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Abstract

Purpose Currently approved DNA hypomethylating nucle-
osides elicit their effects in part by depleting DNA methyl-
transferase I (DNMT1). However, their low response rates
and adverse effects continue to drive the discovery of newer
DNMT1 depleting agents. Herein, we identified two novel
2'-deoxycytidine (dCyd) analogs, 4'-thio-2’-deoxycytidine
(T-dCyd) and 5-aza-4’-thio-2’-deoxycytidine (aza-T-dCyd)
that potently deplete DNMT1 in both in vitro and in vivo
models of cancer and concomitantly inhibit tumor growth.
Methods DNMTI protein levels in in vitro and in vivo
cancer models were determined by Western blotting and
antitumor efficacy was evaluated using xenografts. Effects
on CpG methylation were evaluated using methylation-spe-
cific PCR. T-dCyd metabolism was evaluated using radiola-
beled substrate.

Results T-dCyd markedly depleted DNMT1 in CCRF-
CEM and KGla leukemia and NCI-H23 lung carcinoma
cell lines, while it was ineffective in the HCT-116 colon
or IGROV-1 ovarian tumor lines. On the other hand, aza-
T-dCyd potently depleted DNMT1 in all of these lines
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indicating that dCyd analogs with minor structural dis-
similarities induce different DNMT1 turnover mecha-
nisms. Although T-dCyd was deaminated to 4’-thio-2’-
deoxyuridine, very little was converted to 4’-thio-thymidine
nucleotides, suggesting that inhibition of thymidylate syn-
thase would be minimal with 4’-thio dCyd analogs. Both
T-dCyd and aza-T-dCyd also depleted DNMT1 in human
tumor xenografts and markedly reduced in vivo tumor
growth. Interestingly, the selectivity index of aza-T-dCyd
was at least tenfold greater than that of decitabine.

Conclusions Collectively, these data show that 4’-thio
modified dCyd analogs, such as T-dCyd or aza-T-dCyd,
could be a new source of clinically effective DNMT]
depleting anticancer compounds with less toxicity.

Keywords DNMT]1 - DNA methyltransferase -
Decitabine - Azacytidine - Zebularine - Deoxycytidine

Introduction

DNA methyltransferase I (DNMT1), an enzyme that func-
tions as a maintenance methyltransferase during replica-
tion, is essential for cell survival and has also been impli-
cated in tumorigenesis [1]. DNMTI1 is viewed as the
methyltransferase that contributes to the hypermethylation
of cytosines in CpG sites in tumor suppressor genes lead-
ing to their silencing in a manner akin to inactivating muta-
tions [2-5]. A number of reports have implicated DNMT1
in cellular transformation and the tumorigenic process
[6-8]. Enforcing expression of DNMT1 increases prolif-
eration and induces transformation of NIH 3T3 fibroblasts
[6], whereas antagonizing DNMT1 expression by genetic
or pharmacological means decreases CpG methylation and
increases expression of tumor suppressor genes, which
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reduces proliferation and cellular transformation [9-11].
Depression of DNMTT1 levels has also been shown to sup-
press tumorigenesis in a manner independent of its DNA
methyltransferase activity [12, 13]. Knockout studies reveal
that depletion of DNMT1 can cause decreases in cell via-
bility which are preceded by molecular events that are con-
sistent with the activation of DNA damage response [14].
Regardless of the mechanisms by which DNMT1 causes
tumorigenesis, it is now recognized that DNMT1 protein
stability is increased in cancer cells [15].

Decitabine (aza-dCyd) and azacitidine (aza-Cyd) are two
DNA hypomethylating nucleosides that deplete DNMT1
that are currently being used in myelodysplastic syndromes
and other hematologic malignancies [15—-18]. Two mecha-
nisms are considered to contribute jointly to the hypometh-
ylation induced by these agents. First, chromatin bound
DNMT1 enzyme attempts to methylate any aza-dCyd
that is incorporated diagonally opposite 5-methylcytosine
bases in the parent strand. However, because of the lack of
a proton at the N5 position of the aza-substituted pyrimi-
dine ring, the enzyme is not released by p-elimination [19].
Second, the trapping of the enzyme and the covalent com-
plexes that are formed activate the proteasomal degradation
of the free enzyme [17, 18]. It has been suggested that it
is trapping of chromatin bound DNMT1 molecules that is
the primary cause of hypomethylation. However, degrada-
tion of free DNMT1 exacerbates the effect by preventing
the full methylation of hemi-methylated CpG sites [18].

Two other nucleoside analogs, 5-F-2’-deoxycytidine
(F-dCyd) and zebularine, have also received considerable
preclinical experimental attention, because of their abil-
ity to cause depletion of DNMT]1 in cancer cells [20, 21].
DNMT]1 active site occupancy by the DNA-incorporated
analog is essential to cause DNMT1 trapping and the ensu-
ing degradation of the enzyme. Many features of the cur-
rent agents (such as relatively inefficient incorporation
into DNA, DNA synthesis inhibition at high doses, chemi-
cal instability of the triazine ring, metabolic instability
due to deamination and inhibition of enzymes not related
to DNA methylation) result in decreased hypomethyla-
tion efficiency and preclude administration for extended
schedules at high doses. Thus, there is a need to identify
DNMT]1 depleting agents that would be more efficacious
with less toxicity. The design of new analogs for this pur-
pose must recognize that sequential intracellular steps that
lead to DNA incorporation and strand elongation need to
be efficient: i.e., modifications in the nucleoside should
not: (a) prevent efficient activation to the triphosphate and
incorporation into DNA, (b) inhibit extension of the DNA
chain after incorporation or (c) prevent extrusion of the
base from the double helix or its binding to the active site
of DNMT1. Sustained new DNA synthesis of demethylated
daughter strands in replicated cells also necessitates that
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the modified nucleosides or their metabolites should not,
in general, abrogate DNA replication by inhibiting other
enzymes that are involved in DNA synthesis, such as thy-
midylate synthase (TS).

As part of the anticancer drug discovery program at
Southern Research Institute, we evaluated a dCyd analog,
4’-thio-2'-deoxycytidine (T-dCyd), and found that it was a
substrate for dCyd kinase and was efficiently incorporated
into DNA without inhibition of DNA synthesis [22]. Results
from these studies collectively suggested that the 4’-thio
modification to dCyd analogues could affect metabolism in
a positive manner resulting in relatively little production of
2’'-deoxyuridine or thymidine nucleotides in cells [22]. Fur-
thermore, we recently discovered that treatment with T-dCyd
caused DNMT1 depletion in cancer cells, suggesting that
it could be a useful epigenetic agent [23]. In this work, we
have synthesized T-dCyd and its 5-aza analog, and evaluated
their ability to deplete DNMT1 both in vitro and in vivo and
investigated their effects on tumor growth in mice.

Materials and methods
Synthesis of T-dCyd and aza-T-dCyd

T-dCyd and aza-T-dCyd were synthesized as described
before, and their structures were verified using CHN ele-
mental analysis and NMR spectroscopy [24, 25].

Western blotting assay for DNMT1 depletion

CCRF-CEM, NCI-H23, HCT-116 and IGROV-1 cell lines
were obtained from ATCC (Manassas, VA). KGla cells
were obtained from DSMZ GmbH (Braunschweig, Ger-
many). Exponentially growing cells were treated with
4/-thionucleosides or DMSO (vehicle) at indicated con-
centrations for different periods. Cell lysates were pre-
pared, and typically 25-50 pg of cell lysate protein was
run on 7.5 % SDS-PAGE gels and analyzed by Western
blotting. DNMT1 antibodies (ab19905 and ab16632) and
GAPDH antibody (rabbit mAb 14C10) were from Abcam
(Cambridge, MA) and Cell Signaling (Danvers, MA),
respectively.

Metabolism of T-dCyd and incorporation into DNA

To study the metabolism of T-dCyd in the HCT-116 colon
carcinoma line, cells were incubated with 1 uM [5-°H]
T-dCyd (Moravek Biochemicals, Brea, CA) for 1 h. The
cell culture medium was removed, cells were detached
from the flask by trypsinization, and cell pellets were
extracted with acid as described previously [26]. The radi-
oactivity in the acid-insoluble fraction was determined as
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a measure of the amount of T-dCyd that was incorporated
into DNA. The acid-soluble extract was subjected to strong
anion exchange (SAX) HPLC to identify intracellular
metabolites, and an acid-soluble extract of the cell culture
medium was subjected to reverse phase HPLC to identify
metabolites in the medium.

Methylation-specific PCR (MSP) analysis of p15 CpG
methylation and RT-PCR assay for expression of p15

MSP analysis of CpG methylation in the pl5 tumor sup-
pressor gene was accomplished as described previously
[27]. Briefly, genomic DNA from KGla cells treated with
various drugs was modified with bisulfite using the EZ
DNA Methylation kit from Zymo Research (Irvine, CA).
The DNA was then used in PCRs with primer pairs that
were specific for either unmethylated or methylated pl5
DNA as described [27]. PCRs were loaded onto agarose
gels and visualized under UV illumination. For RT-PCR
analysis of p15 message, total cellular RNA was made from
drug-treated KGl1a cells treated using TRI reagent. RT-PCR
was accomplished as described previously [28].

In vivo analysis of DNMT1 depletion in CCRF-CEM
and NCI-H23 tumors following administration of 4’-thio
nucleosides

Young female athymic nu/nu mice (Charles River Labora-
tories, Wilmington, MA) were implanted subcutaneously
(s.c.) with a 3040 mg CCRF-CEM tumor fragment on
Day 0. T-dCyd was injected intraperitoneally (i.p.) daily
for 9 days (qld x 9) at a dose of 9 mg/kg/dose (Fig. 4a)
or at doses of 9, 4.5 or 2.25 mg/kg/dose (data not shown).
Aza-T-dCyd was injected i.p. at a dose of 5 mg/kg/dose
(qld x 9) (Fig. 4a) or at doses of 5, 2.5, 1.25, 0.625,
0.3125 mg/kg/dose (Fig. 5b). Aza-dCyd was injected
i.p. at doses of 5, 2.5, 1.250, 0.625 or 0.3125 mg/kg/dose
(qld x 9) (Fig. 4b). All treatments began when individual
tumor volumes reached 144270 mm® (Day 19, Fig. 4a)
and 100-144 mm?® (Day 14, Fig. 4b). Mice were observed
daily, and their s.c. tumors were collected 24 h after the last
treatment and analyzed for DNMTI1 as described above.
For DNMT'1 depletion studies in the NCI-H23 model, mice
were injected i.p. daily with T-dCyd for 3 days (qld x 3)
at a dose of 25 mg/kg/dose and tumors were collected
30 min after the last treatment and analyzed for DNMT1 as
described above (Fig. 4c).

Efficacy studies of T-dCyd, aza-T-dCyd and aza-dCyd
in human NCI-H23 lung tumor xenografts

Studies in nontumored mice were conducted prior to the
efficacy studies to determine the maximally tolerated dose

of each compound on each schedule. Although different
doses and schedules were evaluated in these studies, all of
the experiments were conducted with doses that were at the
maximally tolerated dose on the particular schedule that
was used.

For the experiments shown in Fig. 5a—c, mice were
implanted s.c. with a 30-40 mg human NCI-H23 lung
tumor fragment. Tumor implantation day was designated
Day 0. In Fig. 5a, young male athymic nu/nu mice were
injected i.p. with T-dCyd (0.9 or 1.3 mg/kg/dose dissolved
in saline) three times a day, 4 h apart (q4h x 3), for nine
consecutive days (qld x 9). The vehicle-treated control
group had 12 mice, and two treatment groups had 6 mice
each. Treatments began when individual tumor volumes
were approximately 140 mm?® (Day 16). There were no
deaths in this experiment, and there were two tumor-free
survivors in both T-dCyd treated groups, at the end of the
experiment (Day 58).

In Fig. 5b, young female athymic nu/nu mice were
injected i.p. with 5 mg/kg/dose of T-dCyd (dissolved in
0.9 % saline) daily for five consecutive days (qld x 5)
for five cycles or 1 mg/kg/dose of aza-dCyd (dissolved
in 0.9 % saline) daily for five consecutive days for three
cycles. Mice did not receive drug 2 days between each
round of therapy. The vehicle-treated control group had
20 mice, and the two treatment groups had 14 mice each.
Treatments began when individual tumor volumes were
approximately 120 mm? (Day 27).

In Fig. 5c, young female athymic nu/nu mice were
injected i.p. with aza-T-dCyd (6.7 or 10 mg/kg/dose dis-
solved in saline) (qld x 9). The vehicle-treated control
group had 20 mice, and two treatment groups had 6 mice
each. Treatments began when individual tumor volumes
were approximately 150 mm® (Day 19). There was one
death in each treatment group (Day 31 in the 10 mg/kg
group and Day 36, in the 6.7 mg/kg group).

Results

Comparison of the effects of dCyd analogs on viability
in cancer cell lines

4’-Thio analogs differ from natural nucleosides in that
the 4’ oxygen atom in the deoxyribose ring is replaced by
a sulfur atom. We first examined two leukemia lines for
their sensitivities to two 4'-thio analogs that differ only
at the five position of the cytosine ring (Fig. 1a). T-dCyd
contains a natural cytosine nucleobase, whereas in aza-
T-dCyd, a nitrogen atom replaces the carbon atom at this
position. Cells were incubated with these agents for 72 h,
and cytotoxicity was determined using the Cell Titer Glo
assay. Dose-response curves were established, and ICs,s
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A NH, NH,
o N/AP
HO S Ho/\d
OH OH
T-dCyd Aza-T-dCyd
B . T-dCyd Aza-T-dCyd
Cell line
(IC50, uM) (IC50, uM)
CCRF-CEM 0.6 0.2
L
KG1a 0.88 0.06
NCI-H23 >100 4.5
Solid Tumor HCT-116 >100 58
IGROV-1 >100 36

Fig. 1 Characterization of T-dCyd and aza-T-dCyd. a Structures of
T-dCyd and aza-T-dCyd, b cells were treated with T-dCyd or aza-T-
dCyd for 72 h and cell viability was measured using the Cell Titer
Glo assay. Mean ICs, values of three experiments in the indicated
cancer cell lines are shown (SD < 10 %)

were determined. Both leukemia lines (CCRF-CEM and
KGla) were sensitive to T-dCyd and aza-T-dCyd with ICy,s
below 1 uM (Fig. 1b). Aza-T-dCyd was 3—15-fold more
potent than T-dCyd. Aza-T-dCyd also decreased viability
in the NCI-H23 lung carcinoma, HCT-116 colon carcinoma
and IGROV-1 ovarian carcinoma with ICy,s of 4.5, 58 and
36 wM, respectively, whereas T-dCyd had less than 50 %
effect on viability in these cell lines at 100 uM (Fig. 1b).

T-dCyd and aza-T-dCyd deplete DNMT1 protein in cancer
cells

A previous report had demonstrated that an oligonucleo-
tide containing T-dCyd was successful in inhibiting meth-
yltransferase activity of M. Hha I DNA methyltransferase
in vitro, despite containing an unmodified cytosine, which
flips out of the double helix and engages the active site of
the enzyme in a manner similar to that seen with the natu-
ral nucleoside, dCyd [29]. We surmised therefore that since
our previous studies had demonstrated that T-dCyd was
phosphorylated and incorporated into DNA in human cells
[22], it would likely occupy the active site of mammalian
DNMT1 as well. Since DNA demethylators destabilize and
deplete the DNMT1 protein [17, 18], we assessed whether
treatment of human cancer cells with T-dCyd analogs
would demonstrate a similar effect.

We first determined the protein levels of DNMT1 in
CCRF-CEM leukemia cells treated for 96 h with T-dCyd or
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aza-T-dCyd at the indicated concentrations (Fig. 2a). We ini-
tially chose leukemia cells since clinically used drugs acting
via this mechanism have been approved for myelodysplas-
tic syndromes. As shown in Fig. 2, treatment with T-dCyd
and aza-T-dCyd resulted in marked depletion of DNMT1 in
CCRF-CEM cells at sub-micromolar concentrations. Both
agents also markedly depleted DNMT1 in KGla myeloid
leukemia cells (Fig. 2a). We also determined the protein
levels of DNMT1 in three solid tumor cell lines (NCI-H23
lung, HCT-116 colon and IGROV-1 ovarian), treated with
T-dCyd or aza-T-dCyd at the indicated doses (Fig. 2b). Both
agents also markedly depleted DNMT1 in NCI-H23 cells
(Fig. 2b). DNMT1 levels were also depleted in HCT-116
and IGROV-1 when exposed to aza-T-dCyd at concentra-
tions of 1-10 WM, whereas T-dCyd was not efficacious up
to 100 uM (Fig. 2b). The effect of aza-T-dCyd on DNMT1
levels in these solid tumor cell lines was observed at doses
that were far below the ICs, for cytotoxicity.

T-dCyd and aza-T-dCyd induce CpG demethylation
and re-expression of the p15 tumor suppressor gene

Previous studies have demonstrated that aberrant methyla-
tion patterns of the p15 tumor suppressor CpG island occur
in acute myeloid leukemia and that this aberrant pattern
was recapitulated in KGla myeloid leukemia cells [28,
30, 31]. We first determined the methyl-CpG status of the
hypermethylated CpG island in the p15 tumor suppressor
gene of these cells. KGla cells were exposed to either vehi-
cle, T-dCyd (3 wM), aza-T-dCyd (1 pM), aza-dCyd (1 pM)
or 4'-thioarabinofuranosyl cytosine (T-araC; 0.3 uM) for
72 h. Methylation-specific PCR (MSP) using bisulfite-
modified DNA with primers specific for unmethylated
DNA and methylated DNA demonstrated that T-dCyd and
aza-T-dCyd were capable of demethylating the p15 CpG
similar to the clinically used aza-dCyd (Fig. 3). However,
treatment with T-araC (a cytotoxic 4’-thionucleoside analog
with a natural cytosine base but containing a 4-thioarab-
inose sugar [22]), did not demethylate the p15 CpG indi-
cating that the 4-thio-2-deoxyribose was essential for this
effect. Incorporation of T-araC into DNA is known to result
in profound inhibition of DNA synthesis [36], due to its
ability to cause DNA chain termination [37].

Next, we examined the effects of T-dCyd and aza-T-
dCyd on the expression of the p15 gene in KG1a cells using
a semi-quantitative RT-PCR analysis (Fig. 3) to assess
whether treatment with T-dCyd and aza-T-dCyd could
cause re-expression of the p15 gene as a result of the deple-
tion of DNMT1. These data demonstrate that both T-dCyd
and aza-T-dCyd were as effective as aza-dCyd in inducing
re-expression of p15. T-araC treatment did not induce p15
re-expression, indicating that a 4’-thio in the context of ara-
binose was not sufficient for this effect (Fig. 3).
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Fig. 2 T-dCyd and aza-T-dCyd induce DNMT1 depletion in leuke-
mia cells and in solid tumor cells. Exponentially growing leukemia
cells (a CCRF-CEM, upper panel and KGla, lower panel) or solid
tumor cells (b NCI-H23 lung carcinoma, HCT-116 colon carcinoma

T-dCyd is activated and incorporated into HCT-116 DNA
despite being deaminated

Previously we have shown in CCRF-CEM cells that
T-dCyd is readily activated to T-dCTP [22]. However, since
T-dCyd is a good substrate for cytidine deaminase and
CCRF-CEM cells do not express this enzyme, we evaluated
the metabolism of T-dCyd in HCT-116 cells (a cell line
that expresses high levels of cytidine deaminase) to under-
stand how expression of cytidine deaminase affects T-dCyd
metabolism. All metabolic products were determined in
HCT-116 cell cultures after a 1-h incubation with 1 uM
[5-*H]dCyd, 1 uM [5-°H]T-dCyd or 1 uM [5-*H]T-dCyd
plus 100 uM tetrahydrouridine (THU, a potent inhibitor
of cytidine deaminase) (Table 1). The radioactivity in the
medium was analyzed by reverse phase HPLC to measure
the amount of parent compound, its deaminated product
and tritiated H,O. Because the [H] label is at the five posi-
tion in the cytosine ring, it is released as [3H]HZO, if the
5-position of T-dUMP or dUMP is methylated by TS, and
no radioactive thymidine nucleotides will be produced in
cells treated with 5-*H labeled dCyd or its analogues. The
acid-soluble extract of the HCT-116 cells was analyzed by
SAX HPLC to measure the amount of tritiated intracellular
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or IGROV-1 ovarian carcinoma cells) were exposed to indicated con-
centrations of either T-dCyd or aza-T-dCyd for 96 h. Cell lysates were
fractionated on SDS-PAGE gels and were analyzed by Western blot-
ting using antibodies against DNMT1 or GAPDH

metabolites, and the incorporation of radioactivity into
acid-insoluble material was determined as a measure of
its incorporation into DNA. In this experiment, we recov-
ered more than 97 % of the original radioactivity in the
various metabolic products. Data shown in Table 1 demon-
strate that after incubation for 1 h only 64 % of the T-dCyd
remained in the culture medium: 34 % of the radioactiv-
ity was 4/-thio-2’-deoxyuridine (T-dUrd) in the medium,
and 1.5 % of the T-dCyd had been activated to T-dCTP
(0.2 %) and incorporated into the DNA (1.3 %) (Table 1). A
small peak of radioactivity (0.02 % of the total radioactiv-
ity) was detected in the monophosphate region of the SAX
HPLC column that was identified as T-dUMP, because its
formation was inhibited by the addition of THU, a potent
inhibitor of cytidine deaminase. Also very little, if any, [*H]
labeled H,O (0.21 %) was detected in this experiment. The
addition of THU to cells treated with T-dCyd totally inhib-
ited the appearance of T-dUrd in the medium, but had very
little effect on the incorporation of T-dCyd into DNA or the
level of the acid-soluble metabolites of T-dCyd.

With respect to dCyd metabolism, 40 % of the dCyd was
deaminated and only 4 % was activated by dCyd kinase to
dCTP and incorporated into DNA. Twelve percent of the
radioactive dCyd metabolites were detected in the cell
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Fig. 3 Effect of T-dCyd and aza-T-dCyd on p15 CpG methylation
and its expression. a MSP analysis: Exponentially growing KGla
were exposed to 3 uM T-dCyd, 1 pM aza-T-dCyd, 1 uM aza-dCyd
or 0.3 uM T-araC for 96 h. Genomic DNA was isolated and ampli-
fication of bisulfite-treated genomic DNA was accomplished as
described in the text. Primer sets used for amplification of DNA are
designated as unmethylated (U) and methylated (M). Amplified DNA
was run in ethidium bromide stained gels. b RT-PCR analysis of p15
expression. Exponentially growing KG1a cells were exposed to 3 pM
T-dCyd, 1 uM aza-T-dCyd, 1 puM aza-dCyd or 0.3 uM T-araC for
96 h and total RNA was prepared and reverse transcribed. RT-PCRs
for p15 detection was accomplished with first-strand cDNA samples
(or negative controls that lacked RT, reverse transcriptase) in ethid-
ium bromide stained agarose gels

culture medium as [3H]H20 and 28 % was [*H]dUrd. The
small amount of radioactivity associated with the [*H]
T-dUMP peak and [*H]H,O in cells treated with T-dCyd
(0.23 %) versus that seen in cells treated with [3H]dCyd
(12 %) is in agreement with previous studies that indicate
T-dUrd is a very poor substrate for thymidine kinase [24,
32].

Because T-dCyd even at high concentrations did not
deplete DNMT1 levels in HCT-116 cells and T-dCyd
is rapidly deaminated by HCT-116 cells, we evaluated
the rate of disappearance of T-dCyd from the medium of

Table 1 Metabolism of dCyd or T-dCyd in HCT-116 cells

HCT-116 cells treated with 10 or 100 uM T-dCyd. The
half-life of T-dCyd was 1.2 h in cell cultures incubated
with 10 pM T-dCyd, and it was 5 h in cell cultures incu-
bated with 100 pM T-dCyd. At both concentrations, there
was no T-dCyd detected in the culture medium 24 h after
the addition of T-dCyd. These results initially suggested
that the lack of DNMT1 depletion activity of T-dCyd in
HCT-116 cells could be due to its rapid deamination. How-
ever, we found that treatment with T-dCyd in the pres-
ence of 100 uM THU also did not affect DNMT1 levels
(not shown). This fact, coupled with our metabolic studies
that show that T-dCyd is activated and incorporated into
the DNA in HCT-116 cells (Table 1), suggest that the lack
of DNMT1 depletion activity of T-dCyd is not due to its
deamination.

T-dCyd and aza-T-dCyd deplete DNMT in vivo in tumors
implanted in immunodeficient mice

Mice-bearing CCRF-CEM tumors (approximately 200 mg)
were treated with either 9 mg/kg of T-dCyd (i.p. qld x 9)
or 5 mg/kg aza-T-dCyd (i.p. q1d x 9). One day after the
end of therapy, the tumors were removed and the level
of DNMT1 protein was determined. As seen in Fig. 4a,
DNMT1 levels were decreased in tumors of mice that were
treated with both T-dCyd and aza-T-dCyd, although aza-T-
dCyd was more effective than T-dCyd. In this experiment,
treatment with either T-dCyd or aza-T-dCyd was well toler-
ated. The mice in the T-dCyd treatment group had a maxi-
mum loss in mean body weight of 13 %, whereas there was
no loss in mean body weight in mice treated with aza-T-
dCyd. Previous studies had determined that these doses
were the maximum tolerated doses (MTDs) on the nine-
day treatment schedule. In a repeat experiment, mice were
treated with 2.25, 4.5 or 9 mg/kg T-dCyd (i.p. qld x 9),
and depletion of DNMT]1 levels was again observed at the
9 mg/kg dose but not at the two lower doses (not shown),
which indicated that treatment with T-dCyd resulted in
the depletion of DNMT1 near its MTD. However, with

Parent Percent of total radioactivity recovered DNA Total
dUrd or T-dUrd H,0 dUMP or T-dUMP TP
dCyd 56 28 12 0.01 0.05 4 100
T-dCyd 64 34 0.2 0.02 0.2 1.3 100
T-dCyd + THU 97 0.8 0.1 ND 0.2 1.0 100

HCT-116 cells were incubated with 1 uM [5-* H]dCyd, 1 uM [5-*H]T-dCyd or 1 uM [5-*H]T-dCyd plus 100 uM THU for 1 h at 37 °C, and the
complete metabolism of each compound was determined. The culture medium was analyzed for the original compound, its deaminated product,
and H,O using reverse phase HPLC. An acid-soluble extract of the cell pellet was analyzed by SAX HPLC for nucleotides, and the radioactivity
incorporated into acid-insoluble material was determined as a measure of incorporation of compound into DNA. More than 97 % of the radioac-

tivity added to the culture was recovered at the 1-h time point
ND not detected
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Fig.4 T-dCyd and aza-T-dCyd deplete DNMT1 protein levels in
tumors implanted in nude mice. a Mice-bearing subcutaneous CCRF-
CEM tumors were injected i.p with T-dCyd for 9 days (qld x 9) at
a dose of 9 mg/kg/dose or with aza-T-dCyd at 5 mg/kg/dose. b Aza-
T-dCyd or aza-dCyd was injected i.p. at doses of 5, 2.5 or 1.25 mg/
kg/dose (qld x 9) (left panel). In the right panel aza-T-dCyd was
injected i.p. at doses of 1.25, 0.625 or 0.3125 mg/kg/dose (qld x 9)
and aza-dCyd was injected at doses of 0.625 or 0.3125 mg/kg/dose
(qld x 9). Tumors were harvested 24 h after last treatment, and

aza-T-dCyd DNMT1, protein levels were depleted at all
doses (1.25, 2.5 or 5 mg/kg aza-T-dCyd given i.p. qld x 9)
(Fig. 4b, left panel), which indicated that there was excel-
lent selectivity with aza-T-dCyd (at least tenfold). We
also evaluated the effect of T-dCyd treatment (25 mg/kg,
qd x 3) on DNMTT1 levels in NCI-H23 lung carcinoma
xenografts and found that DNMT1 levels were completely
depleted in these tumors as well (Fig. 4c).

The effect of aza-dCyd (1.25, 2.5 or 5 mg/kg aza-dCyd
given i.p., qld x 9) was also determined (Fig. 4b, left
panel). Treatment with aza-dCyd also resulted in depletion
of DNMT]1 in the tumors, although we found that it was
much more toxic to the mice than aza-T-dCyd. Treatment
of mice with 2.5 and 5 mg/kg aza-dCyd killed both mice in
each treatment group, and treatment with 1.25 mg/kg aza-
dCyd killed one of two mice in this treatment group. We
then further reduced the doses administered to subsequent
mice (Fig. 4b, right panel). Results indicated that tumor

lysates were fractionated on SDS-PAGE gels and were analyzed by
Western blotting using the indicated antibodies. ¢ T-dCyd depletes
DNMT1 protein levels in NCI-H23 lung tumors implanted in nude
mice. Mice implanted with subcutaneous NCI-H23 tumors were
injected i.p with T-dCyd for 3 days (qld x 3) at a dose of 25 mg/kg/
dose. Tumors were harvested 3 h after last treatment, and lysates were
fractionated on SDS-PAGE gels and were analyzed by Western blot-
ting using the indicated antibodies

DNMT1 remained completely depleted in mice treated with
either aza-T-dCyd or aza-dCyd even at a dose of 0.625 mg/
kg, although this dose killed one of two mice in the aza-
dCyd group. At a dose of 0.3125 mg/kg, there was no acute
toxicity with either agent; however, tumor DNMT1 deple-
tion was not complete. These results indicated that aza-
T-dCyd depleted DNMT1 as well as aza-dCyd but it was
much better tolerated than aza-dCyd, which suggests that it
may be a better clinical agent than aza-dCyd due to a wider
therapeutic index.

Antitumor efficacy of T-dCyd, aza-T-dCyd and aza-dCyd
in NCI-H23 lung tumors implanted in immunodeficient
mice

The efficacy of T-dCyd in NCI-H23 xenografts using two

different treatment schedules was evaluated in these stud-
ies. In Fig. 5a, T-dCyd was injected three times daily for
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Fig. 5 T-dCyd and aza-T-dCyd are effective at slowing growth of
NCI-H23 lung tumors implanted in nude mice. a Mice were treated
i.p. with vehicle (saline) or T-dCyd at 1.3 and 0.9 mg/kg/dose three
times a day, 4 h apart, daily for 9 days. b Mice were treated i.p.
with vehicle (saline) (qld x 5, qlw x 5), 1 mg/kg/dose aza-dCyd

nine consecutive days. Both, the 1.3 and 0.9 mg/kg doses
(total daily dose of 3.9 and 2.7 mg/kg/day, respectively)
inhibited NCI-H23 tumor growth in a dose-dependent man-
ner. In addition, two of the six mice in each of the T-dCyd
treatment groups were tumor-free on Day 58 (day of study
termination). Both doses were tolerated without deaths.
Animals experienced a maximum mean body weight loss
of 17 and 8 %, respectively (data not shown).

In Fig. 5b, we compared the antitumor efficacy of
T-dCyd with that of aza-dCyd using the NCI-H23 tumor
xenograft model. The compounds were administered once
daily for five consecutive days followed by 2 days of rest,
which was repeated two times (qld x 5, qlw x 3) for
aza-dCyd and four times for T-dCyd (qld x 5, qlw x 95).
Although neither aza-dCyd nor T-dCyd caused tumor
regressions, they both produced full tumor growth stasis.
However, aza-dCyd was very toxic at this dose and sched-
ule with all but one mouse succumbing to toxicity before
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(qld x 5, qlw x 3) or 5 mg/kg/dose T-dCyd (qld x 5, qlw x 5). ¢
Aza-T-dCyd is effective at slowing growth of NCI-H23 lung tumors
implanted in nude mice. Mice were treated i.p. with vehicle (saline)
or aza-T-dCyd at 10 and 6.7 mg/kg/dose daily for 9 days (qld x 9)

the 3 weeks of therapy could be finished. Most of the aza-
dCyd-treated mice died from drug toxicity (days of death:
Day 35; ten mice on Day 40; with three surviving mice
killed on Day 46 for sample collections). T-dCyd was much
better tolerated, but two of the ten mice were lost to toxic-
ity near or shortly after the end of the fifth treatment cycle
(treatment ended Day 57; days of death 56, 60), and three
mice were harvested for sample collections on Day 61 to
assess pharmacodynamic marker status. The remaining five
mice survived to the end of the experiment (Day 82), with
small tumors that remained in stasis.

Aza-T-dCyd at a dose of either 6.7 or 10 mg/kg/dose,
given qld x 9, was also effective against NCI-H23 tumor
xenografts (Fig. 5c). There was only one death in each aza-
T-dCyd treatment group and treatment at the lower dose
resulted in one complete tumor regression out of six ani-
mals. Surviving animals experienced a maximum mean body
weight loss of 11 and 14 %, respectively (data not shown).
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Aza-T-dCyd is more stable than aza-dCyd

Because aza-dCyd is known to be unstable in aqueous solu-
tions due to hydrolytic cleavage of the triazine ring [33],
we evaluated the chemical stability of both aza-dCyd and
aza-T-dCyd. The compounds were dissolved in phosphate
buffered saline (pH 6.7) and incubated at 37 °C. Samples
were removed at various times after the addition of com-
pound, and the amount of parent compound was immedi-
ately determined by HPLC as described [22]. Under these
conditions, the half-life of aza-dCyd was 13 & 1 h, whereas
with aza-T-dCyd, it was 45 & 6 h (mean and standard devi-
ation from three separate experiments), which indicated
that the half-life of aza-T-dCyd in solution was approxi-
mately three times longer than that of aza-dCyd. Similar
results were obtained at pH 6.2 and 7.2, but at pH 7.7, the
rate of disappearance of aza-T-dCyd (half-life of 12 h) was
similar to that of aza-dCyd (half-life of 8 h). T-dCyd is sta-
ble in aqueous solutions indefinitely.

Plasma half-life of T-dCyd

The pharmacokinetic parameters of T-dCyd and dCyd
were determined in nontumored male athymic nude mice.
Either 100 mg/kg [*H]T-dCyd or [*H]dCyd was injected
i.p. into 30 mice (10 wCi per injection). Three mice from
each treatment group were euthanized at 5, 15, 30, 60 and
120 min after the injection of compound, and plasma was
obtained and analyzed by reverse phase HPLC for parent
compound and deaminated product as described [22]. The
peak plasma concentration of T-dCyd was approximately
100 uM, which occurred between 5 and 10 min after injec-
tion of T-dCyd, and its apparent half-life was 10-15 min.
T-dUrd was the primary plasma metabolite which reached
plasma concentrations as high as 50 uM 15 min after injec-
tion of T-dCyd and was still at 10 uM 2 h after injection
of T-dCyd. This result indicated that the plasma half-life of
T-dUrd (approximately 45 min) was much longer than that
of T-dCyd. The rate of disappearance of T-dCyd was simi-
lar to that of dCyd (half-life of 16 min). We detected dUrd
in the plasma of mice treated with dCyd, but it rapidly dis-
appeared at a rate similar to that of dCyd. A considerable
amount of radioactivity was detected in the void volume
of the HPLC column in the plasma of mice treated with
[3H]dCyd, which was not observed in mice treated with
[3H]T—dCyd. This metabolite(s) has not been identified, but
because dUrd is a substrate for thymidine phosphorylase, it
is likely that this radioactivity is uracil or its catabolic prod-
ucts. The fact that this metabolite(s) was not detected in
mice treated with T-dCyd and the long plasma half-life of
T-dUrd indicates that T-dUrd is at best a poor substrate for
thymidine phosphorylase. This experiment was repeated
one time with similar results.

Discussion

In this report, we have demonstrated that both T-dCyd and
aza-T-dCyd effectively deplete DNMT1 in cancer cells
resulting in the re-expression of the tumor suppressor
gene pl5. Both compounds depleted DNMT1 in human
tumor xenografts as well and were effective in inhibiting
tumor growth in these models. It is particularly interesting
that treatment with T-dCyd resulted in good depletion of
DNMT1, even though it has an unmodified cytosine nucle-
obase (Fig. 1). Kumar et al. [29] had shown that T-dCyd
when used in an oligonucleotide replacing the target dCyd
strongly inhibited the methylation reaction by M. Hhal
methyltransferase in solution. Since the presence of sulfur
at the 4 position of the sugar was not incompatible chemi-
cally with the known mechanism for C5-cytosine methyla-
tion, and crystal structures of the complex did not reveal
substantial deformations, these investigators suggested a
greatly slowed reaction [29]. Further studies showed that
T-dCyd significantly increases the off-rate of the bound
oligonucleotide, suggesting that the substrate-enzyme
complex forms with M. Hhal methyltransferase but fails
to become fully stabilized. Thus, it is likely that a simi-
lar mechanism of action of T-dCyd vis-a-vis the human
DNMTI could result in transient enzyme-substrate com-
plexes that initiate events that destabilize the free DNMT 1
protein by targeting it to the proteasome.

In our studies, we found that aza-T-dCyd was a more
potent DNMT1 depleting agent than T-dCyd and that it
was also efficacious in cell lines where T-dCyd was rather
ineffective (Fig. 2), even though T-dCyd was converted to
its triphosphate and incorporated into DNA (Table 1). This
might be expected since the nitrogen in place of C5 in the
cytosine ring in aza-T-dCyd could behave in a similar fash-
ion to that of the clinically approved aza-nucleosides, i.e.,
it facilitates nucleophilic attack at the C6 of the cytosine,
but then renders the enzyme-DNA complex irreversible,
resulting in proteasomal degradation of the free DNMT]1
protein. In these studies, incubation of HCT 116 cells
with T-dCyd (1 pwM) resulted in approximately 25 pmol
of T-dCyd incorporated into DNA in a 1-h period. Previ-
ous studies [22] had indicated that incubation of CEM cells
with T-dCyd (0.1 wM) resulted in approximately 5 pmol of
T-dCyd incorporated into DNA in a 1-h period. Adjusting
for the concentration differences in these experiments indi-
cates that similar amounts of T-dCyd was incorporated into
DNA in both sensitive (CEM) and insensitive (HCT 116)
cell lines; a conclusion that is supported by studies showing
that dCyd kinase activity was similar in the two cell lines
(data not shown). Therefore, the amount of T-dCyd incor-
porated in the DNA cannot explain the different DNMT]1
depleting activity observed in these two cell lines. Since
T-dCyd has an unmodified cytosine base, it is likely that
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the mechanism of DNMTI1 turnover induced by this com-
pound is distinct and less efficient than the one induced by
azacytosine nucleosides. It is possible that mechanistic dif-
ferences in DNMT1 turnover between different cell lines
could determine whether or not treatment with T-dCyd will
result in depletion of DNMT1, which could explain some
of the variable response that is observed with T-dCyd. It is
also likely that the covalent trapping of DNMT1 on DNA
containing aza-T-dCyd results in specific events that turn on
DNMT1 turnover while also turning on other pathways in
order to remove these bulky adducts that ultimately lead to
cell death. The pathways turned on by T-dCyd incorporated
DNA on the other hand could be different and dependent
on other events. For instance, it was recently shown that the
lysine methyltransferase SET7 colocalizes with DNMT]
and monomethylates it, which leads it to proteasome-
mediated degradation [34]. Therefore, one could speculate
that in certain cell types, such as the leukemia lines tested
herein, DNMT1 might be more permissive for rapid deg-
radation due to such additional uncharacterized modifica-
tions. One could further envisage a situation wherein the
presence of lysine methylation or another modification on
DNMT1 in a certain cell type could be a major determinant
of whether a particular analog such as T-dCyd can initiate
its degradation.

The results of our current and prior work [22] indicate
that T-dCyd has favorable metabolic features that maxi-
mize its inhibition of DNMTI1 activity and minimize its
conversion to metabolites that result in off target toxicities.
T-dCyd is a good substrate for dCyd kinase, and it is incor-
porated into DNA at a rate that was similar to that of the
natural nucleoside, dCyd, and that significant incorporation
of T-dCyd into DNA occurred at concentrations that did
not result in the inhibition of cell growth [22]. This result
suggests that similar to 4’-thio-thymidine triphosphate [35],
T-dCTP is a good alternative substrate for DNA polymer-
ases and that its incorporation into DNA does not result
in the inhibition of subsequent DNA chain elongation.
T-dCMP is also a very poor substrate for dCMP deami-
nase which indicates that this important metabolic pathway
in dCyd metabolism will not siphon off T-dCMP to dUrd
and thymidine nucleotides which could potentially inhibit
other enzymes (such as TS) causing toxicities unrelated
to the inhibition of DNMTI. Although T-dCyd treatment
would generate T-dUrd in animals, our studies in HCT-116
cells indicated that T-dUrd is a poor substrate for thymi-
dine kinase and is not very toxic to mammalian cells. These
results suggest that the metabolism of other dCyd analogs
that incorporate the 4/-thio modification (aza-T-dCyd)
would also be limited and would minimize production of
nucleotide metabolites that could inhibit other enzymes
involved in DNA metabolism (DNA polymerases, ribonu-
cleotide reductase, TS, etc.).
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Although the effect of these agents on human tumor xen-
ografts in mice is encouraging, one cannot definitively con-
clude from the results shown in Figs. 4 and 5 that the effect
seen on tumor growth (Fig. 5) is entirely due to depletion
of DNMTTI. It is possible that the depletion of DNMT]1 is
only partly responsible for the antitumor activity observed
with these compounds, and future studies will be needed to
determine whether depletion of DNMTT1 is responsible for
the effect of tumor growth. Based on the proposed mecha-
nism of action (inhibition of DNA methylation of daughter
strands), DNMT1 depleting agents might not be immedi-
ately toxic to tumor cells. It should take two or more gen-
erations of tumor cell growth for the depletion of DNMT1
to result in the expression of tumor suppressor genes to
exert a negative effect on tumor growth. The fact that treat-
ment with aza-T-dCyd resulted in depletion of DNMT]1 at
concentrations that were far below the ICs, supports this
hypothesis. The metabolism and mechanism of action of all
of these agents, including aza-dCyd and aza-Cyd, have not
been thoroughly evaluated, and therefore, it is possible that
their observed antitumor activity in mice is due to other
mechanisms as well. Furthermore, human tumor xenografts
may not be the best model for use in the evaluation of
DNMT1 targeting agents, because it is possible that these
tumors have been selected to rapidly proliferate in mice
and that the re-expression of tumor suppressor genes may
not be sufficient to stop their proliferation in mice, whereas
re-expression of tumor suppressor genes in actual patient
cancers would be highly effective.

It is important to note that it was not clear, a priori,
whether an aza-cytosine nucleoside with a 4’ thio moiety
would prove to be an effective compound, even though both
aza-dCyd and T-dCyd result in good depletion of DNMT]1.
It is not possible to predict the biological activity of a com-
pound that combines two or more modifications in other
nucleoside analogs, because nucleosides must undergo
several anabolic reactions in cells before they can be incor-
porated into nucleic acids and the combined modifications
create a new molecule that interacts with each of these
enzymes in an unknown manner. There are many examples
where small structural modifications to nucleoside analogs
result in unexpected biological activity either good or bad.
A guideline in the design of new nucleoside analogs that
has been borne out by decades of studies is that they should
only include small structural changes, and as few changes
as possible in comparison with the natural molecule. How-
ever, our studies herein lead us to conclude that despite
the 4’ thio moiety aza-T-dCyd is a reasonable substrate for
these reactions. In other words, it is sufficiently activated
and incorporated into DNA without inhibition of DNA syn-
thesis, and once incorporated, it is recognized by and forms
a complex with DNMTI resulting in a potent DNMT1
depletion response.
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It was of considerable interest that aza-T-dCyd was much
better tolerated than aza-dCyd even though it had simi-
lar effects on DNMT1 depletion in tumor cells. This result
indicated that the selectivity index of aza-T-dCyd (ratio of
MTD to that of minimal DNMTI1 depleting dose) was at
least tenfold greater than that of aza-dCyd. The reason why
aza-T-dCyd was less toxic than aza-dCyd is not understood,
but suggests that aza-dCyd elicits off target effects that aza-
T-dCyd does not. It is possible that, as with T-dCyd, the 4'-
thio modification in aza-T-dCyd limits its conversion to dUrd
nucleotides via dCMP deaminase. Further studies are neces-
sary to directly compare the metabolism and mechanism of
action of these two agents to understand exactly how they dif-
fer. Although the DNMT 1 depleting agents are only approved
for use in the treatment of hematologic diseases, the rationale
for re-expression of tumor suppressor genes is also relevant
to solid tumors (4). Solid tumors are typically not very sensi-
tive to nucleoside analogs, because many express low levels
of dCyd kinase activity. Since our studies indicate that aza-
T-dCyd is as good as aza-dCyd in depletion of DNMT]1 but
is much better tolerated, they suggest that ten times as much
aza-T-dCyd will be activated in solid tumor cells increas-
ing the chance that DNMT1 depleting strategy could also
be applied to the treatment of solid tumors. Regardless, the
greater selectivity of aza-T-dCyd in depletion of DNMT]I
with respect to aza-dCyd indicates that this agent should be
evaluated in humans as a potential DNMT1 depleting agent.
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