








(Savickiene et al., 2012; Tran et al., 2013; Yu et al., 2008). As such, this agent appeared
an ideal alternative HDAC inhibitor to test in our transgenic NHA9 zebrafish line.

The treatment protocol using TSA was identical to that of DAC, Zeb and VPA
treatments. Following heat-shock and 6 hours of treatment with TSA, Cre controls and
NHA9Y activated embryos were fixed at 30hpf and analyzed using WISH for /lcp! and
gatal (Figure 3.2.4). Cre and activated NHA9 embryos treated with 0.3% sterile milliQ
H,0 served as controls. Dose optimization suggested a maximum dose of 600 nM TSA
should be used (Figure 3.2.4B). Surprisingly, at 600 nM TSA, there was little to no effect
on expression of lepl or gatal in Cre embryos, however a reduction in expression of lcpl
and small increase in gatal in the NHA9 activated embryos (Figure 3.2.4C, E). The
phenotype observed, however, was not a restoration of normal hematopoiesis, but a
stronger recovery than that demonstrated by VPA. The stronger recovery may be due to
the fact that TSA inhibits both class I and 1l HDACs while VVPA solely inhibits class I
HDACSs. Regardless, these studies demonstrated that both VPA and TSA were strong
potential candidates for combined treatment with DNA methyltransferase inhibitors, such

as DAC.
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Figure 3.2.4 Histone deacetylase complexes inhibitors partially restore normal hematopoiesis in NHA9 transgenic zebrafish

Embryos stained by WISH for the expression of the myeloid gene, /cp/ and erythroid gene, gatal, at indicated time points. Embryos
displayed in side profile, anterior to the left. Dark, punctate staining represents /cpl expression in the PBI indicated by black arrows.
Wild-type embryos were treated with VPA (A) and TSA (B) at 24 hpf and assessed by or gatal expression as represented by graphs
below, in order to determine optimal treatment dose. NHA9 embryos were then scored for their level of lcp! and gatal expression
relative to Cre wild type, normalized to a percentage value of the total number of embryos of that treatment group, and quantified in
bar graph for lcpl (C), and gatal (D) and represented by micrographs (E and F, respectively). Embryos were treated either with 0.3%
DMSO vehicle control, 250 uM VPA, or 600 nM TSA, two histone deacetylase complex inhibitors. Embryos then heat-shocked at 24
hpf and assessed at 30 hpf. Each experiment was replicated three times with 15-25 embryos in each group per replicate. . Values are
reported as the mean +/- the SEM.
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3.2.3 Histone deacetylase complex inhibitors function synergistically with
methyltransferase inhibitors to restore hematopoiesis in NHA9Y transgenic zebrafish

Given the strong evidence that dnmtl is involved in NHA9-mediated myeloid
disease in the zebrafish as well as the evidence that chemical inhibition of HDAC:s help to
reduce the impact of NHA9 on zebrafish hematopoiesis, I sought out to determine if
targeting both of these mechanisms of epigenetic regulation would yield a strong
therapeutic response. Ideally I wanted to find a drug combination, which produced a
complete response in the zebrafish at doses that were significantly less than the
concentration of the drugs used as monotherapy. The linear combination strategy using
HDAC inhibitor, VPA and dnmtl inhibitor, DAC yielded unacceptable developmental
toxicity in the zebrafish (see section 2.5.3) (Figure 3.2.5A). At 30 hpf both Cre and
NHAY activated embryos demonstrated excessive death, developmental delay and
reduced expression of both /cp! and gatal as assessed by WISH. These findings were
similar to the combined treatment of the HDAC inhibitor, TSA and DAC, therefore 1
abandoned the additive strategy to determine if there is treatment synergy at lower
concentrations.

Indeed, when VPA and DAC were combined at concentrations below 50 percent
of each monotherapy there was a reduced amount of toxicity to Cre embryo controls
(Figure 3.2.5B). More specifically, when Cre embryos were treated with 50 uM VPA
and 50 uM DAC there was neither developmental delay nor any alteration to Icp! or
gatal expression levels as determined by WISH (Figure 3.2.5D-G). Remarkably, NHA9
activated embryos demonstrated reduced Icp! expression (Figure 3.2.5D, F) and an

increase in gatal (Figure 3.2.5E, G) expression after treatment with VPA and DAC at
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concentrations as low as 25 uM of VPA and 10 uM DAC. This is a substantial lower
concentration than their relative monotherapy concentrations (10 and 13 percent of
monotherapy doses, respectively), demonstrating a strong synergy between these two
drugs. Similarly, combined treatment of TSA with DAC also demonstrated synergy,
where there was a strong restoration of normal hematopoiesis, however the
concentrations used remained higher than that of VPA and DAC. For example, at a
concentration of 250 nM TSA and 25 pM DAC (42 and 33 percent of monotherapy
doses, respectively), Cre control embryos demonstrated very little change to lcp/ and
gatal expression levels as determined by WISH, while NHA9 activated embryos
demonstrated a decrease in Icp! expression and an increase in gatal expression to that
near wild-type levels (Figure 3.2.5D-G). However, at combined concentrations at higher
doses, there were toxicity effects to both Cre controls and NHAY activated embryos,
while lower concentrations did not yield any effects on Cre hematopoiesis, however did
not show a convincing rescue in the NHA9 activated embryos (Figure 3.2.5). Taken
together, it appears that targeting different aspects of the epigenetic pathway through
treatment with HDAC and methyltransferase inhibitors is an effective treatment option to

NHA9-induced disease.
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Figure 3.2.5 Histone deacetylase complex inhibitors function synergistically with methyltransferase inhibitors to restore
hematopoiesis in NHA9 transgenic zebrafish

Embryos stained by WISH for the expression of the myeloid gene, Icp/ and erythroid gene, gatal, at indicated time points. Embryos
displayed in side profile, anterior to the left. Dark, punctate staining represents /cp/ expression in the PBI indicated by black arrows.
Wild-type embryos were treated with combined doses of VPA and DAC in a linear fashion (A) and in a synergistic fashion (B) and
treated with combined doses of TSA and DAC in a synergistic fashion (C) at 24 hpf and assessed for gatal expression in order to
determine optimal treatment dose. NHA9 embryos were scored for their level of Icpl and gatal expression relative to Cre wild type,
normalized to a percentage value of the total number of embryos of that treatment group, and quantified in bar graph for /cp! (D) and
gatal (E) and represented by micrographs (F and G, respectively). Embryos were treated either with 0.3% DMSO vehicle control, 50
uM DAC + 50 uM VPA, 10 uM DAC + 25 uM VPA or 25 uM DAC + 250 nM TSA. Embryos then heat-shocked at 24 hpf and
assessed at 30 hpf. Each experiment was replicated three times with 15-25 B
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3.3 MANIPULATING THE NUP98-HOXA9 MYELOPROLIFERATION PHENOTYPE BY
TARGETING WNT/B-CATENIN

As demonstrated earlier, our NHA9 zebrafish embryos show similar
hematopoietic defects with increased myelopoiesis at the expense of erythropoiesis as the
Tg(hsp70::AML-ETO) zebrafish line (see section 1.4.4) (Yeh et al., 2008). That same
group also determined that the AML-ETO fusion oncogene upregulates the COX-PGE,
signaling axis, which drives the Wnt/B-cat pathway in blood cells (Goesslinget al., 2009;
North et al., 2007; Yehet al., 2009). Subsequently, we hypothesized that our microarray
in NHA9 embryos would identify genes involved in the COX-PGE, signaling axis.
However, our microarray demonstrated neither up- nor down-regulation of any of these
genes. Despite the absence, we still wanted to determine whether there was any
collaboration of the Wnt/B-cat pathway and the NHA9 fusion oncogene.

Using qRT-PCR (Figure 3.1), completed by former lab member Dr. Forrester, we
observed that zebrafish ptgs/, the COX1 homolog, was expressed at near wild-type levels
(n=3), however pitgs2a, a COX2 isoform, in NHA9 embryos revealed a massive
upregulation (63.89 + 6.01-fold, n=3). Encouraged by these results, we hypothesized that
direct modulation of Wnt/B-cat pathway would influence the activity of NHA9 in
zebrafish embryonic hematopoiesis. More specifically, as was demonstrated in previous
studies (Wang et al., 2010; Yeh et al., 2009), we determined whether inhibiting the
Wnt/B-cat pathway we could rescue normal hematopoiesis in NHA9-transgenic embryos
and whether stimulating the pathway we could accelerate the hematopoietic effects.

To examine the effects of inhibiting the Wnt/B-cat pathway, we used the drugs

Indomethacin (Indo) and NS-398, a COX1 and COX2 inhibitor, respectively, at 10 pM
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concentrations (see section 2.5.1). A previous pharmacological treatment protocol was
used to treat embryos with Indo and NS-398. Treatment with 0.3 percent DMSO served
as vehicle controls. At 18 and 30hpf, we fixed the embryos and performed WISH for
spil, Icpl and gatal.

Using 10 uM concentration, neither Indo nor NS-398 appeared to affect the
expression of Icpl in Cre control embryos (Figure 3.3.1A, C), which is consistent with
the previous reports (Goessling et al., 2009; Wang et al., 2010; Yeh et al., 2009). Similar
to previous chemical treatments in the NHA9 transgenic line, approximately 80 percent of
activated NHA9 embryos demonstrated an increase in both spi/ and /cpl expression at 30
hpf. However, treatment with Indo resulted in a near complete return of normal lcp !
expression, while NS-398 treatment demonstrated an even greater response where lcp 1
expression in almost all of the embryos examined appeared normal at 30 hpf.

Interestingly, gatal expression in Cre control embryos was not altered by
treatment with Indo or NS-398 at 30 hpf, however, in NHA9 activated embryos, both
drugs demonstrated a return of gatal expression to that near wild-type levels (Figure
3.3.1B, D and E). Previous zebrafish studies treated embryos at 12 hpf to look at the
effects of Indo and NS-398 at 18 hpf (Yeh et al., 2009). As such NHA9 activated
embryos were treated with either Indo or NS-398 and fixed at 18 hpf. However, this
resulted in only a weak rescue of wild-type gatal expression, while not affecting the
gatal expression in Cre controls at all (Figure 3.3.1E). These findings are interesting and
may indicate that during earlier, primitive erythropoiesis that Indo and NS-398 have very
little effect, however during the first definitive wave of hematopoiesis, derived from

EMPs, the drugs are more effective at restoring normal hematopoiesis. Additionally,
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despite the prominent anti-myeloid effect of Indo and NS-398, the lack of COX-PGE,
axis signaling gene hits in our microarray as well as the mild affect on early gatal
expression levels in the NHA9 embryos demonstrates that the Wnt/p-cat may not be
directly involved in NHA9-mediated disease and that the drugs may be operating under a

different mechanism to help restore hematopoiesis.
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Figure 3.3.1 The Wnt/beta-catenin pathway may play a limited role on the hematopoietic phenotype in NHA9 embryos

Embryos stained by WISH for the expression of the myeloid gene, Icp1 and erythroid gene, gatal, at indicated time points.
Embryos displayed in side profile, anterior to the left. Dark, punctate staining represents lcpl expression in the PBI indicated
by black arrows. Embryos were scored for their level of Icpl and gatal expression relative to Cre wild type, normalized to a
percentage value of the total number of embryos of that treatment group, and quantified in bar graph for Icpl (A) and gatal (B)
and represented by micrographs (C and D, respectively). Embryos were treated either with 0.3% DMSO vehicle control, 10
uM Indo or 10 uM NS-398 to inhibit Wnt/beta-catenin signaling. Embryos then heat-shocked at 24 hpf and assessed at 30 hpf.
Each experiment was replicated three times with 15-25 embryos in each group per replicate. . Values are reported as the mean
+/- the SEM
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3.4 CHEMICAL INHIBITION OF HISTONE DEACETYLASE COMPLEX AND COX FUNCTION
TOGETHER TO RESTORE HEMATOPOIESIS IN NHA9 TRANSGENIC ZEBRAFISH

Interestingly, treatment of NHA9 transgenic embryos with the HDAC inhibitors,
VPA or TSA, partially restores normal hematopoiesis. However, it has been determined
that both VPA and TSA activate the Wnt/B-cat pathway (Wiltse, 2005), a pathway that
has been described to collaborate with other genetic aberrations to induce leukemogenesis
(Wang et al., 2010; Yehet al., 2009; Yeunget al., 2010). I therefore, hypothesized that the
mechanisms by which HDAC and COX inhibitors functions correspond to similar
pathways. As such, I speculated that the partial hematopoietic rescue in NHA9 activated
embryos with treatment of the HDAC inhibitors, VPA and TSA, could potentially be
increased by combining the epigenetic therapy with drugs that inhibit the Wnt/B-cat
pathway.

I conducted a number of treatments to produce an accurate dose curve as
demonstrated in section 3.2.3 (Figure 3.4.1A). Treatment with 0.3 percent DMSO served
as a vehicle control. At doses less than 75 percent of each of VPA or Indo monotherapy
concentrations (185 and 7.5 uM, respectively), there was little to no change in the
expression of Icpl or gatal at 30 hpf in the Cre control embryos (Figure 3.4.1B-F).
Interestingly, at 18 hpf, the Cre control embryos did demonstrate reduced gatal
expression after treatment of 185 uM VPA and 7.5 uM Indo, suggesting that there may
be some toxicity to the embryos at the earlier stages of development (Figure 3.4.1C, F).
In NHA9 activated embryos approximately 75 percent demonstrated increased /cp/
expression and reduced gatal expression as seen in previous studies. However, when

treated with combined treatments of between 50 and 75 percent the concentration of the
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monotherapy of each drug (i.e., 125 pM VPA with 5 uM Indo to 185 uM VPA with 7.5
uM Indo), there was a decrease in /cpl expression at 30 hpf in the NHA9-activated
embryos to that near wild-type levels (Figure 3.4.1A, C). Additionally, at 30 hpf
treatments in the same range of combined treatment concentrations of VPA and Indo
resulted in an increase in gatal expression to near wild-type levels in the NHA9 activated
embryos (Figure 3.4.1C, E). Interestingly, at 18 hpf gatal expression in the NHA9
embryos, using the same combined therapy was also increased to near wild-type levels,
despite the fact that some Cre control embryos at this time demonstrated a decrease in
gatal expression (Figure 3.4.1C, F). Taken together, these findings are very promising
as neither drug treatment alone yielded full restoration of hematopoiesis in the NHA9-
activated embryos, however combined at dose concentrations lower than monotherapy,
there was a more complete response. For instance, VPA had a partial recovery of both
lepl and gatal expression levels in NHA9 embryos, and Indo demonstrated a strong
inhibition of myeloproliferation, however did not fully rescue gatal expression at 30 hpf
and had very little effect on gatal expression at earlier time points. Yet, combined
treatment demonstrates a full rescue of Icp/ and gatal in the NHA9 activated embryos at
30hpf and the rescue of normal gatal expression at 18 hpf. Therefore, these findings
suggest that by targeting aspects of both the epigenetic and the COX pathways may be a

novel therapeutic options in human AML patients with the NHA9 fusion oncogene.
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Figure 3.4.1. Chemical inhibition of histone deacetylase complex and COX, function together to restore hematopoiesis in
NUP98-HOXAY transgenic embryos

Embryos stained by WISH for the expression of the myeloid gene, /cp! and erythroid gene, gatal, at indicated time points. Embryos
displayed in side profile, anterior to the left. Dark, punctate staining represents /cp/ expression in the PBI indicated by black arrows.
Wild-type embryos were treated with combined doses of VPA and Indo at 24 hpf in a synergistic fashion and assessed by WISH for
gatal expression, represented by graph (A) in order to determine optimal treatment dose. NHA9 embryos were scored for their level of
lepl and gatal expression relative to Cre wild type, normalized to a percentage value of the total number of embryos of that treatment
group, and quantified in bar graph. Embryos were treated either with 0.3% DMSO vehicle control, 7.5 uM Indo + 185 uM VPA, or 5
uM Indo + 125 uM VPA. Embryos then heat-shocked at 24 hpf and assessed at 30 hpf. Each experiment was replicated three times
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3.5 NUP98-HOXAY DRIVES HEMATOPOIETIC STEM CELL EXPANSION IN THE ZEBRAFISH
During early hematopoiesis, the HOX gene clusters 1-4 show maximal expression
level in HSCs (Argiropoulos & Humphries, 2007), which is down-regulated as HSCs
begin to differentiate (Argiropoulos & Humphries, 2007). However, later in
hematopoiesis, immature, lineage-committed progenitors demonstrate maximal
expression of HOX gene clusters 7-11 (Palmqvist, et al. 2007). Interestingly, some of
these HOX genes have been associated with leukemogenesis (see section 1.2.2).
Transgenic NHA9 embryos express the fusion oncogene under the spi/ promoter,
which is activated early during hematopoiesis. As such, during the final wave of
hematopoiesis, zebrafish HSCs express HOXAY as part of the NHA9 fusion oncogene (see
section 1.2.4). I therefore hypothesized that the NHA9 hematopoietic phenotype extends
beyond the primitive blood cells and EMPs as previously published to also affect the
HSCs, thereby implicating this population as the cell-of-origin responsible for the MPN
phenotype seen later in development. To study the contribution of HSCs to myeloid
proliferation, I made use of the NHA9;runx1 zebrafish line, which I generated by crossing
tg(runxli::eGFP), which develop fluorescently labeled HSCs with the NHA9 line (see
section 2.2.2). To assess the effects of NHA9 on HSC development, NHA9;runx1
zebrafish were mated to Cre fish. For controls, Cre were crossed to runx1, wild-type
zebrafish. Both groups were grown to 12 hpf, then heat-shocked and left to develop to 36
hpf at 28°C at which time embryos were euthanized and dissociated into single-cell
suspension and run through FACS (see section 2.6) Interestingly, preliminary results
indicate that compared to Cre,;runxI controls, NHA9;runx1 activated zebrafish expressed

a 2-fold increase in GFP+ cells (Figure 3.5.1A) (n=3), suggesting that activation of
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NHA9 has a direct effect on HSC development. However, the number of GFP" cells in
both the Cre,;runxl and NHA9;runx1 activated embryos was much higher than anticipated
(approximately 20 percent and 40 percent, respectively) (Figure 3.5.1B). Upon closer
examination, off-target runx/::GFP expression was located in the hindbrain and in the
myelin of the CNS, which has been previously described (Lam et al., 2009). Therefore, it
is difficult to confirm that the increase in GFP' cells is due to an increase in HSCs alone,
or developmental changes to the CNS. For this reason, additional testing using other HSC
reporter lines and runx1/c-myb WISH needs to be performed for verification. If additional
testing confirms these preliminary findings, this would then suggest that the HSC might

in fact be the cell-of-origin in NHA9-induced myeloid disease.
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Figure 3.5. NUP98-HOXA9 drives hematopoietic stem cell expansion in the zebrafish

Reporter runx1::GFP zebrafish embryos with fluorescently labeled hematopoietic stem cells were dissociated run through
FACS. A GFP negative wild-type line was used as the negative control. Embryos were heat-shocked at 12 hpf then imaged and
assessed at 36 hpf. Each experiment was replicated three times with 40-50 embryos in each group per replicate. Graphs below
depict average percentage of GFP+ cells in each group. Micrograph demonstrates a greater number of fluorescently labeled
cells along the AGM (white arrows) and in the caudal hematopoietic tissues (gray arrows).
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CHAPTER 4 - DISCUSSION

4.1 TRANSGENIC ZEBRAFISH CAN BE USED TO IDENTIFY DOWNSTREAM EFFECTOR
PATHWAYS IN NUP98-HOXA9-INDUCED MYELOID DISEASE

The NHAO9-fusion oncogene is associated with high-risk AML in humans.
Moreover, in humans, mice and recently in zebrafish, NHA9 has been demonstrated to
promote a myeloid disease on its own. NHA9-transgenic zebrafish exhibit MPN with
some maturation in 23% of fish between 19 to 23 months of life (Forrester et al., 2011;
Forrester, 2012). Despite evidence of myeloid proliferation and delayed cell maturation,
no transgenic animals were identified with overt AML (Forrester et al., 2011; Forrester,
2012). The long latency and low penetrance of overt AML in our zebrafish model could
be, in part, due to the spi/ promoter. For instance, the expression of zebrafish spil is
normally downregulated during terminal myeloid differentiation and is active in only ~2
percent of adult hematopoietic kidney marrow cells (Hsu et al., 2004). This lack of spi/
at later time points could account for the incidence rate of MPN in our NHA9 transgenic
model and the lack of progression to overt AML. However, my work has lead to new
mechanistic insights regarding disease pathogenesis at the embryonic level. Our findings
present a more comprehensive understanding of NHA9 -induced myeloid disease in the
zebrafish.

NHAY activated embryos demonstrated altered hematopoiesis with increased
myeloid development marked by spil, lcpl, and lyz, at the expense of erythroid
development marked by gatal (Forrester et al., 2011; Forrester, 2012). Microarray

analysis of NHA9 activated versus AB wild-type embryos produced a number of
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interesting ‘hits’ including the maintenance DNA methyltransferase, dnmtl. By
leveraging the embryonic phenotype, I have been able to determine the contribution of
genetic/epigenetic pathways downstream of NHA9, including COX signalling, histone
acetylation and DNA methylation. Furthermore, we have been able to identify potential
pharmacological targets in NHA9-induced myeloid disease that may offer high efficiency

with limited toxicity — addressing a major long-term goal of AML research.

4.2 NUP98-HOXA9 AND WNT/B-CATENIN

Our NHA9-transgenic zebrafish model develops both a myeloproliferative
neoplasm (MPN) in adults as well as embryonic defects in hematopoiesis (see section
1.7), which are similar to that of the AML I-ETO-transgenic zebrafish AML model (see
section 1.4.4). There is already much known about the downstream genetic contributors
of AMLI-ETO, but none of those that assist in NHA9-mediated disease.

I found that NHA9 embryos demonstrated an upregulation of pzgs2a and that
myeloproliferation could be reduced with a broad-spectrum COX inhibitor or a specific
COX2 inhibitor, Indo and NS-398, respectively. This is similar to what was observed for
K562 cells that have been additionally transformed with AML1-ETO, which show
increased expression of PTGS2, encoding the COX2 enzyme and inhibition of erythroid
differentiation (Yeh et al., 2009). Interestingly, these cells could be rescued by treatment
with NS-398, which suppresses the canonical Wnt/B-cat pathway. In the AMLI-ETO
transgenic zebrafish lines, embryos treated with NS-398 or Indo similarly rescued wild-
type levels of myeloid mpx and erythroid gatal expression. Additionally, rescue was also
seen by injecting the AML1-ETO embryos with single MOs to zebrafish ptgs, ptgs2a,

ptgs2b, ctnnbl, or ctnnb2 (Yeh et al., 2009). In contrast, treating these embryos with
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supraphysiologic amounts of PGE,, the enzymatic product of COX2, which increases the
activation of the canonical Wnt/B-cat pathway, accelerated the mpx myeloproliferation
and inhibited the ability of NS-398 and Indo to rescue gatal when treated concurrently.
These findings place activation of the Wnt/B-cat pathway as a primary function of AMLI-
ETO expression in vivo.

Previous work by Dr. Forrester in our NHA9 transgenic zebrafish line,
demonstrated that treatment with PGE, in embryos treated at 24-30hpf did not accelerate
the Icpl myeloproliferation which suggests that the Wnt/B-cat may not be as central in
NHA9-induced disease compared to AMLI-ETO (Forrester, 2012). However, this finding
appears inconsistent with the massive upregulation of pgt2a that I detected in NHA9Y
activated embryos, and has been reported in NHA9-transformed human cells (see section
3.1) (Takeda et al., 2006). Nevertheless, PGE, positively regulates its own expression
(Araki et al., 2003), which allows us to speculate that the level of PGE,is already quite
high in NHA9 activated embryos and therefore, accounts for the fact that I did not see the
accelerated phenotype demonstrated in AML-ETO zebrafish. This data suggests that the
Wnt/B-cat may still be involved in NHA9-mediated disease and should be looked at in our
transgenic embryos.

Although inconsistent with PGE, treatments, we did observe some inhibition of
myeloproliferation and a mild rescue of erythropoiesis in NHAY activated embryos
treated with NS-398 or Indo, similar to that observed in AMLI-ETO zebrafish. At the
earlier time point of 18 hpf, there was a very mild increase in gatal, however at the later
time point, 30 hpf, there was a much stronger increase of gatal. This difference in

restored expression may suggest that Wnt/B-cat does not play a large role in primitive
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erythropoiesis, but has a greater influence during definitive red blood cell production.
Additionally, the most encouraging result was the dramatic decrease in
myeloproliferation at 30 hpf, suggesting a high sensitivity to COX inhibitors during
definitive myeloid cell development. Taken together, these findings suggest that the role
of the Wnt/p-cat pathway in NHA9-mediated disease may be more complex as its role
appears minor and not the sole or major pathway as it has been demonstrated to be in

AMLI-ETO.

4.2.1 Future Directions — Zebrafish Wnt/-catenin In NHA9 Embryos

The suggested complexity of Wnt/B-cat signaling in NHA9-mediated disease
demonstrates a need to consider both upstream and downstream factors along the
pathway. For example, it has been demonstrated by microarray that NHA9-transformed
CD34" cells had a downregulation of WNT5B (Chung et al., 2006). WNT5A4 and WNT5B
encode secreted ligands that activate the non-canonical Wnt pathway involved in
calcium-mediated remodeling of the actin cytoskeleton (Wang ef al., 2011). This may
also promote apoptosis in myeloid leukemia. For instance, K652 cells demonstrate an
increase in WNT5B, as well as non-canonical FZD4, FZD5, and FZD7 ligand receptors
when cells are treated with BCR-ABLI inhibitor, imatinib mesylate and cytotoxic
etoposide (Sercan et al., 2007). Previously, Forrester et al. demonstrated a decrease in
apoptosis of NHA9 activated embryos compared to that of wild-type controls after DNA
damage causing radiation (Forrester ef al., 2011; Forrester, 2012). This apoptotic
inhibition may be the result of the non-canonical Wnt/B-cat pathway suppression in

NHA9-mediated disease.
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The downregulation of WNT5B and therefore activation of the non-canonical
Wnt/B-cat pathway, as observed in NHA9-transformed human cells, may also reflect the
inhibition of myeloid differentiation (Pukrop, 2006; Taki et al., 2003; Weeraratna et al.,
2002). Moreover, this downregulation may even remove competition between canonical
and non-canonical signaling, therefore permitting an increase in signaling through the
canonical Wnt/B-cat pathway. I could use our transgenic zebrafish line to study this
hypothesis by A) quantifying wnt8a expression by qRT-PCR, B) injecting wntS8a mRNA
at the one-cell stage and measure the effects on hematopoiesis and C) injecting wntSa
MO to determine if there is any acceleration of the NHA9-induced hematopoietic
phenotype.

There are cross-reactive antibodies available for the transcriptionally,
hypophosphorylated form of B-cat (Wang et al., 2010). Western blot analysis can be
conducted with the antibodies to confirm whether the activation of NHA9 truly activates
the canonical Wnt/B-cat pathway. Additionally, inhibiting f-cat by increasing mRNA
levels of upstream ligands that mark B-cat for phosphorylation and destruction, such as
the zebrafish homologue of APC, axin or GSK3, may counteract the increased expression
of ptgs2 and inhibit NHA9-induced hematopoietic phenotype. Inversely, if NHA9 does
not demonstrate an increase in activation of B-cat by Western blot, we can inject MO
against the zebrafish homologue of axin or gsk3 to reduce B-cat phosphorylation and
therefore, induce its activation to determine if indeed, the canonical pathway contributes
to the NHA9 phenotype.

It would be interesting if hyperactivation of f-cat leads to an increase in NHA9-

induced disease in the zebrafish as we could then conduct additional microarray analysis.
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Using the previous microarrays and the NHAY, f-cat microarray we may be able identify
downstream events from Wnt/B-cat, which will allow us to further understand

downstream genetic events that lead to in NHA9-induced myeloid leukemia.

4.3 NUP98-HOXA9 AND DNMTI1

Fortunately, only one DNMT1 homologue has been identified in zebrafish,
compared to six DNMT3 homologues (Smith ez al., 2011). As such, I’ve demonstrated
that MO knockdown of dnmtl as well as chemical inhibition of dnmt1 using DAC and
Zeb inhibits the myeloproliferative effects of NHA9 in transgenic zebrafish embryos, as
well as rescue erythropoiesis. Additionally, MO knockdown of uArfi, which encodes the
protein that recruits dnmtl to DNA, demonstrated a similar effect to that of dnmtl MO
knockdown. In human and murine cell lines UHRF1 knockdown leads to global genomic
hypomethylation (Arita et al., 2008; Hervouet et al., 2010). Furthermore, these
hypomethylated effects cannot be corrected by overexpression of any DNMTs (Arita et
al., 2008; Bostick et al., 2007; Hervouet et al., 2010; Unoki et al., 2009). Together, these
data help to increase our confidence that our microarray, MO and dnmtI chemical

inhibitor findings in NHA9 embryos would apply to human myeloid disease.

4.3.1 Targeting epigenetic regulation in clinical myeloid disease

DAC and its chemical cousin, Azacitidine (AZA) are both used as effective
treatments for high-risk MDS, than best supportive care (BSC), which consists of red
blood cell transfusions, erythropoiesis-stimulating agents, platelet transfusions, and
colony-stimulating factors (see section 1.1.5). However, for overt AML, these agents may
be more efficacious when used in combination with cytotoxic chemotherapy.

MDS is characterized by a failure of cell differentiation, leading to myeloid
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cytopenia, but does not necessarily involve the proliferation of progenitor cells. DNMT1
exerts epigenetic control over cell differentiation, highlighting at least part of the
therapeutic mechanism of AZA and DAC in human MDS. Both AZA and DAC similarly
decrease the levels of heterogeneous nuclear ribonucleoproteins (hnRNPs) (Buchi et al.,
2012). Myeloid diseases, such as those driven by AMLI-ETO and BCR-ABL1, generally
overexpress hnRNPs, which dysregulates mRNA splicing and metabolism (Ohshima et
al., 2003). These events are associated with downregulation of MYC and FOS signaling,
of the late differentiation gene, C/EBPA, and may impact mixed lineage leukemia (MLL)
histone methyltransferase activity (Eiring et al., 2008, 2010; Jing et al., 2011). MYC and
FOS are also associated with DNMT1 where increased FOS expression is associated with
overexpression of DNMTI and DNMT]1 epigenetic gene silencing antagonizes MYC
expression, while MLL is an upstream activator of HOXA9 (Mishra et al., 2008;
Saunthararajah et al., 2012; L.-L. Smith et al., 2011). Taken together, the activities of
hnRNPs potentially create a large interactive network with NHA9 and DNMT]1 in the
regulation of genome epigenetics. These various findings suggest that zebrafish dnmt! is
a druggable target in our NHA9 embryos, which could have relevance to human myeloid
disease, and that hnRNP activity could be further downstream of dnmt! in our NHA9

embryos, possibly to limit expression of c/ebpa.

4.3.2 Possible mechanisms in NHA9-induced epigenetic dysregulation

Recently, Clements ef al. demonstrated that DNMT1 has non-catalytic, non DNA
methyltransferase activity that also epigenetically represses gene activity (Clements et al.,
2012). In this study, they produced three colon cancer cell lines: one cell line with wild-

type DNMT1; another cell line with mutated DNMT1, which produced DNMT]1 without
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its catalytic domain; and the last cell line with no DNMTlexpression. They were able to
find downstream repressive targets of DNMT1 by identifying genes upregulated in the
DNMTI” hypomorphic cells. Then by allowing for production of catalytically inactive
DNMT1 in the cell line, they were able to determine that some of the DNMT]1 target
genes were still being repressed although DNMT1 was not able to methylate newly
synthesized DNA. This suggested an alternative means of transcriptional repression by
DNMTI. Interestingly, the use of DNA methyltransferase inhibitors, such as DAC, AZA
and Zeb also induce dnmt1 degradation and depletion from the nucleus, suggesting that
broad functions of dnmt1 are inhibited by the pharmacological therapy (Ghoshal et al.,
2005; Patel et al., 2010).

This concept of catalytically inactive DNMT]1 still repressing gene expression
invites further investigation of the sites at which DNMTT1 functions and the types of
protein complexes in which it is a component in order to repress transcription. For
instance, in the previous DNMTT1 study, the authors determined that DNMT1 interacts
with a range of histone modifiers such as H3-K4me?2, H3-K4me3 and H3-K9Ac
(Clements et al., 2012). In addition to interaction with H3-K4 demethylases (KDMs),
DNMT1 has been described to interact with HDAC s(Fuks et al., 2000; Robertson et al.,
2000; Rountree et al., 2000), which have been described previously to be components of
many repressive epigenetic complexes (see section 1.5.2).

A zebrafish study has demonstrated that dnmt/ works in concert with another
epigenetic co-factor, suv39hla (suppressor of variegation 3-9 homolog 1a), which
selectively methylates specific lysine residues on histones rather than the cytosines in

DNA (Rai, 2006; Rai et al., 2006). It has been proposed that suv39hla also binds to DNA
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that has recently been methylated by dnmtl. This subsequently leads to trimethylation of
histone H3 at lysine 9 (H3K9) to recruit HDACs. In the zebrafish suv39h1a MO injection
at the one-cell stage mimicked the same differentiation defects seen with the loss of
dnmtl(Rai et al., 2006). These results suggest that dnmtl methylating activity is linked to
broader epigenetic silencing machinery and that dnmtl-suv39hla activity may regulate

the hematopoietic differentiation defects in NHA9 embryos.

4.3.3 Epigenetic combination therapy synergistically inhibits NUP98-HOXA9-induced
myeloid disease in transgenic zebrafish embryos

Importantly, treatment with DNA methyltransferase inhibitors, such as DAC and
Zeb restores expression of late differentiation genes, but may be insufficient to cure
myeloid disease when used alone as a monotherapy (Saunthararajah et al., 2012). There is
also a risk that DAC treatment is itself carcinogenic, as genome-wide DNA
hypomethylation can lead to genomic instability, chromosome rearrangements, and
secondary tumours in animals (Maslov et al., 2012). This cautions against the
indiscriminate use of demethylating agents and asserts the value in searching for effective
combination chemotherapy regimens. Additionally, the sequential link between DNA
methylation and histone deacetylation further suggests that DNA methyltransferase
inhibitors combined with HDAC inhibitors are an effective means to combat human
myeloid disease.

Clinical trials using DAC and VPA as a combination therapy alternative to current
chemotherapy have been conducted with mixed results in terms of response to treatment
and toxicity to the patient (see section 1.5.2). Here, I have demonstrated that NHA9 is

uniquely susceptible to the combined pharmacological treatment of DAC + VPA or DAC
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+ TSA in transgenic zebrafish embryos. These are encouraging results as patients with
NHAY-induced myeloid disease are at high risk and generally respond quite poorly to
current therapies (Borrow et al., 1996; Forrester et al., 2011; Iwasaki et al., 2005). This
specific susceptibility may offer the ability to sensitize AML blast cells to current
chemotherapy treatment therefore enabling increased survival in patients with NHA9-

associated myeloid disease.

4.3.3.1 Possible mechanisms for combined histone deacetylase complex inhibitors
and DNA demethylating agents

Natural DNA repair mechanisms are able to identify and extract DAC and other
nucleoside analogues and repair the affected sequence of DNA. HDAC inhibitors,
however, have been demonstrated to help reduce the cells ability to remove those
nucleoside analogues (Chai et al., 2008). This reduced ability of a cell to maintain its
methylation pattern may be one mechanism of action that contributes to the synergistic
effect of DAC and VPA/TSA combination therapy observed in the NHA9Y zebrafish. If so,
HDAC inhibitors greatly reduce not only the amount of DAC or other DNA
methyltransferase inhibitors required for therapy but limit the number of treatments
necessary as the HDAC inhibitor would keep the nucleoside analogue from being
degraded, thus limiting patient toxicity. Alternatively, as discussed previously, DNMT1
interacts with many proteins involved in chromatin remodeling and epigenetically
represses gene expression through more than one regulator pathway. Therefore, the
combination of DAC with an HDAC inhibitor may disrupt the interactions of DNMT1
with HDAC:s or other epigenetic complexes, thus reducing its methylating capabilities

(Robertson et al., 2000; Rountree et al., 2000; Savickiene ef al., 2012). This inhibition of
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DNMTT to bind to other epigenetic complexes through HDAC inhibitor treatment may
also explain the synergy demonstrated when I used VPA in combination with the COX

inhibitors Indo or NS-398 (see section 4.3.4).

4.3.4 Histone deacetylase inhibitors and COX inhibitors work to combat NUP9Y8-
HOXAY-induced myeloid disease in transgenic zebrafish

DNMT1 is dispensable in normal hematopoiesis, but required in LSCs
(Trowbridge et al., 2012). Moreover, a recent zebrafish study linked Wnt/B-cat signaling
to the regulation of DNA methylation (Rai et al., 2010). This group showed that APC, a
negative regulator of B-cat, subsequently regulates methylation and demethylation
machinery. Similarly, in human colorectal cancer cells, reactivation of APC reduced the
expression of DNMTI(Campbell & Szyf, 2003). Therefore, Wnt/B-cat and DNMT1
regulation share a similar pathway of activation.

Interestingly, treatment with VPA inhibits GSK3 in human HSC lines, which
leads to the activation of the Wnt/B-cat pathway (Jung et al., 2008; Z. Wang et al., 2010;
Wiltse, 2005). However, this seems contradictory to the current understanding of the
treatment effects of VPA and the effects of the canonical Wnt/B-cat pathway. For
instance, Wnt/B-cat activation has been demonstrated to reduce differentiation, increase
proliferation and self-renewal, while VPA treatment has been demonstrated in vitro in
leukemia blast cell lines, in vivo studies in zebrafish and murine leukemia models and
clinical trials in patients with myeloid disease, to induce differentiation and reduce
proliferation (Bellos & Mahlknecht, 2008; Blum et al., 2007; Cinatl et al., 1997;
Gottlicher et al., 2001; Jung et al., 2008; Kuendgen et al., 2004). Thus, it appears that

VPA may have differential effects on HSCs as compared with leukemia blast cells.
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However, the effect on LSCs rather compared to slightly more mature leukemic blasts
has not directly been investigated.

Laq824 and CG1521, two potent HDAC inhibitors, which induce differentiation
and/or apoptosis in leukemia cell lines, share the effect of VPA on HSCs (Ivanenkov et
al., 2008). There is a relationship between the differentiation level and the response to
HDAC inhibitors, meaning that very immature cells respond to HDAC inhibitors with a
down-regulation of p2/and cell cycle progression, whereas at a more advanced
differentiation stage, cells respond to VPA and Laq824 with a down-regulation of p2/and
differentiation or apoptosis (Aldana-Masangkay et al., 2011; Gurvich et al., 2004). As
such, VPA may increase self-renewal of HSCs by ‘‘transcriptional reprogramming’’ of
these cells through its capacity to induce histone acetylation as well as DNA
demethylation in a dose-dependent manner (Detich et al., 2003), while by contrast
inducing slightly more mature leukemia blast cells to differentiate or undergo apoptosis.

Combining VPA with either a general COX inhibitor or a specific COX2 inhibitor
demonstrated a strong inhibition of the NHA9 hematopoietic phenotype in transgenic
zebrafish embryos. As these therapies seem to work antagonistically, my findings need to
be reconciled. Firstly VPA might inhibit some hematopoietic defects by impacting the
efficiency of dnmt1 ability to methylate DNA, while the Indo or NS-398 treatment
reduces global canonical Wnt/B-cat activity. Thus, the downstream effects of NHA9 on
dnmtlare reduced and the NHA9 expressing myeloid cells, which may have more
sensitivity to B-cat expression, are reduced, inhibiting the myeloproliferative effect of
NHA9Y. Alternatively, Indo and NS-398 treatment could be reducing the effects of the

large increase in ptgs2 in the EMPs and HSCs of the embryo, while VPA simultaneously
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reduces the methylating ability of dnmtl and induces differentiation in the more mature
myeloid cells. Regardless of the means of rescue, it appears that the combination of a
HDAC inhibitor with a COX inhibitor may be an effective therapy in NHA9-induced

myeloid disease.

4.3.5 dnmtl future directions

DNMT1 methylates cytosine residues in DNA, so an established methylation
analysis of zebrafish genomic DNA (Anderson et al., 2009) may be used to confirm the
upregulation of dnmtl in NHA9 embryos. For instance, genomic DNA from NHA9Y
activated and Cre (control) embryos would be isolated and digested with methylation-
sensitive Hpall, or methylation insensitive Mspl restriction enzymes. Samples would
undergo Southern blot analysis using probes targeted against the consensus DANA
sequence, a short interspersed nuclear element (SINE) that comprises ~10% of the
zebrafish genome and is methylated by dnmt1 (Izsvak et al., 1996). In the absence of
dnmtl, the hypomethylated DANA sequence is digested, and widespread genomic
hypomethylation results in smearing of high molecular weight DNA. Thus, NHA9
embryos should present little to no digestion of the DANA sequence and the absence of
high molecular weight smearing.

Furthermore, repeated uhrfI MO injections are necessary to help determine its
effects on hematopoiesis in NHA9 activated embryos on both erythropoiesis as well as
myelopoiesis. Preliminary results suggest that urf1 MO knockdown phenocopies the
rescue of gatal expression in the NHA9 activated embryos seen with dnmtl MO
knockdown. However, how uhrfI MO knockdown affects the myeloproliferative

phenotype needs to be assessed. Additionally, suv39hla, which works in tandem with
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dnmtl, could be knocked down by MO injection, to corroborate my experiments with
dnmt] MO injections. In contrast, I can also inject uhrf1 and suv39hla mRNA in attempt
to augment dnmtl activity and possibly accelerate the NHA9-induced hematopoietic
phenotype. Additionally, cross-reactive antibodies are available for zebrafish dnmtl and
uhrfl proteins, therefore Western blot analysis could be performed in order to denote the
efficiency of the MO and mRNA injections into the embryos.

Finally, MDS and AML are both associated with DNMT1 overexpression, but
DNMT3 family genes, which encode de novo DNA methyltransferases, are often found to
be downregulated or mutated in AML (Challen et al., 2012; Ley et al., 2010; Thol et al.,
2011; Yan et al., 2011). DNMTS3 proteins are de novo DNA methyltransferases, but work
in concert with DNMTT to regulate HDACs and ultimately epigenetic silencing. DAC
and AZA are nucleoside analogues, so part of their therapeutic action is incorporation
into cellular nucleic acids leading to genotoxic stress. Interestingly, DAC treatment is
known to lack efficacy in cells that lack DNMT3A and DNMT3B, suggesting that
incorporated DAC is first targeted by de novo DNA methyltransferases before binding to
DNMTT1 (Patel et al., 2010). Thus, an investigation into the role of the DNMT3 gene
family in NHA9 embryos may be warranted. However, in zebrafish, there are six genes
that constitute the dnmt3 family. The current consensus is that dnmt6 and dnmt8 primarily
account for dnmt3a enzyme activity, while dnmt4 accounts for dnmt3b enzyme activity
(TSmith et al., 2011). Using qRT-PCR on NHA9 embryos, one could begin by measuring
expression for dnmt4, dnmt6 and dnmt8 then look to MO to knockdown the expression

and determine its effects in NHA9 activated embryos.
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4.4 NUP98-HOXA9 EXPRESSION IN TRANSGENIC ZEBRAFISH DEMONSTRATES AN
EXPANSION OF HSCs

It has been long hypothesized AML is caused by an elusive LSC that accumulates
genetic/epigenetic mutations, which leads to selective advantages, such as reduced
apoptotic response, differentiation inhibition and increase proliferation/self-renewal
(Horton & Huntly, 2012; Mikesch et al., 2007; Reya et al., 2001; Wojiski et al., 2009;
Zhang et al., 2006). Additionally, these LSCs are believed to give rise to all leukemic
blast cells, therefore represent ideal therapeutic targets in AML. Not surprisingly, I found
that transgenic zebrafish embryos expressing the NHA9 fusion oncogene demonstrate an
approximate 2-fold expansion of HSCs.

Overexpression of HoxA9 in murine marrow cells leads to HSC expansion,
conditional immortalization of myeloid progenitor cells and repression of differentiation -
all hallmarks of acute myeloid disease (Helgason et al., 1996; Perkins & Cory, 1993;
Sauvageau et al., 1994; Thorsteinsdottir et al., 1997; Thorsteinsdottir ez al., 2002). In
NHAY activated in transgenic zebrafish embryos, the transcriptional activation properties
of HOXA9 are prompted in the HSCs under the spi/ promoter, therefore potentially
bestowing additional expansion capabilities. Recently, it has been determined that HSCs
acquire mutations at a linear rate with time (Welch et al., 2012). Moreover, it is
hypothesized that LSCs in AML are from randomly occurring events that occurred in the
HSC before they acquired an initiating mutation (Welch et al., 2012). If in NHAY-
mediated myeloid disease, HSCs acquire an increased ability to self-renew/proliferate,
this would increase the rate of mutations over time, increasing the likelihood of acquiring

a second mutation ‘hit’, thus increasing the chance of leukemogenesis.
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4.4.1 Hematopoietic stem cell — future directions

This NHA9-induced hematopoietic expansion of HSCs could be leveraged to
determine potential therapeutics to combat NHA9-mediated myeloid disease. For
instance, treatment with DNA methyltransferase inhibitors, HDAC inhibitors and COX
inhibitors, which I have demonstrated to help rescue NHA9-induced disease at early time
points during embryogenesis, could be used to treat embryos at later time points to
measure their effect on HSC expansion. This would prove useful in determining if these
treatment alternatives transfer well to treatment of adult LSCs. Additionally, these
treatments can be carried over to the previously published zebrafish transplant model.

As the HSCs are the part of the definitive waves of hematopoiesis during
embryogenesis and produce all blood cell lineages in adults, they may be the cells of
origin in NHA9-induced MPN in transgenic zebrafish. It would be of interest to determine
if the HSCs expressing NHA9 have selective advantages to normal HSCs. To do this
juvenile wild-type runxi::GFP and NHA9,runx1::GFP zebrafish could be dissociated
and GFP" cells sorted using FACS then put through a cytospin to filter out the GFP"
HSCs. Cells can then be injected into the yolk sac of 2-day-old wild-type zebrafish
embryos using the established cellular transplant protocols (Langenau et al., 2013; Traver
et al., 2004). Using established proliferation and migration assays in the embryos, we can
determine if the NHA9 cells have a selective advantage to wild-type HSCs in their
proliferative or migratory capabilities. Afterwards, using drugs previously demonstrated
in this thesis to have an effect on NHA9-mediated hematopoiesis, transplanted embryos

can be treated to see if there is a proliferative or migratory inhibition on injected GFP"
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cells. This may be able to determine if NHA9expressing HSCs have an increased
sensitivity to the selected therapies compared to wild-type HSCs.

Interestingly, it has been demonstrated that ascorbic acid (vitamin C) promotes
specific DNA demethylation of the epigenome in human embryonic stem cells (hESC)
(T.-L. Chung et al., 2010). They determined that 1,847 genes are hypomethylated just
outside of the promoter transcription start sites after hRESCs are grown in 50mg/mL
Vitamin C rich media. Furthermore, it has recently been demonstrated that Vitamin C
activates TET enzymes, which is most likely the cause of the hypomethylation (Blaschke
et al.,2013; Wossidlo et al., 2011). TET enzymes convert methylated cytosines (SmC) to
hydroxymethylated cytosines (ShmC), which prevents DNMTs from recognizing the
methylation pattern after DNA synthesis and therefore prevents the maintenance of
methylation. Interestingly, there are a number of hematologic malignancies, including
MDS, MPN, and de novo and secondary AML that are associated with TET mutations
(Blaschke et al., 2013; Holmfeldt & Mullighan, 2011; Kosmider et al., 2009; Nikoloski et
al., 2012; Roche-Lestienne et al., 2011). Notably, up to 50 percent of chronic
myelomonocytic leukemia (CMML), a mixed MDS/MPN condition with a propensity to
progress to AML, harbor TET2 mutations. It would therefore be of interest to treat
embryos with Vitamin C to determine its effects on embryo hematopoiesis.

Vitamin C treatment has already been established in zebrafish embryos and
increased Vitamin C has lead to an increase in cellular energy production (Kirkwood et
al., 2012). This treatment can be mimicked in wild-type runx/::GFP and

NHAY;runx1.::GFP activated embryos to determine its effect on HSC expansion. Vitamin
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C demethylation could help inhibit the effects of the increased expression of dnmtl,

therefore reducing the NHA9-mediated defect in hematopoiesis.

4.5 A ZEBRAFISH XENOTRANSPLANTATION MODEL USING HUMAN MYELOID LEUKEMIA
CELLS TO EXAMINE DRUG RESPONSES

In a similar manner to the zebrafish HSC transplant protocol, using zebrafish as a
xenotransplantation model is a potential complimentary strategy to my work in NHA9Y
transgenic zebrafish. Two groups, including ours, have exploited xenotransplantation for
the study of myeloid leukemias (Corkery et al., 2011; Pruvot et al., 2011). K562,
erythroleukemia, and NB4, acute promyelocytic leukemia, cell lines were fluorescently
labeled with CM-Dil and injected into the yolk sac of 48 hpf zebrafish embryos. At this
time point, xenograft rejection is minimized as the adaptive immune system has yet to
develop. The embryos were then treated with chemotherapeutics by addition of the
compound to the water at low enough concentrations to prevent embryo toxicity.
Embryos with the K562 cells, which harboured the BCR-ABLI fusion (see section 1.1.3)
and NB4 cells, which harbour the PML-RARa fusion oncogene were treated with either
imatinib mesylate or all-frans-retinoic acid (ATRA), respectively.

The number of K562 xenografted cells after exposure to imatinib was reduced in a
dose-dependent manner and there was death of the NB4 xenografted cells after ATRA
treatment (Corkery et al., 2011; Pruvot et al., 2011). Most importantly, when the
treatment was swapped and applied against the opposite cell line, there was no
proliferative inhibition, suggesting that the human cancer cells can be specifically
targeted in the zebrafish xenotransplantation model. Ideally, using K562 cells transfected

with the NHA9 fusion oncogene, we can use the same xenotransplantation model and the
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treatment protocols I have developed in the NHA9 transgenic zebrafish line to compare if
the therapy is transferable to human NHA9 leukemia cells.

At 48 hpf, the mutant zebrafish line, casper, which lacks all pigment for optical
transparency, can be microinjected with transfected NHA9 K562 cells. The cell line will
be fluorescently labeled with CM-Dil tracking dye and approximately 25-50 cells will be
microinjected into each embryo. Embryos can then be screened by fluorescent
microscopy for the presence of a fluorescent mass at the site of injection. Positive
embryos will then be divided into two groups; one group will act as a control and not be
treated with any compound while the other group is exposed to the potential therapeutics
(i.e., DAC, Zeb, VPA, ect) in a single or combined manner. At the end of a given time
point post injection, the embryos can be dissociated into a single cell suspension and the
number of fluorescent cells can be counted using a semi-automated macro in ImageJ
(NIH, Bethesda, MD). The number of fluorescent cells present in the control embryos
divided by the number of cells in the embryos treated with the pharmacological drugs
would represent the fold change in the cell number. Ideally, this work would further
extend the use of zebrafish in identifying novel therapeutic strategies to combat human

leukemia with improved anti-cancer potency and reduced toxicity.

4.6 LIMITATIONS OF THE ZEBRAFISH MODEL

The zebrafish offers exciting opportunities to study a number of diseases in a
relatively short time frame that is scarcely rivaled by traditional animal models. The
zebrafish has specific utility to elucidate molecular mechanisms underlying oncogenesis
by virtue of ease of genetic manipulations; observations of invasive cellular phenotypes,

due to embryonic transparency and unique imaging; and as a relatively high-throughput
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cost-effective first pass in vivo platform to evaluate drug responses to prospective anti-
cancer agents. However, there remain several biological limitations when using zebrafish
as a model for human cancers.

In zebrafish, there is a redundancy of genes as a result of a whole genome
duplication (Amores et al., 1998). This genome duplication could mask some changes to
gene expression. For example, the mammalian genome has three forms of DNMT3
(DNMT3A, DNMT3B, DNMT3L), however the zebrafish genome consists of six dnmt3
paralogues (Campos, et al., 2012), which reduces the feasibility of using reverse genetic
techniques to identify specific phenotypes. Additionally, as a newer model system the
zebrafish genome is less annotated compared to mammals and there are less nucleotide
‘spots’ on a zebrafish microarray chip (Lewis S, personal communication), which means
that not all possible homologous genes can be measured with current technology. Also,
rigorous analytical tools will be required to compare the gene expression signatures
obtained from multiple experimental conditions, which means that some important
changes to gene expression could be screened out. Moreover, the newer, more novel
technology, such as RNA-seq, is first designed and used in mammalian modeling systems
and requires time before being implemented into zebrafish work,

Gene knockdown has been performed by injection of gene specific morpholino
oligonucleotides, which transiently targets mRNA to either prevent proper splicing or
translation into protein. However, this approach has its limitations, not the least of which
the potential for non-specific ‘off target’ effects of the reagents along with the consequent
need to perform careful titration and multiple controls for specificity of the injected

oligonucleotides. Additionally, the transient nature of the inhibition of gene function
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achieved by MO injection effectively limits their application to only early stages of
development preventing the use of gene knockdown for the establishment of models of
late onset disease (Huang, et al., 2012). However, as a newer yet, promising in vivo
model, techniques to combat these limitations are continuously being investigated and put
into experimental practice such as TALENSs, Zinc-fingers and CRISPRs, which enable us
to modify the zebrafish genome and knock-out genes for long term reverse genetic

analysis.

4.7 CONCLUSION

In summary, this research has demonstrated some of the attributes that make the
zebrafish a novel and versatile model for studying human cancers. We have developed a
transgenic zebrafish line for studying NUP98-HOXA9-mediated, high-risk AML with a
specific emphasis on identifying pharmacologically targetable genetic and epigenetic
downstream contributors. We have identified dnmtl and the Wnt/B-cat pathway as
possible targets, and have demonstrated ways in which to use these targets to specifically
inhibit the hematopoietic effects of NHA9 while allowing for normal hematopoiesis to
continue, undisturbed. I have also been able to demonstrate how a combination of current
FDA approved drugs that target epigenetic regulatory pathways, can be used to treat
NHA9-mediated disease synergistically at surprisingly low concentrations. As such, I
believe that the future of this transgenic model could easily be applied to study additional
downstream contributors of NHA9 in the zebrafish, in order to determine new and
promising treatment targets that can further increase the efficacy of current therapy as
well as reduce the toxicity to the patients, therefore satisfying the long-term goal of AML

research.
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