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Inhibition of ornithine decarboxylase 1 facilitates pegylated
arginase treatment in lung adenocarcinoma xenograft models
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Abstract. Arginine depletion has shown anticancer effects
among arginine auxotrophic cancers. An anti-proliferative
effect of pegylated arginase (BCT-100) has been shown in
acute myeloid leukaemia, hepatocellular carcinoma and meso-
thelioma. The aim of the present study was to evaluate the
effect of BCT-100 in lung adenocarcinoma. A panel of lung
adenocarcinoma cell lines and xenograft models were used to
investigate the effect of BCT-100. Protein expression, arginine
level, putrescine level, spermidine level and apoptosis were
analyzed by western blotting, ELISA, high performance liquid
chromatography, dot blot and TUNEL assay, respectively.
BCT-100 converts arginine to ornithine. BCT-100 reduced
in vitro cell viability across different lung adenocarcinoma cell
lines and suppressed tumour growth in an HCC4006 xenograft,
while paradoxical growth stimulation was observed in H358,
HCC827, H1650 and H1975 xenografts. Upon BCT-100 treat-
ment, ornithine decarboxylase 1 (ODC1) was induced in two
solid tumour xenografts (H1650 and H1975). It was postulated
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that the accumulated ornithine could be channeled via ODC1
to produce polyamines that promoted tumour growth. The
action of an ODCI1 inhibitor (a-difluoromethylornithine,
DFMO) was studied in the restoration of the anticancer
effects of BCT-100 in lung adenocarcinoma. In both H1650
and H1975 xenografts, a combination of DFMO and BCT-100
significantly suppressed tumour growth, resulting in doubled
median survival compared with the control. Putrescine was
decreased in almost all treatment arms in the H1650, H1975
and HCC4006 xenografts. Nonetheless spermidine was
reduced only following DFMO/BCT-100 treatment in the
H1650 and H1975 xenografts. Apoptosis was enhanced in the
combined treatment arm in both H1650 and H1975 xenografts.
In the HCC4006 xenograft, addition of DFMO did not alter
the tumour suppressive effect of BCT-100. In conclusion, inhi-
bition of ODC1 by DFMO was crucial in facilitating BCT-100
treatment in lung adenocarcinoma that was partially mediated
by depleting arginine and polyamines with consequent
apoptosis.

Introduction

Amino acids are essential for different cellular functions
including synthesis of protein, nitric oxide, urea, creatine and
polyamines (1). Thus, amino acid depletion can potentially
serve as an effective treatment for cancers.

Arginineis asemi-essential amino acid in some tumours, but
non-essential in normal cells. Therefore, arginine-degrading
enzymes (arginase and arginine deiminase) have recently been
studied in the treatment of different types of cancer that lack
the ability to re-synthesize arginine (2,3).

Arginine can be converted to ornithine, citrulline and
argininosuccinate by arginase, ornithine transcarbamylase
(OTC) and argininosuccinate synthetase (ASS1), respec-
tively. Polyamines (putrescine, spermidine and spermine) are
aliphatic cations with pleiotropic functions and are found in
various cell types. The biosynthesis of polyamines involves
ornithine decarboxylase 1 (ODCI) and S-adenosylmethionine
decarboxylase, as well as spermidine synthase (SRM) and
spermine synthase (SMS). Nonetheless spermidine/spermine
Nl-acetyltransferase (SSAT), FAD-dependent polyamine
oxidase and spermine oxidase are responsible for the degrada-
tion of polyamines (Fig. 1). Polyamines are essential to cell
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proliferation that can also promote tumour growth (4). High
expression of ASS1 and OTC, which are the key enzymes in
the urea cycle that are responsible for replenishing arginine, is
biologically predictive of refractoriness to arginase treatment.

BCT-100 (Bio-Cancer Treatment International Ltd., Hong
Kong) is a pegylated (PEG) formulation of arginase (US FDA
IND granted in March 2012) that was developed as an anti-
cancer agent. An anti-proliferative effect of BCT-100 has been
demonstrated in acute myeloid leukaemia (5), hepatocellular
carcinoma (HCC) (2,6) and mesothelioma (7), with an ICs,
value of 0.1-1.25, 100-250 and 13-23 mU/ml, respectively. Cell
cycle arrest and apoptosis are induced by BCT-100 in human
melanoma (8), HCC (9) and mesothelioma (7). BCT-100 has
recently demonstrated clinical activity in a phase I/II clinical
trial in HCC (10). The present study aimed to investigate the
role of BCT-100 as an anticancer treatment for lung adenocar-
cinoma.

Materials and methods

Cell lines and reagents. A panel of seven lung adenocarci-
noma cell lines [epidermal growth factor receptor (EGFR)
wild-type and K-ras mutated (H23 and H358) or EGFR
mutated (HCC827, H1650, H1975, HCC2935 and HCC4006)]
was obtained from The American Type Culture Collection
(ATCC, Manassas, VA, USA). The passage of cells used for
various experiments was authenticated by ATCC in December
2016 by comparing the ATCC reference database profile. Cells
were cultured in Gibco® RPMI-1640 medium (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco®; Thermo Fisher Scientific,
Inc.) in a humidified atmosphere of 5% CO, at 37°C.

Pegylated arginase (BCT-100) and a-difluoromethylornithine
(DFMO). Pegylated arginase (BCT-100, PEG-BCT-100
or rhArglpeg5000) was manufactured and donated by
Bio-Cancer Treatment International. DFMO was purchased
from Shijiazhuang Aopharm Import & Export Trading Co.,
Ltd. (Hebei, China).

Cell viability assay. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell viability assay
was performed as previously described (11). Briefly, 5,000 cells
were plated in each well and treated for 72 h with BCT-100.
Culture medium alone was served as the control.

Protein expression by western blot analysis and spermidine
level by dot blot. Specific primary antibodies [mouse
monoclonal anti-human f-actin (1:1,000; cat. no. A1978)
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany),
anti-ASS1 (1:1,000; cat. no. SC-99178), anti-ODC1 (1:1,000;
cat. no. SC-33539), anti-OTC (1:1,000; ¢ cat. no. SC-102051),
anti-spermidine synthase (SRM) (1:1,000; cat. no. SC-374524),
anti-spermine synthase (SMS) (1:1,000; cat. no. SC-99159),
anti-cleaved PARP (1:1,000; cat. no. SC-9542) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), anti-PEG (1:1,000;
cat.no. 31-1008-00) (RevM Ab Biosciences, San Francisco, CA,
USA), anti-survivin (1:1,000; cat. no. 2808), (Cell Signaling
Technology, Inc., Danvers, MA, USA)] and corresponding
horseradish peroxidase (HRP)-conjugated secondary antibody
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(anti-mouse IgG, 1:1,000; cat. no. 7076 or anti-rabbit IgG,
1:1,000; cat. no. 7074) (from Cell Signaling Technology, Inc.)
were purchased. Western blot analysis was performed as previ-
ously reported (12). Cells (5x10°) were collected and lysed for
1 h on ice with RIPA buffer (20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% sodium deoxycholate, | mM EGTA, 2.5 mM sodium
pyrophosphate, 1 mM Na,EDTA, 1% NP-40, 1 mM Na,;VO,,
1 mM f-glycerophosphate and 1 pg/ml leupeptin) including
a protease inhibitor cocktail. Tissue samples collected from
xenograft models were lysed for 1 h on ice with T-PER® Tissue
Protein Extraction Reagent (cat. no. 78510) (Thermo Fisher
Scientific,Inc., Waltham,M A, USA) including a protease inhib-
itor cocktail. For dot blotting, samples were directly spotted
onto a nitrocellulose membrane and allowed to dry for 1 h at
room temperature. The membranes were blocked, incubated
with anti-spermidine antibody (1:1,000; cat. no. NB100-1847)
(Novus Biologicals, LCC, Littleton, CO, USA) and corre-
sponding secondary antibody (anti-rabbit IgG, 1:1,000;
cat. no. 7074; Cell Signaling Technology, Inc.), similar to
western blotting. An enhanced chemiluminescence (ECL) kit
(GE Healthcare, Buckinghamshire, UK) was used to detect
protein expression. $-actin served as a housekeeping protein.

Tumour xenograft growth in vivo. H358, HCC827, H1650, H1975
and HCC4006 xenografts were established by subcutaneous
injection of the corresponding (107) cells in phosphate-buffered
saline (PBS) into the upper back of 12 (6 mice x2 groups) or
32 (8 mice x4 groups) nude mice (female; age, 4- to 6-weeks;
weight, 10-14 g, BALB/cAnN-nu; Charles River Laboratories,
Wilmington, MA, USA). The mice were kept in 12-h/light/dark
cycle with temperature (20-25°C) and humidity (60-70%) control
and ad libitum diet was provided. Treatment started when the
tumor size reached ~50 mm?®. To study the effect of BCT-100,
mice were randomized to one of two groups, after tumour growth
was established (n=6). PBS (control) or BCT-100 (20 mg/kg
twice a week, intraperitoneally) was administered. To study the
combined effect of DFMO and BCT-100, mice were randomized
into four groups after tumour growth was established (n=8). PBS
(control), 2% DFMO (in drinking water), BCT-100 (20 mg/kg
twice a week, intraperitoneally) or DFMO/BCT-100 was given
accordingly. Tumour dimension (using standard calipers) and
body weight of mice were assessed twice a week and tumour
volume was calculated as follows: Volume = length x width x
width)/2 (11). For humane reasons, mice were sacrificed (by
administration of 100 pl pentobarbital sodium solution, intra-
peritoneally) when tumour size reached 600 mm?. Tumour
xenografts were harvested. The study protocol was approved by
the institutional Animal Ethics Committee of The University of
Hong Kong (approval ref. no. CULATR 3781-15) and standard
humane endpoints for animal research were applied in compli-
ance with the instructions of the U.S. Public Health Service
(policy on humane care and use of laboratory animals).

Serum arginine concentration. L-arginine ELISA kit was
purchased from Immundiagnostik (Bensheim, Hessen,
Germany) and the assay was performed according to the manu-
facturer's protocol. In brief, control, standards and samples were
derivatized and incubated with L-arginine antibody overnight.
After washing with washing buffer, peroxidase conjugate was
added. The reaction was stopped following incubation with
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Figure 1. Schematic diagram of the urea cycle and polyamine production. ASS1, argininosuccinate synthetase; OTC, ornithine transcarbamylase; ASL, arginino-
succinate lyase; ODCI, ornithine decarboxylase 1; SRM, spermidine synthase; SMS, spermine synthase; SSAT, spermidine/spermine N1-acetyltransferase;

DFMO, a-difluoromethylornithine.

tetramethybenzidine substrate (13). Absorbance (450 nm)
was determined with a reference (620 nm) using a FLUOstar
Optima microplate reader (Bmg Labtec GmbH, Ortenberg,
Germany).

Putrescine concentration assessement by high performance
liquid chromatography (HPLC). The concentration of putres-
cine in different tumour lysates was analyzed according to
a previously reported methodology (14). Putrescine dihy-
drochloride and o-phthaldialdehyde (OPA) reagent solution
(Sigma-Aldrich; Merck KGaA) and HPLC grade methanol
(Tedia Company, Fairfield, OH, USA) were purchased. The
standards and samples were centrifuged at 13,400 x g for
10 min. Supernatant (30 pl) was mixed with 5% perchloric
acid (30 ul) to precipitate proteins. The mixtures were then
centrifuged (13,400 x g, 10 min). The supernatant of acidic
extract (50 ul) was neutralized with borate buffer (100 ul,
0.1 M, pH 9.0) and OPA reagent (60 ul) was then added. The
derivatized mixtures were centrifuged (13,400 x g, 10 min)
and the supernatant (20 ul) was injected into the HPLC
system. Nucleosil ODS column (250x4.6 mm, internal diam-
eter 5 mm) (Macherey-Nagel GmbH & Co., Diiren, Germany)
was connected to Agilent 1260 Infinity (Agilent Technologies,
Santa Clara, CA, USA) and eluted with buffer A (water) and
buffer B (methanol) at a flow rate of 1 ml/min. Following
injection of standards or samples, the column was eluted with
70% buffer B for 1 min and an isocratic gradient from 70%
buffer B to 90% solvent B for 13 min. The column was washed
with 100% buffer B for 5 min and re-equilibrated with 100%
buffer A for 5 min. Signals were detected with an excitation
wavelength of 360 nm and emission wavelength of 510 nm.

Terminal deoxynucleotidyl transferase-dUTP nick end
labeling (TUNEL) assay. TUNEL assay was performed using
Click-iT® Plus TUNEL assay (Invitrogen; Thermo Fisher
Scientific, Inc.). De-paraffinization, fixation and permeabiliza-
tion of formalin-fixed, paraffin-embedded tumour xenograft
sections were performed first. Sections were incubated with
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Figure 2. Basal expression of ASSI in a panel of lung adenocarcinoma cell
lines. ASS1 was highly expressed in H1975 and HCC2935 cells.

terminal deoxynucleotidyl transferase (TdT) reaction buffer,
and then incubated with TdT buffer containing EQUTP, TdT
and TdT enzyme. TUNEL reaction cocktail (Alexa Fluor®
picoyl azide, copper protectant, TUNEL reaction buffer
additive and TUNEL reaction buffer) was added to each
section. The slides were mounted with Prolong® Gold antifade
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) containing
4'6-diamidino-2-phenylindole (DAPI). Images were captured
using a Nikon Ni-U fluorescence microscope (Nikon, Tokyo,
Japan) equipped with a camera/detector Diagnostic Instrument
RT3 slider (Meyer Instruments, Houston, TX, USA). Images
were captured at x400 magnification using CFI Plan Fluor
DLL 40X objective (Nikon). Images were captured using
NIS-Elements Basic Research software (SPOT™ Software 5.0)
(Laboratory Imaging Ltd., Prague, Czech Republic).

Statistical analysis. Experiments were repeated at least three
times and data were analysed (mean + standard error of the
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Figure 3. Alteration of tumour size as well as ASS1, OTC, ODC1, SRM and SMS expression in xenograft models following treatment with BCT-100.
(A) BCT-100 (dotted lines) stimulated tumour growth in H358, HCC827, H1650 and H1975 xenograft models but inhibited growth in HCC4006 xenograft

models. "P<0.05, “P<0.01,"P<0.001.

mean). Student's two-tailed t-test was used for comparison
in pairs. The differences between groups (>2 groups) were
analyzed with one way analysis of variance (ANOVA) and
Tukey's multiple comparison test using GraphPad Prism
software version 5.01 (GraphPad Software, Inc., La Jolla, CA,
USA). Comparisons without significance are indicated as ‘NS’.
A P-value <0.05 is considered to indicate statistically signifi-
cant difference ("P<0.05, “P<0.01, ““P<0.001 as indicated in
the figures). Kaplan-Meier analysis was performed for tumour
xenograft models in different treatment arms, with the humane
endpoint or death of mice as the outcome measure. The differ-
ence in median survival between arms was analysed using
log-rank test by Prism.

Results

In vitro activity of BCT-100 in lung adenocarcinoma cell
lines. Treatment with BCT-100 induced a dose-dependent
anti-proliferative effect in all lung adenocarcinoma cell

lines. The ICs, value of H23, H358, HCC827, H1650, H1975,
HCC2935 and HCC4006 cells was 13.1+1.2,12.8+1.5, 19.1+7.7,
259+5.0, 12.3+0.5, 620+65 and 15.9+5.1 mU/ml respectively
following a 72-h treatment.

Basal expression of ASS1 and OTC in vitro. The protein
expression of ASS1 was relatively higher in H1975 and
HCC2935 cells, lower in H1650 and HCC4006 cells and
almost undetectable in H23, H358 and HCC827 cells (Fig. 2).
All cell lines were OTC negative (data not shown).

Effects of BCT-100 on tumour xenograft growth. BCT-100
(20 mg/kg) promoted tumour growth in H358, H827, H1650
and H1975 xenograft models, but suppressed growth in the
HCC4006 xenograft (Fig. 3A). H358 and HCC827 xenografts
were cystic tumours, H1650, H1975 and HCC4006 were solid.

Protein expression of ASS1, OTC, ODCI, SRM and SMS after
BCT-100 treatment. Alteration in protein expression of key
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Figure 3. Continued. (B) ASS expression was downregulated in the BCT-100 arm in the H1975 xenograft model. OTC was found and unaltered in HCC827
xenograft. Upregulation of ODC1 was noted in the BCT-100 arm in both H1650 and H1975 xenograft models. Expression of SRM was unchanged in H358 and
HCC827 xenografts but upregulated in H1650, H1975 and HCC4006 xenografts. SMS was unchanged in HCC827, H1650, H1975 and HCC4006 xenografts.

“P<0.05, "P<0.01.

molecules of arginine metabolism was determined between
control and BCT-100 treatment arms. ASS1 was downregu-
lated by BCT-100 in the H1975 xenograft but unaltered in other
xenografts. OTC was unchanged in the HCC827 xenograft and
undetectable in others. ODC1 was unaltered in H358 xenograft
but upregulated by BCT-100 in H1650 and H1975 xenografts.
ODC1 was undetectable in both control and BCT-100 treat-
ment arms in HCC4006 xenograft (data not shown). SRM
was unchanged in H358 and HCC827 xenografts but upregu-
lated in H1650, H1975 and HCC4006 xenografts. SMS was
unaltered in HCC827, H1650, H1975 and HCC4006 xeno-
grafts (Fig. 3B).

Effects of combined DFMO and BCT-100 on xenograft
models. Relative tumour size increased with BCT-100
treatment in H1650 and H1975 xenografts and decreased with
BCT-100 in HCC4006 xenograft as described above. There
was no significant difference in tumour size between DFMO
and control arms in any xenograft model. Combination treat-
ment with DFMO/BCT-100 significantly suppressed tumour
growth in H1650 and H1975 xenograft models, in contrast to

enhanced tumour growth evident with BCT-100 alone. The
effect of DFMO/BCT-100 and BCT-100 remained similar in
the HCC4006 xenograft model (Fig. 4A).

Increased median survival with DFMO/BCT-100 in xenograft
models. The median survival was increased from 12 days in
the control arm to 24 and 25 days in the DFMO/BCT-100
treatment arm (P<0.01) in H1650 and H1975 xenograft models
respectively (Fig. 4B).

Intratumoral penetration of BCT-100. As BCT-100 was
tagged with PEG, immunoreactivity to anti-PEG antibody
was used to quantify the amount of BCT-100 within tumour
xenografts. BCT-100 was significantly accumulated within
tumours in BCT-100 and DFMO/BCT-100 treatment arms in
all three xenograft models (Fig. 5A).

Arginine depletion by DFMO and/or BCT-100 in vivo. Serum
arginine concentration and intratumoral arginine content in
both BCT-100 and DFMO/BCT-100 treatment arms were
significantly decreased in all xenograft models (Fig. 5B).
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Figure 4. Combination effect of DFMO with BCT-100 in H1650, H1975 and HCC4006 xenograft models. (A) Combination of DFMO with BCT-100 suppressed
tumour growth in both H1650 and H1975 xenograft models. The effect of BCT-100 and DFMO/BCT-100 in HCC4006 xenograft model was similar.
(B) DFMO/BCT-100 treatment increased median survival in both H1650 and H1975 xenograft models. “P<0.05, “P<0.01, ""P<0.001.

The serum arginine was equally depleted in BCT-100 alone
or DFMO/BCT-100 combination across different xenografts.
Except for the H1975 xenograft, the DFMO/BCT-100 treat-
ment arm and BCT-100 arm decreased intratumoral arginine
to comparable levels (Fig. 5B).

Putrescine and spermidine level in DFMO and/or BCT-100
treatment arms in vivo. Putrescine was decreased in DFMO,
BCT-100 and DFMO/BCT-100 groups in all xenograft models
except for H1975 xenograft in the BCT-100 arm (Fig. 6A).
Decrease in putrescine level in BCT-100 arms was possibly
due to putrescine consumption with enhanced tumour

growth. Conversely, DFMO declined putrescine level in
DFMO + BCT-100 arms resulting from inhibition of ODCI,
i.e. decreased putrescine production.

Spermidine level was significantly reduced in
DFMO/BCT-100 arm only in H1650 and H1975 xenografts,
but remained unaltered in HCC4006 xenograft (Fig. 6B).
Spermidine level may be a more important marker than
putrescine as an indicator of efficacy in DFMO/BCT-100
combination.

Apoptosis induced by BCT-100 in xenograft models.
TUNEL-positive DNA strand breaks and nuclei were stained
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green and blue, respectively. Apoptotic cells (TUNEL remained low in the control and DFMO groups, slightly
and DAPI-positive) were indicated with double positive increased in the BCT-100 arm and was further elevated in
staining (Fig. 7). In the H1650 xenograft, the apoptotic signal ~the DFMO/BCT-100 combination group (Fig. 7A). In the
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DFMO and/or BCT-100 treatment groups except the BCT-100 treatment arm in the H1975 xenograft model. (B) Intratumoral spermidine level was reduced by
DMFO/BCT combination arms in H1650 and H1975 xenograft models. "P<0.05, “P<0.01, “P<0.001; NS, not significant.

H1975 xenograft, the level of apoptosis was maintained
at a low level in control, DFMO and BCT-100 groups, but
significantly enhanced in the DFMO/BCT-100 combination
arm (Fig. 7B). In the HCC4006 xenograft, apoptotic signal
was noted in DFMO, BCT-100 and DFMO/BCT-100 arms
but not in the control group (Fig. 7C). The percentage of cells
that underwent apoptosis is displayed in Fig. 7D. Furthermore,
the upregulation of cleaved PARP (cPARP) was observed in
the DFMO/BCT-100 treatment arm in both H1650 and H1975
xenograft models (Fig. 7E), but not in the HCC4006 xeno-
graft (data not shown). Downregulation of survivin, serving as
an anti-apoptotic factor, was also observed in DFMO/BCT-100
treatment group in H1975 xenograft (Fig. 7E).

Discussion

BCT-100 demonstrated anti-proliferative effects in vitro,
however, demonstrated a paradoxical tumour promoting
effect in most of our in vivo xenograft models. ODC1 was
upregulated by BCT-100 treatment in H1650 and H1975
xenograft models. We postulated that ornithine produced
from arginine by BCT-100 was converted to polyamines by
upregulated ODC1, thus leading to stimulation of tumour
growth. The combination of an ODCI inhibitor (DFMO) with
BCT-100 restored the tumour suppressive effects of BCT-100
in the H1650 and H1975 xenograft models with an increased
median survival, mediated by decreasing serum and intratu-
moral arginine levels as well as intratumural putrescine and
spermidine levels. Furthermore, apoptosis was enhanced by

DFMO/BCT-100 in H1650 and H1975 xenografts, in keeping
with the observed antitumoral effects. Nonetheless there was
no beneficial or detrimental effect in the HCC4006 xenograft
model (whereby ODC1 was not induced by BCT-100) when
DFMO and BCT-100 were combined.

Based on the updated GLOBOCAN project of the World
Health Organization in 2012, lung cancer is the top cancer
killer (http://globocan.iarc.fr/). The incidence and mortality
rates of lung cancer were 16.7 and 23.2%, respectively. Lung
cancer can be classified as non-small cell lung carcinoma or
small cell lung carcinoma. Eighty-five percent of lung cancer
cases are NSCLC and adenocarcinoma is the major subtype.
Systemic chemotherapy remains the cornerstone treatment for
NSCLC with only a modest survival benefit. Although targeted
therapies (e.g. against EGFR) have been developed for lung
cancer patients with different types of mutations, development
of acquired drug resistance around one year following targeted
therapy is practically unavoidable (15). As such, novel treat-
ment for NSCLC is highly desired.

Amino acid depletion is a potentially promising approach
of anticancer therapy, akin to the use of L-asparaginase in the
treatment of acute leukaemia. Arginine is an essential amino
acid for cancer cells that are incapable of replenishing their
arginine store, but not normal cells. Arginine deiminase (ADI)
and arginase have been used to deplete arginine in in vivo
and clinical studies. ADI induces an anticancer effect on
ASSl-deficient cancers including those of the head and neck,
lymphoma, pancreas, breast and small cell lung carcinoma (16)
by cell cycle arrest and apoptosis. Arginase (BCT-100) also
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Figure 7. Induction of apoptosis following treatment in xenograft models. TUNEL signal was increased in the DFMO/BCT-100 arm in both (A) H1650 and
(B) H1975 xenograft models, as well as DFMO, BCT-100 and DFMO/BCT-100 groups in (C) HCC4006 xenograft model. (D) The percentage of apoptotic cells
in different treatment arms of different xenograft models. (E) Upregulation of cleaved PARP (cPARP) was observed in DFMO/BCT-100 group in both H1650

and H1975 xenograft models. At the same time, downregulation of survivin was
“*P<0.001; NS, not significant.

displays anticancer activity in melanoma (8) and human
hepatoma (2) via apoptosis, as well as cell cycle arrest in mela-
noma (8), HCC (9) and acute myeloid leukaemia (17).
BCT-100 reduced cell viability in a panel of lung adeno-
carcinoma cell lines but promoted tumour growth in most lung
adenocarcinoma xenograft models. Concurrently, ODCI1 was
upregulated when treated with BCT-100. For tumour xeno-
grafts (H1650 and H1975) that did not express OTC, ornithine
accumulated upon exposure to BCT-100. Of note, ODCI is
an inducible enzyme. An increased ornithine level (substrate
of ODC1) has been shown to induce ODCI expression (18).
Conversely, ODCI can be upregulated by translational and
transcriptional mechanisms via PI3-kinase/Akt/mTOR and
Ras/Raf/MEK/Erk/c-myc pathways respectively (19). In addi-
tion, ODCI can be induced during hypoxia which increased
polyamines production and promoted cell survival in different
cell lines. Notably, apoptosis was induced when depleting poly-
amines during hypoxic stress (20). BCT-100 depleted arginine
to ornithine and may have been responsible for upregulation
of ODC1 expression in H1650 and H1975 solid tumour xeno-
grafts. Notably, ODCI expression was not induced with in vitro
exposure to BCT-100 (data not shown), which was postulated
to be due to the limited amount of arginine in in vitro culture

noted in DFMO/BCT-100 arm in H1975 xenograft model. "P<0.05, “P<0.01,

medium, but relatively abundant source of arginine from food
in vivo. The excessive arginine in vivo was then converted to
ornithine by BCT-100 which induced ODC1 expression.

Ornithine was then converted to polyamines by ODC1,SRM
and SMS. Polyamines are known to promote cell proliferation
and tumour growth (21). In addition, SRM is also an inducible
enzyme by its own substrate (putrescine) (22). BCT-100 not
only upregulated ODC1, but also SRM, and this may speed
up the conversion of putrescine to spermidine. Increased
polyamines production may counteract or even overwhelm the
tumour suppression effect of arginase treatment. Nonetheless,
conversion of polyamines from ornithine could be inhibited by
ODCI inhibitors (e.g. a-difluoromethylornithine or DFMO).
In order to prevent the catastrophic effect due to increased
polyamines synthesis, we proposed that a combination of
ODCI inhibitor with BCT-100 could restore the therapeutic
function of BCT-100 in lung adenocarcinoma.

DFMO is a specific ODCI inhibitor that has been used
in a phase III clinical trial for chemoprevention of sporadic
colorectal adenomas (23). It has been shown to significantly
decrease putrescine and spermidine level, but not spermine
level, in both human colon cancer (24) and xenograft mouse
models of skin squamous cell carcinoma (25). Nonetheless
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there was no direct tumour-suppressive effect of DFMO in
our lung adenocarcinoma xenograft models. In the present
study, the putrescine level was decreased in the BCT-100 treat-
ment arms, yet DFMO inhibited ODCI that also suppressed
putrescine production. In our study, BCT-100 did not increase
the spermidine level that was probably used up for protein
synthesis and cell proliferation (26). As previously reported in
the literature, activation of ODC1 often decreases the level of
polyamines (26) and is consistent with our findings.

Depletion of arginine (BCT-100 treatment) and polyamine
(DFMO treatment) suppressed tumour growth in solid tumour
xenograft models with inducible ODCI. At the same time,
the tumour-suppressive effect of BCT-100 was not hampered
by DFMO treatment in a solid tumour xenograft model
without ODC1 induction. It is of note that high basal ODC1
expression has been found in liver and colon cancers (27),
MYCN-amplified neuroblastoma (28) and leukaemia (29).
Whether induction of ODC1 expression by BCT-100 occurs
in cancers other than lung adenocarcinoma need to be eluci-
dated. Theoretically, upregulation of polyamines by high basal
or inducible ODC1 expression can be potentially aborted by
DFMO. Our findings indicated that a combination of DFMO
with BCT-100 can abrogate a compensatory mechanism (via
production of polyamines) that hinders the therapeutic effects
of BCT-100 in lung adenocarcinoma.

BCT-100 has been tested in different cancer models,
including hepatocellular carcinoma, acute myeloid leukemia,
acute lymphoblastic leukemia, glioblastoma, melanoma,
prostate and pancreatic cancer and mesothelioma. BCT-100
induced apoptosis and/or cell cycle arrest in most cases (30),
while promoted tumour growth paradoxically in the present
study. A combination of DFMO and BCT-100 re-directed
cancer cells to apoptosis. However, cell cycle arrest was
not observed as there was no alteration in the expression
of different cyclins and cyclin-dependent kinases (data not
shown).

A recent early phase clinical trial of BCT-100 treatment
(1,600 U/kg/week) in HCC was completed in our institution.
A significant increase in progression-free survival and overall
survival was observed in patients with adequate arginine
depletion for >2 months. The adverse effects associated with
BCT-100 treatment were mild and included loss of appetite,
pain, vomiting, constipation, insomnia, fatigue and nausea (10).
Further clinical exploration of BCT-100 in the treatment of
HCC and acute leukaemia are ongoing.

In a phase III chemoprevention trial for sporadic colorectal
adenomas, DFMO 500 mg daily in combination with sulindac
150 mg daily for 3 years was associated with few reported
adverse events. There was no significant difference (P>0.05)
between placebo and treatment groups in grade 3 or above
adverse events, frequency of overnight hospitalizations,
cardiovascular events, deaths, hearing problems and gastroin-
testinal events (23).

In conclusion, an ODCl-inhibitor (e.g. DFMO) should be
used in conjunction with pegylated arginase (BCT-100) in the
treatment of lung adenocarcinoma.
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