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Abstract: AML, the second most common childhood leukemia is also one of the deadliest cancers. High mortality
rate in AML is due to high incidence of relapse after complete remission with chemotherapy and inadequate prog-
nostic assessment of patients. Moreover, there is dearth of therapeutic targets for treatment of this malignancy.
Previous pilot study (n = 24) by our group revealed strong association between cathepsin B (CTSB) overexpression in
peripheral blood mononuclear cells (PBMCs) and poor survival outcome in pediatric AML patients. To further explore
the clinical utility and role of this protease in pediatric AML, we measured its enzymatic activity and mRNA expres-
sion in PBMCs as well as bone marrow mononuclear cells (BMMCs) of patients (n = 101) and PBMCs of healthy
controls. Our results revealed elevated CTSB activity (P < 0.01) and overexpression of its mRNA (P < 0.01) in AML
patients. Interestingly CTSB in BMMCs of patients emerged as an independent prognostic marker when compared
with other known risk factors. Moreover, chemical inhibition of CTSB activity compromised survival, and induced
apoptosis in an AML cell line THP-1. We further demonstrate the inhibition of CTSB activity by chemotherapeutic
agent doxorubicin in these cells. Docking and simulation studies suggested the binding of doxorubicin to CTSB with
higher affinity than its known specific inhibitor CA-O74 Me, thereby indicating that cell death induced by this drug
may at least partly be mediated by CTSB inhibition. CTSB, therefore, may serve as a prognostic marker and an at-

tractive chemotherapeutic target in pediatric AML.
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Introduction

Acute leukemia is one of the most frequent
hematological malignancies in children, of whi-
ch 20% cases are of myeloid origin i.e., AML.
Although intensification of chemotherapy, bet-
ter supportive care and salvage therapy has
improved the survival outcome of pediatric
AML patients, there is no significant reduction
in relapse and non-response rate [1]. However,
further augmentation of current chemotherapy
is unattainable due to treatment-related mor-
talities. Therefore, it is essential to identify
newer molecular targets for development
of better drugs for the treatment of pediatric
AML. Risk factor assessment based on fre-
quently occurring karyotypic alterations, and
somatic mutations such as t(8,21), inv(16),
1(15,17), and FLT3, NPM1, CEBPA respectively

has assisted in deciding patient-specific treat-
ment strategies [2-4]. Despite recent progress
in diagnosis and therapy, the prognosis of this
malignancy remains a challenge. Several pro-
teases have been identified as potential bio-
markers due to their deregulated expression in
various cancers. CTSB is an endolysosomal
cysteine protease and is of significant impor-
tance due to its involvement in several patho-
logical and oncogenic processes [5-7]. In he-
althy cells, it is primarily involved in protein turn-
over and degradation with stringent regulation
of its activity at multiple levels. However, this
control is lost in malignant cells, thereby lead-
ing to its overexpression in a variety of solid
tumors. The elevated activity/expression of CT-
SB contributes to tumor growth, invasion, and
metastasis. Prognostic significance of this pro-
tease has been reported in tumors of the breast
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[8], ovary [9], lung [10] and brain [11]. In a pre-
vious study, we demonstrated elevated activi-
ty/expression of CTSB and another lysosomal
cysteine protease cathepsin L (CTSL) in a small
cohort of pediatric AML patients [12]. We fur-
ther established CTSL as an independent prog-
nostic marker in this malignancy [13]. However,
the clinical significance of CTSB in pediatric
AML remained unclear.

Various in-vivo and in-vitro studies suggested
the role of CTSB in conferring a survival advan-
tage to cancer cells by promoting tumor cell
proliferation [14]. In view of these reports spe-
cific chemical inhibitors of this protease and
methods to silence/downregulate its expres-
sion have been developed. Inhibition of CTSB
activity reduced tumor cell survival and growth
in several cancers [15, 16]. However, no such
information about its role in leukemic cells was
available. Therefore, the present study was
planned to assess the activity/expression of
CTSB in mononuclear cells isolated from pe-
ripheral blood and bone marrow aspirate in a
large cohort of 101 pediatric AML patients. In
order to evaluate its utility to monitor the cour-
se of disease, the activity of this protease was
also measured in AML patients after induction
chemotherapy. We also investigated the signifi-
cance of this protease as a prognostic marker
in pediatric AML. Furthermore, the role of CTSB
in conferring a survival advantage to leukemic
cells was studied by its chemical inhibition in
THP-1 cells.

Our results demonstrate significant overexpr-
ession of CTSB in pediatric AML patients as
compared to their healthy siblings (controls).
By Cox regression analysis it emerged as an
independent prognostic marker. Moreover, in-
hibition of CTSB in THP-1 cells compromised
cell survival and induced caspase-mediated
apoptosis, thereby suggesting its role in con-
ferring a survival advantage to AML cells. Ad-
ditionally, we envisaged that doxorubicin/dau-
norubicin and cytosine arabinoside, two prima-
ry AML drugs may mediate cell death in AML by
inhibition of CTSB. Our results from docking
and simulation studies revealed high-affinity
binding of doxorubicin into CTSB active site
leading to inhibition of its activity. These find-
ings confirm the involvement of CTSB in leuke-
mic cell survival, thereby suggesting it to be
a potential therapeutic target for the manage-
ment of AML.
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Methods
Study design

The present study was conducted at the All
India Institute of Medical Sciences (AIIMS), New
Delhi, India, after obtaining formal approval
from the Institute’s ethics committee [IESC/
T-376/28.09.2012]. Prior informed consent
was taken from legally accepted representa-
tives of patients [13]. The study design is given
in Figure 1.

Patients

A total of 106 pediatric AML patients attending
medical oncology OPD at Dr. BRAIRCH, AlIMS,
New Delhi, India were recruited for the present
study. Both peripheral blood (PB, n = 101) and
bone marrow aspirates (BM, n = 101) were
taken from each patient. For some patients (n =
5) either PB or BM was not available. Bone mar-
row aspirates were collected during routine
marrow analysis by a trained medical profes-
sional. Post Induction samples were collected
after induction of patients with, cytosine arabi-
noside, and daunorubicin. Simultaneously, 35
age-matched healthy subjects were also includ-
ed in this study to serve as controls.

Inclusion criteria: Newly diagnosed, previously
untreated AML patients aged < 18 years.

Exclusion criteria: Patients with myelodysplas-
tic syndrome, previously known malignancy and
acute promyelocytic leukemia.

Isolation of peripheral blood and bone marrow
mononuclear cells

Peripheral blood and bone marrow aspirates
were collected from pediatric AML patients in
separate EDTA containing tubes. Ficoll density
gradient centrifugation method was employed
to isolate mononuclear cells from both periph-
eral blood and bone marrow aspirates. The
mononuclear (opaque) layer was carefully
transferred to a fresh Eppendorf tube, and con-
taminating RBCs were removed by lysis. Cell
pellets thus obtained were stored at -80°C till
further use.

CTSB enzyme assay

PBMCs and BMMCs were lysed in enzyme
assay lysis buffer (50 mM Tris HCI, pH 6.8; 150
mM NaCl; 10% glycerol; 1% Nonidet P-40) by
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Figure 1. Schematic diagram depicting the study design. A. Patient samples
were collected to determine CTSB expression levels at different time points.
B. In-vitro experiments were carried out to evaluate the effects of CTSB in-
hibition on THP-1 cell survival. C. Docking and simulation studies were per-

Icarbamyl) oxirane-2-carbonyl)-
L-isoleucyl-L-proline methyl es-
ter] of greater than 99% purity
was purchased from Sigma-
Aldrich (St. Louis, MO, USA)
and dissolved in ethanol.

formed to identify the effect of commonly used AML drugs on CTSB.

two freeze-thaw cycles. Then the cell debris
from the total lysate was removed by centrifu-
gation at 5,000xg at 4°C for 10 minutes and
clear lysate transferred to a fresh tube to be
used for all estimations. Bicinchoninic acid
assay method was employed for protein esti-
mation in the lysate. An aliquot of lysate con-
taining 50 ug of protein was used for assaying
CTSB activity using CBZ-Phe-Arg-NMec, a fluo-
rogenic synthetic substrate as described previ-
ously [12]. CTSB enzyme activity was express-
ed as RFU/min/mg protein (relative fluores-
cence units per minute per milligram protein).

Isolation of RNA and reverse transcription

Total cellular RNA (1 pg) isolated from PBMCs
and BMMCs using TRIZOL Reagent BD™ (Sig-
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Cell viability assay

THP-1 cells were seeded in a 96 well plate at a
density of 5x10° cells per well and treated with
different concentrations of CAO74 Me. 5 mg/ml
MTT solution was prepared by dissolving MTT
dye in RPMI medium, and 10 pl of this solution
was added to each well after 48 hours of
CA-074 Me treatment. After 4 hours of incuba-
tion in MTT solution, 67.5 L of solubilizing solu-
tion (1:1 ratio of dimethylformamide and
20% SDS) was added to each well to dissolve
formazan crystals. Absorbance was measured
using an ELISA plate reader at 570 nm. Cells
treated with vehicle solution were processed
identically and served as controls. Percentage
of cell survival was calculated for each concen-
tration of CA-O74 Me with respect to vehicle
treated cells.

Am J Cancer Res 2019;9(12):2634-2649



Cathepsin B in pediatric AML

Table 1. Summary of the baseline clinical characteristics of pediatric AML patients and healthy con-

trols [13]

Patient characteristics median value (Range)

Source of blood

Gender Hemoglobin Total leukocyte  Platelet count

(years) ratio (M:F) (g/dl) count (x103/ul) (x103/ul)
AML patients 10 (0.3-18) 2.1:1 7.8 (2.3-14.4) 20.1(1.1-359.0) 29.5(3.0-583.0)
Peripheral blood (n = 101) and bone marrow aspirate (n = 101)
Healthy controls 10 (4-18) 1.05:1  9.5(7.5-12.4) 5.9 (4.6-9) 210.5 (154.0-372.0)

Peripheral blood (n = 35)

Cell cycle analysis

Cells were cultured in serum-free media for 24
hours for synchronization of the cell cycle. Then
2x10° of these cells were seeded in each well
of a six-well plate followed by treatment with 10
UM of CA-O74 Me. After 48 hours, cells were
washed with ice-cold PBS and fixed in ethanol
(70% v/v) overnight at -20°C. Next day ethanol
was removed by centrifugation and cells were
washed twice with ice-cold PBS, stained with
Propidium lodide (PI) for 15 minutes at room
temperature and subjected to FACS analysis.
The distribution of cells in different phases of
the cell cycle was analyzed by BD FACSDiva
Software.

Apoptosis assay

Annexin V/PI staining assay was performed
using the Annexin V apoptosis detection kit
(BD Biosciences, San Jose, CA) according to
the manufacturer’s instructions. Briefly, 2x10°
cells were seeded in each well of a six-well
plate and treated with CTSB inhibitor. After
incubating them for the indicated times, they
were stained with FITC Annexin V and Pl
Percentage of cells in early (Annexin V-FITC
only) and late apoptotic phase (both Annexin
V-FITC and PI) were quantitated using BD FACS-
Diva software.

Caspase assay

Caspase activity was assayed using a Promega
Kit (Madison WI, USA) according to the manu-
facturer’s protocol. THP-1 cells (5x10%) seeded
in each well of a 96 well plate were treated with
10 uM CTSB inhibitor for the indicated time in a
CO, incubator at 37°C. Then, 100 pl of Apo-
Glo™ assay reagent was added to each well
and incubated at 22°C for 1 hour. Luminescen-
ce was measured using Biotek ELISA reader
(Winooski, VT, USA), and the caspase activity
was expressed as RLU (relative luciferase
units).
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LDH assay

LDH assay (Nonradioactive cytotoxicity assay)
measures cell death resulting from necrosis by
detecting the release of a cytosolic enzyme,
lactate dehydrogenase (LDH) upon cell lysis.
THP-1 cells were treated with 10 uM CA-074
Me for 24 hours, and CytoTox 96 assay was
performed according to the manufacturer’s
protocol (Promega, Madison WI USA). Cells
treated with ethanol solution served as vehicle
control. Maximum LDH release control wells
contained cells treated with lysis solution for
45 minutes before the addition of LDH sub-
strate and used for calculating percent cytotox-
icity. After 24 hours of treatment, cells were
centrifuged to remove any suspended debris,
and 50 pl of LDH substrate was added to 50 ul
of supernatant from each well. After an hour of
incubation with the substrate, 50 ul of stop
solution was added to the wells, and absor-
bance was recorded at 492 nm within an hour
of adding stop solution.

Docking and simulation studies

Molecular modeling studies were performed to
understand the potential mode of binding and
get insights into the protein-ligand interactions
between the various ligands (CA-074 Me, doxo-
rubicin, and cytosine arabinoside) and human
CTSB. The available 3D crystal structure of
human cathepsin (PDB: 3AI8 A) [17] was taken
as the receptor protein while the co-ordinates
of CA-074 Me (PDB: 2DC9) [unpublished], doxo-
rubicin (PDB: 4ZVM) [18] and cytosine arabino-
side (PDB: 1P5Z) [19] were extracted from their
respective co-crystal complexes. The protein
atoms were prepared for docking studies by
removing the co-crystallized ligand and solvent
waters from the protein co-complex (PDB: 3AI8
A), assigned force field parameters CHARMm
33.1[20, 21] and molecule subjected to energy
minimization. The binding site for performing
docking studies of ligands was defined in the
prepared protein receptor around the active
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Figure 2. CTSB overexpression in pediatric AML patients. Dot plot of CTSB
activity in, (A) PBMCs and, (B) BMMCs of patients (n = 101) compared to
PBMCs of controls (n = 35) at initial presentation of the disease. PBMCs/
BMMCs lysates containing equal amount of total proteins (50 pg) was used
to assay CTSB activity using a synthetic fluorogenic substrate as described
in materials and methods. Similarly, CTSB mRNA expression in, (C) PBMCs
isolated from patients (n = 51) and healthy controls (n = 30) as well as in,
(D) BMMCs isolated from patients (n = 60) was assessed by qRT-PCR us-
ing specific primers. Simultaneously, the expression of GAPDH was quan-
titated and used for normalization. Then the expression of CTSB mRNA in
patients’ PBMCs and BMMCs were individually compared to its expression
in PBMCs of healthy controls. (E) CTSB activity before and after therapy
was also assessed and compared in AML patients (n = 59). Each dot repre-
sents the activity or mRNA levels of an individual patient. Median values are
represented by the horizontal line in the middle. Mann-Whitney U test and
Wilcoxon matched-pairs signed-rank test was applied to test the statistical
significance. P < 0.05 was considered statistically significant, and denoted
by **p < 0.01 and ***p < 0.001.

tive crystal complexes were
also energy minimized using
force field parameters. Each
optimized ligand was individu-
ally docked into the defined
binding site of human CTSB
with the help of molecular
docking program AutoDock
4.2.6 [22, 23] using default
docking parameters (GA run -
10, population size - 150, rate
of gene mutation - 0.02, rate of
crossover - 0.8 and maximum
number of evaluation - 25 mil-
lion). 10 docked poses (posi-
tional conformers) from each
independent docking run were
clustered together if their
docked position differed by
less than 1.5 A. The minimum
binding energy of the docked
pose from the largest cluster
was taken as the most proba-
ble binding mode. The select-
ed docked complex was ener-
gy minimized to remove steric
clashes. The protein-ligand
complex was further refined by
molecular dynamics (MD) sim-
ulation for 10.2 ns using DE-
SMOND [24] simulation engine
to relax the protein atoms kept
as rigid barring some selected
side chains in the binding site
which were treated as flexible
during the docking process.
This refined docked complex
was analyzed to identify the
potential binding mode and
interactions between ligand
and receptor.

Statistical analysis

In this study, statistical analy-
sis was performed using Sta-
ta version 13.1 (StataCorp,
College Station, TX, USA) and
GraphPad Prism software (Gra-
phPad software Inc., Version
5.0, La Jolla, CA, USA). For

site residues. The selected side chains of resi-
dues at the binding site (GIn23, His110, His111,
Phel74, His199, and Trp221) were treated as
flexible during the docking procedure for an
induced fit effect. Co-ordinates of each of the
individual ligand extracted from their respec-
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comparison between patients and controls, the
Mann-Whitney U test or Wilcoxon matched-
pairs signed-rank test was employed. Kaplan-
Meier analysis was used for the evaluation of
survival significance. Survival time was cen-
sored on December 31%, 2016, or at the last

Am J Cancer Res 2019;9(12):2634-2649



Cathepsin B in pediatric AML

A Prediction of EFS by CTSB activity inPEMCs 3 Prediction of EFS by CTSB activity in BMMCs = 35) are described previously
100 100 [13] and summarized in Table
—CTsBlow " = CSBlow  * 1.
804 — CTSBhigh P=0.015 8- - CTsBhigh p=0.011
E 504 E 60 The enzyme activity of CTSB in
E ;:: pediatric AML patients was
S 40 2 40 assayed using a synthetic fluo-
e a rogenic substrate in both
2 2 acSl PBMCs and BMMCs isolated
N N from peripheral blood and
10 20 30 40 50 0 10 2 30 40 50 bone marrow aspirates, resp-
Months Months ectively. Our results demon-
c strate a significant increase in
Prediction of OS by CTSB activity in PBMCs Prediction of OS by CTSB activity in BMMCs CTSB activity in AML patients
1 - 100 as compared to healthy con-
80] = g:::‘ p=0.008] % - g::;,l’:”““ trols. Specifically, CTSB activi-
» n ty was elevated by 1.4 and 2.9
% 604 g 601 fold in PBMCs (Figure 2A) and
9 @ BMMCs (Figure 2B) of these
Y s M patients respectively, as com-
20 20 pared to PBMCs of healthy
controls. Moreover, CTSB ac-
c" T T 1 o co e tivity was found to be 1.9 fold
higher in BMMCs than in
Months Months

Figure 3. Impact of CTSB expression on survival of pediatric AML patients. A,
B. Kaplan-Meier survival plots displaying the event-free survival (EFS) of the
whole cohort based on CTSB activity in PBMCs and BMMCs, respectively. C,
D. Kaplan-Meier survival plots exhibiting the overall survival (OS) of patients
by CTSB activity in the two-types of mononuclear cells. The whole cohort
was divided into two groups based on their median CTSB activity as low ver-
sus high. The log-rank test was used to calculate p-values. Survival curves
significantly different from each other have been marked by *p < 0.05, **p

< 0.01 and ***p < 0.001.

follow-up. Whereas event-free survival (EFS)
was defined as the time between diagnosis and
an event, which was either relapse or death;
overall survival (OS) was considered as the time
between diagnosis and death due to any cause.
Survival was further estimated by fitting the
data with a Cox regression model. Univariate
and multivariate Cox regression analyses were
performed with various clinical and cytogenetic
patient characteristics. Factors which were
found to be significant in univariate analysis (P
< 0.1) served as candidates for multiple cox
regression analysis. All tests were two-sided,
and a P £ 0.05 was considered statistically
significant.

Results

Elevated enzymatic activity and mRNA expres-
sion of CTSB in pediatric AML patients

Baseline clinical characteristics of pediatric
AML patients (n = 101) and healthy controls (n

2639

PBMCs of these patients
(graph not shown).

To quantify CTSB mRNA ex-
pression qRT-PCR was em-
ployed. Our results show a
1.52 fold increase in CTSB
MRNA expression in PBMCs of
AML patients as compared to
healthy controls (Figure 2C).
The CTSB mRNA levels in
BMMCs of these patients were elevated by 1.7
fold than controls (Figure 2D, Mann-Whitney U
test, P < 0.05).

We next sought to investigate CTSB activity in
AML patients after induction chemotherapy.
Post induction peripheral blood samples were
available only from 59 patients out of 101
patients. We observed remission in 95%
(56/59) of patients after the first round of ther-
apy. Interestingly 71% (42/59) of them dis-
played a significant decrease in CTSB activity
after induction chemotherapy (Figure 2E,
Wilcoxon matched-pairs signed-rank test, P <
0.05).

Overexpression of CTSB as a predictor of poor
event-free and overall survival of AML patients

Kaplan-Meier survival analysis was performed
to determine the impact of CTSB overexpres-
sion on the progression and outcome of the dis-
ease. Patients were subdivided into two groups

Am J Cancer Res 2019;9(12):2634-2649
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Table 2. Survival analysis of pediatric AML patients on the basis of median CTSB activity

Parameter CTSBactivity CTSBactivity . = CTSBactivity CTSBactivity .
PBMCs (low) PBMCs (high) * BMMCs (low) BMMCs (high) ”

EFS Median EFS (Months) 14.3 8.23 0.015 13.8 8.2 0.011

0S Median 0S (Months) 26.2 9.8 0.008 26.2 9.5 0.0004

Table 3. Univariate and multivariate analysis of the effect of
clinical, cytogenetic, PB and BM CTSB levels on event free

survival (EFS) of pediatric AML patients

uted significantly to the EFS
(Table 3). However, only CTSB in
PBMCs (P = 0.010) and BMMCs

Univariate EFS

(P = 0.001), exhibited significant

association with 0S of AML

p-value HR 95% Cl . .
CTSB (PBMC) High (n = 51) 0017 176 (1L102.79)  Patients (Table 4). Interestingly,
in  multivariate analysis, only
Low (n = 50) CTSB in BMMCs displayed a prog-
CTSB (BMMC) High (n = 51) 0013 2.03 (121:3.39)  postic impact on OS (P = 0.003,
Low (n = 50) Table 4) and promising some
TLC (x10%/pl) > 20 (n=54) 0.507 1.16 (0.75-1.81) amount of impact on EFS (p =
<20 (n=52) 0.07) of pediatric AML patients.
Cytogenetics Good (n = 25) 0.947 0.98 (0.54-1.77) Thus our results establish the
Intermediate (n = 39) prognostic significance of CTSB
Cytogenetics Good (n = 25) 0.867 0.75 (0.362.09) independent of other known cyto-
Poor (n = 10) genetlc and clinic-pathological
AML1-ETO Present (n = 31) 0452 081 (0.48-139)  skfactors.
Absent (n = 49) Compromised survival of leuke-
Age >10(n=53) 0.925 0.98 (0.63-1.53) mic cells on treatment with cell-
<10 (n=53) permeable CTSB inhibitor
Sex Female (n = 34) 0.071 0.63 (0.39-1.04)
Male (n = 72) In view of our observation on poor
Platelets (x10%/ul) > 50 (n = 29) 0581 087 (0.541.42)  disease free and overall survival
<50 (n=77) of patients expressing high CTSB
— activity, it was of interest to inves-
Multivariate EFS . .
tigate the role of this protease
pvalue HR 95% CI on survival and proliferation of
CTSB (BMMC) High (n = 50) 0.071 1.64 (0.962.80)  |gukemic cells. For this purpose
Low (n = 46) THP-1 cells (a cell line derived
CTSB (PBMC) High (n = 49) 0.254 1.36 (0.80-2.32) from one-year-old infant suffer-
Low (n = 47) ing from AML) were treated with
Sex Female (n = 29) 0.176 0.69 (0.41-1.18) a cell-permeable specific inhibi-
Male (n = 67) tor of CTSB and the effect of

HR = hazard ratio, Cl = confidence interval, n = number of patients, TLC = total

leukocyte count, AML1-ETO = t(8,21) translocation.

based on their median CTSB values as, CTSB
high and CTSB low. This analysis revealed sig-
nificant differences in EFS and OS between
CTSB high and low groups in both PBMCs and
BMMCs (Figure 3; Table 2).

Cox regression analysis was performed to test
if CTSB could serve as an independent prognos-
tic marker. In Univariate analysis, CTSB in
PBMCs (P = 0.017), as well as in BMMCs (P =
0.013) and sex of patients (P = 0.071) contrib-
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this treatment on the survival
and growth of these cells was
assessed.

As evident from Figure 4A, treatment of THP-1
cells with increasing concentrations of CA-074
Me resulted in a dose dependent inhibition of
CTSB activity and 10 yM concentration of this
inhibitor abolished 99% of CTSB activity. Simi-
larly, treatment of THP-1 cells with CA-074 Me
decreased the viability of these cells in a dose-
dependent manner, and 10 uyM concentration
of this inhibitor reduced cell survival by approxi-
mately 60%. However, no such effect of vehicle
solution on cell viability/CTSB activity was evi-

Am J Cancer Res 2019;9(12):2634-2649
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Table 4. Univariate and multivariate analysis of the effect of
clinical, cytogenetic, PB and BM CTSB levels on overall survival

CTSB inhibition induces apopto-
sis in THP-1 cells by activation of

(OS) of pediatric AML patients caspases
Univariate 05 To elucidate the mechanism of
: pvalue HR _ 95%Cl cell death induced by CTSB inhibi-
CTSB (PBMC) High (n = 51) 0.010 1.99 (1.18-3.38) tion, CA-074 Me treated THP-1
Low (n = 50) cells (for 24 or 48 hours) were
CTSB (BMMC) High (n = 51) 0.001 2.49 (1.47-4.22) subjected to Annexin V/PI stain-
Low (n = 50) ing followed by flow cytometric
TLC (x10%/ul) >20 (n=54) 0.583 1.15 (0.70-1.88) analysis. After 24 hours of treat-
<20 (n=52) ment, a significant increase in
Cytogenetics Good (n = 25) 0.532 0.80 (0.40-1.60) the number of both early (0.5%)
Intermediate (n = 39) and late apoptotic (34%) cells was
Cytogenetics Good (n = 25) 0422 0.61 (0.18-2.03)  Observed as compared to control
Poor (n = 10) cells-(0.15% and 3.1% respective-
AML1-ETO Present (n = 31) 0.158 0.53 (0.27-1.02) ly) (Figure 5A). However, after 48
hours of the CA-074 Me treat-

Absent (n = 49) .

ment, we found a significant

Age > 10 (n =53) 0.727 0.91 (0.55-1.50) . ;
increase in the number of only
<10(n=53) late apoptotic cells (Figure 5B).
Sex Female (n = 34) 0.120 0.64 (0.37-1.22) These results demonstrate the
Male (n =72) induction of apoptosis in AML
Platelets (x10%/ul) > 50 (n = 29) 0.224 0.70 (0.39-1.24) cells by CTSB inhibition. Caspase
<50 (n=77) activity was assayed in these cells
Multivariate OS to assess its involvement in
pvalue HR 95% Cl CA-074 Me induced apoptosis of
CTSB (BMMC)  High (n = 50) 0.003 259 (1.40-4.80)  THP-1 cells, and the results are
Low (n = 46) presented in Figure 6. As eyidght
CTSB (PBMC) High (n = 49) 0353 1.32 (0.732.3g)  [rom these results, CTSB inhibi-
Low (n = 47) tion lead to a significant increase

HR = hazard ratio, Cl = confidence interval, n = number of patients, TLC = total

leukocyte count, AML1-ETO = (8,21) translocation.

dent (Figure 4B). Thus our results demonstrate
a parallel decrease in CTSB activity and cell
viability with increasing concentrations of CTSB
inhibitor, thereby suggesting the role of this
protease in AML cell survival.

Interestingly, treatment of THP-1 cells with
CTSB inhibitor exhibited a dramatic effect on
the distribution of cells in different phases of
the cell cycle. Analysis of DNA histogram ob-
tained after subjecting Pl stained samples to
flow cytometry revealed a dramatic increase in
the number of cells in the sub-GO phase of the
cell cycle on treatment with CAO74 Me as com-
pared to untreated cells (Figure 4C). This was
accompanied by a simultaneous decrease in
the number of cells in S and G2/M phase.
These results suggest that inhibition of CTSB re-
duces proliferation and induces death of THP-1
cells.
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in caspase 8 and caspase 3/7
activity (Figure 6A-C respective-
ly). Therefore from these results,
we conclude that apoptosis medi-
ated by CTSB inhibition in leukemic cells is
caspase-dependent.

We next investigated the contribution of nec-
rosis in CA-074 Me mediated cell death in AML.
LDH assay (Nonradioactive cytotoxicity assay)
was used to measure cell death resulting from
necrosis. The assay measured the release of
cytosolic enzyme lactate dehydrogenase (LDH)
upon cell lysis and was performed as men-
tioned in materials and methods. After 24 ho-
urs of CA-074 Me treatment, no significant dif-
ference in LDH release was observed between
treated and untreated THP-1 cells (Figure 6D).

Modeling of CTSB with doxorubicin and
cytosine arabinoside: docking and simulation
studies

Our results so far demonstrate CTSB inhibition
as one mode of inducing cell death in AML cells,

Am J Cancer Res 2019;9(12):2634-2649



Cathepsin B in pediatric AML

hice control
A W o B
200004 100
;g 15000+ T; 80
=] |
S5 10000 o 60
D@L 5000- E
2= | = 40
<o J p—
i 3 u
1 =
1504 3] 0
A
0 ! : p” e 0 5 1015202530
Conc. (uM) Conc. (p.M)
C Unstained
. Specimen_001-UN i i . Specimen_001-UN

P2: G1

2?0

;] & P3:S
m P4:G2/M
" P5:Sub GO
Control 10nM CA-074 Me

Specimen_001-PI

Specimen_001-INH P|

o0

oo
A A

50

1Apoptotic/Necrotic|cells

o8 o
& P2 T 4 5% Ps 2[4
. ]
] 2]
b Sal
A
. ]
4 i
N
2] ]
)
o] 5
T T T UL L B B 3 e e e )
o o’ 't w* 10 10 10* 10
PEA PE-A

Figure 4. Effect of CTSB inhibition on AML cell survival and growth. A. Inhibition of CTSB activity in THP-1 cells by
CA-074 Me. THP-1 cells treated for 48 hours with varying concentrations of CA-074 Me were washed and lysed with
enzyme assay lysis buffer. The activity of CTSB in the cell lysate was assessed using a synthetic substrate as de-
scribed earlier. Cells treated with ethanol were processed identically and served as controls. The activity of CTSB in
treated and untreated cells was compared. Cells treated with ethanol solution were processed similarly and served
as vehicle control. B. Effect of CTSB inhibition on AML cell viability. THP-1 cells treated for 48 hours with varying
concentrations of CA-074 Me (0-30 uM) or vehicle solution were subjected to MTT assay. Vehicle treated cells were
considered to be 100% viable, and % viability for each concentration was calculated with respect to these cells.
C. Cell cycle analysis of THP-1 cells in the absence and presence of CTSB inhibitor. Cells after treatment with CA-
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074 Me (10 uM)/vehicle solution for 48 hours were fixed in ethanol, permeabilized with Triton X-100 and stained
with Pl. Then these cells were subjected to flow cytometric analysis. About 10,000 events were acquired in BD
FACSCantoTM flow cytometer. The analysis was performed using BD FACS diva software. Analysis of DNA content
shows a significantly higher number of cells in the sub GO phase of the cell cycle on CTSB inhibition as compared to
vehicle-treated controls. All experiments were performed in triplicates.

thereby suggesting it to be a potential thera-
peutic target for treating this disease. We next
envisaged if currently used AML drugs affect
CTSB in achieving their anticancer effects. We
studied the potential binding interactions, if
any, between cytosine arabinoside/doxorubicin
and CTSB.

The modeled and docked binding mode of CA-
074 Me with human CTSB was similar to the
reported co-crystal conformation of CA-074 Me
with bovine CTSB (PDB: 2DC9). The bound com-
pound was fairly stable throughout the simula-
tion and the receptor-ligand interactions com-
prised predominantly van der Waals interactions
in addition to the two hydrogen bonds (Figure
7A). This was clearly reflected by a more pro-
nounced contribution from van der Waals inter-
action energy as compared to electrostatic
interaction energy (Table 5). The non-polar pro-
pyl moiety of the ligand was seen to interact
with the residues Pro76, Alal73 and Ala200
while isoleucyl moiety of the ligand interacted
with Val176, Met196 and Trp221 through van
der Waals interactions. Hydrogen bonds formed
between the ligand and side chain of GIn23 and
main chain of Gly198 contributed majorly in
stabilizing the ligand which was retained in the
binding pocket during MD simulation.

During the docking procedure, the side-chain
conformations of residues in the binding pock-
et were treated as flexible. This facilitated the
binding of the bulky aromatic rings of doxorubi-
cin, which could induce a conformational
change in the orientation of the side chains.
The planar aromatic moiety of doxorubicin was
seen to be sandwiched between the aromatic
rings of His198 and Trp221 (Figure 7B). One
phenyl ring of doxorubicin formed stacking aro-
matic interaction with His198 while the other
phenyl ring had the edge to face aromatic inter-
action with Trp221. The stacking interactions
were optimized during MD simulation, as this
resulted in a parallel stacking of aromatic rings
to each other. Similarly, simulations resulted in
optimization of the edge to face interaction as
the Trp221 side chain was observed to be fac-
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ing the aromatic ring of doxorubicin. The aro-
matic moiety of doxorubicin in the binding pock-
et occupied a position similar to nitroxoline, an
aromatic ring containing an inhibitor of human
CTSB (PDB: 3AI8) [17]. This bulky aromatic moi-
ety of doxorubicin was further stabilized by
hydrogen-bonded interactions between two
oxygen atoms on the central aromatic ring with
the side chain of GIn23 and His110. The
hydroxyacetyl moiety on cyclohexane ring
formed hydrogen bonds with the main chain
nitrogen atoms of Cys26 and Glu122 while the
position of oxanyl ring was held steady by
hydrogen-bonded interactions between its
hydroxyl and amino substituent and the main
chain of Cys119 and side chain of His110 of
the protein, respectively.

The compound, cytosine arabinoside docked
into the binding pocket, but the resultant inter-
actions with the protein atoms were not
retained during MD simulations indicating that
the docking was not stable. Although the cyto-
sine ring of cytosine arabinoside was close to
His199, it could not make stable stacking inter-
action. Moreover, the initial hydrogen bonds
observed in the docked complex between
hydroxyl and amino group of cytosine arabino-
side and residues Gly24, Cys26, and Gly196
were disrupted during MD simulation. After MD
simulation, the molecule cytosine arabinoside
was seen to have moved away from the binding
pocket.

To further confirm these results in-vitro, we
treated THP-1 cell lysates with doxorubicin.
Interestingly, a significant reduction in CTSB
activity was observed in these cells on treat-
ment with doxorubicin thereby validating our
docking and simulation findings (Figure 7C,
7D).

Discussion

Previously we demonstrated overexpression of
CTSB in the PBMCs of a small cohort of 24
pediatric AML patients [12]. The main objective
of the present study was to validate these find-

Am J Cancer Res 2019;9(12):2634-2649
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Figure 5. CTSB inhibition induces apoptosis in AML cells. Annexin V/Pl assay was performed on THP-1 cells treated
with CA-074 Me (10 uM) and assessed by flow cytometry. Representative biparametric histograms shown on the left
depicting normal (Q3), early apoptotic (Q1), apoptotic (Q2) and necrotic (Q4) population of cells after, (A) 24 hours
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and, (B) 48 hours of CTSB inhibition. The bar chart on the right represents the total apoptotic cell fraction (early plus
late apoptotic) in CTSB inhibited and control cells. Results were statistically analyzed by two-tailed unpaired t-test
and values significantly different (p < 0.001) from controls have been marked by ***,
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Figure 6. Involvement of caspases in CTSB inhibition induced apoptosis of
THP-1 cells. (A, B) Caspase-8 and, (C) caspase-3/7 activity in THP-1 cells
after treatment with CA-074 Me for indicated times was assayed using spe-
cific Apo-Glo™ assay reagent and compared with their activity in untreated
as well as vehicle-treated cells. (D) Similarly, LDH release in THP-1 cells af-
ter abovementioned treatment for 24 hours was also assayed as described
in materials and methods. Caspase activities have been represented in
relative luciferase units (RLU). Values expressed are mean + SD of three in-
dependent experiments performed in triplicate. Statistical significance was
determined by unpaired t-test. Values significantly different from controls

have been marked by ***p < 0.001.

ings in a larger cohort of patients and assess
the prognostic relevance of CTSB and its uti-
lity as a therapeutic target in this disease. To
achieve these objectives, we evaluated the
activity and mRNA expression of this protease
in pediatric AML patients at two-time points,
i.e., at initial disease presentation and post-
induction. We observed significantly higher
CTSB activity and mRNA expression in both
PBMCs and BMMCs of AML patients at disease
diagnosis as compared to PBMCs of healthy
controls. The expression of this protease exhib-
ited a parallel decrease with remission of malig-
nancy after induction chemotherapy. Thus re-
sults of the present study confirm the findings
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of our pilot study in a large
cohort of AML patients. Fur-
thermore, in this study, for the
first time, we demonstrate sig-
nificantly higher expression of
this protease in the BMMCs
of these patients as compared
to controls. Kaplan-Meier sur-
vival analysis revealed a strong
association of increased CTSB
activity with poor event-free
(10pMm) and overall survival of these
patients. Overexpression of CT-
SB has also been previously
reported to predict poor patient
survival outcomes in several
cancers [25-27]. By univariate
and multivariate Cox regres-
sion analysis, CTSB activity in
BMMCs emerged as an inde-
pendent prognostic marker in
pediatric AML.

CA-074 Me

(a0u CTSB promotes the prolifera-

tion of hepatic stellate cells
and therefore, has been pro-
posed as a potential therapeu-
tic target in this malignancy
[28]. Interestingly, drugs indu-
ced release of CTSB from lyso-
somes results in the activation
of the inflammasome and con-
comitant secretion of IL-1j,
IL-17 leading to enhanced tu-
mor growth of myeloid-derived
suppressor cells [29]. Thus the
role CTSB in cell proliferation and tumor growth
has been extensively documented in solid
tumors [30-34]. Only a single such study was
carried out in leukemia and lymphoma cell lines
where a general inhibitor of all cysteine cathep-
sins induced apoptosis in these cells [35].
However, this study did not investigate the role
of individual cysteine cathepsins in this pro-
cess. Thus, in view of this report and our obser-
vation on overexpression of CTSB in the active
stage of AML, it was of interest to study the role
of this protease in the survival of leukemia cells
by using its specific inhibitor, CA-0O74 Me.
Interestingly our results demonstrate that like
other tumors, AML derived cells also undergo

Am J Cancer Res 2019;9(12):2634-2649
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Figure 7. CTSB inhibition by AML drug, doxorubicin in THP-1 cells. (A) The interactions observed between human
CTSB (grey, cartoon) and CA-074 Me (known inhibitor) (magenta, ball-and-stick) and, (B) between CTSB and doxoru-
bicin (magenta, ball-and-stick). The planar aromatic moieties of doxorubicin are sandwiched between the aromatic
rings of His198 and Trp221. Hydrogen-bonded interactions (black dotted lines) are indicated between CAO74 Me/
doxorubicin and protein residues. (C) THP-1 cells were lysed in enzyme assay lysis buffer and an aliquot of 50 pg
of total protein was taken. Following treatment of the lysates with increasing concentrations of doxorubicin, CTSB
enzyme activity was measured as described in material and methods. Untreated controls were processed similarly
for comparison. (D) THP-1 cells in culture were treated with doxorubicin. After 48 hours of incubation at 37°C in 5%
CO,, cell pellets were collected, lysed and processed for measurement of CTSB enzyme activity.

Table 5. Calculated interaction energy between ligand and human cathepsin using CHARMm force
field

Total Interaction vdW Interaction Electrostatic ’ . :
: ) . Contacting residues (upto 4A)
Ligand Forcefield Energy Energy Interaction Energy Hydrosen bonded residues are shown in bold
(kcal/mol) (kcal/mol) (kcal/mol) yarog

CA-074 Me  CHARMmM -70.15 -45.59 -24.56 GIn23, Cys29, Pro76, His110, His111, Val176,
Met196, Gly198, His199, Ala200 & Trp221

Doxorubicin  CHARMm -85.11 51.32 -33.79 GIn23, Ser25, Cys26, Cys29, Glu109, His110,
Cys119, Glu122, Phe180, Leu181, His199, lle201,
Asn219, Trp221 & Trp225

apoptosis after CTSB inhibition. Previously, inhi- pase-dependent apoptotic cell death in pancre-

bition and/or knockdown of cathepsin B, D, and atic B cells [36] and prostate cancer cells [37].

L has been shown to specifically trigger cas- Similarly, downregulation of CTSB and uPAR
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induced cytochrome-C mediated apoptosis in
glioblastoma cells [38]. Consistent with these
reports, inhibition of CTSB activity resulted in
reduced survival and growth of AML cells. MTT
assay revealed 40% cell survival on the treat-
ment of THP-1 cells with CA-074 Me. Similarly,
flow cytometric analysis demonstrated apopto-
sis/necrosis of more than 50% cells after inhi-
bition of CTSB activity, thereby suggesting the
therapeutic utility of this protease in AML.
Caspase-8 is a key initiator of the extrinsic/
receptor-mediated apoptotic pathway, whereas
Caspase-3/7 is the final executioner of apopto-
sis activated by both intrinsic and extrinsic
pathways and is itself activated by caspase-8.
In line with reports on solid tumors [36-38],
chemical inhibition of CTSB in AML cells
induced activity/expression of caspases-3/7
and caspase-8. Thus, our results conclusively
demonstrate caspase-dependent apoptosis of
AML cells following CTSB inhibition.

The treatment of AML involves induction thera-
py by two most commonly used drugs cytosine
arabinoside and an anthracycline, daunorubi-
cin/doxorubicin. We predicted direct binding of
doxorubicin to CTSB by the detailed analysis of
the docked and simulated three-dimensional
protein complexes. This analysis provides a
detailed understanding of the ligand preferen-
ces, their interactions with the protein, and an
assessment of the binding affinity of the ligand
for the protein. The total interaction energy
determined for the docked doxorubicin was
found to be more favorable (negative) than
CA-074 Me indicating its stronger binding to
CTSB (Table 5). The better affinity of doxorubi-
cin for human CTSB is majorly due to contribu-
tion from strong stacking interaction between
the protein and ligand in addition to van der
Waals interactions and hydrogen bonds.
CA-074 Me formed van der Waals interaction
but lacked stacking aromatic interactions.
Crystal structures of human CTSB complexed
with inhibitors (PDB: 3AI8, 1GMY, 4DMY &
1CSB) revealed the involvement of GIn23 in
hydrogen-bonded contacts with each inhibitor,
including CA-O74 Me. Doxorubicin was also
found to form hydrogen-bonded interaction
with GIn23 in this modeled complex. The mole-
cule cytosine arabinoside could not be retained
in the binding pocket of human CTSB due to
lack of stacking interaction with its aromatic
cytosine ring or insufficient favorable van der
Waals interaction to hold its non-polar compo-
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nent. This absence of adequate, stable interac-
tions displaced it out of binding pocket during
MD simulation. This analysis suggests doxoru-
bicin as a CTSB inhibitor with a binding affinity
greater than the well-known CTSB inhibitor
CA-O74 Me. To validate this, we treated THP-1
cells with doxorubicin for 48 hours followed by
CTSB assay and observed a dose-dependent
reduction in CTSB activity. Specifically, with 0.2
and 0.4 uM doxorubicin, this decrease was 2
and 17 fold respectively. Our results also dis-
played a dose-dependent effect of doxorubicin
on CTSB activity in THP-1 cell lysates. Thus
these results demonstrate that doxorubicin at
least in part mediates its cytotoxic effects on
leukemic cells through inhibition of CTSB.

In summary, our study reports CTSB overex-
pression and its significance as an indepen-
dent predictor of survival outcome in pediatric
AML patients. Moreover, inhibition of CTSB ac-
tivity induces apoptosis in AML cells suggest-
ing the contribution of this protease in the
pathogenesis of this malignancy. We further
show that commonly used chemotherapeutic
doxorubicin directly binds to CTSB and inhi-
bits its activity, indicating that doxorubicin may
induce cell death in cancer cells partly via inhi-
bition of CTSB activity.

Thus, our study, for the first time demonstrates
the utility of CTSB as a potential therapeutic
target in AML. Future studies may aim towards
the development of specific CTSB inhibitors
and also, testing the efficacy of targeting CTSB
in animal models of leukemia.
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