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Triptolide induces cell-cycle arrest and apoptosis of
human multiple myeloma cells in vitro via altering
expression of histone demethylase LSD1 and JMJD2B
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Aim: To elucidate the relationship between triptolide-induced changes in histone methylation and its antitumor effect on human mul-

tiple myeloma (MM) cells in vitro.

Methods: Human multiple myeloma cell line RPMI8226 was used. Apoptosis was evaluated using Annexin-V-FITC/Pl-labeled flow
cytometry, Hoechst 33258 staining, and transmission electron microscopy. Flow cytometry was used to detect the cell cycle distribu-
tion of the apoptotic cells. The presence of the LSD1, JMJD2B, H3K4me2, H3K9me2, and H3K36me2 proteins was verified by West-
ern blot analysis. Semi-quantitative real-time PCR was performed to examine the expression of LSD1 and JMJD2B.

Results: Triptolide (10-160 nmol/L) suppressed the proliferation of MM cells in a dose- and time-dependent manner with an IC;, value
of 99.2+9.0 nmol/L at 24 h. Triptolide (50 nmol/L) induced G,/G; cell cycle arrest in MM cells. The agent (50-150 nmol/L) induced
apoptosis of MM cells in a dose-dependent manner. The same concentrations of triptolide suppressed the expression of dimethylated
H3K4, dimethylated H3K9 and dimethylated H3K36 by altering the expression of histone demethylase LSD1 and JMJD2B without

affecting the expression of histone demethylase LSD1.

Conclusion: Triptolide potently inhibits the growth of MM cells via regulating the expression of histone demethylase LSD1 and JMJD2B,

which lead to abnormal histone methylation.
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Introduction
Tripterygium wilfordii is a perennial vine-like member of the
Celastraceae plant family™. Extracts from this plant have
recently been shown to possess anti-tumor effects against can-
cers, such as leukemia and lymphomal®*. Triptolide induces
apoptosis in AML cells via the downregulation of XIAP and
upregulation of DR5 mediated by p53!" 7. Furthermore, trip-
tolide upregulates the expression of glucocorticoid receptor
and enhances PS-341-induced apoptosis via the PI3k/ Akt/NEF-
kappaB pathway in multiple myeloma (MM) cells’®. Although
the development of chemotherapy regimens has improved the
remission rate of MM, relapse is still inevitable.

Considerable evidence indicates that epigenetics is involved
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in the changes in gene expression that contribute to the patho-
genesis of MM. The death-associated protein kinase (DAPK)
promoter has been reported to be methylated in MM® . MM
patients with DAPK hypermethylation respond relatively
poorly to treatment!"'l. DNA methylation-mediated gene
silencing is a frequent event in MM and disrupts the cell cycle,
cell invasion and adhesion, DNA repair, and apoptotic path-
ways!'",

Histone methylation modulates the structure and function
of chromatin™. These modifications are regulated by two
classes of enzymes with opposing activities: histone meth-
yltransferases and demethylases. The balance between the
methylation and demethylation of specific histone residues
is critical for regulating gene expression. Aberrant expres-
sion of histone-modifying enzymes has been implicated in
the initiation and progression of tumors™. Our previous
studies showed that histone-trimethylated H3K9 and H3K27
and the methyltransferases SUV39H1 and EZH2 were highly
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expressed in triptolide-treated MM cells, which was the first
evidence that triptolide induced epigenetic changes by regu-
lating histone lysine methylation!.

LSD1 was the first histone lysine demethylase to be dis-
covered and is highly specific for di- and mono-methylated
H3K4 and H3K9; LSD1 has been identified as a component
of transcriptional repressor complexes comprising transcrip-
tional corepressor protein (CoREST) and HDAC1/2. ChIP-
DSL analyses revealed that LSD1 targets the promoters of an
array of genes that are involved in several important cellular
processes, including cellular growth, proliferation, apoptosis
and fate specification. JMJD2B, a member of the JMJD2 fam-
ily, which mainly consists of oncogenes, demethylates di- and
trimethylated H3K9 and H3K36!". Compared with studies
examining DNA methylation, studies on histone methylation,
histone demethylases and their mechanisms of action in MM
are scarce.

In this study, we aimed to investigate changes in the expres-
sion of the histone demethylases LSD1 and JMJD2B induced
by triptolide in the MM cell line RPMI8226. We analyzed
H3K4 dimethylation, H3K9 and H3K36 dimethylation states
and examined the connections between apoptosis, histone
methylation changes and demethylase regulation by triptolide
to determine whether triptolide exerts its anti-myeloma effects
through the regulation of histone demethylases in MM cells.

Materials and methods

Reagents

Triptolide (empirical formula: CyH»,O4, molecular weight:
360.40, purity: >98%; Figure 1) was purchased from Sigma-
Aldrich (St Louis, MO, USA). Triptolide was dissolved in
dimethylsulfoxide (DMSO), stored at -20°C, and thawed
before use. RPMI-1640 medium was purchased from Gibco
(Gaithersburg, MD, USA). Propidium iodide (PI), DMSO and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) were purchased from Sigma-Aldrich (St Louis, MO,
USA). TRIzol for RNA extraction was purchased from Invit-
rogen (Carlsbad, CA, USA), and the cDNA synthesis kit was
obtained from Toyobo Biologics. SYBR Green PCR master mix
was purchased from Applied Biosystems (Foster City, CA,
USA).

Cell lines and culture
The human MM cell line RPMI8226 was purchased from

Figure 1. Chemical structure of triptolide.
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Biomart Co Ltd (Shanghai, China); peripheral blood mononu-
clear cells (PBMCs) were isolated from the heparinized blood
of healthy donors (after informed consent had been obtained)
by Ficoll-Hypaque density gradient centrifugation. The two
kinds of cells were maintained in RPMI-1640 medium supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum,
penicillin-streptomycin (100 IU/mL, 100 pg/mL, respectively),
2 mmol/L glutamine, and 10 mmol/L HEPES buffer at 37°C
in a humidified 5% CO, atmosphere. During the expansion
phase, RPMI8226 cells were maintained at a concentration
of 0.5-1x10° cells/mL in culture medium. The appropriate
number of cells for use in the experiments was determined.
RPMI8226 cells were treated with 50, 100, or 150 nmol/L trip-
tolide for 48 h, except where otherwise specified.

Cell proliferation assay

The anti-proliferative effect of triptolide in RPMI8226 cells was
determined by MTT assay. RPMI8226 cells (5x10* per well)
were exposed to various concentrations of triptolide (0-160
nmol/L) for 24, 48, and 72 h in 96-well plates. The experi-
ments were performed in triplicate. After incubation with
triptolide, 20 nL MTT solution (5 mg/mL in PBS) was added
to each well, the plates were incubated for 4-6 h, the superna-
tants were discarded and 150 pL of DMSO was added. Once
the blue crystals were dissolved, the optical density (OD)
was measured at 570 nm using a 96-well multiscanner auto-
reader (Biotech Instruments, NY, USA). The inhibition of cell
proliferation was determined using the following formula:
inhibition of cell proliferation (%)=[1-(OD of the experimental
samples/OD of the control)]x100% (n=3, mean+SD). The trip-
tolide concentration that caused 50% inhibition of cell prolif-
eration was defined as half of the maximal inhibitory concen-
tration (ICs).

Cell cycle distribution analysis

RPMI8226 cells (1x10° cells/well) were treated with different
concentrations of triptolide (0 or 50 nmol/L) for 48 h and were
harvested. After being washed, the cells were fixed with 75%
ice-cold ethanol and were maintained overnight at 4°C. The
cells were collected and resuspended in PBS containing 40
pg/mL PI, 0.1 mg/mL RNase, and 5% Triton X-100 and were
incubated at 37°C for 30 min. The cells were evaluated by
flow cytometry (BD, San Diego, CA, USA). Data was collected
from at least 10000 cells for each sample. The distribution of
cells across the cell-cycle phases was analyzed using CELL-
Quest.

Annexin-V/PI staining assay

An immunofluorescent flow cytometry assay was used to eval-
uate the ability of triptolide to induce apoptosis in RPMI8226
cells. The cells were seeded in 6-well plates (1x10°cells/well)
and treated with varying concentrations of triptolide. PBMCs
from 12 healthy donors were treated with 150 nmol/L trip-
tolide for 48 h. The cells were harvested, washed with cold
PBS, and were resuspended in 100 pL binding buffer. Subse-
quently, phosphatidyl serine on the surface of apoptotic cells



was detected using Annexin V/FITC and a PI apoptosis detec-
tion kit according to the manufacturer’s instructions (Bender
Med Systems Inc, Burlingame, CA, USA). The number of
apoptotic cells was evaluated by flow cytometry (BD, San
Diego, CA, USA). Atleast 10000 cells were analyzed.

Hoechst 33258 staining assay

Nuclear fragmentation was visualized by staining apoptotic
nuclei with Hoechst 33258. Cells treated with varying con-
centrations of triptolide were collected and washed and were
fixed with a mixture of acetic acid:ethanol (1:3) for 10 min
before deposition onto polylysine-coated cover slips. The
samples were subsequently permeabilized with 0.25% Triton
X-100 for 5 min and stained with 1 pg/mL Hoechst 33258 for
30 min at 37°C. The slides were mounted with glycerol-PBS,
and the images were visualized and captured using a FV500
confocal microscope (Olympus, Tokyo, Japan).

Morphological observation by transmission electron microscopy

The ultrastructural appearance of the apoptotic cells was
examined by transmission electron microscopy. After incuba-
tion with 150 nmol/L triptolide for 48 h, the cells were har-
vested and pre-fixed with 2% glutaraldehyde, post-fixed with
1% osmic acid, dehydrated in graded ethanol, embedded in
resin, and cut into sections on an ultramicrotome. The ultra-
thin sections were doubly stained with uranyl acetate and lead
citrate and were examined by transmission electron micros-
copy using a Hitachi H-7500 instrument (Hitachi, Tokyo,

Japan).

Western blot analysis
Western blot analysis was used to evaluate the levels of LSD1,
JMJD2B, and histones (dimethylated H3K4, dimethylated
H3KO9, and dimethylated H3K36) present in RPMI8226 cells
exposed to triptolide.

Cells were treated with varying concentrations of triptolide
and collected. The sample lysates (25 pg of protein per lane)
were prepared, and the proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 10%
polyacrylamide gels. The proteins were electro-transferred
onto polyvinylidene difluoride membranes, and the blots
were incubated with a blocking solution (5% non-fat dry milk
in Tris-buffered saline with 0.1% Tween-20) for 1 h at 25°C.
The membranes were subsequently incubated with diluted
primary antibodies (1:500-1:1000, Table 1) for 2 h. The mem-
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branes were washed and incubated with horseradish peroxi-
dase-conjugated secondary antibodies (Pierce Biotechnology,
Rockford, IL, USA) for 1 h at 25°C. The immune complexes
were visualized using the enhanced chemiluminescence
reagent Super Signal Substrate (Pierce Biotechnology, Rock-
ford, IL, USA). The band intensity was measured and quanti-
fied with a chemiluminescence detection system (ChemiDoc
XRS, Bio-Rad, USA). The protein levels were normalized rela-
tive to P-actin, and each group was subsequently normalized
to the control (100%).

Real-time PCR analysis

Total RNA was isolated from each group using TRIzol accord-
ing to the manufacturer’s instructions. For each sample,
3 ng total RNA was reverse transcribed into cDNA. Real-
time quantitative PCR was performed with SYBR Green PCR
master mix in an ABI Prism 7900 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA).

All mRNA expression levels are expressed as a ratio rela-
tive to the control in each experiment, and (-actin was used
as internal reference. The following primers for human
genes were used: LSD1 forward, 5-GTGTCTCGTTGGCGT-
GCT-3’, reverse, 5'-CCCGCAAAGAAGAGTCGTG-3’;
JMJD2B forward, 5-GGAAGCGGATGAAGAAGGTG-3/,
reverse, 5'-GGTAGTACAGCCCGTTGCG-3’; B-actin forward,
5-GCCCAGTCCTCTCCCAAGTC-3, reverse, 5-GGCAC-
GAAGGTCATCATTC-3'.

Immunofluorescence staining

An immunofluorescence staining assay was performed to eval-
uate the effects of triptolide on LSD1 expression in MM cells.
The cells were fixed with 4% paraformaldehyde for 10 min and
were permeabilized with 0.25% Triton X-100 for 5 min. The
cells were subsequently washed twice with PBS and blocked
in 3% bovine serum albumin. The rabbit monoclonal anti-
LSD1 antibody was diluted 1:100 and incubated with 1x10°
cells in a total volume of 100 uL for 1 h; non-immunoreactive
IgG was used as a negative control. After being washed, the
cells were incubated for 1 h with a TRITC-labeled goat anti-
rabbit secondary antibody (Pierce, Rockford, USA), diluted
in PBS and were stained with Hoechst 33258 (10 pg/mL) for
10 min. Images were visualized and captured using a FV500
confocal microscope (Olympus, Tokyo, Japan). The LSD1
levels were estimated as the mean fluorescence intensity after
subtracting the fluorescence of the negative control cells. The

Table 1. Information about the primary antibodies used for Western blot and immunofluorescence staining.

Antibody Company Catalog Source Molecular weight
Anti-H3K4me2 Upstate #07-436 Rabbit polyclonal antibody 17 kDa
Anti-H3K9me2 Upstate #07-212 Rabbit polyclonal antibody 17 kDa
Anti-H3K36me2 Cell Signaling #2901S Rabbit polyclonal antibody 17 kDa
Anti-LSD1 Cell Signaling #2139 Rabbit monoclonal antibody 150 kDa
Anti-JMJD2B Cell Signaling #2898 Rabbit monoclonal antibody 110 kDa
Anti-B-actin Santa Cruz sc-47778 Mouse monoclonal antibody 43 kDa
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anti-JMJD2B antibody cannot be used for immunofluorescence
staining.

Statistical analysis

The data are expressed as the mean+SD of three independent
experiments. Also, t-tests were used to evaluate the differ-
ences between treated samples and controls. A P value <0.05
was considered to be significant.

Results

Effects of triptolide on the proliferation of RPMI8226 cells

The inhibitory effect of triptolide on MM cell proliferation was
examined in RPMI8226 cells. Figure 2 shows that triptolide
had a dose- and time-dependent anti-proliferative effect on
RPMI8226 cells at 0-160 nmol/L after exposure for 24, 48, and
72 h. The number of viable cells decreased as the concentra-
tion of triptolide increased. The ICs, value at 24 h was 99.2+9.0
nmol/L. As the exposure time increased, the IC5, values grad-
ually decreased. The ICs, values after 48 and 72 h of treatment
were 61.6+5.8 nmol/L and 23.3+2.6 nmol/L, respectively.

Triptolide induced RPMI8226 cell-cycle arrest
To investigate whether triptolide was able to inhibit DNA
synthesis, the effect of triptolide on cell-cycle progression in
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Figure 2. Anti-proliferation effect of triptolide on RPMI8226 cells.
RPMI8226 were treated for 24, 48, 72 h, respectively with increasing
concentrations of triptolide (0, 10, 20, 40, 80, 160 nmol/L). Inhibition
rate was measured by MTT assay which is described in Materials and
methods. Mean+SD. n=3.
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RPMI8226 cells was measured by flow cytometry. After incu-
bation with triptolide at 50 nmol/L for 48 h, RPMI8226 cells
were analyzed for alterations in their cell-cycle distribution
(Figure 3); the proportion of G,/G; phase cells significantly
increased following the treatment with triptolide, with the G,
phase cells also increasing slightly. Meanwhile, the fraction
of cells in S phase decreased accordingly. This result indi-
cates that triptolide-induced apoptosis is cell cycle-dependent
(Table 2).

Table 2. The cell cycle distribution was quantified in triptolide (50 nmol/L,
48 h) -treated and control cells. Mean+SD. n=3.

Tritolid RPMI18226

riptolide Gy (%) S (%) G, (%) GGy
Control 29.2+0.5 69.7+0.7 1.2+0.2 1:1.88
50 nmol/L (48 h) 60.2+0.5 31.6+0.8 8.2+0.5 1:1.89

Triptolide induced apoptosis in RPMI8226 cells and PBMCs
Apoptosis induction by triptolide was observed in RPMI8226
cells using various methods. In Figure 4, the degree of apopto-
sis, as measured by flow cytometry, is quantitatively expressed
as the percentage of cells that were Annexin V-positive in the
presence of triptolide. For the triptolide concentrations in the
range 50-150 nmol/L, the total percentage of apoptotic cells,
designated as Annexin V-positive and PI-negative cells, grad-
ually increased from 26.0%+0.6% to 40.3%%0.9%, which was
statistically different from the control (2.9%+0.3%).

In addition, we observed the effects of triptolide on apopto-
sis in RPMI8226 cells by visualizing the Hoechst 33258 staining
of live cell nuclei using laser scanning confocal microscopy.
Nuclei in the control cells were regular in shape. However,
the cells became shrunken and dark after treatment with 50
nmol/L triptolide, and the nuclei showed chromatin conden-
sation and marginalization or nuclear beading. The number of
apoptotic cells gradually increased as the triptolide concentra-
tion increased, and at high concentrations (100 or 150 nmol/L),

Triptolide 50 nmol/L

@ Apoptosis
M DipG;
B DipG,
&3 DipS

Figure 3. Effects of triptolide on
cell cycle distribution in RPMI8226
cells. Cells were treated for 48 h with
triptolide (50 nmol/L). The distribu-
tion of cell cycle was detected by PI

150  staining.
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Figure 4. Effects of apoptosis induced by triptolide (Tp) on RPMI8226

cells. RPMI8226 cells were treated for 48 h with increasing triptolide (50,
100, 150 nmol/L) and suspended in 100 pL binding buffer and Annexin
V/PI double staining solution. Apoptosis was then measured by flow
cytometry. The figure showed the percentage of apoptosis cells increased
in a dose-dependent manner. These figures are one representative
experiment of three with similar results.

the cells showed morphological features typical of apoptotic
cells (Figure 5).

To confirm further the induction of apoptosis by triptolide
and to visualize better the ultrastructural changes occurring in
MM apoptotic cells, we also used electron microscopy. Apop-
totic bodies were observed in triptolide-treated cells; these
bodies are spherical protuberances containing fragmented
and segregated chromatin clumps separating from the cell
surface (Figure 6). Conversely, the untreated RPMI8226 cells
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Control

150 nmol/L triptolide

Figure 6. Apoptotic cells ultrastructural changes were viewed by
transmission electron microscope with triptolide (150 nmol/L) treatment.
The typical apoptotic bodies in triptolide-treated cells were spherical
protuberances containing fragmentation and segregation of chromatin
clumps separated from cell surface. However, the untreated RPMI8226
cells presented intact plasma membrane and orderly chromatin folding.

had intact plasma membranes and ordered chromatin folding
(Figure 6).

The experiments to detect apoptosis by flow cytometry were
also performed on PBMCs isolated from 12 healthy donors
after the cells had been treated with 150 nmol/L triptolide for
48 h. The amount of apoptosis induced by triptolide increased
in 8 of the 12 donors (75%), but only 2 donors (17%) showed
an increase of more than 30%, and 5 donors (41.7%) showed
an increase of more than 20% (Table 3).

Triptolide decreased dimethylated H3K4 expression

H3K4 methylation is generally associated with active tran-
scription!®. RPMI8226 cells were treated with triptolide con-
centrations of 50, 100, or 150 nmol/L for 48 h. The levels of
dimethylated H3K4 were measured by Western blot analysis.
As shown in Figure 7B, the expression of dimethylated H3K4
decreased in a dose-dependent manner, and the rates of inhi-
bition by 50, 100, and 150 nmol/L of triptolide were 17.5%,
53.6%, and 70.3%, respectively (P<0.05 vs untreated control).
We also found that the global trimethylated H3K4 level
decreased in a dose-dependent manner after treatment with

Triptolide (nmol/L)

Control 50

. . .

100 150
.

Figure 5. Triptolide induced apoptosis in RPMI8226 cell lines. Apoptotic cell death was revealed by Hoechst 33258 staining with increasing triptolide (50,
100, 150 nmol/L) treatment. Apoptotic cells exhibited highly condensed and fragmented nuclei morphology. Results showed that number of apoptotic

cells increased with the increasing concentrations.
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increasing triptolide concentrations in another MM cell line,
U266

Table 3. Apoptosis of PBMC from 12 healthy persons treated with
triptolide (150 nmol/L, 48 h).

Triptolide decreased dimethylated H3K9 expression

To date, H3K9 methylation has been examined primarily at
repressed promoter regions and is thought to act as a docking
site for the chromodomain of HP1. H3K9 methylation and
HP1 were also found to be associated with the transcribed
regions of all active genes examined™. RPMI8226 cells were
treated with triptolide concentrations of 50, 100, or 150 nmol/L

0, " 0,
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50, 100, or 150 nmol/L for 48 h. Western blot analysis with
an antibody against H3K36me2 was used to measured his-
tone H3K36 dimethylation. Triptolide treatment for 48 h led
to a significant reduction in the level of H3K36me2 in a dose-
dependent manner. The rates of inhibition by 50, 100, and
150 nmol/L triptolide for H3K36me2 were 13.9%, 25.2%, and
35.8%, respectively (Figure 7B). In addition, H3K36 trimethy-
lation was also found to be reduced by triptolide in U266 cells

in a dose-dependent manner!'”,

Triptolide altered the expression of the histone demethylase
LSD1 in RPMI8226 cells

LSD1 is a flavin-dependent monoamine oxidase that demethy-
lates both di- and mono-methylated H3K4 and H3K9, which is
a post-translational modification that is associated with gene

activation®-?

. To investigate the potential mechanisms by
which triptolide downregulates dimethylated H3K4 and dim-
ethylated H3K9, RPMI8226 cells were treated with triptolide
(50, 100, or 150 nmol/L), and LSD1 protein levels were ana-
lyzed using an antibody against human LSD1. As shown in
Figure 7A, triptolide-treated cells showed significantly higher
levels of LSD1 compared with the control (P<0.05 vs untreated
control), which could be responsible for the decrease in dim-
ethylated H3K4 and dimethylated H3K9. Consistent with the
Western-blot results, immunofluorescence analysis showed
that there was a significant increase in LSD1 in cells exposed
to triptolide (shown in Figure 8).

We extracted total RNA from triptolide-treated RPMI8226
cells and analyzed LSD1 mRNA by real-time PCR to investi-
gate the effects of triptolide on the transcriptional expression
of LSD1. As shown in Figure 9A, the levels of LSD1 mRNA in
RPMI8226 cells were increased slightly after exposure to trip-
tolide for 48 h compared with the control, but this change was
not statistically significant. Therefore, triptolide could not reg-
ulate the activity of LSD1 at the transcriptional level (P>0.05).

Triptolide decreased the expression of the histone demethylase
JMJD2B in RPMI8226 cells

Unlike LSD1, JMJD2B actively mediates the removal of chro-
mosomal tri- and dimethylated H3K36 and H3K9 well before
the replication of chromatin®!. We examined whether J]MJD2B
played a role in the triptolide-mediated induction of H3K36
and H3K9 dimethylation. RPMI8226 cells were treated with
triptolide (50, 100, or 150 nmol/L), and JMJD2B protein levels
were analyzed using an antibody against human JMJD2B. As
shown in Figure 7A, JMJD2B levels declined as the concentra-
tion of triptolide increased (P<0.05 vs untreated control). The
rates of inhibition by 50, 100, and 150 nmol/L triptolide at 48 h
were 5.5%, 16.8%, and 66.5%, respectively, compared with the
control (P<0.05 vs untreated control) (Figure 7B).

To determine whether triptolide affected the transcriptional
expression of the JMJD2B gene, we extracted total RNA from
triptolide-treated RPMI8226 cells and amplified JMJD2B by
semiquantitative real-time PCR. As shown in Figure 9B, trip-
tolide inhibited the mRNA expression of JMJD2B in a dose-
dependent manner (P<0.05). A low concentration of triptolide
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Figure 8. Effect of triptolide on the subcellular localization of LSD1 in
RPMI8226 cells. Cells were treated with triptolide 150 nmol/L for 48 h,
and Hoechst 33258 was used to visualize the DNA (which appeared as
blue). The expression and subcellular location of LSD1 in control and
triptolide-treated groups were visualized via confocal microscope (which
appeared red) (x1000). LSD1 was distributed in nucleus completely in
control group. While in triptolide-treated group a little part of LSD1 was
redistributed to the cytoplasm, and distributed in nucleus principally.
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Figure 9. Histone demethylases LSD1 and JMJD2B expression were
regulated by triptolide on mRNA level. RPMI8226 cells were treated for
48 h with increasing triptolide (50, 100, 150 nmol/L). Expression of
mRNA was then measured by real-time PCR. (A) LSD1 gene expression
profile. (B) JMJD2B gene expression profile. Mean+SD of at least three
independent experiments (°P<0.05).
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(50 nmol/L) inhibited the expression of JM]JD2B mRNA by
18%. However, the difference in inhibition rates between the
100 and 150 nmol/L triptolide treatments, which were 53%
and 56%, respectively, was not significant (P>0.05). This result
indicates that triptolide regulates J]MJD2B activity at the tran-
scriptional level.

Discussion

MM is a plasma cell neoplasm characterized by the accumula-
tion of terminally differentiated monoclonal plasma cells in
the bone marrow and, usually, the presence of monoclonal

24 MM accounts

immunoglobulin in the blood and/or urine
for approximately 1% of malignant diseases and is the second
most commonly diagnosed hematological malignancy®. The
outcome for patients with MM is highly variable. The median

overall survival time is 3-4 years[zsl

. Despite major improve-
ments in treatments including high dose chemotherapy and
autologous bone marrow transplantation, the disease remains
incurable. Myelomas with no response to initial chemother-
apy, incomplete response rates and the eventual emergence of
drug resistance remain major obstacles, indicating an urgent
need for novel therapeutic agents.

Cancer has traditionally been viewed as primarily a genetic
disorder. However, it has become apparent that, in addition
to genetic mutations, epigenetic abnormalities also play impor-
tant roles in the pathogenesis of tumors™!.
mechanisms involve changes in gene expression patterns, due
to the modification of DNA and/or histones™. Modifications
to histone N-terminal tails affect chromatin structure, gene

Epigenetic control

transcription, and DNA replication and repair.

Highly specific histone modifications are enriched in target
tumor genes and work together with other components to
form a complex that interacts with the target genes to induce
or inhibit DNA methylation, thereby causing transcriptional

(27281 " The N-terminal tails of histones

repression or activation
undergo several types of post-translational modifications,
including methylation, acetylation, phosphorylation and ubig-
uitination. Unlike other histone modifications, such as acety-
lation, phosphorylation and ubiquitination, histone methyla-
tion is important because of its highly specific effects on gene
regulation™. These modifications remain stable between
methylation and demethylation events, which are dynamically
regulated by histone methyltransferases and demethylases. It
has been demonstrated that abnormalities affecting histone
methylation-modifying enzymes lead to aberrant histone
modifications, which may occur at gene promoters and induce
the improper expression or repression of individual genes that
play important roles in tumorigenesis. Recently, the overex-
pression, amplification and mutation of several histone dem-
ethylases have been linked to cell proliferation, cell apoptosis,
gene expression, genome stability, and the genesis of cancer.
Triptolide has multiple pharmacological activities, includ-
ing anti-inflammatory, immunosuppressive, male anti-fertility
and anticancer effects™. Research into its mechanisms of
action has revealed that it potently inhibits monocyte activa-
tion, activates caspases and other proapoptotic signaling cas-
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cades, inhibits angiogenesis and reverses drug resistance® *!l,

Triptolide is able to induce cell apoptosis by inhibiting nuclear
factor kB activation through the downregulation of Bcl-2
expression and the inhibition of p53 transcriptional activity
in p53-wild type human tumors and by upregulating nuclear
factor kB inhibiting protein (IxBa) and Bax*™,
triptolide has been shown to downregulate various proteins,
including heat shock protein 70, Ber-Abl, survivin, Mcl-1, Akt,
c-Myc, cyclin A/cdk2, cyclin B/cdc2, cyclin D1, and pRb,
which may contribute to its anticancer activities under specific

Moreover,

conditions* * ¥l Recently, research has shown that triptolide
enhances PS-341-induced apoptosis via the P13k/Akt/NF-
kappaB pathways in human MM cells®®. Our previous study
also suggested that triptolide inhibits proliferation and cell-
cycle progression by upregulating p21***"/<*' and p27"*" in
RPMI8226 cells™. Nevertheless, the anticancer mechanisms
of triptolide remain unclear.

In this study, we found that triptolide inhibited the prolif-
eration of RPMI8226 cells, and its pharmacological effects on
cell growth changes occurred in a dose- and time-dependent
manner. Triptolide predominantly arrested RPMI8226 cells
at Gy/Gy; however, the proportion of cells in G, phase also
slightly increased.

Flow cytometric analysis of apoptosis suggested that the
extent of apoptosis induced by triptolide varied in relation
to the duration of the exposure. The fraction of apoptotic
RPMI8226 cells was significantly upregulated following expo-
sure to 50, 100, or 150 nmol/L triptolide compared with the
control (P<0.01).

However, the experiments showed that triptolide had toxic
effects on human PBMCs. After staining with Hoechst 33258,
RPMI8226 cells treated with triptolide showed typical mor-
phological features of apoptosis. As the drug dose increased,
the number of apoptotic cells increased, as indicated by the
presence of fragmented nuclei and apoptotic bodies. Ultra-
structural changes associated with apoptosis were also visual-
ized by electron microscopy, which showed spherical protu-
berances containing fragmented and segregated chromatin
clumps.

Translocations involving the Ig heavy chain gene locus have
been found in approximately 60% of MM cases with a hypo-
diploid karyotype, but no common pattern of genetic aberra-
tions characterizes the disease™. Highly specific histone mod-
ifications and methylation-modifying enzymes work together
with other components to form a complex that interacts with
tumor target genes and is recognized as having a primary role
in the control of gene expression and chromatin structure*’,

LSD1, also known as AOF2 and KDM1, was the first histone
lysine demethylase to be discovered and belongs to the flavin
adenine dinucleotide-dependent enzyme family™!. LSD1 can
interact with nuclear receptors; it specifically demethylates
H3K4me2/1 and H3K9me2/1 and functions as a transcrip-
tional co-activator or co-repressor!*> **l, Whether 1.SD1 has
a tumor suppressive or tumor promoting effect depends on
many factors, including the cellular context!. Amanda has
shown that SPR-5 (a Caenorhabditis elegans orthologue of
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LSD1) could increase p53-dependent germ cell apoptosis and
plays a unique role in meiotic DNA double-strand break (DSB)
repair™. In addition, knockdown of LSD1 delays the initial
induction of p53 in response to DNA damage, which leads to
reduced activation of p21 and MDM2, resulting in a decrease
in p53-mediated apoptosis. Likewise, in p53-deficient cells,
LSD1 can regulate DNA-damage-induced cell death by pro-
moting E2F1 accumulation during DNA damage and the acti-
vation of its proapoptotic target gene p73, a major mediator of
p53-independent apoptosis®”. In contrast, Huang et al found
that knockdown of LSD1 increases the transcriptional activa-
tion of p21 and MDM2 by p53"“* ¥l However, the LSD1 com-
plex has been shown to be required for the repressive activity
of an oncogenic I kappa B protein, and a functional link has
been established between the E3 ligase TBLR1 and NF-kap-
paBl,

In our study, triptolide promoted the expression of LSD1
at the translational level in a dose-dependent manner. LSD1
could exert its proapoptotic effects by directly demethylat-
ing non-histone proteins, such as p53 and E2F1 in multiple
myeloma cells. LSD1 can also induce apoptosis through its
H3K4 demethylase activity. H3K4me2 is highly enriched at
transcriptionally competent or active gene promoters. Accord-
ing to the ENCODE pilot project, GM12878 and K562 show
significant enrichment for H3K4me2, including large subsets
of pluripotency-related or developmentally regulated gene
promoters and enhancers®”. For instance, c-Myc expression
is downregulated after the loss of H3K4me?2 in the c-Myc pro-

moter!®!,

We have consistently found high H3K4me2 expres-
sion in multiple myeloma cells, and triptolide was observed to
downregulate H3K4me2 protein expression in a dose-depen-
dent manner. The reduction in H3K4me2 promoted by LSD1
strongly inhibited the epigenetic control of anti-apoptotic gene
transcription in RPMI8226 cells, which is probably one of the
most important anti-MM mechanisms of triptolide.

Another family of histone lysine demethylases that are
structurally different from LSD1 has been described, all of
which share a conserved jumonji C (JmjC) domain®. The
JMJD2 family of histone demethylases is amplified in human

cancers[m

. However, little is known about the physiological
or tumorigenic roles of these proteins. The depletion of J]MJD2
has previously been demonstrated to increase DNA double-
strand breaks in the adult germ line, resulting in ATR/p53-
dependent apoptosis”®.
(HIF-1 alpha) may cooperate with estrogen receptor alpha
(ER alpha) to regulate JMJD2B, which drives breast cancer
cell proliferation under hypoxic conditions and regulates the
expression of cell-cycle genes, such as CCND1, CCNA1, and
WEE1®?. Moreover, JMJD2B has been suggested as a potential
novel target gene for p53 that can mediate the DNA damage

Hypoxia-inducible factor-1 alpha

response and may be protective against apoptosis™. As a
member of the JMJD2 family, JMJD2B is capable of reversing
the lysine trimethylation of H3K9me3 at pericentric hetero-
chromatin in mammalian cells®. In addition, the removal

of H3K9me3 marks by JMJD2B may prevent the induction

of senescence, which is a specific form of irreversible growth
arrest and an important process for the suppression of tum-

[23, 55]

origenesis Therefore, cancer cells that highly express

JMJD2B may evade this important tumor suppression mecha-

Our experiments demonstrated that histone H3K9 and
H3K36 dimethylation were dose-dependently reduced by
triptolide, as were J]MJD2B mRNA and protein levels. These
results suggest that the downregulation of H3K9me2 was
partly due to the decrease in JMJD2B in RPMI8226 cells
because the levels of H3K9me2 formed by the demethylation
of H3K9me3 were significantly reduced. Triptolide may exert
its proapoptotic effects partly by directly downregulating
JMJD2B in multiple myeloma cells.

In addition, JMJD2B could demethylate trimethylated
H3K36 to dimethylated H3K36. H3K36me2/me3 are enriched
mostly in the transcribed region of active genes and are asso-
ciated with the later stages of transcription in actively tran-
scribed regions!®
H3K36me2 and proapoptotic genes has not been proven; fur-

. However, a direct association between

ther investigation will be required to clarify this relationship.
In our study, the downregulation of JMJD2B may be partially
responsible for the reduction in H3K9me2 and H3K36me2 in
triptolide-treated cells. LSD1 and JMJD2B are assumed to be
two targets for triptolide as an anti-MM drug.

In summary, our experiments showed that triptolide inhib-
ited proliferation and induced apoptosis and G,/G; cell cycle
arrest in the MM cell line RPMI8226 in a dose-dependent
manner. Moreover, this study provided the first evidence that
triptolide could restore epigenetic changes by regulating the
histone demethylases LSD1 and JM]JD2B, thereby offering a
novel view of the anti-MM mechanism of triptolide.
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