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I. Background

In 2015, the President of the United States of America publicly announced the
Initiative for Precision Medicine, aimed at fast-forwarding the development of novel
therapies for diseases with high public healthcare burden, such as cancer [1]. This historical
moment legitimized on a political scale the long-term efforts of many academic researchers
during the past decade. Personalized medicine, or precision medicine is an approach that
integrates genetic and phenotypic data of a given individual in the clinical decision-making
process of prevention and personalized therapies. Such an approach contrasts with the
status-quo of contemporary medicine — the large-scale use of “one size fits all” evidence-
based guidelines to uniformly treat all individuals diagnosed with a certain disease.

In oncology, due to tumoral genetic heterogeneity of compared to the normal genome,
personalized therapies could, at least theoretically, target cancer cells and spare healthy
cells and, therefore, have high clinical utility. The tyrosine kinase inhibitor imatinib
revolutionized the field of cancer therapies; imatinib showed clinical efficacy in the
treatment of chronic myeloid leukemia, a disease characterized by the presence of
Philadelphia chromosome and the mutant tyrosine kinase BCR-ABL, and dramatically
improved survival of patients with a previously lethal malignancy [2]. Patients with acute
promyelocytic leukemia, a subtype of acute leukemia associated with high-mortality
complications, benefit today from therapies that target the pathogenesis of leukemia — all-
trans retinoic acid and arsenic trioxide demonstrated impressive remission rates and even
cure in a hematologic cancer historically considered incurable [3].

The progress of precision medicine was essentially facilitated by the many technical
advances in the field of high-throughput multi-omics: DNA or RNA sequencing,
proteomics or metabolomics, but also bioinformatics, much needed to properly make
clinical sense of high volumes of data generated by such assays. These techniques have
become increasingly prominent over the past years, culminating with the complete
sequencing of the human genome within the Human Genome Research Project [4]. Cancer
research is, however, the field where precision medicine techniques are the most applicable
and was a major driver of the Presidential initiative for precision medicine, for a couple of
reasons. First, it’s widely accepted that pathogenesis of cancer involves various genetic
lesions, either germline mutations that predispose to cancer, or somatic mutations identified

only in tumoral tissues that lead to progression, immune evasion, proliferative advantages



and survival of cancer cells. Cancer is a genetically heterogeneous entity and harbors
specific potential targets for personalized therapies. Second, cancer is still a leading cause
of death worldwide, and identifying new therapies to improve survival or induce remissions
is an area of unmet medical need.

The first cancer genome fully sequenced using next-generation sequencing techniques
(NGS) was a normal karyotype acute myeloid leukemia (AML) sample [5]. AML is suitable
disease model for precision medicine, due to its high genetic heterogeneity that subdivides
this clinical entity into various subtypes according to the presence of specific genetic
mutations [6].

AML is an aggressive blood cancer characterized by the malignant clonal
proliferation of immature myeloid cells in the bone marrow and suppression of normal
hematopoiesis. Leukemic clones are genetically, phenotypically and morphologically
different from normal myeloid progenitors. From a pathogenesis perspective, AML is a
heterogenous disease and multiple mechanisms responsible for malignant transformation
have been described. [7,8]. High-throughput sequencing studies of large AML patient
cohorts identified recurrent oncogenic mutations in a large proportion of patients [9,10].
Such mutations are heterogeneous in nature and alter genes with critical functions for
hematopoiesis homeostasis, differentiation (PML-RARA), signaling pathways (FLT3, KIT,
NRAS, PTPNI11), transcription factors (CEBPA, RUNXI1, GATA2), DNA methylation
DNMT3A, TET2, IDH1/2), chromatin regulation (ASXL1, MLL rearrangements), RNA
splicing (SRSF2, U2AF1) or tumor suppression (WT1, TP53).

Briefly, AML pathogenesis can be defined by genetic lesions that 1) cause accelerated
proliferation of malignant hematopoietic stem cells and 2) induce a differentiation block of
stem cells to mature, functional hematopoietic cells [11]. However, despite the extensive
characterization of AML genome, the mainstay of treatment is still cytotoxic chemotherapy
and hematopoietic stem cell transplant (HSCT) only if patients are deemed eligible.
Although intensive chemotherapy can induce complete remissions (CR), they come at the
cost of important toxicities and are oftentimes transient with post-chemotherapy relapse
rates being a major pitfall in AML clinical management [12]. Moreover, the clonal
composition of AML samples harvested from patients changes throughout the course and
under the selective pressure of therapy, a process known as clonal evolution [13].
Development of novel personalized, targeted therapies that enhance remissions is therefore
an area of critical unmet need to improve survival rates in this aggressive hematologic

malignancy.



In this work, we sought to investigate the utility of precision medicine on multiple
levels of AML management — refining the diagnosis, prognosis and optimizing treatments,
with an emphasis on targeted, personalized therapies. In the first part of this paper we discuss
precision medicine in AML in the context of the current status-quo of molecular
pathogenesis, AML classifications incorporating genetic features and clinical prognosis
groups, but also of currently approved or pre-clinically tested targeted therapies. In the
second part, we aimed to validate through a series of experimental studies in an integrative
approach, the implications of personalized medicine in AML diagnosis, prognosis and
targeted therapies. We used high-throughput genomics (next-generation DNA sequencing),
transcriptomics (RNA-seq) and bioinformatics, as well as preclinical in vitro and in vivo
AML models to validate a system of hypotheses and demonstrate that molecular precision
techniques hold the potential to be successfully implemented in improving outcomes and

therapeutic approaches in AML.



I1. Personal contributions

1. Hypothesis and objectives

AML is a genetically and phenotypically heterogeneous and dynamic clinical entity.
Comprehensive molecular characterization of AML allows for a thorough risk stratification,
but also for the possibility to use targeted inhibitors against clinically actionable mutations.
Moreover, a good understanding of the complex genetic background of AML can lead to
development of novel experimental therapeutics aimed at improving outcomes and
overcome resistance to current therapies.

As discussed above, in this work, we sought to validate through experimental studies,
in an integrative manner, the implications of personalized medicine in AML management,
such as diagnosis, prognosis and targeted therapies. We used high-throughput multi-omics
and preclinical in vivo and in vitro models to validate a hypotheses system and demonstrate
that molecular precision techniques hold potential to improve outcomes and optimize
therapeutic approaches in AML.

To validate our hypothesis, we followed four main goals to each we assigned an
independent research project, as follows:

Goal 1 — Evaluate the role of intensive salvage chemotherapy in modern treatment
of relapsed/refractory AML. We demonstrate that salvage cytotoxic chemotherapy has the
same limited utility as it did two decades ago, underscoring the necessity of novel,
personalized therapies to improve survival.

Goal 2 — Evaluate the utility of NGS in detection of clinically actionable somatic
mutations in AML. Using a simple, in house NGS method, we identify mutations with
prognostic value that can inform on selecting optimal targeted therapies.

Goal 3 — Preclinical evaluation of novel targeted therapies that address the
limitations of genetically-guided therapies currently approved for clinical use. We
demonstrate that a combination of small molecule inhibitors that co-target the RAS/MAPK-
activating protein SHP2 and the antiapoptotic protein BCL2 have synergistic antileukemic
activity in AML with mutations in receptor tyrosine kinases FLT3 and KIT, including in
vitro and in vivo models of AML resistant to FLT3 inhibitors.

Goal 4 — Evaluate the differential expression of miRNAs to identify potential targets
for future experimental novel therapies. We show that expression of miRNA-4328 is

significantly upregulated in a specific subtype of AML — acute promyelocytic leukemia.



This thesis comprise four independent research studies conducted over the course of
the doctoral studies in labs affiliated with various institutes, such as the Department of
Hematology and Bone Marrow Transplant of the Fundeni Clinical Institute, Bucharest,
Romania, the National Institutes of Health, Bethesda, United States of America, and
Division of Hematology/Oncology, Department of Medicine, University of California San
Francisco, United States of America.

In the first study [14] we demonstrated that despite the current modern standards of
care that include better prophylaxis and blood product transfusions, the use of cytotoxic
chemotherapy as salvage regimens for relapsed/refractory (R/R) AML has a limited clinical
utility, similarly to two decades ago when sequential chemotherapy was pioneered. Intensive
salvage chemotherapy is associated with often fatal toxicities and should be reserved for
patients ineligible for novel personalized therapies that exhibit a higher therapeutic index.

In order to benefit from such therapies, it is critical that AML samples obtained from
patients are investigated using molecular biology techniques to identify clinically-actionable
mutations. In the second study we demonstrate the utility of DNA next-generation
sequencing to detect somatic oncogenic variants that can act as targets for selective
inhibitors.

Although some selective inhibitors, specifically FLT3 inhibitors are clinically
effective, their use in monotherapy leads to adaptive resistance through feedback
reactivation of signaling pathway, such as the RAS/MAPK pathway [15]. Development of
pharmacologic associations of compounds that synergistically inhibit oncogenic signaling
associated to resistance is critical to maintain clinical responses and improve survival. In our
third study [16], we evaluate the preclinical activity of the experimental SHP2 inhibitor
RMC-4550 in combination with the BCL2 inhibitor venetoclax in in vitro and in vivo AML
models with mutations in receptor tyrosine kinases FLT3 and KIT. We demonstrate that
SHP2 inhibition suppresses signaling through the RAS/MAPK pathway and induces
transcriptomic alterations that lead to an increase of apoptotic dependency of AML to BCL2
and augment the pharmacologic sensitivity to venetoclax. We therefore identified a
synergistic combination of targeted inhibitors with a high therapeutic index that has the
potential to be tested clinically.

Besides small molecule inhibitors, other experimental therapies that target cell-
intrinsic oncogenic mechanisms, such as miRNA therapies, are being currently explored. In
our fourth study [17], we aimed to investigate whether in a subgroup of AML with a well-

defined genetic background, such as acute promyelocytic leukemia (APL), we could identify



a dysregulated expression of miRNA molecules that target genes involved in known
pathogenic mechanisms. We demonstrate that has-mir-4328, a miRNA that targets the gene
of retinoic acid receptor (RARA) is specifically downregulated in APL samples compared
to samples derived from healthy donors. Experimental therapies with hsa-mir-4328 could,
in theory, target RARA and lift the differentiation block pathognomonic for APL.

Taken together, our experimental data emerging form these studies support the
general hypothesis of this thesis — the necessity of personalized medicine for optimal
therapeutic approaches in AML. A schema of work frame and hypotheses of the research

projects in this thesis is presented in figure 1 and the studies and summarized below.
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Figure 1 — Schematic representation of the work frame for the research studies



2. The place of cytotoxic chemotherapy in the current treatment of
acute myeloid leukemia — timed sequential chemotherapy for

relapsed/refractory acute myeloid leukemia

2.1. Introduction

Despite the last decade advances in development and clinical implementation of novel
AML therapeutics, including molecular targeted therapies of biological therapies, cytotoxic
chemotherapy is still the backbone of AML treatment. [18-21]. In the first study of this
thesis, we aimed to evaluate if outcomes of patients who receive anthracycline-based
standard chemotherapy changed after decades in which the supportive standards of care and
anti-infectious prophylaxis have improved. Sequential chemotherapy (SC) is an approach
that differs from standard regimen through the phased administration of cell-cycle active
drugs and entails the administration of an initial sequence, followed by a secondary
sequence during the maximal recruitment of leukemic blasts in the S phase of the cell cycle
by the initial sequence [22—24] with the goal of maximizing efficacy and reduce toxicities
associated with chemotherapy.
2.2. Methods

We conducted a unicentric retrospective study on a series of ten R/R AML patients
who were treated with the EMAS86 regimen at the National Heart Lung and Blood Institute
(NHLBI) at the National Institutes of Health (NIH) of the United States of America, under
protocols NCT00001397 si NCT02527447, NIH Clinical Center IRB-approved. The
methods are detailed in extenso the thesis.
2.3. Results

Total CR rate after EMA86 administration was 40%, specifically 75% in relapsed
AML subgroup and only 17% in the refractory AML subgroup. Within ELN risk groups,
CR was ony 16.66% (n=1) in adverse-risk patients, 50% in favorable-risk patients and 100%
(n=2) in intermediate-risk patients. Median overall survival was 80.5 days (30-1205); 41
days (30-166) in refractory subgroup and 332.5 days (42-1205) in relapsed subgroup. Two
patients were primary refractory to EMA-86 and did not receive any additional therapy and
two other refractory patients were included on other clinical trials but died at a later
timepoint due to disease progression. Two patients received HSCT in CR. Of these, one
died as a result of veno-occlusive disease, a common transplant complication, while the

other patient stayed in CR for 1,000 days after HSCT. Only half of the patients achieved



recovery of circulant neutrophils counts of over 1,000/uL and only 40% recovered platelets
over a value 100,000/uL. All patients developed febrile neutropenia and six of them had
documented systemic or localized infections — fungal (n=4), bacterial (n=2) or
mycobacterial (n=1), requiring prolonged large-spectrum antibiotic and antifungal
therapies. Two patients developed invasive aspergillosis, one patient disseminated
tuberculosis and one patient systemic infection with Fusarium spp (pulmonary, sensual and

cutaneous) [25], and two patients died due to sepsis and multiple systems organ failure.

Clinical response
Relapsed (n=4) Refractory (n=6)

Response, n (%)

CR 2 (50) 1(17)

CRi 1(25) 0(0)

PD 1(25) 5(83)
Hematologic recovery, n (%)

ANC > 1000/ puL. 4 (100) 1(17)

PLT > 100000/ uL. 2 (50) 2 (33)
Overall survival, days, median (range) 332,5 (42-105) 41 (33-116)
Cause of death, n (%)

Sepsis 0 (0) 2 (33)

Progressive disease 1 (25) 3 (50)

HSCT complications 1 (25) 0(0)
Hospitalization time, days, median (range) 42,5 (38-74) 41 (33-60)

Table 1 — Clinical response after salvage regimen EMA86

2.4. Discussions

R/R AML patients have a generally poor prognosis, with a 5-year survival rate of only
5-10% [7]. There is no consensus on the superiority of one chemotherapy-based salvage
treatment or another. In our unicentric, retrospective study we showed that 40% of patients
treated on EMAS86 protocol achieved CR or CRi (17% among refractory AML and 75%
among relapsed AML), results comparable with the ones of studies that investigate similar
salvage regimens [26,27]. Notably, despite supportive care progresses in the last three
decades, we observed significant toxicities associated to CS EMAS86, similar to the ones
reported by the authors of this regimen back in the early 1990s [28]. Prolonged pancytopenia
and deaths due to sepsis occurred in 20% of the patients, while only 50% recovered

neutrophils to a value above 1,000/uL. Therefore, the clinical benefit of timed sequential
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salvage chemotherapy must be very carefully weighed against the risk of prolonged aplasia.
In conclusion, salvage sequential chemotherapy has high toxicities and should be reserved
on a case-by-case base only for selected patient where the ultimate goal is HSCT and for

whom novel targeted therapies are not a viable option.

3. Next generation DNA sequencing identifies clinically actionable
mutations in acute myeloid leukemia

3.1. Introduction

In the first study, we demonstrated that although cytotoxic chemotherapy is still the
backbone of AML treatment, the clinical responses achieved in the R/R setting today are not
superior to the ones observed during the past decades. Targeted therapies are increasingly
frequent used and they improve survival and remission rates when associated to
chemotherapy. Identifying therapeutic targets for selective inhibitors, as well as mutations
associated with resistance to targeted therapies and mutations with prognostic value requires
molecular testing of samples derived from patients with AML for the detection of mutant
variants. Lately, DNA next generation sequencing (NGS) of hotspot regions of genes
frequently mutated in AML became an elective method for sensitive detection of somatic
mutations. Although NGS offers the potential to provide critical clinically-relevant
information and inform on the optimal therapeutic choice, some technical limitations
pertaining to the method per se but also to the bioinformatic analysis of NGS data raise
significant challenges [29]. In this context, we aimed to evaluate in this study the efficacy of
a simple, amplicon-based NGS method to detect mutations in a small panel of genes, with
an emphasis on mutations in genes that can be pharmacologically targeted using selective
inhibitors.
3.2. Methods

We conducted a unicentric, retrospective study on a cohort of 98 patients diagnosed
with AML and with biological samples collected for research at the Department of
Hematology and Bone Marrow Transplant of the Fundeni Clinical Institute in Bucharest,
Romania. Additional cytogenetic, immunophenotypic and molecular testing were performed
for complete diagnosis of AML. We used an amplicon-based NGS assay for detection of
mutations in hotspot regions of myeloid neoplasia-related genes: DNMT3A, FLT3, KIT,
KRAS, NRAS, IDHI1, IDH2, RUNXI1 and PCR tests to detect the internal tandem fusion of
the FLT3 gene (FLT3-ITD) and fusion genes (RUNXI1::RUNXI1TI, CBFB::MYHI1I,
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BCR::ABL1 and MLLT3::KMT2A). The methods are detailed in extenso in the thesis.
Results

Among the patients included in the study, 32,65% (n=32) had AML with AML-
defining genetic abnormalities. The most frequent genetic abnormality was the fusion gene
RUNXT1::RUNXITI — 6.12% (n=6), followed by the CBFB::MYHI11 fusion — 4.08% (n=4)
and by BCR::ABL1 fusion and KMT2A rearrangements — 1.02% (n=1). The majority of
patients (76.53%) had cytogenetic analysis performed at diagnosis. Among those, most of
them harbored a normal karyotype (60%), while 4% had a complex, monosomal and
hyperdiploid karyotypes. Frequent cytogenetic abnormalities included 8+ in 9.3% of
patients, t(8;21) in 6.66%, 5-/5p- in 4%, inv(16) in 2.66%, 7-/7p-,17p- or t(9;11) in 1.33%.
Regarding risk group inclusion according to ELN 2022 guidelines, the majority of patients
were included in the intermediate risk group — 80.61%, 10.20% in the favorable risk group
and 9.18% in the adverse risk group.

Of all the samples collected for the study, the majority (68,36%) carried somatic
mutations in oncogenes associated with AML (figure 2). The most frequently mutated gene
was FLT3 in almost half of the patients (48,9%). We detected the presence of the FLT3 ITD
in 43% of the patients, but also mutations in the tyrosine kinase domain (TKD) of FLT3 in
6.12%. Most of these variants were substitutions at the 835 residue (D835E/Y/S/V) and a
D839G substitution, all with variant allelic frequencies (VAF) between 2% and 28%. We
identified the pathogenic D816Y variant in the KIT gene in one patient, but also a variant
with unknown pathogenicity, M541L, in 11 patients. Moreover, we identified oncogenic
mutations in NRAS gene in 7 patients and in KRAS in one patient. Those mutations are
predominantly hyperactivating the RAS/MAPK signaling (NRAS GI12D/S/V, Q61L/R,
KRAS G12D) and have VAFs between 4 and 51%. Constitutively activating RAS mutations
have a critical clinical relevance when they are associated with other targetable mutations
(e.g. FLT3), because they can lead to selection of clones resistant to known targeted threapies
[30]. We identified mutant variants in the genes IDH1 (R132C/H/P) and IDH2 (R140Q) with
VAFs between 4 and 36%. Besides IDH1 and IDH2 mutations, we found mutations in
another gene coding for epigenetic regulators, DNMT3A (R882C/H) in 8 patients with
VAFs around 50%. Lastly, we detected the presence of mutations of the transcription factor
RUNXI1 (TI111A/P, K110Q, G165C, W196R, R135K, R80H, F163Y, R107C, A149P,
R201%*) in 10 patients with VAFs between 6 and 75%.
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Figure 2 — Oncoplot showing the distribution of mutations in oncogenes, fusion

transcripts and cytogenetic abnormalities identified in the study cohort

3.3. Discussions

Recent guidelines, including ELN 2022 and NCCN recommend the use of NGS to
identify recurrent mutations and integrating this information in diagnostic and treatment
algorithms. Moreover, ELN guidelines includes the presence of mutations in genes as
RUNX1, ASXL1, TP53, EZH2, SF3B1, SRSF2, STAG2, U2AF1 or ZRSR2 in the adverse
risk group [31]. NGS assays, albeit useful, raise some technical and financial challenges that
limit their large scale use in the clinical practice. In this study, we evaluated an amplicon-
based DNA sequencing assay build upon the in house design of a panel including a limited
amount of genes with a myeloid bias, focusing on those genes with mutations that are
clinically actionable with small molecule inhibitors. The simplicity of this panel allowed us
to investigate the feasibility of NGS while reducing prohibitive costs that come with
commercial kits and addressing some of the resource limitations mentioned above. Focusing
on clinically actionable genes had the goal of maximizing the translational benefit in a
limited-resource center like ours. The results of our study, one of the few of its kind
conducted exclusively in Romania, are in line with data reported in larger cohorts [9,10].
We identified mutations in FLT3, KIT, NRAS, and IDH1/2 genes, which inform on using

clinically-approved targeted therapies and can predict clinical response to such therapeutics.
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This finding supports the idea that bulk DNA sequencing provides data with clinical utility,

at least in identifying actionable targets using personalized therapies.

4. Novel personalized therapies in acute myeloid leukemia — allosteric
SHP2 inhibition has synergistic efficacy with the BCL2 inhibitor

venetoclax in acute myeloid leukemia with mutations in FLT3 and KIT

4.1.Introduction

In the second study, we demonstrated that genotypic analysis using NGS can
identify with high sensitivity clinically-actionable oncogenic mutations. Of those, mutations
in the gene coding for the receptor tyrosine kinase FLT3 are the most commonly found, but
also benefit from the most clinically approved targeted therapies. Although FLT3 inhibitors
significantly improve survival in AML, their clinical utility is limited by development of
secondary resistance characterized by emergent clones that constitutively hyperactivate the
Ras/MAPK signaling pathway. Protein-tyrosine phosphatase non-receptor 11 (SHP2,
encoded by PTPNI11 gene) is a tyrosine phosphatase that serves as a molecular relay to
activate Ras/MAPK downstream of receptor tyrosine kinases (RTK). Novel allosteric
inhibitors of SHP2 (SHP2i) stabilize the protein in a sterically closed, auto-inhibited
conformation, hampering both exposing the catalytic domain to its substrate, but also the
assembly of the molecular scaffold required by RAS loading with GTP [32,33] and
demonstrated preclinical activity in multiple models of neoplasia driven by RTK mutations
[33-35]. Considering the pivotal role of SHP2 in signaling downstream of RTK, we
hypothesized that allosteric SHP2 inhibition is active in multiple models of AML with RTK
mutations and suppressed key mechanisms of survival and resistance to FLT3 inhibitors,

specifically through activation of RAS signaling.

4.2. Methods

We conducted a preclinical study to determine the antiproliferative and pro-apoptotic
activity of the allosteric SHP2 inhibitor RMC-4550 as monotherapy and in synergistic
combination therapy with the BCL2 inhibitor venetoclax in multiple in vitro and in vivo
models of AML with FLT3 and KIT mutations, but also in models with co-mutations in

NRAS that drive resistance to FLT3 inhibitors. We used cell line-based models, constructs
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with doxycycline-inducible expression of various mutations via lentiviral vector
transfections, CRISPR/Cas9 genome editing constructs, transcriptomics studies using RNA-
seq and qPCR, BH3 profiling assays, flow-cytometric apoptosis assays, luminescent cell
viability assays, immunoblots and immunofluorescent imaging studies to investigate the
molecular mechanisms responsible for the anti-leukemic activity of RMC-4550, but also for
the pro-apoptotic synergy with venetoclax. Ultimately, we performed in vivo studies using
murine models engrafted with cell-line derived xenografts and patient-derived xenografts to
for the preclinical assessment of the combination therapy of RMC-4550 and venetoclax to
support further investigation of this combination in clinical trials. The methods are detailed
in extenso in the thesis.
4.3. Results

We demonstrate that treatment with the SHP2 inhibitor RMC-4550 suppresses the
proliferation of AML cell lines with mutations in FLT3 and KIT and inhibits RAS-GTP
loading and signaling through the Ras/Raf/MEK/ERK pathway. This activity is preserved in
the presence of conditions that induce resistance to FLT3 inhibitors, such as the protective
effect of the bone marrow microenvironment cytokines, but also the presence of the NRAS
G12C mutation, but not NRAS Q61K that constitutively activates RAS independently of
GTP loading. On a transcriptomic level, SHP2 inhibition upregulated a gene expression
signature consisting of interferon targets, of which some have been shown to induce
apoptotic cell death in cancer. RMC-4550 upregulated the transcription and protein
expression of the pro-apoptotic Bcl2 family member BMF that is responsible for BCL2
inhibition and also downregulated the expression of MCL1. Such changes led to an alteration
in apoptotic dependency of AML in the sense of increased apoptotic priming and
dependency on BCL2 for cell death. As a consequence, SHP2 inhibition sensitized all tested
cell lines to the pro-apoptotic activity of BCL2 inhibition. We observed, using
pharmacologic drug synergy algorithms that RMC-4550 and venetoclax have synergistic
activity in both inhibiting proliferation and stimulating apoptosis in AML models with
mutations in FLT3 and KIT, but also NRAS G12C and Ras/MAPK signaling suppression
through SHP2 blockade is exclusively responsible for this effect. Next, we demonstrate that
combinatorial therapy of RMC-4550 and venetoclax improved survival and decreased tumor
burden in murine models engrafted with cell line-derived xenografts and patient-derived

xenografts.
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4.4. Discussions

Acquired resistance to FLT3 inhibitors remains a major pitfall of targeted therapies
in FLT3-mutant AML. Preclinical data suggest the involvement of RAS signaling as the key
mediator for survival and resistance to FLT3 inhibitors. SHP2 inhibition diminishes
oncogenic signaling through the RAS/MAPK pathway by disrupting the RAS GTP loading
[15]. In this study, we demonstrate that pharmacologic targeting of SHP2 unveils a
vulnerability of AML by increasing the apoptotic dependency to BCL2 through
RAS/MAPK-mediated mechanisms, resulting in an increased sensitivity to apoptotic cell
death induced by the BCL2 inhibitor venetoclax. Our in vitro and in vivo data provide solid
preclinical evidence that combination therapy with RMC-4550 and venetoclax is a
synergistic and effective approach to RTK-driven AML treatment. This study advocates for
the idea that inhibiting SHP2 effectively suppresses MAPK signaling and triggers a series
of pro-apoptotic changes and an augmentation of BCL2 dependency that can be
opportunistically exploited by simultaneous targeting SHP2 and BCL2. Our data supports
clearly that a combination treatment of SHP2 and BCL2 inhibitors should be investigated in
a clinical trial in patients with RTK-mutant AML.
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Figure 3 — Schematic representation of the proposed mechanism of synergy
between SHP2 and BCL2 inhibitors

16



5. The therapeutic potential of micro RNAs in personalized medicine —
expression and molecular targets of miRNA-4328 in acute
promyelocytic leukemia

5.1. Introduction

In the third study, we demonstrated that one of the personalized medicine applications
with high translational potential is the development of novel therapies that hold the potential to
address the limitations of conventional treatments. Apart from targeted therapies with small
molecule inhibitors, other innovative personalized therapies are being developed. Cellular
therapies or micro RNA (miRNA) therapies have shown promising results in preclinical trials.
miRNA-based therapies exploit cancer cell-intrinsic biological mechanisms to inhibit pro-
survival or anti-differentiation oncogenic signals. In the fourth study we aimed to investigate if
there are any miRNA with differential expression in a genetically well-characterized subtype
of AML, acute promyelocytic leukemia (APL) and that can be exploited for the development
of new therapies. We selected APL for this study because it is a disease model with a clearly
defined pathogenesis and that already benefits from highly effective personalized therapies. In
this study we evaluate if miRNA molecules with tropism for the RARA gene that encodes for
the retinoic acid receptor, have a differential expression in samples derived from patients with
APL and if they could be used as biomarkers for this AML subtype.
5.2. Methods

We performed an observational study that included 20 patients diagnosed with APL
and treated under clinical protocols at the Fundeni Clinical Institute in Bucharest, Romania,
and 20 control subjects without an acute leukemia diagnosis. Peripheral blood samples were
subjected to qPCR to assess the expression of 6 miRNAs resulting from a bioinformatic
prediction analysis of tropism for the retinoic acid-encoding gene RARA. The methods are
detailed in extenso in the thesis.
5.3. Results

We performed a in silico analysis of tropism prediction for RARA gene,
pathognomonic mutated in APL as a result of chromosomal translocations. Following
bioinformatic filtering, we selected 6 candidate miRNAs that met ad-hoc prediction score
criteria. We next performed qPCR tests to evaluate their expression in the APL group
comparative to the control group. Of all targets, hsa-mir-4328 had a significantly lower
expression in the study group (p=0.02, unpaired two-tailed Mann-Whitney U test).
Functional analysis of signaling pathways of hsa-mir-4328 targets revealed that this miRNA
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is involved in target gene transcription and in transcription regulation, but also in functional
pathway associated with oncogenic signaling in AML, such as tyrosine kinase receptors
(RTK) signaling, growth factors and interleukin signaling, RAS/MAPK signaling or
RUNXI transcription factor regulation. Protein-protein interaction network analysis of
molecular targets of hsa-mir-4328 identified an association with processes of myeloid
differentiation, suggesting an implication of hsa-mir-4328 in APL pathogenesis, a diseases
defined essentially by an alteration of myeloid progenitor differentiation.
5.4. Discussions

The hallmark feature of APL is the PML-RARA fusion gene. In this study we
investigated the expression of miRNAs predicted in silico to target RARA and found that
hsa-mir-4328, implicated in transcription regulation and transcription factors, but also in
signaling pathways attributed to myeloid differentiation and cell survival and proliferation,
has a significantly downregulated expression in APL patients. According to our results, the
identification of a new miRNA differentially expressed in APL can represent a stepping
stone in future development of genetic therapies, but also can be used as a marker for
assessing response to current therapies. Due to the sensitive variation of miRNA expression
during the disease evolution, relapse sunder ATRA and arsenic-based therapies could be
anticipated by a downregulation of hsa-mir-4328, even preceding the detection of PML-
RARA fusion. Ultimately, our results can also represent a starting point for developing a
multiplex miRNA panel to monitor clinical response and a framework to develop novel
personalized therapies. Using novel non-coding RNA delivery methods, testing miRNA-
4328 in vivo in preclinical or clinical trials alone or in association with ATRA and arsenic
trioxide can be a feasible goal for further studies. Restoring baseline endogenous expression
of hsa-mir-4328 has the potential, at least theoretically, to target the mutant variant of the
retinoic acid receptor and lift the differentiation block pathognomonic for APL in patients

for whom the current standard of care fails to induce CR and achieve cure.
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6. Conclusions

As a result of accelerated progress in the field of multi-omics, but also of
bioinformatics and large-volume data processing, we are witnessing today a paradigm shift
in the management of acute myeloid leukemia. According to the most recent guidelines, the
mere identification of molecular lesions in the leukemic cells genome can influence
diagnosis criteria, risk group stratification and treatment choices. Some of the AML-specific
genetic abnormalities can be target with precision therapeutics that include small molecule
inhibitors, immunotherapies, cell therapies and genetic therapies based on non-coding RNA.
A myriad of targeted therapies, mostly small molecule inhibitors, are already in clinical use
and many others are investigated in randomized clinical trials. Furthermore, the response to
therapies can be evaluated at a molecular level through the sensitive detection of a very low-
abundance leukemic cells. All these applications are multiple facets of personalized
medicine, an innovative approach that aims to ultimately improve survival and quality of
life of people diagnosed with AML.

In this work, we aimed to evaluated through several scientific studies, the utility of
personalized medicine in the management of AML. In summary, the conclusions of our
studies are:

1) Cytotoxic chemotherapy for treatment of relapses in AML has, today, a similar low
efficacy and high toxicity profile as two decades ago; novel therapies with improved
efficacy and safety are an unmet need.

2)  Selective therapies target certain oncogenic mutations, but their identification through
genomic assays is critical for molecularly-guided treatments. Amplicon-based DNA
next generation sequencing is a simple method that can successfully identify such
clinically-actionable mutations.

3)  One of the caveats of targeted therapies is resistance via clonal selection of sub-clones
with mutations insensitive to the activity of targeted inhibitors, but personalized
medicine approaches can address this sort of resistance mechanisms. A combination
of SHP2 and BCL2 inhibitors synergistically induces apoptotic cell death in AML with
mutations in FLT3 and KIT.

4)  Non-coding RNA therapies, although not clinically available, have the potential to
target genes specifically mutated in AML, while keeping a low toxicity profile.
Bioinformatics can successfully predict miRNA with complementarity and

transcriptional repressing activity against RARA gene, pathognomonic mutated in
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APL. miR-4328 is transcriptionally downregulated in APL patients, suggesting a

potential application of therapeutic development.

Altogether, the conclusions of our studies highlight the importance of personalized
medicine in the modern therapeutic approach of AML. We consider that in that respect, the
overarching goals of our research have been achieved. However, some of the challenges we
encountered should be mentioned.

First, although the benefit of multi-omics are beyond doubt, the economic feasibility
of large-scale implementation of such methods is limited. Identification of a complex genetic
landscape that includes karyotype, fusion transcripts resulting from chromosomal
translocations and somatic mutations in genes responsible for AML pathogenesis is a
desirable goal for every patient diagnosed with AML. However, in real life, genetic testing,
specifically NGS, entails expensive equipment and reagents, trained specialists, non-
standardized and often convoluted bioinformatics. Resource-limited centers have a restricted
accessibility to such tests that ultimately restrict the access of patients to optimal care from
a personalized medicine standpoint. In our second study, we overcame this pitfall using a
simple, cost-effective amplicon-based sequencing technique to identify somatic mutations
in AML patients. Although our results are encouraging, we believe efforts to standardize
NGS methods and the optimal gene panels to diagnose and monitor residual AML are
necessary.

Second, despite the obvious clinical benefit of targeted therapies, resistance to such
therapies is a major clinical problem. FLT3 inhibitors generated a lot of interest in the
targeted inhibitors world. Despite initial efficacy, these inhibitors are limited by the
resistance phenomena and patients ultimately relapse. Resistance occur mainly due to
selection under the pressure of inhibitors of clones that constitutively activate signaling
pathways downstream of mutated FLT3 receptors, predominantly the RAS/MAPK pathway.
RAS activation occurs biochemically as a result of GDP cycling to GTP, a process that
involves many adjuvant proteins, including SHP2. In our third study we demonstrate that
allosteric SHP2 inhibitor RMC-4550 stabilizes the inactive conformation of SHP2 protein
and impairs RAS loading with GTP, inhibiting thus the leukemic proliferation of AML cell
lines with signaling mutations in FLT3 and KIT. Targeting RAS activation in this manner,
we hypothesized that RMC-4550 can overcome adaptive resistance to FLT3 inhibitors,
mediated by RAS activation through constitutive active mutations and through the humoral

protective effect of the microenvironmental cytokines. In in vivo validation studies, we
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demonstrated preclinically that RMC-4550 plus venetoclax combinatorial treatment
improves survival and reduces significantly tumor burden in murine models with FLT3-
mutant AML. These data support the investigation of this combinatorial treatment in a
clinical trial. Leveraging personalized medicine, we identified an Achille heel of FLT3-
mutant AML that we exploited to propose new candidate targets. However, future studies to
investigate the feedback adaptive resistance to SHP2 inhibitors are needed. Moreover, novel
targeted therapies with activity against RAS-GTP cycling-independent RAS mutations are
necessary toc over the whole spectrum of resistance to FLT3 inhibitors.

Third, studies that prove the preclinical efficacy of miRNA therapies are challenging
to perform in vivo, mostly due to the difficulties to effectively deliver in vivo non-coding
RNAs with minimal degradation. In our fourth study, we identified in APL patients a
significant downregulation of hsa-mir-4328, a molecule that targets the RARA gene.
Hypothetically, restoring the physiologic levels of hsa-mir-4328 by exogenous therapeutic
delivery has the potential to lift the differentiation block specific for APL by targeting the
mutant PML-RARA transcript. We consider that such an approach is in line with the general
idea of this work, that personalized medicine can enhance current therapies, but this
hypothesis needs to be verified preclinically in future studies that include optimizations of
in vivo delivery methods of miR-4328.

The results of our four studies have, in our opinion, noteworthy contributions in the
field of personalized medicine applications in AML. Some of our conclusions can generate,
in return new hypotheses that remain to be explored in future studies. Consistent efforts
coming from the international AML workgroups are needed towards an evidence-based,
consensus-standardized recommendations regarding the use of NGS in AML management,
to maximize accessibility and the number of patients that can benefit from personalized
therapies. Moreover, we hope that our very promising preclinical results of SHP2 inhibitor
and venetoclax combination therapy will generate enthusiasm and eventually translate to a
clinical trial. Despite the new sort of challenges generated by personalized treatments in
AML, discussed above, our work concludes that personalized medicine is the proper
direction in the long journey towards improved survival in AML, a hematologic cancer with

devastating prognosis.
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