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Abstract

Chromosomal translocations involving the MLLI gene characterize a poor prognosis subset of acute myeloid leukemia
(AML), referred to as 11q23-AML. Transcription of the HOXA9 and HOXA 10 genes is enhanced in hematopoietic stem and
progenitor cells in these leukemias. We previously found the ARIH2 gene was repressed by HoxA9 in myeloid progenitors,
but activated by HoxA10 during granulopoiesis. ARIH2 encodes the Triadl protein, an anti-proliferative E3 ubiquitin ligase.
In the current study, we investigate the role of Triadl in leukemogenesis induced by an MLLI fusion protein (MII-Ell). We
found MII-EIl increased expression of HoxA9, HoxA10, and Triadl because HoxA9 represses only one of two ARIH?2 cis
elements that are activated by HoxA10. Although Triadl antagonized the generally pro-proliferative effects of the MII-Ell
oncoprotein, we found blocking HoxA9 and HoxA10 phosphorylation shifted the balance to ARIH2 repression in MII-Ell*
cells. We investigated the significance of these in vitro results in a murine bone marrow transplant model. We found Triadl
knockdown significantly shortened the latency to development of AML in mice transplanted with MII-Ell-transduced bone
marrow. And, Triadl expression fell during the prolonged AML latency period in mice transplanted with bone marrow
expressing MII-Ell alone. Our studies identify Triadl as a leukemia suppressor in 11q23-AML. This suggests defining

relevant Triadl substrates may indicate novel therapeutic targets in this disease.

Introduction

Aberrant expression of the homeodomain (HD) transcrip-
tion factors HoxB3, HoxB4, HoxA7-11, and Meisl was
identified a subset of AML with poor prognosis [1-5]. AML
with these characteristics had translocation or partial
duplication involving the MLLI gene (11q23-AML),
MYST3, and CREBBP translocations, or were cytogeneti-
cally normal with poor outcomes [1-5]. Hox expression
was increased in CD34%1 hematopoietic stem cells (HSC) in
these leukemias and did not decrease during differentiation
[1-3]. Expression of MLLI fusion proteins described in
AML in murine bone marrow increased transcription of
these HOX genes and induced myeloproliferation
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progressing to AML in vivo [6]. The time lag indicates
additional mutations are required for leukemogenesis in
11q23-AML [6].

There are four groups of HOX genes (A-D) that are
highly conserved in humans and mice (HoxA-D) [7]. HSC
are characterized by transcription of HOXI-4, committed
progenitors by HOX7-13, and these genes become inactive
in mature cells [8]. Transduction of murine bone marrow
with HoxA9 or HoxA10 vectors increases granulocyte/
monocyte progenitors and induces a myeloproliferative
neoplasm that progresses to AML in vivo [9-14]. There-
fore, leukemogenesis requires mutations in addition to
HoxA9 or HoxA10. HoxA9 and HoxA10 have conserved
DNA-binding domains resulting in regulation of a set of
common target genes, including genes encoding growth
factors and receptors such as FGF2 and TGFB2 [15-19].

Other HoxA9 and HoxA10 domains are not conserved
and some common target genes are differentially regulated,
including genes encoding phagocyte effectors, gp91770X
and p67°HOX [15, 20-23]. Although HoxA9 and HoxA10
regulate the same cis element, HoxA10 represses and
HoxA9 activates these genes [21-23]. Differential binding
of HoxA9 versus HoxA10 to these genes is regulated by
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Fig. 1 HoxA9 + HoxA10 increases Triadl expression and total protein
ubiquitination in myeloid progenitor cells and differentiating granu-
locytes. Murine myeloid progenitor cells were transduced with
HoxA9, HoxA10, HoxA9 + HoxA10, or control vector and analyzed
with or without granulocyte differentiation with G-CSF. a Triadl
mRNA was increased by HoxA9 + HoxA10, but HoxA9 alone
decreased Triadl. Significant differences in expression indicated by *,
wER kAR H 0, ##H#H, &, or &&. b HoxA9 and HoxA1l0 were

phosphorylation of HD tyrosine residues [21-23]. In murine
bone marrow transplantation experiments, we found over-
expressed HoxA10 with a HD tyrosine mutation prevented
gp91PHOX and p6779X expression and resulted in differ-
entiation block more rapidly than overexpressing wild-type
HoxA10 [14, 24].

ARIH?2 encodes the E3 ubiquitin ligase Triadl; another
differentially regulated HoxA9/HoxA10 target gene [25-
28]. Triadl is required to terminate emergency (stress)
granulopoiesis and its expression increases during myelo-
poiesis. We defined a cis element in the ARIH2 promoter
activated by HoxA10, but repressed by HoxA9 [26]. HD
tyrosine phosphorylation decreased HoxA9 binding of
HoxA9, but increased HoxA10 binding to ARIH2 [25, 26].
In contrast, HoxA9 and HoxA10 activate an FGF2 (fibro-
blast growth factor 2) promoter cis element in a non-
tyrosine phosphorylation dependent manner [17]. And, this
resulted in increased Fgf2 production by MII-Ell expressing
myeloid progenitors, with autocrine stimulation of pro-
liferation and hypersensitivity to cytokines with overlapping
signaling pathways [29].

Triadl ubiquitination of growth factor receptors facil-
itates lysosomal degradation, resulting in signal termination
rather than receptor recycling [26]. We identified Triadl-
dependent ubiquitination/degradation of the fibroblast
growth factor receptor 1 (Fgf-R1) during termination of
emergency granulopoiesis [26]. This implicated Triadl

equivalently expressed in transduced cells. Significant differences
indicated by *, ** *¥* or #. Not significantly different expression is

indicated by ‘a’, ‘b’, ‘¢, ‘d’, ‘e’, or ‘f". Bars in these graphs are means
and error bars + SEM. ¢ Total protein ubiquitination was increased by
HoxA9 + HoxA10. Western blots of lysate proteins were sequentially
probed with antibodies to total ubiquitinated (Ub) protein, HoxA9,
HoxA10, Triadl, or Gapdh (loading control)

effects on Fgf-R1 in reversing the expansion of myeloid
progenitors that occurs during emergency granulopoiesis.
Consistent with this, knockdown of Triadl increased cyto-
kine hypersensitivity of HoxA10-overexpressing cells, but
not HoxA9-overexpressing cells [25, 26].

A set of twins were described with concordant MLLI
translocations, but a chromosomal deletion involving
ARIH?2 in only one [30]. The latter twin developed AML
more rapidly, suggesting a leukemia suppressor function for
Triadl in 11q23-AML. Impaired tyrosine phosphorylation
of HoxA9 and HoxAl0 might also decrease Triadl
expression in MLLI-related leukemia. HoxA9 and HoxA10
are substrates for Shp2 protein tyrosine phosphatase [14].
Constitutively active Shp2 mutants are found in 11q23-
AML which efficiently dephosphorylate HoxA9 and
HoxA10 [14, 22, 24]. Consistent with this, we found
accelerated progression to AML in mice transplanted with
bone marrow transduced with vectors to express HoxA10
plus activated Shp2 versus HoxA10 alone [14, 24]. Shp2 is
constitutively activated by internal tandem duplications of
FLT3, and the incidence of such mutation is increased Hox-
overexpressing AML [31, 32].

In the current study, we find MII-Ell induces ARIH2
transcription and Triadl expression in myeloid progenitor
cells, but this is reversed by Shp2 activity. Although MLLI
fusion proteins increase both HoxA9 and HoxAl10, the
initial effect of MII-Ell on Triadl expression was similar to
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Fig. 2 MII-Ell increased Triadl expression in myeloid progenitor cells
with or without G-CSF. Murine bone marrow myeloid progenitor cells
were transduced with vectors to express MII-Ell, constitutively active
Shp2 (E76K), both or control vector. a Triadl mRNA was increased in
MII-Ell transduced murine bone marrow myeloid progenitors with and
without differentiation, but this was reversed by constitutively active
Shp2. Significant differences indicated by *, **, *¥* # 4 or #i##.
Not significantly different expression indicated by ‘a’ or ‘b’. b HoxA9
and HoxA10 were equivalent in cells expressing MII-Ell. Significant
differences indicated by *, **, *** or #. Not significantly different

HoxA10 alone. In murine bone marrow transplant studies,
we determine that Triadl knockdown enhances MII-EII-
induced myeloproliferation and accelerates progression to
AML. Consistent with this, endogenous Triadl expression
decreases during AML progression in mice transplanted
with MII-Ell transduced bone marrow. This is associated
with decreased HoxA10-binding to the ARIH2 promoter,
and increased binding of HoxA9 (favoring repression).
Expression of Shp2 also increases during disease progres-
sion in these mice. Therefore, Triadl substrates, such as
Fgf-R1, may identify targetable pathways in Hox-
overexpressing AML.

Results

MII-Ell increases Triad1 expression

MLL] fusion proteins increase transcription of HOXA9 and
HOXAI0. Before investigating effects of MLLI fusion
proteins on Triadl, we investigated the impact of co-
overexpressing these Hox proteins. For these studies, we

transduced murine bone marrow cells with retroviral vectors
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expression indicated by ‘a’, ‘b, ‘¢, ‘d’, ‘e’, or ‘f’. Bars in these graphs
are means and error bars + SEM. ¢ MII-Ell increased Triadl protein
and total protein ubiquitination in myeloid progenitors with or without
granulocyte differentiation. Western blots were serially probed with
antibodies to total ubiquitinated (Ub) protein, Triadl, HoxA9,
HoxA10, Ell, or Gapdh (loading control). d Shp2 activity decreased
Mll-Ell-induced Triadl expression and protein ubiquitination. Western
blots were probed with total Ub protein, Triadl, Shp2, and Gapdh
(loading control) antibodies

to express HoxA9, HoxA10, or both (or control vector). Lin
“CD34" cells were used in these studies (referred to as
“myeloid progenitor” cells; >70% Scal ckit'CD341CD38
~Grl7) [25, 26]. Some cells were differentiated with G-CSF
(>85% ckit CD34 CD38"Grl ™).

HoxA9 significantly decreased Triadl mRNA i with or
without G-CSF-induced differentiation (p <0.001, n=06)
and HoxA10 had the opposite effect (p < 0.001, n = 6) (Fig.
la). Co-overexpressing HoxA9 and HoxA10 increased
Triadl mRNA (p <0.01, n=06), with a greater effect in
differentiating cells (p =0.001, n = 6) (Fig. 1a). HoxA9 or
HoxA10 were equivalently overexpressed (Fig. 1b). We
found overexpression of HoxA1l0 or co-overexpressing
HoxA9 + HoxA10 increased total protein ubiquitination
with or without G-CSF; but this was decreased by over-
expressing HoxA9 alone (Fig. 1c). Triadl protein correlated
with mRNA.

We hypothesized increased Triadl expression and
activity in cells expressing MLLI fusion proteins.
Approximately 20 MLLI fusion proteins have been descri-
bed and they have comparable effects on expression of HD
transcription factors. However, some translocations are
more common in AML (e.g., MII-Ell, MII-Af9) and others
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Fig. 3 MII-EIll activated the ARIH2 promoter. a MII-Ell influenced the
proximal and distal ARIH2 cis elements. ARIH2 promoter/reporter
constructs containing 198 bp (distal HoxA9/HoxA10 binding and
proximal HoxA10-binding cis elements), 167 bp (proximal only), or
29 bp (neither) were transfected into U937 cells were co-transfected
with vectors to express and. The effect of MII-Ell, HoxA9, HoxA10,
HoxA9 + HoxA10, or control vector on reporter activity was deter-
mined =+ retinoic acid (RA/DMF). Significant differences indicated by
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[N

‘c¢’, ‘'d’, ‘¢, or ‘. b MII-Ell increased proximal ARIH2 cis element
activity. A minimal promoter/reporter construct with three copies of
the proximal ARIH? cis element or control was assayed in transfectants
with or without MII-Ell, HoxA9, HoxA 10, or control vectors. Reporter

in acute lymphoblastic leukemia (e.g., MIl-Af4) [6]. We
transduced primary murine bone marrow cells with a vector
to express MII-EIl or control vector, and analyzed myeloid
progenitor cells with or without G-CSF-differentiation.
Since tyrosine phosphorylation regulates HoxA9 and
HoxA10 activity and these proteins are Shp2 substrates, we
co-transduced some cells with a vector to express a con-
stitutively active Shp2 (E76K) [25, 26].

We found significantly increased Triadl mRNA in MII-
Ell transduced myeloid progenitor cells compared to con-
trol, with or without G-CSF (p <0.001, n=6) (Fig. 2a).
There was significantly less Triadl in myeloid progenitor
cells co-transduced with MII-Ell + E76K-Shp2 vectors
compared to MII-Ell alone, with or without G-CSF (p <
0.001, n=6) (Fig. 2a). MII-Ell increased HoxA9 and
HoxA10 relative to control cells (p <0.0001, n = 6) (Fig.
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activity was assayed + RA/DMF. Significant differences indicated by
* or ** Not significant differences by ‘a’, ‘b’, ‘c’, or ‘d’. ¢ MII-Ell
regulated the distal ARIH2 cis element in a HoxA9/HoxA10-depen-
dent manner. A minimal promoter/reporter construct with three copies
of the distal ARIH2 cis element or vector control was assayed for
activity in transfectants with or without MII-Ell vector, shRNA vectors
to knockdown HoxA9 or HoxA10, or an E76K-Shp2 vector (or con-
trol). Reporter activity was analyzed + RA/DMF. Significant differ-
ences indicated by *, **, *** # ## or ##. d MI-Ell increased
binding of HoxA9 or HoxA10 to the ARIH2 promoter in a differ-
entiation stage-specific manner. Binding was determined by chromatin
immunoprecipitation. Significant differences indicated by *, **, *%%
or #. Bars in these graphs are means and error bars + SEM

2b). This increase was equivalent for HoxA9 and HoxA10
(p = 0.4, n = 6) and not influenced by E76K-Shp2 (p > 0.2,
n=06) (Fig. 2b).

We found increased total ubiquitinated protein in MII-
Ell-transduced cells compared to control, with a greater
effect after G-CSF-differentiation (Fig. 2c). Co-expression
of E76K-Shp2 decreased total ubiquitinated protein relative
to MII-EIl alone (Fig. 2d). Modulation of Triadl protein by
MII-Ell, with or without E75K-Shp2, was consistent with
Triadl mRNA.

MII-Ell activates the ARIH2 promoter in a HoxA9/
HoxA10-dependent manner

To analyze the effect of MII-Ell on the ARIH2 promoter, we
transfected U937 cells with ARIH2 promoter-reporter

SPRINGER NATURE
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Fig. 4 Effects of HoxA9, HoxA10, and MII-Ell on endogenous Triad1
mRNA and the 198 bp ARIH2 promoter construct are similar. a Triad1l
expression increased in U937 cells expressing HoxA10 + HoxA9.
Cells were transfected with vectors to express HoxA9, HoxAl0,
HoxA9 + HoxA10 or control. Triadl mRNA expression was deter-
mined + RA/DMF-differentiation. Significant differences indicated by
*kwkRk 4 ##, #4##, or & b Triadl expression increased in U937
cells expressing MII-Ell, but this effect was decreased by constitutively

constructs, described in our prior studies. HoxA10 activates
cis elements at —182 to —191 bp and —30 to —41 bp in this
promoter, but HoxA9 represses only the distal cis element
(Fig. 3a) [25, 26]. Some transfectants were differentiated
with retinoic acid/dimethyl formamide (RA/DMF) [33].

MII-Ell increased activity of the 198 and 167 bp ARIH2
constructs (p <0.001, n=6) (Fig. 3a). This increase was
significantly greater in differentiated versus untreated
transfectants (73.1% + 3.2% versus 37.6% + 4.4% p < 0.01,
n==6), but less than with HoxA10 overexpression (p <
0.02, n=6) (Fig. 3a). The effect of co-overexpressing
HoxA9 + HoxA10 was not significantly different than MlI-
Ell (p =0.1, n = 6) (Fig. 3a). In contrast, the effect of MlI-
Ell or HoxA9 + HoxA10 on the 167 bp construct was not
different than HoxA10 alone (p =0.8, n=6) (Fig. 3a).
None of the proteins influenced activity of the control
reporter, which was subtracted as background.

These studies suggest MII-Ell influences both ARIH? cis
elements. To test this directly, U937 cells were co-
transfected with a reporter construct with three copies of
the proximal or distal ARIH2 cis element linked to a
minimal promoter. We found activity of the proximal cis
element was equivalently increased by MII-Ell and HoxA 10
(p =0.6, n=3), but not influenced by HoxA9 (Fig. 3b)
[26]. MII-Ell decreased activity of the distal cis element in
undifferentiated transfectants, but increased activity with
differentiation (p <0.001, n=26), similar to HoxA9 +
HoxA10 (Fig. 3c). In Mll-Ell-expressing cells, activity of
the distal cis element was augmented by HoxA9 knock-
down (p<0.001, n=6) and attenuated by HoxAl0
knockdown (p <0.01, n=6). We hypothesized Shp2
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decreased the effect of MII-Ell on Triadl expression by
enhancing repression of ARIH2 by HoxA9 and blocking
activation by HoxA10. Consistent with this, constitutive
Shp2 activity decreased activation by MII-Ell in transfec-
tants with the distal ARIH?2 cis element construct (p < 0.001,
n =6) (Fig. 3c). In chromatin immunoprecipitation studies,
MII-Ell increased binding of endogenous HoxA9 and
HoxA10 to the distal cis element (Fig. 3D).

We also investigated the impact of HoxA9, HoxAl10,
MII-Ell, or Shp2 on the endogenous ARIH2 gene in these
transfectants. We found HoxA9 + HoxA10 (Fig. 4a) or Mll-
Ell (Fig. 4b) significantly increased Triadl mRNA (p <
0.001, n=9). Activated Shp2 prevented induction of
Triadl mRNA by MII-Ell (Fig. 4b). MII-Ell increased
HoxA9 and HoxA10 equivalently (p > 0.4, n = 6) (Fig. 4c).

Triad1 antagonizes MII-Ell-induced protein
ubiquitination

To determine if MII-EIll increased total protein ubiquitina-
tion in a Triadl-dependent manner, we transduced murine
bone marrow cells with retroviral vectors to express MII-Ell,
Triad1-specific shRNAs, or both (or control vector). We
found Triadl knockdown inhibited the MII-Ell-induced
increase in total protein ubiquitination (Fig. 5a). Expression
of Triadl protein correlated with mRNA (Fig. 5b).

Since Triadl is anti-proliferative, we investigated the
impact of knocking down Triadl on cytokine-induced
proliferation in MII-Ell transduced murine myeloid pro-
genitor cells. Since MIl-Ell-induced Triadl expression was
blocked by constitutive Shp2 activity, we also determined
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Fig. 5 Triadl knockdown or Shp2 activation increased ubiquitination-
induced and cytokine-induced proliferation in MII-Ell-transduced
murine bone marrow cells. Murine myeloid progenitor cells were
transduced with vectors to express MII-Ell, MII-Af9, Triadl, Triadl-
specific shRNAs, E76K-Shp2, C463S-Shp2, or relevant vector con-
trols. Cells were analyzed with or without G-CSF-differentiation. a
Triadl knockdown decreased the MII-Ell-induced increase in total
protein ubiquitination. Western blots of cell lysates were probed with
ubiquitinated proteins (Ub), Triadl, Ell, or Gapdh (loading control)
antibodies. b MII-Ell increased Triadl expression in myeloid pro-
genitor cells throughout granulocyte differentiation. Significant dif-
ferences indicated by *, **, *** # ## ### or &. Bars in these graphs
are means and error bars + SEM. ¢ Triadl knockdown increased
cytokine hypersensitivity of MII-Ell or MII-Af9 expressing murine
myeloid progenitor cells. Proliferation was determined by 3H-

the effect of activated (E76K) or dominant negative
(C463S) Shp2. Transduced murine bone marrow myeloid
progenitor cells were assayed for proliferation in response
to a dose titration of GM-CSF. We found GM-CSF-induced
proliferation of MII-Ell-transduced cells was significantly
greater than control (p <0.001, n=23) (Fig. 5c¢). MIl-Ell-
induced cytokine hypersensitivity was augmented by Triadl
knockdown (p < 0.01, n = 3) (Fig. 5c¢), or E7T6K-Shp2 (p <
0.01, n =3) (Fig. 5d), but decreased by C463S-Shp2 (Fig.
5e). We found similar results with MII-Af9 +
Triadl shRNA (Fig. 5c¢).

Fgf2 production by MIl-Ell-expressing cells facilitates
GM-CSF-induced proliferation by stimulating common
signaling pathways (e.g., PI3-kinase activation) [29]. We
previously found an Fgf-R1 blocking antibody decreased
cytokine hypersensitivity of MII-ElI™ cells [29]. To deter-
mine if Triadl influences proliferation via Fgf2/Fgf-R1, we
transduce murine bone marrow cells with vectors to express
Triadl or Triadl-specific shRNAs (or control vectors).
Consistent with our hypothesis, we found Fgf2-induced

0.1

GM-CSF (ng/ml)

0.1
Fgf2 uM

1.0 10 0 100

thymidine incorporation during GM-CSF-induced proliferation. Sig-
nificant differences in incorporation at common GM-CSF doses are
indicated by * or **. d Constitutive Shp2 activity increased cytokine
hypersensitivity in MII-Ell-expressing myeloid progenitor cells. Sig-
nificant differences in 3H—thymidine incorporation at common GM-
CSF doses indicated by * or **. e Dominant negative Shp2 decreased
cytokine hypersensitivity in MII-Ell-expressing myeloid progenitor
cells. Significant differences in 3H—thymidine incorporation at common
GM-CSF doses indicated by *. f Triadl impairs Fgf2-induced pro-
liferation of myeloid progenitor cells. Cells were analyzed for pro-
liferation in response to various amounts of Fgf2. Significant
differences in *H-thymidine incorporation at common Fgf2 doses
indicated by * or **. Circles or crosses represent means and error bars
+SEM

proliferation was significantly increased by Triadl knock-
down, but impaired by Triadl overexpression (Fig. 5f).

Triad1 antagonizes MII-Ell-induced progression to
AML in vivo

We used a murine bone marrow transplantation model to
investigate the influence of Triadl on leukemogenesis. For
these studies, bone marrow mononuclear cells were trans-
duced with vectors to express MII-Ell, Triadl-specific
shRNAs, MII-Ell + Triadl-specific shRNAs, or control
vectors and transplanted into irradiated mice. Rates of
development of myeloproliferation (indicated by PMN >
50% of total white blood cells with blasts <5%) or AML
(circulating myeloid blasts >10%) were determined.

Mice transplanted with MII-Ell-transduced bone marrow
developed peripheral granulocytosis (Fig. 6a) with gradu-
ally increasing myeloid blasts (Fig. 6b), accompanied by a
modest hemoglobin decrease (Fig. 6¢). In comparison, mice
receiving bone marrow transduced with MII-Ell +
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Fig. 6 Triadl delayed development of myeloproliferation and acute
myeloid leukemia in mice transplanted with MII-Ell-transduced bone
marrow. Murine bone marrow transduced with MII-EIl, Triad1-specific
shRNAs, both, or control vectors was transplanted into recipient mice.
Mice were followed by peripheral blood counts as indicated and
sacrificed at various time points. a Peripheral blood granulocytes rose
significantly more rapidly in recipients of MII-Ell with Triad-specific
shRNA transduced bone marrow in comparison to MII-Ell alone.
Significant differences in circulating granulocytes indicated by * or **
for various time points. b Peripheral blood myeloid blasts also rose
significantly more rapidly in these mice. Significant differences in
circulating myeloid blasts indicated by * for various time points. ¢
Hemoglobin fell in recipients of bone marrow expressing MII-Ell with

Triadl shRNAs exhibited a more rapid rise in granulocytes
(p <0.01, n =10 by week 10) (Fig. 6a) and myeloid blasts
(p<0.01, n=10 by week 16) (Fig. 6b) with significant
anemia (Fig. 6¢). Development of AML was significantly
more rapid in these mice with 50% exhibiting >10% cir-
culating blasts at 16 weeks versus 32 weeks for mice
transplanted with bone marrow expressing MII-Ell alone (p
<0.001, n=10) (Fig. 6d). Recipients of bone marrow
transduced with Triadl shRNA vector or control vector did
not develop granulocytosis, AML, or anemia.

At 16 weeks, differentiating granulocytes were abundant
in the bone marrow of mice transplanted with MII-EIl
transduced cells, but myeloid blasts had accumulated in
recipients of MII-Ell + Triadl shRNA-expressing bone
marrow (Fig. 6e). By 24 weeks, myeloid blasts had effaced
the bone marrow of the latter, but not the former. We also
investigated bone marrow populations from cohorts of mice
sacrificed at 16 or 36 weeks. We found MII-EII significantly
expanded the Scal®™ and CD34" populations relative to
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Triad1-specific ShARNA in comparison to MII-Ell alone. Significant
differences in hemoglobin indicated by * or ** for various time points.
d Acute myeloid leukemia developed significantly more rapidly in
recipients of MII-Ell-transduced bone marrow with Triadl knockdown
in comparison to MII-Ell expression alone. Development of leukemia
was based on >10% circulating myeloid blasts. Circles or triangles
represent means and error bars + SEM. e Myeloproliferation transi-
tions to acute myeloid leukemia earlier in recipients of MII-EIl trans-
duced bone marrow in the presence of Triadl knockdown. Sternal
bone marrow was obtained from at 16 or 24 weeks post-transplant and
histology of Wright-Giesma stained sections analyzed (at x40
magnification)

control vector at 16 weeks (p <0.01, n=6), with further
expansion at 36 weeks (p < 0.01, n = 6) (Fig. 7a). However,
Triadl knockdown in MII-Ell transduced bone marrow
expanded these populations significantly more at both
points (p < 0.001, n = 6) (Fig. 7a). Triad1 knockdown alone
had minimal effect on these populations.

We investigated expression of Triadl, HoxA9, and
HoxA10 mRNA in bone marrow cells from these mice (Lin
“Scal™~CD34"). In recipients of MII-Ell transduced
bone marrow, Triadl decreased significantly at each
time point after 10 weeks (p < 0.01, n = 6); inversely cor-
relating Triadl with leukemia progression (Fig. 7b). At
10 weeks, Triadl was reduced to approximately 50% of
control in bone marrow transduced with Triadl-specific
shRNAs (p=0.07, n=6) (Fig. 7b). Triadl mRNA
decreased at each time point in recipients of MII-EIl +
Triadl shRNA-expressing bone marrow (p <0.01, n=06),
but not recipients of bone marrow with Triadl knockdown
alone (Fig. 7b).
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Fig. 7 In mice transplanted with MII-Ell transduced bone marrow,
Triadl expression decreased and immature progenitor expansion
increased with time. Mice were transplanted with bone marrow
transduced with MII-Ell, Triadl-specific shRNAs, both, or control
vectors. Cohorts of mice were sacrificed at various time points for
bone marrow analysis. a Progressive expansion of Scal™ or CD34"
bone marrow progenitors in recipients of MII-Ell transduced bone
marrow was increased by Triadl knockdown. Murine bone marrow
was analyzed by flow cytometry at 16 and 24 weeks post-transplant.
Significant differences indicated by *, **, *** # ## ### &, or &&.
Boxes are 95% confidence interval, solid line the mean and error bars
+ SEM. b Triadl expression decreased with time post-transplant with
Mll-Ell-expressing bone marrow. Total murine bone marrow mono-
nuclear cells were analyzed at various time points post-transplant.
Significant differences indicated by *, **, *** # ## #H &, &&, or

HoxA9 or HoxA10 mRNA expression was not sig-
nificantly different in recipients of MII-Ell transduced bone
marrow versus control at 10 weeks (p > 0.1, n=06), but
increased significantly at each subsequent time point (p <
0.01, n=6) (Fig. 7c). HoxA9 and HoxA10 were relatively
increased in recipients of bone marrow transduced with MII-
Ell 4 Triad1-specific shRNAs vectors compared to MII-Ell
alone at each time point (p <0.001, n =6) (Fig. 7c). We
previously found that PI3-kinase activation by Fgf2/Fgf-R
stabilized B-catenin in MII-EII" cells. CDX4 is a B-catenin
target gene, and Cdx4 activates the HOXA9 and HOXAI10
promoters [34, 35]. Decreased Triadl expression, due to
Triadl shRNA or disease progression, would stabilize Fgf-
R1 and consequently increase HoxA9 and HoxA10.

We investigated a mechanism for progressively
decreased Triadl in recipients of MII-EIll transduced bone
marrow by chromatin immunoprecipitation (with Lin™~ Scal
=CD34" cells). Over time, co-precipitation of the ARIH2
promoter with HoxA9 increased, but co-precipitation with
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&&&. ¢ In recipients of MII-Ell transduced bone marrow, increased
MII-Ell, HoxA9, and HoxA10 expression with time was accelerated by
Triadl knockdown. Lin~Scal™~CD34" murine bone marrow cells
were analyzed at various time points post-transplant by real time PCR.
Significant differences indicated by *, **, *** # ## #HH# &, &&, or
&&&. d Binding to the ARIH2 promoter of HoxA9 increased and
HoxA10 decreased over time. Lin~Scal’~CD34" murine bone mar-
row cells were analyzed by chromatin immunoprecipitation at 10 or
32 weeks post-transplant. Significant differences are indicated by * or
#*_ e Shp2 expression increased over time. Lin~Scal ¥~CD34" mur-
ine bone marrow cells were analyzed for Shpl and Shp2 mRNA
expression at 10 or 32 weeks post transplantation by real time PCR.
Significant differences are indicated by * or **. Bars are means and
error bars + SEM

HoxA10 decreased (Fig. 7d). Since tyrosine phosphoryla-
tion regulates affinity of HoxA9 versus HoxA10 for this
promoter, we investigated expression of HoxA9 and
HoxA10 phosphatases; Shp2 and Shpl [14, 22]. We found
increasing expression over time of both PTPs in Lin™ Scal
*~CD34" cells from recipients of Mll-Ell-transduced bone
marrow (Fig. 7e).

Decreased Triad1 and increased HoxA9 and HoxA10
correlate with cytokine hypersensitivity in human
CD34" AML cells

Increased Hox expression in AML is not limited to subjects
with MLLI gene rearrangements [4, 5, 36]. We investigated
HoxA9 and HoxA10 expression in CD34" bone marrow
cells from AML subjects without 11q23-AML. We found
significantly greater HoxA9 and HoxA1l0O expression in
leukemia samples compared to control CD34" bone mar-
row cells (p <0.01, n =12) (Fig. 8a). We separated these
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Fig. 8 Triadl expression and cytokine hypersensitivity correlated with
HoxA9 and HoxA10 expression in human acute myeloid leukemia.
Bone marrow CD347 cells from human subjects with acute myeloid
leukemia or control subjects were analyzed. a HoxA9 and HoxA10
expression distinguished different groups of human AML samples.
mRNA expression was determined by real time PCR. Significant
differences indicated by *, **, *** # ## ### &, or &&. Boxes are
95% confidence interval, solid line mean and dotted line median. b

samples into low Hox versus high Hox expressing groups
(»p<0.01, n=6) (Fig. 8a). Triadl expression was sig-
nificantly increased in CD34" bone marrow cells in the low
Hox AML group versus control (p < 0.001, n = 6), but was
significantly less in the high Hox AML group (p <0.01, n
=15) (Fig. 8a). Similar to the murine experiments, we found
inverse correlation between Triadl and Shp2 or Shpl
expression in the high Hox group (Fig. 8a).

To determine if differences in HoxA9, HoxA10, and
Triadl expression correlated with cytokine hypersensitivity,
CD34" bone marrow cells were studied for proliferation in
response to a dose titration of GM-CSF. We found a greater
proliferative response at each cytokine dose in the high Hox
AML samples versus low Hox AML or control cells (p <
0.01, n = 3 for each cytokine dosage) (Fig. 8b). Differences
in cytokine-induced proliferation between low Hox AML
and control cells were modest.

Discussion

In murine bone marrow transplant studies, expression of
MLLI fusion proteins, or overexpression of HoxA9 or
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HoxA10, induces granulocytosis, with progression to AML
after a substantial time lag [6, 9, 11]. This suggests accu-
mulation of additional mutations is required for differ-
entiation block. The gene encoding Triadl is activated by
HoxA10, but repressed by HoxA9 [25, 26]. And, HoxA10-
induced cytokine hypersensitivity of myeloid progenitor
cells is enhanced by Triadl knockdown, suggesting Triadl
antagonizes HoxA10 pro-proliferative effects [25]. This
may be relevant to the role of HoxA10-induced Triadl
expression in terminating emergency granulopoiesis; a
process characterized by rapid myeloid progenitor expan-
sion [26]. Conversely, we found repression of Triadl
expression by HoxA9 enhanced cytokine hypersensitivity
of progenitor cells overexpressing this Hox protein [26].
In the current studies, we determined that an MLLI
fusion protein (MII-Ell) increased Triadl expression in
myeloid progenitor cells, due to the initially greater impact
of HoxA10 versus HoxA9 on the ARIH2 promoter. Con-
sistent with this, Triadl knockdown increased cytokine
hypersensitivity in MII-Ell or MII-Af9-transduced myeloid
progenitor cells. And, a progressive decrease in Triadl
expression correlated with development of AML in mice
transplanted with MII-Ell-transduced bone marrow. We
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demonstrated the antagonistic effect of Triadl for MII-Ell-
induced leukemia in additional transplantation studies. In
these experiments, AML developed significantly more
rapidly in recipients of bone marrow transduced with vec-
tors to express MII-Ell plus shRNAs specific to Triadl
compared to MII-EIl alone.

Based on these results, we hypothesize Triadl is a sup-
pressor of Hox-overexpressing leukemias. This is consistent
with clinical data from a set of twins with discordant 11q23-
AML with the same MLLI translocation, but deletion of
ARIH?2 on chromosome 3p in only the one who developed
AML [30]. Deletion is only one possible mechanism for
decreased Triadl expression and disease progression. In the
current studies, we found impaired -cytokine-induced
HoxA9 or HoxA1l0O tyrosine phosphorylation increased
ARIH? repression and blocked transcriptional activation,
respectively.

We previously identified HoxA9 and HoxA10 as sub-
strates for both Shp2 and Shpl [14, 22]. In prior murine
transplant studies with HoxA10-overexpressing bone mar-
row, AML latency was decreased by co-expressing an
activated, leukemia-associated form of Shp2, associated
with accelerated phenotypic differentiation block and
impaired progenitor apoptosis [19—24]. Our studies indicate
decreased Triadl would be an additional consequence of
increased Shp2 activity in HoxAlO-overexpressing bone
marrow. Therefore, mutations which activate Shp2 or Flt3,
as are found in human 11g23-AML, would be anticipated to
cooperate with MLLI fusion proteins [31-36]. Also, we
found increased expression of Shp2 and Shpl with disease
progression in bone marrow progenitor cells from mice
transplanted with MII-Ell. This increase was associated with
increased HoxA9 binding, but decreased HoxA10 binding,
to the ARIH2 promoter in vivo.

We also found increased HoxA9/HoxA10, decreased
Triad1l and increased Shp2 expression in human samples
from AML subjects. Hox expression correlated with relative
cytokine hypersensitivity of these samples in comparison to
control CD34" bone marrow cells. In our studies, the high
Hox expressing subset was greater than 30% of our total
patient population, consistent with the referral nature of our
practice.

Other investigators found homozygous ARIH2 knockout
was embryonic lethal in mice and ARIH2™'~ mice devel-
oped overwhelming inflammation [37]. We found HOXA10
"~ mice exhibited an overwhelming emergency granulo-
poiesis response, corrected by re-expressing Triad1, but not
steady state inflammation [26]. These studies suggest the
leukemia suppressor function of Triadl is related to its
normal role in terminating the innate immune response.
Among the Triadl substrates is Fgf-R1; a protein partici-
pating in myeloid progenitor expansion [26]. In this study,

we found Triadl influenced Fgf2-induced myeloid pro-
genitor proliferation. This is of interest since FGF2 is a
HoxA9 and HoxA10 target gene involved in cytokine
hypersensitivity of Mll-Ell-expressing cells (Fig. 8c) [29].

We found MII-EIll increases Triadl in a Hox-dependent
manner. This paradoxically antagonizes effects of MII-Ell
on cytokine hypersensitivity and leukemogenesis. However,
this leukemia-suppressive effect was overcome by Shp2
activity. In mice transplanted with MII-Ell-expressing
bone marrow, Triadl expression fell with disease progres-
sion, accompanied by increased Shp2. These studies
identify initial increase in Triadl, with decline over time,
as a mechanism for delayed AML in MLLI fusion
protein expressing murine models. This suggests activation
of Triadl, or targeting pathways regulated by Triadl sub-
strates, as a potential therapeutic approach to Hox-
overexpressing AML.

Materials and methods
Source of plasmids

A plasmid vector to express HoxA10 was a kind gift of C.
Largman (previously University of California, San Fran-
cisco, now retired). We generated a HoxA9 expression
vector by rt-PCR. A vector to express the E3 ligase Triadl
was provided by B. van der Reijden (Radboud University,
Netherlands). Vectors to express MII-Ell or MII-Af9 were
generous gifts of DE Zhang (University of California, San
Diego) and J. Crispino (Northwestern University, Chicago),
respectively. Constructs for Shp2 were generated based on a
cDNA for Shp2 cDNA provided by S. Frank (University of
Alabama, Birmingham) [14]. Vectors to express shRNAs
specific to Triadl, HoxA10, and HoxA9 shRNAs and
relevant controls were generated based on a tool on the
Promega website (Promega, Madison, WI) using the
pLKO.l1puro vector; a gift from MK Rundell (previously at
Northwestern University, Chicago, now retired). Knock-
down experiments were performed with three combined
optimal vectors.

We amplified the human ARIH2 5’ promoter region by
PCR, as previously described, for assay in the pGL3-basic
vector (Promega) [25]. Also as described, we generated
constructs in a minimal promoter/reporter vector (pGL3-
promoter) using three copies of the —22 to —48 bp or —174
to —198 bp ARIH2 promoter sequence [25].

Oligonucleotides
We obtained custom synthesized oligonucleotides from

MWG Biotech (Piedmont, NC).
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Myeloid cell lines and validation

The original source of U937 cells used in these experiments
was A. Kraft (University of Arkansas Cancer Center, Tuc-
son AR). Cells were maintained as described and STR
profiled annually [33].

Murine bone marrow analysis

Bone marrow was obtained from C57/BL6 mice and Scal™*
cells were by affinity chromatography using the Miltenyi
magnetic bead system (Miltenyi Biotechnology, Auburn,
CA). Granulocyte/monocyte progenitor cells (GMP) were
obtained by CD347 isolation of bone marrow cells with the
Miltenyi magnetic bead system after a 48 h culture period in
DME supplemented by 10% fetal calf serum, 1% pen-strep,
and murine recombinant GM-CSF (20 ng/ml), SCF (100 ng/
ml), and IL-3 (10 ng/ml) (R & D Systems Inc., Minneapolis,
MN). Granulocyte differentiation was performed by treat-
ment of these cells with G-CSF (20 ng/ml).

For murine bone marrow transduction, we generated
retrovirus with the MSCV vector and Phoenix packaging
cell line (as per; Stratagene, La Jolla, CA). Retroviral
supernatant was incubated with isolated Scal™ cells and
polybrene (6 pg/ml) [14]. Transduction studies were repe-
ated three times with two different retrovirus batches (six
independent samples per condition). All biological repli-
cates met the standard of a normal distribution.

Murine bone marrow transplantation

C57/Black 6 mice were obtained from Jackson Labs.
Lin Scal® cells were transduced as described above
and viable cells purified by negative selection for Annexin
V using affinity chromatography (Miltenyi Biotech).
Lethally irradiated syngeneic mice were injected with Lin
“Scal ™ cells (2 x 10%). Ten mice were studied per group for
an 80% chance of detecting a 20% difference between
groups. No mice were excluded from evaluation. No ran-
domization or investigator “blinding” was required in the
study design.

Peripheral blood counts were determined using a
Hemavet counter (Erba Diagnostics, Miami FL). Standard
errors were comparable between groups.

Quantitative PCR studies

Studies were performed by the SYBR green “standard
curve” method of quantitative PCR and data analyzed using
Applied Biosystems software. Each independent sample
was assayed in triplicate and results normalized to 18S or
input chromatin, as appropriate. All biological replicates
exhibited a normal distribution.
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Chromatin co-immunoprecipitation

Protein—DNA crosslinks were generated by incubating
cells in formaldehyde and chromatin sized by sonication of
cell lysates (to 100bp average size) [38]. Co-immuno-
precipitating chromatin was identified by PCR [18, 38].
Two independent experiments were performed for each
condition and each was assayed in triplicate.

Promoter analysis

ARIH2 promoter constructs (30 pug) were assayed for
Luciferase activity in U937 transfection experiments [25,
26]. Cells were also transfected with HoxA9, HoxA10,
HoxA9 + HoxA10, or MII-Ell (or control) vectors (50 pg).
ARIH? cis elements were assayed using a minimal pro-
moter/Luciferase reporter vector with —22 to —48bp or
—174 to —198 bp of the promoter (or control). Cis elements
were analyzed in U937 transfectants with MII-Ell vectors, or
vectors to overexpress or knockdown HoxA9 and/or
HoxA10. Differentiation of some transfectants was induced
with retinoic acid (48 h) and dimethyl formamide (24 h).
Transduction efficiency was determined with a p-galacto-
sidase reporter. Six independent samples were assayed in
duplicate for each condition. All biological replicates
exhibited normal distribution.

Protein analysis

Western blots were performed using cell lysates in 2 x SDS
sample buffer. Western blots probed with antibodies to
ubiquitin, HoxA9, HoxA10 (Santa Cruz Biotechnology,
CA: SC-9133, SC-17156, SC-17158), Triadl, Ell or Gapdh
(Proteintech Biotechnology, IL: catalog # 15006, 51044,
60004). Some cells were pre-treated 5Sh with MG132 (5
pM). Experiments were repeated three times with different
lysates and representative blots are shown.

Statistical analysis

SigmaPlot and SigmaStat software was used for statistical
analysis and generation of graphical representation of data.
Two sided Student’s ¢ test or ANOVA were used and
standard error represented by error bars. Statistical sig-
nificance was a p value < 0.03.

Approvals

Animal studies were approved by the Animal Care and Use
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VA. Human subject research was approved by the institu-
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