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Abstract

Since the introduction of molecular biology to disease research, various molecules have
been identified as the cause or trigger of disease and have been studied as targets for therapeutic
development. However, such molecular targeted drugs based on identification of one or few
mutated genes would produce very little to benefit the patients while causing unexpected life-
threatening side-effects. While the isolated specific molecules are parts of the highly
heterogeneous biology, they should not be always considered as ‘target’ for therapy as they may
sometime have little or no value on their own for translational purposes for patients. As cellular
function is controlled in the context of complex gene regulatory networks, not individual genes,
a disease is rarely a consequence of an abnormality in a single gene but reflects the perturbations
of the complex intracellular network. Therefore, a disruptive approach for understanding
multifactorial diseases by performing inference on the set of intracellular molecular interactions
is required in order to bridge the gap between genotype and phenotype, leading to significantly
improve the success rate of drug discovery.

To understand the mechanisms of disease systematically, patient stratification by the
data-driven matching of patients to the appropriate investigational therapy is critical and
important way to enable effective drug discovery and development in the age of precision
medicine. Here, | investigate patient segment-specific molecular mechanism in two diseases
focused on transcriptome profiling, which has been one of the most utilized approaches to expose
expression patterns to define cellular states at the molecular level. First, through the validation of
differential gene expression data following treatment with Lysine-specific demethylase (LSD) 1
inhibitor in acute myeloid leukemia cells, prediction of transcriptional regulators involved in
mediating the transcriptional response revealed certain acute myeloid leukemia subtypes-specific
core regulatory network that are required for their development and maintenance, which could be
targeted in personalized therapies. Second, systematic in silico screening to analyze the
correlation of Crohn’s disease patient-derived gene signature and gene expression profile of
existing drugs revealed the abnormality of MAPK pathway in even anti-TNFa responders that
would be the cause of recurrence of Crohn’s disease. Based on these two studies, transcriptome
analysis of patient segment-specific gene expressions provides more insights to evaluate
biological dysfunctions and helps to explore detailed and underlying molecular changes of human

diseases that are emergent properties of biological networks, not the result of changes of single



genes. In addition, systematic in silico computational approach offers a versatile platform to
explore systematically the molecular complexity of a particular disease, leading to the
identification of disease modules and pathways effectively and to better understanding unmet

medical needs for precision medicine.
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General Introduction

Biological pathways play important roles in the development of heterogeneous complex
diseases, such as cancers, neurological diseases, metabolic diseases, chronic inflammatory
diseases and so on that consist of the dynamic changes of intracellular interactome, where the
networks of the various types of molecules that interact each other within a cell [1, 2]. Unlike
single gene disorders, thousands to millions of molecular entities comprising multiple molecular
interactions in intracellular networks have made it difficult to identify the causal genetic defect in
complex diseases. Therefore, it is reasonable to conclude that molecular targeted drugs based on
identification of one or a few mutated genes or their expression products tend to produce very
little to benefit the patients. Several literatures reported that the outcomes of such drugs have
failure rates ranging between 85 and 95% while causing life-threatening side-effects for patients
and draining resources [3-5]. This phenomenon is thought to be resulted from complex molecular
dynamics, which is known as the “genotype-phenotype gap”. To overcome this situation,
approach for precision medicine, which offers the possibility of more accurate therapy and better
long-term treatment outcomes, is needed to pursue. Precision medicine is an approach which aims
to match patients with appropriate molecularly matched treatments based on a person’s genes,
behaviors and environment. Interventions are tailored to individuals or groups, rather than using
the “one-size-fits-all” approach, in which disease treatment is driven with the model of an average
person with few considerations for individuals [6]. Applying this precision medicine into
mainstream clinical workflow will eventually not only provide more predictive care by bringing
better targeted therapies but also generate cost savings in hospitalization, biomedical research and
pharmaceutical industry [7].

To understand complex biological dynamics, large-scale biological “omics” technology
represents promising strategy for bridging the gap between genotype and phenotype [8-10].
Recent advances in molecular profiling “omics” technologies and development of computational
approaches for analyzing these data offer novel systems-oriented approaches towards drug
discovery [11]. Unlike the traditional “one-size-fits-all” approach to drug discovery, these
systematic approaches identify changes within their larger context and leverage high
dimensionality of the molecular data for modeling the broader molecular interactions. The
growing number of molecular profiling data and development of sophisticated informatics

methods have enabled completely novel approach to drug discovery that attempt to understand



drug activity from a data-driven perspective. In addition to genomics, other omics techniques such
as epigenomics, transcriptomics, proteomics and metabolomics have also been used to a broad
range of information of human disease [12]. Based on a survey of “-ome” or “-omic”-related
publications, there is still increase in the number of transcriptomics articles [13]. Transcriptomics
technology has fundamentally changed our ability to explore the molecular mechanisms
underlying heterogenic diseases, being used to identify disease-associated changes in gene
expression patterns. Gene expression profiles can be analyzed to construct in silico systems
models of molecular pathology. Such models can be inspected computationally to generate
predictions about the molecular network of pharmacologically perturbing one or more biological
targets. Moreover, transcriptome profiles can be clustered in order to identify or analyze several
sub-populations of patients suffered from the “same” disease by integrating clinical, biological
and physiological data from both healthy and disease states in individuals, eventually to
characterize a patient’s disease progression and to identify predictive biomarkers of drug response
[14]. This early patient stratification is critical to enable effective and personalized drug discovery
and development, leading to identify patients that most likely respond to the drug allows reducing
costs in drug development [15] and maximizing the number of responding patients [16]. Therefore,
transcriptome profiling holds the promise to improve a certain segment of patient’s treatment in
heterogeneous diseases including acute myeloid leukemia (AML) and Crohn’s disease (CD),
which are targeted in this study, expanding the possibilities of finding the right drug for each
patient. One thing to note is that data-driven only unbiased approach is not always perfect; that is,
it is not the “optimal” procedure for overcoming the traditional approach because it hardly
considers the vast existing biochemical knowledge as this is a very challenging task. In some
cases, combining knowledge-driven approach, which heavily depend on literature information to
populate a concrete mechanistic model, with data-driven methods can improve the accuracy of
clustering to provide more mechanistic understanding [13, 17].

The objective of this study is to identify a robust gene signature that can predict a
specific molecular mechanism underlying a specific segment of patients by focusing on
transcriptomics as a method for a rational and effective drug discovery to bridge the genotype-
phenotype. Here | summarize my findings on underlying patient segment-specific molecular
changes of human diseases to shed light on the significance of transcriptome profiling.

In Chapter 1, to dissect the intracellular molecular mechanisms to address pathogenesis



of AML, | elucidated the mode of action of LSD1 inhibitor in AML cells. Despite increasing
incidence rates (3.4% per year over the last 10 years) of AML are a growing concern in an aging
population [18], few personalized approaches for patients with AML have been established for
clinical use due to the increasingly apparent heterogeneity resulted from variability in leukemic
cell maturation state. No satisfactory standard treatment exists for a certain segment of AML
patients and most of the patients are physically unable to tolerate aggressive chemotherapy
showing rapid disease progression in combination with low tolerance of systemic anti-cancer
treatments [19]. Thus, emerging approaches in precision medicine is needed to improve AML
patient outcomes. | focused on differential gene signature in LSD1 inhibitor sensitive AML cell
lines, whose expression level systematically differs between a LSD1 inhibitor treated group and
a control group obtained by transcriptome analysis. By combining with gene set enrichment
analysis and the observation of morphological changes, | found an interesting phenomenon so-
called “transdifferentiation” which convert from erythroid and megakaryocytic lineages into the
granulomonocytic lineage. Moreover, by combining data-driven transcriptome data and
knowledge-driven information, | revealed a certain AML subtypes-specific regulatory network of
transcription factor interactions that are required for leukemogenesis.

In Chapter 2, to dissect the intracellular molecular mechanism to address pathogenesis
of CD, | extracted the molecular mechanism of recurrence of CD patients treated with anti-TNFo
therapy, matching the treatment to those. Despite increasing available targeted therapies for CD
patients, the approved therapies have limited efficacy, and the recurrence rate is still high in post-
therapy [20]. Therefore, a large unmet need exists for the treatment of CD. | re-analyzed publicly
available CD patient-derived gene signature and identified the abnormality of MAPK pathway by
in silico screening approach. This systemic computational approach coupled to systematic
functional genomic resources is known as a valuable scheme for elucidating small molecule
mechanism of action, for generating new therapeutic hypotheses and for increasing repurposing
opportunities of druggable targets based on modulation of disease signatures [21]. |
experimentally validated this prediction using selective MEK1/2 inhibitor in vitro and in vivo and
provided evidences regarding MEKZ1/2 inhibitor as a potential treatment against CD to achieve
sustainable remission at a molecular level. This novel finding from gene expression profiling of
responder to anti-TNFa therapy indicates the abnormalities in anti-TNFo responder's CD colon

that would be the cause of recurrence.



An important message of these studies is that transcriptome profiling help pinpoint the
molecular processes perturbed in a disease, which in turn can be used as biomarkers for diagnosis
and prognosis, patient classification and drug target identification (Fig. 1). This approach can

provide an ideal platform, leading to faster drug discovery and safer, more reliable results in an

efficient way.
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Figure 1. Transitioning from the “one-size-fits-all” approach to “precision medicine”

model with patient classification by transcriptome profiling



Chapter 1: A Novel LSD1 Inhibitor T-3775440 Disrupts GFI1B-Containing Complex
Leading to Transdifferentiation and Impaired Growth of AML Cells
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Abstract

Accumulating evidence suggests that epigenetic regulators play critical roles in normal
hematopoiesis and hematologic malignancies. Lysine-specific demethylase (LSD) 1, also known
as KDM1A, is a transcriptional co-regulator that specifically demethylates lysine residues, and
dysregulation of LSD1 activity has been implicated in the development of diverse cancers,
including leukemia. Here, I describe the anti-leukemic activity and mechanism of action of T-
3775440, a novel, selective, and potent small molecule inhibitor of LSD1, in acute myeloid
leukemia (AML). Cell growth analysis of leukemia cell lines revealed that acute erythroleukemia
(AEL, AML-M®6) and acute megakaryoblastic leukemia cells (AMKL, AML-M7) are highly
sensitive to this compound. T-3775440 induced cell cycle arrest and/or apoptosis in AEL and
AMKUL cells as well as alterations in the expression patterns of lineage-specific markers, indicate
transdifferentiation of erythroid/megakaryocytic cells into granulomonocytic cells. Flow
cytometric analysis demonstrated that transdifferentiation led to impaired cell growth. Conversely,
blockade of transdifferentiation attenuated T-3775440-mediated cell growth inhibition.
Mechanistically, T-3775440 blocked the interaction between LSD1 and Growth factor-
independent 1B (GFI1B), which is critical for transcription repression in the differentiation
processes of erythroid and megakaryocytic lineage cells. GFI1B knockdown recapitulated T-
3775440-induced transdifferentiation and cell growth suppression, highlighting the importance of
GFI1B inhibition in the pharmacological effects of T-3775440. Moreover, T-3775440 exhibited
significant antitumor efficacy in tumor xenograft models of AEL and AMKL. My findings
provide the rationale for testing T-3775440 as a potential treatment with a novel mechanism of

action for AML, particularly AEL and AMKL.
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Introduction

The hematopoietic system is maintained by stem cell self-renewal and a continuous
hierarchical differentiation process as well as lineage commitment [22]. Many transcriptional
machineries function as key regulators of terminal differentiation. Dysregulation of hematopoietic
cell differentiation and improper stem cell maintenance are frequently associated with acute
myeloid leukemia (AML) [23, 24]. Although developments in chemotherapeutics and bone
marrow transplantation have led to significant progress in the treatment of leukemia, the prognosis
of patients with relapsed AML remains a significant problem. In particular, research and
development aimed at the identification of novel targeted anti-AML compounds are needed.

Lysine-specific demethylase 1 (LSD1; KDM1A) is a flavin adenine dinucleotide (FAD)-
dependent histone demethylase that demethylates di- and mono-methylated lysine 4 (K4) on
histone H3 [25]. Histone markers are often associated with the activation or repression of adjacent
gene transcription. To augment its gene repressor activity, LSD1 is known to form a complex
with corepressor proteins, namely CoREST and HDAC1 [26]. In hematopoietic cells, LSD1 also
physically interacts with GFI1 or GFI1B, which are transcriptional repressors and critical
regulators of hematopoietic cell lineage development and differentiation [27, 28]. Hematopoietic
lineage-specific conditional LSD1 knockdown and knockout models have shown that loss of
LSD1 results in hematopoietic stem cell expansion and inhibited terminal differentiation in the
granulomonocytic, erythroid, and megakaryocytic lineages, highlighting the importance of LSD1
in normal hematopoiesis [29, 30].

LSD1 is significantly overexpressed in a number of hematologic malignancies,
including AML, and has gained attention as a potential therapeutic target in AML. Small
interfering RNA (siRNA)- or small molecule-mediated inhibition of LSD1 activity has been
shown to induce differentiation of AML cells [31, 32]. Synergistic growth suppression effects
with a combination of all-trans retinoic acid (ATRA) were observed in acute promyelocytic
leukemia [33]. A reversible LSD1 small molecule inhibitor, SP2509, sensitized AML cells to the
pan-HDAC inhibitor panobinostat [34]. However, the molecular mechanism underlying the mode
of action of LSDL1 inhibitors in the AML subclass remains to be fully elucidated.

In this study, I describe the anti-leukemic activities and mechanism of action of a novel,
selective and potent LSD1 inhibitor in AML cell subsets. LSD1 inhibitor disrupted the LSD1-

GFI1B interaction, thus inducing transcriptional de-repression of downstream-target genes of
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GFI1B and consequent transdifferentiation, exhibiting antitumor efficacy in GFI1B-expressing
acute erythroleukemia (AEL) and acute megakaryoblastic leukemia (AMKL) cell lines. My
results suggest the potential of LSD1 inhibition with small molecule inhibitors as a novel strategy

for the treatment of certain types of AML with a poor prognosis.
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Materials & Methods

Cells and reagents

Human leukemia cell lines TF-1a and HEL92.1.7 were obtained from ATCC (Manassas, VA,
USA). CMK11-5 and MQ7e were obtained from JCRB Cell Bank (Osaka, Japan) and DSMZ
(Braunschweig, Germany), respectively. All cells were grown in RPMI1640 plus 10% fetal
bovine serum (FBS) and maintained in a humidified incubator at 37°C and 5% CO,. T-3775440
was synthesized by the Oncology Drug Discovery Unit of Takeda Pharmaceutical Company
(Osaka, Japan).

Cell proliferation assay

To assess cell proliferation and viability in human leukemia cell lines, exponentially growing cells
were plated in duplicate or triplicate. Compounds were added at 24 hours post-cell seeding. After
the incubation period, cells were lysed with CellTiter-Glo (Promega, Madison, WI, USA) and
chemiluminescent signals were detected using an ARVO MX1420 microplate reader
(PerkinElmer, Wellesley, MA, USA). ICs, values were calculated using a four-parameter logistic
model with XLfit (ID Business Solutions, Alameda, CA, USA).

Cell cycle analysis

For cell cycle analysis, cells were fixed overnight with 70% ethanol. Fixed cells were stained with
propidium iodide (PI) and analyzed on a FACSCalibur or FACSVerse flow cytometer (Becton-
Dickinson, Franklin Lakes, NJ, USA)

Quantitative RT-PCR analysis and microarray

Following the designated treatment, total RNA was isolated from cells and purified with an
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Complementary DNA was synthesized using the
Verso cDNA Synthesis Kit (ThermoFisher Scientific). Quantitative real-time PCR analysis was
performed on a ViiA7 (Applied Biosystems, Foster City, CA, USA), using TagMan Fast
Advanced Master Mix with TagMan probes against the indicated genes (Applied Biosystems).
Data were analyzed according to the 24t method and normalized relative to the amount of
GAPDH mRNA. The normalized abundances of target mRNAs were expressed relative to the
corresponding values for cells treated with DMSO or negative control siRNAs. The following
TagMan probes were used for quantitative RT-PCR analysis: CD86 (Hs01567026_m1), FCRLA
(Hs00893173_m1), GAPDH (Hs02758991 gl1), GATAl1 (Hs01085823_ml), GFI1B
(Hs01062469_m1), GYPA  (Hs00266777_ml), ITGAM  (Hs00355885_m1), LSD1
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(Hs01002741_m1), and P116 (Hs00542137_m1).

For the microarray analysis, total RNA was purified as described, and quality was verified on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA was labeled and
hybridized to Agilent SurePrint G3 Human Gene Expression 8 x 60K arrays at the Macrogen
Company (Seoul, South Korea). Microarray data have been deposited in NCBI GEO (accession
number: GSE87580).

Bioinformatics

To determine differentially expressed genes (DEGs) between T-3775440-treated and control
treated cells, microarray data were subjected to a two-sample comparison. DEGs with a t-test P
value <0.01 and fold change of 2 were extracted. The extracted genes were evaluated in a pathway

enrichment analysis on NextBio (www.nextbio.com).

To check the expression levels of gene signatures for each cell linage, microarray data were
subjected to a gene set enrichment analysis [35]. The reference signatures used in the analysis
was generated from data published by the Immunological Genome Project, which are available
in the NCBI GEO database (GSE15907). The methods for extracting cell-type-specific signatures
were described elsewhere [36]. Signature data were originally generated for mouse genes and
mapped onto human gene symbols for this analysis.

Immunoprecipitation

The chromatin fraction was used for immunoprecipitation. Cells were harvested and lysed in lysis
buffer (20 mM HEPES [pH 7.5], 25% glycerol, 0.2 mM EDTA, 150 mM KCI, 1.5 mM MgCl;,
0.5% NP-40, 1 mM PMSF) containing a protease inhibitor. After centrifugation, the insoluble
fraction was resuspended in micrococcal nuclease (MNase) buffer (20 mM HEPES (pH7.5), 0.3
M sucrose, 100 mM KCI, 2 mM MgCl,, 1 mM CacCl,, 0.1% Triton X-100, 1 x protease inhibitor
cocktail) containing MNase and incubated for 10 minutes. After centrifugation, the supernatant
was harvested as the chromatin fraction. For immunoprecipitation, lysates were incubated with
protein G (GE Healthcare, Waukesha, WI, USA) to exclude non-specific protein binding.
Subsequently, antibodies against LSD1 or GFI1B were added to the lysates for a 4-hour
incubation, followed by further incubation with protein G for 2 hours. Finally, protein G was
removed using Wash buffer 1 (20 mM HEPES [pH 7.5], 100 mM KCI, 5 mM MgCl;, 0.2 mM
EDTA, 10% glycerol, 0.1% Tween 20), Wash buffer 2 (20 mM HEPES [pH 7.5], 300 mM KClI,
5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.1% Tween2 0) twice each, followed by heating
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for 10 minutes at 70°C with 4 x SDS loading buffer (Wako).

Western blotting

Whole cell extracts were prepared with 1 x Laemmli sample buffer (Tris-HCI 125 mM pH 7.5,
1% SDS, 20% Glycerol). Whole cell extracts or immunoprecipitates were fractionated by SDS-
PAGE, and the separated proteins were transferred using an iBlot Transfer Stack (Nitrocellulose)
and iBlot Gel Transfer Device (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). After
incubation with StartingBlock™ T20 (PBS) Blocking Buffer (Pierce Biotechnology, Rockford,
IL, USA), the membranes were labeled overnight with primary antibodies, followed by incubation
with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology,
Beverly, MA, USA). Membranes were incubated with ImmunoStar Zeta (Wako) and scanned
using an ImageQuant LAS-3000 (Fujifilm, Tokyo, Japan).

The following antibodies were used for immunoprecipitation or western blot analysis: LSD1
(pAb-067-050; Diagenode s.a., Liége, Belgium), GFI1B (immunoprecipitation: 5849; Cell
Signaling Technology; western blotting: sc28356; Santa Cruz Biotechnology, Dallas, TX, USA),
CoREST (07-455; Millipore, Billerica, MA, USA), cleaved PARP (9541; Cell Signaling
Technology), p27 (616242; BD Biosciences, San Diego, CA, USA), and B-actin (A3854; Sigma-
Aldrich, St. Louis, MO, USA).

May-Grinwald Giemsa staining

For a morphological analysis of human leukemia cell lines, we prepared cytospin slides via
centrifugation at 700 rpm for 3 min on Cytospin 4 positively charged glass slides (Thermo Fisher
Scientific, San Jose, CA, USA). The slides were stained with May-Griinwald solution (Wako,
Osaka, Japan) in PBS (pH 6.4) for 3 min at room temperature and washed briefly. Giemsa solution
(Wako) was added to each slide, followed by a 15-min incubation. Cellular morphology was
evaluated on the stained slides using an Axiokop 2 plus microscope with NanoZoomer Digital
Pathology (Hamamatsu Photonics, Shizuoka, Japan).

Surface marker array

TF-1a and HEL92.1.7 cells were incubated with 50 nM and 100 nM T-3775440 for 72 hours,
respectively. Treated cells were stained with BD Lyoplate™ (560747; BD Biosciences, San Diego,
CA, USA) according to the manufacturer's instructions, and analyzed on an LSRFortessa™
(Becton-Dickinson). Mean fluorescent intensities (MFI) were calculated according to the BD

Lyoplate™ Human Screen Analysis Instructions for BD FACSDiva, available as an Excel file on
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the manufacturer's web site.

siRNA transfection

For each targeted gene, siRNA was obtained from Dharmacon (Chicago, IL, USA) or Ambion
(Austin, TX, USA) as described in the table below. siRNA was formulated into lipid-based
nanoparticles. Nanoparticulated siRNA was mixed with cells at a final concentration of 10 nM.
For drug treatment experiments, cells were reseeded into tissue culture plates at 48 h post-siRNA

transduction and treated with DMSO or drugs. The following siRNAs were used in this study:

SiRNA ID Format Vendor
SiCTRL D-001810-10 ON-TARGETplus Non-targeting pool Dharmacon
SIKDM1A#1 L-009223-00 SMARTpool: ON-TARGETplus KDM1A siRNA Dharmacon
SiKDML1A #2 118783 Silencer Validated siRNA Ambion
SiGFI1B #1 s15850 Silencer Select Pre-Designed siRNA Ambion
SiGFI1B #2 s15851 Silencer Select Pre-Designed siRNA Ambion
SiISPI1 #1 s13351 Silencer Select Pre-Designed siRNA Ambion
SiSPIL #2 513352 Silencer Select Pre-Designed siRNA Ambion

Tumor xenograft models

Female C.B17/lIcr-scid/scid Jcl mice (CLEA Japan, Inc., Tokyo, Japan) were maintained under
specific pathogen-free conditions and used in compliance with the guidelines of the Takeda
Institutional Animal Care and Use Committee in a facility accredited by the American Association
for Accreditation of Laboratory Animal Care (AAALAC). AML cells (2 x 10° cells) in Matrigel
were inoculated subcutaneously (s.c.) into the left flanks of 6- to 7-week-old mice (day 0). Mice
were randomized when the mean tumor volume reached approximately 140-230 mm?®.
Subsequently, mice were treated with vehicle or T-3775440 once daily on a 5 days on/2 days off
schedule for 2 or 3 weeks. Tumor volume was measured twice weekly with Vernier calipers and
calculated as (length x width?) x 0.5. The percentage treated/control ratio (T/C %) was calculated
by dividing the change in tumor volumes in T-3775440-treated mice by the change in volumes
vehicle-treated mice. Statistical comparisons were conducted using the Dunnett-type test, one-
tailed Williams test, and Aspin-Welch t-test to calculate P values with EXSUS version 8.0.0

software (CAC Croit). P values of <0.05 were considered statistically significant.
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Results
Erythroleukemia and megakaryoblastic leukemia cells are highly sensitive to T-3775440
LSD1 demethylase activity has been reported to be inhibited by monoamine oxidase
(MADO) inhibitor tranylcypromine (2-PCPA). Therefore, | selected 2-PCPA as the starting entity
for the medicinal chemistry effort and developed T-3775440 (Fig. 2A), which contains a
cyclopropylamine moiety. Cyclopropylamine derivatives have been reported to irreversibly bind
to FAD within the catalytic core of the enzyme [37]. T-3775440 demonstrated irreversible
inhibition with Kinact/ K value of 1.7x10° + 2.6x10* (sec’* M1) for recombinant human LSD1 (Fig.
2B). T-3775440 was highly selective for LSD1 with a half-maximal inhibitory concentrations
(ICsp) value of 2.1 nM when compared with other monoamine oxidases, namely MAO-A and
MAO-B (Fig. 2B). To take advantage of this novel, potent, and selective inhibitor, I first
determined its anti-cancer activity in vitro. Previously, LSD1 inhibitors were reported to be
effective against AML cell lines and primary AML cells. To elucidate which leukemic subtypes
are sensitive to T-3775440, | conducted a cell line panel analysis of 27 leukemia cell lines,
including 22 AML cell lines, a CML cell line and 4 T-ALL cell lines. Although small molecule
inhibitors for epigenetic enzymes generally tend to require sustained incubation to induce
phenotypic changes, | realized that T-3775440 blocked the proliferation of several cell lines at
day 3 of treatment (Fig. 2C). Of interest, four of five AEL cell lines and three of four AMKL cell
lines exhibited clear responses to T-3775440 following a 3-day treatment. In contrast, T-ALL cell
lines were insensitive to T-3775440 (Fig. 2C). A western blot analysis of p27 and PARP cleavage
revealed that 48-hour T-3775440 treatment showed cell-cycle arrest and apoptosis in AEL (TF-
la, HEL92.1.7; Fig. 2D) and AMKL cell lines (CMK11-5, M07e; Fig. 2E). Consistent with
changes in protein levels, a flow cytometric cell-cycle analysis revealed that T-3775440 treatment
increased the G1 and sub-G1 phase populations in TF-1a and CMK11-5 cells (Fig. 2F and G).
These results indicate that T-3775440 exhibits rapid antiproliferative and proapoptotic activities

against AEL and AMKL cells.

Treatment with T-3775440 induces transdifferentiation in AML cells
Previous reports have demonstrated that the pharmacological inhibition or knockdown
of LSD1 induces myeloid differentiation associated with altered marker expression and

morphological change in AML cells [31, 33, 34]. Consistent with this observation, T-3775440
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treatment resulted in the presence of lobular nuclei and granulocytic cytoplasm, both are
characteristics of differentiated myeloid cells, in TF-1a and HEL92.1.7 cells (Fig. 3A). To
investigate the genetic program regulated by LSD1 in AML cells, | compared the transcriptomes
of control and T-3775440-treated HEL92.1.7 AEL cells and CMK11-5 AMKL cells in a
microarray analysis. T-3775440 treatment increased the signal intensities of 1,277 probes (>2-
fold) in HEL92.1.7 and 793 probes in CMK11-5. In contrast, significantly fewer downregulated
probe sets (< 2-fold) were detected: 282 probes in HEL92.1.7 and 289 probes in CMK11-5. To
interpret the biological significance of these post-treatment gene expression changes, | employed

a NextBio data-mining framework (www.nextbio.com). Interestingly, commonly upregulated

genes in both HEL92.1.7 and CMK11-5 cells were significantly enriched in SPI1 binding site
gene sets (Table 1). SPI1, also known as PU.1, is a DNA-binding transcription factor that plays a
critical role in myeloid development and activates lineage-specific gene expression [38]; my
finding suggests that T-3775440 induces the ectopic upregulation of myeloid lineage genes, which
are normally repressed in erythroid and megakaryocytic lineage cells. A gene set enrichment
analysis was also conducted using the same microarray data. In HEL92.1.7 cells, the monocytic
lineage gene signature was significantly upregulated, whereas the erythroid gene signature was
downregulated by treatment with T-3775440 (Figs. 3B and C). Similarly, upon treatment with T-
3775440, CMK11-5 tended to lose its original features indicative of a megakaryocytic gene
signature and acquired both natural killer cell and monocytic lineage gene signatures (Figs. 3D-
F). To further address whether morphological changes were associated with immunophenotypic
changes or not, | determined the expression levels of 242 surface molecules on AML cell lines.
Notably, the granulocyte/macrophage marker CD86 was upregulated by treatment with T-
3775440 in TF-1a and HEL92.1.7 cells (Fig. 3G), whereas the erythroid marker CD235a was
downregulated by treatment (Fig. 3H). Consistent with the observation that T-3775440
induced elevation of cell surface CD86 expression, CD86 mRNA expression was clearly
upregulated in a dose-dependent manner in HEL92.1.7 and CMK11-5 cells, as well as TF-1a cells
(Figs. 3I-K). Taken together, these results suggest that T-3775440 converts these AML cell

lineages from the original erythroid or megakaryocytic lineage to myeloid-like lineages.

Growth inhibition induced by T-3775440 is attributed to transdifferentiation to a myeloid-

like lineage
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The results from morphological, transcriptomics and immunophenotyping analyses
implicated that T-3775440 induces cell transdifferentiation in the erythroid and megakaryocytic
lineages. To test whether lineage conversion was involved in T-3775440-induced growth
inhibition in AML cell lines, I applied TF-1a cells to flow cytometric sorting and washout analysis
to test whether CD86 expression affect cell growth. After a 3-day T-3775440 treatment, cells were
sorted according to CD86 expression levels and cultured without T-3775440 (Figs. 4A and B).
Cell population expressing moderate or high levels of CD86 grew more slowly than did cells
expressing low levels of CD86 (Fig. 4B). This growth suppression was sustained for up to 7 days
after compound removal, suggesting profound effects of transdifferentiation on TF-1a cell growth.
Because T-3775440 upregulated a substantial number of genes under the control of the myeloid
master regulator transcription factor SPI1 (Table 1), |1 knocked down SPI1 to further address
whether T-3775440-dependent transdifferentiation was associated with growth inhibition. In
control cells, T-3775440 treatment increased CD86, ITGAM, FCRLA and SPI1 expression and
decreased GYPA (encodes CD235a) and GATAL gene expression, whereas such T-3775440-
dependent increases or decreases in gene expression were attenuated in SPI11 knockdown cells
(Figs. 4C-H). Furthermore, SPI1 depletion partially rescued cells from T-3775440-mediated
apoptosis (Fig. 41) and growth suppression (Fig. 4J). These data suggest that T-3775440
suppresses AEL cell growth through a transdifferentiation-dependent mechanism in which SPI11-

regulated genes play at least some key roles.

T-3775440 treatment inhibits the association of LSD1 with GFI1B, and knockdown of
GFI1B or LSD1 phenocopies the anti-leukemic activity of T-3775440

To gain further insight into the molecular mechanism underlying T-3775440-mediated
growth suppression, | tested how this inhibitor affected protein complexes containing LSD1.
LSD1 is known to form complexes with the corepressor proteins COREST and GFI1B in GFI1B-
expressing cells [28]. As shown in Figure 5A, T-3775440 treatment disrupted the association of
LSD1 with GFI1B in a concentration-dependent manner, although the association of LSD1 with
CoREST was retained when immunoprecipitated by anti-LSD1 antibody. On the other hand, when
immunoprecipitated by anti-GFI1B antibody, T-3775440 treatment disrupted the association of
GFI1B with LSD1-CoREST complex. Because COREST is known to interact through LSD1 not
through GFI1B [39], it is reasonable to assume that T-3775440 disrupt GFI1B and LSD1-CoREST
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complex to induce terminal differentiation of leukemia cells. To evaluate whether the effect of T-
3775440 on AML cells was mediated through the disruption of this complex, | examined the
effects of sSiRNA-mediated knockdown of either LSD1 or GFI1B in TF-1a cells (Figs. 5B and C).
Single knockdown of either LSD1 or GFI1B led to increased CD86 expression and reduced GYPA
expression (Figs. 5D and E); however, the effects on cell proliferation were modest (Fig. 5G).
Because the LSD1-GFI1B complex represses the GFI1B promoter [40], LSD1 knockdown led to
an increase in GFI1B expression (Fig. 5C). Therefore, | speculated that dual gene knockdown
would more closely recapitulate the effect of T-3775440 and induce more robust effects on cell
differentiation and proliferation. Indeed, depletion of both LSD1 and GFI1B additively
augmented CD86 upregulation (Fig. 5D), induced nuclear segmentation (Fig. 5F), and
significantly reduced proliferative capacity relative to either single-siRNA treatment (Fig. 5G),
thus confirming the phenotypic interaction between transdifferentiation and growth suppression
in TF-1a cells. These results suggest that the effects of T-3775440 are mediated mainly through
the inhibition of GFI1B and LSD1-CoREST complex formation.

T-3775440 affects the later stages of hematopoiesis

The effect of T-3775440 on human erythroid and myeloid progenitor proliferation was
evaluated in MethoCult™ GF H84434 using bone marrow from three healthy volunteers. T-
3775440 had no significant observable effect on myeloid progenitor numbers (Figs. 6A-C). In
contrast, significant inhibition of erythroid progenitor proliferation was observed at ICsy values
ranging between 0.1 uM and 0.14 pM (Figs. 6D-F). These results suggest that T-3775440 exerts
more specific effects at the stages of erythroid progenitors, including CFU-E and BFU-E.

T-3775440 exerts tumor growth suppression in vivo mouse xenograft models of AML

I next conducted an in vivo efficacy study of T-3775440 using mouse subcutaneous
xenograft models of AML cell lines. Corroborating my in vitro observation, T-3775440
upregulated CD86 mRNA expression in tumor xenografts of HEL92.1.7 cells in a dose-dependent
manner following the oral administration of single doses ranging from 3 to 30 mg/kg (Fig. 7A).
To investigate the target engagement of this compound in tumors, | tested the expression levels
of P116, which is reported to be directly regulated by LSD1 in AML cells [41]. As expected, P116

expression was dramatically derepressed by T-3775440 treatment in vivo, which serves as a
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downstream marker for T-3775440 mediated LSD1 inhibition (Fig. 7B).

In a TF-1a (AEL) tumor xenograft model, T-3775440 exhibited significant antitumor
effects in a dose-dependent manner, with 15-day T/C values of 15.6% and <0% at doses of 20 and
40 mg/kg, respectively (Fig. 7C). T-3775440 also exhibited significantly potent antitumor effects
in an additional AEL model of HEL 92.1.7 and an AMKL model of CMK11-5 (Figs 7D and E),
leading to nearly complete tumor growth suppression during the dosing period. In accordance
with a previous report in which conditional LSD1 knockdown was tested in mice[30], I found
that in mice, T-3775440 treatment resulted in a transient reduction in platelets followed by a
significant rebound (Fig. 7F), which was considered a mechanism-based side effect of LSD1
inhibition. The mechanism by which LSD1 depletion causes a decrease in platelet production is
only incompletely understood, but the recruitment of LSD1 to chromatin by the transcription
factor GFI1B is essential for megakaryocyte maturation and platelet production [42]. On the other
hand, there was no obvious effect on red blood cell (RBC) counts following the single
administration, likely because of the longer half-lives of matured RBCs (Fig. 7G). On a dosing
schedule comprising 5 days on/2 days off, a statistically significant difference in body weight was
observed between vehicle- and T-3775440-treated tumor xenograft model mice at higher doses.
However, efficacious doses of T-3775440 were tolerated in all these AEL and AMKL
subcutaneous tumor xenograft models. These results demonstrate that T-3775440 possesses

profound anti-AEL and anti-AMKL activity in in vivo xenograft models, as well as in vitro models.
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Discussion

AEL and AMKL are rare subtypes of AML that account for approximately 3% and 1%
of adult AML cases, respectively [43, 44]. However, both subtypes are aggressive and refractory
to conventional therapies. Both subtypes have very poor prognosis, with reported median survival
durations of 36 and 23 weeks for AEL and AMKL patients, respectively [45, 46]. In addition, no
recurrent cytogenetic abnormalities are specific to these diseases, and therefore it is challenging
to develop molecular-targeting therapeutics such as all-trans retinoic acid, which was discovered
for acute promyelocytic leukemias harboring the PML-RARA fusion [47, 48]. Therefore,
dissecting AEL and AMKL patients-specific molecular mechanism to develop novel therapeutics
that are different from conventional therapeutics with respect to the modes of action is urgently
needed for these AML subtypes.

Here, | found that T-3775440, a potent and selective inhibitor of LSD1, showed a
sensitivity of erythroid and megakaryocytic leukemic cell lines. This lineage selectivity clearly
distinguishes T-3775440 from conventional chemotherapeutics used for AML treatment, such as
cytarabine or anthracyclines. Based on analyses of morphological, gene expression and
immnunophenotyping changes, | demonstrated that T-3775440 treatment directed
erythroleukemia and megakaryoblastic leukemia cells towards transdifferentiation into
granulomonocytic lineage cells, as evidenced by nuclear segmentation and CD86 induction in
TF-1a cells. Of note, after compound treatment, cells that expressed higher levels of CD86
exhibited more severely impaired proliferation than did cells with lower levels of CD86,
suggesting a close linkage of transdifferentiation to cell growth inhibition by T-3775440.
Furthermore, knockdown of SPI1, which encodes the critical hematopoietic transcription factor
for myeloid differentiation PU.1, reversed not only T-377540-dependent transdifferentiation, but
also partially reversed the related growth suppression and apoptosis. These results also indicate
that the transdifferentiation plays a critical role in cell growth inhibition and apoptosis by T-
3775440 in these cells.

Furthermore, | found that T-3775440 disrupted the interaction between LSD1 and
GFI1B in AEL cells. GFI1B is a zinc finger protein that functions as a transcriptional repressor
and is essential for the generation of definitive erythroid and megakaryocytic lineages [49].
Saleque and colleagues described that the epigenetic regulation of hematopoietic differentiation

by GFI1B is dependent on the cofactors CoREST and LSD1 [28]. LSD1 and CoREST are
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recruited to the promoter regions of downstream target genes of GFI1B in a process mediated by
the interaction between the SNAG domain of GFI1B and LSD1, and inhibition of this process
perturbs erythroid and megakaryocytic differentiation [27]. Notably, GFI1B overexpression is
observed in erythroid and megakaryocytic leukemia [50]. These lines of evidence strongly suggest
that GFI1B and its interaction with LSD1 participate in the pharmacological effects of T-3775440
in AEL and AMKL. Indeed, analogous to my observations in T-3775440-treated cells, GFI1B
knockdown derepressed SPI1 target genes, including CD86, and cell growth suppression in TF-
l1a cells. In addition, double knockdown of GFI1B and LSD1 led to greater effects on CD86
induction and cell growth, compared with each single knockdown. These results support the
hypothesis that the effects of T-3775440 are mediated through a disrupted protein-protein
interaction of GFI1B and LSD1. Recently, GFI1B was reported to directly regulate SPI1 [51].
Indeed, T-3775440 resulted in the upregulation of SPI1 in AEL cells. Therefore, the LSD1-
GFI1B-SPI1 axis might be involved in T-3775440 mediated transdifferentiation and growth
suppression. Although the molecular mechanism by which T-3775440 affects the LSD1-GFI1B
interaction remains to be elucidated, it is assumed that T-3775440, a derivative of tranylcypromine
(TCP), covalently binds to FAD in a manner similar to other TCP analogous inhibitors [52] and
that the resultant FAD adduct might hinder the interaction between LSD1 and the SNAG domain
of GFI1B.

In recent years, several inhibitors of LSD1 have been generated with various scaffolds
and subjected to efficacy evaluation [32, 53, 54]. Among them, two LSD1 inhibitors, ORY-1001
and GSK2879552, have entered clinical trials for the treatment of patients with AML (EudraCT
Number: 2013-002447-29, ClinicalTrials.gov identifier: NCT02177812). Like T-3775440, both
inhibitors harbor a cyclopropylamine moiety that is responsible for the covalent interaction
between the inhibitor and FAD within the catalytic domain of LSD1 [53, 55]. GSK2879552 and
some other cyclopropylamine derivatives with LSD1 inhibitory activities have been reported to
suppress the growth of a diverse range of AML cell lines, irrespective of subtype, following a 6-
or 12-day treatment course [41, 55]. Similarly, | found that T-3775440 was more profoundly
efficacious and exhibited a broader anti-AML spectrum after prolonged treatment. However, |
also observed a characteristic rapid response to T-3775440 (with 3-day treatment) in GFI1B-
expressing AEL and AKML cell lines. The relatively quick effects of T-3775440 might also

underscore the significant impact of LSD1-GFI1B complex disruption and subsequent
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transdifferentiation in GFI1B-dependent AML cells. It would be highly interesting to investigate
the clinical efficacies of other cyclopropylamine derivatives, especially ORY-1001 and
GSK2879552 (currently under clinical trials), in patients with AEL and AKML.

During the course of my in vivo evaluation, | observed a considerable reduction in the
number of platelets in T-3775440-treated mice. This inhibitor effect on erythroid and
megakaryocytic progenitors could be related to the capacity of T3775440 to disrupt GFI1B-
containing transcriptional complexes. This observation is consistent with a previous report in
which conditional LSD1 knockdown in adult mice led to severe thrombocytopenia [29, 30]; a
colony forming cell (CFC) assay using normal human bone marrow cells revealed the selective
activity of T-3775440 at the stage from CFU-GEMM toward BFU-E, which was also consistent
with the previously reported effects of 2-PCPA on erythroid progenitor cells [31]. These results
suggest that during hematopoiesis, T-3775440 targets the common erythro-megakaryocytic
progenitor (MEP) population, which is known to express high levels of GFI1B [56]. Prominent
thrombocytopenia is likely due to the relatively short half-life of platelets, compared with red
blood cells. Importantly, the effect of T-3775440 on platelets was reversible and is expected to be
manageable by platelet transfusion in clinical settings.

Although numerous attempts have been made to identify novel oncogenic driver
mutations and possible mutation-related cancer vulnerabilities in AMLs, the available therapeutic
option and the number of actionable oncogenic drivers have still been limited. AEL and AMKL
have not been reported to possess such driver mutations and therefore remain as diseases with a
major unmet medical need. In this study, | revealed AEL and AMKL subtypes-specific regulatory
network driven by LSD1-GFI1B complex that are required for leukemogenesis using T-3775440,
a novel inhibitor of LSD1. Moreover, | found that this compound disrupted the LSD1-GFI1B
interaction, inducing transcriptional de-repression of downstream-target genes of GFI1B, leading
to cell transdifferentiation and consequent cell growth inhibition and/or apoptosis induction. My
findings provide a rationale for the testing of T-3775440 as a potential treatment with a novel
mechanism of action for AML, especially AEL and AMKL, and also suggest the possibility of
transdifferentiation induction as a novel therapeutic strategy to override the differentiation block

and self-renewal capability of AML.
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Table and Figures
TABLE 1. List of enriched pathways from commonly upregulated genes in both HEL92.1.7
and CMK11-5 cells by the treatment of T-3775440.

Biogroup Source P value

Immunoglobulin-like fold InterPro 6.70E-11
Immunoglobulin-like InterPro 7.40E-11
Cell periphery GO 1.50E-09
Immune response GO 2.00E-08
SPI1 binding site geneset 2 Broad MSigDB-Regulatory Motifs 6.90E-08
Single-organism process GO 1.00E-07
ETS2 binding site geneset 2 Broad MSigDB-Regulatory Motifs 1.20E-07
Immunoglobulin subtype InterPro 1.70E-07
Response to stress GO 9.30E-07
Immunoglobulin V-set InterPro 1.90E-06
Cellular response to stimulus GO 2.40E-06
SPI1 binding site geneset 1 Broad MSigDB-Regulatory Motifs 2.60E-06
SOX9 binding site geneset 1 Broad MSigDB-Regulatory Motifs 3.10E-06
Single organism signaling GO 3.90E-06
Leukocyte migration GO 4.10E-06
Response to bacterium GO 4.90E-06
ELF1 binding site geneset 1 Broad MSigDB-Regulatory Motifs 4.90E-06
ETV4 binding site geneset 1 Broad MSigDB-Regulatory Motifs 8.80E-06
Response to other organism GO 1.80E-05
FOXD1 binding site geneset 1 Broad MSigDB-Regulatory Motifs 1.70E-05
Regulation of immune response GO 2.70E-05
Response to wounding GO 2.80E-05
HMGAL binding site geneset 1 Broad MSigDB-Regulatory Motifs 2.90E-05
NFATNFATC binding site geneset 1 Broad MSigDB-Regulatory Motifs 3.60E-05
FOXF2 binding site geneset 3 Broad MSigDB-Regulatory Motifs 4.20E-05
Immunoglobulin protein family InterPro 4.40E-05
MYODL1 binding site geneset 4 Broad MSigDB-Regulatory Motifs 5.20E-05
Beta-microsemin protein InterPro 6.20E-05
Signaling receptor activity GO 9.80E-05
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Figure 2. T-3775440 leads to cell growth inhibition in acute myeloid leukemia cell lines.

(A) Chemical structure of T-3775440. (B) In vitro enzymatic activity and selectivity of T-3775440.
(C) In vitro proliferation assay of 27 leukemia cell lines. Cells were treated with T-3775440 for 3
days. Red bars indicate acute erythroleukemia cell lines, green bars indicate acute
megakaryoblastic leukemia cell lines, and blue bars indicate acute T cell lymphoblastic leukemia
cell lines. (D and E) acute erythroleukemia (AEL) TF-1a and CMK11-5 cells (D), and acute
megakaryoblastic leukemia (AMKL) HEL92.1.7 and MO7e cells (E) were treated with the
indicated concentration of T-3775440 for 24 or 48 hours. Treated cells were subsequently
harvested and lysed, and total lysates were prepared. Immunoblotting analyses were performed
to determine the expression levels of p27, cleaved PARP, and B-actin in the cell lysates. (F and G)
TF-la (F) and CMK11-5 (G) cells were treated with T-3775440 or DMSO control at
concentrations of 50 nM and 100 nM, respectively. Forty-eight hours later, cells were harvested,

and cell cycle profiles were analyzed using flow cytometry.
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Figure 3. Treatment with T-3775440 induced features of morphological differentiation in
cultured AML cells.

(A) TF-laand HEL92.1.7 cells were treated with T-3775440 for 72 hours. Representative images
of cytospin preparations are shown. (B, C) Gene set enrichment analysis plots demonstrate the
upregulation of monocytic gene signature genes (B) and downregulation of erythroid gene
signature genes (C) in HEL92.1.7 cells following T-3775440 treatment versus control treatment.
(D, E) A gene set enrichment analysis (GSEA) plot shows the upregulation of natural killer
signature genes (D) and monocytic signature genes (E) in CMK11-5 cells following treatment
with T-3775440 versus a control. (F) A GSEA plot illustrates downregulation of the
megakaryocytic signature genes in CMK11-5 cells following treatment with T-3775440 versus a
control. (G, H) TF-1a (upper) and HEL92.1.7 (lower) cells were treated with or without 100 nM
of T-3775440 for 72 hours, after which the expression 242 surface molecules were analyzed using
flow cytometry. Representative surface marker expression levels are described for CD86 (G) and
CD235a (H). (I-K) Cells were treated with DMSO or T-3775440 for 24 h. CD86 gene expression
changes were measured by qRT-PCR in TF-1a (1), HEL92.1.7 (J) and CMK11-5 cells (K). Values

represent the means of triplicate samples + standard deviations.
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Figure 4. Myeloid gene expression correlates with and is required for the growth
inhibitory activity of T-3775440.

(A, B) TF-1a cells were treated with T-3775440 for 72 hours. Cells were sorted based on CD86
expression intensity (A) and further cultivated without T-3775440. Proliferation rates were
measured at the indicated time points (B). DMSO indicates cells treated with DMSO only and
subsequently cultivated further. (C-H) SP11 was knocked down by siRNA treatment in TF-1a
cells, which were subsequently reseeded in the presence or absence of 100 nM T-3775440.
Twenty-four hours after treatment with the compound or vehicle control, cells were harvested
for RNA purification. Changes in CD86 (C), ITGAM (D), FCRLA (E), SPI1 (F), GYPA (G) and
GATAL (H) expression were measured by gRT-PCR. Values represent the means of triplicate
samples + standard deviations. Asterisks denote P <0.01 (**) and P <0.001 (***) as determined
by a Dunnett-type test. (1) Apoptosis induction in a dose-response manner was measured with
Caspase 3/7 Glo in TF-1a cells treated with T-3775440 for 24 hours. (J) Knockdown of SPI1
using siRNA-attenuated, T-3775440-induced growth inhibition in TF-1a cells.
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Figure 5. T-3775440 disrupts the LSD1-GFI1B-CoREST complex, and GFI1B knockdown
phenocopies T-3775440 treatment.

(A) TF-1a cells were incubated in the presence or absence of T-3775440. A chromatin fraction
was prepared, and GFI1B-containing complexes were immunoprecipitated. An immunoblotting
analysis was conducted for the indicated proteins. (B-E) TF-1la cells were treated with the
indicated siRNAs, and LSD1 (B), GFI1B (C), CD86 (D) and GYPA (F) expression levels were
measured by qRT-PCR after a 48-hour treatment. Values represent the mean of triplicate samples
* standard deviations (SDs). (F) TF-1a cells were treated with the indicated siRNAs, and cells
were harvested after a 72-hour treatment. Representative images of cytospin preparations are
shown. Cells were observed at 40x magnification using a light microscope. (G) The proliferation
rate was measured 6 days after treatment with T-3775440. The values represent means + SDs of

three independent experiments.
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Figure 6. Dose-response curves of the effects of T-3775440 on erythroid and myeloid
progenitor proliferation

The average colony counts per dish were obtained from cultures of each bone marrow lot (A and
D, BM856233002; B and E, BM070525B; C and F, BM070973A). (A-C) Myeloid progenitors:
CFU-GM. (D-F) Erythroid progenitors: CFU-E and BFU-E. Values are expressed as percentages
of the numbers of colonies in DMSO-treated controls. ICs values are also presented for D, E and

F.
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Figure 7. T-3775440 exhibited significant anti-leukemic effects in vivo.

(A, B) In vivo pharmacodynamics marker responses were analyzed by measuring mRNA
expression levels. CD86 (A) and P116 (B) expression levels were measured by qRT-PCR. The
values represent the means + standard deviations (SDs; n = 3). (C-F) In vivo anti-tumor efficacy
following once-daily oral T-3775440 treatment was evaluated in TF-1a (C), HEL92.1.7 (D), and
CMK-11-5 (E) tumors. The values represent the mean tumor volumes = SDs (n = 5). (F, G)
Peripheral platelet (F) and red blood cell (RBC) (G) counts in ICR mice were analyzed using a
Sysmex XT-1800i Automated Hematology Analyzer (Sysmex, Kobe, Japan) before and after a
single oral administration of T-3775440. *P < 0.05, ***P < 0.001 by Dunnett's multiple



AEL and AMKL cells

Me
N,

[ | H
Mo N HC!

T-3775440 © LsD1 SPI 1 @

GFI1B SPI1 target genes including CD86 1

< b

CMP ‘

1Y

CFU-Meg BFU-E CFU-GM
@ @ ¢
GFI1B/ GFI1B/ 7/ N\
L'fi’ , & |
@ Megakawocﬁle@Erythrocwe Granulocyte Monocyte
E‘"__;ﬂ F’Iatelet) ‘ : )
Inhibit LSD1-GFI1B complex CD861
®

Transdifferentiation

Antiproliferation and Apoptosis

Figure 8. Schematic representation of possible mechanism of action of T-3775440 in AEL
and AMKL cells

LSD1 inhibitor, T-3775440 1) disrupts the LSD1-GFI1B interaction, thus 2) inducing
transcriptional de-repression of downstream-target genes of GFI1B, and consequently, 3) lead
transdifferentiation from erythroid/megakaryocytic lineages into the granulomonocytic lineage,
4) eventually exhibits antiproliferative and proapoptotic activities against GFI1B-expressing

acute erythroleukemia (AEL) and acute megakaryoblastic leukemia (AMKL) cells.
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Chapter 2: Gene Signature—Based Approach Identified MEK1/2 as a Potential Target
Associated with Relapse After Anti-TNFa Treatment for Crohn’s Disease
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Abstract

Biologic anti-tumor necrosis factor alpha monoclonal antibodies (anti-TNFa. mAb),
such as infliximab and adalimumab, have transformed the treatment of immune-mediated
inflammatory conditions such as Crohn's disease (CD) and Ulcerative colitis (UC), collectively
known as inflammatory bowel disease (IBD), thereby rapidly becoming a mainstay of therapy.
However, over 50% patients of CD patients are estimated to undergo surgery during their lifetime
even with the therapy, and novel therapeutic options are needed. To dissect the general mechanism
of response to anti-TNFa therapy, | analyzed colonic gene expression data of CD patients at the
time of pre- and post-infliximab treatment therapy. | found that a series of gene expression
signature which is abnormally expressed in pre-treatment colon tissue remains unresolved even
after patients achieved clinical remission after treatment. Pathway enrichment analysis clearly
showed excessive growth state and suppressed terminal differentiation in post-infliximab
treatment CD colon whereas immune components are clearly resolved by infliximab therapy. |
took connectivity map (CMap) approach based on colon signature of CD patients to discover
novel therapeutic concept/target for untreatable mechanism of anti-TNFa. mAb therapy, and
found that mitogen-activated protein kinase (MAPK) pathway inhibitors (EGFR, RAF and MEK
inhibitors) were negatively correlated with reference signature match infliximab therapy
untreatable signature. In vitro transcriptome analysis demonstrated that a selective MEK1/2
inhibitor significantly normalized reference residual CD signature. In addition, validation study
using Caco-2, human colon epithelial cells, revealed that MEK1/2 inhibitor facilitated intestinal
epithelial differentiation and enhanced barrier function. Finally, administration of enteric
microparticles of MEK1/2 inhibitor significantly improved diarrhea and histological score of
colitis in murine colitis model. These findings suggested that abnormalities in CD colon are not
completely resolved by infliximab therapy even after achieving clinical remission, and MEK1/2
would be a potential target for CD patients to address the untreatable mechanism of anti-TNFo

mADb therapy, which may lead to sustainable remission.
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Introduction

Crohn's disease (CD) is a chronic and progressive inflammatory disease of the
gastrointestinal tract [57]. The management of CD has evolved dramatically over the last decade
with the emergence of biological therapies. Infliximab, an anti-tumor necrosis factor alpha
monoclonal antibody (anti-TNFo. mADb), is effective in managing the symptoms of CD and
induces remission even in patients not responding to conventional treatment including
mesalamine, antibiotics, corticosteroids, and immunomodulators [58, 59]. Despite these advances,
still over 50% of CD patients are estimated to undergo recurrence surgery during their lifetime
due to stricturing and penetrating complications [60, 61]. Furthermore, the meta-analysis study
showed that the risk of relapse remained significant in CD patients when discontinuation of anti-
TNFa treatment was based on clinical and endoscopic remission [62]. Therefore, treatments that
achieve sustainable remission in CD are needed.

While it is largely unknown what etiology is involved in the disease, recent genetic
advances have revealed that CD is presumably driven by both immune and non-immune
pathophysiology [63]. However, most conventional CD therapies currently target only the
immune components [64]. Recently, the so-called "deep remission™ defined as complete mucosal
healing has become the ultimate endpoint of the therapeutic advances for CD [65]. Therefore,
there is a great promise in new therapeutic approaches that integrate both immune and non-
immune pathophysiological components and potentially induce greater and sustainable deep
remission as a single agent or in combination with established immunosuppressants. A previous
report has demonstrated that loss of barrier function identified by confocal laser endomicroscopy
would be a sensitive predictor of relapse of inflammatory bowel disease (IBD) patients in
remission states [66]. It has also been reported that the histology of CD patient’s ileum in
remission with anti-TNFa therapy showed complete clearance of inflammation and immune cell
infiltration, whereas crypt architecture remained disturbed [67]. Based on these evidences, |
hypothesized that there may be some structural and functional abnormalities in patients who
achieve clinical remission after anti-TNFa therapy that might predispose to recurrence.

Integrating disease analysis into drug discovery based on molecular states is critical to
find effective therapeutics for complex diseases. At the mRNA level, gene expression signature
has been used in a wide range of disease characterization, drug discovery process, or as a

pharmacodynamic marker with the dose-dependent cellular response [68]. Recent advances in
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methods for gathering and analyzing transcriptome data across many technology platforms serve
as the groundwork for enabling data-driven drug discovery [69]. Connectivity map (CMap) has
recently been applied for the repurposing of drugs [70]. The approach is to look for inverse drug-
disease relationships by comparing disease molecular features with drug molecular features.
Notably, Cheng J et al. [71] reported a systematic approach to quantitatively evaluate CMap
methodology and showed that it can significantly enrich true positive drug-indication pairs using
an effective matching algorithm. Thus, analyzing clinically relevant molecular signatures allowed
me to identify potential therapeutic targets as well as to understand the etiology of complex
diseases.

In this study, | focused on mucosal gene signatures before and after first infliximab
therapy on CD patients [72] and found that a series of gene signature remained unresolved even
after patients achieved clinical remission with the therapy. Analysis of the gene signhature provided
me not only insights into non-immune abnormalities but also a rational strategy to address this
mechanism. By using a systematic computational approach, | predicted therapeutic benefit of
inhibition of MAPK pathway. | demonstrated that both treating CD and preventing the disease
recurrence would be deliverable by a selective MEK1/2 inhibitor. My results suggested that
targeting MEK is a novel strategy that could induce a sustainable remission via normalizing
molecular alterations to baseline, which in part, leads to the promotion of reconstitution of

intestinal epithelium.

43



Materials & Methods

Microarray data and differential gene expression analysis

In order to reanalyze publicly available transcriptome data from Arijs | et al. [72], | obtained the
gene expression data set GSE16879 from GEO, the NCBI Gene Expression Omnibus, which was
run on the Affymetrix platform Human Genome U133 Plus 2.0. In this study, mucosal gene
expression profiles were obtained from the colonic biopsies of 19 CD patients and 24 UC patients,
refractory to corticosteroids and/or immunosuppression, before and 4 - 6 weeks after their first
infliximab infusion and from 6 healthy controls. The response to infliximab was defined as
mucosal healing with a decrease of at least 3 points on the histological score for CD [73], and as
a decrease to a Mayo endoscopic subscore of 0 or 1 with a decrease to grade 0 or 1 on the
histological score for UC [74, 75]. Probe set expression values were estimated with the frozen
RMA algorithm using R/Bioconductor, the frma package, and their presence call was calculated
with the MASS5 algorithm using R/Bioconductor, the affyPLM package. Probes that were called
absent in > 90% samples were filtered out. Lastly, less variable probes whose interquartile ranges
were in the bottom 10% of all probes were filtered out. Identification of differentially expressed
genes (DEGs) was conducted based on the empirical Bayes method using R/Bioconductor, the

limma package. Human crypt signature generated from GSE6894 [76] was downloaded from

Nextbio database (http://www.nextbio.com/). For statistical test, paired t-test was performed to
detect the DEGs with an adjusted P value < 0.05, absolute fold change > 1.2 in the Nextbio
platform. Mouse crypt signature was obtained from GSE27605 on GEO datasets [77], which was
run on the Affymetrix-platform Mouse Genome 430 2.0 Array. Data processing and statistical
analysis were performed applying the same methods as GSE16879.

Principal component analysis

Principal component analysis (PCA) was performed by "prcomp” function of the R/CRAN stats
package. To determine whether the patient groups were significantly different from healthy group,
Dunnett’s tests were conducted to examine the patient vs. healthy control in PC1 by "SimTestDiff"
function of RFCRAN SimComp package. Visualization of scatter plot and boxplot was done using
R/CRAN ggplot2 package.

Pathway enrichment analysis

The extracted genes were evaluated in a pathway enrichment analysis on NextBio using the Gene

Ontology (GO) database.
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Hierarchical clustering and Heatmap visualization
Clustering using cosine distance and Ward linkage method was performed by "Heatmap" function
of the ComplexHeatmap package which is available on R/Bioconductor.
For calculation of Enrichment Scores (ES), the association of DEGs and a gene set (Signature)
was assessed with a contingency table and the P value was calculated using Fisher's exact test.
Then all the P values are transformed by a formula (-Log1O(P value)) into ES calculated as
follows:

ES = (-Log10(P1)) + (-Log10(P2)) — (-Log10(N1)) — (-Log10(N2))
P1 and P2 mean positive correlation between DEGs and Signature, both Log FC of DEGs and
Signature, Log FC > 0 or < 0. N1 and N2 means negative correlation between DEGs and Signature,
DEGs Log FC > 0 and Signature Log FC < 0, or DEGs Log FC > 0 and Signature Log FC < 0.
Computational prediction
I modified the CMap database build 02 [70] by integrating it with the drug signatures obtained
from internal microarray transcriptome data (data source is shown as "Internal”) to compute
Enrichment Scores of gene set against drugs. For microarray analysis, total RNAs were extracted
using the RNeasy Miniprep kit (Qiagen, Valencia, CA, USA) according to the manufacturer's
protocol. Preparation of cDNAs and cRNAs, hybridization, and microarray scanning were
performed according to the manufacturer's protocols (Affymetrix Inc., Santa Clara, CA, USA).
Biotinylated cRNAs were hybridized to Affymetrix Human Genome U133A Array or U133 Plus
2.0 Array. The data were analyzed with Microarray Suite version 5.0 (MAS5) using Affymetrix
default analysis settings and global scaling as normalization method. A list of negative permuted
Enrichment Scores associated with each of the small molecules in the CMap and internal dataset
as calculated by Kolmogorov-Smirnov statistics was generated against signatures of anti-TNFa.
therapy-untreatable genes (TUGs) and anti-TNFo therapy-treatable genes (TTGs). For
computational prediction, TUG and TTG signatures are extracted from GSE16879 as per the
following criteria: significant value referred to false discovery rate (FDR) adjusted P value < 0.05
and absolute fold change > 1.2, and not significant value referred to FDR adjusted P value > 0.05.
Cell culture and reagent
Human colorectal cancer cell lines LoVo and Caco-2 cells were obtained from ATCC (Manassas,
VA, USA). LoVo cells were grown in F-12K with 10% FBS, and Caco-2 cells were grown in
Dulbecco's modified Eagle's medium (DMEM) with 10% FBS. Both cells were maintained in a
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humidified incubator at 37 °C and 5% CO,. Compound A was synthesized at laboratories in
Takeda California as a selective and potent MEK allosteric site inhibitor (ICso of 38 nM against
purified MEK1) which was orally bioavailable and efficacious in tumor xenograft models as
previously reported [78]. PD0325901 was obtained from SelleckChem (Houston, TX, USA),
Gemcitabine (GEMZAR®) was obtained from Eli Lilly (Indianapolis, IN, USA) and Bicalutamide
(Casodex® tablets) was obtained from AstraZeneca (London, UK).

Amplicon sequencing and DEG analysis

AmpliSeq™ human-transcriptome libraries were constructed and sequenced in technical
triplicates using the lon Proton™ platform (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Briefly, 10 ng of total RNA was reverse transcribed
using the SuperScript® VILO™ c¢DNA Synthesis Kit (Thermo Fisher Scientific) followed by
library generation using the lon AmpliSeq™ Transcriptome Human Gene Expression Kit.
Libraries were diluted to 100 pM and pooled equally, with 18 individual samples per pool. The
pooled libraries were multiplexed and clonally amplified by using the lon OneTouch 2 System,
and then sequenced on lon PI™ chips using an lon Proton™ sequencing system. Data were first
analyzed by Torrent Suite and ampliSegRNA analysis plugin to generate count data. Read count
normalization was performed using voom method, and the extraction of DEGs was conducted
based on the empirical Bayes method using R/Bioconductor, the limma package.

pPERK inhibition assay

Total and p-ERK1/2 contents were measured using an ERK1/2 (pT202/Y204 + Total) ELISA Kit
(ab176660, Abcam, Cambridge, UK) following the manufacturer's protocol. LoVo cells (5 x 10%)
were incubated in 96-well plate treated with Compound A at indicated concentrations for 1 hour.
The cells were then washed with PBS and lysed in lysis buffer. Standards for ERK1/2 and p-
ERK1/2 were run simultaneously in parallel. Samples were incubated in antibody solution for 1
hour with gentle shaking at room temperature. After washing, TMB substrate was added to each
well and incubated for 15 minutes. Optical density was recorded at 450 nm using a plate reader.
Transepithelial electrical resistance assay

To measure the effects of Compound A on the Caco-2 monolayer barrier function, Caco-2 cells
were seeded at 1 x 10° cells/ml on 24 well Transwell inserts with 0.45 pum pore size (Corning
Costar, USA). After 1 day of cell culture, the cells were treated with Compound A at indicated

concentrations and cultured for 7 days. Culture medium with Compound A was changed every 2
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- 3 days. To assess the integrity of the monolayer, transepithelial electrical resistance (TEER) was
monitored by measuring the transmembrane resistance using an epithelial voltohmmeter
EVOM2™ (LMS). The TEER value was corrected for surface area and expressed as Ohms cm?,
Caco-2 differentiation assay

Cells were plated in a 96 well plate at the density of 1.6 x 10* cells/well. 1 day after plating, the
cells were treated with compounds and allowed to grow at confluence. The entire time course was
performed twice, and total RNA from cells were obtained at 1, 3 and 6 days from plating. The
APOAL and LGR5 mRNA expression levels at day 3 and 6 relative to GAPDH mRNA level at
day 1 were measured by RT-PCR.

Quantitative RT-PCR analysis

Total RNA was isolated from cells and purified using RNeasy 96 kit (Qiagen, Valencia, CA, USA).
Quantitative real-time PCR analysis was performed on an Applied Biosystems 7900HT Fast Real
Time PCR System (Applied Biosystems, Foster City, CA, USA), using QuantiTect Probe RT-PCR
Kit (Qiagen) with TagMan probes against the target genes (Applied Biosystems). Data were
analyzed according to the 2722t method and normalized relative to the amount of GAPDH mRNA.
The normalized abundances of target mMRNAS were expressed relative to the corresponding values
for cells treated with DMSO. The following TagMan probes were used: GAPDH (4310884E),
APOAL (Hs00163641_m1), and LGR5 (Hs00969422_m1).

Preparation of enteric Compound A microparticles (MPs)

Microparticles (MPs) were fabricated using oil-in-oil emulsion solvent evaporation method [79,
80]. 0.25 g of Compound A and 1.5 g of polymer mixture of Eudragit S100 and Eudragit RS (1:2
(w/w)) were suspended in 15 mL of ethanol and acetone mixture (1:1). The solution was
emulsified into 83 g of liquid paraffin containing sorbitan sesquioleate (Span 83) (1%, w/w) as a
dispersing agent. The stirring speed was set at 1,000 rpm using a magnetic stirrer. After an over-
night stirring, solidified enteric Compound A MPs were collected by centrifugation (1,000 rpm,
3 min) and washed three times with 50 ml of n-hexane and dried at room temperature. The drug
concentration was determined by HPLC at a wavelength of 285 nm.

Animals

Studies were performed in accordance with the standards for humane care, and treatment of
research animal was approved by Institutional Animal Care and Use Committee (IACUC) in

Takeda Pharmaceutical Company, Ltd (Approval No. 10797). Female BALB/c mice (7 weeks of
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age) and C.B-17/lIcr-scid/scid mice (SCID, 7 weeks of age) were purchased from Charles River
Japan and CLEA Japan, respectively. They were housed in plastic cages with free access to food
and water. All animals were kept under constant temperature (23 + 3°C) and humidity (55 + 15%)
conditions with a 12 hours light/dark cycle.

Activated T cell transfer colitis model

Total lymphoid cells were recovered from splenocytes of BALB/c mice by lympholyte-M
(Cedarlane Lab., Ontario, Canada). Then, the cell suspension was treated with HLB solution
(IBL) for hemolysis. Total lymphoid cells (2 x 10° cells/mL) were cultured in RPMI-1640
(WAKO, Japan) supplemented with 10% FBS (Gibco Life Technologies), Concanavalin A (4
pg/mL), and recombinant human IL-2 (10 ng/mL, R&D systems, Minneapolis, MN, USA) for 3
days. After the incubation, CD4" T cells were isolated by MACS separation systems with CD4
(L3T4) MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Activated CD4" T cells (2
x 10° cells) from BALB/c mice were intravenously injected into SCID mice (day 0). At day 17,
diarrhea score for stool consistency was graded on a scale of 1 -4 (1, normal: 2, pasty and formed:
3, pasty and unformed: 4, diarrhea).

Therapeutic treatment of enteric Compound A MPs and anti-TNFa mAb in the
experimental colitis

A total of 35 mice graded for 2 and 3 were equally divided into 5 groups as follows: vehicle
control, enteric Compound A MPs at 0.3 mg/kg and at 1 mg/kg, isotype mAb (HRPN; Bio X Cell)
and anti-TNFa mADb (XT3.11; Bio X Cell, West Lebanon, NH, USA). Enteric Compound A MPs
were suspended in 0.5% methylcellulose (WAKO) and orally administered once a day from day
17 to 27. Isotype mAb and anti-TNFa. mAb were intraperitoneally injected every 4 days from day
17 at 0.1 mg/mouse, based on preliminary studies in which maximum efficacy of anti-TNFa
treatment was observed at 0.1 mg/mouse. At day 27, diarrhea score for stool consistency was
graded on a scale of 1 - 4. Colon of each mouse was surgically removed, rinsed with saline, and
the weight was measured at day 28.

Pharmacokinetic studies

Pharmacokinetic studies were performed using female C57BL/6J mice and activated T cell
transfer colitis mice after oral administration of enteric Compound A MPs at a dose of 1 mg/kg.
Quantification of drug concentration by LC-MS/MS: Aliquots 5 pL of the plasma or 30 pL of the

colon homogenate were mixed with acetonitrile containing the internal standards. The mixtures
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were centrifuged at 4,283 x g and 4°C for 5 min. The supernatants were diluted with solvents for
LC-MS/MS. The diluted solutions (5 or 7 uL) were injected into an LC-MS/MS instrument
(API5000 or QTRAP5500, AB Sciex, Framingham, MA, USA) equipped with Shimadzu Shim-
pack XR-ODS (2.2 um, 2.0 x 30 mm) maintained at 50°C. Mobile phase condition consisted of
10 mM ammonium formate/formic acid (100/0.2, v/v) (mobile phase A) and acetonitrile/formic
acid (100/0.2, v/v) (mobile phase B). The chromatographic separation was performed with a
gradient elution at a flow rate of 0.7 mL/min. Mobile phase B was held at 5% for 0.2 min, and
increased linearly to 99% for 1.1 min. After mobile phase B was held at 99% for another 0.7 min,
it was brought back to 5% for mobile phase B followed by re-equilibration for 0.6 min. The total
cycle time for one injection was 2.6 min. Compounds were detected using a multiple reaction
monitoring mode. Analyst software TM (version 1.6.2, AB Sciex) was used for data acquisition
and processing.

Histopathological analysis

After euthanasia, the colon was collected from just below the cecum to the rectal site from each
mouse and the lumen was washed with PBS. The distal part of the colon was placed in 4 vol%
neutral buffered formalin for 24 hours, which was replaced with PBS. All tissues were embedded
in paraffin, sectioned in a cross-sectional manner and stained with hematoxylin and eosin (H&E)
stain. Histopathological evaluation was performed independently by two pathologists using
scoring criteria (Table 2). The score of colitis from the distal section was calculated by combining
the scores of all two findings (maximum score: 8) for each animal.

In vivo intestinal permeability assay

All mice were gavaged with FITC-dextran (40 mg/100g body weight, MW 4,000; Sigma-Aldrich,
St Louis, MO, USA) 4 h before sacrifice. Whole blood was collected by cardiac puncture and
plasma was fractionated from the collected blood samples via centrifugation at 5,000xg for 10
min at 4°C. Fluorescence intensity in plasma was analyzed using a plate reader (excitation, 485
nm; emission, 535 nm). The concentration of FITC-dextran was determined from FITC-dextran
standard curve generated by serial dilution. Permeability was calculated by linear regression of
sample fluorescence.

Statistical analysis of in vivo data

Values were expressed as the mean = SEM. To evaluate the data, either Student’s t-test or the

Wilcoxon test was performed for comparisons between two groups. P value < 0.05 was considered
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as the level of significance. For comparisons of mean values among the three groups, one-tailed
Williams test or Shirley-Williams test was used, and P value < 0.025 was considered significant.
All data were analyzed using The SAS System for Windows (Release 9.3, SAS Institute Inc., Cary,
NC, USA).

RNA sequencing of mouse colon and differential gene expression analysis

The distal part of the colon was stored in RNAlater (Qiagen) at 4°C. Total RNA was prepared
using Isogen Il (Nippongene, Japan) and further purified by the aid of RNeasy Mini Kit column
(Qiagen) and DNasel (Qiagen) to avoid genomic DNA contamination, according to the
manufacturer's instructions. PolyA-RNA was isolated from 2 pg of total RNA using the
Dynabeads mRNA Direct Purification Kit (Thermo Fisher Scientific). The polyA-RNA was then
processed for library preparation following standard procedures for lon Proton™ sequencing using
the lon Total RNA-Seq Kit v2 (#4476286, Thermo Fisher Scientific). Libraries were sequenced
as barcoded-pooled samples on lon PI™ chips using an lon Proton™ sequencing system.
Normalization and DEG analysis were performed applying the same methods as amplicon
sequencing.

Data availability

Raw sequence data of my study are deposited in the Gene Expression Omnibus database

(http://www.ncbi.nlm.nih.gov/geo/). The Ampli-seq data of LoVo cell line have been deposited
under accession number GSE108050, and the RNA-seq data of murine colitis model have been

deposited under accession number GSE108052.
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Results
Mucosal abnormal gene expression remains even after achieving clinical remission with
infliximab treatment

To compare the mucosal transcriptional profiles between IBD patients and healthy
controls, | analyzed publicly available Leuven cohort (GSE16879) in which data were obtained
from control and CD patients at the time of pre- and post-infliximab treatment [72]. A clear
differentiation among the samples, depending on their disease activity, was observed when
applying PCA using the given Log2 microarray expression data (Fig. 9A). In case of CD patients,
9,872 gene expressions were found to be statistically different from those in healthy controls
(Table 3). Importantly, transcriptome data of post-therapy samples from responders was clustered
together and significantly away from the healthy controls (Fig. 9A). These results suggest that the
CD intestinal mucosa in responder is molecularly different from that of healthy controls in terms
of gene expression.

Indeed, I identified a set of 3,545 genes whose expression in CD patients with remission
is significantly different from healthy controls (Table 3). I designated this residual genomic
expression that did not return to healthy controls as anti-TNFo therapy-untreatable genes (TUGS).
On the other hand, | also identified a set of 2,061 genes whose expression was differently
expressed from healthy controls before treatment and normalized to healthy controls in post-
treatment (Table 3). | designated these recovered genes as anti-TNFa therapy-treatable genes
(TTGs). To examine which tissue type is potentially responsible for TUGs and TTGs gene
expression of CD patients, | compared the expression levels of TUGs and TTGs using the RNA
sequence-based Nextbio body atlas application. The application allows the aggregated analysis of
gene expression across >50 normal tissues of the human body system [81]. | found that TUGs
were highly expressed in the lower gastrointestinal tract while TTGs were highly expressed in
immune systems such as spleen and whole blood cells (Fig. 9B).

Next, | performed pathway enrichment analysis of TUGs and TTGs on NextBio using
the Gene Ontology database. The results showed that TUGs were enriched in genes associated
with cell cycle pathways while TTGs were enriched in inflammation and immune pathways (Fig.
9C). These results suggested that abnormal growth state in intestinal epithelial cells (IECSs)
persisted after achieving remission in CD colonic mucosa, whereas inflammation and immune

reactions were largely resolved by infliximab therapy. To investigate whether TUGs of CD
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patients represent dysregulated proliferation/differentiation properties in IECs, | analyzed the
association between each crypt cell gene expression signature and TUGs [76]. Of interest, TUGs
showed significant positive correlation with intestinal stem cells (EphB2"9") vs. differentiating
cells (EphB2"°%) immature signature, thereby, demonstrating imbalance of self-renewal and
differentiation of IECs that persists after clinical remission by anti-TNFa therapy (Fig. 10E).
These results indicate that structural and functional abnormalities may be due to unregulated self-

renewal and differentiation of IECs in CD patients in remission state.

In silico screening identifies MAPK pathway inhibitors as potential drugs targeting CD

Given that TUGs remained unresolved in remission state, | hypothesized that
normalization of residual TUGs to healthy control could be effective in preventing recurrence of
CD through correction of imbalance of IECs proliferation and differentiation. To find novel
therapeutic concept/target, | performed in silico screening strategy to modulate TUG signature. |
used the CMap system, a systematic computational approach for drug repositioning, which is
based on the integration of public gene expression signatures of drugs and diseases [82]. For in
silico screening, | modified CMap database [70] by integrating with the drug signatures obtained
from internal transcriptome data with the aim of investigating drug repositioning opportunities of
internal compounds for CD treatment. For this computational prediction, | extracted TUGs and
TTGs for CD by applying FDR that adjusts the P value to account for multiple hypothesis testing.
It is to obtain more robust signature and to safeguard the findings of DEGs against too many false
positives creeping in. As | could identify optimal number of TUGs for CD by filtering with the
criteria, | inputted extracted signatures of CD patients and statistically compared to each of the
reference drug expression signature from the system. As a result, | observed that MAPK pathway
inhibitors (EGFR, Raf and MEK inhibitors) were enriched and had strong negative scores with
both TUGs and TTGs (Table 4). Indeed, the expression of MEK signature genes (e.g. DUSP4/6,
PHLDAL, SPRY2, ETVS5, etc.), which has been reported previously [83], were up-regulated even
in responders to infliximab treatment in CD (Fig. 10B, left). This indicates that MAPK pathway,
especially MEK, is strongly activated in CD patients even in remission state. To further
investigate whether MAPK pathway is involved in the regulation of TUGs, | used Compound A
[78] (Fig. 10A), a highly selective allosteric site binder of MEK1/2, among inhibitors of Raf-
MEK-ERK pathway for experimental validation.
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MEKZ1/2 inhibitor normalizes reference CD signhature in vitro

To examine whether Compound A modulates TUGs and TTGs expression in vitro, |
used Compound A-treated LoVo, a human colorectal cancer cell line, to compare the
transcriptomes with DMSO control. | first looked at the expression of MEK signature genes and
confirmed that most of these genes were down-regulated in response to Compound A treatment
(Fig. 10B, right). Importantly, TUGs showed a significant negative correlation with DEGs
between Compound A-treated and DMSO-treated cells in a dose-dependent manner (Figs. 10C
and D). This reversible effect against TUGs was almost equivalent to the value for
pharmacodynamic inhibitory effect against ERK1/2 phosphorylation in LoVo cells (Fig. 10D).
On the other hand, negative correlation rate between TTGs and the DEGs was lower than that of
TUGs (Fig. 10D). Moreover, a significant negative correlation was observed between human
EphB2"s" vs, EphB2'°" immature crypt signature and the DEGs in a dose-dependent manner while
TUGs was significantly positively correlated (Fig. 10E). My important finding from this
transcriptome analysis is that MEK inhibitor significantly induced an opposite effect on the TUG
signature, and the result also provided an important insight into the effect of MEK inhibitor on

pathophysiological function on IECs.

MEKZ1/2 inhibitor promotes in vitro Caco-2 cell differentiation and barrier function

Next, | investigated whether TUG modulation by Compound A has a significant effect
on pathophysiological function of intestinal permeability resembling enterocytes. Caco-2, a
human colorectal cancer cell line, was reported to acquire “matureness” such as tight junction
assembly and cell-cell adhesion initiated polarization during 21 days in culture, and the regulation
of transcription underlying Caco-2 cell polarization is similar to that of in vivo enterocyte
differentiation [84]. First, | evaluated the effect of Compound A on transepithelial electrical
resistance (TEER) assay, which is commonly used to assess the barrier function of IECs. As
shown in Fig. 11A, Compound A exhibits a significant increase in TEER over a Caco-2 monolayer
in a dose-dependent manner. Next, | examined the expression of apolipoprotein A-1 (APOAL) and
leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5), which are enterocyte and
stem cell markers, respectively. Consistent with the results in TEER measurement, Compound A

treatment increased the expression of APOAL and decreased the expression of LGR5 (Figs. 11B
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and C). These results indicate that inhibition of MEK enhances IECs differentiation and

maturation as well as epithelial barrier function.

MEKZ1/2 inhibitor shows significant therapeutic effect on histology and diarrhea in
activated T cell transfer colitis model

To determine whether my in silico target prediction model would be translated into
therapeutic efficacy in vivo, | performed efficacy study using Compound A by means of an
activated T cell transfer colitis model [85]. The adoptive transfer of activated CD4* T cell to SCID
mice promoted diarrhea within 2 - 3 weeks, and histological changes correlated well with the
disease parameters of colitis such as colon weight gain, stool consistency score and the increase
in the colonic inflammatory cytokines. Although highly selective and potent oral MEK inhibitors
have been developed and assessed in numerous clinical studies for cancer treatment, a number of
mechanism-based toxicities have emerged [86]. In particular, acneiform dermatitis, a serious skin
rash, is a frequent side effect of MEK inhibitors including Compound A. Thus, to minimize
systemic exposure leading to systemic toxicities, | developed colon specific drug delivery system
for Compound A by conducting several formulation approaches. This also aims to enhance local
therapeutic efficacy [87]. Importantly, Compound A has superior characteristics for design colon
targeted formulation such as higher solubility and lower permeability which can limit systemic
absorption to prevent drug distribution into normal tissues despite its long-term retention in the
colon, compared to other MEK inhibitors (e.g. trametinib, selumetinib and binimetinib). Based
on a preliminary pharmacokinetic study using C57BL/6J normal mice, the area under the plasma
concentration time curve (AUC) of Compound A MPs decreased 97.32% as compared to the
suspensions, whereas the concentrations in colon of both groups were almost the same level. This
demonstrated that the amount of Compound A absorbed into plasma was obviously decreased
when encapsulated in the enteric MPs, thus reducing the side effects caused by systemic
absorption. Moreover, in vivo colonic pharmacodynamics study using enteric Compound A MPs
in LPS-treated mice demonstrated that the level of colon AUC.24n (1206.6 ng- h/g) showed target
engagement defined as pERK inhibition at the dose level where plasma AUCo.2s1 (7.2 ng-h/ml)
was within safe range. Likewise, in colitis mice, Compound A MPs showed safe systemic
exposure at the dose levels where therapeutic effect was observed in spite of repeated dosing.

Further, since the colon AUC level was also almost the same as LPS-treated normal mice that was
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enough to inhibit MEK enzymatic function, | concluded that enteric Compound A MPs were
efficiently delivered to colon.

When enteric Compound A MPs were orally administrated therapeutically at the dose
of 0.3 and 1 mg/kg, g.d., diarrhea score and the increase in colon weight were significantly
inhibited compared to vehicle treatment (Figs. 12A and B). On the other hand, only a partial
inhibition of diarrhea score and colon weight gain was observed in the mice treated with anti-
TNFa mAb at the dose of 0.1 mg/mouse compared to isotype control treatment (Figs. 12A and
B). Importantly, enteric Compound A MPs substantially ameliorated extensive injury of the colon
mucosal layer, which was observed in the vehicle mice with histopathological analysis (Fig. 12C).
Quantitative evaluation demonstrated that histology score of colitis was significantly reduced
with mucosal regeneration (Fig. 12D and Table 5). Also, immune cell infiltration was reduced in
mice treated with Compound A at the dose of 1 mg/kg compared to vehicle control group
significantly (Table 5). On the other hand, histology score of colitis was not significantly reduced
in the mice treated with anti-TNFa. mAb compared to isotype control treatment. | also performed
in vivo permeability assay using a fluorescein isothiocyanate (FITC)-labeled dextran method. This
experiment revealed that activated T cell transfer colitis model mice receiving oral treatment with
Compound A had tended to decrease intestinal permeability compared with untreated colitis mice
(0.3 mg/kg and 1 mg/kg vs. vehicle control; 72.2% and 75.0%, P value = 0.055, 0.049 by one-
tailed Shirley-Williams test, respectively), whereas treatment of anti-TNFo mAb had no effect on
it (vs. isotype control; 133.0%, not significant). Together, these data provided an in vivo evidence
that enteric Compound A MPs exhibit therapeutic efficacy and improve the histological changes

in the colitis model.

MEKZ1/2 inhibitor-treated colitis mice down-regulates gene expression that associates with
both dysregulated growth in IECs and pro-inflammatory response in immune cells

To compare transcriptome differences between Compound A-treated and anti-TNFa.
mAb-treated colitis mice, | examined the global gene expression profile by RNA-sequencing. The
Venn diagram summarizes the overlapping transcripts detected in each sample (Fig. 13A). As a
result, 5,157 genes were identified as DEGs of Compound A, which was subsequently compared
with colitis signature (vehicle vs. normal mice). Of interest, 46.1% of Compound A regulated

genes were negatively correlated with colitis signature, whereas only 11.1% of anti-TNFo mAb
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DEGs (1,668 genes) were negatively correlated with it, which reflects the superior efficacy of
Compound A to anti-TNFa mAb (Fig. 13C). | hypothesized that the dynamic molecular and
signaling changes might occur specifically in activated T cell transfer colitis model treated with
Compound A. To obtain new insights, | conducted a tissue-type enrichment analysis using mouse
Body Atlas database of each Compound A specific, anti-TNFo mAb specific and common DEGs
between Compound A and anti-TNFo. mAb. | found nearly four-fifth of Compound A DEGs,
which were different from anti-TNFo. mAb DEGs that were significantly enriched in the lower
gastrointestinal tract. In contrast, immune systems such as bone marrow, mesenteric lymph node
and spleen were enriched in common DEGs (Fig. 13D). Pathway enrichment analysis was also
performed for each DEGs. The results demonstrated that genes associated with cell-cycle and
DNA replication were significantly down-regulated in Compound A specifically treatable genes
(Fig. 13E). On the other hand, common DEGs between Compound A and anti-TNFo. mAb
showed significantly positive correlation (Fig. 13B). The pathway analysis of common signature
revealed that inflammation and immune pathways were significantly down-regulated (Fig. 13E).
These results indicate that Compound A can attenuate abnormal growth state in colonic mucosa
by targeting IECs as well as exhibit anti-inflammatory effect by targeting immune cells. Moreover,
compared to mouse crypt gene expression, colitis signature was significantly positively correlated
with mouse immature signature, which was extracted from publicly available mouse EphB2"d"
vs. EphB2"°" transcriptome data [77] (Fig. 13F). Interestingly, the immature signature was
significantly negatively correlated with DEGs of Compound A (ES: -163) while negative
correlation with anti-TNFa. mAb DEGs was not so significant (ES: -5.4). These results suggest
that Compound A could restitute of dysregulated IECs more effectively than anti-TNFa mAb.
These findings corroborated the expected mechanism of efficacy of Compound A in the colitis

model, which was computationally predicted by using CD patients derived gene signature.
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Discussion

In the current study, | present evidence that may help to resolve the relapse of CD and
obtain sustainable remission. CD has periods of relapse and remission, but there is no long-term
cure. Surgeries are still required in some patients. For CD patients in remission, relapse rates at
one, two, five, and ten years are estimated to be 20%, 40%, 67%, and 76%, respectively [88]. As
for infliximab, Chauvin et al. reported a recurrence rate of 68% among CD patients with its
treatment in a 12-years retrospective study [89]. These evidences suggest that there are unmet
medical needs in the management of CD. For assessing the possible mechanism of relapse, an
unresolved issue is whether colonic lesions of CD patients in remission state continue to express
abnormal transcripts or not as compared to healthy controls. | present a method to dissect the
physiological response with anti-TNFa. therapy by exploiting several bioinformatics analysis with
CD patients-relevant mucosal gene signature. | have defined a unique gene signature "TUGS,"
which did not return to "healthy" state even after achieving clinical remission. Importantly, TUGs
are positively correlated with immature signature of IECs, suggesting that the residual transcripts
are involved in expansion of undifferentiated cells as well as decrease or loss of mature functional
IECs in infliximab responders. Recently, it has been proposed that dysregulation within
differentiation system for correct IEC formation perpetuates impaired epithelial homeostasis and
has a crucial role in IBD pathogenesis by increasing intestinal permeability [90-93]. Furthermore,
in case of CD patients, an increase in intestinal permeability has been reported to precede episodes
of disease relapse and the onset of symptoms by up to one year [94, 95]. However, it is not yet
clear what molecular events are responsible for dysregulated homeostasis of IECs that predispose
to relapse in patients with quiescent CD. Considering that perturbations of IECs homeostasis can
lead to intestinal disorders [96], | hypothesized that TUGs might lead to increased intestinal
permeability and distorted intestinal mucosal barrier function, ultimately causing recurrence.
Similar strategies to extract unresolved gene signature have been previously tried in patients with
psoriasis [97] and UC [98], but gene signature associated with CD remission was not studied.

In this study, I inferred that the MEK1/2 inhibitor would be a potential new therapeutic
agent for CD based on the results of in silico computational approach using TUGSs. Previous
reports have demonstrated that ERK1/2 activation may have importance for diarrhea in CD
patients [99]. It has also been reported that constitutive activation of the MEK/ERK cascade

inhibits enterocyte differentiation, in part through inhibition of transcriptional activity of CDX2,
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a master transcription factor regulating the differentiation, cell-cell adhesion, and polarity of IECs
[100-102]. Conditional homozygotes Cdx2 knockout mice have been previously shown to exhibit
loss of intestinal morphology and cause a serious disruption in the mucosal architecture [103].
Interestingly, | observed that transcripts linked to intestinal differentiation including several
CDX2 target genes [100] were up-regulated following MEK1/2 inhibition in vitro. This finding
is consistent with the role of CDX2 as a master regulator of intestinal morphogenesis and suggests
that genes controlling epithelial differentiation is suppressed by constitutive activation of the
MEK/ERK pathway. Although | cannot conclude what the physiological consequences of
reversing TUGs to normal state are, it could be speculated that MEK1/2 inhibitor partly enhances
CDX2 transcriptional activity, which in turn enhances epithelial differentiation and finally leads
to restitution of dysregulated IECs.

Indeed, MEKZ1/2 inhibitor exhibited a significant increase of the TEER using Caco-2
cell line which is a widely used intestinal cellular model that retains very similar morphologic
properties to enterocytes. However, use of transformed cell lines have some limitations [104]. A
major limitation is that intestinal cells growing in 2D monoculture lack the physiological
extracellular matrix microenvironment that is necessary to maintain in situ phenotypes. To
overcome this limitation, the utility of in vitro 3D organoids that effectively mimic IECs structure
and functional features has been well confirmed for testing epithelial differentiation with the
capacity to model heterogeneous cell fates [105]. Therefore, further studies will be necessary to
clarify the effect of MEK1/2 inhibitor on intestinal differentiation using organoid model for drug
validation. Nevertheless, although animal models also incompletely recapitulate the complex
pathophysiology of intestinal diseases of humans, histology score was significantly reduced in
response to MEK inhibitor treatment in the in vivo colitis model in this study. These results
provide important insight into beneficial effect of MEK1/2 inhibitor on promoting intestinal
barrier function.

In addition, interestingly, in silico computational screening revealed that several
MEKZ1/2 inhibitors scored high in not only TUG but also TTG signatures. From this result,
MEKZ1/2 inhibitor would have a potential therapeutic effect to reverse both TNFa.-untreatable and
treatable gene expression. MEK1/2 inhibitor would be a great promise in new therapeutic
approaches that integrate both immune and non-immune pathophysiological components and

potentially induce greater and sustainable remission as a single agent. Indeed, transcriptome
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analysis showed that Compound A reverses a set of genes that are not only cell-cycle related genes,
which are highly expressed in IECs, but also inflammation related genes, which were overlapped
with DEGs of anti-TNFo mAb in vivo model. Moreover, a previous report has demonstrated that
selective MEKZ1/2 inhibitor, trametinib, has potential inhibitory effect on LPS-mediated
inflammation in macrophages [106]. These results suggest that MEK1/2 inhibitor can target not
only histological abnormalities of IECs but also aberrant intestinal inflammation.

Here, | present a rational strategy for CD based on a systematic drug repositioning
bioinformatics approach using publicly available patient derived gene signature to explore
connections with existing drugs. One might assume that effective clinical treatments serve not
only to reverse the clinical course of the disease but also to restore disease-affected molecular-
level phenotypes to their normal level. Notably, several recent studies have made this assumption
by directly searching for drug therapies whose molecular effects anti-correlate with disease
molecular signatures using CMap-based computational approach [82, 107-110]. Although drugs
were validated in preclinical models, it remains unknown whether the disease gene expression
was reversed in disease models or not. It is important to note the limitations of this study. The
gene signature, which was extracted from patients, can provide a "shapshot™ in remission state.
Therefore, the interpretation of the "snapshot" requires careful thought about the result without
excessive speculation. Moreover, some genomic effects might be agent specific, thus further
studies will be needed to compare clinical outcomes with different anti-inflammatory therapeutic
agents.

Nevertheless, here | showed that MEK1/2 inhibitor could significantly reverse residual
TUG signature to normal state in gene expression in vitro (Fig. 14). Also, colon targeted delivery
of MEKZ1/2 inhibitor was associated with both the successful improvement of diarrhea and
restoration of histological abnormalities in vivo (Fig. 14). These results suggest that additional
clinical investigation using MEKZ1/2 inhibitor could be beneficial, especially contributing to
accelerate restitution of dysregulated IECs and to prevent recurrence as a solution to unmet
medical needs in CD therapy. In practice, however, there is no direct evidence showing how
sustainable the clinical and endoscopic effectiveness of biological therapies for CD are. Hence, a
close study focusing not only on effectiveness but also on large-scale long-term safety in a clinical
setting is necessary for my purpose. In addition, colon targeting approach could ensure direct

treatment at the inflamed site with lower dosing, and hopefully lead to more optimal and less toxic
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promising therapeutic strategies in the future. Finally, my study provides a sound rationale for
predicting a drug's potential therapeutic effect, which is based on its ability to induce molecular
remission. It would exert the most favorable clinical outcomes rather than modulating only a

certain subset of disease phenotypes.
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Table and Figures

TABLE 2. Histopathological scoring system

Score

Grade

Criteria

Mucosal
regeneration/

hyperplasia

0
1

None

Minimal

Mild

Moderate

Marked

Not remarkable

Regeneration/hyperplasia of mucosa without goblet
cells are observed in focal area.
Regeneration/hyperplasia of mucosa are observed
diffusely with 2-fold mucosal thickness. Goblet cells
are observed diffusely and occasionally crypt
abscesses and cell debris in lumen are observed.
Regeneration/hyperplasia of mucosa are observed
diffusely with 2- to 3-fold mucosal thickness. Goblet
cells are observed focally and often crypt abscesses
and cell debris in lumen are observed.
Regeneration/hyperplasia of mucosa are observed
diffusely with 4- to 5-fold mucosal thickness. Goblet
cells are scant and crypt abscesses and cell debris in

lumen are observed diffusely.

Mononuclear cell

infiltration

o

None

Minimal

Mild

Moderate

Marked

Not remarkable

Focal or multifocal infiltration of mononuclear cells
(mainly lymphocytes) in mucosa and/or submucosa
Diffuse infiltration of mononuclear cells (mainly
lymphocytes) in mucosa and/or submucosa with
focally extended area of lamina propria.

Diffuse infiltration of mononuclear cells (mainly
lymphocytes and some neutrophils) in mucosa and/or
submucosa with focally and/or diffusely extended area
of lamina propria.

Diffuse infiltration of mononuclear cells (mainly
lymphocytes and some neutrophils) in mucosa and/or
submucosa with more diffusely extended area of

lamina propria.
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TABLE 3. Gene number of treatment response in CD patients

Comparisons Significant genes TUGS TTGs
Before treatment vs. Healthy control 9,872 Significant Significant
After treatment vs. Healthy control 5,514 Significant Not significant
After treatment vs. Before treatment 3,602 Not significant Significant
Gene number 3,545 2,061

TUGs, anti-TNFa therapy-untreatable genes; TTGs, anti-TNFao therapy-treatable genes
Significant = P value < 0.05 and Absolute Fold Change > 1.2, Not significant = P value > 0.05
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TABLE 4. Results of Gene Expression Correlation Analysis of TUGs and TTGs

Top 20 compounds with negative enrichment score across TUGS

Rank Datasource  Compound Classification Enrichment Score Cell source
1 Internal Example C25 [111] Raf/VEGFR inhibitor -0.62 COLO205

2 Internal Example 114 [112] EGFR inhibitor -0.56 BT-474

3 Internal Compound 2ch [113] HER2/EGFR inhibitor -0.55 BT-474

4 Internal Compound 5 [114] Raf/VEGFR inhibitor -0.54 A375

5 Internal PD0325901 [115] MEK inhibitor -0.51 COLO205

6 CMap Urapidil al-adrenoceptor antagonist -0.5 PC3

7 Internal Gemcitabine [116] Ribonucleotide reductase inhibitor -0.47 Su.86.86

8 Internal Example 27 [117] MEK inhibitor -0.47 A375

9 Internal PD0325901 MEK inhibitor -0.47 A375

10 Internal Example 74 [112] EGFR inhibitor -0.47 TGBC2TKB
11 Internal Compound 33 [78] MEK inhibitor -0.46 A375

12 Internal Compound 27 [78] MEK inhibitor -0.46 A375

13 Internal TAK-285 [118] HER2/EGFR inhibitor -0.45 BT-474

14 CMap Metergoline 5-HT antagonist -0.44 PC3

15 CMap Flunixin NSAID -0.43 PC3

16 CMap Alprenolol Adrenergic beta-Antagonists -0.43 MCF7

17 CMap Tiabendazole Anthelmintic -0.43 MCF7

18 Internal TAK-733 [119] MEK inhibitor -0.43 A375

19 CMap Benzamil ENaC channel blocker -0.42 PC3

20 CMap Dicloxacillin Anti-bacterial agent -0.42 MCF7

Top 20 compounds with negative enrichment score across TTGs

Rank Datasource  Compound Classification Enrichment Score Cell source
1 Internal PD0325901 MEK inhibitor -0.55 COLO205

2 Internal TAK-733 MEK inhibitor -0.4 A375

3 Internal Bicalutamide [120] Androgen antagonist -0.38 LNCaP
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10

11

12

13

14

15

16

17

18

19

20

CMap

CMap
CMap
CMap
CMap
CMap
CMap
CMap
CMap
CMap
CMap
CMap
CMap

CMap

CMap
CMap

CMap

Carbenoxolone

Sitosterol
Betahistine

lohexol
Cinchonine
Dicloxacillin
Methylergometrine
Co-dergocrine mesilate
Prestwick-1083
Nadolol

Sulmazole
Triamterene
Ajmaline

Furosemide

Midodrine
4-hydroxyphenazone

Amiprilose

11B-hydroxysteroid dehydrogenase
inhibitor

Inhibit cholesterol's absorption

H1 receptor agonist

Contrast agents

Antimalarial drug

Penicillin-like antibiotic

Oxytocics

Antimigraine

Adrenergic beta antagonist
Al adenosine receptor antagonist
Sodium channel blocker

Sodium channel blocker

Sodium potassium chloride symporter

inhibitor

Adrenergic alpha agonist

Anti-inflammatory agent

-0.34

-0.33

-0.33

-0.33

-0.32

-0.32

-0.31

-0.31

-0.31

-0.29

-0.29

-0.29

-0.29

-0.29

-0.29

PC3

MCF7

PC3

MCF7

PC3

MCF7

PC3

PC3

PC3

MCF7

PC3

MCF7

MCF7

PC3

PC3

MCF7

MCF7

Note: TUGs, anti-TNFa therapy-untreatable genes; TTGs, anti-TNFa therapy-treatable genes
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TABLE 5. Histopathological findings of the colon

Treatment Normal

Test article -

Dose (mg/kg/day) -

Animal No. 1-1 1-2 13 14

Mucosal regeneration/hyperplasia 0 0 0 O

Mononuclear cell infiltration 0 0 0 O

Histology score of colitis 0 0 0 O

mean + SE 00 =+ 00

Treatment Con A-activated CD4+ T-cell transfer

Test article Vehicle (0.5% MC) Enteric Compound A MPs Enteric Compound A MPs

Dose (mg/kg/day) 0QD 0.3QD 1QD

Animal No. 2-1 22 23 24 25 26 27 31 32 33 34 35 36 37 4-1 4-2 4-3 4-4 45 46 4-7
Mucosal regeneration/hyperplasia 4 3 3 4 1 1 3 1 0 1 3 3 3 0 0o 2 0 1 0 4 ©0
Mononuclear cell infiltration 4 3 2 3 2 1 2 1 0 1 3 3 3 1 1 2 1 1 0 3 0
Histology score of colitis 8 6 5 7 3 2 5 2 0 2 6 6 6 1 1 4 1 2 0 7 0
mean + SE 51 + 08 33 + 10 21 = 10

Treatment Con A-activated CD4+ T-cell transfer

Test article Isotype mAb anti-TNFo mAb

Dose (mg/kg/day) 5Q4D 5Q4D

Animal No. 5-1 5-2 5-3 54 55 56 57 6-1 6-2 6-3 6-4 6-5 6-6 6-7

Mucosal regeneration/hyperplasia 3 2 3 2 3 4 2 3 2 3 0 0 3 2

Mononuclear cell infiltration 3 2 3 2 3 3 3 2 2 2 0 1 2 2

Histology score of colitis 6 4 6 4 6 7 5 5 4 5 0 1 5 4

mean + SE 54 + 04 34 = 08

0: Not remarkable, 1: Minimal, 2: Mild, 3: Moderate, 4: Marked
MC: methylcellulose solution
Histology score of colitis for each animal represents the sum of grades of all findings in the colon.
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Figure 9. Residual genomic profile of CD patients
(A) PCA of colonic expression data from 19 patients with Crohn’s colitis (12 responders and 7
non-responders) at the time of pre- and post-infliximab treatment and from 6 healthy controls

[microarray expression data were obtained from the study by Arijs I et al. [72]]. Axis percentages
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indicate variance contribution. Boxplots of PC1 distribution for each group and P values from
control group are as indicated on the right. Abbreviations: Bf.Res, responder before treatment;
Af.Res, responder after treatment; Bf.NR, non-responder before treatment; Af.NR, non-responder
after treatment. (B) The top 10 enriched tissue-type in TUGs (upper) and TTGs (lower) using
Nextbio body atlas application taken from the Genotype-Tissue Expression project (GTEX) are
displayed. (C) The top 10 enriched GO terms in TUGs (upper) and TTGs (lower) using NextBio
pathway enrichment application are displayed. Category names are presented on the Y axis. On
the X axis, the significance score (negative Log of P value) for each pathway is indicated by the
bars, and the line represents the ratio of genes in a given pathway that meets the cut-off criteria
among total genes that make up that pathway. Red bars predict an overall increase in the activity

of the pathway while blue bars indicate a prediction of an overall decrease in activity.
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Figure 10. MEK1/2 inhibitor normalized reference CD signature in LoVo cells

(A) Chemical structure of Compound A. (B) Heatmap showing the genes from the MEK
activation signature for both CD patients (left) and compared with fold change (FC) in gene
expression levels in LoVo treated with Compound A across ten dose response conditions (0.03 -
1,000 nM, n = 3, right). (C) Heatmap of TUGs clustered into up-regulated and down-regulated
genes comparing with fold change in gene expression levels in LoVo treated with Compound A
across ten dose response conditions (0.03 - 1,000 nM, n = 3) obtained by Ampli-seq analysis. The
color-coded scale for the normalized expression value is indicated at the right of the figure, which
correlates with color intensity to the fold change (FC) of gene expression and enrichment score
(ES). (D) ICso values were calculated by plotting both negative correlation rate between
Compound A DEGs of TUGs/TTGs and in vitro pERK inhibitory activity in LoVo cells using a
nonlinear regression analysis by GraphPad Prism (GraphPad, La Jolla, CA, USA). (E) Heatmap
illustrating hierarchical clustering of human immature crypt signature comparing with fold
change in gene expression levels in LoVo treated with Compound A across ten dose response
conditions (0.03-1,000 nM, n = 3). The color-coded scale for the normalized expression value is
indicated at the right of the figure, which correlates with color intensity to the fold change (FC)

of gene expression and enrichment score (ES).
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Figure 11. MEKZ/2 inhibitor enhanced intestinal barrier formation by promoting
differentiation of IECs

(A) TEER was measured to assay the integrity of the epithelium layer formed by differentiated
Caco-2 cells. The values represent the means of n = 4 samples * standard deviations (SD). Levels
of statistical significance compared with DMSO control: P value < 0.0005 (***) by Williams test.
Relative mRNA expression levels of APOAL (B) and LGR5 (C) at day 3 and day 6 were measured
by real-time RT-PCR, normalized with the expression of GAPDH at day 1. The values represent
the means of n = 3 samples + standard deviations (SD). Levels of statistical significance compared
with DMSO control: P value < 0.025 (*): P value < 0.005 (**): P value < 0.0005 (***) by

Williams test.
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Figure 12. Therapeutic efficacy of enteric MPs of MEK1/2 inhibitor in activated T cell

transfer colitis model
(A) Diarrhea score data and (B) colon weight data were analyzed in a blind fashion. (C)
Representative H&E-stained colon sections of normal mice, vehicle and 1 mg/kg Compound A

treated activated T cell transfer colitis mice (magnification, x200, scale bar = 500 pm). (D)
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Quantitative evaluation of the histology score of colitis was analyzed. See Table 5 for the detailed
data. Data are presented as the mean + S.E. of 4 (normal) or 7 (transferred mice). $$; P value <
0.01, $$$; P value < 0.001 (Aspin-Welch test) and &&; P value < 0.01, &&&; P value < 0.001
(Student's t-test) vs. normal group. #; P value < 0.025, ##; P value < 0.005 (one-tailed Shirley-

Williams test) and *; P value < 0.025 (one-tailed Williams test) vs. vehicle control group.
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Figure 13. Therapeutic efficacy of MEK1/2 inhibitor against colonic gene expressions in
activated T cell transfer colitis model

(A) Venn diagrams illustrate the numbers of significantly affected genes that were shared or were
uniquely changed by 1 mg/kg Compound A or anti-TNFa. mAb treatment (absolute fold change
> 1.2, P value < 0.05). (B) Almost all genes affected by both Compound A and anti-TNFa mAb
were significantly positively correlated. The X axis represents the class of each overlapping
correlated genes; "+" and "—" symbols depict up-regulated and down-regulated genes,

respectively, and the Y axis provides P value (-Log). (C) Heatmap illustrating hierarchical

79



clustering of colitis signature (vehicle versus normal mice) clustered into up-regulated and down-
regulated genes comparing with fold change in gene expression levels in murine colitis model
treated with Compound A at the dose of 0.3 and 1 mg/kg and anti-TNFa. mAb. The color-coded
scale for the normalized expression value is indicated at the right of the figure, which correlates
with color intensity to the fold change (FC) of gene expression and enrichment score (ES).
Overlapped gene number between each DEGs and colitis signature, and each coverage rate of
negative correlation were indicated at the below. (D) The top 10 enriched tissue-type in each
Compound A specific (upper), anti-TNFa. mAb specific (middle) and common DEGs between
Compound A and anti-TNFo. mAb (lower) using mouse Body Atlas database. (E) The top 10
enriched GO terms in each Compound A specific (upper), anti-TNFo mAb specific (middle) and
common DEGs (lower) using NextBio pathway enrichment application. Category names are
presented on the Y axis. The X axis indicates the -Log10 (P value) of the over-representation
analysis. Category names are presented on the Y axis. On the X axis, the significance score
(negative Log of P value) for each pathway is indicated by the bars, and the line represents the
ratio of genes in a given pathway that meet the cut-off criteria among total genes that make up
that pathway. All blue bars predict an overall decrease in the activity of the pathway. (F) Heatmap
illustrating hierarchical clustering of mouse immature crypt signature and colitis signature
comparing with fold change in gene expression levels in murine colitis model treated with
Compound A at the dose of 0.3 and 1 mg/kg and anti-TNFa. mAb. The color-coded scale for the
normalized expression value is indicated at the right of the figure, which correlates with color

intensity to the fold change (FC) of gene expression and enrichment score (ES).
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Figure 14. Schematic representation of the effect of molecular remission by MEK inhibitor
that could induce a sustainable remission via normalizing molecular alterations to baseline
MEKZ1/2 inhibitor could be beneficial in treating CD patients by reversing TNFa-untreatable gene

expression in colon, leads to accelerate restitution of dysregulated IECs and to prevent recurrence.
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General Discussion

For patients, especially for multifactorial disease patients, new medicines offer fewer
side effects, fewer hospitalizations, improved quality of life, and importantly, extended lives.
However, the process for researching and developing new medicines is growing in difficulty and
length, and the failure risks are still higher. Therefore, it is important to develop more accurate
and effective way to understand disease processes and pathways and to identify appropriate target
for discovering new markers for patient stratification and targeted therapies. Nowadays, it is well
recognized that to access to large-scale omics data including transcriptome data to support basic
research is a significant opportunity for drug discovery efficiently. Through my studies, | focused
on transcriptome profiling, which is a widely used approach to dissect the genetic regulation and
to expose gene expression patterns at the molecular level, to understand the molecular mechanism
of heterogenous diseases.

In Chapter 1, | demonstrated that a novel irreversible LSD1 inhibitor, T-3775440,
exhibited antileukemic efficacy in GFI1B-expressing AEL and AMKL cells. T-3775440 exerts
anti-AML effects through a mechanism involving disruption of the LSD1-GFI1B complex,
inducing transcriptional de-repression of downstream-target genes of GFI1B and consequent
AML cell transdifferentiation. Because it has long been recognized that AML is a clinically
heterogeneous disease with impaired myeloid differentiation, the forecast stratification and the
treatment decision for patients shows difficulties and the precise molecular pathology is still
incompletely understood. Given that several LSD1 inhibitors have entered clinical trials for
treating patients with AML, this important finding in my study provides unique therapeutic
opportunities and applications for precision medicine of AEL and AMKL specifically. Because
hematopoiesis is one of the best-understood developmental pathways that individual lineage
differentiation states are defined by transcriptional networks composed of combinations of
transcription factors [121], several unique insights into processes that control development toward
perturbed differentiation states have been reported utilized by leukemic transcription factors such
as PML-RARA, MLL fusion proteins, and RUNX1-ETO [122-124]. These factors including
LSD1-GFI1B complex reprogram the epigenome and thereby block the hierarchical succession
of normal transcriptional networks. Considering that hematopoietic cells are defined by a certain
transcriptional network, this kind of phenomenon may be of conceptual relevance not only for

hematologic malignancies but also other type of heterogenous disease such as neurodegenerative
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disease or tumor microenvironment in solid cancers, which affected by the state of the immune
system. Therefore, dissecting the role of core transcription network in hematopoietic cells which
characterizes specific segment of disease pathogenesis is a critical process to identify disease-
related genes, regulators and/or biomarkers.

In Chapter 2, | presented a method for dissecting the molecular mechanism of CD
patients who respond to anti-TNFa therapy by transcriptome analysis using CD patients-relevant
mucosal gene signature. As a result, | found that there are certain abnormalities in CD colon that
are not completely resolved by anti-TNFa therapy even after achieving clinical remission. Few
studies have focused on these abnormalities regarding CD at a molecular level before.
Furthermore, by conducting in silico computational screening to dissect the molecular pathway
of these abnormalities, | demonstrated that MAPK pathway, one of the most commonly mutated
oncogenic drivers in cancer, is the potential pathway that causes relapse of CD patients despite
the fact that they achieved clinical remission. This signature-based screening methods using gene
signatures derived from disease omics data with or without treatments can discover unknown
disease mechanisms and mechanisms-of-action of molecules and drugs at a molecular level. In
other words, the effectiveness of this computational drug repositioning methods offers the basis
for identifying drug repositioning opportunities. Drug repositioning is a potential alternative to
novel drug discovery by identifying new therapeutic applications for existing drugs, which can
be re-marketed in a faster and more cost-efficient way [125, 126]. Off-label use of FDA approved
drugs for cancer medical practice is one of the well-known examples [127]. Obviously, these
examples were serendipitously identified, and these repositioning strategies make it hard to satisfy
unmet medical needs by successfully repositioning a large number of existing drugs. To alleviate
this problem, the number of drug repositioning methods, which can be classified into target-based,
knowledge-based, signature-based and network-based methods, has dramatically increased with
the rapid accumulation of genomics and chemical informatics data in the past decade. Especially
signature-based method that I focus on in this study can be deployed to integrate available disease
omics data into the drug repositioning process. One can easily access such genomics data in

publicly available databases, such as NCBI-GEO (http://www.ncbi.nlm.nih.gov/geo/), SRA

(http://mwww.ncbi.nlm.nih.gov/Traces/sra/), TCGA (https://www.cancer.gov/about-

nci/organization/ccg/research/structural-genomics/tcga), GTEx

(https://www.gtexportal.org/home/), CELLX  (http://54.149.52.246/cqi-bin/RPPA/cellx.cqi,
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[128]), CMap [70], CCLE [129] and so on. Although the multiplexity of gene expression profiling
is seemingly useful, the mathematical and statistical properties still remain poorly understood
[130]. To address this issue, the National Institute of Health (NIH) Library of Integrated Network-
based Cellular Signatures (LINCS) project [131] has recently released the L1000 database [132],
the next generation of the CMap with 1.3 million profiles from 42,080 genetic and small-molecule
perturbations profiled across a large number of cell types. Once the molecular mechanisms
underlying specific signatures can be dissected and extracted, it would be possible to provide
more effective therapeutic options or solutions for unmet medical needs by applying these
signatures for computational in silico screening method. This strategy could be a powerful scheme
that guide to establish novel drug discovery strategies and precision medicine applications in
coming years, lead to offer patients better targeted therapies.

Meanwhile, it is important to note the limitation of transcriptome analysis that captures
just a snapshot in time of the total transcripts present in cells. Due to the complexity of
intracellular network, no single omics analysis can independently explain fundamental
pathogenesis of multifactorial diseases. To understand the biological events and acceleration of
drug discovery, the dynamics of the interaction networks of wide range of biomolecules should
be captured in a spatial, temporal, and quantitative manner to simulate the behavior of each
molecule in the biological system. To achieve this, it would be ideal to integrate transcriptome
with other omics technologies, such as SNP information, epigenetics, proteomics and
metabolomics, to visualize the dynamics of molecular functions and cellular components that
influence the behavior of intracellular phenomena [9]. Nowadays, techniques are still in
development to analyze the phenotype of cells in a high-throughput fashion correlating changes
in the gene expression to cellular phenotypes by multi-omics integration. This integration
strategies should be applied to the study of multifactorial disorders to understand the genotype-
phenotype relationship and also to identify biological mechanism for the prediction, prognosis,
diagnosis and subtyping of patients to support therapeutic decisions more accurately.

In conclusion, my first study suggests that an irreversible LSD1 inhibitor exerts
antileukemic activities in a certain subset of AML cell lines by inducing cell transdifferentiation.
| found that LSD1 inhibitor caused this phenomenon by inducing the ectopic upregulation of
myeloid lineage gene signature, which are normally repressed in erythroid and megakaryocytic

lineage cells, based on transcriptome analysis. This finding suggests that LSD1 inhibitor could
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represent a unique path to overcome the differentiation block of AML. Pharmacological inhibition
of LSD1 functions has been more and more increasingly investigated as a new therapeutic
approach for the treatment of patients with AML [133]. In addition, my second study provides
clear evidence linking MAPK pathway to the mechanism of relapse after anti-TNFa treatment for
CD which is previously unknown. I identified this novel mechanism by applying patient-derived
gene signature to in silico computational screening method and demonstrated the effectiveness of
one of the MAPK inhibitors, MEK inhibitor, in in vitro and in vivo CD model. These findings
offer a robust proof-of-concept for MEK inhibitor as a promising novel therapeutic application
for CD patients. Through above two approaches, hypothesis verification can be performed
efficiently by extracting and predicting related molecular networks from a huge amount of
transcriptome data. It is highly valuable that my studies shed light on the importance to understand
multifactorial diseases as biological systems at the molecular level by considering not only the
effect on a single target molecule but also the regulatory relationship of the intracellular molecular

network.
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