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SUMMARY

Acute Myeloid Leukemia (AML) patients with NPM1 mutations, known to cause
aberrant cytoplasmic re-localization, demonstrate a superior response to standard
chemotherapy treatment. Early data from my mentor Dr. Gartel’s lab established the
importance of the physical interaction of these NPM and FOXML1 in cancer cells. We
first wanted to link this well-documented favorable outcome of NPM1 mutant AML to the
cytoplasmic re-localization and inactivation of FOXM1. We then went on to confirm the
important role of FOXML1 in increased chemo-resistance in AML. A multi-institution
retrospective study was conducted to link FOXM1 expression to clinical outcomes in
AML. We established nuclear FOXM1 as an independent clinical predictor of
chemotherapeutic resistance in intermediate-risk AML in a multivariate analysis
incorporating standard clinicopathologic risk factors. Using in vitro assays we showed
that manipulation of nuclear FOXM1 affected the clonogenic activity of AML cells. In
order to further prove a potential role for FOXM1 in AML chemo-resistance, we induced
a FOXM1-overexpressing transgenic mouse model of leukemia and demonstrated
significantly higher residual disease after standard chemotherapy. This suggests that
constitutive overexpression of FOXM1 in this model induces chemo-resistance. Finally,
we performed proof of principle experiments using a currently approved drug ‘Ixazomib’
to target FOXM1 and demonstrated a therapeutic response in patient samples and
animal models of AML that correlates with the suppression of FOXM1 and its
transcriptional targets. The addition of low doses of Ixazomib increases sensitization of

AML cells to standard chemotherapy. Our results underscore the importance of FOXM1



SUMMARY (Continued)

in AML treatment outcomes and suggest targeting it may have therapeutic benefit in

combination with standard AML therapies.



I. INTRODUCTION
(Previously published as Khan I, Halasi M, Patel A, Schultz R, Kalakota N, Chen YH,
Aardsma N, Liu L, Crispino JD, Mahmud N, Frankfurt O, Gartel AL. (2018) FOXM1
contributes to treatment failure in acute myeloid leukemia. JCI Insight. 2018 Aug 9;3(15)
1-17)

The outcomes for acute myeloid leukemia (AML) have remained abysmally poor
for the past 30 years. 20- 40% of patients fail to achieve remission with induction
chemotherapy, and 50-70% of patients who achieve a complete remission relapse
within 3 years. Therefore, development of novel therapeutic strategies for the treatment
of AML is extremely important. Identification of recurrent cytogenetic abnormalities
led to the classification of patients into prognostic subgroups which guide the intensity of
therapy(1). However, 40% to 50% of AML cases are cytogenetically normal (CN-AML)
and, biologically and clinically, are the most heterogeneous group. A major
breakthrough in dissecting out prognostic subgroups came with the discovery of the
nucleophosminl (NPM21) mutation in 50% of cases of CN-AML. Nucleophosminl is
mutated in 1/3 of cases of AML(2) leading to its aberrant cytoplasmic sequestration. In
multiple subsequent analyses patients with AML bearing mutated NPM1 (NPM1c+)
showed improved overall survival (OS) and relapse-free survival (RFS)(3, 4). These
patients did not benefit from allogeneic transplant due to excellent results with
chemotherapy alone. Because of its distinctive molecular, pathologic, and clinical
characteristics, NPM1c+ AML was included as a distinct entity in the 2016 WHO
classification of hematologic neoplasms (5). Gene expression profiling confirms a

distinctive expression profile for NPM1c+ AML(6).



It has been shown that across multiple tumor types, NPM binds to FOXM1 (7)
and their interaction is required for sustaining the level and nuclear localization of
FOXML1. Although NPM1 mutations were first identified in AML in 2005 (2), the
mechanism by which the NPM mutant protein contributes to favorable prognosis
remains elusive. We hypothesized that the mechanism underlying the beneficial effect
of the NPM1 mutation in AML may be the cytoplasmic relocalization and inactivation of
the oncogenic transcription factor FOXML1.

Forkhead box M1 (FOXM1) is a transcription factor of the Forkhead family that
induces the expression of genes involved in the execution of the mitotic program
(8). Forkhead box protein M1 is expressed in dividing and transformed/tumor cells, but
not in terminally differentiated or quiescent cells and contributes to several aspects of
oncogenesis.(9). A FOXM1 regulatory network was a major predictor of adverse
outcomes in a meta-analysis of expression signatures from ~18 000 human tumors.(10)
Also, FOXM1 mRNA was overexpressed in all of 127 examined acute myeloid leukemia
(AML) patient samples and immunofluorescence revealed much stronger nuclear
FOXM1 expression in leukemic progenitor cells compared with normal counterparts
where it was postulated to be driving increased proliferation.(11)

In this study, we examine the clinical relevance of FOXM1 as a predictor of
chemo-resistance in intermediate-risk AML, a group comprising >50% of newly
diagnosed AML cases. Genomic profiling has attempted to fragment this category to
allow more risk-adapted treatment approaches (12). However, interpreting the
prognostic effects of individual mutations in AML is impeded by their interactions with

other driver mutations.



.  METHODS

(Previously published as Khan I, Halasi M, Patel A, Schultz R, Kalakota N, Chen YH,
Aardsma N, Liu L, Crispino JD, Mahmud N, Frankfurt O, Gartel AL. (2018) FOXM1
contributes to treatment failure in acute myeloid leukemia. JCI Insight. 2018 Aug 9;3(15)
1-17)
A. Patient Population

We identified 111 consecutive adults with the diagnosis of intermediate-risk AML
receiving routine medical care at UIC and Northwestern Memorial Hospital between
January 2003 and January 2015. The protocol was approved by the Institutional
Review Board at both institutions prior to undertaking the chart review. Laboratory and
de-identified clinical data at the time of initial presentation were extracted from the
electronic medical record charting system, Cerner PowerChart and EPIC at UIC and
NMH respectively. Tissue blocks were retrieved at each institution, reviewed by
hematopathologist ate each institution for quality of the tissue and then sectioned and 2-
4 slides per subject were shipped to the research Histology Core at UIC.
B. Instruments and Measurements

Following staining for FOXM1, slides were scanned on a Aperio AT2 whole slide
scanner (Leica Biosystems) at 20x magnification. The images were analyzed using
HALO 2.0 software (Indica Labs). The regions of interest (ROI) containing
hematopoietic cells were manually selected. Hematoxylin counterstain was used to
segment nuclei within the ROIs and to establish an accurate cell count. Threshold
values were set for each slide to determine nuclei positive for the FOXM1 marker.

Forkhead box protein M1 staining intensity in the cytoplasm of each cell was measured

within a radius of approximately 1 yum grown around each nucleus. The nuclear and



cytoplasmic FOXML1 intensity, as well as their ratio, was calculated per each cell and
averaged per each slide.

Tissue sections were stained on Bond RX autostainer (Leica Biosystems)
following a preset protocol. In brief, sections were deparaffinized, subjected to EDTA-
based (Bond ER2 solution, pH 9) antigen retrieval for 40 minutes at 100°C and blocked
with hydrogen peroxide for 5 minutes. After washing with Bond Wash Solution, sections
were incubated with anti-FOXM1 antibody (1:250, Abcam, ab207298) for 30 minutes.
The detection was performed using Bond Polymer Refine Detection kit (Leica
Biosystems, DS9800). All slides were counterstained with Mayer’s hematoxylin for 5
minutes and mounted with Surgipath Micromount Media (Leica Biosystems).

C. Statistical Methods

For the clinical data on AML patients, OS time was measured from the date of
diagnostic BM biopsy to death, with censorship at the date of last contact. Disease-free
survival (DFS) was measured from the date of CR to the first relapse or death; patients
alive and in CR were censored at the date of last contact. Two-tailed t tests (unless
otherwise specified) or Kruskal-Wallis tests (for skewed variables) were used to
compare means or medians of quantitative variables between response status, and
X: test to compare categorical variables. Logistic regression was used to assess
associations with CR. The Kaplan Meier method was used to describe OS, event-free
survival (EFS), and DFS. Cox regression models were used to assess associations with
these outcomes. All statistical analysis was done in collaboration with the Design and

Analysis Core at UIC.



IV. RESULTS

(Previously published as Khan I, Halasi M, Patel A, Schultz R, Kalakota N, Chen YH,
Aardsma N, Liu L, Crispino JD, Mahmud N, Frankfurt O, Gartel AL. (2018) FOXM1
contributes to treatment failure in acute myeloid leukemia. JCI Insight. 2018 Aug 9;3(15)
1-17)
A. Patient Characteristics and Treatment Patterns

Patients >18 years of age with AML with intermediate-risk cytogenetics(13) were
enrolled in this multi-institution retrospective study. We focused on intermediate-risk
patients where there is an unmet need for discerning prognostic markers. Clinical
characteristics are summarized in Table I. There were a total of 111 patients with a
median age of 61 years, with an interquartile range of 51—-69 years. There was no sex
bias, and the combined population of the 2 institutions had broad racial and ethnic
representation, with 51% patients of nonhispanic white, 18% black, 12% hispanic, and
19% subjects reported as other. The median BM blast percentage of 60% reflected that
the biopsies were heavily infiltrated with leukemia so the imaging data was reflective of
the cells of interest. A total of 87% of the patients had a normal karyotype. Consistent
with published prevalence data, 42 of the 100 patients (42%) who underwent molecular
testing had an NPM1 mutation, and 31 of 107 patients tested (28%) had a FLT3-ITD
mutation.

Induction therapy included cytarabine and an anthracycline in 88 cases and
hypomethylating agents (HMA) in 16 cases. Five patients were managed with palliative
care, and 2 were transferred to other institutions. Twenty-nine subjects were enrolled on

clinical trials for induction therapy. These included SWOG-1203, ECOG-2906,

AAML1031, CALGB 10603, and investigator-initiated trials.



Out of 88 patients treated with chemotherapy, 80 (91%) eventually achieved a
complete remission with or without count recovery (CR or CRi, respectively) as defined
by International Working Group criteria(14) . Lines of induction therapy needed to
achieve remission served as a measure of chemotherapy resistance. Patients were
stratified as needing 1 or >1 line of induction therapy. FOXM1 expression data was
available on the biopsies of 74 patients who achieved a remission, and the
corresponding pixilated images were quantified.

B. Leukemia- Specific Outcomes and Correlation with FOXM1 Expression

There were 50 patients of the 74 who achieved a CR with 1 cycle of induction
chemotherapy and 24 patients who required more than 1 cycle. We found that patients
needing >1 line of induction therapy had more than a 2-fold increase in the percentage
of nuclei expressing FOXML1 in their BM biopsy compared with responding patients
(mean 25.6% vs. 11.4% nuclei, P = 0.004) (Figure 1 A,B). The average nuclear intensity
of FOXM1 was also significantly higher in patients who failed their first line of induction
(mean OD, 0.22 vs. 0.16; P = 0.02). In regression analysis, the percentage of FOXM1-
positive nuclei significantly predicted resistance to first-line chemotherapy with an odds
ratio (OR) of 1.80 for a 10% increase in positive nuclei (P = 0.005). The average nuclear
intensity of FOXML1 in the pretreatment BM was also a significant predictor of
chemotherapy resistance (OR 2.5 for 0.1 U increase in OD, P = 0.02). In the
multivariate logistic regression model (Table 1) assessing the effects of FOXM1
variables on resistance to first-line chemotherapy, we adjusted clinical-pathologic risk
factors including age, WBC count at presentation, and presence of the FLT3-ITD

mutation. Due to inter-institution variability in consolidation strategies, survival analysis



was done independently for each institution. FOXM1 nuclear/cytoplasmic (N:C) ratio, as
well as average nuclear FOXML1 intensity, were able to predict inferior overall survival
(OS) in a single institution cohort (n = 43) (Figure 1C) using Cox regression analysis
(HR = 4.7 for every 0.1unit increase in N:C ratio, P = 0.03; HR = 4.27 for every 0.1 unit
increase in OD, P = 0.06). In addition, in this single-institution survival analysis, FOXM1
N:C ratio was an independent predictor of OS in a multivariate analysis including FLT3-
ITD, NPM1 mutation, BMI, age, and WBC.

C. Direct Role of FOXML1 in the Development of Resistance

The effect of standard-of-care AML therapies on the expression of FOXM1 was
investigated. Using a panel of AML cell lines including KG-1 (Figure 2A), HL-60, and
THP-1 (data not shown), we show clear evidence of FOXM1 upregulation in the total
cell lysate within 24 hours of exposure to chemotherapy. This rapid upregulation of
FOXML1 in response to most standard therapies used in the treatment of AML; including
doxorubicin, cytarabine and azacitidine - suggests that this may be a common
mechanism of resistance utilized by AML cells.

To establish whether FOXM1 regulates chemotherapy resistance in myeloid
leukemia, we utilized previously developed transgenic (Tg) mice lacking the alternative
reading frame (ARF) tumor suppressor: (a) Arf-- C57BL/6 and (b) Rosa26-FoxM1b
Tg;Arf-~ C57BL/6 (15). We are utilizing FOXM1 expression in the Arf-- background to
overcome sustained expression of ARF, which is a potent inhibitor of FOXM1
transcriptional activity. Following 5-fluorouracil (5-FU) treatment, hematopoietic
progenitor cells (HPCs) from both Arf-- and FoxM1b Tg;Arf-~ mice were collected and

transduced with FLT3-ITD retrovirus and transplanted into lethally irradiated recipients.



Table I: CLINICAL CHARACTERISTICS OF PATIENTS

Characteristics Number (%) / Median (IQR) N analyzed
Institution NMH: 45 111
UIH: 66
Age (years) 61; IQR=51-69 111
Gender (male:female) 54%: 46% 111
Race (Caucasian, Black, Hispanic, Other) C:57 (51%) B: 20 (18%) 111
H: 13 (12%) O: 21 (19%)
WBC (x10s/dl) 14.6; IQR=3-49.4 111
BMI 28.2; IQR=24.4-33.2 108
Bone marrow blasts % 60%; IQR= 33-78 105
Hemoglobin (g/dl) 8.8; IQR=7.8-10.1 111
Platelets 61; IQR=34-110 111
LDH 318; IQR=225-531.5 111
Molecular abnormalities NPM1mut: 42 (42%) 100
FLT3-ITD: 30 (28%) 107
CEBPa (biallelic): 6 (5.9%)
Cytogenetics (int risk) Normal: 99 (90%) 110

Del20q: 2 (2%)
Trisomy 8: 3 (2.7%)
aOther: 10 (9%)

Cytarabine /Anthracycline induction (n%) 88 (84) 105
Enrolled on clinical trials 29 (28)
(ECOG2906, SWOG1203, AAML1031)
Hypomethylator, n (%) 16 (15) 105
Complete Remission Rate, n (%) 81 (77) 105
e CR/CRI after one cycle of induction 52 (66) 105
chemotherapy
e Number of patients needing>one cycle 21(26) 105
induction
Refractory Disease, n (%) 6 (8) 105

a Other cytogenetic abnormalities included inv9, t(8;16),+ 4, t(9;11),+14, +6,+13,t (1;22), - Y

Table Il: COX REGRESSION ANALYSIS FOR PREDICTORS OF RESISTANCE

Variable Hazard Ratio 95% ClI p-value
Age at diagnosis (>60) 1.6 0.48-5.42 0.683
WBC 0.99 0.97-1.01 0.184
FLT3-1TD mutation 0.47 0.09-2.49 0.374
% nuclei FOXM1 positive 1.70 1.1-2.6 0.018
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Figure 1. FOXML1 predicts chemotherapy resistance in AML. (A) Two patient BM slides
(200x magnification) with the corresponding markup images below (B) Nuclear FOXM1
expression levels stratified by clinical chemoresistance (C) Kaplan-Meier analysis for overall
survival stratified based on average nuclear intensity of FOXM1.
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All the animals developed a myeloproliferative neoplasm (MPN) characterized by
leukocytosis and splenomegaly, as previously described (16). Engraftment was similar
between genotypes, as confirmed by peripheral blood (PB) chimerism on day 14, and
animals were randomized to treatment with vehicle versus cytarabine 75 mg/kg intra-
peritoneally. for 5 consecutive days. The animals were sacrificed 3 weeks following
treatment, and blood, BM, and spleen were analyzed for disease assessment. The MPN
developed on a FOXM1-overexpressing background showed significantly higher
resistance to standard chemotherapy, as evidenced by increased leukemic burden in
the BM, spleen, and blood by GFP assessment using flow cytometry analysis of
mononuclear cells (Figure 2, B and C) and by larger spleen size. Peripheral smears and
blood counts showed persistently elevated circulating myeloid cells following treatment
in the FOXM1-overexpressing model.

To establish whether FOXML1 regulates chemotherapy resistance in myeloid
leukemia, we utilized previously developed transgenic (Tg) mice lacking the alternative
reading frame (ARF) tumor suppressor: (a) Arf-- C57BL/6 and (b) Rosa26-FoxM1b
Tg;Arf- C57BL/6 (15). We are utilizing FOXM1 expression in the Arf-- background to
overcome sustained expression of ARF, which is a potent inhibitor of FOXM1
transcriptional activity. Following 5-fluorouracil (5-FU) treatment, hematopoietic
progenitor cells (HPCs) from both Arf-- and FoxM1b Tg;Arf-~ mice were collected and
transduced with FLT3-ITD retrovirus and transplanted into lethally irradiated recipients.
All the animals developed a myeloproliferative neoplasm (MPN) characterized by
leukocytosis and splenomegaly, as previously described (16). Engraftment was similar

between genotypes, as confirmed by peripheral blood (PB) chimerism on day 14, and
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animals were randomized to treatment with vehicle versus cytarabine 75 mg/kg intra-
peritoneally. for 5 consecutive days. The animals were sacrificed 3 weeks following
treatment, and blood, BM, and spleen were analyzed for disease assessment. The MPN
developed on a FOXM1-overexpressing background showed significantly higher
resistance to standard chemotherapy, as evidenced by increased leukemic burden in
the BM, spleen, and blood by GFP assessment using flow cytometry analysis of
mononuclear cells (Figure 2, B and C) and by larger spleen size. Peripheral smears and
blood counts showed persistently elevated circulating myeloid cells following treatment
in the FOXM1-overexpressing model.

Given the putative role of the leukemia-initiating cells (LICs) in mediating relapse,
we also explored the effect of chemotherapy on the LIC population in the context of
FOXML1 overexpression. In a parallel experiment, BM mononuclear cells (MNCs) from
FOXM1-overexpressing and control FLT3-ITD leukemic mice were plated in colony
assays 1 week following cytarabine treatment. To assess the residual burden of LICs in
the FoxM1b Tg;Arf-- mice compared with Arf-- littermates, we did serial replating
assays. Serial re-ating resulted in increasing plating efficiency in the cells
overexpressing FOXM1 that may contribute to the chemotherapeutic resistance in these
animals (Figure 2, D and E). The rapid resurgence of disease and increased re-plating
ability within weeks of chemotherapy treatment suggests FOXML1 is a critical mediator in

the emergence of resistant leukemic clones.
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Inhibition of FOXM1 expression using short hairpin RNA results in reduced
clonogenic activity of AML cells (Figure 3,A and B). Our lab has previously shown that
FOXML1 is a general target of proteasome inhibitors (PIs).(17) The mechanism
underlying this effect is stabilization of HSP70, which is a negative regulator of FOXM1.
(18) Ixazomib is an oral PI that is approved for the treatment of relapsed multiple
myeloma and is very well tolerated. (19). Second, the Pl ixazomib was tested for in vitro
effect on FOXML1 in AML cells. Ixazomib inhibits the transcriptional activity of FOXM1
using a luciferase reporter osteosarcoma cell line with inducible FOXM1 (Figure 3C).

We then assessed the mRNA levels of FOXM1 and its transcriptional targets.
Treatment with ixazomib resulted in dose-dependent inhibition of FOXM1 and its
transcriptional targets aurora kinase B (AurkB), Cdc25B, and polo-like kinase 1 (PIk1)
(Figure 3D). Forkhead box protein M1 binds to its own responsive regulatory elements
as part of an autoregulation loop (20), and therefore, FOXM1 mRNA levels are also
downregulated following ixazomib treatment. Dose-dependent FOXML1 protein inhibition
by ixazomib is accompanied by stabilization of HSP-70 and increasing levels of
apoptosis in KG-1, HL-60 (Figure 3, E and F) cell lines. Our data suggest that, in AML,
ixazomib at nanomolar doses is a potent FOXM1 inhibitor, which may be contributing to
its antileukemic activity.

We did additional experiments using BM MNCs from FLT3-ITD—-induced
leukemia in FOXM1-overexpressing and control transgenic mice. The GFP-positive

transformed cells were sorted and subsequently exposed to a range of doses of
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ixazomib from 1-30 nM and plated in colony-forming assays (Figure 3G), and they were
examined for cell death at 24 hours by flow cytometry (Figure 3H). The results show
that overexpression of FOXM1 reverses the anti-leukemic activity of ixazomib, thereby

implicating FOXM1 in mediating the anti-leukemic activity of this drug.

Ixazomib inhibits FOXM1 in primary AML samples and induces
apoptosis. Mononuclear Cells were used in ex vivo studies to evaluate the effects of
ixazomib on inhibition of FOXML1 in patient-derived AML cells. We assessed 13 patient
samples treated in liquid culture. Cells were incubated with DMSO or 75 nM ixazomib
for 24 hours and then RNA extracted. The mean of 13 samples is shown, with FOXM1
MRNA expression normalized to DMSO-treated cells. Ixazomib causes significant
downregulation of FOXM1 mRNA (Figure 4A), as well as FOXM1 canonical targets
AurkB, Cdc25B, and PIk1 in primary AML cells. Inhibition of FOXM1 protein expression
was confirmed by Western blot with associated induction of apoptosis, as detected by
caspase 3 cleavage (Figure 4B). Cytospin preparations of AML MNCs treated ex vivo
with ixazomib show significant downregulation of nuclear FOXM1 by IHC (Figure 4, C
and D).

Treatment of patient samples (n = 5) with ixazomib resulted in a 2-fold increase
in cell death by annexin staining (Figure 4, E and F). Colony assays show inhibition of
colony-forming activity in 4 patient samples (Figure 4, G and H). These findings in
primary AML cells recapitulate the observation in cell lines that ixazomib inhibits

FOXM1, resulting in inhibition of colony-forming activity and induction of apoptosis.
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Figure 3. Targeting FOXM1 using RNA inhibition or pharmacologic agents in vitro. (A,B)
Colony size and numbers after FOXM1 knockdown. (C) FOXM1 transcriptional activity using a
luciferase assay. (D) Quantitative PCR for FOXM1, AurkB, Cdc25B, and Plkl. (E,F)
Suppression of FOXM1 protein expression with stabilization of HSP-70 and caspase-3
cleavage. (G,H) Colony forming activity and cell death by annexin after ixazomib.
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Figure 4. Ixazomib inhibits FOXML1 in primary patient AML cells.

(A) RNA expression of

FOXM1 and its targets AurkB, Cdc25B, and Plkl. FOXM1 protein inhibition and caspase
cleavage (B). Quantification of nuclear FOXM1 % in cytospin slides (C,D). Cell death by flow
cytometry after annexin V—-PE staining (E,F) and colony-forming activity (G,H) of AML
mononuclear cells after treatment with ixazomib.
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We next determined whether ixazomib could decrease leukemic burden and

improve outcomes in an orthotopic murine model of AML. KG-1 cells were injected into
the tail veins of sub-lethally radiated immunodeficient (NOD-SCID-y—null; NSG) mice. At
day 14, the PB was analyzed for human CD45 expression (huCD45) by flow cytometry,
and any animal with >2% engraftment was included. Animals were randomized into
control and treatment groups, and the treatment group received ixazomib (8 mg/kg) i.v.
twice a week for 4 weeks. At the end of treatment, the entire cohort was sacrificed, and
BM and PB involvement by AML cells was quantified by flow cytometry for huCD45
expression.

Ixazomib reduced the leukemia burden in the BM of treated animals (Figure 5, A
and B). There was substantial reduction of leukemic disease burden in the BM as
assessed by CD45 expression. Representative flow plots are shown from each group.
Plot shows quantification of CD45 expression in vehicle- and ixazomib-treated animals.
Data are expressed as the mean £ SEM (n = 8-10/group); P < 0.05 by unpaired 2-
tailed t test. Peripheral blood was analyzed to study the effects on normal blood
production. Treated animals showed a higher hemoglobin count, with an increase in
mean hemoglobin from 7.75 g/dl to 11.25 g/dl (Figure 5C) in the treated animals,
suggesting improved hematopoiesis. The dot plot shows the hemoglobin range in the
vehicle-treated animals with several animals with hemoglobin < 5g/dl. In comparison,
none of the drug-treated animals had such profound anemia. The mean platelet count

was similar between groups (data not shown), suggesting ixazomib did not suppress
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normal hematopoiesis. The improved anemia levels make this drug a promising agent in
the treatment of AML.

To further establish that ixazomib does not suppress normal hematopoiesis,
healthy 6-week-old NSG mice were randomized and treated with 8 mg/kg ixazomib or
vehicle i.v. twice a week for 4 weeks. The treated animals showed no perturbations in
weight or hematological parameters in the PB compared with their vehicle-treated
counterparts. This suggests that doses of ixazomib that suppress FOXM1 and attenuate
leukemia disease severity do not disrupt normal hematopoiesis.

Following treatment, BM cells were collected for RNA and protein extraction
(Figure 5D). FOXM1, Cdc25B, and Plkl mRNA expression levels using quantitative
PCR were quantified as percentage of mMRNA expression levels in treated cells
compared with control cells. Data are expressed as the mean £ SEM (n = 7/group); P <
0.05 by 1-way ANOVA followed by Tukey’s multiple comparison post test. (Figure 5E)
FOXM1 inhibition in the BM cells is shown by Western blotting. (Figure 5F) Cytospins
from the BM mononuclear cells were prepared, and representative images are shown
(200x magnification). (Figure 5G) Nuclear FOXM1 was quantified in ixazomib- and
vehicle-treated animals. Animals treated with ixazomib had significant downregulation of
nuclear FOXM1. Data are expressed as the mean + SEM (n = 8/group); P = 0.058 by

unpaired 1-tailed t test.
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Figure 5. Pharmacologic inhibition of FOXM1 with ixazomib reduces leukemia disease

burden in an in vivo AML model.

FOXM1 was quantified.

Leukemic burden in the BM by CD45 expression by flow
cytometry(A,B) and blood Hb levels (C). FOXM1, Cdc25B, and Plkl mRNA (D) and (E, F) FOXM1
protein suppression in the BM mononuclear cells by immunoblot and IHC (200X). (G) Nuclear
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V. DISCUSSION
(Previously published as Khan I, Halasi M, Patel A, Schultz R, Kalakota N, Chen YH,
Aardsma N, Liu L, Crispino JD, Mahmud N, Frankfurt O, Gartel AL. (2018) FOXM1
contributes to treatment failure in acute myeloid leukemia. JCI Insight. 2018 Aug 9;3(15)
1-17)

The application of targeted therapies in specific molecular subsets of AML
patients is allowing a survival benefit to emerge, resulting in several new drug approvals
in the past 2 years. (12) However, the setback in relying purely on genomic
classification to allocate patients to therapeutic pathways is the complexity of AML
genomes, the observation that most patients harbor multiple gene mutations, and the
dynamic patterns of disease evolution. (21) Instead of targeting specific genetic
aberrations, an alternate strategy for treatment would be to target more commonly
dysregulated pathways that are implicated across AML subtypes.

The recent success of a liposomal particle with fixed-ratio delivery of cytarabine
and daunorubicin (Vyxeos) shows that utilizing innovative approaches, currently
approved agents can be dramatically enhanced in their efficacy. Recognizing a potential
mechanism of resistance in the patient at diagnosis would help tailor the treatment
regimen to be more effective and increase remission rates. Current genomic predictors
of resistance to induction chemotherapy in AML include mutations in RUNX1, ASXL1,
and TP53; elevated SNP-A-based genomic complexity; and specific recurrent copy
number aberrations/loss of heterozygosity (22).

Our work draws attention to a potentially novel predictor of chemotherapeutic
resistance in AML. Forkhead box protein M1 is a transcription factor expressed in

proliferating cells, but not in quiescent or terminally differentiated cells, making it an



21

attractive target. The relevance of FOXML1 in AML is supported by an important bedside
to bench discovery, where we previously showed that the favorable NPM1 mutant
subset of AML had reduced nuclear levels of FOXML1. (23) The current work establishes
the prognostic relevance of nuclear FOXM1 in AML in a clinical retrospective analysis of
over 100 patients. Previous publications have observed increased FOXM1 in high-risk
molecular subsets of AML(24) , but it has not been validated as a prognostic marker in a
clinical cohort until now.

Using quantitative microscopy on the diagnostic BM biopsies of a multi-institution
cohort, we confirmed the clinical significance of the nuclear expression of this protein in
predicting outcomes. When nuclear FOXM1 expression was combined in a multivariate
analysis with conventional clinical and molecular predictors of outcome, it emerged as
an independent predictor of upfront chemotherapeutic resistance. Moreover, when the
institutions were considered individually, nuclear FOXM1 expression emerged as a
predictor of inferior OS (Figure 1).

Using a transgenic murine model of FOXM1 overexpression, we provide proof of
concept that FOXM1 overexpression induces resistance to the AML chemotherapy
backbone cytarabine (Figure 2). Transcription factors have conventionally been
considered as undruggable targets. Our study has challenged this dogma and provides
evidence that targeting FOXM1 has anti-leukemic effects. We used 2 methods to
decrease FOXM1 activity in AML: RNA interference, which is specific, and proteasome
inhibitors, which are clinically approved but relatively nonspecific. Proteasome inhibitors
act by stabilizing HSP70, which our lab has shown to be a negative regulator of

FOXML1. (18)
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Here, we establish that ixazomib, an oral PI, has anti-leukemic activity that
correlates with the inhibition of FOXM1 (Figures 3 and 4). Decreasing FOXM1 activity in
human and murine leukemia cells with WT NPML1 led to decreased clonogenicity and
increased apoptosis. Additionally, treatment with ixazomib was very well tolerated and
reduced tumor burden in vivo in an AML model (Figures 5). Recent work has
demonstrated a critical role of FOXM1 in maintaining hematopoietic stem cell
guiescence. (25) We postulate that there may be differential levels of FOXM1
expression in leukemic stem cells compared with hematopoietic stem cells that would
allow for a therapeutic window to target FOXML1. This is the subject of ongoing work.
Pls have already entered the clinical realm of AML. Previous trials have demonstrated
therapeutic benefit by adding bortezomib to cytarabine-based chemotherapy (26-28),
but they increased toxicity. In addition to being the first oral PI, ixazomib is well tolerated
with minimal neurotoxicity and myelosuppression.(29) We show that low-dose ixazomib
induces sensitization of AML cell lines and primary human and murine AML cells to the
chemotherapy backbone drugs cytarabine and 5-azacitidine.

The putative mechanism of action of Pls is the inhibitory effect on transcription
factor NF-kB through stabilization of its inhibitor, I-kB.(30) We present an alternate
mechanism of action of ixazomib and link its antileukemic activity to its effects on
FOXML1. Using overexpression of FOXM1, we show the anti-leukemic activity of
ixazomib is, at least in part, through its inhibition of FOXML1.

In summary, our study provides proof of principle for the inhibition of the
transcription factor FOXM1 as a potentially novel strategy in the treatment of AML.

Currently approved therapies such as the Pl ixazomib could be harnessed to overcome
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FOXM1-mediated resistance in AML. Moreover, our findings demonstrate the need for
the development of more specific and potent FOXM1 inhibitors in the treatment of

leukemia.
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illustrations, graphs, inserts and similar materials) which are identified in such material as having been used by permission,
User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any of such third
party materials; without a separate license, such third party materials may not be used.

35.

Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished with
permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright]; permission
conveyed through Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font size and
must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work containing the
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republished Work are located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the
User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

36.

User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used
in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, privacy,
publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may
not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to
inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request
of CCC or the Rightsholder in connection therewith.

4.

Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and
directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of any use of
a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any unauthorized way by
User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other tangible or intangible
property.

5.

Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6.

Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS
TO GRANT.

7.

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the
license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the license created
by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written notice thereof shall
result in immediate termination of such license without further notice. Any unauthorized (but licensable) use of a Work that is
terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor;
any unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because
materials containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in
no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable
use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.
8.1.

User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8.2.
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Use of User-related information collected through the Service is governed by CCC's privacy policy, available online

here: https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3.

The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in the
new material which includes the Work(s) licensed under this Service.

8.4.

No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and
CCC hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or
affiliates and purporting to govern or otherwise relate to the licensing transaction described in the Order Confirmation, which
terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or
CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the
Order Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate instrument.

8.5.

The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law
of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit,
action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at CCC's
sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any federal
or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation.
The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-

mail to support@copyright.com.

vi11
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