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Potential role of miR-29b in modulation of Dnmt3a
and Dnmt3b expression in primordial germ cells
of female mouse embryos
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ABSTRACT

MicroRNAs (miRNAs) are a recently discovered class of small noncoding RNAs and are implicated in an increasing number of
biological processes. To examine whether miRNAs might contribute te sexual differentiation, we performed expression profiling
of miRNAs in mouse embryonic gonads with the use of a highly sensitive cloning method, mRAP. Our profiling data revealed
substantial differences in the miRNA repertoire between male and female gonads at embryonic (E) day 13.5 (E13.5), suggesting
that such differentially expressed miRNAs may function in sexual differentiation. Female-specific miRNAs included miR-29b,
which also has been known to be expressed in a similar sex-dependent manner in the gonads of chicken embryos, suggestive of a
conserved role in gonadogenesis. Transcripts of the human genes for the de novo methyltransferases DNMT3A and DNMT3B
have been identified as targets of miR-29b, and we found that mouse miR-29b also negatively regulates Dnmt3a and Dnmt3b
expression in luciferase reporter assays. We also found that miR-29b is expressed in mouse primordial germ cells (PGCs) at
E13.5 and that its expression is up-regulated in a female-specific manner between E13.5 and E17.5, when male-specific de novo
methylation of the PGC genome is known te occur. Our data thus suggest that miR-29b may play an important role in female

gonadal development by targeting Dnmt3a and Dnmt3b and thereby modulating methylation of genomic DNA in PGCs.
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INTRODUCTION

MicroRNAs (miRNAs) are short noncoding RNAs of 20-24
nucleotides (nt) that negatively regulate protein production
from target mRNAs. They function by interacting with
their target mRNAs through incomplete base-pairing to the
3’ untranslated region (3'UTR) (Filipowicz 2005; Hammond
2005; Hannon 2002; Mattick and Makunin 2005) and
thereby either trigger degradation of the target mRNAs or
suppress their translation. MicroRNAs have been identified
in a wide range of organisms, including plants and animals
(Carrington and Ambros 2003; Bartel 2004). Many miRNAs
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are conserved throughout evolution, but substantial diver-
sity is also apparent for some miRNAs even between closely
related species (Berezikov et al. 2006a).

Expression of miRNAs has been shown to be tightly
regulated in a developmental stage-dependent, as well as
in an organ-dependent, manner (Aboobaker et al. 2005;
Wienholds et al. 2005; Ason et al. 2006; Kloosterman et al.
2006; Takada et al. 2006a), suggesting that they may play
important roles in embryonic development and tissue or-
ganization, The miRNAs miR-1 and miR-124, for example,
are specifically expressed in muscle and the central nervous
system, respectively, in zebrafish, medaka, mouse, and fly,
suggesting that the function of these miRNAs is conserved
across animal phyla (Kloosterman and Plasterk 2006).

Although the precise function of most miRNAs remains
unclear, some have been shown to contribute to a variety of
biological phenomena, including intracellular signaling,
apoptosis, metabolism, cardiogenesis, myogenesis, and brain
development (Kloosterman and Plasterk 2006). Essential
roles for miRNAs in animal development have been revealed
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by analysis of cells deficient in Dicer, an enzyme required
for the production of miRNAs from their precursors. Dicer
null mutant mice thus die in utero at embryonic (E) day 7.5
(E7.5) and lack stem cell compartments (Bernstein et al.
2003). Mice with conditional ablation of this gene have
also revealed that Dicer (and, therefore, probably also
miRNAs) is required for morphogenesis of the limb (Harfe
et al. 2005), skin (Andl et al. 2006; Yi et al. 2006), and lung
epithelium (Harris et al. 2006). However, the genes tar-
geted by miRNAs to achieve their effects remain largely
unknown.

The heterogametic pairing of the sex chromosomes, X and
Y, results in male development in mammals, whereas females
are the heterogametic sex (ZW) in birds. Despite this dif-
ference in sex determination, several important genes for
sexual differentiation are expressed in a similar manner in the
gonads of both mammals and birds, suggesting the existence
of a shared mechanism for this process. In mammals, the
gonads first emerge as bipotential organs that subsequently
develop into testes or ovaries depending on whether Sry, a
sex-determining gene on the Y chromosome, is expressed or
not (Gubbay et al. 1990; Koopman et al. 1991).

Identification of a function for miRNAs in mammalian
gonadal development would be facilitated by characteriza-
tion of miRNA expression profiles in developing gonads.
However, most current technologies for measurement of
miRNA expression either require substantial amounts of
RNA for analysis (in the case of conventional cloning meth-
ods) or are unable to examine unknown miRNA species (in
the case of microarray- or stem-loop-based detection'meth-
ods). Neither of these types of approach is, therefore, suit-
able for extensive miRNA profiling of the gonads, for which
only small quantities of tissue are usually available and
many unknown miRNAs may be present,

We have recently developed a highly sensitive cloning
procedure for miRNAs (Mano and Takada 2007; Takada et al.
2006a; Takada and Mano 2007). This procedure, designated
miRNA amplification profiling (mRAP), allows the isolation
of tens of thousands of miRNA clones from small quantities
of starting material (even from as few as 10,000 cells). Cou-
pling of mRAP to a computational pipeline in order to detect
or predict miRNAs thus represents an optimal means for
guantitative measurement of miRNA expression profiles in
small amounts of tissue or clinical specimens. We have now
applied such technology to mouse gonads in order to identify
sex-dependent expression of miRNAs.

RESULTS

miRNA expression profiling of mouse embryonic
gonads

To identify miRNAs expressed differentially between male
and female mouse gonads at E13.5, we constructed small
RNA-derived ¢cDNA libraries by the mRAP protocol from
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these tissues., Totals of 672 and 1440 ¢cDNA concatamers
were sequenced, resulting in the identification of 1153
and 1480 small RNA sequences, for male and female em-
bryonic gonads, respectively. Totals of 180 and 184 of these
sequences from male and female gonad libraries, respec-
tively, matched known miRNAs (Table 1). In addition,
three candidates for novel miRNAs (miR-143*, miR-715%,
miR-689*) were identified, each of which is present in
the hairpin structure of known miRNAs. The remaining
small RNA sequences likely represent RNA degradation
products.

Identification of miRNAs that are expressed
in a sex-dependent manner at E13.5

We have previously shown that mRAP cloning frequency
reflects relative miRNA abundance in cells, provided that
sufficient numbers of small RNA-derived cDNAs are se-
quenced (Takada et al. 2006a; S Takada and H Mano,
unpubl.). In the current data set, many miRNAs were found
to be expressed in a sex-dependent manner. For instance, the
most abundant miRNA in both sexes, miR-29b, is prefer-
entially expressed (by a factor of ~2) in the female gonad
(Table 1).

To confirm such sexually differential expression of
miRNAs, we performed Northern blot analysis. The abun-
dance of miR-29b normalized by that of U6 RNA was 2.3
arbitrary units (U) in the female gonad and 1.0 U in the
male gonad at E13.5 (Fig. 1), consistent with the mRAP
data (read counts of 73.0% and 30.4% for female and male,
respectively) (Table 1). In contrast, the fourth most
abundant miRNA, miR-143, was found to be preferentially
expressed in male gonads by both Northern blot analysis
(1.7 versus 1.0 U in male and female, respectively) (Fig. 1)
and mRAP analysis (8.70% versus 0.51%) (Table 1), al-
though the male-to-female ratio differed between the two
approaches. The sex-related expression of other miRNAs
(miR-24, miR-142-3p, miR-126-5p) revealed by mRAP was
not detected by Northern analysis (Fig. 1). Together, these
data thus showed that certain miRNAs are expressed in the
gonads in a sex-dependent manner.

Expression patterns of miR-29b and miR-143
during sexual differentiation

With the use of Northern blot analysis, we next éxamined
the expression profiles of the sex-specific miRNAs miR-29b
and miR-143 during mouse gonadogenesis. In the female
gonad, expression of miR-29b was increased at E15.5
compared with that at E13.5, and the increased level of
expression was maintained through E17.5 (Fig. 2). In the
male gonad, the relative abundance of miR-29b increased
gradually from E13.5 to E17.5 but was consistently lower
than that in stage-matched female gonads, suggesting that
miR-29b may play different roles in male and female
gonads.
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The expression of miR-143 in the male gonad increased
from E13.5 to E15.5 but decreased to an intermediate level
at E17.5 (Fig. 2). In contrast, the relative amount of miR-

143 increased gradually between E13.5 and E17.5 in the
female gonad, suggesting that this miRNA might have a
specific function in male gonadogenesis at E15.5,

Evolutionary conservation of miR-29b and miR-143
expression

If miR-29b or miR-143 contributes directly to sex-dependent
differentiation of the gonads in mice, their expression pro-
files might be expected to be evolutionarily conserved. This
has been, indeed, shown in the cases for Sox9, Amh, and
FoxL2, all of which are essential for sexual differentiation of
the gonads (Carre-Eusebe et al. 1996; Kent et al. 1996;
Morais da Silva et al. 1996; Loffler et al. 2003). We therefore
examined the expression of miR-29b and miR-143 in
chicken embryonic gonads during sexual differentiation
with Northern blot analysis using male and female chicken
embryonic gonads. The right and left gonads were treated
separately, because there is a left—right asymmetry associ-
ated with the chicken gonadal differentiation. The relative
abundance of miR-29b was greater in female gonads than
in male gonads of chicken embryos at days 12 and 18 (Fig.
3), an expression profile similar to that apparent for mouse
gonads (Fig. 2). In contrast, the expression of miR-143 was
greater in male than in female chicken gonads at day 18
(Fig. 3). The preferential expression of miR-143 in male
gonads was thus confirmed in chicken in a similar pattern
to that in mouse (Fig. 2).

ldentification of cell types in which miR-29b
and miR-143 are expressed

We next investigated which cells express miR-29b or
miR-143 in the gonads of mouse embryos. To determine
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FIGURE 1. Validation of mRAP data by Northern blot analysis.
Fractions containing small RNAs (0.5-0.8 g per lane) isolated from
(left lanes) male or (right lanes) female mouse gonads at E13.5 were
subjected to Northern analysis with LNA probes specific for the
indicated miRNAs or U6 RNA. The signal intensity for each miRNA
normalized by that of U6 RNA is shown at the bottom of each lane,
(Closed and open arrowheads) The positions corresponding to 24 and
19 nt, respectively.
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FIGURE 2. Sex-dependent expression profiles of miR-29b and miR-
143 in mouse embryos. (A) Fractions containing small RNAs isolated
from male (M) or female (F) mouse gonads at E13.5, E15.5, or E17.5
were subjected to Northern blot analysis with probes specific for miR-
29b, miR-143, or U6 RNA. (Closed and open arrowheads) The
positions corresponding to 24 and 19 nt, respectively. (B) The
hybridization signal intensity for each miRNA in A was normalized
by that of U6 RNA and plotted against embryonic stage.

whether such expression is restricted to somatic or germ
cells, we performed Northern blot analysis with RNA iso-
lated from embryos exposed in utero to busulfan, which is
known to eliminate germ cells (Forsberg and Olivecrona
1966). Depletion of germ cells in busulfan-treated mouse
gonads was confirmed by measurement of the expression of
Oct4 that is restricted to primordial germ cells (PGCs) in
both testis and ovary at E13.5 (Pesce et al. 1998), Whole-
mount in situ hybridization thus revealed the presence of
Oct4 mRNA in E13.5 mouse gonads exposed to DMSO
vehicle but not in those exposed to busulfan (Fig. 4A).

Northern blot analysis with an LNA probe for miR-29b
detected a discrete signal with RNA recovered from DMSO-
treated female gonads, whereas the signal was mostly lost
with RNA from those treated with busulfan (Fig. 4B),
indicating that miR-29b is expressed exclusively in PGCs
in female embryonic gonads. Although miR-143 was also
found to be preferentially expressed in PGCs, a substantial
amount of this miRNA remained in busulfan-treated male
gonads, suggesting that miR-143 may be expressed in both
somatic cells and PGCs of the testis.

Target genes of miR-29b in mouse PGCs

Our findings that miR-29b is expressed almost exclusively
in PGCs of female gonads and that the expression profile
of this miRNA is conserved between mouse and chicken
suggests that miR-29b function is likely important for
PGCs in female gonads. The genes for DNA methyltrans-
ferasés 3A (DNMT3A) and 3B (DNMT3B) were recently
shown to be direct targets of miR-29b, and overexpression
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of this miRNA results in a reduction in the global level of
DNA methylation in the human genome (Fabbri et al.
2007). Given that mouse Dnmt3a and Damt3b are ex-
pressed in PGCs at E12.5-E17.5 (Lees-Murdock et al. 2005),
these genes are candidates for regulation by miR-29b in
mouse PGCs. Indeed, the TargetScan program (Lewis et al.
2003; Grimson et al. 2007), an in silico approach to the
prediction of miRNA targets, indicated that both Dnmt3a
and Dnmt3b are potential targets of this mouse miRNA
(Fig. 5A). We, therefore, examined whether Dnmt3a or
Dnmt3b is regulated by miR-29b in mouse.

To this end, we utilized a luciferase reporter assay. As a
host cell line, using Northern blot analysis we searched for
a cell line in which miR-29b does not exist; however, such a
cell line was not found {data not shown). Since transfection
efficiency of NIH3T3 is high, we used this cell line as a host
cell. DNA fragments corresponding to portions of the
3'UTRs of Dumt3a or Dnmt3b mRNAs containing the
predicted miR-29b target sites were inserted into the
3'UTR of firefly luciferase cDNA, and the resulting reporter
plasmids were introduced with or without miR-29b into
NIH3T3 fibroblasts. The same target sequences but with a
1-base-pair (bp) mismatch were similarly inserted into the
luciferase cDNA to yield negative control constructs (Fig.
5A). The luciferase activities of the constructs with the
wild-type target regions of Dnmi3a or Dnmi3b were re-
duced compared with those of the corresponding mutant
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FIGURE 3. Sex-specific up-regulation of miR-29b and miR-143
expression in chicken embryos. (A) Fractions containing small RNAs
isolated from male (M) or female (F) chicken gonads at day (D) 8, 12,
or 18 were subjected to Northern blot analysis with probes specific for
miR-29b, miR-143, or U6 RNA. (L) Left gonad; (R) right gonad.
(Closed and open arrowheads) The positions corresponding to 24 and
19 nt, respectively. (B) The hybridization signal intensity for each
miRNA in A was normalized by that of U6 RNA and plotted against
embryonic stage. (ML) Male left gonad; (MR) male right gonad; (FL)
female left gonad; (FR) female right gonads.
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FIGURE 4. Expression of miR-29b and miR-143 in PGCs of mouse
embryos at E13.5. (A) Male (M) and female (F) embryonic gonads
were recovered at E13.5 from dams injected with DMSO or busulfan
and were subjected to whole-mount in situ hybridization with a probe
specific for Oct4 mRNA. (B) Fractions containing small RNAs isolated
from female or male gonads treated as in A were subjected to
Northern blot analysis with probes specific for miR-29b or miR-
143, respectively. The same blots were also subjected to hybridization
with a probe specific for U6 RNA. (Closed and open arrowheads) The
positions corresponding to 24 and 19 nt, respectively. Embryos
exposed to (D) DMSO or (B) busulfan.

constructs (Fig. 5B), likely because miR-29b is expressed in
NIH3T3 cells (data not shown). Furthermore, the luciferase
activities of the wild-type constructs for Dnmt3a or Dnmt3b
were reduced by cotransfection with miR-29b, whereas
those of the mutant constructs were not (Fig. 5B). These
results thus suggested that both genes may be targets of
miR-29b in mouse. .

DISCUSSION

We have determined the miRNA expression profiles of
male and female embryonic mouse gonads at E13.5. Given
that most conventional methods for cloning of miRNAs
require >100 pg of total RNA (Lagos-Quintana et al. 2002),
it would have been difficult to profile miRNA expression in
embryonic gonads by such approaches with the small
amounts of tissue available, We therefore adopted mRAP,
a cloning- and sequencing-based method with a high sen-
sitivity, for miRNA profiling in embryonic gonads.

We obtained a total of 380 miRNA-derived sequences,
consisting of 374 reads for known miRNAs and six reads
for previously unreported ones (four corresponding to
miR-143%, one to miR-715* and one to miR-689*). Al-
though 2000 mRAP clones were sequenced in the present
study, most of the miRNAs (both known and novel) in our
data set were detected five or fewer times (Table 1), indi-
cating that all miRNAs in the gonads may not yet have been
identified. Extensive sequencing of mRAP clones may there-
fore result in the identification of additional novel hairpin
structures containing unreported miRNA candidates.

We found that miR-29b is the most abundant miRNA in
mouse gonads at E13.5. Northern blot analysis of PGC-
depleted gonadal tissue further indicated that miR-29b is
expressed almost exclusively in PGCs of female gonads (at

least at E13.5). This finding contrasts with results of
Hayashi et al. (2008) showing that miR-29b was virtually
undetectable in mouse PGCs at this stage by RT-PCR
analysis. This discrepancy may be attributable to the dif-
ferences in methodology or in genetic background of the
mice between the two studies.

Although the differences in mRAP cloning frequency
between male and female gonads for some miRNAs were
reflected in differences in expression as determined by
Northern blot analysis, those for others were not. We have
recently performed deep sequencing of mRAP clones from
various mouse organs and found that the correlation
between cloning frequency and Northern blot data was
dependent on miRNA sequence (S Takada and H Mano,
unpubl.). Even some miRNAs with a read number of
>100,000 per organ were not detected by Northern blot
analysis. The nucleotide sequence of miRNAs may thus
greatly affect their sensitivity to detection by Northern blot
analysis or by RT-PCR (a hybridization-based detection
system). However, it remains possible that mRAP may have
a cloning bias for some miRNAs.

Both Dnmt3a and Dnmt3b are expressed in mouse PGCs
of both sexes at E13.5 (Lees-Murdock et al. 2005), suggesting
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FIGURE 5. Identification of Dnmt3a and Dnmt3b as potential targets
of miR-29b in mouse. (A) Potential target sites for miR-29b in the
3"UTRs of Dnmt3a and Dnmt3b mRNAs are shown aligned with the
miR-29b sequence. The same 3'UTR sequences with a 1-bp mismatch
(M1) were used as negative controls in luciferase reporter assays.
Complementary bases between miR-29b (red) and the 3'UTRs (blue)
are shown, respectively. (B) Luciferase reporter assays were performed
with vectors containing DNA fragments corresponding to the putative
wild-type or mutant target sites for miR-29b in the 3'UTRs of
Dnmt3a or Dnmi3b mRNAs. The assays were performed in NTH3T3
cells cotransfected (or not) with the miR-29b precursor. Vec indicates
cells transfected with the luciferase vector without Dnmt3 sequences.
Firefly luciferase activity was normalized by that of Renilla luciferase,
and the data are means = SD from three independent experiments.
(*) P < 0.05 for the indicated comparisons (Student’s t-test).
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a possibility that DNA methylation of the genome is
regulated by miR-29b. Methylation of cytosine residues is
the only known direct epigenetic modification of mamma-
lian genomic DNA and contributes to various biological
phenomena including transposon silencing and genomic
imprinting (Reik et al. 2001; Bird 2002). There are two
main types of DNA methyltransferase: maintenance meth-
yltransferases that methylate hemimethylated CpG sequen-
ces after DNA replication, and de novo methyltransferases
that methylate cytosine residues of unmethylated CpG
sequences, and which include DNMT3A and DNMT3B
(Okano et al, 1998). Genome-wide demethylation occurs
early during development and is complete around E13 to
El4 in PGCs of both male and female mouse embryos
(Monk et al. 1987; Kafri et al. 1992; Brandeis et al. 1993;
Surani 1998; Tada et al. 1998). Re-methylation then takes
place earlier in the male germ cells (from E15 to E16) (Kafri
et al. 1992; Brandeis et al. 1993; Coffigny et al. 1999) than
in the female cells (after birth, during the growth of
oocytes) (Lucifero et al. 2002, 2004; Hiura et al. 2006).
DNMT3A and DNMT3B were recently shown to mediate
de novo methylation of differentially methylated genomic
regions corresponding to imprinted genes and some repet-
itive elements in male germ cells (Kato et al. 2007). It is
thus possible that the expression of these two enzymes is
repressed by miR-29b in female germ cells, allowing an
escape from male-type methylation of the genome and
underlying female-type methylation.

MicroRNAs have been shown to contribute to the fine-
tuning of physiological events or to function as molecular
switches in cellular signaling (Lee et al. 1993; Wightman
et al. 1993; Moss et al. 1997; Reinhart et al. 2000; Brennecke
et al. 2003; Johnston and Hobert 2003; Sokol and Ambros
2005). In addition, some miRNAs function in a fail-safe
mechanism to silence mRNAs that are unwanted in specific
cell types (Hornstein et al. 2005; Cohen et al. 2006). It
seemns likely that miR-29b may function in such a mech-
anism to regulate methylation of the genome, given that the
amount of Dnmi3a mRNA in PGCs is similar in male and
female mouse embryos at E13.5 but is greater in male than
in female PGCs at E15.5 and E17.5 (Iwahashi et al. 2007).

Further extensive sequencing of mRAP clones from the
gonads will provide additional insight into the cell type-
dependent and developmental stage-dependent expression
profiles of miRNAs, and such information will likely con-
tribute to understanding of the function of miRNAs in
sex determination and differentiation.

MATERIALS AND METHODS

Mice and tissues

C57BL/6] mice (Mus musculus domesticus) were obtained from
a local supplier (Japan SLC). The mice were allowed to mate
naturally, and at noon of the day in which a vaginal plug was
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observed were considered to be E0.5. Gonads depleted of germ
cells were prepared by intraperitoneal injection of pregnant
females at £9.5 with 100 p.L of a warmed solution (16 mg/mL)
of busulfan (Sigma-Aldrich) in 50% dimethly sulfoxide (DMSO),
and harvesting of the embryos occurred on E13.5 (Forsberg and
Olivecrona 1966); as a control, dams were injected with 50%
DMSO alone. The sex of each embryo was determined on the basis
of the presence (male) or absence (female) of a testis cord.

Chickens and tissues

Fertilized chicken (Gallus gallus domestica) eggs were obtained
from a local supplier (Saitama Experimental Animal Supply) and
were maintained at 18°C until their transfer to an incubator at
37.8°C. Staging of chicken embryos was confirmed at dissection as
described by Hamburger and Hamilton (1951). The gonads of
each embryo were snap frozen, and the sex of the embryos was
determined as described previously (Clinton et al. 2001; Takada
et al. 2006b,c) with the use of a polymerase chain reaction (PCR)-
based method performed with genomic DNA extracted from the
hind limbs.

mRAP

The mRAP procedure was performed as described previously
(Takada et al. 2006a; Mano and Takada 2007; Takada and Mano
2007), and miRNAs were identified from mRAP clones with the
use of the computational pipeline developed by Berezikov et al.
(2006b).

Northern blot analysis

A fraction of small RNA molecules (<200 nt) was prepared with
the use of a mirVana miRNA Isolation Kit (Applied Biosystems),
and portions of the fraction (0.5-0.8 p.g per lane) were subjected
to electrophoresis on a 15% polyacrylamide gel under denaturing
conditions. The separated RNA molecules were transferred elec-
trophoretically to a Hybond-N membrane (GE Healthcare UK)
and were subjected to hybridization with the use of the ULTRAhyb-
Oligo reagent (Applied Biosystems) and with 22p_labeled locked
nucleic acid (LNA) probes corresponding to reverse complemen-
tary sequences of mature miRNAs. Signals were detected with a
BAS-1500 image analyzer (Fuji Photo Film), and signal intensities
wete measured with the use of Image Gauge version 4.1 software
(Fuji Photo Film). The signal intensities of the miRNAs were
normalized to that of U6 RNA. Probes included:

mmu-miR-29bRCLNA
for miR-29b;

mmu-miR-142-3pRCLNA (5'-CCaTA2AGtAGgAAaCACTAcA-3")
for miR-142-3p;

mmu-miR-143RCLNA (5'-TGaGCtACaGTgCTtCAtCTcA-3') for
miR-143;

mmu-miR-24RCLNA (5'-CTgTTcCTgCTgAACTGaGCcA-3") for
miR-24;

mmu-miR-126-5pRCLNA  (5'-CgCGtACcAAAAGIAALAALG-3")
for miR-126-5p; and

U6AS (5'-AACGCTTCACGAATTTGCGT-3') for U6 RNA.

(5'-AACACtGAtTTcAAaTGgTGCcTA-3')

Here, upper- and lowercase letters designate DNA and LNA,
respectively.
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Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed by the maleic
acid buffer (MABT) method as previously described (Xu and
Wilkinson 1998). A probe for Oct4 mRNA was prepared from
total RNA isolated from E12.5 mouse embryos. The RNA was
subjected to reverse transcription (RT), and the resulting cDNA
was subjected to PCR with the primers mOctdprobelF (5'-GCC
TTGCAGCTCAGCCTTAAGA-3') and mOctdprobelR (5-CCTC
GCCCTCAGGAAAAGGGAC-3'). The amplification product, which
corresponds to the probe described by Thomas et al. (1998), was
cloned into the pGEM-T Easy vector (Promega) for production of
the probe by in vitro transcription.

Luciferase assay

DNA fragments corresponding to a 981-bp portion of the 3'UTR
of Dnmt3a or a 637-bp portion of the 3'UTR of Dnmt3b were
amplified by PCR from CS57BL/6] mouse genomic DNA. The
primers wereDnmt3aAmpF (5'-ACTAGTGACTGAAACAAGAGA
GTTA-3') and Dnmt3aAmpR (5'-ACGCGTGGACCGGAGCTGC
CATGTGC-3') for Dnmt3a and Dnmt3bAmpF (5'-ACTAGTGG
TACAAGGGCTGAAGTCC-3') and Dnmt3bAmpR (5'-ACGCGT
AAGGCAGTCTCTCCCCACAC-3') for Dnmt3b, with the under-
lined sequences corresponding to recognition sites for restriction
endonucleases. The PCR products were cloned into pGEM-T Easy
and verified by nucleotide sequencing. Single nucleotide substi-
tutions were introduced into the DNA sequences with the use of a
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene)
and the primers Dnmt3aM1 (5'-GACTTCATAATGGAGCTTT
CAAAACAG-3') for Dnmt3a and Dnmt3bM1 (5'-ACCTAATTA
CAGGTCCTATTTTATAG-3') for Dnmt3b, with the underlined
residues corresponding to the substituted bases. The insert of each
clone was subcloned into the Spel and Mlul sites of the multiple
cloning region of the pMIR-Report-luciferase vector (Applied
Biosystems). The coding sequence and 3'UTR of the firefly
luciferase cDNA as well as the insert of each of the resulting
vectors were then subcloned into the BamHI and NotI sites of the
pMXS vector (kindly provided by T. Kitamura, Institute of
Medical Science, University of Tokyo).

NIH3T3 cells grown in 24-well plates were transfected with 50
1M miR-29b precursor (Pre-miR miRNA Precursor Molecule;
Applied Biosystems), 0.6 pg of pMXS-based luciferase reporter
vector, and 0.2 pg of a control Renilla luciferase vector (pRL-TK;
Promega) in the presence of the Lipofectamine 2000 reagent
(Invitrogen). Firefly and Renilla luciferase activities in cell lysates
were assayed with the use of a Dual-Luciferase Reporter Assay
System (Promega) 48 h after cell transfection, and the former
activity was normalized by the latter.
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Abstract. The purpose of this study was to screen for genes
involved in ovarian carcinogenesis in an attempt to develop
an effective molecular-targeted therapy for ovarian cancer.
We constructed retroviral expression libraries for the human
ovarian cancer cell lines SHIN-3 and TYK-CPr, and performed
a focus formation assay with 3T3 cells. As a result, proteasome
subunit beta-type 2 (PSMB2), ubiquitin-specific protease 14
(USP14), and keratin 8 (KRT8) were identified from SHIN-3,
and polymerase II RNA subunit (POLR2E), chaperonin
containing T-complex polypeptide 1 subunit 4 (CCT4), glia
maturation factor beta (GMFB), and neuroblastoma ras viral
oncogene homolog (NRAS) from TYK-CPr. NRAS gene
analysis revealed a CAA~AAA substitution at codon 61,
resulting in a Glu~Lys change at position 61. When the mutant
NRAS was introduced into fibroblasts for its expression,
many transformed foci were generated, confirming the
transforming ability of the mutant NRAS.

Introduction

Ovarian cancer is the fifth most common cause of death
from gynecologic malignancies in the USA. Approximately
25,000 women are affected by ovarian cancer every year, and
about 14,000 die of this disease (1). In recent years, debulking
surgery followed by multidrug therapy with platinum and
taxine drugs have been used, with some improvement in
prognosis (2); however, the 5-year survival rate remains at
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Gynecology, School of Medicine, Jichi Medical university, 3311-1
‘Yakushiji, Shimotsuke, Tochigi 329-0498, Japan

E-mail: saga@jichi.ac.jp

Key words: ovarian cancer, oncogene, retroviral expression
screening, NRAS

about 50% (3). This is due to the lack of effective therapy for
treatment-resistant or recurrent ovarian cancer.

A series of recent studies have reported that STI571,
which targets the BCR-ABL gene responsible for chronic
myelogenous leukemia, is effective for this disease, and that
the anti-CD20 antibody rituximab is highly effective for
B-cell lymphocytic leukemia (4). These observations have
demonstrated that it is clinically very important to elucidate
the pathogenesis of malignancies and thereby develop
molecular-targeted therapy for them. To improve the prognosis
of patients with ovarian cancer, it is important to define
genetic abnormalities involved in the onset of this disease,
and to develop effective molecular-targeted therapies for
ovarian cancer.

To date, several studies have reported that mutations in
the p53 gene (5) or deletions in the BRCAI and BRCA2 genes
(6) are common in ovarian cancer. However, there is no
evidence that these genetic abnormalities are directly involved
in the development of ovarian cancer.

In a recent study, we constructed a full-length cDNA
expression library of non-small cell lung cancer (NSCLC)
using a retroviral vector, and demonstrated by functional
screening that a fusion gene, composed of portions of the
echinoderm microtubule-associated protein-like 4 (EML4)
and anaplastic lymphoma kinase (ALK) genes, was involved
in the development of NSCLC (7). In this study, we aimed to
screen for genes responsible for ovarian carcinogenesis using
similar techniques.

Materials and methods

Cell culture. Ovarian serous cystadenocarcinoma cell line
SHIN-3 (8) and ovarian undifferentiated carcinoma cell line
TYK-CPr (JCRB0234.1, Health Science Research Resources
Bank: HSRRB, Osaka, Japan) (9) cells were cultured in
Dulbecco's modified Eagle's medium/F12 (DMEM/F12;
Invitrogen, Carlsbad, CA, USA) medium supplemented with
10% fetal bovine serum (Invitrogen), 2 mM L-glutamine
(Invitrogen), and 1% penicillin-streptomycin (Invitrogen).
The BOSC23 packaging cell line for ecotropic retroviruses
(10) and mouse 3T3 fibroblasts (American Type Culture
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Collection: ATCC) were maintained in DMEM/F12 supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine,
and 1% penicillin-streptomycin.

Construction of a retrovirus library. Total RNA was extracted
from SHIN-3:and TYK-CPr cells with the use of an RNeasy
Mini column and RNase-free DNase (Qiagen, Valencia, CA,
USA), and first-strand ¢cDNA. was synthesized from the
RNA with PowerScript reverse transcriptase, a SMART ITIA
oligonucleotide, and CDS primer IIA (Clontech, Palo Alto,
CA, USA). The resulting cDNA molecules were then amplified
for 15 cycles with the 5-PCR primer 1A and a SMART PCR
cDNA synthesis kit (Clontech), with the exception that LA
Taq polymerase (Takara Bio, Shiga, Japan) was substituted
for the Advantage 2 DNA polymerase provided with the kit.
The PCR products were treated with proteinase K, rendered
blunt-ended with T4 DNA polymerase, and ligated to a
BstXI adapter (Invitrogen). Unbound adapters were removed
with a cDNA size fractionation column (Invitrogen), and the
modified cDNAs were ligated into the pMX retroviral plasmid
(11) that had been digested with BstXI. The pMX-cDNA
plasmids were introduced into ElecroMax DHI10B cells
(Invitrogen) by electroporation.

Focus formation assay. BOSC23 cells (1.8x10°) were seeded
onto 6-cm culture plates, cultured for 1 day, and then trans-
fected with a mixture comprising 2 ug of retroviral plasmids,
0.5 ug of pGP plasmid (Takara Bio), 0.5 pug of pE-eco plasmid
(Takara Bio), and 18 ul of Lipofectamine reagent (Invitrogen).
Two days after transfection, polybrene (Sigma, St. Louis,
MO, USA) was added at a concentration of 4 pzg/ml to the
culture supernatant, which was then used to infect 3T3 cells
for 48 h. For the focus formation assay, the culture medium
of 3T3 cells was changed to DMEM-high glucose (Invitrogen)
supplemented with 5% calf serum and 2 mM L-glutamine.
Transformed foci were isolated after 3 weeks of culture.

Recovery of cDNAs from 3T3 cells. Each 3T3 cell clone was
harvested with a cloning syringe and cultured independently
in a 10-cm culture plate. Genomic DNA was subsequently
extracted from the cells and subjected to PCR with the 5'-PCR
primer ITA and LA Taq polymerase for 50 cycles of 98°C for
20 sec and 68°C for 6 min. Amplified genomic fragments
were purified by gel electrophoresis and ligated into the
pT7Blue-2 vector (EMD Biosciences, San Diego, CA,
USA) for nucleotide sequencing. The cDNAs obtained were
introduced into the pMXS plasmid to prepare a recombinant
retrovirus, which was used again to test its 3T3-transforming
ability.

Analysis of the NRAS gene in the TYK-CPr cell line. Using as
the substrate the cDNA that had been synthesized to construct
the retroviral library, along with NRAS primers [5' primer
(GTGGAGCTTGAGGTTCTTGC) and 3' primer (GCAG
CTTGAAAGTGGCTCTT)], the NRAS gene was amplified
by PCR for 30 cycles of 98°C for 30 sec, 62°C for 30 sec,
and 68°C for 30 sec. The amplified DNA fragments were
separated by electrophoresis, then purified, and inserted into
the pGEM-T Easy Vector (Promega Corp., Madison, WI,
USA) for sequencing.

WADA et al: SCREENING OF ONCOGENES IN OVARIAN CANCER

Results

Construction of full-length cDNA expression libraries for
SHIN-3 and TYK-CPr cells. cDNAs from SHIN-3 and
TYK-CPr cells were inserted into the pMXS retroviral
plasmid, which was then introduced into DHI10B cells by
electroporation. As a result; we obtained plasmid libraries of
¢DNA clones from SHIN-3 (1.1x10° colony-forming units,
or cfu) and TYK-CPr (1.2x106 cfu) cells. From each of these
plasmid clone libraries, 24 clones were picked up at random.
In addition, to ascertain whether the cDNA inserts were
full-length (complete reading frame), 10 clones were selected
from each library, and ~500 bp of both ends of the cDNA
insert were sequenced. The identified sequences were
compared with the University of California-Santa Cruz
Genome Browser Database (http://genome.ucsc.edu) by
BLAST search (12). As a result, 7 of the 10 TYK-CPr-derived
clones and 7 of the 10 SHIN-3-derived clones contained
full-length ¢cDNA inserts (data not shown). We therefore
concluded that the retroviral cDNA expression libraries were
of sufficient complexity and adequately enriched in full-
length cDNAs for the present study.

Screening for transformed clones. 3T3 cells were transfected
with retroviral cDNA expression libraries, and, after 3 weeks
of culture, transformed clones were isolated. As a result, 17
and 15 transformed clones were identified for TYK-CPr and
SHIN-3, respectively (Fig. 1).

Transformed clones were isolated using a cloning syringe,
and cultured in separate dishes to extract genomic DNA from
each clone. The genomic DNA was amplified by PCR using
the same primers. as those employed in cDNA amplification
for library construction. As shown in Fig. 2, a single sharp
cDNA band per clone was identified in about half of the
clones.

Analysis of cDNAs recovered from transformed cells. Trans-
formed clones, whose genomic DNA amplified by PCR gave
a single sharp cDNA band, were selected, and their respective
cDNAs were sequenced for gene identification. As a result,
proteasome subunit beta-type 2 (PSMB2), ubiquitin-specific
protease 14 (USP14), and keratin 8 (KRT8) were identified
from SHIN-3, and polymerase II RNA subunit (POLR2E),
chaperonin containing T-complex polypeptide 1 subunit 4
(CCT4), glia maturation factor beta (GMFB), and
neuroblastoma ras viral oncogene homolog (NRAS) from
TYK-CPr. All cDNAs contained complete open reading
frames (ORF).

Analysis of the NRAS gene in the TYK-CPr cell line. Focusing
on NRAS among the genes identified in this study, we
examined the TYK-CPr-derived cDNA for point mutations,
and found a codon 61 mutation (CAA-AAA, Glu~Lys)
(Fig. 3).

Furthermore, the resulting mutant NRAS (NRASQIK)
cDNA was inserted into the pMX plasmid to construct a
recombinant retrovirus, which was transfected into 3T3
cells for a focus formation assay. As shown in Fig. 4, the
identified NRASQX generated many transformed foci,
confirming its transforming ability. .
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PMXS-vRAS

PMXS-cDNA

pMXS

Figure 1. Focus formation assay with a retroviral library derived from
TYK-CPr cells. Mouse 3T3 cells were infected with the empty virus
(pMXS), a retrovirus expressing v-Ras as a positive control (pMXS-vRAS),
or retroviruses from the TYK-CPr cell library (pMXS-cDNA). The cultures
were photographed 3 weeks after infection.

Clone number

1 kb DNA ladder

Figure 2. Genomic DNA isolated from transformed 3T3 cell foci (clone
numbers 2, 4, 5, and 7) was subjected to PCR for amplification of the DNA
inserts. The left lane contains DNA size markers (1-kbp DNA ladder;
Invitrogen).

57D T A G Q E E Y S A M

gatacagctggacaagaagagtacagtgecatg | ublished
gatacagctggaaaagaagagtacagtgecatg Isolated
57D T A G K E E Y 8§ A M

Figure 3. The amino acid sequence in the vicinity of the amino acid residue
at position 61 of NRAS protein and the corresponding NRAS cDNA
(NM_002524) codon sequence are shown in the upper row (published).
Similarly, the amino acid sequence and the corresponding NRAS cDNA
(isolated) codon sequence identified in this study are shown in the lower
row. In the screened cDNA, the glutamine-encoding codon (caa) at position
61 had been converted to the lysine-encoding codon (aaa). The site of the
nucleotide substitution is indicated in red.

To confirm that the NRAS'¥ mutation did not arise during
the process of library construction or PCR, we sequenced
the NRAS gene in 10 randomly selected TYK-CPr cell

975

Figure 4. A recombinant retrovirus encoding NRAS®K was used to infect
3T3 cells. The cells were photographed after culture for 2 weeks.

clones, and found a CAA-AAA substitution at codon 61 in
7 clones. This indicates that the TYK-CPr cell line has a
wild-type allele and a mutant allele (NRASQ6K),

Discussion

The focus formation assay in mouse 3T3 fibroblasts has been
widely used to identify oncogenes (13). The conventional
3T3 focus formation assay involves the introduction of
cancer cell-derived genomic DNA, followed by screening
for focus-forming, transformed clones of 3T3 cells. To date,
many oncogenes such as RAS, ABL, and RAF have been
identified using this assay. However, the assay involving
the introduction of genomic DNA alone has the major
disadvantage of a lower screening ability, that is, the expression
of oncogenes is controlled by their own enhancer/promoter
region. However, the enhancer/promoter region of oncogenes
functioning in ovarian cancer is not necessarily active in
3T3 fibroblasts. Therefore, the possibility of the successful
identification of ovarian cancer-related oncogenes by the
classical focus formation assay involving the introduction
of genomic DNA alone is small. To ensure that all genes
introduced into 3T3 cells are expressed at sufficient levels,
it is necessary that their transcription be regulated by exo-
genous promoters and enhancers.

The retroviral vector is a type of vector most commonly
used for gene introduction, and has advantages in that the
cDNA inserted between the left and right long terminal
repeats (LTR) is integrated directly into the chromosomes of
infected cells, and viral vectors can be produced at high titers
using packaging cells (14,15).

In this study, to screen for genes involved in ovarian
carcinogenesis, we attempted to construct cDNA-expressing
recombinant retroviral libraries that were engineered to
express cDNA from retroviral LTR, and succeeded in
constructing libraries with a sufficient complexity and mean
insert size, derived from the ovarian cancer cell lines SHIN-3
and TYK-CPr, Using these libraries, we performed a focus
formation assay in 3T3 cells, and were able to recover the
cDNA inserts easily from the transformed clones employing
the primers used for cDNA synthesis. From each of 7 clones,
a single cDNA was identified and sequenced. As a result,
PSMB2, USP14, and KRT8 were screened from SHIN-3
cells, and POLR2E, CCT4, GMFB, and NRAS from TYK-CPr
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cells. Focusing on NRAS, known as an oncogene, we analyzed
it, and identified a CAA~AAA substitution at codon 61,
resulting in a Glu-Lys change at position 61. When the
mutant NRAS was transfected into fibroblasts for its expression,
many transformed foci were generated, confirming the trans-
forming ability of the mutant NRAS.

The RAS gene family is a group of three oncogenes,
KRAS, HRAS, and NRAS, which are most commonly
activated in human malignant neoplasms (16). For RAS
activation, an amino acid substitution at position 12, 13, 59,
or 61 is important. It was reported in thyroid tumors that a
CAA-CGA substitution at codon 61 of NRAS resulted in a
Glu-Arg change at position 61 and NRAS activation (17). It
was also noted in the neuroblastoma cell line SK-N-SH that a
Glu-Lys mutation at position 61 of NRAS resulted in its
activation (18).

Furthermore, KRAS mutations were reported to occur in
about 50% of ovarian mucinous carcinomas (19,20) and 30%
of serous borderline ovarian tumors (21). In addition, HRAS
mutations were reported in about 6% of ovarian cancers (22).
However, no NRAS activation in ovarian cancers has been
reported to date (22). Since the cell proliferation function of
the HRAS, KRAS, and NRAS gene products overlaps with
one another in many cases, the reason for selective KRAS
activation in specific histological types of ovarian cancer is
unclear.

This study is the first in the world to identify NRAS gene
activation by point mutation in an ovarian cancer cell line.
However, no NRAS gene activation has been reported in
ovarian cancer patients. In the future, it will be necessary to
analyze clinical samples for NRAS mutations, particularly
amino acid substitutions at position 61. TYK-CPr, in which
an activated NRAS gene was identified in this study, is a
cell line derived from an undifferentiated ovarian cancer
with a clinically poor prognosis. This suggests that NRAS
activation is associated with specific histological types of
ovarian cancer.

Recently, sorafenib, a molecular-targeted therapeutic
drug targeting activated RAS, has been developed and used
clinically. The drug inhibits Raf kinase downstream of RAS,
thereby blocking the RAS/MEK/ERK signaling pathway and
exerting antitumor effects (23). Such a molecular-targeted
drug may be effective for ovarian cancer patients with the
NRAS mutations reported here.

Among the genes screened in this study, proteasome has
been reported to be involved in cell cycle regulation and
apoptosis (24). In addition, keratin 8 has been reported to
be involved in malignant transformation and cancer cell
invasion (25). These genes may be ovarian cancer-related
oncogenes, although further studies are needed.
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Abstract

Background Pemetrexed and docetaxel show clinical
activities against a variety of solid tumors including lung
cancers. To identify the optimal schedule for combination,
cytotoxic interactions between pemetrexed and docetaxel
were studied at various schedules using three human lung
cancer cell lines A-549, Lu-99, and SBC-5 in vitro.
Methods Cells were incubated with pemetrexed and
docetaxel simultaneously for 24 or 120 h. Cells were also
incubated with pemetrexed for 24 h, followed by a 24h
exposure to docetaxel, and vice versa. Growth inhibition
was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and cell cycle
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analysis. Cytotoxic interactions were evaluated by the
isobologram method.

Results Simultaneous exposure to pemetrexed and doce-
taxel for 24 and 120 h produced antagonistic effects in all
three cell lines. Pemetrexed (24 h) followed by docetaxel
(24 h) produced additive effects in A-549 cells and syner-
gistic effects in Lu-99 and SBC-5 cells. Docetaxel followed
by pemetrexed produced additive effects in A-549 and Lu-
99 cells and antagonistic effects in SBC-5 cells. The results
of cell cycle analysis were fully consistent with those of
isobologram analysis, and provide the molecular basis of
the sequence-dependent difference in cytotoxic interactions
between the two agents.

Conclusions Sequential administration of pemetrexed fol-
lowed by docetaxel may provide the greatest anti-tumor
effects for this combination in the treatment of lung cancer.

Keywords Pemetrexed - Docetaxel - Isobologram -
Lung cancer

Introduction

Lung cancer is the leading cause of cancer mortality in
industrialized countries, with non-small cell lung cancer
(NSCLC) accounting for nearly 80% [1]. Although surgery
may be curative in early-stage NSCLC, most patients
present with inoperable advanced disease. These patients
managed with best supportive care alone have a median
survival time of only 5 months and a 1-year survival rate of
approximately 10% [2]. First-line treatment for patients
with advanced NSCLC includes platinum compounds com-
bined with vinorelbine, gemcitabine, or taxanes [3]. This is
associated with improved quality of life, but only moderate
survival advantages when compared with best supportive
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care alone. Therefore, there is an emergent need for
effective second-line treatments for NSCLC patients who
experience disease progression after first-line chemother-
apy. Currently, erlotinib, docetaxel, and pemetrexed are
approved ‘4s second-line drugs by the US Food and Drug
Administration for patients whose tumors have progressed
after platinum-based treatments {4, 5].

Small cell lung cancer (SCLC) accounts for approxi-
mately 12% of all lung caocers [6]. Compared with
NCSLC, SCLC has a rapid doubling time, and earlier
development of wide spread metastasis. SCLC is highly
sensitive to initial radiotherapy and chemotherapy. The
most commonly used regimens include etoposide, cisplatin,
doxorubicin, or cyclophosphamide [7]. For limited-stage
patients, chemotherapy associated with thoracic radiation
was able to produce a cure rate of 10-20%. In extensive
disease, the combinations of these agents yields responses
of 50-70%, with 20-30% complete remissions, but most
patients die from recurrent diseases. The identification of
new agents is critical for further progress in the treatment of
SCLC, and the evaluation of a variety of agents including
docetaxel and pemetrexed has been underway [8-10].

Pemetrexed is a new antifolate that has significant activity
against a broad spectrum of solid tumors including lung can-
cer [11, 12]. Pemetrexed inhibits multiple enzymes involved
in folate metabolism including thymidylate synthase, dihy-
drofolate reductase, and glycinamide ribonucleotide formyl-
transferase [13]. Pemetrexed arrests cells mainly in S phase
and induces apoptosis against tumor cells [14]. Against lung
cancers, pemetrexed is non-inferior to docetaxel, with lower
hematologic toxicity, and febrile neutropenia and a similar
rate of non-hematologic toxicities [12].

The taxanes, paclitaxel and docetaxel, have significant
activity in lung cancer. Both inhibit microtubule dynamics
and cause G2/M cell cycle arrest. However, there are sev-
eral differences between them in the pharmacokinetics and
pharmacologic actions [15; 16]. Docetaxel demonstrated
greater affinity for the tubulin-binding site, wider cell cycle
activity, longer intracellular retention time and higher intra-
cellular concentration in tumor cells, more potent antitumor
activity in in vitro and in vivo models, and more potent
induction of bcl-2 phosphorylation and apoptosis. Paclit-
axel has a non-linear pharmacokinetic behavior, while
docetaxel demonstrated linear pharmacokinetics and less
schedule dependence than paclitaxel.

The combination of pemetrexed and docetaxel may play
a major role in the second-line treatment of lung cancers.
The wide range of antitumor activity of these agents, their
different cytotoxic mechanisms and different toxicity pro-
files, and the absence of cross-resistance provide the ratio-
nale for combining these agents. Since both pemetrexed
and docetaxel are cell cycle-specific, disturbances of the
cell cycle produced by one drug may influence the cytotoxic
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effects of the other. Furthermore the drug schedule may
play a significant role in the outcome, and therefore, how
the drugs are combined requires careful consideration.

We showed that the ordered treatment of pemetrexed
followed by paclitaxel may be synergistic, whereas simulta-
neous administration was potentially antagonistic in a vari-
ety of solid tumor cell lines [17]. What is not clear is
whether such schedule dependency will be as important for
pemetrexed and docetaxel as for pemetrexed and paclitaxel
in the treatment of lung cancers. The present study was
aimed at characterizing the cytotoxic effects of various
pemetrexed and docetaxel combinations and schedules on
three human lung cancer cell lines using the isobologram
method of Steel and Peckham [18]. Flow cytometry was
performed to understand the molecular basis of the sched-
ule-dependent synergism and antagonism of the pemetr-
exed and docetaxel combination.

Materials and methods
Cell lines

Three human lung cancer lines, A-549 (lung adenocarci-
noma), Lu-99 (giant-cell lung cancer), and SBC-5 (small
cell lung cancer) were used. A-349 cells were purchased
from the American Type Culture Collection (Rockville,
MD). Lu-99 and SBC-5 cells were obtained from Health
Science Research Resources Bank (Tokyo). These cells
were growing as a monolayer in 75-cm? plastic tissue
culture flasks containing - RPMI1640. medium - (Sigma
Chemical Co., St Louis, MO) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Sigma) and antibiotics
(penicillin G and streptomycin) in a humidified atmosphere
of 95% air/5% CO, at 37°C. Under these conditions, the
doubling times of these cells were 20-30 h.

Drugs

Pemetrexed and docetaxel were kindly provided by Eli
Lilly and Company (Indianapolis, IN) and Sanofi-Aventis
K.K. (Tokyo, Japan), respectively. Drugs were dissolved
with RPMI1640 and stored at:—80°C. Drugs were diluted
with RPMI-1640 plus 10% FBS before use.

Cell growth inhibition using combined anti-cancer agents

Growing cells were collected by trypsinization, separated
and resuspended to a final concentration of 5.0 x 10* cells/
ml in fresh medium containing 10% FBS and antibiotics.
Cell suspensions (100 pl) were dispensed into the individ-
ual wells of a 96-well tissue culture plate with a lid (Costar,
Corning; NY). Each plate had one 8-well control column
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containing medium alone and one 8-well control column
containing cells but no drug. Eight plates were prepared for
each drug combination.

Simultaneous and continuous exposure
to pemetrexed and docetaxel

After a 20-24 h incubation for cell attachment, solutions of
docetaxel and pemetrexed (50 pl) at different concentra-
tions were added to individual wells in final volumes of
200 pl per wells. The plates were incubated under the same
conditions for 120 h,

Simultaneous 24 h exposure to pemetrexed and docetaxel

After cell attachment, solutions of docetaxel and pemetr-
exed (50 pl) at different concentrations were added to indi-
vidual wells in final volumes of 200 pul per wells. The plates
were also incubated under the same conditions for 24 h.
The cells were then washed twice with culture medium, and
then fresh medium (200 pl) and antibiotics were added.
The cells were cultured again for four additional days in
drug-free medium.

Sequential exposure to pemetrexed (24 h) followed
by docetaxel (24 h) or vice versa

After cell attachment, medium containing 10% FBS (50 pl)
and solutions of docetaxel or pemetrexed (50 pl) at different
concentrations were added to individual wells. The plates
were then incubated under the same conditions for 24 h.
The cells were washed twice and fresh medium was added,
followed by the addition of solutions of docetaxel or
pemetrexed (50 pl) at different concentrations. The plates
were incubated again under the same conditions for 24 h.
The cells were then washed twice, and the cells were cul-
tured for three additional days in drug-free medium.

MTT assay

Viable cell growth was determined by 3-(4,5-dimethylthia-
zol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay
[19]. For all 4 cell lines examined, we established a linear
relation between the MTT assay value and the cell number
within the range shown.

Isobologram

The dose-response interactions between pemetrexed and
docetaxel were evaluated at the ICs, level by the isobolo-
gram method of Steel and Peckham (Fig. 1) [18]. The ICy,
was defined as the concentration of drug that produced 50%
cell growth inhibition; i.e. a 50% reduction of absorbance.

The theoretical basis of the isobologram method and the
procedure for making the isobologram has been described
in detail [18, 20, 21]. Based on the dose-response curves of
pemetrexed and docetaxel, three isoeffect curves were con-
structed (Fig. 1). If the agents act additively by independent
mechanisms, combined data points would lie near the
Mode I line (hetero-addition). If the agents act additively
by similar mechanisms, the combined data points would fie
near the Mode II lines (iso-addition) [14, 16, 17].

Since we cannot know in advance whether the combined
effects of two agents will be hetero-additive, iso-additive, or
an effective intermediate between these extremes, all possi-
bilities should be considered. Thus, when the data points of
the drug combination fell within the area surrounded by
mode I and/or mode II lines (i.e. within the envelope of addi-
tivity), the combination was described as additive.

We used this envelope to evaluate not only the simulta-
neous exposure combinations of pemetrexed and docetaxel,
but also to evaluate the sequential exposure combinations,
since the second agent under our experimental conditions
could modulate the cytotoxicity of the first agent.

A combination that gives data points to the left of the
envelope of additivity (i.e. the combined effect is caused
by lower doses of the two agents than is predicted) can
confidently be described as supra-additive (synergism).
A combination that gives data points to the right of the
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Fig. 1 Schematic representation of an isobologram (Steel and Peck-
ham). The envelope of additivity, surrounded by mode I (solid line)
and mode II (dotted lines) isobologram lines, was constructed from the
dose-response curves of pemetrexed alone and docetaxel alone. The
concentrations that produced 50% cell growth inhibition were
expressed as 1.0 in the ordinate and the abscissa. Combined data points
Pa, Pb, Pc and Pd show supra-additive, additive, sub-additive, and
protective effects, respectively
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envelope of additivity, but within the square or on the line
of the square can be described as sub-additive (i.e. the
combination is superior or equal to a single agent but is
less than additive). A combination that gives data points
outside thfe square can be described as protective (i.e. the
combination is inferior in cytotoxic action to a single
agent). A combination with both sub-additive and/or
protective interactions can confidently be described as
antagonistic.

Data analysis

Findings were analyzed as described previously [22]. To
determine whether the condition of synergism (or antago-
nism) truly existed, a Wilcoxon signed-rank test was
performed to compare the observed data with the predicted
minimum (or maximum) data for an additive effect. Proba-
bility values (P) <0.05 were considered significant,
Combinations with P> 0.05 were regarded as having an
additive/synergistic (or additive/antagonistic) effect. All
statistical analyses were performed using the Stat View
4.01 software program (Abacus Concepts, Berkeley, CA).

Flow cytometric analysis

SBC-5 cells were treated with 5.0 uM pemetrexed alone, or
1.5nM docetaxel alone or their combination simulta-
neously for 24 h. The cells were also treated with pemetr-
exed for 24 h followed by docetaxel for 24 h or the reverse
sequence. The cells were harvested at 72 h and the cell
cycle profiles were analyzed by staining intracellular DNA
with propidium iodide in preparation for flow cytometry
with the FACScan - CellFIT system (Becton-Dickinson,
San Jose, CA). The size of the sub-G1, GO/G1 and S+G2/M
fractions was calculated as a percentage by analyzing DNA
histograms with the ModFitLT 2.0 program (Verity Soft-
ware, Topsham, ME) [23].

Results

Figure 2 shows the dose-response curves for pemetrexed in
A-549, Lu-99, and SBC-5 cells. The dose-response curves
were plotted on a semi-log scale as a percentage of the con-
trol. The IC;, values of pemetrexed against these cells were
1.5 4+ 04, 0.42 4 0.10, 1.3 4= 0.2 pM, respectively (n =35).
The ICs, values of docetaxel against these cells were
17402, 1.03+0.1, and 0.82+0.13 nM, respectively
(n=>5).

The dose-response curves in Fig. 3 show the effect of
simultaneous exposure (24 h) (panel a), sequential expo-
sure to. pemetrexed followed by docetaxel (panel b), and
vice versa (panel ¢) on the growth of SBC-5 cells. The
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Dose-response curves of pemetrexed against
lung cancer cell lines
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Fig. 2 The dose-response curves of 24 h exposure to pemetrexed
against A-549, Lu-99, and SBC-5 cells, Cell growth inhibition was
measured using the MTT assay after 5 days and was plotted as a per-
centage of the control (cells not exposed to drugs). Each point repre-
sents the mean -+ SEM for at least three independent experiments

pemetrexed concentrations are shown on the abscissa.
Dose-response curves in which the docetaxel concentra-
tions are shown on the abscissa are based on the same data
(figure not shown). Three isoeffect curves (mode I and
mode I1I lines) were constructed based on the dose—response
curves. of pemetrexed alone and docetaxel alone. Isobolo-
grams at the IC,, level were generated based on these dose—-
response curves for the combinations.

Simultaneous exposure to docetaxel
and pemetrexed for 24 h

Figure 4a shows isobolograms of SBC-5 cells after simulta-
neous exposure to pemetrexed and docetaxel. The com-
bined data points fell in the areas of subadditivity and
protection. The mean values of the observed data (0.71)
were larger than those of the predicted maximum values
(0.60). The observed data and the predicted maximum data
were compared by Wilcoxon signed-rank: test. The differ-
ence was significant (P <0.05), indicating antagonistic
effects (Table 1). Quite similar effects were observed in
A-549 and Lu-99 cells (Table 1, isobolograms not shown).

Sequential exposure to pemetrexed for 24 h
followed by docetaxel for 24 h

Figure 4b shows isobolograms of SBC-5 cells exposed
first to pemetrexed and then to docetaxel. The combined
data points fell in the area of supraadditivity. The mean
values of the observed data (0.46) were smaller than those
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Dose-response curves of the combination of
pemetrexed and docetaxel against SBCS cells
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Fig.3 Schedule dependence of the interaction between docetaxel and
pemetrexed in SBC-5 cells. Cells were exposed to these two drugs
simultaneously for 24 h (a), pemetrexed first for 24 h followed by
docetaxel for 24 h (b), and vice versa (c). The cell number after 5 days
was measured using the MTT assay and was plotted as a percentage of

the control (cells not exposed to drugs). The concentrations of doce-
taxel are shown on the abscissa. The concentrations of pemetrexed
were 0 (open circle), 0.2 (filled circle), 0.5 (filled square), 1.0 (filled
triangle) and 2.0 (filled inverted triangle) yM, respectively. Data are
mean values for three independent experiments; SE was < 25%

Isobolograms of the combination of pemetrexed and
docetaxel against SBC5 cells
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Fig. 4 Isobolograms of simultaneous. exposure to docetaxel and
pemetrexed for 24 h in SBC-5 cells (a). The combined data points fell
in the areas of subadditivity and protection. Data are mean values for
at least three independent experiments; SE was <25%. Isobolograms of
sequential exposure to pemetrexed (24 h) followed by docetaxel (24 h)
in SBC-5 cells (b). All data points of the combinations fell in the area

of the predicted minimum values (0.60) (Table 1). The
difference was significant (P < 0.05), indicating synergis-
tic effects. Quite similar effects were observed in Lu-99
cells (Table 1, isobolograms not shown), while additive
effects were observed in A-549 cells (Table 1, isobolo-
grams not shown).

Sequential exposure to docetaxel for 24 h
followed by pemetrexed for 24 h

Figure 4c shows isobolograms of SBC-5 cells exposed first
to docetaxel, followed by pemetrexed. The combined data
points mainly fell in the area of subadditivity. The mean
values of the observed data were larger than those of the

Dose of pemetrexed

Dose of pemetrexed

of supraadditivity. Data are nmean values for at least three independent
experiments; SE was <20%. Isobolograms of sequential exposure to
docetaxel (24 h) followed by pemetrexed (24 h) in SBC-5 cells (¢). All
data points of the combinations fell in the areas of subadditivity and
protection. Data are mean values for at least thiee independent experi-
ments; SE was <25%

predicted maximum values (P < 0.02) (Table 1), indicating
antagonistic effects. For A-549 and Lu-99 cells, most com-
bined data points fell within the envelope of additivity and
the mean values of the observed data were between those of
the predicted minimum and maximum values (Table 1,
isobolograms not shown), indicating an additive effect of
this schedule.

Simultaneous exposure to pemetrexed
and docetaxel for 5 days

For all three cell lines, combined data points fell in the

areas of subadditivity and protection, indicating antagonis-
tic effects (Table 1, isobolograms not shown).
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Table 1 Mean values of observed data, predicted minimum, and predicted maximum of pemetrexed and docetaxel in combination at ICs, level

Schedule Cellline n® Observeddata Predicted min®  Predicted max.®  Effects
Pemetrexed + docetaxel (24 h) A-549 8 0.72 0.31 0.55 Antagonism (P < 0.02)
. Lu-99 6 >1.0 0.41 0.62 Antagonism (P < 0.05)
SBC-5 6 0.71 0.33 0.60 Antagonism (P < 0.05)
Pemetrexed (24 h) — docetaxel (24 h) A-549 7 0.63 0.31 0.92 Additive
Lu-99 7 0.29 0.50 0.67 Synergism (P < 0.02)
SBC-5 7 0.46 0.60 0.82 Synergism (P < 0.02)
Docetaxel (24 h) — pemetrexed (24h)  A-549 8 0.64 0.32 0.86 Additive
Lu-99 8 0.63 0.32 0.85 Additive
SBC-5 7 0.87 0.36 0.70 Antagonism (P < 0.02)
Pemetrexed + docetaxel (5 day) A-549 6 0.79 0.51 0.68 Antagonism (P <0.05)
Lu-99 6 0.96 0.45 0.62 Antagonism (P < 0.05)
SBC-5 4 0.73 0.20 0.57 Antagonism (P < 0.05)

2 Number of data points
b Predicted minimum value for an additive effect
¢ Predicted maximum value for an additive effect

Cell cycle analysis

The isobologram analysis revealed that pemetrexed and
docetaxel had a synergistic effect on two of the three lung
cancer cell lines when sequentially administered with
pemetrexed first and followed by docetaxel. In contrast,
either simultaneous exposure or sequential addition in the
reversed order (docetaxel to pemetrexed) resulted in antag-
onistic or additive effects. We confirmed these results by
calculating the size of sub-G1 fractions, which correspond
to apoptotic populations, on flow cytometry.: As shown in
Fig. 5, apoptosis-inducing effects of the two drugs were
strongest when cells were exposed to pemetrexed first and
followed by docetaxel. In contrast, the cytotoxic effects of

docetaxel were significantly suppressed when pemetrexed
was added simultaneously or afterward. These data are
fully consistent with the results of isobologram analysis.
Cell cycle analysis also provided a clue to understand
the mechanisms underlying this observation. Pemetrexed
alone induced cell cycle arrest in late G1 to early S phase
in SBC-5 cells (see Fig. 6 for representative results, and
Table 2 for quantification and statistical analysis of three
independent experiments). Docetaxel alone caused the
loss of mitotic fractions along with massive apoptosis at a
relatively low concentration (1.5 nM). When SBC-5 cells
were exposed to both agents simultaneously, the cell cycle
pattern was between the patterns of single-agent exposure,
and the size of sub-Gl fractions was substantially

Simutaneous

Pemetrexed to Docetaxel

Docetaxel to Pemetrexed

None

Pemetrexed

Docetaxel
- Combination

1
0 10 20
sub-G1 fraction (%)

Fig. 5 SBC-S5 cells were cultured in the absence (None) or presence of
either 5.0 uM pemetrexed (Pemetrexed) or 1.5 nM docetaxel (Doce-
taxel) alone for 24 b; or in the presence of both drugs for 24 h (Simul-
taneous); or treated with pemetrexed for 24 h, followed by docetaxel
for 24 h (Pemetrexed to Docetaxel); or treated with docetaxel for 24 b,
followed by pemetrexed for 24 h (Docetaxel to Pemetrexed). After
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72 h, DNA histograms were obtained to calculate the size of sub-G1
fractions as described in “Materials and methods”. Data shown are the
means & SD of three independent experiments. The statistical differ-
ence was determined by one-way ANOVA with Bonferroni multiple
comparison test. An asterisk denotes P < 0.01
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Fig. 6 Cell cycle analysis of Pemetrexed Pemetrexed Docetaxel
SBC-5 cells treated with doce- + .
taxel and pemetrexed. Left Docetaxel Docetaxel Pemetrexed
column SBC-5 cells were 2 A =) A g A
treated with no drug, 5.0 pM wr = -
pemetrexed,.1.5 nM docetaxel, None 2 2 2
or both drug simultaneously for 8 & 3
24 h. Middle column SBC-5 = - o
cells were treated with 5.0 uM 0 1000 0 1000 0 1000
pemetrexed for 24 h, followed FL2-H FL2H FL2-H
by 1.5 nM docetaxel for 24 h.
Right column SBC-5 cells were 2 B g B . Q
treated with 1.5 nM docetaxel - - T
for 24 h, followed by 5.0 uM Pemetrexed £ 2 £
pemetrexed for 24 h. Cells were (5 pM) 3 K 3
harvested at 72 h and DNA - o o
histograr was obtained as 0 1000 0 1000 T 1000
described in “Materials and FL2-H FL2H FLZH
methods”
o E o R o E
g g ?
Docetaxel £ 2 £
>3 =3 =
(1.5nM) 3 g 3
L= o o
0 1000 0 1000 0 1000
FL2-H FL2-H FL2-H
g g g
b4} i} b
F=4 f= F=
Both § § §
= o L=
1] 1000 0 1000 0 1000
FL2-H FlL2H FL2H

reduced. When SBC-5 cells were treated with docetaxel
first and followed by pemetrexed, the cell cycle profile
was almost identical to that of single exposure to pemetr-
exed, suggesting that the cell cycle effect of pemetrexed is
dominant over that of docetaxel. As a result, the apopto-
sis-inducing effect of docetaxel was almost completely
cancelled in the presence of pemetrexed. In contrast,
when SBC-5 cells were treated with pemetrexed first and
followed by docetaxel, the proportion of cells in sub-G1
phase was larger than that of cells treated with either
pemetrexed or docetaxel alone. This was accompanied by
a decrease in S-phase cells. Overall, the results of cell
cycle analysis are fully consistent with those of isobolo-
gram analysis, and provide the molecular basis of the
sequence-dependent differences in cytotoxic interactions
between the two agents.

Discussion

In this study, we investigated the effects of pemetrexed in
combination with docetaxel on lung cancer cell lines to
determine the optimal schedule for this combination. Anal-
ysis of the drug-drug interaction effects was carried out

using the isobologram method of Steel and Peckham [18],
which provides a fundamental basis for assessing whether
cytotoxicity induced by combinations of anticancer agents
is. greater, equal to, or smaller than would have been
expected for the individual agents.

We demonstrated that a cytotoxic interaction between
pemetrexed and docetaxel is schedule-dependent. Simulta-
neous exposure to pemetrexed and docetaxel for 24 h and
5 days showed antagonistic effects in all cell lines studied.
Sequential exposure to pemetrexed for 24 h followed by
docetaxel for 24 h showed synergistic effects in Lu-99 and
SBC-5 cells, while it showed additive effects in A-549
cells. Sequential exposure to docetaxel followed by pemetr-
exed showed additive effects in A-549 and Lu-99 cells, but
antagonistic effects in SBC-5 cells. We also used SW620
colon cancer cells for the study, and the combined effects
for these schedules were quite the same as those of SBC-5
cells (data not shown).

These findings suggest that the sequential administration
of pemetrexed followed by docetaxel may be more cyto-
toxic to cancer cells and optimal for this combination,
while the simultancous administration of pemetrexed and
docetaxel may be less cytotoxic and suboptimal. It should
be noted that the sequential administration of pemetrexed
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Table 2 Effects of pemetrexed and docetaxel on cell cycle distribu-
tion of SBC-5 cells

Schedule Pemetrexed Pemetrexed Docetaxel
+
. Docetaxel (%) Docetaxel (%) Pemetrexed (%)
None
Sub-G1 5.4 47 4.7
Gl 484 513 © 513
S 249 223 22.3
G2M 213 ' 217 C 217
Pemetrexed (5 pM) '
Sub-G1 55 9.9 : 22
Gt - 68 616 - 6822
S 284 18.1 ) 200
G2M 33 104 9.6
~Docetaxel (1.5 nM)
Sub-G1 252 17.6 213
G1 428 4.7 50.7
s 27.1 20.0 183
G2/M 49 17.7 9.7
Both
Sub-G1 14.6 36.0 23
Gl 52.1 40.1 66.4
S 22.7 122 26.0
G2M 3.6 117 53

The proportion of cells in each phase of the cell cycle was calculated
with the ModFitLT 2.0 program

followed by docetaxel might be more toxic for normal cells.
Since, however, toxicity profiles of both agents are different,
increasing overlapping toxicity would likely be mild.

Previously, we evaluated the cytotoxic effects of pemetr-
exed in combination with paclitaxel in vitro using A-549
cells, breast cancer MCF7, ovarian cancer PA1, and colon
cancer WiDr cells in vitro [17]. The results were similar to
those of the present study. Although slight differences are
present, this would be due to the very strict definitions of
synergism and antagonism in the isobologram method
(Steel and Peckham). Our previous and present findings
suggest that the simultaneous administration of pemeﬁ‘exed
and taxanes is less cytotoxic than the sequential administra-
tion of pemetrexed followed by taxanes, and latter schedule
should be assessed in clinical trials for the treatment of lung
cancer and other solid tumors.

In general, it is difficult to clarify the mechanisms under-
lying the cytotoxic effects of drug combinations. In this
study, however, cell cycle analysis provided a clue to the
molecular basis of schedule-dependent synergism and
antagonism. The exposure of SBC-5 cells to pemetrexed
led to synchronization of most cells that were in late G1
phase to the early S phase of the cell cycle, during which
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cells are relatively insensitive to docetaxel. This may
explain the antagonistic effects of the simultaneous addition
of the two agents. In the case of sequential exposure to
docetaxel followed by pemetrexed, the cell cycle pattern
was almost identical to that of cells treated with pemetrexed
alone. This suggests that the cell cycle effect of docetaxel is
transient and overcome by the addition of pemetrexed,
which results in the abrogation of its cytotoxicity.

In contrast, the sequential exposure to pemetrexed fol-
lowed by docetaxel produced a striking increase in apopto-
tic cells along with a decrease in cells in S phase. The effect
of docetaxel on S phase cells no longer in pemetrexed-
induced cell cycle arrest may cause the synergistic cytotox-
icity. The decrease in S phase is compatible with this
notion. However, the mechanisms underlying the cytotoxic
effects of pemetrexed and docetaxel are still not well under-
stood. The possibility that the drug interactions are due to
some unknown mechanism related to complex perturba-
tions of biochemical processes cannot be excluded.

In conclusion, our data show that the antitumor activity
of pemetrexed and docetaxel is schedule-dependent.
Sequential exposure to pemetrexed followed by docetaxel
tended to produce synergistic effects, and would therefore
be a suitable schedule, whereas simultaneous exposure to
the two agents had antagonistic effects, and may be subopti-
mal. However, the question of how far these results can be
applied in the treatment of patients remains unanswered.
Further clinical studies are necessary to clarify whether the
therapy sequence alters the antitumor effect and the toxicity
of this combination. Our findings provide preclinical ratio-
nale for a novel, mechanism-based, therapeutic strategy to
be tested in lung cancer patients.

Acknowledgment This work was supported in part by a Grant for
Third-Term-Comprehensive Control Research for Cancer from the in-
Aid for Cancer Research from the Ministry of Health and Welfare of
Japan.

Conflict of interest statement None.

References

1. Shepherd FA (2000) Chemotherapy for advanced non-small-cell
lung cancer: modest progress, many choices. J Clin Oncol 18(21
Suppl):355-38S

2. Non-Small Cell Lung Cancer Collaborative Group (1995)
Chemotherapy in non-small cell lung cancer: a meta analysis using
updated data on individual patients from 52 randomized trials. Br
J Cancer 311:899-909

3. Shepherd FA, Carney DN (2000) Treatment of non-small cell lung
cancer: chemotherapy. In: Hansen HH (ed) Textbook of lung can-
cer. Martin Dunitz, London, pp 213-242

4. Cullen M (2006) Second-line treatment options in advanced non-
small cell lung cancer: current status. Semin Oncol 33(1 Suppl
1):53-S8

- 177 -



