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ABSTRACT

Lung cancer is the most common cancer in terms of both incidence and
mortality. Despite intensive investigation, effective therapeutic target and reliable
compounds are still limited. Here, | discovered bifunctional glutamyl-prolyl-tRNA
synthetase (EPRS) included in protein synthesis as a potential cancer target and its
specific inhibitors using validated assay systems. EPRS is highly expressed in a
variety of cancers including lung cancer and also involved in cancer metastasis and
angiogenesis. Recently, halofuginone (HF) was identified as a compound binding
with EPRS concomitant with inhibiting prolyl-tRNA synthetase (PRS) catalytic
activity although HF has a poor drug-likeness and high cytotoxicity. In order to
find novel compound which has improved druggability, | have screened PRS
inhibitors using HF as a reference compound. Hundreds of compounds were
synthesized by inherent synthetic strategy to maximize druggability and selected by
analysis systems such as in vitro enzyme assay, proliferation, migration and cell
death. Finally | identified effective 3 hit compounds controlling PRS catalytic
activity as well as cell viability. Taken together, this study suggested the validation

of anti-cancer targets and plausible anti-cancer therapeutic tools.

Keywords : Prolyl-tRNA Synthetase (PRS), Lung Cancer, Inhibitor,
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INTRODUCTION

Mammalian cells contain a battery of cytoplasmic and mitochondrial
aminoacyl-tRNA synthetases (ARSS) that are in charge of cellular protein synthesis.
They catalyze the ligation of amino acids to their cognate transfer ribonucleic acids
(tRNAs) with a high fidelity. As the molecular adaptors that translate messenger
RNA (mMRNA) to protein, ARSs exist in the most primitive prokaryotes and are
thus both ancient in evolutionary terms and of interest to biologists who are
creating synthetic organisms (1). Mammalian ARSs carry out the same catalytic
function as their prokaryotic counterparts but they contain other domains in
addition to their catalytic domains, which confer the ability to form diverse
complexes with each other or with other cellular regulatory factors. This structural
complexity seems to be linked to a functional versatility that has only recently been
uncovered, and which implicates ARSs in a variety of human diseases (2, 3). It
seems that the aberrant expression, mutation and variant formation of ARSs can
cause pathologies through multiple routes. Many ARSs function in signaling
pathways that are linked to the control of tumorigenesis (1). Human glutamyl-
prolyl-tRNA synthetase (EPRS) is a bifunctional enzyme in which the two catalytic
domains are linked by three tandem repeats (4). In response to interferon-y (IFNy),
EPRS forms a multi-component complex with other regulatory proteins at a 3’
UTR region that is involved in the translational silencing of target transcripts (5),

many of which function during an inflammatory response. The translation of



vascular endothelial growth factor A (VEGFA), which is a crucial factor for
angiogenesis, is also controlled by EPRS through a similar mechanism (6).

The small molecule halofuginone (HF), which is a racemic halogenated
derivative of the plant alkaloid febrifugine (FF) (7) and is synthesized for less toxic
form (8), was reported that it selectively activates the amino acid starvation
response (AAR) (9). It is determined that HF binds EPRS and inhibits prolyl-tRNA
synthetase (PRS) activity, which quenched by addition of an excess amount of
proline (10). One part of HF mimics bound proline and the other mimics the 3’ end
of bound tRNA, so that HF occupies two different substrate binding sites on PRS
in ATP-dependent manner (11). It was identified the residues, Phel097 and
Arg1152, of PRS play a key role in HF inhibition mechanism (12). During the
roughly 2,000 years of FF’s therapeutic usage, its molecular mechanism in animal
tissues has remained unknown. Historically recognized for its antiprotozoal activity,
this herbal extract was used as an antimalarial remedy in traditional Chinese
medicine. In the last two decades, HF has gained attention and progressed to
clinical trial phase 2 for its potential as a therapeutic in cancer and fibrotic disease
(13-15). However, HF has the bromide residue known for its toxicity and
carcinogenicity to rats (16) and has difficulty of synthesizing for its structural
isomers. For all these reasons, we started to find novel PRS specific inhibitor with
better drug-likeness.

In this study, | found hit compounds, which were designed PRS specific
inhibitor on the basis of human PRS structure, expected to have similar or better
effects to HF on cancer (17), and confirmed by in vitro aminoacylation assay and

cell-based research .



MATERIALS AND METHODS

Materials

Halofuginone hydrobromide (Sigma Aldrich) which is known as a PRS
specific inhibitor was used for aminoacylation assay and treated to cells. 249
compounds were synthesized as PRS specific inhibitors after the model of
halofuginone from febrifugine and considered of PRS structure by Daewoong

Pharmaceutical Co., Ltd (14).

Aminoacylation assay

His-tagged human PRS was expressed in E. coli strain Rosetta 2 (DE3) pLysS,
harvested in phosphate-buffered saline (PBS), lysed with lysis buffer (20 mM Tris,
100 mM NaCl, 5 mM MgCl,, 5 mM B-mercaptoethanol pH 8.0) and purified using
Ni—-NTA affinity chromatography. His-tagged human PRS was eluted 200 mM
imidazole pH 6.0 and dialyzed against PBS. Fractions were analyzed using SDS—
PAGE and those containing protein were pooled. The protein was further purified
by ion-exchange chromatography in buffer (20 mM Tris, 5 mM MgCl,, 5 mM DTT
pH 8.0). The protein was concentrated using Amicon Ultra centrifugal filters
(Millipore) as a final purification step. To ensure that all of the material was
dimeric, a size-exclusion chromatography step was performed using Superdex 200
26/60 column (GE Healthcare) equilibrated in the final buffer (20 mM Tris, 100

mM NaCl, 5 mM MgCI2, 1% glycerol, 5 mM DTT pH 8.0) (12).



PRS Aminoacylation assay was carried out in a reaction buffer containing
20 mM Tris pH 7.4, 20 mM Potassium Phosphate pH 7.5, 6 mM Magnesium
Acetate, 0.5 mM DTT, 5 mM ATP (Sigma Aldrich), 5 mg/mL tRNA (Baker’s yeast
total, Roche), and 3 pCi [*H] Proline (1 mCi/mmol, American Radiolabeled
Chemicals). The enzyme reactions were initiated with adding 100nM of PRS

enzyme into the buffer and conducted in a 37 C heat block in the presence of

various concentration of HF and other compounds. 15 pL of Aliquots were taken at
5 min and quenched on 23 mm filter papers (Whatman) that were presoaked with
5 % trichloroacetic acid (TCA, Sigma Aldrich) and dried. The filter papers were
washed three times for 10 min each with cold 5 % TCA and once with cold 100 %
ethanol. The washed filter papers were then dried. Radioactivity of synthesized
tRNA™™ on the filter paper was quantified by liquid scintillation counter (Perkin

Elmer) soaked in LSC cocktail (18).

Cell culture

A549 and H460, human non-small cell lung cancer cell were cultured in
RPMI-1640 medium (with 24 mM HEPES and L-Glutamine, Hyclone) with 10 %
fetal bovine serum (FBS, Hyclone) and 100 pg/mL of penicillin and streptomycin

at37 C in5 % CO, incubator.



Cell proliferation assay

A549 and H460 cells were seeded 5x10% ~ 6x10° per well in a 96-well plate
(TPP) and the plate was placed within a microplate tray into the IncuCyte™ FLR
(Essen Bioscience). When cell confluency monitored by the equipment every 2
hours was 20 ~ 30 %, various concentration of HF or its derivatives were treated to

cells. Growth Curve was drawn using cell confluency at different time.

Cell death assay

A549 cells were seeded 5x10° ~ 6x10° per well in a 96-well plate (TPP) and
the plate was placed within a microplate tray into the IncuCyte™ FLR (Essen
Bioscience). When cell confluency monitored by the equipment every 2 hours was
20 ~ 30 %, various concentration of HF or its derivatives were treated to cells with
50nM YOYO® -1 iodide reagent (Life Technologies). As a cell impermeant cyanine
dimer stain that binds to double-stranded DNA (dsDNA) of membrane
compromised cells, it allows for the kinetic evaluation of cytotoxicity using the
IncuCyte™ FLR live cell imaging systems. This membrane integrity based assay

measures the uptake of a fluorescent dye, normally excluded from intact cells.

Wound healing assay

kTM

96-well plate (Essen ImageLock ™) was coated with 0.5 mg/mL collagen

type-1 (Corning) dissolved in 20 mM acetic acid and incubated overnight. After

removing the collagen, A549 cells were plated 3x10* per well on top of thin-layer
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matrix, and incubated to allow them to adhere for several hours. Wound area
created by 96-well WoundMaker™ (Essen Bioscience) in just second. When cell
confluency monitored by IncuCyte™ FLR every 2 hours was over 95 %, various
concentration of HF or its derivatives were treated to cells. Cell migration was

monitored and quantified by IncuCyte™ FLR.
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RESULTS

The EPRS is highly expressed in lung cancer.

It is already known that EPRS overexpression is related to cancer. In order to
determine cancer target, | checked its expression level in several cancer types
(Figure 1). According to both previous research data (1) and this expression profile,
lung cancer is the most significant disease target on EPRS gene among cancer

types, so that | used lung cancer cell line in later cell-based research

Strategy for the development of novel PRS specific inhibitor

First of all, the compounds which were designed to bind the catalytic site of
PRS and inhibit its activity were synthesized in collaboration with pharmaceutical
company. With the compounds, in vitro aminoacylation assay was performed to
find novel PRS inhibitor retaining better drug-likeness. The PRS enzyme is needed
three substrates; ATP, tRNA and proline. With substrates, PRS plays a role in
ligation of proline to its cognate tRNA. Meanwhile, if the specific inhibitor is
added to the reaction, the compound occupies substrate binding site so that the
reaction is blocked (Figure 2A). After compound screening by in vitro assay,
phenotype-based research was performed with hit compounds in non-small cell

lung cancer cells.

12



PRS aminoacylation assay for specific inhibitor screening

At first time, single concentration (1uM) of compounds was treated to
compare inhibition effect of HF with synthesized compounds. Several compounds
were shows catalytic inhibition effect (Figure 2B) so that they were given dose-
dependent treatment to measure 50 % inhibition concentration (ICs, value). As a
result, 13 compounds which have under 100nM ICs, were selected because ICs, of
the reference compound, HF was 94.8nM with the assay condition (Figure 2C).
When I took a closer look, there was a structural similarity. Finally three structural
representative compounds; BC-PI-DW-0112, -0159 and -0176 were chosen, but the
detailed structural formula could not be revealed because of confidentiality. BC-PI-
DW-0159 was most effective of inhibiting PRS catalytic activity (Figure 2D). The

whole screening process was summarized in the scheme (Figure 2E).

The hit compounds inhibit cell proliferation

After in vitro screening, the selected hit compounds were treated to A549,
typical non-small cell lung cancer cell line at several concentrations to determine
their effect of cell proliferation control. BC-PI-DW-0159 and 0176 showed cell
proliferation inhibition at 10 uM as much as HF. However, BC-PI-DW-0112 was
not effective at 10 uM (Figure 3A). The compounds were also treated to H460,
which is another typical non-small cell lung cancer cell line, at equal condition
(Figure 3B). BC-PI-DW-0159 and 0176 were effective on cell growth inhibition as

before. As a result, the hit compounds could inhibit lung cancer cell proliferation.
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The effect of the hit compounds on cell migration

To investigate the effect of the hit compounds on tumor invasion and
metastasis, wound healing assay was carried out because cell migration is an
essential prerequisite for invasion and metastasis. After wound made on A549 cells,
each compound was treated and 12 hour’s relative cell migration were observed. 10
uM of BC-PI-DW-0159 and 0176 showed migration inhibition effect as much as
HF (Figure 4A). They inhibit cancer cells from narrowing wound width (Figure
4B). In conclusion, the hit compounds inhibit cancer cell migration so that they

could control tumor invasion and metastasis.

The hit compounds lead to cell death

To investigate how to the compounds control cell growth and cell migration,
cytotoxicity reagent was added with each compound to A549 cells to measure cell
death with fluorescence dye. 10 uM of BC-PI-DW-0159 and 0176 showed as much
as 1 uM of HF, which induced cell death. However BC-PI-DW-0112 was not
effective as before (Figure 5A, C). Cytotoxicity of the hit compounds was
confirmed by not only the number of fluorescence dye but also cell image (Figure
5B). To investigate at molecular level, western blot was performed. After 12 hours
of serum starvation, each compound was treated with several doses to A549 cells

and the cells were harvested 12 hours later. The induced cell death was identified

14



that it was related to poly ADP-ribose polymerase (PARP) pathway (Figure 5D). In

conclusion, the hit compounds lead to cancer cell death via PARP pathway.

15
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Figure 2. Compounds screening by PRS aminoacylation assay

(A) Schematic diagram for the compound screening principal based on PRS
aminoacylation assay. The PRS enzyme is needed three substrates; ATP, tRNA™®
and proline. With substrates, PRS plays a role in ligation of proline to its cognate
tRNA (left). Meanwhile, if the specific inhibitor; HF is added to the reaction, the
compound occupies substrate binding site so that the reaction is blocked (right)
(11). (B) Heat map of the primary screening data. Inhibitory effects of 246
compounds, which were treated 1puM of working concentration, on the
aminoacylation level were examined by PRS aminoacylation assay and the results
are presented. Several compounds inhibited PRS aminoacylation activity (yellow
color). (C) The selected 13 compounds showed below 100nM ICs, value. (D) The
aminoacylation assay result of HF and 3 hit compounds for calculation of I1Cs. (E)

Schematic diagram of compound screening process.
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Figure 3. The hit compounds inhibit cell proliferation

(A) The selected 3 compounds were treated to A549 cells, typical non-small cell
lung cancer cell line, at indicated concentration to determine their effect of cell
proliferation control. BC-PI-DW-0159 and 0176 showed as much as HF effect.
However, BC-PI-DW-0112 was not effective. DMSO were used a negative control
because those compounds dissolved in DMSO (B) Same experiment was carried

out with H460 cells, which is another typical non-small cell lung cancer cell line.
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Figure 4. The effect of hit compounds on cell migration

(A) The result of wound healing assay with 3 hit compounds. After wound made
on A549 cells, each compound was treated and 12 hour’s relative cell migration
were observed. BC-PI-DW-0159 and 0176 showed as much as HF controls cell
migration. (B) Comparison of narrowed wound width among treated compounds at

12 hour.
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Figure 5. The hit compounds induce cell death

(A) To investigate how to the compounds control cell growth and cell migration,
YoYo-1 reagent was added with each compound to A549 cells to measure cell
death by fluorescence dye. 10 uM of BC-PI-DW-0159 and 0176 showed as much
as 1 uM HF induced cell death and BC-PI-DW-0112 barely affected. (B) The
image of the cells with each compound at 72 hour. Green fluorescence means dead
cells. (C) Comparison of cytotoxicity among 3 hit compounds by the number of
fluorescence. (D) To investigate at molecular level, western blot was performed.
After 12 hours of serum starvation, each compound was treated with several doses
to A549 cells and it was harvested 12hrs later. The induced cell death mechanism

was identified that it is related to poly ADP ribose polymerase (PARP) pathway.
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The diagram explains novel compound screening process from targeting PRS to
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Table 1. Summary of hit compounds

Compound Molecular Inhibition of PRS Cell Cell Cell
weight aminoacylation proliferation migration death
(kDa) activity
ICs (M) ECso (HM) ECs (HM) ECg (UM)
Halofuginone  414.68 94.8 <0.1 <0.1 1
BC-PI-DW-
0112 308 34 <100 <100 <100
BC-PI-DW-
0159 353.22 62 <10 10 10
BC-PI-DW-
0176 342.22 62 <10 <10 10
26
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DISCUSSION

PRS is one of the ARS enzymes that play a role of ligation of amino acids to
cognate tRNA in protein synthesis. Besides, PRS is highly expressed in cancer,
especially non-small cell lung cancer (NSCLC), so it would be a cancer target.
Even though there was a HF as a PRS specific inhibitor, it has fatal side effect for
human drug, so | started to find novel compound.

First, various PRS inhibitor compounds were synthesized with better drug-
likeness. With those compounds, | check their PRS catalytic inhibition effect by
aminoacylation assay. Throughput of the assay was very low, so it was very time-
consuming process. At the beginning, none of compounds was effective but, later
some started to appear inhibition. Finally I got three hit compounds.

After compound screening, | treated those compounds to A549 and H460 cells,
which are typical NSCLC cells. | investigate their effect of cell proliferation,
migration and death by using real-time cell imaging tool, IncuCyte™ FLR. Western
blot was also carried out to check at molecular level. In activity test, the hit
compounds had better effect than HF, but in cell, they were less than HF (Table 1).
I thought that HF might be related to known or unknown factor on controlling
cancer in addition to PRS dependent manner. The whole compound screening
process is described in a diagram (Figure 6).

The mode of action mechanism study of HF and hit compounds are still
needed for further steps and more optimized lead compound are also needed for

drug candidate. Moreover, in vivo study like xenograft mouse model is also

27



necessary to be a real drug development.
In conclusion, | suggest that PRS would be a novel target for anti-NSCLC

drug development and the hit compounds were found.
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ABSTRACT

Lung cancer is the most common cancer in terms of both incidence and
mortality. Despite intensive investigation, effective therapeutic target and reliable
compounds are still limited. Here, | discovered bifunctional glutamyl-prolyl-tRNA
synthetase (EPRS) included in protein synthesis as a potential cancer target and its
specific inhibitors using validated assay systems. EPRS is highly expressed in a
variety of cancers including lung cancer and also involved in cancer metastasis and
angiogenesis. Recently, halofuginone (HF) was identified as a compound binding
with EPRS concomitant with inhibiting prolyl-tRNA synthetase (PRS) catalytic
activity although HF has a poor drug-likeness and high cytotoxicity. In order to
find novel compound which has improved druggability, | have screened PRS
inhibitors using HF as a reference compound. Hundreds of compounds were
synthesized by inherent synthetic strategy to maximize druggability and selected by
analysis systems such as in vitro enzyme assay, proliferation, migration and cell
death. Finally | identified effective 3 hit compounds controlling PRS catalytic
activity as well as cell viability. Taken together, this study suggested the validation

of anti-cancer targets and plausible anti-cancer therapeutic tools.

Keywords : Prolyl-tRNA Synthetase (PRS), Lung Cancer, Inhibitor,
Halofuginone
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INTRODUCTION

Mammalian cells contain a battery of cytoplasmic and mitochondrial
aminoacyl-tRNA synthetases (ARSS) that are in charge of cellular protein synthesis.
They catalyze the ligation of amino acids to their cognate transfer ribonucleic acids
(tRNAs) with a high fidelity. As the molecular adaptors that translate messenger
RNA (mMRNA) to protein, ARSs exist in the most primitive prokaryotes and are
thus both ancient in evolutionary terms and of interest to biologists who are
creating synthetic organisms (1). Mammalian ARSs carry out the same catalytic
function as their prokaryotic counterparts but they contain other domains in
addition to their catalytic domains, which confer the ability to form diverse
complexes with each other or with other cellular regulatory factors. This structural
complexity seems to be linked to a functional versatility that has only recently been
uncovered, and which implicates ARSs in a variety of human diseases (2, 3). It
seems that the aberrant expression, mutation and variant formation of ARSs can
cause pathologies through multiple routes. Many ARSs function in signaling
pathways that are linked to the control of tumorigenesis (1). Human glutamyl-
prolyl-tRNA synthetase (EPRS) is a bifunctional enzyme in which the two catalytic
domains are linked by three tandem repeats (4). In response to interferon-y (IFNy),
EPRS forms a multi-component complex with other regulatory proteins at a 3’
UTR region that is involved in the translational silencing of target transcripts (5),

many of which function during an inflammatory response. The translation of



vascular endothelial growth factor A (VEGFA), which is a crucial factor for
angiogenesis, is also controlled by EPRS through a similar mechanism (6).

The small molecule halofuginone (HF), which is a racemic halogenated
derivative of the plant alkaloid febrifugine (FF) (7) and is synthesized for less toxic
form (8), was reported that it selectively activates the amino acid starvation
response (AAR) (9). It is determined that HF binds EPRS and inhibits prolyl-tRNA
synthetase (PRS) activity, which quenched by addition of an excess amount of
proline (10). One part of HF mimics bound proline and the other mimics the 3’ end
of bound tRNA, so that HF occupies two different substrate binding sites on PRS
in ATP-dependent manner (11). It was identified the residues, Phel097 and
Arg1152, of PRS play a key role in HF inhibition mechanism (12). During the
roughly 2,000 years of FF’s therapeutic usage, its molecular mechanism in animal
tissues has remained unknown. Historically recognized for its antiprotozoal activity,
this herbal extract was used as an antimalarial remedy in traditional Chinese
medicine. In the last two decades, HF has gained attention and progressed to
clinical trial phase 2 for its potential as a therapeutic in cancer and fibrotic disease
(13-15). However, HF has the bromide residue known for its toxicity and
carcinogenicity to rats (16) and has difficulty of synthesizing for its structural
isomers. For all these reasons, we started to find novel PRS specific inhibitor with
better drug-likeness.

In this study, | found hit compounds, which were designed PRS specific
inhibitor on the basis of human PRS structure, expected to have similar or better
effects to HF on cancer (17), and confirmed by in vitro aminoacylation assay and

cell-based research .



MATERIALS AND METHODS

Materials

Halofuginone hydrobromide (Sigma Aldrich) which is known as a PRS
specific inhibitor was used for aminoacylation assay and treated to cells. 249
compounds were synthesized as PRS specific inhibitors after the model of
halofuginone from febrifugine and considered of PRS structure by Daewoong

Pharmaceutical Co., Ltd (14).

Aminoacylation assay

His-tagged human PRS was expressed in E. coli strain Rosetta 2 (DE3) pLysS,
harvested in phosphate-buffered saline (PBS), lysed with lysis buffer (20 mM Tris,
100 mM NaCl, 5 mM MgCl,, 5 mM B-mercaptoethanol pH 8.0) and purified using
Ni—-NTA affinity chromatography. His-tagged human PRS was eluted 200 mM
imidazole pH 6.0 and dialyzed against PBS. Fractions were analyzed using SDS—
PAGE and those containing protein were pooled. The protein was further purified
by ion-exchange chromatography in buffer (20 mM Tris, 5 mM MgCl,, 5 mM DTT
pH 8.0). The protein was concentrated using Amicon Ultra centrifugal filters
(Millipore) as a final purification step. To ensure that all of the material was
dimeric, a size-exclusion chromatography step was performed using Superdex 200
26/60 column (GE Healthcare) equilibrated in the final buffer (20 mM Tris, 100

mM NaCl, 5 mM MgCI2, 1% glycerol, 5 mM DTT pH 8.0) (12).



PRS Aminoacylation assay was carried out in a reaction buffer containing
20 mM Tris pH 7.4, 20 mM Potassium Phosphate pH 7.5, 6 mM Magnesium
Acetate, 0.5 mM DTT, 5 mM ATP (Sigma Aldrich), 5 mg/mL tRNA (Baker’s yeast
total, Roche), and 3 pCi [*H] Proline (1 mCi/mmol, American Radiolabeled
Chemicals). The enzyme reactions were initiated with adding 100nM of PRS

enzyme into the buffer and conducted in a 37 C heat block in the presence of

various concentration of HF and other compounds. 15 pL of Aliquots were taken at
5 min and quenched on 23 mm filter papers (Whatman) that were presoaked with
5 % trichloroacetic acid (TCA, Sigma Aldrich) and dried. The filter papers were
washed three times for 10 min each with cold 5 % TCA and once with cold 100 %
ethanol. The washed filter papers were then dried. Radioactivity of synthesized
tRNA™™ on the filter paper was quantified by liquid scintillation counter (Perkin

Elmer) soaked in LSC cocktail (18).

Cell culture

A549 and H460, human non-small cell lung cancer cell were cultured in
RPMI-1640 medium (with 24 mM HEPES and L-Glutamine, Hyclone) with 10 %
fetal bovine serum (FBS, Hyclone) and 100 pg/mL of penicillin and streptomycin

at37 C in5 % CO, incubator.



Cell proliferation assay

A549 and H460 cells were seeded 5x10% ~ 6x10° per well in a 96-well plate
(TPP) and the plate was placed within a microplate tray into the IncuCyte™ FLR
(Essen Bioscience). When cell confluency monitored by the equipment every 2
hours was 20 ~ 30 %, various concentration of HF or its derivatives were treated to

cells. Growth Curve was drawn using cell confluency at different time.

Cell death assay

A549 cells were seeded 5x10° ~ 6x10° per well in a 96-well plate (TPP) and
the plate was placed within a microplate tray into the IncuCyte™ FLR (Essen
Bioscience). When cell confluency monitored by the equipment every 2 hours was
20 ~ 30 %, various concentration of HF or its derivatives were treated to cells with
50nM YOYO® -1 iodide reagent (Life Technologies). As a cell impermeant cyanine
dimer stain that binds to double-stranded DNA (dsDNA) of membrane
compromised cells, it allows for the kinetic evaluation of cytotoxicity using the
IncuCyte™ FLR live cell imaging systems. This membrane integrity based assay

measures the uptake of a fluorescent dye, normally excluded from intact cells.

Wound healing assay

kTM

96-well plate (Essen ImageLock ™) was coated with 0.5 mg/mL collagen

type-1 (Corning) dissolved in 20 mM acetic acid and incubated overnight. After

removing the collagen, A549 cells were plated 3x10* per well on top of thin-layer
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matrix, and incubated to allow them to adhere for several hours. Wound area
created by 96-well WoundMaker™ (Essen Bioscience) in just second. When cell
confluency monitored by IncuCyte™ FLR every 2 hours was over 95 %, various
concentration of HF or its derivatives were treated to cells. Cell migration was

monitored and quantified by IncuCyte™ FLR.
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RESULTS

The EPRS is highly expressed in lung cancer.

It is already known that EPRS overexpression is related to cancer. In order to
determine cancer target, | checked its expression level in several cancer types
(Figure 1). According to both previous research data (1) and this expression profile,
lung cancer is the most significant disease target on EPRS gene among cancer

types, so that | used lung cancer cell line in later cell-based research

Strategy for the development of novel PRS specific inhibitor

First of all, the compounds which were designed to bind the catalytic site of
PRS and inhibit its activity were synthesized in collaboration with pharmaceutical
company. With the compounds, in vitro aminoacylation assay was performed to
find novel PRS inhibitor retaining better drug-likeness. The PRS enzyme is needed
three substrates; ATP, tRNA and proline. With substrates, PRS plays a role in
ligation of proline to its cognate tRNA. Meanwhile, if the specific inhibitor is
added to the reaction, the compound occupies substrate binding site so that the
reaction is blocked (Figure 2A). After compound screening by in vitro assay,
phenotype-based research was performed with hit compounds in non-small cell

lung cancer cells.

12



PRS aminoacylation assay for specific inhibitor screening

At first time, single concentration (1uM) of compounds was treated to
compare inhibition effect of HF with synthesized compounds. Several compounds
were shows catalytic inhibition effect (Figure 2B) so that they were given dose-
dependent treatment to measure 50 % inhibition concentration (ICs, value). As a
result, 13 compounds which have under 100nM ICs, were selected because ICs, of
the reference compound, HF was 94.8nM with the assay condition (Figure 2C).
When I took a closer look, there was a structural similarity. Finally three structural
representative compounds; BC-PI-DW-0112, -0159 and -0176 were chosen, but the
detailed structural formula could not be revealed because of confidentiality. BC-PI-
DW-0159 was most effective of inhibiting PRS catalytic activity (Figure 2D). The

whole screening process was summarized in the scheme (Figure 2E).

The hit compounds inhibit cell proliferation

After in vitro screening, the selected hit compounds were treated to A549,
typical non-small cell lung cancer cell line at several concentrations to determine
their effect of cell proliferation control. BC-PI-DW-0159 and 0176 showed cell
proliferation inhibition at 10 uM as much as HF. However, BC-PI-DW-0112 was
not effective at 10 uM (Figure 3A). The compounds were also treated to H460,
which is another typical non-small cell lung cancer cell line, at equal condition
(Figure 3B). BC-PI-DW-0159 and 0176 were effective on cell growth inhibition as

before. As a result, the hit compounds could inhibit lung cancer cell proliferation.

13 -
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The effect of the hit compounds on cell migration

To investigate the effect of the hit compounds on tumor invasion and
metastasis, wound healing assay was carried out because cell migration is an
essential prerequisite for invasion and metastasis. After wound made on A549 cells,
each compound was treated and 12 hour’s relative cell migration were observed. 10
uM of BC-PI-DW-0159 and 0176 showed migration inhibition effect as much as
HF (Figure 4A). They inhibit cancer cells from narrowing wound width (Figure
4B). In conclusion, the hit compounds inhibit cancer cell migration so that they

could control tumor invasion and metastasis.

The hit compounds lead to cell death

To investigate how to the compounds control cell growth and cell migration,
cytotoxicity reagent was added with each compound to A549 cells to measure cell
death with fluorescence dye. 10 uM of BC-PI-DW-0159 and 0176 showed as much
as 1 uM of HF, which induced cell death. However BC-PI-DW-0112 was not
effective as before (Figure 5A, C). Cytotoxicity of the hit compounds was
confirmed by not only the number of fluorescence dye but also cell image (Figure
5B). To investigate at molecular level, western blot was performed. After 12 hours
of serum starvation, each compound was treated with several doses to A549 cells

and the cells were harvested 12 hours later. The induced cell death was identified

14



that it was related to poly ADP-ribose polymerase (PARP) pathway (Figure 5D). In

conclusion, the hit compounds lead to cancer cell death via PARP pathway.
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Figure 2. Compounds screening by PRS aminoacylation assay

(A) Schematic diagram for the compound screening principal based on PRS
aminoacylation assay. The PRS enzyme is needed three substrates; ATP, tRNA™®
and proline. With substrates, PRS plays a role in ligation of proline to its cognate
tRNA (left). Meanwhile, if the specific inhibitor; HF is added to the reaction, the
compound occupies substrate binding site so that the reaction is blocked (right)
(11). (B) Heat map of the primary screening data. Inhibitory effects of 246
compounds, which were treated 1puM of working concentration, on the
aminoacylation level were examined by PRS aminoacylation assay and the results
are presented. Several compounds inhibited PRS aminoacylation activity (yellow
color). (C) The selected 13 compounds showed below 100nM ICs, value. (D) The
aminoacylation assay result of HF and 3 hit compounds for calculation of I1Cs. (E)

Schematic diagram of compound screening process.

18



Cell confluency (%)

Cell confluency (%)

90
80
70
60
50
40
30
20

10

90

80

70

60

50

40

30

20

10

A549 (NSCLC)

—&—DMSO
=10 uM HF

={=10 yM BC-PI-DW-0112
== 10 yM BC-PI-DW-0159
=Z=-10 yM BC-PI-DW-0176

0 4 8 12162024 28 32 36 40 44 48 52 56 60 64 68 72

time (hour)

H460 (NSCLC)

—&—DMSO
—8—10 uM HF

={=10 uM BC-PI-DW-0112

== 10 uM BC-PI-DW-0159
=&--10 yM BC-PI-DW-0176

0 4 8 12162024 28 32364044 48 52 56 60 64 68 72

19

time (hour)



Figure 3. The hit compounds inhibit cell proliferation

(A) The selected 3 compounds were treated to A549 cells, typical non-small cell
lung cancer cell line, at indicated concentration to determine their effect of cell
proliferation control. BC-PI-DW-0159 and 0176 showed as much as HF effect.
However, BC-PI-DW-0112 was not effective. DMSO were used a negative control
because those compounds dissolved in DMSO (B) Same experiment was carried

out with H460 cells, which is another typical non-small cell lung cancer cell line.
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Figure 4. The effect of hit compounds on cell migration

(A) The result of wound healing assay with 3 hit compounds. After wound made
on A549 cells, each compound was treated and 12 hour’s relative cell migration
were observed. BC-PI-DW-0159 and 0176 showed as much as HF controls cell
migration. (B) Comparison of narrowed wound width among treated compounds at

12 hour.
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Figure 5. The hit compounds induce cell death

(A) To investigate how to the compounds control cell growth and cell migration,
YoYo-1 reagent was added with each compound to A549 cells to measure cell
death by fluorescence dye. 10 uM of BC-PI-DW-0159 and 0176 showed as much
as 1 uM HF induced cell death and BC-PI-DW-0112 barely affected. (B) The
image of the cells with each compound at 72 hour. Green fluorescence means dead
cells. (C) Comparison of cytotoxicity among 3 hit compounds by the number of
fluorescence. (D) To investigate at molecular level, western blot was performed.
After 12 hours of serum starvation, each compound was treated with several doses
to A549 cells and it was harvested 12hrs later. The induced cell death mechanism

was identified that it is related to poly ADP ribose polymerase (PARP) pathway.
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Table 1. Summary of hit compounds

Compound Molecular Inhibition of PRS Cell Cell Cell
weight aminoacylation proliferation migration death
(kDa) activity
ICs (M) ECso (HM) ECs (HM) ECg (UM)
Halofuginone  414.68 94.8 <0.1 <0.1 1
BC-PI-DW-
0112 308 34 <100 <100 <100
BC-PI-DW-
0159 353.22 62 <10 10 10
BC-PI-DW-
0176 342.22 62 <10 <10 10
26
= o
_I' = J 1
=



DISCUSSION

PRS is one of the ARS enzymes that play a role of ligation of amino acids to
cognate tRNA in protein synthesis. Besides, PRS is highly expressed in cancer,
especially non-small cell lung cancer (NSCLC), so it would be a cancer target.
Even though there was a HF as a PRS specific inhibitor, it has fatal side effect for
human drug, so | started to find novel compound.

First, various PRS inhibitor compounds were synthesized with better drug-
likeness. With those compounds, | check their PRS catalytic inhibition effect by
aminoacylation assay. Throughput of the assay was very low, so it was very time-
consuming process. At the beginning, none of compounds was effective but, later
some started to appear inhibition. Finally I got three hit compounds.

After compound screening, | treated those compounds to A549 and H460 cells,
which are typical NSCLC cells. | investigate their effect of cell proliferation,
migration and death by using real-time cell imaging tool, IncuCyte™ FLR. Western
blot was also carried out to check at molecular level. In activity test, the hit
compounds had better effect than HF, but in cell, they were less than HF (Table 1).
I thought that HF might be related to known or unknown factor on controlling
cancer in addition to PRS dependent manner. The whole compound screening
process is described in a diagram (Figure 6).

The mode of action mechanism study of HF and hit compounds are still
needed for further steps and more optimized lead compound are also needed for

drug candidate. Moreover, in vivo study like xenograft mouse model is also
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necessary to be a real drug development.
In conclusion, | suggest that PRS would be a novel target for anti-NSCLC

drug development and the hit compounds were found.
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