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ABSTRACT: Aberration in cell cycle has been shown to be a
common occurrence in lung cancer, and cell cycle inhibitor
represents an effective therapeutic strategy. In this study, we
test the effects of a natural macrocyclic depsipeptide largazole
on lung cancer cells and report that this compound potently
inhibits the proliferation and clonogenic activity of lung cancer
cells but not normal bronchial epithelial cells. Largazole arrests
cell cycle at G1 phase with up-regulation of the expression of
cyclin-dependent kinase inhibitor p21. Interestingly, largazole
enhances the E2F1-HDACI1 binding affinity and induces a
proteasomal degradation of E2F1, leading to suppression of
E2F1 function in lung cancer but not normal bronchial
epithelial cells. Because E2F1 is overexpressed in lung cancer
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tumor samples, these data indicate that largazole is an E2F1-targeting cell cycle inhibitor, which bears therapeutic potentials for

this malignant neoplasm.
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ung cancer is the leading cause of cancer-related death in

both males and females, accounting for 13% (1.6 million)
of the total cancer cases and 18% (1.4 million) of the deaths in
2008." On the basis of histological characteristics, lung cancer
can be divided into non-small-cell lung cancer (NSCLC) and
small-cell lung cancer (SCLC), which comprise 85% and 15%
of all cases, respectively. Chemotherapy is currently the
mainstay of treatment, which has apparently reached a plateau
of effectiveness in improving survival,® and new agents such as
gefitinib and erlotinib will eventually fail because of the
development of drug resistance.” Therefore, novel approaches
are urgent needs to improve the prognosis of patients with lung
cancer.

Aberration in cell cycle has been shown to be one of the
major features of human cancers.* In eukaryotic cells, the
restriction point that controls the entry into S phase comprises
the retinoblastoma (Rb) and the E2F family proteins.>® During
G1 phase, cyclin D1 titrates CDK inhibitors such as p27*" and
p21°%! and inactivates the growth-suppressive function of Rb
through its phosphorylation.”® E2F1 is subsequently released
from the Rb/E2F1 complex and translocated into the nucleus,
where it transactivates the transcription of genes required for
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entry into S phase.*”'® Loss of p21 expression was frequently
observed and is associated with poor prognosis in NSCLC.'""*
P21 is also required for NSCLC cells’ sensitivity to gefitinib
treatment.'> However, recent studies show that E2F1 can
promote cancer progression and confer chemoresistance to
cancer cells.” In NSCLC, E2F1 is overexpressed and correlates
with the expression of thymidylate synthase (TS) and survivin
and is associated with adverse prognosis.'* E2F1 is also up-
regulated in SCLC."> Moreover, antiproliferative effects of
gefitinib are associated with suppression of E2F1 expression
and telomerase activity.'® These results suggest that p21-E2F1
cascade could be a drug target for lung cancer.

Natural compounds remain a source for anticancer drug
development, because 47% of the 155 anticancer drugs
approved during the period from 1940s to 2006 were either
natural products or directly derived therefrom.'” We therefore
collected a set of natural compounds and investigate their
anticancer activities and mechanisms of action, with the aim to
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help anticancer drug development. Among them, largazole
(Figure 1A) is a natural macrocyclic depsipeptide isolated from
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Figure 1. Inhibitory effects of largazole on lung cancer cells. (A)
Chemical structure of largazole. (B) The cells were treated with
different concentrations of largazole for 48 h, and cell proliferation was
measured by the CCK-8 assay. (C) The cells were treated with
largazole for indicated time points, and cell viability was evaluated by
trypan blue exclusion assay. (D) Clonogenic assay of AS49 and H460
cells treated with largazole. The cells were pretreated with largazole or
DMSO for 24 h and seeded in medium containing 0.3% soft agar in
the upper layer and 0.6% soft agar in the lower layer. After 10 days, the
cell clones were counted with a microscope. Data are shown as mean
+ SD for three independent experiments.
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a cyanobacterium of the genus Symploca'® that can inhibit class
I histone deacetylases (HDAC)'*° and ubiquitin activating
enzyme (E1) mediating ubiquitin conjugation to p27*?' and
TRF1.>' Largazole exhibits antiproliferative activity against
lung, colorectal, melanoma, ovarian, renal, and breast cancer
and leukemia cells.'”**** In this study, we tested the
cytotoxicity as well as the underlying mechanisms of largazole
on lung cancer cells.

We evaluated the effects of largazole on lung cancer lines
expressing wide-type (WT) or mutant EGFR and normal
human bronchial epithelial 16-HBE cell line. The compound
was synthesized as described by Jiang’s group.'® We found that
largazole significantly inhibited cell proliferation of A549, NCI-
H1975, SPC-Al, GLC-82, L78, H460, 95D, and H466 lung
cancer lines but not 16-HBE cells (Figure 1B), with the ICy,
values ranging from 0.077 to 0.57 uM for cancerous cells but
more than 10 uM for 16-HBE cells (Table 1). By using trypan

blue dye exclusion analysis, we found that largazole at 0.1 yM
significantly inhibited the growth of AS49 and H460 cells
(Figure 1C). Moreover, we showed that largazole markedly
inhibited the colony forming activity of A549 and H460 cells in
a dose-dependent fashion (Figure 1D). These results
demonstrate that largazole has potent and selective cytotoxicity
to lung cancer cells as compared to normal human bronchial
epithelial cells.

We tested the effect of largazole on cell cycle and cell death.
To do this, the cells were synchronized, stained by propidium
iodide (PI), and analyzed by flow cytometry. Our results
showed that in A549 and H460 cells, treatment with largazole
at 0.06 to 0.1 uM for 24 h led to the arrest of cell cycle at G1
phase (Figure 2A). We further showed that treatment with
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Figure 2. Largazole induces cell cycle arrest and subsequent apoptosis
in lung cancer cells. (A) The synchronized cells were treated with
largazole for 24 h, stained with PI, and analyzed with flow cytometry
for cell cycle distribution. (B,C) AS49 cells were treated with largazole
for 48 h and assessed by Annexin V/PI staining and flow cytometry.
(D) A549 cells were treated with largazole (0.1 #M) for indicated time
points, lysed, and subjected to Western blot assay using indicated
antibodies. CL-casp-9, cleaved casp-9.
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largazole at a relatively high concentration (0.3 to 1 uM) for 48
h induced apoptosis in a significant proportion (up to 70%) of
AS49 cells, revealed by the Annexin V/PI staining and flow
cytometry analysis (Figure 2B,C). In these cells, treatment with
largazole for 48 h caused down-regulation of pro-casp-9 with
generation of activated casp-9, while the expression of casp-8
was not markedly affected (Figure 2D). The intrinsic apoptotic

Table 1. Concentration of Largazole Required to Inhibits 50% of Cell Growth (ICs,) in Lung Cancer and Noncancerous Cell

Lines®
cell lines AS49 H1975 H460 GLC-82
cancer type Ade Ade Ade Ade
ICy, (uM) 0.077 0.083 0.12 0.19

L78 SPC-Al 95D H466 16-HBE
SCC LCC LCC SCLC NBEC
0.57 0.14 0.42 0.52 >10

“Ade, adenocarcinoma; ADSC, adenosquamous carcinoma; LCC, large cell carcinoma; SCC, squamous cell carcinoma; SCLC, small cell lung cancer;

NBEC, normal bronchial epithelial cells.
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signal led to activation of casp-3, reflected by a decrease of pro-
casp-3 and increase of active casp-3 with cleavage of its
substrate poly(ADP-ribose) polymerase (PARP) (Figure 2D).
These results indicate that largazole causes cell cycle arrest at a
lower concentration and induces a mitochondrial-dependent
caspase activation to trigger apoptosis of lung cancer cells at a
higher concentration with a relatively longer treatment time
course.

We investigated the mechanisms underlying largazole-
induced GI phase arrest. By Western blot analysis of cell
cycle regulators essential for G1 phase progression in AS49 cells
upon largazole at 0.1 yM, we found that the expression of p21
was up-regulated drastically at 6 h, while p27 was slightly
increased at 12 h of treatment time course (Figure 3A).

A C
Time() 0 6 12 24 36

N e > @ @&
P — - - -

CDKY — . . — o—

Lar (-) Lar (+)
CHX(h) 0 05 1 2 3 4 0 0.5 1 2 3 4
Pl - - - - - - -
e e e e — e
D E

[
17-AAG - -+ +

CDK4

Cyclin DI

Acetyl-H3
Input

1gG
Acetyl-H3
Input

Pl - -

P— — =
250 bp -

control Lar

IgG

Actin

Time (h) 0 6 12 ACHN S

p21

24 36

normalized to actin

4
GAPDH

F

Lar(uM) 0 001 005 0.1 03 1

Acetyl-H3 (S5 - - -

normalized to input

1
0
Lar - + -+
1-AAG - -+ +

At - - - - -
G A549 H460 16-HBE NCI-H1975 H
Time (h) 0 6 12 0 6 12 0 6 12 0 6 12

e . .. -
i D e S S e S ey,

Figure 3. Largazole up-regulates p21 in lung cancer cells. (A) AS49
cells were treated with largazole (0.1 uM) at indicated time points,
lysed, and subjected to Western blot assay using indicated antibodies.
(B) AS49 cells were treated with largazole (0.1 4M) at indicated time
points and lysed, and RNA was extracted for RT-PCR analysis using
indicated primers. (C) AS49 cells were treated with CHX (100 ug/
mL) and/or largazole (0.1 M) for indicated time points, lysed, and
subjected to Western blot analysis. (D) AS49 cells were treated with
Hsp90 inhibitor 17-AAG (1 uM) and/or largazole (0.1 yuM) for 6 h,
lysed, and subjected to Western blot analysis (upper panel). Protein
expression of p21 was quantified by the densitometry analysis and
normalized against f-actin expression (lower panel). (E) Pharmaco-
logic modulation of acetyl histone H3 on p21 promoter. ChIP assay
was done in AS49 cells treated with largazole (0.1 #M) using antiacetyl
histone H3 antibody (upper panel), and acetyl histone H3-bound p21
promoter was quantified by the densitometry analysis and normalized
against input (lower panel). (F,G) A549 or indicated cells were treated
with largazole at indicated concentration for 4 h (F) or at 0.1 uM for 6
to 12 h (G), lysed, and subjected to Western blotting. (H) AS49 cells
were treated with largazole and lysed, and the lysates were analyzed by
immunoprecipitation and Western blot using indicated antibodies.
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However, the expression of cyclin D1, CDK2, or CDK4 was
not dramatically affected (Figure 3A). By RT-PCR assay, we
found that treatment of A549 cells with largazole at 0.1 uM for
12 h up-regulated p21 at mRNA level (Figure 3B). These
results indicate that largazole may affect the post-translational
modification/degradation as well as transcriptional activation to
up-regulate the expression of p21. Indeed, in A549 cells upon
protein synthesis inhibitor cycloheximide (CHX, 100 pg/mL),
p21 was decreased markedly at 1 h and became undetectable at
2 h (Figure 3C, left panel), suggesting that p21 can be modified
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and degraded rapidly within cells. However, in cells
coincubated with CHX and largazole, p21 was slightly down-
regulated at 1 h and could be detected in 4 h (Figure 3C, right
panel), indicating that largazole can stabilize this protein. Heat
shock protein 90 (Hsp90) is shown to have a vital role in p21
stabilization.”* We observed that at the presence of Hsp90
inhibitor 17-AAG, largazole-induced p21 accumulation was
markedly attenuated (Figure 3D), indicating that Hsp90 also
has an essential role in largazole-induced up-regulation of p21.

Largazole can inhibit class I HDAC."”*° We investigated the
effect of this compound on the binding affinity between p21
promoter and acetyl H3 by a chromatin immunoprecipitation
(ChIP) assay and found that largazole enhanced the recruit-
ment of p21 promoter to acetyl H3 (Figure 3E). We further
showed that in A549 cells treatment with largazole at 0.01 to 1
UM for 4 h led to hyperacetylation of histone H3 (Figure 3F).
Moreover, treatment with largazole at 0.1 yM for 6 to 12 h
resulted in accumulation of hyperacetylated H3 in A549, H460,
and H1975 as well as 16-HBE cells (Figure 3G). We performed
immunoprecipitation assay to test the effect of largazole on
p21-CDK2 interaction and found that in AS49 cells p21
dissociated from CDK2, while treatment with largazole at 0.1
uM for 4 to 8 h markedly enhanced the p21-CDK2 binding
affinity (Figure 3H). Taken together, our data indicate that
largazole can increase p21 level by promoting its stability and
activating its transcription, resulting in inhibition of CDKs and
perturbation of cell cycle.

We reported that treatment with largazole at 0.1 uM for 6 to
12 h drastically reduced the phosphorylation of Rb (Figure 4A)
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Figure 4. Largazole suppresses E2F1 activity. (A) AS49 cells were
treated with 0.1 M largazole for indicated time points and lysed, and
the lysates were analyzed by Western blot assay. (B,C) AS49 cells were
treated with largazole at 0.1 #M for 8 h and lysed, and the lysates were
analyzed by immunoprecipitation and Western blot using indicated
antibodies. (D,E) AS49 cells were treated with largazole (0.1 yM) at
indicated time points and lysed, and RNA was extracted for RT-PCR
analysis using indicated primers (D). The expression of indicated
genes was quantified by the densitometry analysis and normalized
against GAPDH expression (E).

and strengthened the Rb-E2F1 binding affinity (Figure 4B).
Furthermore, largazole enhanced the E2F1-HDACI1 inter-
action (Figure 4C). To evaluate the transcription activity of
E2F1, we tested the expression of two E2F1 target genes,
dihydrofolate reductase (DHFR) and proliferating cell nuclear
antigen (PCNA) that are required for the transition of G1 to S,
and found that both genes were transcriptionally suppressed
(Figure 4D,E). These results demonstrate that the biological
function of E2F1 is inhibited by largazole treatment in lung
cancer cells.
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Acetylation can stabilize E2F1, while Rb-associated histone
deacetylase can deacetylate E2F1.>® By immunoprecipitation
and Western blot assays, we showed that treatment of A549
cells with largazole caused deacetylation of E2F1 (Figure SA),
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Figure S. Largazole triggers proteasomal degradation of E2F1. (A)
AS49 cells were treated with largazole (0.1 M) for 8 h and lysed, and
the lysates were analyzed by immunoprecipitation and Western blot
using indicated antibodies. (B) AS49 cells were treated with largazole
(0.1 uM) for indicated time points (upper panel) or indicated
concentrations for 12 h (lower panel), Iysed, and subjected to Western
blotting. (C,D) The cells were treated with 0.1 uM largazole for
indicated time points and lysed, and the lysates were analyzed by
Western blot assay. (E) AS49 cells were treated with 0.1 uM largazole
for 12 to 24 h and assessed by immunofluorescence analysis using an
anti-E2F1 antibody and DAPL (F) AS49 cells upon 0.1 M largazole
for indicated time points were lysed, proteins in cytoplasmic and
nucleus fractions were separated and subjected to Western blot using
indicated antibodies. (G) AS49 cells were pretreated with proteasome
inhibitor bortezomib (100 nM) or MG-132 (10 uM) for 2 h, followed
by largazole (0.1 yM) treatment for 12 h, lysed, and analyzed by
Western blot assay. (H) Lysates of AS49 cells upon largazole (0.1 uM
for 8 h) were analyzed by immunoprecipitation and Western blot
using anti-E2F1 and antiubiquitin antibodies.

followed by its down-regulation in a time- and dose-dependent
manner (Figure SB). Largazole was also able to trigger E2F1
catabolism in NCI-H460, H1975, L78, and 95D lung cancer
(Figure SC) but not 16-HBE cells (Figure SD). Immuno-
fluorescence (Figure SE) and Western blot (Figure SF) assays
revealed that largazole could, on one hand, cause translocation
of E2F1 from nucleus into cytoplasm and, on the other hand,
decrease the expression of E2F1 in both compartments. To test
whether the degradation of E2F1 was mediated by proteasome,
AS49 cells were pretreated with proteasome inhibitor
bortezomib (BOR, 100 nM) or MG-132 (10 uM) for 2 h
followed by coincubation with largazole for an additional 12 h.
The results showed that both bortezomib and MG-132 could
inhibit largazole-induced E2F1 degradation (Figure SG). By
immunoprecipitation and Western blot assays, we reported that
largazole caused ubiquitination of E2F1 (Figure SH). These
results indicate that largazole induces proteasomal degradation
of E2F1.

We conducted Western blot analysis to evaluate the
expression of E2F1 in tumor samples as well as adjacent
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normal tissues isolated from lung cancer patients whose
baseline characteristics were shown in Supplementary Table
1. As compared to that in counterpart normal controls, E2F1
was overexpressed in S of 10 (50%) tumor samples
(Supplementary Figure 1A). In only one patient, the expression
of E2F1 in adjacent normal tissue is higher than in tumor
specimen (Supplementary Figure 1A). E2F1 was also high in
AS49, H460, and H1975 lung cancer cell lines (Supplementary
Figure 1B).

E2F1 has been identified as a tumor suppressor regulating
the activities of pS3 and promoting apoptosis by activatin§ a
plethora of death pathways including caspases and Apaf-1.>*
However, recent studies in knockout and transgenic mouse
models indicate that E2F1-3 bear an unexpected pro-survival
role in development and cell survival.>**® Moreover, E2F1 is
reported to be overexpressed in many types of human cancers
including stomach cancer,’® B-cell chronic lymphocytic
leukemia,*" non-small-cell lung cancer,"* metastatic colorectal
cancer,” and sporadic Burkitt’s lymphoma,®® and is inversely
associated with prognosis.” Consistent with these observations,
our results confirm that E2F1 is overexpressed in lung cancer
samples compared to paired normal controls (Supplementary
Figure 1). These data indicate that E2F1 has oncogenic
functions in some types of cancer and may represent a rational
therapeutic target; therefore, E2F1-targeting agents are needed
for the development of novel anticancer drugs.

We found that largazole significantly inhibits cell prolifer-
ation of lung cancer lines but not normal bronchial epithelial
cells, demonstrating its selectivity to lung cancer cells. At an
early stage (24 h) or at low concentration (0.06 to 0.1 M), this
compound arrests cell cycle at G1 phase and inhibits cell
proliferation; and at late stage (48 h) or relatively high
concentration (1 yM), it induces apoptosis of the lung cancer
cells (Figure 2). At molecular level, largazole up-regulates p21
by activation of its transcription and prevention of its
degradation, leading to sequestration of CDK2 (Figure 3).
Moreover, largazole causes dephosphorylation of Rb, which
sequesters E2F1 (Figure 3). Rb, E2F1, and HDACI can form a
complex.34 We show that, while HDACI1 recruits E2FI,
largazole enhances this interaction (Figure 4), also contributing
to the suppression of E2F1 trans-regulatory functions. In both
cancerous and normal bronchial epithelial cells, largazole up-
regulates acetyl H3, which may lead to up-regulation of p21
(Figure 3). While largazole is able to trigger E2F1 catabolism in
lung cancer cells, it fails to affect E2F1 expression in 16-HBE
cells (Figure S). E2F1 can be degraded by the ubiquitin—
proteasome pathway.35_38 Interestingly, E2F1 can be stabilized
by P/CAF-mediated acetylation, and the acetylated E2F1 can
be deacetylated by Rb-bound deacetylase.”> We report that
upon largazole treatment, the acetylated E2F1 was drastically
reduced (Figure 5), possibly due to enhancement of Rb-E2F1-
HDACI1 binding affinity (Figure S). Largazole induces a
proteasomal degradation of E2F1 in lung cancer but not normal
bronchial epithelial cells (Figure S), partially explaining the
relatively selective cytotoxicity of largazole (Figure 1 and Table
1). We show that E2F1 is overexpressed in S of 10 lung cancer
samples compared to their counterpart controls (Supporting
Information). Evidence suggests that HDAC inhibitors will be
more effective in tumors with high E2F1 activity.”® Therefore,
our results demonstrate that E2F1 may represent a therapeutic
target for lung cancer, and largazole could serve as a lead
compound for the development of E2F1 inhibitor.

dx.doi.org/10.1021/ml400093y | ACS Med. Chem. Lett. 2013, 4, 921-926
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