanes 17 and 2-12) or from RA-differentiated
U937 cells (lane 2). Some binding reactions were incubated with control preimmune serum (/ane 3) or an antibody to HoxA10 (lane 4). Other binding reactions
were incubated with excess, unlabeled, double-stranded oligonucleotide competitors as follows: no competitor (lane 5), the homologous ARIH2 sequence
(lane 6), a HoxA10-binding cis element from the DUSP4 promoter (lane 7), the distal or proximal HoxA10-binding cis elements from the CYBB promoter (lanes
8 and 9, respectively), an unrelated CYBB cis element (lane 10), the distal ARIH2 cis element (lane 11), and a form of the proximal ARIH2 sequence with a
Hox-binding site mutation (lane 12). The HoxA10-containing complex is indicated by the upper arrow and the free probe by the lower arrow. C, HoxA10 bound to two
ARIH2 cis elements in vivo. Chromatin co-immunoprecipitation was performed with U937 cells (with and without RA-induced differentiation) and an antibody to
HoxA10 (or irrelevant control antibody). Cell lysates were sonicated to generate chromatin fragments of ~100 bp prior to immunoprecipitation. Co-precipitating
chromatin fragments were analyzed by real-time PCR using primer sets flanking the —22 to —48 bp (proximal) or —174 to —198 bp (distal) sequence from the ARIH2
promoter. Results were normalized to total input (nonprecipitated) chromatin. * and #, indicate statistically significant differences in binding to the proximal versus
distal cis elements; ** and ***, indicate statistically significant differences in HoxA10 binding in untreated versus differentiated U937 cells.

the minimal promoter control vector and was not altered by  double-stranded oligonucleotide probes with one copy of the
differentiation or HoxA10 overexpression (not shown). proximal (—25 to —48 bp) or distal (—174 to —198 bp) ARIH2

HoxA10 Bound to Two ARIH2 Cis Elements—These studies sequence. Because the activity of the ARIH2 promoter was
indicated that HoxA10 influenced the activity of the proximal increased during RA-induced differentiation, nuclear proteins
and distal ARIH?2 cis elements. However, these studies did not from untreated and RA-differentiated U937 cells were studied.
demonstrate that HoxA10 interacted with the cis elements. To We found that differentiation with RA did not significantly
investigate this, we used in vitro DNA binding assays. EMSA  alter in vitro binding to the proximal cis element probe (Fig. 34,
were performed using U937 nuclear proteins and synthetic ~compare lanes 1 and 2) but increased in vitro binding to the
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distal cis element probe (Fig. 3B, compare lanes 1 and 2). Pro-
tein binding to the proximal probe was less efficient than to the
distal probe; more protein and longer exposure were used in the
former studies.

To determine whether HoxA10 was a component of the
dominant protein complex that bound to the probes, we prein-
cubated nuclear proteins with a HoxA10 antibody (or preim-
mune serum) and performed EMSA. We found that the low
mobility protein complex that bound to each of the probes was
disrupted by an antibody to HoxA10 (Fig. 3, A and B, compare
lanes 3 and 4 for the proximal and distal probes, respectively).

We also investigated the binding specificity of the low mobil-
ity complexes in assays with unlabeled oligonucleotide compet-
itors. We found that excess unlabeled “self”’-oligonucleotide
competed for the low mobility complex that bound to each
probe (Fig. 3, A and B, compare lanes 5 and 6), but an oligonu-
cleotide with mutation of the Hox-binding consensus did not
(Fig. 3, A and B, compare lanes 5 and 12). Oligonucleotides with
Hox-binding sites from the DUSP4 or CYBB genes also com-
peted for binding of these complexes (Fig. 3, A and B, compare
lane 5 with lanes 7, 9, and 10), but several irrelevant oligonu-
cleotide competitors did not (Fig. 3, A and B, compare lanes 5
and 8). Additionally, oligonucleotide with the proximal ARIH2
sequence competed efficiently for protein binding to the distal
ARIH?2 sequence probe and vice versa (Fig. 3, A and B, compare
lanes 5 and 11).

At least three independent batches of nuclear proteins were
used for these experiments, and representative results are
shown. The protein concentrations of various preparations
were normalized by performing control EMSA with a synthetic
oligonucleotide probe representing the classical CCAAT-box
from the a-globin gene (not shown).

In vivo HoxA10 binding to these ARIH?2 cis elements was
investigated by chromatin co-immunoprecipitation. These
experiments were performed as described above, except that
the chromatin was sonicated to ~100-bp fragments. Primers
were designed to amplify ~90 bp surrounding the proximal and
distal ARIH?2 cis elements, and real-time PCR was used to quan-
tify co-precipitation. Chromatin that co-precipitated with pre-
immune serum was a negative control, and results were nor-
malized to total input chromatin.

We found specific, in vivo HoxA10 binding to both of these
regions of the ARIH2 promoter (Fig. 3C). HoxA10 bound to the
distal cis element more efficiently than to the proximal cis ele-
ment (Fig. 3C, compare black bars), and binding to both cis
elements was increased by differentiation (Fig. 3C, compare
black and gray bars).

HoxA10 Influenced Triadl Expression—We next investi-
gated whether expression of Triadl mRNA and protein was
increased in HoxA10-overexpressing cells. For these studies,
U937 cells were stably transfected with a vector to overexpress
HoxA10 or empty control vector. Other U937 cells were stably
transfected with a Triadl expression vector or co-transfected
with a vector to express two Triad1-specific shRNAs (or scram-
bled control sShARNA) and a HoxA10 expression vector (or vec-
tor control). The Triadl and shTriadl transfectants were used
for protein ubiquitin studies as discussed below.

MAY 13,2011+VOLUME 286-NUMBER 19
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Triadl mRNA expression was determined by real-time PCR.
We found that differentiation with RA significantly increased
Triadl expression in control transfectants (Fig. 44, compare
the black and gray bars in the first set), consistent with previous
results (19). HoxAl0 overexpression also significantly
increased Triadl expression, both with and without RA treat-
ment (Fig. 44, compare the first pair of bars with the second
pair, p < 0.0001, n = 6).

As anticipated, Triadl mRNA was increased in U937 cells
that were stably transfected with a Triadl expression vector
(Fig. 4A, compare the first pair of bars with the third pair, p <
0.001, n = 6) and decreased in transfectants with Triad1l-spe-
cific ShRNA expression vectors (Fig. 44, compare the fourth
pair of bars with the fifth pair, p < 0.001, n = 6). Triadl mRNA
expression in HoxA10-overexpressing U937 cells was signifi-
cantly decreased by expression of these Triadl-specific
shRNAs (Fig. 4A, compare the last two pairs of bars, p < 0.001,
n=6).

Expression of Triad1l protein in the U937 stable transfectants
was determined by Western blot (Fig. 4B). These blots con-
firmed that differentiation of control transfectants with RA
increased Triad1 expression (Fig. 4B, top panel, compare lanes
1 and 4). HoxA10 overexpression also increased expression of
Triadl protein (Fig. 4B, top panel, compare lanes 1 with 2 and 4
with 5). As anticipated, Triadl protein was increased in trans-
fectants with a Triadl expression vector (Fig. 4B, top panel,
compare lanes 1 with 3 and 4 with 6).

Control experiments were performed to document HoxA10
mRNA expression in these transfectants (Fig. 4C). In compari-
son with control cells, HoxA10 mRNA was significantly more
abundant in U937 cells stably transfected with a HoxA10
expression vector (Fig. 4C, compare the first pair of bars with
the second pair, p < 0.0001, n = 6). HoxA10 mRNA was not
altered by overexpression of Triadl or expression of Triadl-
specific shRNAs (Fig. 4C). Expression of HoxA10 protein cor-
related with HoxA10 mRNA in these transfectants (Fig. 4B,
middle panels).

However, U937 cells are a leukemia line with abnormalities
in a number of cellular processes. Therefore, we also investi-
gated the influence of HoxA10 on Triadl expression in primary
murine bone marrow cells. These studies were facilitated by the
existence of transgenic mice with HOXAI0 gene disruption.
HoxA10 knock-out mice are characterized by urogenital
abnormalities and superficially normal hematopoiesis (26).

For these experiments, bone marrow was isolated from
HoxA10™/~, HoxA10"/~, or wild type mice (26). Cells were
cultured in GM-CSF, IL-3, and SCF, and CD34+ cells were
separated as described previously (27). This process produced a
population that was best characterized as bipotential granulo-
cyte/monocyte progenitors. Some cultured cells were further
differentiated to neutrophils with G-CSF. This produced a
population in which more than 80% of the cells were
CD34—CD38+Grl+ as described previously (27). In other
experiments, wild type bone marrow cells were transduced
with a retroviral vector to overexpress HoxA10 or with control
vector (MSCV) (described in detail in Ref. 27).

Triadl mRNA expression was determined by real-time PCR.
We found that differentiation of control cells with G-CSF sig-
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FIGURE 4. HoxA10 overexpression in U937 myeloid cells increased Triad1 mRNA and protein. A, expression of Triad1 mRNA was increased by overex-
pression of HoxA10 in U937 cells. U937 cells were stably transfected with vectors to overexpress HoxA10 or Triad1 or with empty expression vector control.
Triad1 expression was determined by real-time PCR in untreated and RA-differentiated transfectants. * and **, indicate statistically significant difference in
Triad1 expression in HoxA10- or Triad 1-overexpressing transfectants, respectively; *** and #, indicate statistically significant increase in Triad 1 expression with
RA differentiation for control or HoxA10-overexpressing transfectants, respectively; ##, ###, & and &&, indicate significant decreases in Triad1 expression with
expression of Triad1-specific sShRNAs. B, expression of Triad1 protein was increased by overexpression of HoxA10 in U937 cells. U937 stable transfectants, as
describedin A, were analyzed for protein expression by Western blot. Total cell lysate proteins were separated by SDS-PAGE, and blots were probed serially with
antibodies for HoxA10, Triad1, and GAPDH (as a loading control). C, expression of HoxA10 mRNA was increased by overexpression HoxA10in U937 cells but not
by Triad1 overexpression or knockdown. U937 cells were stably transfected with vectors to overexpress HoxA10 or Triad1 or with empty expression vector
control. HoxA10 expression was determined by real-time PCR in undifferentiated and RA-treated transfectants. *, indicates statistically significant difference in

HoxA10 expression in cells transfected with a HoxA10 expression vector.

nificantly increased Triad1l expression (Fig. 54, compare black
and gray bars in the first pair, p < 0.0001, n = 6). There was
significantly less Triadl mRNA in HoxA10™*/~ cells in compar-
ison with WT cells, and there was less Triadl mRNA in
HoxA10~ '~ cells in comparison with HoxA10™/~ cells (Fig. 54,
WT versus HoxA10"/~; compare the first and second pairs of
bars, p < 0.0001, n = 9; +/— versus —/—, compare the second
and third pair of bars, p < 0.00001, n = 9).

Consistent with these results, we found that Triadl mRNA
expression was increased in HoxA10-transduced cells in com-
parison with cells transduced with control vector (Fig. 54,
compare the two left sets of bars; p < 0.00001, n = 10 for gran-
ulocyte/monocyte progenitors and p < 0.0001, n = 10 for
G-CSF-differentiated cells). Western blots confirmed that
Triadl protein was also increased by differentiation with
G-CSF (Fig. 5B, compare lane I with 2), or HoxA10 overexpres-
sion (Fig. 5B, compare lane 1 with 3).

In control experiments, there was significantly less HoxA10
mRNA in HoxA10"/~ cells in comparison with WT cells (Fig.
5C, compare the first and second pairs of bars, p < 0.0001, n =
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6). Expression of HoxA10 decreased significantly in both WT
and HoxA10"/~ cells undergoing differentiation with G-CSF
(Fig. 5C, compare the black and gray bars in the first two pairs,
p <0.01, n = 6), consistent with previous results (27). HoxA10
was not expressed in HoxA10~ '~ cells as anticipated. Con-
versely, HoxA10 mRNA expression was significantly greater in
cells transduced with a HoxA10 expression vector in compari-
son with control cells (Fig. 5C, compare last two pairs of bars,
p <0.0001, n = 6).

HoxA10 Influenced Protein Ubiquitination in a Triadl-de-
pendent Manner—Because Triadl is an E3 ubiquitin ligase,
we hypothesized that an increase Triadl in HoxA10-over-
expressing cells would increase protein ubiquitination.
Because no specific Triadl substrates have been identified,
we investigated this hypothesis by examining total protein
ubiquitination. For these studies, we used U937 cells that
were stably transfected with a Triadl expression vector (or
with empty vector) or with vectors to express two Triadl-
specific shRNAs (or scrambled control shRNAs). These sta-
ble transfectants were discussed above (Fig. 4). Cells were
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FIGURE 5. Triad1 mRNA and protein expression in primary murine bone marrow cells was altered by overexpression or knock-out of HoxA10. A, Triad1
mRNA expression in primary myeloid progenitors and differentiating myeloid cells was decreased by HoxA10 knock-out and increased by HoxA10 overex-
pression. Bone marrow progenitor cells were isolated from WT, HoxA10*"~, or HoxA10™/~ mice. Some wild type cells were transduced with a retroviral vector
to overexpress HoxA10 or with control vector. Cells were cultured in GM-CSF, IL-3, or SCF (granulocyte/monocyte progenitor conditions) or with ex vivo
differentiation to granulocytes with G-CSF. Triad1 expression was determined by real-time PCR. * and **, indicate statistically significant decrease in Triad1
mRNA expression in HoxA10*/~ and HoxA10~/~ cells, respectively, in comparison with WT cells; ***, indicates statistically significant increase in Triad1
expression in G-CSF-differentiated cells; #, indicates statistically significant increase in Triad1 expression in HoxA10-overexpressing cells; ## and ###, indicate
significant increase in G-CSF-differentiated transduced cells for control vector and HoxA10-overexpressing cells, respectively. B, Triad1 protein expression in
primary myeloid progenitors and differentiating myeloid cells was increased by HoxA10 overexpression. The transduced primary murine bone marrow cells,
asdescribed in A, were also analyzed by Western blot (WB) for protein expression. Total cell lysate proteins were separated by SDS-PAGE, and blots were probed
serially with antibodies for HoxA10, Triad1, or GAPDH (as a loading control). C, HoxA10 mRNA expression in primary murine progenitors and differentiating
myeloid cells was decreased by HoxA10 knock-out and increased by HoxA10 overexpression. HoxA10 mRNA expression in bone marrow cells, as described in
A, was determined by real-time PCR. * and **, indicate statistically significant decrease in HoxA10 mRNA expression in HoxA10*/~ and HoxA10~/~ cells,
respectively, in comparison with WT cells; ***, indicates statistically significant decrease in HoxA10 expression in G-CSF-differentiated cells; #, indicates
statistically significant increase in HoxA10 expression in HoxA10-overexpressing cells; ##, indicates significant decrease in HoxA10 expression upon G-CSF-
induced differentiation of control vector-transduced cells.

treated with MG132 (a proteasome inhibitor) to stabilize
ubiquitinated proteins.

To evaluate the influence of Triad1 on total protein ubiquiti-
nation, Western blots of cell lysates were probed with an anti-
ubiquitin antibody (Fig. 6A). Transfectants were assayed with
or without differentiation by RA. We found that total protein
ubiquitination was increased by treating control transfectants
with RA (Fig. 64, compare the first two lanes). This differenti-
ation-induced increase in ubiquitination was not observed in
cells stably expressing Triadl-specific SARNAs (Fig. 64, com-
pare the first two lanes with the third and fourth lanes). Con-
versely, overexpression of Triadl increased total protein ubiq-
uitination in untreated and RA-treated transfectants (Fig. 64,
compare the first two lanes with the last two lanes). In control
experiments, we documented a decrease in Triadl protein in
U937 cells stably transfected with these Triad1-specific shRNA
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expression vectors (Fig. 6B, top panel, compare the first and
second lanes).

We next examined whether HoxA10 overexpression influ-
enced protein ubiquitination in a Triadl-dependent manner.
For these studies, we used U937 cells stably transfected with a
vector to overexpress HoxA10 (or empty vector control) and
a vector to express Triadl-specific ShRNAs (or scrambled
shRNAs), discussed above (Fig. 4). Western blots of total cell
lysates were probed with an anti-ubiquitin antibody.

We found that HoxA10 overexpression increased total pro-
tein ubiquitination in U937 transfectants (Fig. 6C, top panel, for
untreated transfectants, compare the first and third lanes; for
RA-differentiated transfectants compare the second and fourth
lanes). The increase in protein ubiquitination in HoxA10-over-
expressing cells was abrogated by expression of Triad1-specific
shRNAs (Fig. 6C, top panel, for untreated transfectants com-
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FIGURE 6. HoxA10 overexpression increased total protein ubiquitination in a Triad1-dependent manner. A, Triad1 overexpression in U937 cells
increased total protein ubiquitination. U937 cells were stably transfected with a vector to express Triad1 (or empty vector control) or a vector to express two
Triad1-specific sShRNAs (or scrambled shRNAs). Untreated and RA-differentiated transfectants were treated with the proteasome inhibitor MG132. Western
blots of total cell lysates were probed with an anti-ubiquitin antibody or antibody to GAPDH (as a loading control). B, HoxA10 overexpression in U937 cells
increased Triad1 expression. U937 cells were stably transfected with a vector to overexpress HoxA10 (or empty expression vector) or a vector to express
Triad1-specific sShRNAs (or scrambled control shRNAs). Western blots (WB) of total cell lysates were probed with antibodies to HoxA10, Triad1, and GAPDH
(as a loading control). C, HoxA10 overexpression in U937 cells increased total protein ubiquitination in a Triad 1-dependent manner. Stable transfectants, as
described in B, were analyzed by Western blot for total ubiquitinated protein. Blots were also probed with an antibody to GAPDH as a loading control.
D, re-expression of Triad1 reversed the decrease in total protein ubiquitination in cells with Triad1 knockdown. U937 cells stably transfected with vectors to
express two Triad1-specific ShRNAs were co-transfected with a dose titration of a Triad1 expression vector (32, 16, 8, and 4 ug; indicated by a right-pointing
triangle). Western blots of total cell lysates from transfectants that were differentiated with RA were probed with antibodies to ubiquitin, Triad 1, and GAPDH (as
aloading control). E, HoxA10 overexpression in primary murine bone marrow progenitor cells increased total protein ubiquitination. Myeloid progenitor cells
were isolated from the bone marrow of WT mice and transduced with a HoxA10 expression vector or empty vector control. Cells were cultured in GM-CSF, IL-3,
or SCF or differentiated with G-CSF. Western blots of cell lysates from MG132-treated transfectants were probed with antibodies to ubiquitin and GAPDH (as

a loading control).

pare the fifth and seventh lanes; for RA-treated transfectants
compare the sixth and eighth lanes). In control experiments,
expressing Triadl-specific sShRNAs was found to decrease
Triadl protein in HoxA10-overexpressing transfectants (Fig.
6B, top panel, compare third and fourth lanes).

Therefore, expression of Triadl-specific sShRNAs substan-
tially decreased total protein ubiquitination in RA-differenti-
ated U937 cells. However, these studies did not directly dem-
onstrate that decreased Triadl protein was the cause of
decreased protein ubiquitination in these cells (i.e. these studies
did not demonstrate the specificity of the effect).

To address this issue, U937 cells were stably transfected with
avector to express Triad1-specific sShRNAs plus a dose titration
of Triadl expression vector (32, 16, 8, and 4 ug of vector; indi-
cated by a right-pointing wedge in Fig. 6D). Total cell lysates
from RA-differentiated transfectants were analyzed by West-
ern blot for protein ubiquitination and Triadl expression (Fig.
6D). We found a dose-dependent increase in protein ubiquiti-
nation upon re-expression of Triadl in U937 cells with Triadl
knockdown (Fig. 6D, compare lane 1 with lanes 3—6). These
studies suggested that specific loss of Triad1 protein decreased
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protein ubiquitination in cells expressing these Triadl-specific
shRNAs.

We also examined the influence of HoxA10 on protein ubiq-
uitination in primary murine bone marrow cells. For these
studies, cells were isolated from WT mice and transduced with
a retroviral vector to express HoxA10 (or with control vector)
as described above. Cells were treated with MG132, and cell
lysates were analyzed for total protein ubiquitination by West-
ern blot. We found that differentiation of control cells with
G-CSF increased total protein ubiquitination (Fig. 6E, top
panel, compare third and fourth lanes). Overexpression of
HoxA10 also increased total protein ubiquitination with and
without differentiation (Fig. 6E, compare first two lanes with
last two lanes).

Triadl Influenced Proliferation of HoxAlO-overexpressing
Cells—Other investigators found that overexpression of Triad1l
in myeloid cell lines or progenitors decreased the colony form-
ing activity of these cells (19). In previous studies, we found that
exposure to a given dose of fetal calf serum (FCS) stimulated
more proliferation in HoxA10-overexpressing cells in compar-
ison with control cells (i.e. that HoxA10-overexpressing cells
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FIGURE 7. Increased sensitivity of HoxA10-overexpressing myeloid cells to FCS-induced proliferation was influenced by Triad1 expression level.
A, Triad1 knockdown increased the sensitivity of HoxA10-overexpressing U937 cells to FCS-induced proliferation. U937 cells were stably transfected with a
vector to overexpress HoxA10, Triad1, or empty vector control. Other cells were stably transfected with a vector to express two Triad1-specific shRNAs (or
scrambled shRNA control) with or without a HoxA10 expression vector. Cells were deprived of FCS, and proliferation in response to a dose titration of FCS was
determined by the incorporation of [*Hlthymidine. ¥, **, and ***, indicate statistically significant differences in [*H]thymidine incorporation in HoxA10-
overexpressing transfectants in comparison with vector control cells; #, ##, and ###, indicate statistically significant increase in proliferation in HoxA10-
overexpressing transfectants with Triad1 knockdown; & and &&, indicate statistically significant decrease in [*H]thymidine incorporation in cells with
Triad1 overexpression. B, Triad1 knockdown increased the sensitivity of HoxA10-overexpressing, RA-differentiated U937 cells to FCS-induced proliferation.
U937 stable transfectants described in A were also assayed for FCS-induced proliferation after RA-induced differentiation. *, **, and ***, indicate statistically
significant differences in [*H]thymidine incorporation in HoxA10-overexpressing transfectants in comparison with vector control cells; #, ##, and ###, indicate
statistically significant increase in proliferation in HoxA10-overexpressing transfectants with Triad1 knockdown; &, &&, and &&&, indicate statistically signifi-

cant differences in [*H]thymidine incorporation in Triad 1-overexpressing transfectants.

were cytokine-hypersensitive) (33). These results suggested
that increased Triadl expression in HoxA10-overexpressing
cells would antagonize, rather than contribute to, the cytokine
hypersensitivity of these cells. We performed additional exper-
iments to investigate this hypothesis.

For these studies, we used U937 cells that were stably trans-
fected with a HoxA10 or Triadl expression vector (or empty
vector control), a vector to express Triad1-specific SARNAs (or
scrambled shRNA control), or vectors to simultaneously over-
express HoxA10 and knock down Triadl, as described above.
These transfectants were deprived of FCS for 24 h followed
by stimulation with a FCS dose titration (as in Ref. 33). Cells
were analyzed with or without RA-induced differentiation,
and proliferation was determined by the incorporation of
[*H]thymidine.

We found increased proliferation in HoxA10-overexpressing
cells in comparison with control cells at all FCS doses (Fig. 74,
compare gray bars with hash-marked gray bars, p < 0.001, n =
6) as described previously (33). Although differentiation with
RA decreased proliferation of both HoxA10-overexpressing
and control cells (compare in Fig. 7, A and B), proliferation of
HoxA10-overexpressing transfectants was still significantly
greater than control cells at all FCS doses (Fig. 7B, compare gray
bars and hash-marked gray bars, p < 0.01, n = 6).

Triadl overexpression significantly decreased proliferation
at higher FCS dose in untreated transfectants (Fig. 7A, compare
gray bars and black bars, p < 0.01, n = 6). The effect of Triadl
overexpression was greater in differentiating transfectants,
where proliferation was significantly less at all FCS doses in
comparison with control cells (Fig. 7B, compare gray bars and
black bars, p < 0.001, n = 3). Conversely, knockdown of Triadl

MAY 13,2011+VOLUME 286-NUMBER 19

increased proliferation at most FCS doses in undifferentiated
and differentiating transfectants (Fig. 7, compare gray bars and
gray bars with horizontal lines, p < 0.01, n = 3).

Triadl knock down further increased proliferation in
HoxA10-overexpressing transfectants at all FCS doses (Fig. 7,
compare gray hash-marked and gray cross-hatched bars, p <
0.01, » = 3 and p < 0.02, n = 3, respectively). Therefore,
increased Triadl expression antagonized the overall pro-pro-
liferative effect of overexpressed HoxA10.

DISCUSSION

HoxA10 is a homeodomain transcription factor that influ-
ences proliferation, apoptosis, and differentiation of myeloid
progenitor cells. In AML, HoxA10 overexpression is presumed
to contribute to leukemogenesis by dysregulating transcription
of target genes that impact these cellular activities. In previous
studies (13—17, 33), we identified HoxA10 target genes that are
involved in progenitor cell proliferation (TGFB2 and ITGB3),
apoptosis resistance (DUSP4), and phenotypic myeloid differ-
entiation (phagocyte effector genes such as CYBB and NCF2).

In the current study, we identified ARIH2 as a HoxA10 target
gene. We found that HoxA10 activated transcription of ARIH2
with a consequent increase in expression of the E3 ubiquitin
ligase, Triad1. In contrast to our studies of other target genes,
we found that increased Triadl expression in HoxA10-overex-
pressing cells antagonized the overall pro-proliferative effect of
HoxA10 overexpression. The antiproliferative effect of Triadl
in HoxA10-overexpressing cells was most pronounced during
differentiation but was also observed in myeloid progenitor
cells. Therefore, the regulation of myelopoiesis by HoxA10 is
complex and likely to be influenced by differentiation stage-
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specific expression profiles. These studies also identified a
novel function for Hox proteins: the regulation of protein
ubiquitination.

We found a Triad1-dependent increase in total protein ubiq-
uitination in myeloid progenitor cells undergoing granulocyte
differentiation, overexpressing HoxA10, or both. These results
suggested two possibilities; either Triadl was a major E3 ubiq-
uitin ligase in differentiating myeloid cells, or Triadl exerted a
global influence on protein ubiquitination. No substrates have
been identified for Triadl E3 ubiquitin ligase activity, which
makes it difficult to investigate these hypotheses. In previous
studies, Triad1l was found to interact with Gfi-1, but this inter-
action did not result in Gfi-1 ubiquitination or degradation
(19). Because some Hox proteins are ubiquitinated under vari-
ous conditions (34, 35), overexpressed HoxA10 might itself be a
Triadl substrate. Studies to investigate this possibility are
ongoing in our laboratory.

Triadl might exert a global influence on protein ubiquitina-
tion if it functioned as a Nedd8 E3 ligase. Neddylation was first
described for the cullin family of proteins, and additional
neddylation substrates have subsequently been identified
(reviewed in Ref. 36). Cullins are RING proteins that form a
scaffold for ubiquitin ligase assembly. Neddylation increases
the activity of cullin-based ubiquitin ligases (36). Therefore
neddylation of cullins by Triad1 would influence ubiquitination
of all cullin-based ligase substrates. Nedd8 ligase activity has
not been described for Triad1, but this intriguing possibility will
be explored in future investigations in our laboratory.

In vivo overexpression of HoxA10 in murine bone marrow
rapidly induces a myeloproliferative neoplasm that progresses
to AML over time (27). These studies suggested that HoxA10
overexpression is not sufficient for AML but that the myelopro-
liferative neoplasm induced by overexpressed HoxA10 predis-
poses to the accumulation of mutations leading to AML.
Increased proliferation of HoxA10-overexpressing cells could
contribute to this predisposition. If so, increased Triadl expres-
sion in HoxA10-overexpressing bone marrow would delay the
development of AML.

Therefore, our current studies suggest that interfering with
the activation of ARIH2 transcription by HoxA10 might accel-
erate disease progression in AML. Mutations that impair the
function of the ubiquitin ligase complex might also cooperate
with HoxA10 overexpression to accelerate disease progression.
This has implications for the clinical use of proteasome inhibi-
tors in HoxA10-overexpressing AML. Expression of Triadl is
variably increased or decreased in various forms of myeloid
leukemia (37), further indicating the complexity of this issue.

Our studies employed various chromatin immunoprecipita-
tion-based approaches to identify HoxA10 target genes. The
goal was to identify target genes that are functionally significant
for myeloid leukemogenesis. We have not emphasized catalog-
ing putative target genes or diagramming hypothetical path-
ways influenced by HoxA10. Rather the goal has been to per-
form mechanistic studies of specific, discrete intermediates
that may identify the molecular markers of disease prognosis or
targets for therapeutic intervention in AML.

We identified a CpG island in the ARIH2 gene that specifi-
cally co-precipitated with HoxA10. Further investigations
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identified two HoxA10-binding cis elements within the proxi-
mal ARIH?2 promoter. Although our investigations suggested
that these were the only conserved HoxA10-binding sites in
this promoter, additional sites may exist. Our goal in this study
was to demonstrate the functional significance of HoxA10 for
ARIH?2 transcription and Triadl expression. Therefore, further
search for additional binding sites was not pursued, as it would
not contribute to understanding the role of HoxA10 in regulat-
ing ARIH2 transcription and protein ubiquitination.

Previous studies identified multiple HoxA10-binding sites in
various target genes, including CYBB, NCF2, TGFB2, and
DUSP4. For each of these genes, multiple HoxA10-binding cis
elements were identified within the proximal 1 kb of promoter,
generally within 100 —200 bp of each other. The activity of some
tandem cis elements was cooperative (i.e. the CYBB and NCF2
genes), and for some it was additive (the TGFB2, DUSP4, and
ARIH?2 genes).

HoxA10 binding affinity for tandem cis elements was also
variable. This variability may contribute to differentiation
stage-specific target gene regulation, because both abundance
and post-translational modification of HoxA10 are altered dur-
ing myelopoiesis. For example, we found that tyrosine phos-
phorylation of HoxA10 increased during myeloid differentia-
tion, resulting in decreased binding to cis elements in the CYBB,
NCF2, and DUSP4 genes. Studies of the impact of HoxA10
post-translational modification on ARIH2 transcription are
ongoing in our laboratory.

HoxA10 binds to most target genes as part of a multiprotein
complex. For the CYBB and NCF2 cis elements, this complex
included HoxA10, Pbx1, and HDAC2 (14, 23). For the DUSP2
and ITGB3 genes, the complex included Pbx2 and a protein
with histone acetyltransferase activity (16, 17). In the current
studies, higher mobility bands were observed during EMSA
with the distal (high affinity) ARIH2 cis element probe. These
bands were cross-immunoreactive with HoxA10 and had cross-
competitive binding specificity with other HoxA10-binding
probes. These three complexes may represent HoxA10 binding
as a monomer, dimer, and higher order multiprotein complex.
Other components of the ARIH2-binding complex will be iden-
tified in future studies.
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