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SUMMARY

GLAZER, R. 1., AND K. D. HARTMAN. The comparative effects of 5-azacytidine and
dihydro-5-azacytidine on 4 and 5 S nuclear RNA. Mol. Pharmacol. 17: 250-255
(1980).

The effects of 5-azacytidine and its hydrolytically stable analog, 5,6-dihydro-5-azacytidine,
on the synthesis of low molecular weight nuclear RNA were studied in L1210 cells in
vitro. Both drugs inhibited the synthesis of >18 S RNA, 5§ S RNA, and 4 S RNA
maximally within 1 hr of labeling with [*H]adenosine. Dihydro-5-azacytidine was as
potent an inhibitor as the parent drug on the synthesis of high molecular weight RNA,
but was slightly more effective in inhibiting the synthesis of 5 and 4 S RNA with respect
to both concentration of drug and duration of labeling. 5-['“C]Azacytidine was incorpo-
rated into 5 and 4 S nuclear RNA after a delay of 1 hr which coincided with its inhibitory
effect on the synthesis of these species of RNA. Both drugs affected the methylation of
>18 S RNA and 4 S RNA to a greater extent than their synthesis. Analysis of eight
methylated nucleosides in 4 S RNA indicated that 5-azacytidine and 5,6-dihydro-5-
azacytidine inhibited the methylation of 2-methylguanosine and N? N*-dimethylguanosine
to a greater extent than that of the other nucleosides. These studies demonstrate that the
dihydro analog of 5-azacytidine has a mode of action similar to that of the parent drug
with respect to its effects on the synthesis and methylation of 5 and 4 S nuclear RNA.

INTRODUCTION

5-Azacytidine (AZC)' is an effective anticancer drug
with activity against human acute nonlymphoblastic leu-
kemia (1) and murine leukemias 1.1210 and P388 (2, 3).
However, because of its instability in aqueous solutions
(4, 5), a hydrolytically stable analog, 5,6-dihydro-5-aza-
cytidine (DHAZC), was developed in this laboratory (2,
3, 6) to circumvent this problem and thereby provide
greater therapeutic efficacy.

Preliminary studies have shown that AZC is approxi-
mately an order of magnitude more potent than DHAZC
to L1210 and HeLa cells in tissue culture (7, 8). A similar
order of potency pertains to the survival of mice bearing
ascitic L1210 cells (2, 3), although both drugs prolong
survival to equal extents.

The mechanism of the toxicity of DHAZC is unknown,
although it is presumed to be similar to AZC perhaps by
serving as a prodrug. On the other hand, recent evidence

! The abbreviations used are: AZC, 5-azacytidine; DHAZC, 5,6-di-
hydro-5-azacytidine; nRNA, nuclear RNA; tRNA, transfer RNA; SDS,
sodium dodecyl sulfate; m'A, 1-methyladenosine; m*C, 3-methylcyti-
dine; m®C, 5-methylcytidine; m'G, 1-methylguanosine; m*G, 2-methyl-
guanosine; m;’G, N’ N°-dimethylguanosine; m’G, 7-methylguanosine;
m®U, 5-methyluridine; 4 S RNA, tRNA.

suggests that differences between DHAZC and AZC exist
with respect to the kinetics of their cytotoxicity to L1210
and bone marrow cells in culture (9). The mechanism of
action of AZC has been reported to involve inhibition of
RNA and DNA synthesis in L1210 cells in culture (10)
and in ascites (11), as well as in Novikoff hepatoma cells
in culture (12). However, there is more specific evidence
that AZC interferes with the synthesis and function of
RNA. Previous studies have shown AZC to inhibit the
processing of 45 S nucleolar RNA (13, 14), protein syn-
thesis via the defective synthesis of a low molecular
weight RNA (15) and the activity of tRNA in an in vitro
translation system (16), presumably via its incorporation
into RNA (10, 14, 17). Recent evidence also suggests that
AZC produces hypomethylation of liver tRNA by inter-
fering with the synthesis of 5-methylcytosine via de-
creased tRNA:cytosine-5-methyltransferase (18-20).
Whether the latter effects also pertain to other species of
RNA, as well as to neoplastic cells has not been deter-
mined.

To further explore the mechanism of action of
DHAZC, its inhibitory activity on the synthesis and
methylation of low molecular weight mRNA was evalu-
ated in L1210 cells in vitro and compared in parallel with
the parent drug, AZC.
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F16. 1. nRNA from L1210 cells
RNA was extracted from isolated nuclei and electrophoresed in 8%
polyacrylamide gels. RNA was stained with methylene blue as de-
scribed under Materials and Methods.

MATERIALS AND METHODS

Materials. AZC was obtained from the Drug Synthesis
and Chemistry Branch, National Cancer Institute, and
the chloride salt of DHAZC was synthesized by reduction
of AZC with NaBH;, (3, 6). [4-"*C]AZC (53 mCi/mmole)
was purchased from Monsanto Research Corporation,
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Dayton, Ohio. L-[methyl-*H]Methionine (80 Ci/mmole)
and [2,8-°*H]adenosine (31 Ci/mmole) were purchased
from New England Nuclear Corporation, Boston, Mas-
sachusetts. m'A, m3C, m°C, m'G, m?G, m}G, m’G and
m®U were obtained from P-L Biochemicals, Milwaukee,
Wisconsin.

Animals. L1210 cells were inoculated i.p. into BALB/
¢ X DBA/2 F; mice at an inoculum of 10° cells/0.1 ml
Hanks’ balanced salt solution. Cells were harvested 6
days after inoculation and were further diluted with
incubation medium to 2 X 107 cells/ml.

Incubations. Incubations of L1210 cells were carried
out at 37° in a shaking water bath at 100 rpm and
consisted of: (1) 256 ml of RPMI 1630 medium, 50 uCi
[*H]adenosine (31 Ci/mmole), and 5 X 10 cells; or (2) 25
ml Dulbecco’s medium, 0.25% glucose, 250 uCi [methyl-
3H]methionine (80 Ci/mmole) and 5 X 107 cells. AZC or
DHAZC (neutralized to pH 7.0) at the indicated concen-
trations were incubated with the cells at 37° for 30 min
before addition of isotopes. The period of labeling was
varied as indicated in the text.

RNA extraction. After incubation, cells were centri-
fuged at 400g for 20 min and washed once with incubation
medium. Nuclei were prepared according to the method
of Daskal et al. (21) with Triton X-100 as the detergent,
except that cells were swelled in 10 mM magnesium
acetate (pH 5.1). This change in swelling medium was
found to markedly arrest the activity of intracellular
RNase, and thereby minimize hydrolysis of nRNA before
extraction. nRNA was extracted from nuclei with 3 ml of
0.1% SDS:0.14 M NaCl:0.025 M sodium acetate (pH 5.1)
and 3 ml of phenol mixture (phenol:m-cresol:water; 7:2:2,
v/v, containing 0.1% 8-hydroxyquinoline) by vortexing
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LABELING TIME (Min.)
F16. 2. Time course of nRNA synthesis in L1210 cells treated with AZC and DHAZC
Cells were treated with AZC or DHAZC for 30 min and labeled with [*H]adenosine for 30 min, 1 hr and 2 hr. The radioactivity in each RNA
fraction was determined from its position after polyacrylamide gel electrophoresis as shown in Fig. 3. Each value is the mean + SE of three

determinations.
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vigorously for 2 min. The emulsion was clarified by
centrifugation at 12,000g¢ for 10 min and the upper
aqueous phase removed and precipitated with 3 vol of
2% potassium acetate in 95% ethanol at —20° overnight.

Electrophoresis. nRNA was resolved by electrophore-
sis in cylindrical polyacrylamide gels (0.4 X 7 cm) con-
taining 8% (w/v) acrylamide, 0.32% (w/v) diallytartar-
diamide, 6 M urea, 0.1% (w/v) SDS, 0.2% (w/v) ammo-
nium persulfate, 0.04% (v/v) N,N,N’N’-tetramethylene-
diamine, 0.4 M Tris-acetic acid (pH 7.2), 0.02 M sodium
acetate and 0.002 M EDTA. RNA samples containing one
A2e unit were mixed with sample buffer to give a final
concentration of: 0.04 M Tris-acetic acid (pH 7.2), 0.02
M sodium acetate, 0.002 M EDTA, 0.02% bromphenol
blue and 20% (w/v) sucrose (RNase-free). Gels were
electrophoresed at 4 mA per gel at 4°. Gels were sectioned
into 2-mm slices, dissolved in 2% (w/v) periodic acid at
37° for 15 min, mixed with 10 ml of Aquasol (New
England Nuclear, Boston, Mass.) and counted in a Searle
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FRACTION NUMBER
F1G. 3. Polyacrylamide gel electrophoresis of nRNA from L1210
cells treated with AZC and DHAZC
Cells were incubated for 30 min with 1 X 10~ M AZC or DHAZC
followed by labeling with 50 uCi of [*H]adenosine for 30 min (A-C), 1
hr (D-F) or 2 hr (G-I).

Mark III liquid scintillation spectrometer. Gels were
stained with 2% methylene blue dissolved in 15% acetic
acid for 1 hr and destained by diffusion in 15% acetic
acid.

Thin-layer chromatography. RNA (4 S) was isolated
by polyacrylamide gel electrophoresis, sliced from the
appropriate section of the gel and sectioned into 2-mm
slices. RNA was extracted from four gel slices with 1 ml
of RNA extraction buffer (0.1% SDS:0.014 M NaCl:0.025
M sodium acetate, pH 5.1) and continuous vortexing at
room temperature for 1 hr. The gel was removed by

centrifugation at 16,000¢ for 2 min in an Eppendorf’

centrifuge, and the RNA was precipitated at —20° for 2
hr. Enzymatic digestion was carried out for 18 hr at 37°
in 20 ul of 0.05 M Tris-HCI (pH 8.0):5 mM MgCl; contain-
ing 6 ug RNase A, 5 ug calf intestine alkaline phosphatase
(1000 units/mg) and 10 ug snake venom phosphodiester-
ase. Samples were freeze-dried and reconstituted with 20
ul of a standard mixture containing the eight methylated
nucleosides at a concentration of 0.4 mg/ml. An aliquot
of 5 ul was spotted on 0.25-mm silica gel plates containing
fluorescent indicator (EM Laboratories, Elmsford, N.Y.)
and the eight methylated nucleosides were separated by
two-dimensional thin-layer chromatography with aceto-
nitrile:concentrated NH,OH (4:1, v/v) for the first di-
mension and acetonitrile:2 N HCOOH (10:1, v/v) for the
second dimension (19).
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F16. 4. Dose response of 5 and 4 S RNA synthesis in L1210 cells
treated with AZC and DHAZC

Cells were treated for 30 min with varying concentrations of AZC or
DHAZC followed by labeling for 1 hr with [*H]adenosine. The radio-
activity present in each RNA fraction was determined after polyacryl-
amide gel electrophoresis of 1 Az unit of total RNA as shown in Fig.
3. Each value is the mean + SE of three determinations. Control values
(dpm) for 5 and 4 S RNA were 9060 + 1200 and 36,000 + 4200,
respectively, for four determinations.
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RESULTS

Effect on nRNA synthesis. RNA extracted from iso-
lated nuclei and electrophoresed in denaturing 8% poly-
acrylamide gels was stained with methylene blue (Fig. 1).
The major low molecular weight species of NRNA present
were 4 S and 5 S RNA with lesser amounts of 4.5, Ul
(5.9 S), U2 (6.2 S) and U3 (6.8 S) RNA.

Initial studies were carried out by incubating L1210
cells with AZC or DHAZC for 30 min followed by pulse-
labeling with [*H]adenosine for varying periods of time
(Fig. 2). The major species of RNA that were labeled
under the incubation conditions were >18 S, 5 S, and 4
S RNA. Both antimetabolites at 1 X 10~ M reduced the
labeling of >18 S nRNA by approximately 50% with
inhibition remaining essentially unchanged throughout
1-2 hr of labeling (Fig. 2A). The 5 S and 4 S nRNA were
inhibited by both drugs to the same extent as >18 S
nRNA with DHAZC producing a moderately greater
effect than AZC (Figs. 2B, C). Electrophoretic profiles of
low molecular weight nRNA in 8% polyacrylamide-urea-
SDS gels revealed time-dependent labeling with [*H]-
adenosine of mainly 5 S and 4 S nRNA (Figs. 3A, D, G)
in control incubations. AZC and DHAZC inhibited the
labeling of these species of nRNA but did not appear to
affect their distribution pattern (Figs. 3B, C, E, F, H, I).

Inhibition of 5 S and 4 S nRNA by AZC and DHAZC
was dose dependent with concentrations of drug greater
than 1 X 10~ M required to impair their synthesis (Fig.
4).

Incorporation of AZC into nRNA. To assess the tem-
poral relationship between inhibition of 5 S and 4 S
nRNA by AZC and its incorporation into these species
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FRACTION NUMBER
F1G. 5. Incorporation of [*CJAZC into nRNA in L1210 cells
Cells were treated with 1 X 10~ M [“CJAZC (20 mCi/mmole) for 30
min (A), 1 hr (B) or 2 hr (C). Polyacrylamide gel electrophoresis of
nRNA was performed as described under Materials and Methods.
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FRACTION NUMBER
F1G. 6. Methylation of 4 S RNA in L1210 cells treated with AZC or
DHAZC
Cells were treated with 1 X 10~ M AZC or DHAZC followed by
labeling with [methyl-*H]methionine for 1 hr (A-C) or 2 hr (D-F).

of RNA, gel electrophoresis of nRNA labeled with
[**C]AZC was carried out after varying periods of labeling
(Fig. 5). ["*CJAZC was incorporated into 5 S and 4 S
nRNA after 1 hr with clear resolution of these labeled
species of nRNA after 2 hr. Although labeled DHAZC
was unavailable for comparison, recently completed stud-
ies indicate that both drugs are similarly distributed in
high molecular weight nRNA from L1210 cells (22).

Effect of AZC and DHAZC on the methylation of 4 S
RNA. Recent studies have suggested that AZC can affect
the methylation of liver tRNA (4 S RNA) via inhibition
of RNA methyltransferase activity (18-20). To investi-
gate the importance of this process in neoplastic cells,
pulse-labeling experiments were carried out using
[methyl-’H]methionine as precursor (Fig. 6). The pre-
dominant species of nRNA that was methylated was 4 S
RNA (Figs. 6A, D). AZC and DHAZC at 1 X 10°° M
inhibited methylation of 4 S RNA by 55-60%, while at 1
X 107 M of each drug, 10-20% inhibition of methylation
was observed after 2 hr of labeling (Fig. 7).

To assess the specificity of this effect on RNA meth-
ylation, 4 S RNA from drug-treated cells was isolated by
electrophoresis, extracted, and enzymatically digested.
Recovery of 4 S RNA after extraction amounted to
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F16. 7. Methylation of 4 S RNA in L1210 cells treated with AZC or DHAZC
Cells were treated with 1 X 10~* M AZC or DHAZC followed by labeling with [methyl->H]methionine for 2 hr.

approximately 30% of the radioactivity present in the gel.
Incorporation of radioactivity into eight methylated nu-
cleosides of 4 S RNA was measured by two-dimensional
thin-layer chromatography (Table 1). The labeling of
almost all of the base-methylated nucleosides was dimin-
ished by 1 X 10~ M AZC and DHAZC with m’G and
m.’G being affected to the greatest extent. At 1 X 10™*
M AZC, methylation of m’G and m;’G was still signifi-
cantly reduced while the same concentration of DHAZC
only affected the labeling of m'G.

DISCUSSION

The present experiments were designed to investigate
the comparative effects of AZC and its congener,

DHAZC, on the synthesis and methylation of low molec-
ular weight nRNA. The main species of this class of
nRNA showing significant time-dependent labeling in
vitro under our incubation conditions were 5 S and 4 S
RNA. This was not unexpected since other classes of low
molecular weight nRNA either have a half-life of 20-30
hr or no measurable turnover rate (23). Thus, we have
not ruled out that these drugs might affect other species
of low molecular weight nRNA to an equal degree as 5 S
and 4 S RNA.

AZC and DHAZC inhibited the synthesis and meth-
ylation of high molecular weight, 5 S and 4 S RNA to
approximately equal extents at 1 X 10~° mM; however, no
inhibition was observed at 1 X 10™* M. These results are

TaBLE 1
Methylation of nucleosides in 4 S RNA from L1210 cells treated with AZC or DHAZC
Cells were treated with either 1 X 10~ and 1 X 10> M AZC or DHAZC for 30 min followed by labeling with [methy!-*H]methionine for 2 hr.
RNA (4 S) was isolated by polyacrylamide gel electrophoresis, hydrolyzed and methylated nucleosides separated by two-dimensional thin-layer
chromatography as described under Materials and Methods. Each value is the mean + SE of three to five experiments, except the controls which

represent the mean + SE of seven experiments.

Treatment Methylated nucleoside
m’G miG m°C m'G m'G m'A m°U m®C
(dpm)
Control 5850 + 750 16110 + 1280 2640 + 330 4440 £ 510 2990 + 350 2000+£290 3540+410 66070
% of control
AZC,1x10'M 53 + 6° 67 £ 10° 88+8 73+8 76+56 81+9 86+9 66 + 9°
1%x107% M 345 473 79+ 10 487 62 £ 5° 47+ 3° 52+8° 57+ 6°
DHAZC,1 X 107*M 747 8118 98 + 10 68 + 8° 77+6 101+ 10 88+11 95 + 12
1xX107%m 487 37+3 697" 47%5 8110 55+ 6° 43 67+ 8°
° p < 0.05 vs control.

® p < 0.01 vs control.
 p < 0.001 vs control.
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in agreement with our previous studies where it was
shown that transcription of nuclear rRNA and
poly(A)RNA were inhibited only at high concentrations
of AZC and DHAZC (22). More importantly, both drugs
are incorporated into nRNA at concentrations that do
not affect transcription as shown in the present experi-
ments for the incorporation of [**CJAZC into high molec-
ular weight, 5 S and 4 S RNA.

An equally important aspect of the mechanism of
action of AZC and DHAZC is their ability to inhibit the
methylation of 4 S RNA. Each agent exhibited a quali-
tatively similar pattern of inhibition of the eight major
methylated bases in 4 S RNA. AZC primarily reduced
the labeling of m?G and m;’G at 1 X 10~ M while DHAZC
mainly inhibited m'G at an equivalent concentration.
Higher concentrations of each inhibitor produced an
additional spectrum of inhibitory activity, although m’G
and m’G remained the methylated nucleosides most
affected by both The methylation of m°C was
unaffected by AZC and DHAZC. Clearly, the specificity
previously reported for AZC for inhibiting the methyla-
tion of only m®C in mouse liver 4 S RNA in vivo via its
methyltransferase (18, 19) does not apply to L1210 leu-
kemia cells in vitro. Reduced methylation of m®C in 4 S
RNA did not appear to be essential for aminoacylation
via tRNA synthetase (20). These results differ from those
reported by Kalousek et al. (24) and Lee and Karon (25)
where reduced amino acid acceptor activity of AZC-mod-
ified tRNA was demonstrated. Thus, it is possible that
the primary effect of AZC, and possibly DHAZC as well,
could reside in the reduction of synthesis of other meth-
ylated bases in tRNA as shown in our studies with L1210
cells, and account for the low rate of protein synthesis in
AZC-treated cells (25). In addition, incorporation of AZC
and DHAZC into 4 S RNA, 5 S RNA, rRNA and mRNA
(23, 25) may also contribute to a reduced fidelity and rate
of translation.
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