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Triple-negative breast cancer (TNBC) is the most intractable
cancer in women with a high risk of metastasis. While hyper-
methylation of histone H3 catalyzed by disruptor of telomeric
silencing 1-like (DOT1L), a specific methyltransferase for his-
tone H3 at lysine residue 79 (H3K79), is reported as a potential
target for TNBCs, early developed nucleoside-type DOT1L in-
hibitors are not sufficient for effective inhibition of growth and
metastasis of TNBC cells. We found that TNBC cells had a high
expression level of DOT1L and a low expression level of E-cad-
herin compared to normal breast epithelial cells and non-
TNBC cells. Here, a novel psammaplin A analog (PsA-3091)
exhibited a potent inhibitory effect of DOT1L-mediated
H3K79 methylation. Consistently, PsA-3091 also significantly
inhibited the proliferation, migration, and invasion of TNBC
cells along with the augmented expression of E-cadherin and
the suppression of N-cadherin, ZEB1, and vimentin expression.
In an orthotopic mouse model, PsA-3091 effectively inhibited
lung metastasis and tumor growth by the regulation of
DOT1L activity and EMT biomarkers. Together, we report
here a new template of DOT1L inhibitor and suggest that tar-
geting DOT1L-mediated H3K79 methylation by a novel PsA
analog may be a promising strategy for the treatment of meta-
static breast cancer patients.

INTRODUCTION
Breast cancer (BC) is the second leading cause of cancer death for
women worldwide. Among BCs, approximately 15% to 20% are clas-
sified as triple-negative breast cancers (TNBCs), which do not express
estrogen, progesterone, and HER2 receptors.1,2 TNBCs are consid-
ered to be the most aggressive cancers, as they do not respond to
endocrine therapies or other targeted therapies, and they have a
high risk of recurrence. Previous studies have revealed that breast
cancer cells frequently metastasize to the lung, bone, and brain tissues
through lymphatic vessels, and 90% of deaths caused by breast cancer
are associated with metastasis.3–5 Recent studies reported that breast
cancer metastasis is partly governed by epigenetic process.6,7 In
particular, histone methyltransferases (HMTs), such as disruptor of
Telomeric silencing 1-like (DOT1L) or G9a, regulates the expression
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of E-cadherin, a major cell-junction molecule, in breast cancer
cells.8–10 Loss of E-cadherin is the most typical process in tumor
metastasis.8 Therefore, targeting epigenetic processes in metastatic
breast cancers are urgently required to decrease the rate of breast can-
cer metastasis and to further increase the survival rate for patients
with metastatic BCs.

It is known that DOT1L, a HMT, utilizes S-adenosylmethionine
(SAM) as a methyl donor to regulate the methylation of histone H3
at lysine residue 79 (H3K79), and it plays an important role in the
regulation of transcription, cell cycle, and DNA damage
response.11–14 Recent studies have shown that the DOT1L expression
level is crucial for tumor development, especially in leukemia with
mixed-lineage leukemia (MLL) fusion proteins, and participates in
the activation of leukemic transcription, suggesting an oncogenic
role of DOT1L in leukemia. Therefore, DOT1L has been considered
a potential therapeutic target for MLL-rearranged leukemia.15–17

However, only a few studies on the association between DOT1L
and breast cancers have been reported.

Zhang et al.18 have reported that the pharmacologic inhibition of
H3K79 methylation suppresses the self-renewal of breast cancer
stem cells (BCSCs), breast cancer proliferation, migration, and inva-
sion. However, the detailed mechanisms of the oncogenic potential
and clinical relevance of DOT1L in solid tumors, including breast
cancer, have not yet been clearly elucidated. Recently, Cho et al.8

suggested that the cooperation of DOT1L with c-Myc-p300 is
important for the regulation of both the epithelial-mesenchymal
transition (EMT) and CSC properties in breast cancer through the
epigenetic activation of EMT-transcription factors (TFs), providing
a novel mechanism of epigenetic regulation of DOT1L-mediated
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. DOT1L Inhibitory Activity of the Psammaplin A Analogs

Psammaplin A Analogs (1 mM) DOT1L Inhibition (%)

PsA-1011 36.6 ± 1.9

PsA-3051 35.5 ± 2.3

PsA-3052 33.1 ± 2.3

PsA-3054 34.2 ± 2.2

PsA-3091 43.9 ± 1.8

PsA-3092 39.8 ± 1.1

PsA-3041 38.9 ± 1.9

PsA-1016 33.6 ± 2.6

PsA-3271 34.5 ± 2.4

PsA-1018 36.5 ± 1.8

EPZ-5676 (100 nM) 75.5 ± 3.0

The data are expressed as the mean (± SD) of three independent experiments, each per-
formed in triplicate, and are presented relative to control. EPZ-5676 was used as a pos-
itive control.
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transcription of EMT enhancers. Moreover, the expression of DOT1L
was highly related with lymph node metastasis in ovarian cancer.19

Although the possible role of DOT1L in themetastasis of solid tumors
has been suggested, early developed nucleoside-containing inhibitors
of DOT1L, such as EPZ-5676, did not show effective suppression of
tumor growth and metastasis of solid tumor cells, including breast
cancer cells.20 Therefore, the procurement of new template com-
pounds for the regulation of DOT1L activity for solid cancers,
including aggressive metastatic TNBCs, is required to improve the
survival rate of cancer patients.

An attractive strategy toward this goal is to develop compounds that
selectively inhibit the binding of the cofactor SAM with specific pro-
tein methyltransferases. DOT1L catalyzes an SN2 reaction of the
H3K79 ε-NH2 of the substrate nucleosome with the methyl group
of SAM.21 Therefore, compounds that selectively interact with
DOT1L and competitively block the binding with SAM could inhibit
H3K79 methylation.

In our continuing efforts to provide better insights into the role
of DOT1L regulation in breast cancer and the development of
epigenetic inhibitors for metastatic breast cancer therapy, we
evaluated the effects of psammaplin A (PsA) analogs on the activity
of DOT1L. PsA, a natural marine product isolated from the
Psammaplysilla sponge, has been previously reported to be an anti-
tumor agent that functions as an effective regulator of epigenetic
enzymes, including histone deacetylases (HDACs) and DNA meth-
yltransferases (DNMTs).22,23 Although PsA showed a promising
pharmacological activity against cancer cells, two major drawbacks
were evoked with the low abundance of natural sources and poor
pharmacokinetic properties. In particular, the pharmacokinetic
study with an intravenous injection in mice revealed the short
half-life and rapid systemic clearance,24 suggesting the needs of
the improvement of the pharmacokinetic property with PsA. There-
fore, we rationally designed and synthesized the PsA analogs and
primarily evaluated the biological activity with the inhibition of
cancer cell growth and histone deacetylase activity.25 Based on the
findings, in this study, we further extended to evaluate the biological
activity of PsA analogs against DOT1L, one of the major histone-
modifying enzymes associated with cancer cell metastasis and pro-
liferation. Herein, the antitumor and anti-metastatic activities of
PsA analogs were explored through modulation of the DOT1L-
mediated EMT process in human aggressive and metastatic breast
cancer cells.

RESULTS
The Effects of Psammaplin A Analogs on DOT1L Activity and

Proliferation of Human Cancer Cells

To explore potent small-molecule inhibitors of DOT1L, 116 novel an-
alogs of PsA were evaluated with DOT1L cell-free enzyme activity
assay. Among these compounds, some analogs (PsA-1011, -3051,
-3052, -3054, -3091, -3092, -3041, -1016, -3271, and -1018) exhibited
a greater than 30% inhibition rate against DOT1L activity at the test
concentration of 1 mM (Table 1). From these results, PsA-3091, a het-
eromonomeric structural analog, showed the most potent inhibitory
activity, with an IC50 value of 1.77 mM (Figures 1A and 1B). Since
some PsA analogs exhibited inhibitory activity toward DOT1L in
the cell-free biochemical assay, we further evaluated the inhibitory ef-
fects of compounds on DOT1L activity in cancer cells by western blot
analysis using an antibody against di-methylated lysine 79 residues of
histone H3 (H3K79me2), the biological target of DOT1L.26 Consis-
tent with the result obtained for cell-free DOT1L inhibitory activity,
the overexpressed level of H3K79 methylation (H3K79me2) in
MDA-MB-231 breast cancer cells was most significantly suppressed
by PsA-3091 (Figure 1C). Therefore, further analysis was performed
with PsA-3091 to elucidate the detailed mechanism of action in can-
cer cell proliferation and anti-metastatic activities in aggressive triple-
negative breast cancer cells.

PsA-3091 Suppresses DOT1L Activity via the Interacting Binding

Pocket of the Enzyme

To understand the binding interactions between PsA-3091 ligand and
DOT1L, molecular docking studies were carried out using the X-ray
crystal structure of DOT1L (PDB: 3SR4). DOT1L has a deep binding
pocket for the cofactor SAM. As shown in Figure 1D, PsA-3091 fits
snugly into the deep and narrow binding pocket of DOT1L, suggest-
ing a tight binding to DOT1L. The t-butyl phenyl group of the ligand
has hydrophobic interactions with Phe223 and Pro133, which were
identified as critical residues for the interaction with the adenosine
moiety of SAM.27 The OH of the oxime has a hydrogen bond with
the carbonyl oxygen of Glu134, whereas the NH of the adjacent amide
group forms hydrogen bonds with two oxygen atoms of the
carboxylate side chain of Glu186 (Figures 1E and 1F). These hydrogen
bonds constitute a tight network involving Lys187, Glu186, Gly163,
and Glu134, which contributes to the specific recognition of
PsA-3091 by these residues in the binding pocket. These data suggest
that PsA-3091 might interfere with the interaction between DOT1L
and SAM.
Molecular Therapy: Oncolytics Vol. 15 December 2019 141

http://www.moleculartherapy.org


Figure 1. PsA Analogs Block the Methylation of

Histone H3 Lysine 79 via Inhibition of DOT1L Activity

(A) The chemical structure of psammaplin A and PsA-

3091. (B) The DOT1L enzyme assay was carried out using

500 ng DOT1L per well and incubated for 1 h. **p < 0.01;

***p < 0.001, compared with the control. (C) The cells

were treated with the indicated concentrations of PsA

analogs for 48 h, lysed, and subjected to western blotting.

Histone H3 was used as an internal control. The relative

intensity of the indicated proteins was semiquantified

using NIH ImageJ software. The data are expressed as the

mean values ± SD (n = 3) and are representative of three

separate experiments. *p < 0.05; **p < 0.01, compared

with the control. (D) PsA-3091 located in the deep and

narrow binding pocket of human DOT1L (PDB: 3SR4).

The t-butyl phenyl group of the ligand has hydrophobic

interactions with Phe223 and Pro133, critical residues for

the interaction with the adenosine moiety of SAM. (E) In-

teractions between PsA-3091 and key residues of human

DOT1L with the hydrogen bonds are indicated with dotted

lines. (F) Interaction diagram of PsA-3091 with the key

residues in DOT1L.
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DOT1L and E-cadherin Expression in Normal Breast Epithelial

Cells and Breast Cancer Cells

Since the expression level of DOT1L is highly correlated with breast
cancer progression and metastasis,8 the expression levels of DOT1L
and E-cadherin, an adhesionmolecule in cell-cell junctions, in various
types of breast cancer cell lines were determined by western blot anal-
ysis (Figure 2A). The cell lines of TNBCs (HCC38, HCC1937, MDA-
MB-231, and Hs578T) were found to have higher expression levels
compared with the breast epithelial cells (MCF10A) and non-TNBCs
(SK-BR-3 and T-47D). Moreover, claudin-low-type (E-cadherin-low)
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TNBCs (MDA-MB-231 and Hs578T) showed a
relatively high expression level of DOT1L
compared with basal-type TNBCs (HCC38
and HCC1937). In addition, the expression level
of E-cadherin was significantly low in the cell
lines with high DOT1L expression (Figure 2A).
Therefore, these two claudin-low-type TNBC
cells (MDA-MB-231 and Hs578T) were selected
to further elucidate the effects of PsA-3091 on
the regulation of DOT1L-mediated functions
in TNBCs. To obtain the clinical relevance of
our data, we compared the mRNA expression
levels of DOT1L in human TNBC, non-TNBC,
and normal breast tissue samples available
from public databases. The expression of
DOT1L in TNBC (n = 116) was significantly
higher than in both non-TNBC (n = 983, p =
4.97e�12) and normal breast tissue (n = 409,
p = 3.47e�25), consistent with our cell-line re-
sults (Figure 2B). Furthermore, to confirm the
relationship between the expression of DOT1L
and the expression of E-cadherin, the MCF10A cells were transfected
with lentiviral particles expressing DOT1L. As shown in Figure 2C,
the expression of E-cadherin was downregulated by transduction of
the DOT1L gene in MCF10A cells. We further confirmed that the
knockdown of DOT1L by small interfering RNA (siRNA) augmented
the expression of E-cadherin, and the co-treatment of DOT1L siRNA
and PsA-3091 exhibited synergistic upregulation of E-cadherin
expression in MDA-MB-231 cells (Figures 2D and 2E). In addition,
the enhanced expression levels of DOT1L by the introduction of
DOT1L-expressing lentiviral particles were abrogated for the effect



Figure 2. Expression Levels of DOT1L and

E-cadherin Are Highly Correlated with Hormone

Receptor Status in Breast Cancer Cells

(A) Western blotting analysis of DOT1L and E-cadherin

expression in various breast cancer cell lines. b-Actin was

used as an internal control. The relative intensity of the

indicated proteins was semiquantified using NIH ImageJ

software. (B) DOT1L expression in TNBCs compared to

the non-TNBC and normal breast tissues based on TCGA

and the GTex database. (C) Protein levels of DOT1L and

E-cadherin in MCF10A cells that were transfected with

empty or DOT1L expression lentiviral particles for 24 h.

b-Actin was used as an internal control. The relative in-

tensity of the indicated proteins was semiquantified using

NIH ImageJ software. **p < 0.01, compared with the

control. (D) The cells were transfected with negative

control siRNA or DOT1L siRNA for 24 h. The cell lysates

were immunoblotted with the indicated antibodies. (E) The

cells were transfected with negative control siRNA or

DOT1L siRNA for 48 h and treated with 1 mMPsA-3091 for

an additional 48 h. The cell lysates were immunoblotted

with the indicated antibodies. (F) The cells were trans-

fected with empty or DOT1L expression lentiviral particles

for 24 h and treated with 1 mM PsA-3091 for an additional

48 h. The cell lysates were immunoblotted with the indi-

cated antibodies. (G) E-cadherin promoter activities were

determined in MCF10A cells that were transfected with

E-cad�108-Luc and Renilla reporter gene plasmids for

24 h and subsequently incubated with PsA-3091 at the

indicated concentrations for another 24 h. The results

were normalized to the Renilla values and expressed as

relative luciferase units (RLUs). The data are expressed as

the mean values ± SD (n = 3) and are representative of

three separate experiments. *p < 0.05; **p < 0.01,

compared with the control.
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of PsA-3091 on E-cadherin upregulation in MDA-MB-231 cells (Fig-
ure 2F). Moreover, treatment with PsA-3091 enhanced E-cadherin
promoter activity in MCF10A cells (Figure 2G). These data support
the notion that DOT1L expression is highly correlated with breast
cancer cell metastasis by regulating E-cadherin expression and the
Molecular The
possibility that PsA-3091 participates in the
inhibition of metastasis by modulating E-cad-
herin expression in TNBCs.

Selective Inhibition of H3K79 Methylation

and Suppression of Cell Proliferation by

PsA-3091 in TNBC Cells

To further identify whether the inhibition of
histone methylation by PsA-3091 was selective
against DOT1L-mediated methylation of
H3K79, the effects of PsA-3091 on the methyl-
ation of other histone H3 lysine residues were
determined by western blot analysis. As shown
in Figure 3A, PsA-3091 exhibited notable selec-
tive inhibitory effects on H3K79me2 over other
lysine residues of histone H3 in both MDA-MB-
231 and Hs578T human TNBC cells. Moreover, PsA-3091 showed
increased inhibitory effects on DOT1L-mediated H3K79 methylation
compared with PsA (Figure 3A). It is known that the selective inhibi-
tion of H3K79 di-methylation suppresses the proliferation and pro-
gression of breast cancer.8 Therefore, a cell proliferation assay against
rapy: Oncolytics Vol. 15 December 2019 143
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Figure 3. PsA-3091 Suppresses Cell Proliferation via

Selective Inhibition of DOT1L in TNBC Cells

(A) The cells were treated with the indicated concentra-

tions of PsA-3091 for 48 h, lysed, and subjected to

western blotting. Histone H3 was used as an internal

control. The relative intensity of the indicated proteins was

semiquantified using NIH ImageJ software. *p < 0.05;

**p < 0.01, compared with the control. (B) The cells were

treated with PsA-3091 for the indicated times (24–72 h),

and the proliferation of the cells was measured using the

SRB assay. *p < 0.05; **p < 0.01; ***p < 0.001, compared

with the control.
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two selected TNBC cells was performed to identify whether the selec-
tive H3K79me2 inhibition by PsA-3091 was partly responsible for the
anti-proliferative activity in TNBC cells. As shown in Figure 3B, PsA-
3091 exhibited anti-proliferative activity in a concentration- and
time-dependent manner in both TNBC cells with similar IC50 values
(IC50 values of 2.14 mM for MDA-MB-231 cells and 2.21 mM for
Hs578T cells, respectively, at the 72-h incubation). On the other
hand, one of the nucleoside-type DOT1L inhibitors, EPZ-5676, ex-
144 Molecular Therapy: Oncolytics Vol. 15 December 2019
hibited an IC50 value over 50 mM in TNBC cells.
To further determine whether the cytotoxicity is
selective against cancer cells compared to
normal cells, PsA-3091 was evaluated in a
normal human breast epithelial cell
(MCF10A). The IC50 values of PsA-3091 were
over 141.25 mM against normal epithelial cell
MCF10A, which showed over 60-fold higher
cytotoxicity against cancer cells. Taken together,
these data demonstrated that PsA-3091 could
selectively inhibit the proliferation of TNBC
cells via a regulation of the H3K79 methylation
status.

Effects of PsA-3091 on DOT1L-Mediated

Regulation of EMT Genes in Human Breast

Cancer Cells

Accumulating evidence suggests that aberrant
H3K79 methylation is responsible for the
increased metastatic potential of breast can-
cers.18 Therefore, the anti-metastatic activity of
PsA-3091 was primarily estimated using wound
healing and invasion assays to investigate
whether the high metastatic potential of
MDA-MB-231 and Hs578T cells was regulated
by PsA-3091 treatment. As shown in Figures
4A and 4B, PsA-3091 treatment clearly sup-
pressed wound closure and cell invasion
through Matrigel-coated Transwell membranes
in a concentration-dependent manner. To
further explore the underlying molecular mech-
anisms of the inhibition of wound healing and
cell invasion by PsA-3091, regulation of the
EMT process, a key step in cancer metastasis, was examined in aggres-
sive TNBC cells. Compared with the vehicle-treated group, the gain of
expression of the epithelial biomarker E-cadherin and the loss of
mesenchymal biomarkers such as N-cadherin, ZEB1, and vimentin
were found in the PsA-3091-treated group at mRNA (Figure 4C)
and protein (Figure 4D) levels. This finding suggests that PsA-3091
might have the potential to suppress the metastasis of breast cancer
cells via DOT1L-mediated regulation of EMT pathways.



(legend on next page)
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Antitumor and Anti-metastatic Activities of PsA-3091 in an

Orthotopic Mouse Model

To determine whether the regulation of H3K79 methylation by PsA-
3091 had a functional role in tumor growth and metastasis in vivo, we
used an orthotopic mouse model implanted with MDA-MB-231/Luc
cells (1 � 107 cells per mouse). When the primary tumor volume
reached approximately 200 mm3, either PsA-3091 (10 or
30 mg/kg), PsA (30 mg/kg), or paclitaxel (5 mg/kg, a positive control)
was administered intraperitoneally (i.p.) three times a week for
38 days. In our previous study for antitumor activity of PsA and
PsA analog against lung cancer cells, we found that the dose of
30 mg/kg of the test compounds was effective without overall
toxicity.25 Therefore, in this study, we also primarily selected the
doses of 10 and 30 mg/kg to evaluate the dose-dependent activity
in an in vivo orthotopic mouse model. The tumor growth in the
PsA-3091-administered groups was significantly inhibited compared
with that in the vehicle-treated control group. Moreover, PsA-3091
was found to be superior to PsA in the inhibition of tumor growth
(Figure 5A). Similarly, the tumor weights measured on the last day
of the experiment were 70.3% and 19.8% of the control weight
(100%) for the 10- and 30-mg/kg PsA-3091 treatments, respectively
(Figure 5B). No significant change in body weight was observed in
the PsA-3091- or PsA-administered groups, while a significant loss
of body weight was observed in the paclitaxel-administered group
(Figure 5C). In addition, we also found that a single administration
of PsA-3091 (300 mg/kg, p.o.) on ICR mouse did not show any
obvious clinical symptoms of toxicity and mortality following
7 days of observation after administration (data not shown). These
data suggest that the PsA-3091 might be considered to be relatively
safe without acute toxicity in an in vivo animal model. Next, the op-
tical images using IVIS were obtained to validate the primary tumor
growth and incidence of organ metastasis. As shown in Figures 5D
and 5E, the luciferase signal from the primary tumor site was
decreased in the PsA-3091-administered groups, and spontaneous
pulmonary metastasis was also significantly suppressed by PsA-
3091 treatment.

Furthermore, histological H&E staining of lung tissues excised from
the orthotopic mouse model also showed that the metastatic nodules
in lung tissues were significantly suppressed by PsA-3091 treatment
compared with the vehicle-treated control group (Figure 6A). These
results demonstrate that PsA-3091 effectively inhibits the tumor
growth and pulmonary metastasis of human breast cancer cells
in vivo. To further validate whether the antitumor and anti-metastatic
Figure 4. PsA-3091 Suppresses Cell Migration and Invasion via the Regulation

(A) After mechanically generating scratches inmonolayers of MDA-MB-231 andHs578T

closure were observed under a light microscope (left). The area of the wound was quanti

cells were pretreated with PsA-3091 at the indicated concentrations for 24 h, and the ce

Invaded cells were fixed, stained, imaged (top), and counted (bottom). *p < 0.05; **p <

indicated concentrations for 24 h, and the mRNA levels of E-cadherin (CDH1), N-cadher

**p < 0.01 compared with the control. (D) Expression levels of EMT inMDA-MB-231 and

analysis using b-actin as an internal control. The relative intensity of the indicated prote

mean values ± SD (n = 3) and are representative of three separate experiments. *p < 0
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activities of PsA-3091 were associated with the inhibition of H3K79
methylation and regulation of the EMT process, additional biochem-
ical analyses of tumor tissues were performed. Consistent with the
in vitro findings, the mRNA and protein levels of vimentin and
H3K79me2 were downregulated, while those of E-cadherin were up-
regulated by PsA-3091 treatment in a concentration-dependent
manner (Figures 6B and 6C). Immunochemical analysis of the
primary tumor tissues also suggested that PsA-3091 effectively in-
hibited the expression levels of Ki67, a cell proliferation biomarker,
and H3K79me2. Moreover, PsA-3091 augmented the expression
levels of E-cadherin while inhibiting the expression of vimentin (Fig-
ure 6D). Taken together, these data confirm that PsA-3091 suppresses
in vivo tumor growth and metastasis of breast cancer cells into lung
tissues by regulating H3K79 methylation and DOT1L-mediated
EMT markers.

DISCUSSION
Metastatic breast cancer, which has high metastatic potential to
other organs in the body, is of major concern as a causal factor
for cancer death in women.28–30 Recent studies have indicated
that the aggressive and highly metastatic characteristics of breast
cancer are, in part, associated with the aberrant methylation of his-
tone H3 lysine 79 (H3K79me2) mediated by a histone methyltrans-
ferase, DOT1L.18 Therefore, approaches to developing inhibitors for
DOT1L in breast cancer are actively being studied. However, the ef-
fects of early developed nucleoside-containing DOT1L inhibitors on
solid cancers were not sufficient compared with the effects of the
compounds on MLL-rearranged leukemia.27 In our previous study,
we proposed a new, precise method for the synthesis of PsA and its
analogs, and we demonstrated that the disulfide group and free
oxime group are essential for cytotoxicity against a panel of cancer
cells. We also revealed that a b-naphthyl-substituted homodimeric
analog exhibited HDAC-inhibitory activity in lung cancer cells.25

Based on these findings, we developed and found that PsA-3091,
a heteromonomeric structured analog with a tertiary butyl func-
tional group, showed effective antitumor and anti-metastatic activ-
ities in both in vitro cell cultures and in vivo animal models, being
the most effective among the analogs of PsA for the inhibition of
DOT1L activity. Interestingly, heteromonomeric structured analogs
were effective for the suppression of DOT1L, while homodimeric
structured analogs were effective on the inhibition of HDAC. It
was found that PsA-3091 could suppress the methylation of
H3K79 without altering the methylation status of other histone
H3 lysine residues such as H3K4, H3K27, and H3K36. We also
of the EMT Process in TNBC Cells

cells, cells were treated with PsA-3091 for 24 h, and representative images of wound

fied using NIH ImageJ software (right). **p < 0.01, compared with the control. (B) The

lls were reseeded into the upper chambers of the Transwell and incubated for 24 h.

0.01, compared with the control. (C) The cells were treated with PsA-3091 at the

in (CDH2), ZEB1, and vimentin (VIM) were examined using real-time PCR. *p < 0.05,

Hs578T cells that were treated with PsA-3091 for 48 h were detected by western blot

ins was semiquantified using NIH ImageJ software. The data are expressed as the

.05; **p < 0.01; ***p < 0.001, compared with the control.



Figure 5. PsA-3091 Inhibits Tumor Growth and Pulmonary Metastasis in an Orthotopic Mouse Model Implanted with MDA-MB-231 Cells

(A) Tumor volumes of the MDA-MB-231 orthotopic mouse model, which were administered intraperitoneally three times per week with vehicle, PsA-3091 (10 or 30 mg/kg),

PsA (30 mg/kg), and paclitaxel (5 mg/kg) for 38 days, were measured every 3 days with a caliper. (B) Primary tumors were excised from mice at the termination of the

experiment, and tumor weights were measured. (C) Body weights of the mice were measured every 7 days. (D) Luciferase imaging (IVIS) of BALB/c nude mice on the last day

of the experiment. Each group of mice was administered the indicated concentrations of each compound. Relative signal intensity was quantified using PerkinElmer Living

Image software. (E) Organs (lung, liver, spleen, and kidney) of the mice were excised at the termination of the experiment and imaged by IVIS. Relative signal intensity was

quantified using PerkinElmer Living Image software. *p < 0.05; **p < 0.01; ***p < 0.001, compared with control.
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revealed that interactions between the binding site of DOT1L and
PsA-3091 might interfere with the interaction between DOT1L
and SAM.

The methylation of histone H3 lysine residues by HMTs has recently
been found to be a potential target for cancer therapies.31–33 For
instance, the inhibition of EZH2, a specific methyltransferase for
H3K27me3, can effectively suppress tumor growth by inducing
cell-cycle arrest.34 In particular, DOT1L, a specific methyltransferase
for H3K79, plays a crucial role in tumor development and metastasis
by mediating the transcription of its target genes.8,35 Previous studies
have reported that (1) aberrant H3K79 methylation by DOT1L is
Molecular Therapy: Oncolytics Vol. 15 December 2019 147
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Figure 6. PsA-3091 Regulates the Expression of

EMT Genes In Vivo via the Inhibition of H3K79

Methylation in Tumor Tissues

(A) Representative H&E staining of pulmonary metastasis

from lungs in orthotopically transplanted nudemice; arrow

indicates metastatic nodules. (B) Total RNA was extracted

from excised tumor tissues, and the mRNA levels of

E-cadherin (CDH1) and vimentin (VIM) were determined

by real-time PCR analysis. (C) Small portions of tumors

from each group were homogenized in complete lysis

buffer (Active Motif, Carlsbad, CA, USA). The expression

levels of E-cadherin and vimentin and the methylation

levels of H3K79 were determined by western blot analysis

using antibodies against E-cadherin, vimentin, and

H3K79me2. b-Actin and histone H3 were used as internal

controls. The relative intensity of the indicated proteins

was semiquantified using NIH ImageJ software. (D)

Immunohistochemical analyses of Ki67, H3K79me2,

E-cadherin, and vimentin were performed using anti-

bodies against each protein in MDA-MB-231/Luc tumor

sections. Sections were counterstained with hematoxylin

and imaged with the Vectra 3.0 Imaging System

(PerkinElmer, 200�). The data are expressed as the mean

values ± SD (n = 3) and are representative of three

separate experiments. *p < 0.05; **p < 0.01; ***p < 0.001,

compared with the control.
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related to the development of MLL-rearranged leukemia; (2) DOT1L
is involved in sphere formation and cell migration by regulating the
expression of BCAT1; and (3) DOT1L regulates CDH1 transcription
by cooperating with the c-myc-p300 complex.8,15,35 However, the
expression level of DOT1L in various breast cancers with different
hormone receptor statuses has not yet been investigated. Addition-
ally, the survival rate of breast cancer patients is highly correlated
with the hormone receptor subtype and metastasis status.36,37 Herein,
the expression levels of DOT1L and E-cadherin were evaluated in
various types of breast cell lines, including breast epithelial cells,
non-TNBCs, and two different types of TNBCs. Interestingly, clau-
din-low-type TNBCs (MDA-MB-231 and Hs578T) were found to
exhibit higher expression of DOT1L, while the expression of E-cad-
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herin was almost abolished. Moreover, the
introduction of DOT1L genes in MCF10A cells
was found to decrease the expression of E-cad-
herin. This result strengthens the involvement
of DOT1L in the regulation of E-cadherin
expression.

It is known that EMT is the key regulator and
plays a crucial role in cancer metastasis.38,39 In
addition, recent studies have revealed that the
EMT process in breast cancer is partly regulated
by epigenetic programs.8,9 As the role of DOT1L
in the regulation of the EMT process and its
relation to breast cancer metastasis have been
previously reported, overexpression of DOT1L
could be a biomarker in TNBCs. In the present
study, we showed that the expression levels of EMT markers,
including E-cadherin, N-cadherin, ZEB1, and vimentin, in breast can-
cer cells were notably regulated by treatment with PsA-3091. The
regulation of EMT markers by PsA-3091 consequently suppressed
the migration and invasion of breast cancer cells, which might be
partly associated with the anti-metastatic activity of PsA-3091. In
particular, spontaneous pulmonary metastasis from primary tumors
in an in vivo animal model was significantly suppressed by PsA-
3091 treatment.

In summary, the present findings suggest that the expression of
DOT1L is highly correlated with the hormone receptor status of
breast cancers and is concerned with high metastatic potential
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mediated by the EMT process in TNBCs. Furthermore, we found that
a new template of the DOT1L inhibitor, PsA-3091, exhibits signifi-
cant antitumor and anti-metastatic activities both in vitro and in vivo.
These findings may be significant not only because this is the first
report of non-nucleoside types of DOT1L inhibitor with the anti-met-
astatic activity but also because DOT1L may be a potential target for
metastatic breast cancer.

MATERIALS AND METHODS
Cell Culture and Chemicals

Human breast cancer cells (MDA-MB-231, Hs578T, HCC38,
HCC1937, SK-BR-3, and T-47D) and human breast epithelial cells
(MCF10A) were obtained from the American Type Culture Collection
(Manassas, VA, USA). The cells were cultured in medium (DMEM
for MDA-MB-231, Hs578T, and SK-BR-3 cells; RPMI 1640 for
HCC38, HCC1937, and T-47D cells; and DMEM: Nutrient Mixture
F-12 for MCF10A) supplemented with antibiotics-antimycotics (PSF:
100 U/mL sodium penicillin G, 100 mg/mL streptomycin, and
250 ng/mL amphotericin B) and 10% fetal bovine serum (FBS) in an
incubator containing 5%CO2 at 37�C. All reagents used for cell culture
were purchased from GIBCO-Invitrogen (Grand Island, NY, USA).
Paclitaxel and sulforhodamine B (SRB) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Analogs of PsA were provided by co-
author H.-g. Park. The stock solutions were dissolved in 100% DMSO.

DOT1L (KMT4) Enzyme Assay

The DOT1L enzyme activity was measured using concentrations of
5 mM SAM as the methyl group donor, synthesized DOT1L substrate
as the substrate, and 25 ng/mL DOT1L enzyme from BPS Bioscience
(catalog no. 52202; San Diego, CA, USA) according to the manufac-
turers’ instructions.

Western Blot Analysis

Total cell lysates were prepared in 2� sample loading buffer (250 mM
Tris-HCl [pH 6.8], 10% glycerol, 4% SDS, 2% b-mercaptoethanol,
0.006% bromophenol blue, 5 mM sodium orthovanadate, and
50 mM sodium fluoride; Bio-Rad). The protein concentrations of
samples were measured using the bicinchoninic acid method.40

Equal amounts of protein (520 mg) were separated by 8%–15% SDS-
PAGE and transferred to polyvinylidene fluoride membranes
(Millipore, Bedford, MA, USA).41 The membranes were blocked with
5% BSA (Sigma-Aldrich) and then probed with anti-E-cadherin, anti-
N-cadherin (BD Biosciences), anti-DOT1L, anti-H3K4me2, anti-
H3K27me2, anti-H3K36me2, anti-H3K79me2, anti-Histone H3 (Cell
Signaling Technology, Beverly, MA, USA), anti-ZEB1, anti-vimentin,
or anti-b-actin (Santa Cruz Biotechnology, Dallas, TX, USA) anti-
bodies. The blots were detected with an enhanced chemiluminescence
(ECL) detection kit (GE Healthcare, Little Chalfont, UK).

Molecular Docking Analysis

Molecular docking analysis was conducted using the SYBYL-X 2.1.1
(Tripos International, St. Louis, MO, USA) with Surflex-Dock
GeomXmode. The crystal structure of humanDOT1Lwith a selective
inhibitor, TT8, was used for docking (PDB: 3SR4). The new ligand,
PsA-3091, was prepared by generating 3D Concord conformations
from the 2D structure, and the energy was minimized using Powell’s
method until the gradient converged to a value of 0.001 kcal/mol , Å.
The prepared ligand was docked into the crystal structure of human
DOT1L. Staged minimization of the protein was performed using
Powell’s method until the termination gradient was lower than
0.5 kcal/mol , Å. All water molecules were removed, and ProtoMol
was generated based on the location of the original ligand, TT8,
with a threshold of 0.5 Å and bloat of 0 Å. The protein flexibility op-
tion in the binding pocket was used to allow protein movement.
Docking performance was validated by the docking scores, visual in-
spections, and the root-mean-square deviation (RMSD) value of the
redocked poses compared with the original structure. Further ana-
lyses of the molecular interactions between the ligand and protein
were conducted using the Discovery Studio 4.5 Visualizer (Biovia,
San Diego, CA, USA) and PyMOL v1.0 (Schrödinger, Tokyo, Japan).

Comparison of the DOT1L Gene Expression in TNBC, Non-

TNBC, and Normal Breast Tissues in Human Samples

The mRNA expression levels (RSEM expected count, DESeq2 stan-
dardized) were obtained from The Cancer Genome Atlas (TCGA),
the Genotype-Tissue Expression (GTEx) database, and tumor alter-
ations relevant for genomics-driven therapy (TARGET) data
retrieved from the Xena portal site (http://xena.ucsc.edu/),42 and
the IDs were matched using the respective mapping files. The
TNBC status was identified using the disease-related information of
the The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-
BRCA) project available from the NIH National Cancer Institute
GDC Data Portal (https://portal.gdc.cancer.gov/). Statistical analyses
between groups were performed using R v3.5.2 with Student’s t test
or Welch’s t test, depending on the p value of prior F tests
(threshold p = 0.05). Boxplots were drawn using the “Plotly” package
(Collaborative Data Science; Plotly Technologies, Montréal, QC,
Canada; https://plot.ly/).

Lentiviral Transduction

Lentiviral particles expressing the full-length DOT1L cDNA clone
were purchased from OriGene Technologies (Rockville, MD, USA),
and the sequence was verified to be 100% identical to the published
sequence, NCBI: NM_032482. For transient transduction, cells were
transduced with 1 mg pLenti-C-mGFP or pLenti-DOT1L-mGFP us-
ing TurboFectin 8.0 (OriGene Technologies, Rockville, MD, USA),
according to the manufacturer’s instructions.

RNAi

RNAi of DOT1L was performed using 19-bp siRNA duplexes pur-
chased from Bioneer (Daejeon, Korea). The coding strands for
DOT1L were as follows: #1, 50-CAG UGA UGG UGC UUC UCU
U-30; #2, 50-GAA GUG GAU GAA AUG GUA U-30; #3, 50-GAC
CUG AUU CAA GCG CAG A-30. The cells were transfected with
20 nM siRNA duplexes using Lipofectamine RNAiMAX (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Cells transfected with a control nonspecific siRNA duplex (Invitro-
gen, Carlsbad, CA, USA) were used as controls for direct comparison.
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E-cadherin Reporter Gene Assay

The wild-type and E-box mutant E-cadherin reporter gene plasmids,
E-cad�108-Luc and E-cad�108-EboxAMT-EboxBMT-EboxCMT-Luc
(E-cad�108 3� MT), and wild-type expression vectors were gifts
from Dr. J.I. Yook (Yonsei University, Seoul, Korea).43 MCF10A cells
(5� 104 cells per well) were seeded in 48-well plates. After 24 h of in-
cubation, the cells were transfected with 40 ng wild- or mutant-type
E-cad�108-Luc and 1 ng Renilla luciferase vector. Transient transfec-
tions were performed using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). At 24 h after plasmid transfection, the cells were
treated with a test compound or with a control, DMSO (Sigma-Al-
drich), for an additional 24 h. Then, the cell lysates were subjected
to the dual luciferase activity assay using the Dual Luciferase Reporter
Assay System (Promega, Madison, WI, USA), according to the man-
ufacturer’s instructions. Luciferase activities were normalized to the
Renilla values and are presented as the relative luciferase activity.44

Cell Proliferation Assay

Cell proliferation was measured by the SRB assay.45 Briefly, cells were
seeded in 96-well plates and incubated for 30 min (for 0-day controls)
or treated with test compounds for the indicated times. After
incubation, the cells were fixed, dried, and stained with 0.4% SRB
in 1% acetic acid solution. Unbound dye was removed by washing,
and stained cells were dissolved in 10 mM Tris (pH 10.0). The absor-
bance wasmeasured at 515 nm, and cell proliferation was determined.
IC50 values were calculated by nonlinear regression analysis using
TableCurve 2D v5.01 software (Systat Software, San Jose, CA,
USA). All reagents were purchased from Sigma-Aldrich.

Wound Healing Assay

MDA-MB-231 and Hs578T cells were grown to 80%–90% confluence
in a 6-well plate. A confluent monolayer of the cells was artificially
wounded with a 200-mL pipette tip, and the detached cells were
washed with PBS (Invitrogen), followed by incubation with 1% FBS
in medium containing various concentrations of compound for 24
h. The wounds were photographed at 0 and 24 h on an inverted mi-
croscope (Olympus, Tokyo, Japan). The wound area was quantified
using ImageJ software (NIH) and presented as the wound healing
(%) in comparison to the area of the wound at 0 h.46

Cell Invasion Assay

Twenty-four-well Transwell membrane inserts with 6.5-mm diame-
ters and 8-mm pore sizes (Corning, Tewksbury, MA, USA) were
coated with 10 mL type I collagen (0.5 mg/mL, BD Biosciences, San
Diego, CA, USA) and 20 mL of a 1:20 mixture of Matrigel (BD Biosci-
ences)/PBS. After treatment with the compounds for 24 h, MDA-MB-
231 and Hs578T cells were harvested, resuspended in serum-free
medium, and plated (0.5–1 � 106 cells per chamber) in the upper
chamber of the Matrigel-coated Transwell insert. Medium containing
30% FBS was used as a chemoattractant in the lower chambers. After
24 h of incubation, the cells that had invaded the outer surface of the
lower chambers were fixed and stained using the Diff-Quik Staining
Kit (Sysmex, Kobe, Japan) and imaged. Representative images from
3 separate experiments are shown, and the number of invaded cells
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was counted in 5 randomly selected microscopic fields (magnifica-
tion, 200�).47

RNA Isolation and Real-Time PCR

The total RNA from the cells was extracted with TRIzol Reagent (In-
vitrogen, Carlsbad, CA, USA), and 1 mg total RNA was reverse-tran-
scribed using the Reverse Transcription System (catalog no. A3500;
Promega, Madison, WI, USA) according to the manufacturer’s in-
structions. Real-time PCR was conducted using iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA) according to the manufac-
turer’s instructions. The threshold cycle (CT) was determined using
Bio-Rad CFX Manager 3.1 software. Relative quantification between
compounds and untreated controls normalized to the levels of b-actin
mRNA was calculated using the comparative CT method.44 The
following primers were used for real-time PCR: CDH1, 50-GTT
ATT CCT CTC CCA TCA GCT G-30 and 50-CTT GGC TGA GAG
GAT GGT GTA A-30; CDH2, 50-AGC CAA CCT TAA CTG AGG
AGT-30 and 50-GGC AAG TTG ATT GGA GGG ATG-30; ZEB1,
50- GCA CCT GAA GAG GAC CAG AG-30 and 50-GTG TAA
CTG CAC AGG GAG CA-30; VIM, 50-AGA TGG CCC TTG ACA
TTG AG-30 and 50-TGG AAG AGG CAG AGA AAT CC-30;
DOT1L/KMT4, 50-GGA GCT GGG CGT TCT TCT-30 and 50-GCA
GTT CCT GGC ATA CAC AA-30; b-actin, 50-AGC ACA ATG
AAG ATC AAG AT-30 and 50-TGT AAC GCA ACT AAG TCA
TA-30.

In Vivo Orthotopic Mouse Tumor Model

All animal experiments were conducted following the guidelines
approved by the Seoul National University Institutional Animal
Care and Use Committee (IACUC; permission number: SNU-
170912-13). Female nude mice (BALB/c-nu), 5–6 weeks old, were
purchased from Central Laboratory Animal (Seoul, Korea) and
housed under pathogen-free conditions with a 12-h:12-h light:dark
schedule. Luciferase-expressing MDA-MB-231 cells were inocu-
lated orthotopically into the fourth fat pad of mice (1 � 107 cells
in 100 mL 50:50 DMEM/Matrigel) using a 29G needle.48 Ten
days after implantation, the mice were randomized into the vehicle
control and treatment groups, with six animals per group, and
were administered vehicle (EtOH/Cremophor/normal saline =
5:5:90), PsA-3091 (10 or 30 mg/kg body weight), PsA
(30 mg/kg), or paclitaxel (5 mg/kg body weight, Sigma-Aldrich)
as a positive reference control. Compounds were administered
i.p. three times per week for 38 days. An additional week later,
anesthetized mice were positioned in the IVIS (PerkinElmer, Wal-
tham, MA, USA) and imaged 15 min after injection of D-luciferin
(150 mg/kg, Gold Biotechnology) resuspended in PBS. Mice were
euthanized, and primary tumors and organs (lung, liver, spleen,
kidney) were excised, weighed, and frozen for further biochemical
analysis or fixed for immunohistochemistry. The length (L), width
(W), and height (H) of the tumors were also measured using a dig-
ital slide caliper once a week, and tumor volumes (in cubic millime-
ters) were estimated by the formula LWH/2. Toxicity was assessed
based on the lethality and body weight loss exhibited by the nude
mice.
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Ex Vivo Immunohistochemistry and Biochemical Analyses of

Tumors

Tumor tissues fixed in 4% paraformaldehyde (PFA) were embedded
in paraffin, sectioned and mounted on slides, deparaffinized with
xylene, rehydrated with an ethanol series, and subjected to antigen
retrieval. The slides were incubated with the indicated antibodies,
which were detected using the LSAB+ System-HRP Kit (Dako,
Glostrup, Denmark), and counterstained with hematoxylin. Stained
sections were observed and imaged using a Vectra 3.0 Automated
Quantitative Pathology Imaging System (PerkinElmer, Waltham,
MA, USA). A portion of the frozen tumors excised from nude mice
was homogenized using a hand-held homogenizer in Complete Lysis
Buffer (ActiveMotif, Carlsbad, CA, USA) or TRIzol Reagent (Invitro-
gen, Carlsbad, CA, USA). The mRNA and protein expression levels of
the tumor lysates were determined. The protein concentrations of tu-
mor lysates were measured using the Bradford assay.49

Statistical Analysis

The data are presented as the mean values ± SD for the indicated
number of independently performed experiments. All data are repre-
sentative of the results of at least three independent experiments. The
statistical significance was analyzed using Student’s t test or one-way
ANOVA coupled with Dunnett’s t test. Differences were considered
statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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