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Abstract

Primary myelofibrosis (PMF) is characterized by bone marrow fibrosis, myeloproliferation,
extramedullary hematopoiesis, splenomegaly and leukemic progression. Moreover, the bone
marrow and spleen of patients are full of atypical megakaryocytes that are postulated to contribute
to fibrosis through the release of cytokines including TGF-B. Although the JAK inhibitor
ruxolitinib provides symptomatic relief, it does not reduce the mutant allele burden or significantly
reverse fibrosis. Here we show through pharmacologic and genetic studies that, apart from JAK2,
Aurora kinase A (AURKA) is a novel therapeutic target in PMF. MLN8237, a selective AURKA
inhibitor promoted polyploidization and differentiation of PMF megakaryocytes and displayed
potent anti-fibrotic and anti-tumor activity in vivo. We also reveal that loss of one allele of
AURKA is sufficient to ameliorate fibrosis and other PMF phenotypes in vivo. Our data suggest
that megakaryocytes are drivers of fibrosis and that targeting them with AURKA inhibitors will
provide therapeutic benefit in PMF.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

iCorresponding author: John D. Crispino, ; Email: j-crispino@northwestern.edu
These authors contributed equally to this work.

The authors declare that there are no conflicts of interest.

Author Contributions

QJW., Q.Y, B.G.,, S.\M,, LIB, RS, L.G., PK performed the experiments, interpreted the data and contributed to writing the
manuscript. T.L., A.P., B.S. and A.T. provided patient specimens, interpreted the data and contributed to writing the manuscript. S.G.
analyzed the pathology, interpreted the data and contributed to writing the manuscript. 0.A-W., AM., R.L., and J.D.C. designed
experiments, interpreted the data and wrote the manuscript.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wen et al.

Page 2

Although the median survival for PMF patients is 5-7 years, those with intermediate and
high-risk disease, as defined by the Dynamic International Prognostic Scoring System Plus,
have a median survival of just 16-35 monthsl. Patients frequently die from transformation to
acute leukemia, pancytopenia, thrombosis and cardiac complications, infections and
bleedingz. Within the bone marrow, there are excessive megakaryocytes with an abnormal
nuclear/cytoplasmic ratio and reduced polyploidy state. In vitro cultures of CD34" cells have
shown that megakaryocytes expand excessively, are immature, and show delayed apoptosis
by virtue of increased bcl-xL expressiong. Mutations associated with PMF include those that
affect JAK/STAT signaling (JAKZ2, MPL), ER stress (CALR), epigenetic regulators (TET2
and ASXL1) and RNA splicing (SRSF2, SF3BZ)4‘8. Although ruxolitinib, a JAK inhibitor
approved for use in PMnglo, provides symptomatic relief and extends survival, it does not
reduce the mutant allele burden or alter the natural history of the diseasezvllvlz. Moreover,
many patients are intolerant to, or discontinue therapy due to side effects, including
profound anemia and thrombocytopeniam. Thus, additional agents that provide sustained
therapy, reduce fibrosis and decrease the allele burden are needed.

Several lines of evidence suggest that increased numbers of megakaryocytes contributes to
bone marrow fibrosis. First, mice that overexpress thrombopoietin (THPO) develop fibrosis
that is associated with an increased megakaryocyte masslA. Second, mice with a
megakaryocyte deficiency of Gatal show elevated numbers of immature megakaryocytes
and severe bone marrow fibrosi515~16. Third, megakaryocytes from PMF patients secrete
increased levels of the fibrotic cytokine TGF-B3. However, the extent to which
megakaryocytes are required for myelofibrosis and whether targeting the megakaryocyte
lineage is sufficient to prevent disease has not been shown.

We recently reported the identification of small molecules that induce megakaryocyte
polyploidization, differentiation, and subsequent apoptosis”. One of these compounds is the
AURKA inhibitor MLN823718. Given that megakaryocytes in PMF show impaired
differentiation, we predicted that AURKA inhibition would induce maturation, reduce the
burden of immature megakaryocytes and ameliorate the characteristics of PMF, including
bone marrow fibrosis. Here, we show that AURKA activity is strongly elevated in cells that
harbor activating mutations in JAKZ, MPL and CALR. This upregulation is associated with
an increase in c-MYC expression downstream of activated JAK/STAT signaling.
Furthermore, we demonstrate that MLN8237 induced differentiation and polyploidization of
primary PMF megakaryocytes. MLN8237 reduced the disease burden, peripheral blood
counts, and the degree of fibrosis of both Jak2V617F and MPLW515L mice. Finally, we
reveal that AURKA is a bona fide target in PMF, as loss of a single allele is sufficient to
prevent myelofibrosis and other PMF phenotypes in vivo. Together our work shows that
megakaryocytes are required for development of PMF and targeting these cells is a novel
therapeutic strategy.
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Inhibition of AURKA induces differentiation of JAK2 and MPL mutant cells

Based on our previous studies, which showed that the AURKA inhibitor MLN8237
promotes maturation of malignant megakaryocytes, and our hypothesis that atypical
megakaryocytes directly contribute to myelofibrosis, we investigated the activity of AURKA
inhibitors in PMF. First, we assayed the effect of MLN8237 on the human erythroleukemia
(HEL) cell line because it is JAK2V617F* and is responsive to JAK?2 inhibitionlg.
MLN8237 caused decreased phosphorylation of AURKA, but not STAT3 or STAT5,
whereas ruxolitinib inhibited phosphorylation of STAT3 and STATS5, but not AURKA
(Supplementary Fig 1a). MLN8237 potently inhibited cell growth with an 1C50 of 26.5nM,
whereas the 1C50 for ruxolitinib was 343nM (Supplementary Fig 1b). MLN8237 induced
polyploidization and upregulation of the megakaryocyte cell surface markers CD41 and
CDA42 (Supplementary Fig 1c — e). In contrast, ruxolitinib did not have these differentiation
effects. Similarly, MLN8237, but not ruxolitinib, displayed growth inhibition and
megakaryocyte differentiation activity on the GLME/MPLW515L cell line (Supplementary
Fig 2), which lacks the erythromegakaryocytic transcription factor GATAL and expresses the
activated allele of MPL. This cell line, derived from Gatal-deficient embryonic stem cells,
can differentiate into megakaryocytes upon restoration of GATAL®®. GIME cells are relevant
to PMF because patients express reduced levels of GATAl21 and mice that lack GATAL in
megakaryocytes develop profound bone marrow fibrosis®. Finally, similar effects were
observed in SET-2 cells, a human megakaryocytic cell line derived from a patient with
JAK2V617F?. (Supplementary Fig 3 a— e).

Next, we extracted protein from bone marrow cells of Jak2V617F knock-in mice®> or mice
transplanted with mouse bone marrow cells overexpressing MPLW515L or two different
calreticulin mutants (CALR type 1 and CALR type 2)24,25 and then assayed phosphorylation
of AURKA, STAT3, and STAT5. As expected, JAK2V617F, MPLW515L, and CALR
mutants induced phosphorylation of STATS5 relative to controls (Fig 1a and Supplementary
Fig 4). Moreover, expression of these mutants led to a striking upregulation of AURKA.
MLN8237 led to a decrease in AURKA phosphorylation without affecting the levels of p-
STAT3 or p-STATS after 6 hours of culture (Fig 1b,c). Of note, treatment of these cells with
increasing doses of ruxolitinib caused a decrease in p-STAT3 and p-STATS, but did not
reduce the level of p-AURKA until 24 hours and only at doses above 1uM (Supplementary
Fig 5). Together, these results show that AURKA is upregulated by JAK2V617F,
MPLWS515L and CALR mutants, and that MLN8237 and ruxolitinib differentially affect cell
signaling. To confirm that p-Aurka is indeed elevated in megakaryocytes, we cultured
MPLWS515L expressing bone marrow cells with THPO. As we previously reportedze, the
expression of AURKA declines with megakaryocyte maturation, such that very little protein
is detected in control cells following three days of culture (Supplementary Fig 6). In
contrast, megakaryocytes that express MPLW515L displayed persistent p-AURKA through
7 days of culture.

We next assessed the effect of AURKA inhibition on the growth of MPLW515L bone
marrow cells. MLN8237 significantly increased the expression of CD41 and CD42, the
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degree of polyploidization, and annexin V staining of megakaryocytes (Fig 1d — g). These
results are consistent with our previous observations that inhibition of AURKA promotes
megakaryocyte differentiation and acts to suppress proliferation of the lineage. Finally, we
transduced mouse bone marrow cells with retroviruses that harbor WT or MPLW515L and
cultured the cells in methylcellulose in the presence of increasing doses of MLN8237.
MLN8237 preferentially inhibited colony forming unit megakaryocyte (CFU-MK) and
colony-forming unit myeloid (CFU-Myeloid) of the MPLW515L expressing cells relative to
MPLWT expressing cells even at doses as high as 1uM (Fig 1h —i). This selective effect is
likely due to a greater dependence of the cells with activated JAK/STAT signaling on
AURKA activity.

Previous studies have reported that AURKA expression is elevated downstream of
JAK2V617F and that effect this is mediated by increased c-MYC27‘29. Consistent with this
model, we observed increased c-MYC protein in bone marrow cells expressing either
Jak2V617F or MPLWS515L (Fig 1a). To investigate the link between activated JAK/STAT
signaling, MYC and AURKA, we returned to SET-2 cells. c-MYC is readily detected in
SET-2 extracts and its expression is significantly reduced by ruxolitinib at 48 hours
(Supplementary Fig 3f,g). This reduction coincided with a decrease in both total and p-
AURKA. In contrast, MLN8237 did not affect c-MYC, indicating that the inhibitor is
working downstream of the JAK/STAT-MYC axis. To confirm that c-MYC is required for
elevated AURKA expression, we knocked down c-MYC with two shRNAs. As predicted,
we detected reduced levels of total and pAURKA (Supplementary Fig 7a). This reduction of
AURKA was associated with increased expression of CD41 and CD42 and apoptosis
(Supplementary Fig 7b —¢). Of note, the increase in PI3K/AKT signaling that is observed in
JAKZ2and MPL mutant cells (Fig 1a) is not responsible for the increase in p-AURKA, as the
AKT inhibitor MK-2206 did not change the level of p-AURKA (Supplementary Fig 8).

We next investigated whether AURKA is upregulated in MPN patients (Supplementary
Tables 1,2). Western blot analysis revealed that p-AURKA and AURKA are elevated in
CD34" cells of PMF patients and in mononuclear cells of individuals with ET or PV (Fig 2a,
Supplementary Fig 9,Supplementary Fig 10). We also observed elevated expression of c-
MYC, as predicted by studies with mouse cells and the SET-2 cell line. Similar to what we
observed in these two aforementioned settings, treatment of primary PMF CD34* cells with
MLN8237 led to suppression of p-AURKA, but not of JAK/STAT signaling (Fig 2b,c).
Furthermore, while ruxolitinib treatment rapidly reduced p-STATS, it did not affect p-
AURKA until prolonged incubation. Together these results support the model that enhanced
JAK/STAT signaling indirectly leads to an increase in p-AURKA.

We next investigated the effects on MLN8237 on CD34" cells collected from the peripheral
blood of patients with PMF (PMF 5-14, Supplementary Table 1). MLN8237 significantly
induced up-regulation of CD41 and CD42 (Fig 2d,e) and induced polyploidization of CD41*
cells without affecting the DNA content of CD41- cells (Fig 2f). Finally, consistent with
MLN8237 acting as a suppressor of the megakaryocyte lineage, it also inhibited cell growth

(Fig 29).
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Inhibitors of AURKA provide therapeutic benefit in MPN animal models

Before testing MLN8237 in MPN models, we treated healthy Balb/C mice with 15mg/kg bid
for three weeks. Pharmacokinetic studies revealed that a single dose of 15mg/kg exceeds the
IC50 for growth inhibition in primary bone marrow MPLW515L expressing cells for >12
hours in mice”. MLN8237 was well tolerated, with no reductions in body weight,
peripheral blood counts, or bone marrow composition (Supplementary Fig 11). Histological
analysis confirmed that MLN8237 did not cause myelosuppression or any other detrimental
effects when used at this dose..

Transplantation of bone marrow cells expressing MPLW515L leads to an aggressive MPN
characterized by marked leukocytosis, thrombocytosis, hepatomegaly, splenomegaly and the
presence of abnormal megakaryocytes that is accompanied by bone marrow fibrosis in
recipient animals®*! we transplanted bone marrow harboring MPLW515L to irradiated
Balb/C recipient mice, waited three weeks, and verified that all animals had >50% GFP in
the peripheral blood (Q.W., data not shown). After randomizing the mice, we then treated
them with 15mg/kg MLN8237, 60mg/kg dimethylfasudil (diMF)17 or vehicle twice daily for
three weeks. As expected, vehicle treated mice developed an aggressive PMF syndrome that
worsened with time*** (Fig 3). In contrast, both AURKA inhibitors normalized the white
cell and platelet counts and also reduced the hematocrit and hemoglobin, the latter of which
are only modestly elevated in this model (Fig 3a,b and Supplementary Fig S12a). MLN8237
and diMF reduced the spleen and liver weights without affecting the body weight (Fig 3c
and Q.W. data not shown). Both drugs also reduced the GFP* tumor cell population as well
as the degree of MPLW515L expression as measured by significant decreases in the median
fluorescence intensities in the spleen (Fig 3d). Consistent with MLN8237 and diMF acting
as suppressors of the megakaryocyte lineage, we observed vast reductions in the CD41 and
CDA42 populations in the spleen as well as an increased degree of megakaryocyte
polyploidization (Fig 3e — g). MLN8237 and diMF had similar effects on bone marrow
megakaryocytes (Supplementary Fig S12b,c). Both drugs also reduced the splenic Grl*/
Mac1* populations and the LSK and myeloid progenitor populations in the bone marrow
(Supplementary Fig 12d,e and Q.W. data not shown). Importantly, consistent with a previous
report that PMF megakaryocytes secrete excessive TGF-B2, we observed significant
reductions in TGF-f in the plasma of animals following MLN8237 or diMF treatment (Fig
3h). Bone marrow histology revealed a robust drop in megakaryocyte mass that was
accompanied by a striking decline in fibrosis in animals treated with either MLN8237 or
diMF (Fig 3i,j). We also observed decreased tumor burden in the peripheral blood, spleen,
lung and liver (Supplementary Fig 12f — j), as well as decreased fibrosis in the spleen
(Supplementary Fig 12j). Finally, we repeated this study in mice with a more fulminant
disease, by waiting 30 days after transplant. In this setting MLN8237 rapidly normalized the
peripheral blood counts, and decreased splenomegaly, hepatomegaly, and the megakaryocyte
burden (Supplementary Fig 13a — €). This was accompanied by normalization of peripheral
blood cytomorphology and bone marrow, spleen, lung and liver histology along with
variable reduction in bone marrow fibrosis (Supplementary Fig S13f — j and Q.W. data not
shown).
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We next studied the activity of MLN8237 in Jak2V617F knockin mice>>. Following activation
of V617F allele, these animals develop polycythemia, mild leukocytosis, perturbed
megakaryopoiesis, splenomegaly, hepatomegaly and myelofibrosis. We transplanted
recipient mice with bone marrow cells from the knockin mice with Vav-Cre mediated
expression of JAK2V617F and observed polycythemia, leukocytosis, and thrombocytosis in
the recipients four weeks after transplantation. We then treated the animals with 15mg/kg
MLN8237 by oral gavage twice daily for seven weeks. MLN8237 significantly reduced the
WBC, hematocrit, platelet counts, and spleen weight without affecting the body weight (Fig
4a,b and Q.W. data not shown). Within the bone marrow and spleen, MLN8237 reduced the
number of erythroid cells and megakaryocytes and induced megakaryocyte polyploidy (Fig
4c¢ — g). Moreover, MLN8237 normalized bone marrow megakaryopoiesis and splenic
architecture (Fig 4h,i). MLN8237 also strikingly attenuated fibrosis in the bone marrow (Fig

4j).

Aurka is required for myelofibrosis

Complete loss of Aurka results in early embryonic lethality due to impaired centrosome
separation and defects in bipolar spindle formation, while mice with heterozygous
deficiency are viable, fertile and show no hematopoietic defects 2. In order to determine the
requirement for AURKA expression in development of myelofibrosis, we crossed Aurka
floxed mice with MX1-Cre mice. Bone marrow cells from Aurkad'* and Aurkd’* MX1-Cre
mice were transduced with MPLW515L and transplanted to lethally irradiated recipients. We
observed equivalent levels of engraftment as measured by GFP at 3 weeks post-transplant
(Fig 5a). At this time point, we injected Aurkd’* MX1-Cre and Aurkd'* mice with
polyinosinic/polycytidylic acid (plpC), which resulted in complete excision of the single
allele of Aurkain the peripheral blood, bone marrow, and spleen (Fig 5b). Shortly after pl-
pC injection, we observed progression of leukocytosis and thrombocytosis in the control
group, but not in the heterozygous deleted group (Fig 5c,d). In contrast to the expansion in
the GFP* tumor population in the control group, the Aurkd™* MX1-Cre excised tumor cells
failed to expand after excision (Fig 5a). The loss of only one allele of Aurkaalso led to
significant reductions in the spleen and liver weights and decreased GFP positive cells with
reduced median fluorescence intensities in the spleen (Fig 5e,f and Supplementary Fig 14a).
In addition, heterozygous loss of Aurkaled to decreased CD41* and Gr1*/Macl* cells in the
spleen, but an increase in the degree of megakaryocyte polyploidization (Fig 5g,h and
Supplementary Fig 14b). Finally, the deletion decreased the tumor burden in the peripheral
blood, bone marrow, spleen, lung and liver, and the degree of bone marrow fibrosis (Fig 5i,]
and Supplementary Fig 14c — f). As expected based on our data that mice with complete loss
of Aurka develop rapid bone marrow failure26, loss of both alleles of Aurkaalso led to
resolution of the disease while nearly eliminating the GFP+ tumor cell population
(Supplementary Fig 15). Together these results show that the full dosage of Aurkais
required for the initiation and/or progression of MPN in the MPLW515L model and reveal
that AURKA is indeed a valid target for therapy.

MLN8237 synergizes with ruxolitinib in vitro and in vivo

In order to determine whether AURKA inhibitors can increase the effectiveness of
ruxolitinib, we analyzed the ability of these agents to synergize with one another. Given that
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MLN8237 targets the AURKA pathway and that ruxolitinib has a primary effect on the
STAT pathway, we predicted that the compounds would synergize with one another. First,
we determined the 1C50s of MLN8237 and ruxolitinib on CFU-myeloid formation by cells
harvested from MPLW515L bone marrow recipient mice. We found that MLN8237 and
ruxolitinib displayed similar effects, with IC50s of 19.4nM and 22.7nM respectively (Fig
6a). Next, we analyzed the effect of different doses of MLN8237 and ruxolitinib and found
that the combinations inhibited colony formation to a much greater degree than either single
agent, and that this combination showed synergy at multiple doses (Supplementary Table 3).

Next, we evaluated the activity of the combination in vivo. Wild-type bone marrow cells
expressing MPLW515L were transplanted to irradiated recipients. Three weeks following
engraftment, we treated animals with sub-maximal doses of MLN8237 or ruxolitinib as
single agents or in combination. Whereas the single agents at these doses did not alter
disease progression, the combination of the drugs led to marked reductions in both the white
cell and platelet counts (Fig 6b,c) and significant decreases in the megakaryocyte burden
within the bone marrow and spleen (Fig 6d,e). The efficacy of the combination was further
confirmed by major reductions in the tumor burden in the peripheral blood, bone marrow,
spleen, lung and liver (Fig 6f — h and Q.W. data not shown). Finally, the combination of
MLN8237 and ruxolitinib effectively eliminated bone marrow fibrosis (Fig 6i). Together
these results demonstrate that MLN8237 synergizes with ruxolitinib and suggest that a
combination of each agent will show superior activity in patients.

Discussion

In 1984, Castro-Malaspina proposed that ineffective megakaryopoiesis and accumulation of
intracytoplasmic components led to an increase in a megakaryocyte growth factor (later
shown to be PDGF) and a decrease in PF4 within the bone marrow™". This combination of
elevated PDGF, which increased collagen production, and reduced PF4, which decreased
collagen degradation, would then lead to a net increase in collagen and fibrosis. Subsequent
studies have shown elevated PDGF, TGF-f, and bFGF in megakaryocytes and platelets of
PMF patient53'34l35. More recently, BMPs and oncostatin M have been implicated in
myelofibrosis%’a?. Of these, TGF- produced by megakaryocytes likely plays a critical role,
as this cytokine is required for fibrosis that results from increased THPO expression38

Whether immature megakaryocytes also drive the other phenotypes in PMF has been less
clear. While the recipients of THPO expressing bone marrow progenitors developed a lethal
myeloproliferative disorder with fibrosis and other PMF phenotypes, expression of the
transgene was not restricted to megakaryocytes“. Moreover, the GataZloW strain, which
primarily has defects in megakaryocytes, develops fibrosis with secondary erythroid defects,
but not leukocytosis™. These observations suggest that multiple hematopoietic lineages are
necessary for PMF. Of note, two elegant recent studies using the PF4-Cre strain have shown
that megakaryocytes influence HSC quiescence39140, suggesting that malignant
megakaryocytes may have a direct adverse effect on the HSC population. These observations
also lend credence to the model that aberrant megakaryocytes drive the entire spectrum of
PMF phenotypes. This conclusion does not preclude contributions to fibrosis from other
cells, such as osteoblastic lineage cells (OBCs), which can be remodeled into inflammatory
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myelofibrotic cells by exposure to BCR-ABL expressing bone marrow cells™. Although this
latter study implicated Mac1* myeloid cells in the conversion of OBCs, the authors did not
examine the role of megakaryocytes in the process.

In general, AURKA is highly expressed in tumor cells, making it a potential cancer
therapeutic. Indeed, we find that the levels of total and phosphorylated AURKA are greatly
elevated in cells that express mutant CALR, MPLW515L or JAK2V617F. Although we
cannot formally exclude the possibility that AURKA levels are higher in PMF
megakaryocytes in part because they are less mature, the observation that AURKA is also
elevated in peripheral blood mononuclear cells and purified CD34* cells indicates that high
levels of AURKA is a common feature of hematopoietic cells in PMF. Mechanistically, we
provide evidence that this phenomenon is mediated by increased expression of c-MYC,
which has been shown to be a downstream consequence of activated JAK227‘29. The
subsequent increase in the level of p-AURKA is likely the result of autophosphorylation42.

Finally, we discovered that AURKA levels are critically important for the MPNSs, as loss of a
single allele led to profound decrease in tumor burden in vivo without affecting engraftment
or inducing myelosuppression. This latter observation, combined with the observed
tolerance and lack of myelosuppression at the effective doses of MLN8237 in our animal
models, suggests that there is a therapeutic window for which the inhibitor will be effective
against the disease without disrupting normal hematopoiesis.

Online Methods

Compounds and plasmids

Cell Culture

MLN8237 and diMF were prepared and characterized by 1H NMR (and optical rotation for
diMF) by the Broad Institute as previously reported”. Ruxolitinib was purchased from
EMD Chemicals. MK-2206 was purchased from Selleck Chemicals. Migr1-GFP-
MPLWS515L, Migrl-GFP-JAK2V617F, Migrl-GFP-CALR T1, and Migrl-GFP-CALR T2
were created by subcloning and were validated by sequencing. Glycerol stocks of empty
pLKO.1 or the pLKO.1 c-Myc shRNAs (TRCN0000039640 (sh40) and TRCN0000039642
(sh42) were purchased from Sigma-Aldrich.

Human HEL cells (obtained from ATCC) were grown in RPMI Media 1640 supplemented
with 10% FBS and antibiotics (100 mg/ml penicillin/streptomycin mix). Human SET-2 cells
(obtained from Dr. T. Arima)22 were grown in RPMI Media 1640 supplemented with 20%
FBS and antibiotics (100 mg/ml penicillin/streptomycin mix). GIME cells (obtained from
Dr. Mitchell Weiss) were grown in a-MEM media supplemented with 20% FBS and 1%
THPO conditioned medium as described previouslyzo. For mouse primary bone marrow cell
cultures, progenitor cells were enriched from bone marrow of untreated mice either by
lineage negative (Lin-) selection using a progenitor cell enrichment kit (Stemcell
Technologies) or by c-Kit positive selection using a kit from Miltenyi Biotec. Mouse bone
marrow progenitor cells were cultured in StemSpan (Stemcell technologies) supplemented
with 10ng/mL mouse IL-3, 10ng/mL human IL-6 and 40 ng/mL mouse SCF, along with
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human LDL (20 pg/mL). To derive megakaryocytes, lineage-depleted mouse bone marrow
cells were cultured in the presence of THPO (20 ng/mL) in RPMI Media 1640 supplemented
with 10% FBS and antibiotics (100 mg/ml penicillin/streptomycin mix) for various period of
time. Human mononuclear cells were separated from peripheral blood of PMF, ET or PV
patients using Ficoll-Paque PLUS (GE HealthCare Life Sciences) according to the
manufacturer’s instructions. Human CD34+ cells were purified from mononuclear cells of
PMF patients using a kit from Miltenyi Biotec. Human CD34" cells were cultured in serum-
free medium in the presence of recombinant 10ng/ml human THPO. Ingredients used to
prepare the serum-free medium were previously described”’. The cultured cells were
maintained in a humidified atmosphere at 37 °C with 5% CO,. Cell lines were tested and
determined to be mycoplasma free.

Viral transduction

For the retroviral experiments, plat-E cells (5x106) were seeded in a 10-cm dish the day
before transfection and then transfected with Migrl containing human MPLW1515L or
human Calreticulin type 1 (CALR T1) or type 2 (CALR T2) mutations using Fugene VI
(Roche) following the manufacturer’s protocols. Forty-eight hours after transfection, the
viral supernatant was collected and 2 ml of viral supernatant was mixed with 5x106 of
mouse bone marrow progenitor cells or GIME cells in the presence of 8 pg/ml polybrene
and 10mM HEPES, and then centrifuged at 2,500 rpm for 90 min at 32 °C. Spinoculation
was performed 2 times on the second day after extraction of bone marrow cells. For the
lentiviral experiments, 293T cells (5%x108) were seeded in a 10-cm dish the day before
transfection and then transfected with empty pLKO.1, or two different c-MYC shRNAs with
Fugene VI (Roche). Forty-eight hours after transfection, the viral supernatant was collected,
two ml of viral supernatant was mixed with 5x108 of SET-2 cells in the presence of 8 ug/ml
polybrene and 10mM HEPES, and the cells were centrifuged at 2,500 rpm for 90 min at
32°C. Spinoculation was performed twice on the same day.

In vitro inhibitor assays

Cell lines were plated in 12-well tissue culture-treated plates in 2 ml media with DMSO or
chemical inhibitors for various period of time. At the end of the incubation, cell viability
was assessed using the Trypan blue staining (Sigma) or the CellTiter proliferation assay
(Promega). Results were normalized to growth of cells in media containing an equivalent
volume of DMSO. The effective concentration at which 50% inhibition in proliferation
occurred (IC50) was determined using Graph Pad Prism 5.0 software. Primary mouse bone
marrow cells were incubated with DMSO or chemical inhibitors in the presence of 10 ng/mL
mouse THPO after retroviral transduction. At the end of the incubation, cell surface markers,
DNA content and Annexin V staining were evaluated by flow cytometry.

CFU assays

Assays of colony forming unit megakaryocyte (CFU-MK) and colony forming unit myeloid
(CFU-myeloid) cells were performed on mouse lineage negative cells. For CFU-MK assay,
5,000 bone marrow lineage negative cells were seeded in Megacult-C medium (Stemcell
Technologies) supplemented with 10ng/ml mouse IL-3, 10 ng/ml human IL-6, and 50 ng/ml
of mouse THPO and cultured in the presence of DMSO or chemical inhibitors for 7-9 days.
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For CFU-myeloid assay, 2,000 bone marrow lineage negative cells were seeded in
MethoCult medium (Stemcell Technologies) supplemented with 10ng/ml mouse IL-3, 10
ng/ml human IL-6, 10 ng/ml mouse SCF and 10 ng/ml of mouse granulocyte-monocyte
colony stimulating factor (GM-CSF), and cultured in the presence of DMSO or chemical
inhibitors for 7 days. Slides of Megacult cultures were fixed with methanol and then were
stained with substrates of acetylcholinesterase according to the manufacturer’s instructions.
Only stained colonies were counted. For the CFU-myeloid assay, CFU-G, CFU-M and CFU-
GM were enumerated on day 7 according to the manufacturer’s instructions. The number of
CFU-myeloid colonies was taken as the sum of CFU-G, CFU-M and CFU-GM.

Synergy studies

C57BL/6 mouse bone marrow cells were extracted and enriched for c-Kit positive cells.
Bone marrow cells were transduced with Migrl containing human MPLW1515L and
transplanted into lethally irradiated animals. Three weeks later, mouse bone marrow cells
were harvested and then plated into MethoCult medium (Stemcell Technologies) with
cytokines in the presence of DMSO, MLN8237 or ruxolitinib. The myeloid colonies were
enumerated 7 days later and expressed as a fraction of samples treated with DMSO. Dose-
response curves were generated in Graph Pad Prism software. Combination indices were
determined using the median-effect principle of Chou and Talalay (CalcuSyn Software)43.

Animal experiments

Aurka floxed mice on the C57BL/6 background32 were obtained from Dr. Terry Van Dyke
and were crossed to MX1-Cre mice to generate Aurkad'* MX1-Cre and AurkdF MX1-Cre
mice. JAK2Y617F knock-in mice on the C57BL/6 background have been described
previouslyzg. For the MPLW515L model, Balb/c bone marrow progenitor cells were
enriched by c-Kit positive selection and cultured overnight. The next day, the cells were
transduced with human MPLWS515L retrovirus. On the third day, recipient Balb/c mice were
transplanted with transduced bone marrow cells after being lethally irradiated with two
doses of 550 rads within 24 hours and then transplanted with 0.3 million GFP* cells.
Recipient mice developed leukocytosis, polycythemia and thrombocytosis in 2-3 weeks. For
JAK2V617F cell transplants, bone marrow cells from JAK2Y617F knock-in mice with Vav-
Cre mediated expression were extracted and a total of one million cells were transplanted
into irradiated recipient animals. In the drug studies, mice were randomized to treatment
groups based on the level of GFP* tumor cells in the peripheral blood. Vehicle, MLN8237 or
diMF were fed to transplant recipients of MPLW515L or JAK2V617F cells by oral gavage
twice a day, 5 days a week. In these drug studies, the experimental design was blinded in
such as way that the researcher assessing the outcome was unaware of the treatment groups.
For the genetic study, 3 doses of pl-pC (GE HealthCare) at 20 mg/kg were given to
Aurkd™, Aurkd™ MX1Cre, Aurkad'F, or Aurkd’F MX1Cre mice on every other day by
i.p. injection. All experiments were conducted in accordance with animal protocols approved
by the Northwestern University Institutional Animal Care and Use Committee. Group sizes
were determined by performing a power calculation to lead to a 90% chance of detecting a
significant difference (p<0.05) in the megakaryocytic tumor burden across the treatment
groups. Female mice between 8 and 12 weeks of age were used for all transplant studies.
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Complete blood counts

Blood (50 pL) was collected from the tail vein in EDTA-coated tubes and analyzed by a
Hemavet 850 complete blood counter (Oxford, CT).

Flow Cytometry

Bone marrow cells were flushed from hind leg bones with PBS (GIBCO) + 2% FBS +
penicillin/streptomycin (Cambrex, Biowhittaker). Spleen cells were prepared by pressing
tissue through a cell strainer. In both cases, cells were lysed on ice with red blood cell lysis
solution (Puregene). Single-cell suspensions of bone marrow, spleen or cell lines were
prepared by resuspending the cells in PBS with 0.5% BSA (Sigma) and 2mM EDTA
(Gibco). Surface marker staining for human or mouse CD41 (GPIlb; BD Bioscience 561850
(mouse) and 555469 (human), San Diego, CA) and CD42b (GPIb; BD Bioscience 551061
(human) or Emfret Analytics M040-3 (mouse), Wurzburg, Germany) was performed by
incubation for 30 minutes in Ca,™ free, Mg,* free phosphate-buffered saline (PBS). Other
mouse surface makers, such as Ter119 (BD Bioscience 0560504), CD71 (BD Bioscience
555535), Gr-1 (BD Bioscience 553129), and Mac1 (BD Bioscience 555388) were stained in
a similar fashion. Mouse bone marrow cells were also stained with a mouse hematopoietic
progenitor enrichment kit (Stemcell Technologies 19756) that contained CD5, CD11b,
CD19, CD45R, Gr-1, and TER119, followed by pacific blue-labeled streptavidin. Cells were
simultaneously stained with antibodies against c-Kit (eBioscience 17-1171), Sca-1
(eBioscience 25-5981), CD34 (eBioscience 13-0341) and FcyR (eBioscience 45-0161) to
label stem and myeloid progenitor populations, including LSK, CMP, GMP and MEP, as
previously described™®. For annexin v staining, cells were incubated with an annexin V
antibody (BioVision K103-25) in staining buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM
CaCly, pH 7.4) for 15 min. For DAPI staining, mouse or human cells were fixed in 2%
paraformaldehyde at room temperature for 10 minutes and stained with 4, 6-diamidino-2-
phenylindole (DAPI; Sigma)/saponin solution containing 0.1% saponin and 1 ug/mL DAPI
to determine the DNA content. DNA content, surface marker expression, myeloid progenitor
staining and apoptosis were determined using a LSR 1l flow cytometer (BD Biosciences).
Data were analyzed using FlowJo software (Treestar, Ashland, OR). In the experiment with
differentiation of mouse lineage-depleted bone marrow cells to megakaryocytes, cells were
stained with the anti-CD41 antibody and sorted using a FACSAria instrument (Becton
Dickinson, Mountain View, CA).

PCR analysis

Genomic DNA was extracted from mouse BM, spleen and peripheral blood cells using a kit
from Qiagen. To detect the Aurka WT and floxed alleles, forward (5-
CCTGTGAGTTGGAAAGGGACATGG CTG-3) and reverse (5'-
CCACCACGAAGGCAGTGTTCA ATC CTA AA -3) primers were used to amplify 500
and 600 bp PCR products, respectively. To detect the excision of Aurkafloxed allele,
forward (5’-CAGAGTCTAAGTCGAGATATCACC TGAGGGTTGA-3) and reverse (5'-
GATGGAAACCCT GAGCACCTGTGA AAC -3’) primers were used to amplify a 300bp
PCR product. To detect the MX1 Cre transgene, forward (5’
GCCTGCATTACCGGTCGATGCAACGA-3) and reverse (5
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GTGGCAGATGGCGCGGCAACACCAT-3) primers were used to amplify a 600bp PCR
product.

Western blots

Cells were lysed in RIPA buffer (Tris-HCI, 50 mM, pH 7.4; NP-40, 1%; Na-deoxycholate,
0.25%; NaCl, 150 mM; EDTA, 1 mM) supplemented with protease inhibitors (pepstatin,
leupeptin, aprotinin, each 10 pug/ml; PMSF, 1 mM) and phosphatase inhibitor (NagVOy, 1
mM). Proteins were separated by SDS-PAGE and transferred to a PVDF membrane.
Membranes were blotted with antibodies detecting phospho-AURKA (Cell Signaling 2914),
phospho-STAT3 (Cell Signaling 9145), phospho-STAT5 (Cell Signaling 9359), STAT3 (Cell
Signaling 4904), STATS5 (Cell Signaling 9363), AURKA (GeneTex GTX13824), GRB2 (BD
Bioscience 610111) and HSC70 (Santa Cruz Biotechnology SC7298).

Histopathology

Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, and stained with
hematoxylin and eosin or with reticulin to assess for fibrosis. Blood smears were fixed in
methanol and stained in Giemsa and May-Grunwald solutions.

Images of histological slides were obtained on a Leica DM4000B microscope (Leica)
equipped with a Leica DFC320 color digital camera (Leica).

Patient Samples

Statistics

Primary specimens from patients with PMF, ET or PV were obtained after informed consent
in accordance with protocols approved by the Northwestern University and the Mayo Clinic
Institutional Review Boards. Details on each patient are provided in Supplementary Tables 1
and 2.

For quantitative assays, treatment groups were reported as mean + SD and compared using
the unpaired two-sided Student’s t test. When multiple comparisons were necessary, one-
way or two-way analysis of variance with post-test Bonferroni correction was used.
Statistical significance was established at p less than or equal to 0.05, labeled as *, p < 0.05
and **, p < 0.01. All analysis was performed using GraphPad Prism \ersion 4.01 for
Windows (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AURKA inhibition induces differentiation, polyploidization, apoptosis and
proliferation arrest of primary mouse MPN cells

(a) Lysates from bone marrow cells of mice transplanted with the Migrl vector or human
MPLW515L or from wild-type or Jak2V617F knock-in mice were probed for c-MYC and for
activation of AURKA, STATS5, and AKT. GRB2 is shown as a loading control. (b,c) Cells
from (a) were treated with DMSO, MLN8237 (MLN), or ruxolitinib (Rux) for 6 hours. Cell
lysates were probed for activation of AURKA, STAT3, and STAT5. HSC70 is included as a
loading control. (d—g) Mouse bone marrow lineage negative progenitor cells were
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transduced with MPLW515L and cultured with DMSO or MLN8237 in the presence of
THPO for 48 hrs. Flow cytometric determination of CD41 and CD42 (d,e), polyploidization
(f), and apoptosis (g) of MPLW515L expressing bone marrow cells treated with DMSO or
MLN. Shown are representative flow cytometry plots and bar graphs depicting the mean +
SD of two independent experiments conducted in triplicate; *p < 0.05, **p < 0.01, compared
to DMSO by the unpaired two-sided Student’s t test. (h,i) CFU-Myeloid and CFU-
megakaryocyte (CFU-MK) of bone marrow cells from control bone marrow cells or those
overexpressing MPLW515L. The number of colonies was normalized to DMSO treated
cells. Bar graphs depict mean + SD of two independent experiments conducted in duplicate.
MPLWS515L vs MPLWT, p < 0.01 by two-way ANOVA (h, i).
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Figure 2. AURKA inhibition selectively induces polyploidization and differentiation of primary
MPN patient samples

(a) Lysates from CD34* cells of PMF patients were assayed for c-MYC, AURKA, and
STAT signaling. Controls (Ctrl) are the cell lysates from CD34" cells of human cord blood
cells. (b,c) Western blots of lysates from CD34" cells from patient PMF-3 were incubated
with DMSO, MLN8237 or ruxolitinib for 6 hrs (b) or 48 hrs (c). (d—g), CD34* cells from
the peripheral blood of PMF patients (PMF-5 though 14) were cultured in the presence of
DMSO or MLN8237 for 5 days in the presence of THPO. The expression of CD41 and
CD42 (d,e), and DNA content (f) were determined by flow cytometry, and proliferation
arrest of MPN cells as measured by Promega CellTiter proliferation assay (g). Results are
representative of 10 specimens. For the flow cytometry data, representative plots (left) and
bar graphs depicting mean + SD (right) are shown. *p < 0.05, **p < 0.01, compared to
DMSO by the unpaired two-sided Student’s t test.
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Figure 3. Inhibition of AURKA significantly reduces the disease burden in the MPLW515L
mouse model of myelofibrosis

MPLWS515L recipient mice were treated with 15mg/kg MLN8237 (MLN) or 60mg/kg diMF
(diMF) for 3 weeks. (a,b) White cell (a) and platelet (b) counts following three weeks of
treatment. MLN8237 vs vehicle and diMF vs vehicle, p < 0.01 by two-way ANOVA. (c)
Spleen weight of MLN8237, diMF and vehicle treated animals. (d) Percent of GFP+ cells
and the degree of GFP intensity in the spleens of MPLW515L mice following treatment with
MLN8237, diMF or vehicle. (e,f) The percentage of CD41* (e), and CD42* (f), cells in the
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bone marrow of treated animals. (g) DNA content of megakaryocytes stained with CD41 and
DAPI. (h) TGF-B levels in the plasma of MLN8237, diMF and vehicle treated mice. (i,j)
H&E (i) and reticulin (j) stained sections of bone marrow from MLN8237, diMF and
vehicle treated animals. Scale bars depict 50 microns. Results are representative of 2
independent experiments. n=6 animals per group. Bar graphs and line graphs depict mean +
SD. *p < 0.05, **p < 0.01, compared to vehicle determined by the unpaired two-sided
Student’s t test.
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Figure 4. MLN8237 reduced the disease burden of JAK2V617F induced MPN in vivo
Transplant recipients of Jak2V617F bone marrow cells were treated with 15 mg/kg MLN8237

for 7 weeks. (a) White blood cell count, hematocrit and platelet count in the peripheral blood
of MLN8237 and vehicle treated animals. MLN8237 vs vehicle, p <0.01 (a, b); MLN vs
vehicle, p £0.05 (c), by two-way ANOVA. (b) Spleen weights of MLN837 versus vehicle
treated mice. (c-g) Flow cytometry measurements of bone marrow and spleen CD71high/
Ter119* erythroid cells (c,d), megakaryocytes (e,f) and the ploidy state of CD41* bone
marrow megakaryocytes (g). (h,i) H&E stained sections of bone marrow (h) and spleen (i).
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(i) Reticulin staining of bone marrow sections. Scale bars depict 50 microns. Results are
representative of 2 experiments. n=7 animals per group. Line graphs and bar graphs depict
mean = SD. *p < 0.05, **p < 0.01, compared to vehicle by the unpaired two-sided Student’s
t test.
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Figure 5. Heterozygous deletion of Aurka is sufficient to reduce the disease burden in the
MPLWH515L mouse model of myelofibrosis

Bone marrows from Aurkad'* or Aurkad’* MX1-Cre mice were transduced with
MPLWS515L and transplanted into recipient animals. pl-pC was injected into recipients three
weeks after transplant to induce excision of Aurka by MX-1Cre (arrows in a,c,d). (a)
Percentage of GFP* cells in the peripheral blood of mice following plpC administration. (b)
PCR determination of deletion of the floxed region, excision products and MX1-Cre
expression in the peripheral blood (PB), spleen (Sp) and bone marrow (BM) of recipient
mice 19 days after the first injection of pl-pC. (c,d) White blood (c) and platelet (d) counts
of Aurkd™* vs Aurkd!* MX1-Cre mice following the deletion of one allele of Aurka.
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Aurkd"™* vs Aurkd!* MX1-Cre, p < 0.01 by two-way ANOVA (a,c,d). () Spleen weight of
Aurkd!™ vs Aurkd’* MX1-Cre mice post plpC treatment. (f~h) Flow cytometry
measurement of GFP* tumor burden (f), CD41* megakaryocytes (g), and DNA content of
the megakaryocytes in the spleen (h). (i) H&E stained sections of the bone marrow. (j)
Reticulin staining of the bone marrow. Scale bars depict 50 microns. Results are
representative of 2 independent experiments. n=5 animals per group. Bar graphs and line
graphs depict mean + SD. *p < 0.05, **p < 0.01, compared to Aurka '+ mice by the
unpaired two-sided Student’s t test.
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Figure 6. MLN8237 and ruxolitinib act synergistically both in vitro and in vivo
(a) Determination of 1C50 values of MLN8237 (MLN) and ruxolitinib (Rux) derived from

treatment of myeloid colony formation with increasing doses of the drugs. (b,c) White blood
cell (b) and platelet counts (c) of MPLW515L mice treated with sub-maximal doses of
MLNB8237 or ruxolitinib, or their combination. MLN8237 + Rux vs vehicle, p < 0.01, while
Rux vs vehicle, MLN8237 vs vehicle, P = 0.05, by two-way ANOVA. (d) Measurement of
CD41* megakaryocytes in the bone marrow (e) and spleen (f) of treated animals. (f~h) May-
Grunwald Giemsa stained blood smears (f) and H&E stained sections of the bone marrow
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(9), and spleen (h) of treated mice. (i) Reticulin staining of bone marrow sections of treated
mice. Scale bars depict 50 microns. Results are representative of 2 independent experiments.
n=>5 animals per group. Bar graphs and line graphs depict mean + SD. *p < 0.05, **p < 0.01,
compared to vehicle by the unpaired two-sided Student’s t test.
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