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5-azacytidine-induced reactivation of a silent transgene
in suspension-cultured tobacco cells
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Abstract Epigenetic modifications, including DNA methylation, are involved in the regulatory mechanisms of gene
expression in animals and plants. In this study, we investigated whether the action of 5-azacytidine (5-aza-Cd), which is
a well-known DNA methylation inhibitor, in suspension-cultured tobacco cells is affected by treatment with nucleoside
derivatives of 5-methylcytosine (5-mCs), namely 5-methylcytidine (5-mCd) and 5-methyl-2"-deoxycytidine (5-mdCd). In
a tobacco cell line, 5-aza-Cd treatment reactivated an epigenetically silenced transgene containing the cauliflower mosaic
virus 35S promoter fused to the f3-glucuronidase coding region and the nopaline synthase polyadenylation signal. The
reactivation was evident on the fifth day of treatment and was augmented during culture with application of 5-aza-Cd at
every subcultivation. This treatment, provided only once in the initial culture, resulted in transient transgene reactivation,
followed by attenuation of its activity. The reactivation induced by 5-aza-Cd was suppressed by concomitant treatment
with either 5-mCd or 5-mdCd. These results suggest that the 5-mCs derivatives inhibit and/or reverse 5-aza-Cd-induced

reactivation of a silent transgene in tobacco cells.
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Transgenes introduced into plant cells are occasionally
inactivated. Influences of the surrounding DNA or
chromatin structure at the insertion site of foreign
genes into a plant chromosome have been implicated
in the inactivation mechanism (Horsch et al. 1985).
Early studies have demonstrated that this inactivation
is associated with the cytosine methylation of DNA
and that the inactivated, silent transgenes are often
reactivated by treatment with nucleoside derivatives
of 5-azacytosine (5-aza-Cs)—either 5-aza-Cd or
5-aza-2'-deoxycytidine (5-aza-dCd) (Amasino et al.
1984; Hepburn et al. 1983; Klaas et al. 1989; Weber
et al. 1990). These agents are incorporated into
DNA as 5-aza-Cs residues and inhibit DNA cytosine
methyltransferase (Santi et al. 1983). Indeed, the
reactivated transgenes subsequently undergo DNA
demethylation (Amasino et al. 1984; Weber et al. 1990).
In the mammalian cell system, '*C-labeled 5-aza-Cd
was shown to have incorporated into both DNA (10
to 20% of total incorporated radioactivity) and RNA

(80 to 90%) fractions (Li et al. 1970). A recent study
demonstrated that 5-aza-Cd was converted into 5-aza-
2'-deoxycytidine-5'-triphosphate (5-aza-dCTP) and
5-azacytidine-5'-triphosphate (5-aza-CTP) before
incorporation into DNA and RNA, respectively, whereas
5-aza-dCd was converted only to 5-aza-dCTP (Rawson
et al. 2016). To our knowledge, metabolism of neither
5-aza-Cd nor 5-aza-dCd has been investigated in plants.
Although there have been many studies on the
application of 5-aza-Cs derivatives to animal and plant
cells, only a few studies on 5-mCs derivatives, including
5-mCd and 5-mdCd, have been reported. Under normal
conditions, treatment with these agents cannot alter the
methylation state of DNA, because these are deaminated
to thymidine and subsequently incorporated into DNA
as thymine residues (Camiener 1967; Hotta and Stern
1961; Jekunen and Vilpo 1984; Jekunen et al. 1983;
Sulimova et al. 1978). In human cells, three enzymatic
reactions have been considered to function as barriers
for preventing the misincorporation of 5-mCs derived
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from the degradation of methylated DNA in vivo as
well as of 5-mCs applied exogenously: deamination at
the deoxyribonucleoside and monophosphate levels
and inability of diphosphate production (Vilpo and
Vilpo 1995 for review). Regarding deamination at
the deoxyribonucleoside level, it was demonstrated
that human cytidine deaminase, which plays a role in
salvaging pyrimidine nucleosides via deamination of
cytidine and deoxycytidine to uridine and deoxyuridine,
respectively, could also deaminate 5-mdCd to thymidine
(Jekunen and Vilpo 1984; Zauri et al. 2015). Regarding
deamination at the monophosphate level, it was shown
that 5-methyl-2’-deoxycytidine-5'-monophosphate
(5-mdCMP), whose intracellular synthesis from
exogenous 5-mdCd has been proven, was very rapidly
deaminated to thymidine monophosphate (Vilpo and
Vilpo 1991). Additionally, Jost et al. (2002) reported
that 5-mdCMP deaminase activity, in addition to
2'-deoxycytidine-5"-monophosphate (dCMP) deaminase
activity, was present in human mature sperm cells.
Regarding the inability of diphosphate production, it
was shown that the cytidine monophosphate kinase
CMPKI1 could not phosphorylate 5-mdCMP due to its
stringent specificity, serving as the main barrier to the
formation of 5-methyl-2'-deoxycytidine-5'-triphosphate
(5-mdCTP) and limiting its availability for DNA
polymerases (Vilpo and Vilpo 1991, 1993; Zauri et al.
2015). Nevertheless, it was demonstrated that exogenous
5-mdCTP was incorporated into DNA in mammalian
cells permeabilized by electroporation, leading to
genomic methylation and gene silencing (Holliday
and Ho 1991; Nyce 1991). These studies suggest that
misincorporation of 5-mdCd into DNA occurs if the
compound circumvents the metabolic barriers and is
salvaged up to triphosphate formation.

In this study, we report on the reactivation of an
epigenetically silenced transgene in tobacco cells treated
with 5-aza-Cd and on the suppression of this reactivation
following concomitant treatment with 5-aza-Cd and
either 5-mCd or 5-mdCd.

Tobacco (Nicotiana tabacum ‘White Burley’) plants
were aseptically grown at 25°C under a 17h photoperiod
on a semi-solid medium (pH, 5.7) containing inorganic
salts and vitamins from Murashige and Skoog (MS)
medium (Murashige and Skoog 1962), 3% sucrose, and
0.8% Bacto™ Agar (Difco Laboratories Inc., Detroit,
MI, USA). Transgenic plants harboring a transgene
containing the cauliflower mosaic virus 35S promoter
fused to the f-glucuronidase (GUS) coding region and
the nopaline synthase polyadenylation signal (NOS)
(355-GUS-NOS) were obtained by regenerating shoots
from leaf discs following infection with Agrobacterium
tumefaciens strain LBA4404 containing the plasmid
vector pBI121 (Clontech Laboratories, Inc., Mountain
View, CA, USA). Transgenic plants harboring the
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PKPI-GUS-NOS transgene were obtained by infecting
with LBA4404 containing the 5’ promoter region
approximately 1 kilo base pairs upstream of the potato
Kunitz-type proteinase inhibitor (PKPI) gene (GenBank
accession number X70376) inserted at the Xba I/Sma I
site of pBI101 (Clontech Laboratories, Inc.) (Yamagishi
2015). The 5" promoter region of PKPI was obtained
using cassette ligation-mediated polymerase chain
reaction (PCR) (Isegawa et al. 1992). Briefly, genomic
DNA of potato (Solanum tuberosum ‘Irish Cobbler’) was
digested with Xba I and ligated to a double-stranded
DNA cassette possessing an Xba I site (TaKaRa Bio Inc.,
Shiga, Japan). The cassette-ligated restriction fragments
were subjected to PCR using primers complementary to
the cassette and PKPI cDNA (Yamagishi et al. 1991).

Calli from the leaf explants of transgenic and non-
transgenic plants were propagated at 25°C under a
17h photoperiod on a semi-solid medium (pH, 5.7)
supplemented with 2mg-1"! 2,4-dichlorophenoxyacetic
acid (2,4-D) and 0.1 mg-1™' 6-benzyladenine (BA). To
establish suspension culture, the calli were transferred
to 100ml Erlenmeyer flasks containing 25ml of a
liquid medium (pH, 5.7) containing inorganic salts and
vitamins from MS medium, 3% sucrose, ng-l‘1 2,4-D,
and 0.1mg-1"' BA. The cultures were incubated at 25°C
in the dark, on a reciprocal shaker with agitation at
100 rpm. Subcultivation was conducted every 2 weeks.

5-aza-Cs, 5-aza-Cd, 5-aza-dCd, 5-mCs, 5-mCd, and
5-mdCd were purchased from Sigma-Aldrich Co. (Saint
Louis, MO, USA). The chemical agents were dissolved
in distilled water at 10mM and filter-sterilized; 5-aza-
Cs is insoluble in water and was dissolved in dimethyl
sulfoxide. The chemical solutions were added to cell
cultures at a given concentration on the 2nd day after
subcultivation, unless otherwise stated.

GUS enzyme activity was measured according to
Jefferson (1987). The cultured cells were collected using
a pipette, transferred to an Eppendorf tube, and washed
with 1ml distilled water three times. Cell extract was
obtained by adding 300 ul extraction buffer and quartz
sand, followed by grinding of cells using a plastic
pestle. After centrifugation at 15,000 rpm (17,860Xg)
for 5min, an aliquot of 304l from the supernatant was
mixed with 45yl assay buffer and incubated at 37°C for
60min. The reaction was stopped by adding 1.425ml
stop buffer, and the concentration of a reaction product,
4-methylumbelliferone (4-MU), was measured using a
spectrofluorimeter (F-3000, Hitachi, Ltd., Tokyo, Japan)
using excitation at 365nm and emission at 455nm. GUS
activity was obtained as picomoles of 4-MU produced
per minute per milligram of protein and presented
relative to the maximum activity in an experiment.
Protein content was determined by the Bradford method
(Bradford 1976). Data presented herein are representative
of two to four independent experiments and are shown as
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Figure 1. Effects of 5-aza-Cd treatment on GUS activity in
suspension-cultured tobacco cells. Non-transgenic (NT) and transgenic
cells harboring inactive transgenes (PKPI-3, PKPI-4, and 35S-2) as well
as 355-1-1 cells harboring active transgene (35S-1-1) were treated with
(10) or without (0) 10uM 5-aza-Cd for 5 days. Statistical analysis was
performed using Student’s ¢-test (** p<<0.01).

mean and standard deviation of triplicate measurements
in each experiment.

Statistical analysis was performed using Student’s ¢-test
or Tukey’s multiple comparison test, and a p values of less
than 0.05 was considered significant.

In a previous study, we had established suspension-
cultured cell lines from transgenic tobacco plants
harboring either PKPI-GUS-NOS or 35S-GUS-NOS
transgene, whose promoter expression could be
monitored by measuring GUS activity (Yamagishi
2015). The primary purpose was to investigate the
promoter expression in response to a developmental,
environmental, or hormonal factor, which has been
shown to affect the accumulation of PKPI transcripts in
potato tubers (Yamagishi et al. 1993, 1994a, b). In our
experiments, we found that the transgenes in two PKPI-
GUS-NOS cell lines, PKPI-3 and -4, and a 35S-GUS-
NOS cell line, 35S-2, were inactivated, because GUS
activity in these cell lines was much lower than that in
the original plants and was equivalent to that in a non-
transgenic cell line (Figure 1). To determine whether
gene silencing due to DNA methylation had occurred,
the cell lines were treated with 5-aza-Cd, which is a well-
known DNA methylation inhibitor in vivo (Amasino
et al. 1984; Klaas et al. 1989; Weber et al. 1990). GUS
activity in 35S-2 cells treated with 5-aza-Cd for 5 days
was reactivated to about 20-fold compared to that in
untreated cells. However, 5-aza-Cd treatment of PKPI-
3 and -4, two PKPI-GUS-NOS cell lines, and 35S-1-1,
a cell line harboring active 35S-GUS-NOS transgene,
showed no reactivation and inhibition of GUS activity,
respectively (Figure 1).

In dose response assays, 5-aza-Cd treatment at 10 and
100uM induced almost the same level of reactivation.
Moreover, 5-aza-dCd treatment at 10uM induced
reactivation equivalent to 5-aza-Cd treatment, while
5-aza-dCd treatment at 100 4M induced 1.6-fold higher
reactivation (Figure 2). No reactivation was detected after
5-aza-Cs treatment (data not shown). We selected 5-aza-
Cd for subsequent assays, since it has been used more
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Figure 2. Dose response of GUS activity in 35S-2 cells treated with
the nucleoside derivatives of 5-aza-Cs. The cells were treated with
either 5-aza-Cd or 5-aza-dCd at a concentration of 1M (1), 10uM
(10), or 100uM (100) for 5 days. Statistical analysis was performed
using Tukey’s multiple comparison test. Different letters above the bars
indicate a significant difference at p<<0.05.

=y

N

o
J

A

-

® O

o O
! L

N
o
|

Relative GUS activity
N o
o o

o

0 1 2 3 4 5
Treatment time (days)

(vy)
s
o
S

|

=0=10uM — OuM * %
——10uM — 10uM

100 A
80 -+
60 -
40 A
20 A

* %

Relative GUS activity

o

0 7 14 21
Treatment time (days)

Figure 3. Time course of GUS activity in 35S-2 cells treated with
5-aza-Cd. The cells were cultured in a medium containing 10 M
5-aza-Cd for 0, 1, 3, or 5 days (A). The cells were cultured in a medium
containing 10 uM 5-aza-Cd for 7 days and then subcultivated in a
medium with (@) or without (O) 5-aza-Cd every 7 days (B). Statistical
analysis was performed using Student’s t-test (** p<<0.01).

commonly in studies of plants than 5-aza-dCd and was
therefore expected to provide common understanding
of the results obtained. Time course after 5-aza-Cd
treatment showed that reactivation was detectable on
day 3 and became evident on day 5 (Figure 3A). Next, we
examined whether the reactivated state in 35S-2 cells was
maintained during subcultivation (Figure 3B). Application
of 5-aza-Cd only once in the initial culture resulted in
transient reactivation, which peaked on day 7, followed
by the attenuation of activity. Application of 5-aza-Cd at
every subcultivation resulted in continuous increase in
GUS activity, which was 33-fold on day 21 compared to
that on day 0.

Assuming that the 5-aza-Cd-induced reactivation was
a consequence of DNA demethylation, we investigated
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Figure 4. Effects of 5-mCs and its nucleoside derivatives on GUS
activity induced by 5-aza-Cd. The cells were treated solely with 10uM
5-aza-Cd (control) and concomitantly with 10 uM 5-aza-Cd and either
10uM each of 5-mCs, 5-mCd, or 5-mdCd for 5 days. Statistical analysis
was performed using Tukey’s multiple comparison test. Different letters
above the bars indicate a significant difference at p<<0.05.

the effects of 5-mCs, its ribonucleoside (5-mCd), and
its deoxyribonucleoside (5-mdCd) on the reactivated
transgene in 35S-2 cells. Concomitant treatment with
5-aza-Cd and either 5-mCd or 5-mdCd suppressed
transgene reactivation by 36% and 68%, respectively,
while 5-mCs showed no suppression (Figure 4). Both
nucleosides also inhibited intrinsic GUS activity in
35S-1-1 cells with the active transgene, albeit slightly
[2% (p>0.05) and 19% (p>0.05), respectively (data not
shown)].

This study demonstrated that the silent 35S-GUS-
NOS transgene in 35S-2 cells can be reactivated by
treatment with DNA methylation inhibitors, such as
5-aza-Cd and 5-aza-dCd. Further investigation revealed
that reactivation by the former can be suppressed by the
5-mCs derivatives 5-mCd and 5-mdCd. PKPI-GUS-NOS
transgenes in PKPI-3 and -4 cells were never reactivated,
suggesting a cause other than genomic methylation, such
as the loss or mutation of the transgene. Thus, 35S-2 cells
exhibit a useful trait for exploring the mechanisms of
epigenetic DNA methylation.

Klaas et al. (1989) demonstrated that a transgenic
tobacco cell line treated with either 5-aza-Cd or 5-aza-
dCd showed genomic demethylation and reactivation
of a transcriptionally silent, hypermethylated T-DNA
gene. Weber et al. (1990) demonstrated that protoplasts
derived from a transgenic tobacco plant with a silent
355-GUS-NOS transgene showed a strong reactivation
of the transgene after treatment with 10-20 M 5-aza-
Cd for 4-5 days. Bochardt et al. (1992) showed that the
treatment of a transgenic tobacco cell line with 5uyM
5-aza-Cd for everyday for either 5 or 10 consecutive
days produced both short-term (up to 8 weeks) and
long-term (9-13 weeks) effects on the reactivation of
silent 35S-GUS-NOS transgene. These effects involved
an early decrease in DNA methylation level, followed by
reactivation of the GUS gene in a small fraction of cells
and subsequent dramatic increase in the fraction of GUS-
expressing cells. Furthermore, transient decrease in the
fraction of reactivated cells was noted during the 4th
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week in the period of short-term effects. The reactivation
events observed in our study are consistent with previous
reports and can be consequently regarded as the short-
term effect, since no sign of dramatic increase in activity
due to the long-term effect was detected regardless of
the treatment method (Figure 3B). We found that single
5-aza-Cd treatment reactivated the transgene to the
level on day 0 following transient reactivation, whereas
multiple 5-aza-Cd treatments continuously increased the
activity. These results suggest that the reactivated state
under the short-term effect is reversible in the absence
of the agent, probably due to the susceptibility of the
transgene to cellular processes of foreign gene silencing,
such as DNA remethylation.

To our knowledge, the metabolism of neither 5-aza-Cd
or 5-aza-dCd has been investigated in plants. However,
involvement of the pyrimidine salvage pathway has been
presumed based on studies of mammalian cells (Li et
al. 1970; Rawson et al. 2016). In potato tubers, cytidine
is exclusively salvaged to cytidine-5'-monophosphate
(CMP) by uridine/cytidine kinase and non-specific
nucleoside phosphotransferase, and a small amount of
cytidine is deaminated to uridine by cytidine deaminase.
The de novo synthesis of deoxyribonucleotide via
ribonucleotide reductase and the deoxycytidine salvage
pathway also operate in potato. The triphosphate form
of deoxycytidine, a substrate for DNA polymerase,
is produced by sequential phosphorylation. Non-
specific nucleoside phosphotransferase produces
monophosphate, which is then converted into
diphosphate by nucleoside monophosphate kinase and
subsequently to triphosphate by nucleoside diphosphate
kinase (Katahira and Ashihara 2002). If the exogenous
5-aza-Cd is salvaged through the same metabolic
pathway as cytidine, a period of 5 days preceding the
evident reactivation (Figure 3A) would be required
for metabolizing 5-aza-Cd up to 5-aza-dCTP and
subsequently incorporating it into DNA during DNA
replication and cell division, causing demethylation
of the transgene locus. Demethylation of both DNA
strands would be necessary for the reactivation, since
hemimethylation of the 35S-GUS-NOS gene leads to
complete inhibition of transient gene expression (Weber
and Graessmann 1989). During this 5-day period, 2-3
cell doublings occur, which is consistent with the theory
that demethylation of both strands requires a cell to
pass through two cell cycles without DNA methylation
(Bochardt et al. 1992; Klaas et al. 1989).

5-aza-Cs could not reactivate the transgene even
after the prerequisite 5-day period (data not shown).
Moreover, it could not induce the expression of a
silent T-DNA gene in a suspension culture of tobacco
cells (Klaas et al. 1989). In potato tubers, cytosine was
not metabolized and cytosine-metabolizing enzymes,
including cytosine deaminase, could not be detected



(Katahira and Ashihara 2002). Tobacco plants lack
cytosine deaminase activity (Stougaard 1993). Thus,
5-aza-Cs is probably excluded from the pyrimidine
salvage pathway and therefore from demethylation
machinery for reactivating the silent transgenes. For the
same reason, 5-mCs is unlikely to be salvaged either and
therefore would fail to suppress the reactivation (Figure 4).

Although the precise nature of the events underlying
the suppression of 5-aza-Cd-induced reactivation of
silent transgenes by the nucleoside derivatives of 5-mCs
remains unclear, we propose a certain idea in the present
study; deoxyribonucleoside form is more effective in
suppression than the ribonucleoside form, suggesting the
presence of a salvage pathway toward DNA rather than
RNA is closely related to the suppression mechanism.

In this study, we reported that 5-aza-Cd-induced
reactivation of an epigenetically silenced transgene was
suppressed by 5-mCs derivatives. Further investigation
is warranted to elucidate the nature of events, including
the determination of metabolic fates of the 5-mCs
derivatives and methylation frequency of the transgene
under treatment with 5-mCs derivatives and/or 5-aza-
Cd. Nevertheless, this study provides an approach to
the estimation of epigenetics-associated compounds.
Specifically, an assay combining an agent that reversibly
alters the epigenetic status (i.e., 5-aza-Cd) with a cell
line whose reporter gene expression is sensitive to that
agent (i.e., 355-2 cells) can provide novel insights into
the actions of the tested compounds (i.e., nucleoside
derivatives of 5-mCs) in epigenetics.
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