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ABSTRACT: Targeting the leukemia proliferation cycle has
been a successful approach to developing antileukemic
therapies. However, drug screening efforts to identify novel
antileukemic agents have been hampered by the lack of a
suitable high-throughput screening platform for suspension
cells that does not rely on flow-cytometry analyses. We report
the development of a novel leukemia cell-based high-
throughput chemical screening platform for the discovery of
cell cycle phase specific inhibitors that utilizes chemical cell
cycle profiling. We have used this approach to analyze the cell
cycle response of acute lymphoblastic leukemia CCRF-CEM cells to each of 181420 druglike compounds. This approach
yielded cell cycle phase specific inhibitors of leukemia cell proliferation. Further analyses of the top G2-phase and M-phase
inhibitors identified the leukemia specific inhibitor 1 (Leusin-1). Leusin-1 arrests cells in G2 phase and triggers an apoptotic cell
death. Most importantly, Leusin-1 was more active in acute lymphoblastic leukemia cells than other types of leukemias, non-
blood cancers, or normal cells and represents a lead molecule for developing antileukemic drugs.

Acute lymphoblastic leukemia (ALL) originates from single
B- or T-lymphocyte progenitors that proliferate and

accumulate, resulting in the suppression of normal hematopo-
esis.1 The disease is most common in children but can occur in
any age group.1 A successful strategy in the treatment of
leukemias has been to inhibit leukemia cell proliferation by
targeting DNA synthesis, protein synthesis, cell cycle
progression, and proliferation-promoting signaling cascades.1

Although some antileukemic drugs have been successful at
treating specific types of leukemias, most have limited
efficacies, mainly due to leukemia cell drug resistance
mechanisms, a lack of specificity, and toxic side effects.2−5

Therefore, there is a critical need to identify novel antileukemic
drugs with improved chemical properties and efficacy.
Leukemia drug discovery studies have mainly relied on

predefined targets identified by genetic abnormalities, differ-
ential gene expression, or protein abundance between normal
and disease states.6,7 Traditional target-based drug discovery is
then used to identify inhibitors of these targets.8 However, this
process often relies on in vitro activity assays, and candidate
inhibitors identified using this approach are frequently not cell-
permeable, lose their activity, or have unintended consequen-
ces within the context of the cell, primarily due to off-target
effects.9 As an alternative approach, chemical genetic drug
discovery approaches have utilized cell-based assays to identify
anticancer agents, which has been highly successful with
adherent cancer cells.9 However, the difficulty in utilizing

suspension cells for high-throughput chemical screens has
hampered the progress in identifying novel inhibitors of
bloodborne cancers. Therefore, only a limited number of
compounds have been tested for their anticancer activities on
human acute myeloid leukemia or lymphoma cells.10,11 For
example, flow-cytometry-based approaches have been used to
develop leukemia cell cycle profile responses to compounds.11

However, these approaches were time-consuming, expensive,
and not amenable to high-throughput screening (only capable
of processing ∼1000 compounds/day).11 As an alternative, end
point cell viability assays like Alamar Blue staining have been
used to identify compounds that inhibit leukemia cell
proliferation.10 However, these approaches lack critical
information with regard to the phase of the cell cycle in
which these compounds are active that could inform their
mechanism of action.10

Here, we report the development and application of a novel
leukemia suspension cell-based high-throughput chemical
screening approach for leukemia cell cycle profiling and
antileukemic drug discovery. This approach has practical
advantages over previous leukemia drug screening approaches,
which include the saving of time and money and compatibility
with current screening platforms that are used for adherent cell

Received: March 4, 2019
Accepted: May 2, 2019
Published: May 2, 2019

Articles

pubs.acs.org/acschemicalbiologyCite This: ACS Chem. Biol. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acschembio.9b00173
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 L

O
S 

A
N

G
E

L
E

S 
on

 M
ay

 8
, 2

01
9 

at
 1

3:
50

:1
8 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/acschemicalbiology
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.9b00173
http://dx.doi.org/10.1021/acschembio.9b00173


chemical screening. This approach is capable of generating a
cell cycle profile response for each test compound and allows
for easy comparison and ranking of compounds based on
leukemia cell responses. Using this approach, we identified
novel G1/S-, G2-, and M-phase specific leukemia inhibitors
with diverse chemotypes. Importantly, we discovered and
characterized the leukemia specific inhibitor 1 (Leusin-1),
which specifically arrests leukemia cells during G2 phase and
triggers an apoptotic cell death. Leusin-1 showed specificity
toward acute lymphoblastic leukemia cells compared to other
types of leukemias, nonbloodborne cancers, or normal cells
and represents a lead molecule for antileukemic drug
development.

■ RESULTS AND DISCUSSION
Discovery of Leukemia Cell Cycle Modulators. The

limited efficacy, lack of specificity, and toxic side effects of
current antileukemic drugs2−5 inspired us to establish an
integrated high-throughput suspension cell-based strategy for
identifying small molecule cell cycle modulators for use in
dissecting the mechanisms of leukemia cell proliferation and
for the development of novel leukemia therapies (Figure 1A).
Briefly, human CCRF-CEM acute lymphoblastic leukemia
(ALL) cells were plated into 384-well plates. A diverse
compound library (181420 small druglike molecules)
encompassing a broad chemical space was used to place one
compound per well at a final concentration of 10 μM. The cells
were fixed 16 h later and stained with the DNA-selective stain
Vybrant DyeCycle Green, which emits a fluorescent signal
when exited at 488 nm that is proportional to the DNA mass
of a cell. Plates were then scanned with an Acumen eX3
fluorescence microplate cytometer using its 488 nm laser, and a
cell cycle histogram profile was generated for each compound
(Figure 1A). Cell cycle profiles were ranked according to
percent G1/S-phase arrest and percent G2/M-phase arrest
(Figure 1B,C and Table S1). An example of a compound from
each class and its associated cell cycle profile are shown in
panels D and E of Figure 1. Compounds that arrested cells in
G1/S phase with >2 standard deviations (SDs) from the
dimethyl sulfoxide (DMSO) control or in G2/M phase with
>80% of the Taxol control were retested in triplicate to
confirm their bioactivity. In total, 30 G1/S-phase and 471 G2/
M-phase inhibitors were reconfirmed and accounted for an
overall hit rate of 0.28% (Figure 1F and Table S1).
Antileukemic Compound Chemical Analysis. The

chemical structures and potential targets of the G1/S-phase
and G2/M-phase hit antileukemic compounds were analyzed
using CSNAP (Chemical Similarity Network Analysis Pull-
down), a recently developed computational compound target
inference approach based on chemical similarity net-
works.12−15 Specifically, CSNAP compared hit compounds to
compounds with annotated targets from the ChEMBL
database that shared a high degree of chemical similarity
(see Methods for similarity search parameters). The annotated
and hit compounds were then ordered into chemical similarity
networks where nodes represented compounds and edges
represented compound similarities. Using a similarity threshold
of 0.6, previously determined to be the optimal threshold for
clustering six known drug classes into separate subnetworks
from a training compound set,12 the networks were further
partitioned into multiple subnetworks that shared similar
chemotypes. The chemical similarity networks were used to
predict the targets of query compounds based on a nearest-

neighbor scoring function, S-score, that ranks the frequency of
targets from annotated compounds in the neighborhood of
each query.16 For our analysis, we generated two chemical
similarity networks that corresponded to G1/S- and G2/M-
phase networks (Figure 2A,B and Table S2). We visualized the
number of predicted targets observed in each cell cycle phase
using a heat map in which the color intensity was scaled and
normalized according to the S-score of each target (Figure
2C,D and Table S2). Furthermore, we identified the most
abundant targets by determining the accumulated S-score
(∑S-Score) across both G1/S- and G2/M-phase compounds
(Figure 2C,D and Table S2). This analysis grouped the 30 G1/

Figure 1. Overview of the leukemia suspension cell-based high-
throughput cell cycle profiling chemical screening approach and
summary of screening results. (A) Summary of the screening
approach in which leukemia CCRF-CEM cells were treated with
each of 181420 compounds (at 10 μM) for 16 h. Cells were then fixed
and stained with Vybrant DyeCycle Green, and a cytometer was used
to generate a cell cycle profile for each compound on the basis of the
fluorescence intensity that is proportional to a cell’s DNA mass. The
fluorescence intensity is in arbitrary units (x-axis), and the total
number of cells is on the y-axis. (B and C) Graphs show the percent
G1/S-phase and G2/M-phase arrest (y-axis) for each of the 181420
compounds (x-axis). The cutoffs for G1/S-phase inhibitors was set at
>2 SDs from the average of the DMSO controls. The cutoff for G2/
M-phase inhibitors was set at >80% of the Taxol positive control
average. (D and E) Examples of compounds arresting the cell cycle in
G1/S phase and G2/M phase and their cell cycle profiles. (F)
Summary of screen hits. In total, 30 G1/S-phase inhibitors and 471
G2/M-phase inhibitors were identified with an overall 0.28% hit rate.
For panels B−F, see also Table S1.
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S-phase compounds into 25 chemotype clusters and the 471
G2/M-phase compounds into 96 chemotype clusters (Figure
2A,B and Table S2). The top predicted targets for G1/S-phase
inhibitors were proteins involved in signaling pathways that
promote cell growth and proliferation (Figure 2C and Table
S2). The top predicted targets for G2/M-phase inhibitors were
tubulin isoforms (Figure 2D and Table S2). Because of our
interest in cell division, we sought to analyze the G2/M-phase
network further. However, due to the overabundance of
screening campaigns aimed at discovering microtubule-
targeting agents, we eliminated all chemotype clusters that
were predicted to be targeting microtubules (α/β-tubulin)

from further consideration. This resulted in four remaining
chemotype clusters and 45 orphan compounds that did not
share significant chemical similarity with other compounds in
the ChEMBL database (for example, see the boxed compounds
in Figure 2B). Two compounds from each novel chemotype
cluster and the 45 orphan compounds (total of 53
compounds) were selected, resynthesized, and subjected to
further evaluation in secondary assays (Table S3).

G2/M-Phase Antileukemic Compound Potency. To
assess the potential of the 53 selected compounds as
antileukemic agents, we tested them for their ability to inhibit
CCRF-CEM ALL cell viability. For viability assays, cells were

Figure 2. Chemical analysis of leukemia G1/S-phase and G2/M-phase specific inhibitors. (A) CSNAP chemical similarity network of G1/S-phase
inhibitors. Note that these compounds are organized into 25 chemotypic clusters and two compounds remained orphaned. Query compounds are
colored red, and ChEMBL compounds gray. (B) CSNAP chemical similarity network of G2/M-phase inhibitors. These compounds are organized
into 96 chemotypic clusters, and 45 compounds remained orphaned. Query compounds are colored red, and ChEMBL compounds gray. (C and
D) Heat map summaries of CSNAP S-scores, scaled from 0 to 1. The cumulative S-score (∑S-score) of each assigned target in the target spectrum
and the major predicted targets and off-targets are indicated. For panels A−D, see also Table S2.
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treated with each compound for 72 h, and their viability was
measured using the CellTiter-Glo luminescent cell viability
assay (Promega), which measures total ATP levels (indicative
of metabolically active cells) using a luminometer at a
wavelength of 560 nm (Figure 3A,B). These assays were
carried out in triplicate with a 20-step series of 2-fold dilutions
(from 50 μM to 95.37 pM) for each compound, and their cell
viabilities, IC50 (half-maximal inhibitory concentration), were
derived (Figure 3B and Table S3). This analysis revealed that
most compounds (51) had an IC50 of <5 μM (Figure 3B and
Table S3).
Multiparametric Phenotypic Analysis of Leukemia

G2/M-Phase Inhibitors. To further explore the mechanism
of action of G2/M-phase inhibitors, we analyzed the cellular
response of cells to these inhibitors by immunofluorescence
(IF) microscopy. Due to the difficulty in performing IF
microscopy on CCRF-CEM cells, HeLa cells were treated with
each of the 53 compounds at a concentration corresponding to
their CCRF-CEM cell viability (IC90) for 16 h. Cells were then
fixed, permeabilized, co-stained for DNA and α-tubulin, and
imaged at 63× magnification. Surprisingly, 51 compounds
arrested cells with depolymerized microtubules, indicating that
they represented novel chemotypes that were targeting
microtubules (Table S3). Consistently, staining of the cells
with a FITC fluorescently labeled antibody that recognizes the
mitotic marker phosphorylated histone H3 (p-H317,18)
indicated that 51 compounds had an increased percentage of
cells arrested in mitosis [% mitotic cells = (number of p-H3
positive cells)/(total number of cells that stained positive with
the Hoechst 33342 DNA dye)] compared to controls (Figure
3C,D). However, N-(5-methyl-4,5,6,7-tetrahydrothiazolo[5,4-
c]pyridin-2-yl)-5-nitrobenzo[b]thiophene-2-carboxamide hy-
drochloride [leukemia specific inhibitor 1 (Leusin-1)] and 4-

{[(3,5-dimethoxybenzyl)thio]methyl}thiazol-2-amine (com-
pound 1) induced a decrease in the percentage of mitotic
cells (Figure 3D,E and Table S3). In HeLa cells, Leusin-1 and
compound 1 had no effect on the interphase microtubule
cytoskeletal network or the mitotic microtubule spindle, even
at the high concentration of 137 μM for Leusin-1 or 180 μM
for compound 1 (Figure 4A and Figure S1). Further testing of
Leusin-1 and compound 1, using an in vitro microtubule
polymerization assay, showed that they had no effect on
microtubule polymerization, similar to the DMSO control
(Figure 4B). In contrast, Taxol increased the rate of
microtubule polymerization, whereas colchicine and nocoda-
zole abolished microtubule polymerization (Figure 4B).
However, compound 1 proved to be an unstable compound
and lost activity over time in suspension. Therefore, we
selected Leusin-1 for further analysis on the basis of its novel
chemotype, its stable biochemical properties, and its inhibition
of leukemia cell division through a G2-phase arresting and
non-microtubule targeting mechanism. To further verify that
Leusin-1 was a G2-phase inhibitor, we treated CCRF-CEM
cells with thymidine (G1/S-phase arrest), Taxol (M-phase
arrest), RO-3306 (G2-phase arrest19), or Leusin-1 and
analyzed the status of cell cycle biochemical markers by
immunoblot analysis. Consistently, Taxol, RO-3306, and
Leusin-1 arrested cells with lower levels of Cyclin E (levels
peak at G1/S phase) and increased levels of Cyclin B (levels
peak at G2/M phase) (Figure 4C). However, unlike Taxol,
RO-3306 and Leusin-1 also arrested cells with lower levels of
p-H3 (present in only M phase) and increased levels of Cyclin
A (levels peak in G2 phase) (Figure 4C). Additionally, flow-
cytometry analyses of CCRF-CEM cells treated with either
DMSO, nocodazole, or Leusin-1 showed that Leusin-1 was
arresting cells in G2/M phase (Figure S2). Together, these

Figure 3. Leukemia G2/M-phase inhibitor potency. (A) CCRF-CEM cells were treated with increasing concentrations (from 95.37 pM to 50 μM)
of each compound for 72 h, and the cell viability was assessed using the CellTiter-Glo assay. (B) Summary graph showing the cell viability IC50 of
each compound (x-axis) on a micromolar scale (y-axis). Note that 53 compounds have an IC50 of <5 μM. See also Table S3. (C) Assay for
measuring the percentage of mitotic cells. Cells were stained with Hoechst 33342 DNA dye (to measure total cells) and Alexa Fluor 488-pH3
antibodies (to measure the number of mitotic cells). The scale bar indicates 5 μm. (D) Summary of the percentage of cells in mitosis (y-axis) for
each of the 53 compounds (x-axis). (E) Chemical structures of Leusin- I and compound 1 G2-phase inhibitors.
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data indicated that Leusin-1 was arresting CCRF-CEM cells
specifically in G2 phase through a nonmicrotubule targeting
mechanism.
Leusin-1 Arrests Cells in G2 Phase and Triggers an

Apoptotic Cell Death. To determine the consequences of
arresting cells in G2 phase with Leusin-1, we analyzed the
biochemical response of cells treated with Leusin-1. CCRF-
CEM cells were treated with Leusin-1, cisplatin (G2-phase
inhibitor), or Taxol (M-phase inhibitor), and protein extracts
were prepared after 48 h. Consistent with our previous data,
immunoblot analyses of protein samples using antibodies
directed against p-H3 (phosphorylated in mitosis) indicated
that Leusin-1 and cisplatin arrested cells with limited p-H3
staining, indicative of a G2-phase arrest, whereas Taxol
arrested cells with increased p-H3 levels, indicative of a M-
phase arrest (Figure 5A). Interestingly, Leusin-1 induced the
cleavage of caspase-3, indicative of apoptotic pathway
activation (Figure 5A). These data indicated that Leusin-1
arrested cells prior to mitosis and triggered an apoptotic cell
death. To further test this, CCRF-CEM cells were treated with
DMSO, Leusin-1, or Taxol for 48 h and the extent of caspase-
3/7 activation was measured using the Caspase-Glo
luminescent caspase activity assay.20 This assay revealed that
Leusin-1 was indeed inducing an apoptotic cell death similar to
that seen with Taxol treatment (Figure 5B). Next, we

performed live-cell time-lapse microscopy on CCRF-CEM
cells treated with DMSO or Leusin-1. DMSO-treated cells
were able to divide normally, whereas Leusin-1-treated cells
never divided and eventually underwent apoptosis (Figure 5C
and Movies S1 and S2). Together, these data indicated that
Leusin-1 was arresting cells in G2 phase and triggering an
apoptotic cell death.

Leusin-1 Is an ALL Specific Inhibitor. To determine
whether Leusin-1 was active against a broad array of cancers or
was specific for leukemias, we treated a diverse panel of cancer
cell lines and normal cell lines with Leusin-1 for 72 h. These
included cervical adenocarcinoma (HeLa), breast adenocarci-
noma (MCF-7), melanoma (M233), osteosarcoma (U-2 OS),
lung adenocarcinoma (NCI-H560), acute lymphoblastic
leukemia (CCRF-CEM), retinal pigment epithelial (hTERT-
RPE), lymphoma (Jeko-1), and colorectal carcinoma (HCT
116) cells. Cell viability IC50 was then quantified and
compared to that of the DMSO control (Figure 6A).
Interestingly, Leusin-1 showed specificity for CCRF-CEM
cells compared to all other adherent types of cancers (CCRF-
CEM cell viability IC50 for Leusin-1 = 2.64 μM compared to
values 4−50-fold higher for all other cell lines) (Figure 6A).
To determine if Leusin-1 was active against all leukemias (non-
adherent cells) or only a subset of leukemias, we analyzed the
efficacy of Leusin-1 on a panel of leukemia cell lines. These
included acute lymphoblastic leukemia (ALL; CCRF-CEM

Figure 4. Leusin-1 and compound 1 do not target tubulin. (A)
Immunofluorescence microscopy of HeLa cells treated with DMSO,
Leusin-1 (137 μM), compound 1 (180 μM), Taxol (100 nM),
colchicine (366 nM), or RO-3306 (10 μM) for 3 h and co-stained for
α-tubulin (anti-α-tubulin antibodies, red) and DNA (Hoechst 33342,
blue). The scale bar indicates 10 μm. For a summary of phenotypic
classification for all 53 G2/M-phase inhibitors, see Table S3. (B)
Summary of in vitro microtubule polymerization reactions in the
presence of DMSO or 3 μM Leusin-1, compound 1, colchicine,
nocodazole, RO-3306, or Taxol. Note that Leusin-1 and compound 1
have no effect on microtubule polymerization. The time is in minutes
(x-axis), and AFU denotes arbitrary fluorescence units (y-axis). (C)
CCRF-CEM cells were treated with DMSO, thymidine (2 mM),
Taxol (100 nM), RO-3306 (10 μM), or Leusin-1 (5 μM) for 24 h.
Extracts were prepared and immunoblotted for Cyclin A, B, and E and
for the phospho-histone H3 (p-H3 ser10) marker of mitotic cells.
Note that Leusin-1-treated cells have low p-H3 and stabilized Cyclin
A and B levels, indicative of a failure to enter mitosis, similar to RO-
3306. In contrast, Taxol-treated cells arrest in mitosis with high levels
of p-H3 and Cyclin A levels are lower.

Figure 5. Leusin-1 arrests cells in G2 phase and triggers an apoptotic
cell death. (A) CCRF-CEM cells were treated with DMSO or the
indicated concentrations of Leusin-1, Taxol, or cisplatin for 48 h.
Extracts were prepared and immunoblotted for p-H3, caspase-3, and
Gapdh. Note that Leusin-1- and cisplatin-treated cells have low p-H3
levels, indicative of a failure to enter mitosis. In contrast, Taxol-treated
cells arrest in mitosis with high levels of p-H3. Also note that Leusin-1
and Taxol treatment led to caspase-3 cleavage (the cleaved product is
labeled with an arrow). (B) CCRF-CEM cells were treated with
DMSO, Leusin-1 (5 μM), or Taxol (100 nM) for 48 h, and the
caspase-3/7 activity was quantified using the Caspase-Glo lumines-
cent caspase activity assay. RLU indicates relative light units. Data are
presented as the average ± SDs. Note that Leusin-1 induced caspase-
3/7 activation, similar to Taxol, indicative of apoptosis. (C) Live-cell
time-lapse microscopy of CCRF-CEM cells treated with DMSO or
Leusin-1 (5 μM). Note that Leusin-1-treated cells fail to divide and
undergo apoptosis.
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and TOM1), acute myeloid leukemia (AML; HL-60 and
THP1), and chronic myeloid leukemia (CML; K562 and
KCL22) cell lines. Surprisingly, ALL cell lines were the most
sensitive to Leusin-1 (CCRF-CEM IC50 = 2.66 μM and TOM1
IC50 = 0.877 μM, compared to values of 5−30 μM for all other
leukemia cell lines) (Figure 6B). These results indicated that
Leusin-1 was most potent against acute lymphoblastic
leukemias.
Leusin-1 Inhibits ALL Colony Formation. Next, we

assessed the ability of Leusin-1 to inhibit CCRF-CEM colony
formation using two separate clonogenic assays (Figure 6C−
E). First, an agar-based colony formation assay was performed
in the presence of DMSO, Taxol, or Leusin-1; colony
formation was visualized with crystal violet stain, and the
total number of colonies was quantified. Interestingly, Leusin-1
was able to inhibit colony formation like Taxol (Figure 6C,D).
Next, we analyzed the effect of Leusin-1 on colony formation
using the CytoSelect Cell Transformation Assay kit (Cell
Biolabs, Inc.), which measures the total number of viable cells
in agar solutions. Consistently, Leusin-1 inhibited colony
formation like Taxol (Figure 6E). Together, these data
indicated that Leusin-1 was inhibiting CCRF-CEM colony
formation.
Conclusions. Cell cycle checkpoints ensure that the

progression of the cell cycle from one phase to another is

regulated with precision and occurs with high fidelity.21

Dysregulation of the G1/S-, S-, G2-, and M-phase cell cycle
checkpoints can lead to abnormal cell proliferation and
carcinogenesis.21 A strategy for developing leukemia ther-
apeutics has been to develop inhibitors that perturbed the cell
cycle and lead to a cell cycle arrest and subsequent apoptotic
cell death.22,23 However, the difficulty of analyzing the cell
cycle response of suspension cells to chemical treatments has
hampered leukemia cell-based high-throughput drug discovery
efforts. Although a limited number of compounds have been
screened in acute myeloid leukemia and lymphoma cells, these
studies have relied on flow cytometry that is not easily
amenable to high-throughput screening or on end point assays
that lack critical information about the cell cycle phase where
these compounds are active.10,11 To address this, we
engineered our high-throughput cell cycle profiling chemical
screening platform to be compatible with suspension leukemia
cells and screened 181420 druglike compounds in leukemia
CCRF-CEM cells.14 Importantly, this approach bypasses the
need for flow cytometry and makes use of a laser scanning
cytometer that is a staple of modern screening platforms. The
use of laser scanning cytometery has the added benefits of
reducing screening costs and screening run time while
increasing throughput and the impact of data analyses. In
comparison to end point chemical screens that use cell viability
to select hit compounds, this approach provides a cell cycle
profile for each drug that not only provides information about
cell viability (cell death is represented by the subG1 population
of cells) but also provides critical information about the cell
cycle phase in which the drug is active. This additional cell
cycle chemical profiling information can be used to better
focus downstream experimentation to define the drug
mechanism of action. Additionally, when coupled with
chemical similarity analyses, like CSNAP, the cell cycle profile
can be used to validate drug target predictions. For example, a
hit drug predicted to be an analogue of Taxol (a known M-
phase inhibitor) would be expected to have a cell cycle profile
with an increased percentage of cells in M phase. Thus, this
approach has several advantages that should help expedite
leukemia drug discovery and characterization.
Our leukemia cell cycle chemical profiling approach yielded

novel G1/S-, G2-, and M-phase specific inhibitors of acute
lymphoblastic leukemia cell proliferation, which included novel
chemotypes that were targeting each cell cycle phase. Although
we did not pursue the M-phase microtubule-targeting agents, it
is important to note that microtubule-targeting agents continue
to be used broadly for the treatment of cancer and the new
chemotypes discovered in this study could be used to develop
more effective microtubule-targeting therapeutics.24 Our data
indicate that Leusin-1 is an exciting molecule to pursue for
developing new acute lymphoblastic leukemia therapies. First,
Leusin-1 potently arrests the leukemia cell cycle in G2 phase
and triggers an apoptotic cell death, thereby inhibiting
leukemia cell proliferation. Second, Leusin-1 is not a
microtubule-targeting agent, which is often associated with
numerous side effects like neurotoxicities and neutropenia.24

Third, in comparison to other leukemia therapeutics, either in
the clinic or approved for the treatment of leukemias like
vinblastine by the Food and Drug Administration, Leusin-1
appears to have a greater specificity for leukemia cells (ALL in
particular) compared to other cancer cell types and normal
cells. This Leusin-1 specificity for acute lymphoblastic
leukemias represents a vantage point for the development of

Figure 6. Leusin-1 inhibits ALL proliferation. (A) A broad panel of
cancer cell lines was treated with increasing concentrations of Leusin-
1 for 72 h, and their cell viability IC50 was assessed using the
CellTiter-Glo assay. The graph shows the summary of results for cell
viability IC50 (y-axis) for each cell line (x-axis). (B) A panel of
leukemia cells were treated with increasing concentrations of Leusin-
1, and cell viability IC50 (y-axis) was determined for each cell line (x-
axis): ALL (CCRF-CEM and TOM1), AML (HL-60 and THP1), and
CML (K562 and KCL22). (C and D) ALL clonogenic assay. ALL
CCRF-CEM cells were treated with DMSO, Leusin-1 (2 μM), or
Taxol (50 nM) for 3 weeks, and the percent colony formation,
normalized to DMSO, was quantified. Data are represented as the
average percent ± SDs. (E) ALL transformation assay. ALL CCRF-
CEM cells were treated with DMSO, Leusin-1 (2 μM), or Taxol (50
nM) for 7 days, and the total fluorescence was quantified. Data are
represented as the average percent ± SDs.
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therapeutics with a more favorable therapeutic window. Future
studies related to defining the Leusin-1 mechanism of action
should help to elucidate the underlying sensitivity of acute
lymphoblastic leukemias to Leusin-1.

■ METHODS
Compounds. Leusin-1 and compound 1 were purchased from

Life Chemicals Inc. at >95% purity. For 1H NMR of Leusin-1 and
compound 1, see Figure S3.
Cell Culture. All human cell lines, with the exception of M233,

were purchased from ATCC. Their identities were verified by short-
tandem repeat profiling. Cells were passaged for <6 months following
receipt and were maintained in 5% CO2 at 37 °C in RPMI 1640
medium (CCRF-CEM, Jeko-1, NCI-H560, TOM1, KCL22, and
THP1), DMEM/F12 (HeLa and hTERT-RPE), McCoy’s 5A (U-2
OS and HCT 166), IMDM (K562 and HL-60), or EMEM (MCF-7)
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and
antibiotics. M233 was established from a patient biopsy under
UCLA IRB Approval 02-08-067, as described previously.25 M233 was
genotyped using the Oncomap3 platform for 33 genes, Affymetrix
Gene Chip for SNP, and Ion Torrent for next-generation sequencing,
passaged for <6 months following verification, and maintained in
RPMI 1640 medium with 10% FBS and antibiotics in 5% CO2 at 37
°C. All media were purchased from ThermoFisher.
High-Throughput Screening. Screening conditions were as

described previously,14 with the following modifications. CCRF-CEM
cells were plated in 384-well plates (1000 cells/well) and treated with
10 μM drugs for 16 h. Cells were fixed with 4% paraformaldehyde and
stained with 2.5 μM Vybrant DyeCycle Green (Invitrogen) for 3 h at
room temperature. Plates were scanned with an Acumen eX3 (TTP
Labtech) fluorescence cytometer using its 488 nm laser, and a cell
cycle histogram profile was generated for each well. For the G2/M-
phase secondary screen, 16 h after the addition of the drug HeLa cells
were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100/phosphate-buffered saline (PBS), and stained with
Alexa Fluor 488 phospho-histone-H3 (Ser10, Cell Signaling) and 0.25
μg/mL Hoechst 33342 for 1 h. Plates were washed twice with PBS
using a microplate washer (BioTek) and then imaged with an
ImageXpress Micro (Molecular Devices) high-content fluorescence
microscope. Data analysis was performed using the CDD (Collabo-
rative Drug Discovery) software, and outputs were exported to Excel.
Compound Potency. For cell viability IC50, CCRF-CEM cells

were treated with a 20-step series of 2-fold dilutions (from 50 μM to
95.37 pM). Cell viability IC50 was determined using the CellTiter-Glo
Assay (Promega), which measures total ATP levels. Plates were read
with a Tecan M1000 microplate reader at 540 nm, and CDD software
was used for generating IC50 and IC90 values.
Immunofluorescence and Time-Lapse Microscopy. Immuno-

fluorescence microscopy was carried out as described previously26

using HeLa cells, except that images were captured with a Leica
DMI6000 microscope (Leica Microsystems) and deconvolved with
Leica deconvolution software. Time-lapse microscopy was performed
as described previously.17 Briefly, CCRF-CEM cells were treated with
DMSO or Leusin-1 (5 μM), and 10 Z-stack images (0.9 μm steps)
were captured at 15 min intervals. Images were deconvolved and
converted to AVI movie files.
Apoptosis Assays. CCRF-CEM cells were treated with the

indicated drugs for 48 h, and the Caspase-Glo luminescent caspase
activity assay (Promega) was used to measure the activity of effector
caspases, as a readout of apoptosis. Plates were scanned with a
luminometer at a wavelength of 520 nm, and the apoptotic index
[(total caspase activity)/(total number of cells)] per well was
measured. Quantitation is in relative light units (RLU) compared to
the DMSO control.
Leukemia Clonogenic Assays. Five thousand CCRF-CEM cells

per well were grown in six-well plates with semisolid RPMI 1640
medium containing 10% FBS, 0.45% agarose, and drug (1% DMSO, 2
μM Leusin-1, or 50 nM Taxol). A layer of 500 μL of medium
containing the corresponding drug was added on top, and plates were

incubated in 5% CO2 at 37 °C for 3 weeks. Fresh medium was
replenished twice a week. Colonies (>30 cells) were scored and
visualized after the addition of 0.005% crystal violet overnight.

Leukemia Cell Transformation Assay. The CytoSelect 96 Well
Cell Transformation Assay kit (Cell Biolabs, Inc.) was used for
assessing soft agar colony formation following the manufacturer’s
instructions for 7 days. Fluorescent signals from cells treated with
DMSO, Leusin-1 (2 μM), or Taxol (50 nM) were normalized after
subtracting the value from the no cell blank, and the mean values of
the samples were plotted as relative light units (RLU).

CSNAP Chemical Analysis. CSNAP was used to predict the
targets of G1/S-phase and G2/M-phase inhibitors as described
previously.12 Briefly, compounds were queried in annotated ChEMBL
database version 18 using the following search parameters: Tanimoto
cutoff of 0.75 and z-score cutoff of 2.5. The ChEMBL target
annotations were retrieved from the database on the basis of the
following criteria: confidence score of 4 and binding assay type.
Finally, chemical similarity networks and ligand−target interaction
fingerprints (LTIFs) were analyzed using Cytoscape and the R
statistical package, respectively.

In Vitro Tubulin Polymerization Assays. Tubulin polymer-
ization reactions were carried out according to the manufacturer’s
instructions (Cytoskeleton, BK011P) in the presence of DMSO and 3
μM Leusin-1, compound 1, Taxol, or colchicine. Polymerization was
monitored with a Tecan M1000 microplate reader at 420 nm for 120
min at 37 °C.

Antibodies. The following antibodies were used in this study:
phospho-histone-H3 Alexa Fluor 488 (Ser10) (Cell Signaling, catalog
no. 3465); α-tubulin (Serotec, catalog no. MCAP77G); caspase-3
(Cell Signaling Technology, catalog no. 9665); p-H3 (Cell Signaling,
catalog no. 9701); Cyclin A, Cyclin B, and Cyclin E (Santa Cruz
Biotechnology, catalog nos. sc-751, sc-245, and sc-481, respectively);
and Gapdh (GeneTex, catalog no. GTX627408). FITC- and Cy3-
conjugated secondary antibodies were from Jackson Immuno
Research.

Software. The CSNAP program is available as a web server
http://services.mbi.ucla.edu/CSNAP/.

Statistical Analysis. The quality of the screen was assessed by
calculating the Z′ factor [Z′ factor = 1 − 3(σp + σn)/(|μp − μn|)],
which takes into account the dynamic range of the assay and the
variance of the data.27 The screen was performed with an average
plate Z′ factor of 0.48 ± 0.06, close to the optimal performance range
of 0.5−1.27
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