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ABSTRACT

DNA methyltransferase (DNMT) 1 is an enzyme that functions
as a maintenance methyltransferase during DNA replication,
and depletion of this enzyme from cells is considered to be a
rational goal in DNA methylation-dependent disorders. Two
DNMT1-depleting agents 5-aza-2’-deoxycytidine (aza-dCyd,
decitabine) and 5-aza-cytidine (aza-Cyd, azacitidine) are cur-
rently used for the treatment of myelodysplastic syndromes
and acute myeloid leukemia and have also been investigated
for nononcology indications, such as sickle cell disease. How-
ever, these agents have several off-target activities leading to
significant toxicities that limit dosing and duration of treatment.
Development of more selective inhibitors of DNMT1 could
therefore afford treatment of long durations at effective doses.
We have discovered that 5-aza-4'-thio-2’-deoxycytidine (aza-
T-dCyd) is as effective as aza-dCyd in depleting DNMT1 in
mouse tumor models but with markedly low toxicity. In this
review we describe the preclinical studies that led to the

development of aza-T-dCyd as a superior DNMT1-depleting
agent with respect to aza-dCyd and will describe its pharmacol-
ogy, metabolism, and mechanism of action. In an effort to
understand why aza-T-dCyd is a more selective DNMT1 deplet-
ing agent than aza-dCyd, we will also compare and contrast the
activities of these two agents.

SIGNIFICANCE STATEMENT

Aza-T-dCyd is a potent DNMT1-depleting agent. Although simi-
lar in structure to decitabine (aza-dCyd), its metabolism and
mechanism of action is different than that of aza-dCyd, result-
ing in less off-target activity and less toxicity. The larger thera-
peutic index of aza-T-dCyd (DNMT1 depletion vs. toxicity) in
mice suggests that it would be a better clinical candidate to
selectively deplete DNMT1 from target cells and determine
whether or not depletion of DNMT1 is an effective target for var-
ious diseases.

Introduction: DNA Hypomethylation Using DNA
Methyltransferase 1-Depleting Nucleosides
Methylation of cytosines in DNA occurs mainly in the con-

text of CG dinucleotides that are distributed throughout the

genome, including within repetitive sequences, enhancers, pro-
moters, and coding regions (Ramsahoye et al., 2000; Robertson,
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2005; Du et al., 2015). Cytosine methylation is mediated by a
family of enzymes known as the DNA methyltransferases
(DNMTSs), which catalyze the transfer of a methyl group from
S-adenosylmethionine to the 5 position of cytosine residues in
DNA. DNMT1, which is the most abundant DNMT, is a main-
tenance methyltransferase that methylates the newly replicated
strand and preserves the existing methylation pattern in DNA,
whereas DNMT38A and DNMT3B largely establish methylation
patterns de novo on previously unmethylated DNA (Du et al.,
2015). DNA methylation of DNA results in transcriptional
silencing by regulating formation of heterochromatin (Bachman
et al., 2001) and influencing the accessibility of transcription
factors to DNA. Methylated CGs can regulate transcription fac-
tor binding and also affect transcription by recruiting methyl-
CG binding proteins that affect chromatin structure through

ABBREVIATIONS: ALL, acute lymphoblastic leukemia; aza-Cyd, 5-aza-cytidine (azacitidine); aza-dCyd, 5-aza-2’'-deoxycytidine (decitabine);
aza-T-dCyd, 5-aza-4'-thio-2'-deoxycytidine; aza-dUrd, 5-aza-2'-deoxyuridine; Cyd, cytidine; dCyd, 2’-deoxycytidine; DNMT, DNA methyltrans-
ferase; dThd, thymidine; dUrd, 2’-deoxyuridine; F-aza-T-dCyd, 2’-fluoro-5-aza-4'-thio-2’-deoxy-arabinofuranosylcytosine; F-dCyd, 5-fluoro-2’-
deoxycytidine; HbF, fetal hemoglobin; NCI, National Cancer Institute; T-dCyd, 4’-thio-2’-deoxycytidine; T-dThd, 4'-thio-thymidine; T-dUrd, 4'-

thio-2'-deoxyuridine; THU, tetrahydrouridine.
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Fig. 1. Structures of aza-Cyd, aza-dCyd, zebularine, F-dCyd, T-dCyd,
and aza-T-dCyd.

interactions with other proteins, such as those that modify his-
tones (Hendrich and Bird, 2000; Della Ragione et al., 2016).
DNA methylation must be actively maintained in every rep-
lication cycle by DNMT1 and can therefore be reversed by
inhibition or depletion of the enzyme. Several DNA-hypome-
thylating nucleosides have been evaluated in the clinic, and
two of these agents 5-aza-2'-deoxycytidine (aza-dCyd, decita-
bine) and 5-aza-cytidine (aza-Cyd, azacitidine) (Fig. 1) have
been approved by the Food and Drug Administration for the
treatment of myelodysplastic syndromes and chronic myelo-
monocytic leukemia. Treatment with either of these agents
results in the incorporation of aza-cytosine in place of cytosine
in DNA. DNMT1 gets covalently trapped when it attempts to
methylate aza-cytosines that are diagonally opposite a 5-meth-
yleytosine in the template strand. The covalent complex thus
effectively reduces the availability of active DNMT1 and also
induces proteasomal degradation of the free enzyme (Santi et

al., 1984; Ghoshal et al., 2005; Patel et al., 2010). Although
active against heme malignancies, these agents are much less
effective in solid tumors. Both agents have poor oral bioavail-
ability, poor stability due to hydrolytic cleavage of the triazine
ring, and considerable toxicity.

5-Fluoro-2'-deoxycytidine (F-dCyd, Fig. 1), a stable nucleo-
side, was shown in early studies to be active in solid tumor
models as well as in leukemias (Eidinoff et al., 1959; Mukher-
jee and Heidelberger, 1962). Like aza-dCyd, F-dCyd is acti-
vated via 2'-deoxycytidine (dCyd) kinase to F-dCTP , which is
readily incorporated into DNA. It was later recognized to
inhibit methylation in cells and was shown to induce expres-
sion of tumor suppressor genes, such as p16/CDKN2A (Jones
and Taylor, 1980; Kaysen et al., 1986; Osterman et al., 1988;
Coyne et al., 2020). Because of the fluorine in the 5-position of
the pyrimidine ring, DNMT1 forms a covalent complex with
DNA, which causes its subsequent depletion. However,
F-dCyd has a serious toxicity problem because it is readily
converted via both cytidine (Cyd) deaminase and dCMP deam-
inase (Fig. 2) (Newman and Santi, 1982; Boothman et al.,,
1985) to 5-F-2'-deoxyuridine-5'-phosphate, a potent inhibitor
of thymidylate synthase (Parker and Cheng, 1990). Therefore,
F-dCyd is not a selective DNMT1-depleting agent. F-dCyd was
tested in patients in combination with tetrahydrouridine
(THU), a potent inhibitor of Cyd deaminase, in an effort to
enhance formation of F-dCMP (Beumer et al.,, 2008a,b;
Holleran et al., 2015). However, recently reported results in
different solid tumor patient cohorts have demonstrated very
low response rates (Coyne et al., 2020).

Zebularine  ([1-(f-p-ribofuranosyl)-1,2-dihydropyrimidin-2-one],
Fig. 1) is another stable cytidine analog that is an inhibitor of DNA
methylation with improved oral bioavailability. Once incorporated
into DNA, this agent also forms covalent complexes with DNMT1
resulting in its depletion, the reactivation of previously hypermethy-
lated tumor suppressor genes, and antitumor activity in various
mouse models (Yoo et al., 2008). However, it is a riboside analog
and was found to have poor potency against DNMT1 owing to its
limited incorporation into DNA (Ben-Kasus et al., 2005). Zebular-
ine’s weak conversion to 2'-deoxynucleotide metabolites and the
inability of 2'-deoxyzebularine to be phosphorylated to its active
metabolite resulted in the discontinuation of this line of
investigation.

Recently other DNMT1-depleting nucleosides, such as gua-
decitabine (SGI-110 or S-110) and NUCO013, have also entered
development. Guadecitabine is a dinucleotide of aza-dCyd
linked via a phosphodiester to deoxyguanosine, which was
developed as a stable prodrug of aza-dCyd that is also less vul-
nerable to deamination by Cyd deaminase (Roboz et al., 2018).
However, there have been two recent phase III failures with
this drug when it was tested in myelodysplastic syndrome,
acute myeloid leukemia, and chronic myelomonocytic leukemia
(NCT02920008, NCT02907359). NUC013 (5-aza-2',2-difluoro-
2'-deoxycytidine) is another aza-nucleoside that decreases DNMT1
levels and has shown efficacy in xenograft models of human leu-
kemia and colon cancer (Daifuku et al., 2017). However, since
this compound is an analog of gemcitabine (2',2'-difluoro-2'-
deoxycytidine), it is expected to induce chain termination during
replication resulting in off-target activities. NUCO013 and its pro-
drug NUC041 have therefore not moved beyond preclinical
development stages (Daifuku et al., 2017, 2018).
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DNMT1 Depletion and Treatment of Solid Tumors.
Diseases, such as cancer, wherein hypermethylation of CG
regions plays a role in their development, could theoretically
be treated with agents that induce the proteolytic degradation
of DNMT1. Since cells with reduced or absent DNMT1 are
able to complete replication, hypermethylated tumor suppres-
sor genes are demethylated and re-expressed in subsequent
generations, which leads to eventual growth inhibition and
apoptosis in cancer cells within 1-2 replication cycles. Several
preclinical studies in solid tumors have shown that treatment
with DNA-hypomethylating agents can synergize with or
restore sensitivity to chemotherapies, targeted agents (Anzai
et al.,1992; Soengas et al., 2001; Hou et al., 2019), and very
recently even immune checkpoint agents (Yu et al., 2019;
Huang et al., 2020; Gonda et al., 2020). The biologic basis of
these effects was consistent with a number of reports that had
demonstrated 1) reversal of hypermethylation of CG islands in
tumor suppressor genes, 2) epigenetic immunomodulation by
these drugs, and 3) the role of DNMT1 overexpression in
tumorigenesis (El-Deiry et al., 1991; Merlo et al., 1995; Coral
et al., 1999). The importance of DNMT1 overexpression has
not only been recognized in early studies in which it was
shown to increase proliferation and induce transformation
(Wu et al., 1993) but was further strengthened by the observa-
tion that it correlates well with metastasis, poor prognosis,
and aberrant methylation in several solid tumor patient
cohorts (Saito et al., 2003; Peng et al., 2006; Zhao et al., 2011;
Yuan et al., 2016). Consistent with these studies, several
reports have also demonstrated that depletion of DNMT1 by
siRNA approaches can inhibit growth of tumor cells both in
vitro and in vivo (Milutinovic et al., 2000, 2004; Xiang et al.,
2014). A systematic meta-analysis of 58 clinical studies of
DNA-hypomethylating drugs concluded that although these
drugs improved outcome and altered methylation status in
patients with solid tumor, overall response was limited (Linne-
kamp et al., 2017). Despite the plethora of clinical trials that
have investigated DNA hypomethylators, none of these drugs
have been approved for solid tumors. One major reason that
has been suggested is the limited number of treatment cycles
in these studies with these drugs often due to toxicities, and

uracil

dThd phosphorylase

given that delayed responses were seen in a number of
patients, long treatment durations would be necessary to
achieve clinical benefit.

DNMT1 Depletion and Hemoglobinopathies. Initial
empirical observations have demonstrated that antileukemic
effects of aza-dCyd were accompanied by irreversible hemoglo-
binization and morphologic differentiation in erythroleukemic
cells (Pinto A et al., 1983). These observations coupled with the
knowledge that the expression of y-globin [fetal hemoglobin
(HbF)] is associated with the status of its CG methylation in
the adult (van der Ploeg and Flavell, 1980, Mavilio et al., 1983)
spurred the extension of aza-nucleoside studies into hemoglo-
binopathies, such as sickle cell disease and thalassemia (Desi-
mone et al, 1982; Charache et al, 1983). DNMT1 by
interacting with transcriptional regulators like Myb and
Bcl11A has been shown to be required to maintain HbF silenc-
ing (Xu et al., 2013). The role of DNMT1 also appears to involve
methylation of promoters of other HbF gene modifiers (e.g.,
ZBTB7 ) (Roosjen et al., 2014; Chondrou et al., 2018). Inhibition
of DNMT1 activity by aza-dCyd, aza-Cyd, or guadecitabine has
been shown to enhance HbF expression in primary erythroid
cells, nonhuman primates, and humans (Desimone et al., 1982;
Humphries et al.,1985; Akpan et al., 2010; Lavelle et al., 2018;
Stomper and Lubbert, 2019). This led to clinical trials wherein
aza-dCyd was shown to successfully induce HbF in patients
with sickle cell disease intolerant to hydroxyurea and in f-thal-
assemia (Saunthararajah et al.,, 2003; Olivieri et al., 2011;
Saunthararajah, 2019). Although this provided clinical proof of
concept that subcutaneous administration of low-dose aza-dCyd
increases HbF, Molokie et al. (2017) decided to provide an oral
route of administration by combining the drug with THU to
inhibit intestinal and liver Cyd deaminase. This small, random-
ized study concluded that twice-weekly low-dose aza-dCyd (5
mg/m? vs. the approved i.v. 5-day dose of 20 mg/m?) when com-
bined orally with THU achieved the pharmacokinetic objectives
of low C,,.x with long half-life/Tmax and the pharmacodynamic
objectives of DNMT1 depletion, DNA hypomethylation, increase
in HbF, and an increase in numbers of healthy red blood cells.
Since this was a first-in-human study of this combination with
a small number of patients for only 8 weeks, it is unknown
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whether this will translate into long-term clinical benefits in
terms of reducing veno-occlusive events, associated morbidities,
and low life spans. However, an oral toxicity study in mice that
evaluated the THU and aza-dCyd combination did show
increased toxicity as compared with aza-dCyd alone, which sug-
gests that the trade-off for improved oral pharmacokinetics
might be increased adverse events (Terse et al., 2014).

Off-Target Activities of DNA-Hypomethylating Nucleo-
sides. What is the evidence that clinically used DNA-hypome-
thylating nucleosides could be exerting their pharmacological
and toxic effects at least in part by employing alternative
mechanisms? First and foremost, DNMT1 inhibition per se is
relatively nontoxic to cells. An orally bioavailable non-nucleo-
side DNMT1 inhibitor has been shown to induce HbF levels in
primary human erythroid cells equivalent to that induced by
aza-dCyd but with little cellular growth inhibition and had
good tolerability in transgenic sickle cell mice (Gilmartin
et al., 2021). In contrast, as described in greater detail below,
aza-dCyd is a known cytotoxic nucleoside analog. Aza-dCyd
induces genome-wide DNA damage and cytotoxicity arising
from the DNA-DNMT1 crosslinks that can block DNA synthe-
sis and induce directly or indirectly DNA double-strand
breaks, eventually leading to cell death (Juttermann et al.,
1994, Palii et al., 2008). Aza-dCyd has also been reported to
induce point mutations and genome rearrangements most
likely due to protein-DNA crosslinks (Jackson-Grusby et al.,
1997; Maslov et al., 2012). It is well established that aza-dCyd
treatment induces the activation of a specific DNA damage
response that includes the phosphorylation of histone H2AX
(Palii et al., 2008; Wilsker et al., 2019). Recently, it has also
been proposed that base excision repair might initiate the
repair of aza-dCyd—induced DNA base lesions, although the
precise mechanisms and the DNA glycosylases involved
remain unknown (Orta et al.,, 2014). Lastly, an alternative
mechanism for aza-dCyd in which its metabolism ultimately
leads to the genotoxic accumulation of dUTP in the cellular
pool has also been demonstrated (Requena et al., 2016). In the
case of aza-Cyd, in addition to toxicities associated with its
metabolism to aza-2'-deoxynucleotides, it is also impaired by
those stemming from its incorporation into RNA (with the
RNA:DNA incorporation ratio being 65:35) (Hollenbach et al.,
2010; Cheng et al., 2018). Given the above considerations with
approved DNA-hypomethylating drugs and the potential for
leveraging the benefits of long-term depletion of DNMT1, it is
imperative to identify newer and more selective DNMT1-
depleting agents that exhibit less toxicity.

Design of Novel 4'-Thio-2'deoxycytidine Agents. The
design of new nucleoside analogs targeting DNMT1 must rec-
ognize that sequential intracellular steps that lead to DNA
incorporation and strand elongation need to be efficient: In
other words, modifications in the nucleoside should not 1)
impede activation to the triphosphate and incorporation into
DNA, 2) inhibit extension of the DNA chain after incorpora-
tion, or 3) prevent extrusion of the base from the double helix
and binding to the active site of DNMT1. In addition, any new
agent (or its metabolites) should not inhibit other enzymes
that are involved in nucleotide metabolism (Fig. 2). In our
studies (Parker et al., 2000; Thottassery et al., 2014), we have
evaluated 4’-thio-2'-deoxycytidine (T-dCyd) and its 5-aza ana-
log [5-aza-4'-thio-2'-deoxycytidine (aza-T-dCyd)] (Fig. 1) and
found that they fulfill many of the requirements described
above. T-dCyd is readily phosphorylated and incorporated into

DNA, and the 4'-thio modification to 2'-deoxycytidine (dCyd)
alters metabolism in a positive manner resulting in relatively
little production of 2'-deoxyuridine (dUrd) or thymidine (dThd)
nucleotide metabolites in human cells.

In this work we review the development and rationale for
use of aza-T-dCyd as a DNMT1-depleting agent, which we
have discovered is as effective as aza-dCyd in depleting DNMT1
but with much less toxicity. In addition, we will compare and
contrast its biochemical pharmacology and mechanism of action
with aza-dCyd in an effort to understand why aza-T-dCyd is a
more selective DNMT1-depleting agent. For the purposes of this
review, we have restricted the comparison of aza-T-dCyd to aza-
dCyd since aza-Cyd is a ribonucleoside and its off-target activi-
ties result from its incorporation into RNA in addition to its
effects after conversion to deoxynucleotide metabolites.

Metabolism and Depletion of DNMT1 by T-dCyd.
Previously we have thoroughly evaluated the metabolism of
T-dCyd in cells in culture (Parker et al., 2000; Thottassery et
al., 2014), which provides insight into the effect of a 4’-thio
group on the metabolism of dCyd and dUrd nucleosides and
nucleotides (Fig. 3). In CCRF-CEM cells (a cell line that does
not express Cyd deaminase) T-dCyd was readily routed
through dCyd kinase but was not converted to dThd nucleoti-
des since T-dCMP is at best a poor substrate for dCMP
deaminase (Parker et al., 2000). In stark contrast to the pre-
dominant conversion of dCMP to dUMP (Fig. 2) in these cells
when incubated with dCyd, no T-dUMP was formed from T-
dCyd (Fig. 3). The T-dCTP formed from T-dCyd was readily
incorporated into DNA without inhibition of DNA replication
(Parker et al., 2000). Therefore, its cytotoxicity in CEM cells is
due to some disruption of DNA function once incorporated into
the DNA chain. 4/-Thio-thymidine (T-dThd) is also a potent
cytotoxic compound that, like T-dCyd, is readily phosphory-
lated in cells and incorporated into DNA without inhibiting
DNA replication (Parker et al., 1995). Therefore, the cytotoxic-
ity resulting from treatment with either of these 4'-thio-

DNA CEM cells
T-dCTP
100% il et thymidylate
eaminase
T-dCMP ==es==e====3 T L S > T-TMP
dCyd kinase T
T-dCyd
DNA HCT-116 cells
T-dCTP
10% T thymidylate
dCMP deaminase synthase
T-dCMP  -==========2> TdUMP~—~=%===------ > T-TMP
»
dCyd ki T i '
yd kinase 50% dThd kinase!
T-dCyd ———> T-dUrd --------===-- > uracil
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Fig. 3. Metabolism of T-dCyd in CEM and HCT-116 cells. Dashed lines
indicate little if any enzymatic activity.
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deoxynucleosides is due to some disruption of DNA function
once incorporated into the DNA chain.

In HCT-116 cells (a human colon carcinoma cell line that
expresses high levels of cytidine deaminase) T-dCyd was mostly
converted to 4'-thio-2'-deoxyuridine (T-dUrd) (Thottassery et
al., 2014), which indicated that T-dCyd was a good substrate
for Cyd deaminase (Fig. 3). The addition of Cyd deaminase
inhibitor THU to cells treated with T-dCyd totally inhibited
the formation of T-dUrd but in these short-term experiments
had very little effect on the incorporation of T-dCyd into DNA
or the level of T-dCTP. The catalytic efficiency of T-dCyd with
Cyd deaminase in crude cell extracts from HCT-116 cells was
approximately 50% that of dCyd with a K, that was ~5 times
that of dCyd (110 vs. 23 pM) and a V., that was ~3 times
that of dCyd (37 vs. 13 nmol/mg-min). Although most T-dCyd
was converted to T-dUrd, there was little evidence that T-dUrd
was phosphorylated by dThd kinase and then converted to
T-TMP via thymidylate synthase: 12% of dCyd was converted
to dThd nucleotides in HCT116 cells, however, only 0.2% of
T-dCyd was converted to T-dThd nucleotides. This observation
supports previous studies (Secrist et al., 1991; Verri et al.,
2000) that indicated T-dUrd was a poor substrate for dThd
kinase. In addition, T-dUrd was not a substrate for dThd phos-
phorylase in crude cell extracts of HCT-116 cells [unpublished
observation].

Pharmacokinetic studies in mice support the observation
that T-dUrd is at best a poor substrate for dThd phosphory-
lase. After intraperitoneal administration, T-dCyd was pri-
marily converted to T-dUrd, and a major metabolite detected
in mice treated with dCyd (presumably uracil and its catabo-
lites) was not detected in the plasma after administration of
T-dCyd (Thottassery et al., 2014). T-dUrd was also the pri-
mary circulating metabolite in pharmacokinetic studies con-
ducted by investigators at the NCI (Kinders et al., 2014). The
half-life of T-dCyd after intravenous or intraperitoneal admin-
istration in mice was on the order of 10-15 minutes, whereas
the plasma concentration of T-dUrd was stable for up to 4
hours at levels similar to those of the peak concentration of T-
dCyd. A small amount of T-dThd was also detected in plasma
(500-fold less than T-dUrd), which indicated that T-dUrd could
be phosphorylated and converted to T-TMP via thymidylate
synthase.

In summary, the metabolic studies described above indi-
cated that T-dCyd metabolites (T-dCMP and T-dUrd) are at
best poor substrates for ACMP deaminase, dThd kinase, and
dThd phosphorylase (Fig. 3), which significantly reduces the
amount of dThd metabolites created in human cells after
treatment with T-dCyd. The understanding that T-dCTP and
T-TTP do not inhibit DNA replication (Parker et al., 1995,
2000) and structural studies (Kumar et al., 1997), which indi-
cated that T-dCyd could inhibit methylation by Hhal methyl-
transferase, led us to consider T-dCyd as a novel agent for
DNMT1 depletion. Since dUrd and dThd metabolites of T-
dCyd (T-dUMP, T-TTP, others) would not contribute to the
inhibition of DNMT1 activity and could only contribute to tox-
icity of the compounds, we hypothesized that T-dCyd could be
a much more selective agent in its ability to deplete DNMT1
in human cells.

Although T-dCyd was able to deplete DNMT1 from tumor
cells in vivo and in vitro (Thottassery et al., 2014), its ability
to do so was not universal in vitro and was only effective in
mice at high concentrations, which were near its maximally
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tolerated dose. In addition, because T-dCyd is a good substrate
for Cyd deaminase and a poor substrate for dThd phosphorylase,
the primary circulating metabolite of T-dCyd in mice was T-
dUrd (Kinders et al., 2014). Moreover, the detection of T-dThd in
the plasma of mice indicated that T-dUMP is a substrate for thy-
midylate synthase and that T-dThd nucleotides were formed in
mouse tissues. Although only a small amount of T-dThd was
detected in plasma, our previous studies with this compound
(Parker et al., 1995) indicated that it is readily incorporated into
DNA and is not removed by proofreading enzymes. Therefore,
the bulk of T-dThd nucleotides formed in cells would be seques-
tered in the DNA in the time frame of the pharmacokinetic
studies. These results suggest that because of the long plasma
half-life of T-dUrd, the primary target responsible for in vivo
antitumor activity of T-dCyd was the incorporation of T-TTP
into DNA, which would not contribute to DNMT1 depletion.
Toxicity associated with the incorporation of T-dThd into DNA
would likely interfere with T-dCyd depletion of DNMT1. In sup-
port of this conclusion, studies done by the NCI (unpublished
observation) indicated that treatment with T-dUrd resulted in
excellent antitumor activity in the NCI-H23 mouse xenograft
model, and that addition of THU to T-dCyd treatment resulted
in decreased antitumor activity. This result suggests that the
antitumor activity seen with T-dCyd is primarily due to metabo-
lites of T-dUrd.

T-dCyd in First-in-Human Clinical Trial. After suc-
cessful demonstration of efficacy in preclinical tumor xeno-
grafts in mice, the NCI developed the analytical assays for
T-dCyd (Liu et al., 2016), prepared an Investigational New
Drug application, and began a first-in-human open-label phase
I trial with T-dCyd (O’Sullivan Coyne et al., 2016). Subjects
were patients with solid tumors whose disease had progressed
on standard therapy. The primary objective was to establish
the safety, tolerability, maximal tolerated dose, and recom-
mended phase II dose. The study had entered dose level 5
enrollment, but recruitment has been suspended, presumably
due to lack of clinical activity at nontoxic doses.

Development of Aza-T-dCyd. Because of the above con-
siderations with T-dCyd, we turned our attention to aza-T-
dCyd, which is structurally similar to aza-dCyd (Fig. 1). The
in vitro cytotoxicity of aza-T-dCyd was 3- to 4-fold more potent
than T-dCyd in various human tumor cells (Teicher et al.,
2019) and was also 10-fold more potent than aza-dCyd in
HCT-116 cells (Laranjeira et al., 2017). Experiments were con-
ducted to compare the cytotoxicity of aza-T-dCyd and aza-
dCyd in HCT116 parental cells and an isogenic HCT116 cell
line in which the DNMT1 gene had been knocked-out
(Laranjeira et al., 2017). The DNMT1 knockout HCT116 cells
were 300-fold less sensitive to aza-T-dCyd (96 hours of drug
exposure), whereas these cells were only 10-fold less sensitive
to aza-dCyd. These results are consistent with the suggestion
that off-target activities of aza-dCyd contribute more to its
cytotoxic activity than they do to the cytotoxic activity of aza-
T-dCyd.

Treatment of mice bearing CEM xenografts with either aza-
T-dCyd or aza-dCyd resulted in the depletion of DNMT1 from
the tumor cells (and supposedly any host cell that was repli-
cating during this period). However, aza-dCyd was much more
toxic to the mice than aza-T-dCyd (Table 1). In another experi-
ment (Fig. 4) mice bearing subcutaneous CEM tumor xeno-
grafts were treated with either 1 mg/kg aza-T-dCyd or 0.5 mg/
kg aza-dCyd daily for 9 days to determine what effect these
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TABLE 1

Toxicity and DNMT1 depletion in CEM tumor xenografts in mice post-
treatment with either aza-T-dCyd or aza-dCydMice bearing CEM

tumor xenografts were treated daily for 9 days with either aza-T-dCyd
or aza-dCyd (0.3-5 mg/kg per dose). At death of animal or day 10,
tumors were removed and evaluated for DNMT1 (Thottassery et al.,
2014).

b Aza-T-dCyd Aza-dCyd

ose

(mg/kg x 9) DNMTI Death DNMTI Death
5 ND No ND Yes
2.5 ND No ND Yes
1.2 ND No ND Yes
0.6 ND No ND Yes
0.3 + No + No

ND, DNMT1 not detected; +, DNMT1 barely detected

compounds had on tumor growth. Aza-dCyd had no effect on
tumor growth during the 9-day treatment period and resulted
in the death of all mice. Aza-T-dCyd did inhibit tumor growth
modestly but importantly did not result in any weight loss or
death of the mice. Therefore, after a 3-day rest period treat-
ment was resumed for another 20 days also without weight
loss or death of mice. As seen above, DNMT1 was undetect-
able in tumor cells at the end of the 20-day treatment. This
result demonstrates that aza-T-dCyd effectively depletes
DNMT1 in tumor cells in vivo at doses that were very well tol-
erated by the mice.

In a subsequent experiment (unpublished) mice were
treated with either 1 or 2 mg/kg aza-T-dCyd daily for 20 days.
The low dose again had a small impact on tumor growth, but
the high dose resulted in excellent antitumor activity,
although at this dose there were three deaths (out of eight
treated mice) that may have resulted from the therapy (all
deaths occurred shortly after treatment ended). In theory,
depletion of DNMT1 should not be acutely cytotoxic to tumor
cells but should instead slow tumor growth due to re-expres-
sion of tumor suppressor genes. In support of this we have
demonstrated that the tumor suppressor genes p15/CDKN2B
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(Thottassery et al., 2014) and p16/CDKN2A (unpublished) are
re-expressed in aza-TdCyd-treated cells. Therefore, it is likely
that the antitumor activity seen with high doses is due to off-
target activity of aza-T-dCyd unlike that seen at low doses.
Regardless, the experiments suggest that depletion of DNMT1
in host tissues is not toxic and that any off-target activities
and toxicities of aza-T-dCyd occur at doses that are well above
those needed to deplete DNMT1. Because the therapeutic
index of aza-T-dCyd (DNMT1 depletion vs. toxicity) is large,
our in vivo results in mouse models of cancer indicate that
mice can be treated with aza-T-dCyd on an extended schedule
at nontoxic, DNMT1-depleting doses, which would allow for
treatment of all target cells as they enter S phase.
Antitumor Activity of Aza-T-dCyd. We demonstrated
that aza-T-dCyd was very effective in inducing growth inhibi-
tion in NCI-H23 lung tumor xenografts (Thottassery et al.,
2014). Studies conducted at the NCI (unpublished observation)
showed that unlike T-dCyd addition of THU to aza-T-dCyd
treatment enhanced the antitumor activity of aza-T-dCyd,
suggesting that deamination of this compound resulted in
inactive metabolites. In HL-60 leukemia xenografts, treatment
with either aza-T-dCyd alone or aza-T-dCyd in combination
with THU resulted in significant tumor growth inhibition
(Nguyen et al., 2016), which was associated with simultaneous
inhibition of DNMT1 and DNMT3B. Interestingly, the tumor
growth delay in mice treated with aza-T-dCyd plus THU was
less than that seen in mice treated with only aza-T-dCyd.
Treatment with aza-dCyd did not result in tumor growth
delay in HL-60 leukemia xenografts even though both
DNMTS3A and DNMT1 levels were decreased. Treatment of
mice with aza-dCyd or aza-T-dCyd along with isotopically
labeled methionine resulted in a reduction in the enrichment
of methyl-deoxycytidine in DNA by 20%—-70% in tumor tissue,
bone marrow, and intestine (Anderson et al., 2017), which sup-
ported the observation that treatment with these compounds
results in the depletion of DNMT1 in various tissues.
Aza-T-dCyd was also evaluated in comparison with T-dCyd
in pediatric acute lymphoblastic leukemia (ALL) patient-

\ There was no DNMT1 in these tumors.

Vehicle aza-T-dCyd
[ 1 T 1
-.'.";-".“ e DNMT 1
e e GBS QW ous S GEe e e e o | GAPDH

Fig. 4. Effect of aza-T-dCyd and aza-dCyd on tumor growth and DMNT1 levels in CEM tumor xenografts. Mice bearing CEM tumor xenografts
were treated daily for 9 days with either 1 mg/kg aza-T-dCyd or 0.5 mg/kg aza-dCyd. Treatment with 0.5 mg/kg aza-dCyd daily for 9 days resulted
in the death of all mice. After a 3-day rest period, aza-T-dCyd treatment was resumed for another 20 days. At the end of the 20-day treatment
period the mice were sacrificed, and DNMT1 levels in tumor were determined.
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derived xenograft models to assess their potential in hemato-
logic malignancies. Treatment with aza-T-dCyd showed impres-
sive remission-inducing activity for ALL xenografts and was, in
general, more active than T-dCyd (Teicher et al., 2018, 2019).
Profound responses were observed across a range of ALL biol-
ogy, including B-ALL (ALL-2, ALL-7, ALL-19), T-ALL (ALL-8,
ALL-31), early T-cell phenotype ALL (early T-cell phenotype-1),
mixed-lineage leukemia (MLL)-rearranged infant ALL (MLL -7),
and Ph-like ALL (PAKHZT). T-dCyd and aza-T-dCyd were also
tested in patient-derived xenograft models of Ewing sarcoma,
rhabdoid tumor, rhabdomyosarcoma, and osteosarcoma. At toler-
able doses, the anticancer activity of both T-dCyd and aza-T-
dCyd were found to be modest in the Ewing sarcoma (four) and
rhabdomyosarcoma (four) models. The activity of both compounds
was also modest in five out of six osteosarcoma models. However,
the median survival of mice bearing the OS-9 osteosarcoma dou-
bled (42 days) upon treatment with T-dCyd and increased nearly
4-fold (84 days) in mice treated with aza-T-dCyd (Teicher et al.,
2018, 2019). Neither aza-T-dCyd nor T-dCyd were active against
pediatric brain tumor xenografts. In these studies, there was
moderate correlation between expression of DNMT1 and the
antitumor activity of aza-T-dCyd.

Although toxicity was observed, treatment with aza-T-dCyd
(1-2 mg/kg daily x 5 repeated weekly for 3 or 4 weeks)
resulted in impressive remissions in acute lymphocytic leuke-
mia xenografts (Teicher et al.,, 2018). Aza-T-dCyd was not
active against solid tumor xenografts, although it did prevent
growth of two sarcoma xenografts. T-dCyd was not active in
these tumor models. Treatment with T-dCyd but not aza-T-
dCyd resulted in significantly advanced overall survival asso-
ciated with hematologic improvement in an in vivo model of
myelodysplastic syndrome (Khawaja et al., 2018), although
aza-T-dCyd was toxic at the selected dose (4 mg/kg/day on
weekdays for 2 weeks repeated after 21-day rest).

Recently Morris et al. (2021) have described the antitumor
activity of 2'-fluoro-5-aza-4’-thio-2'-deoxy-arabinofuranosyl cyto-
sine (F-aza-T-dCyd) and compared its in vitro and in vivo activ-
ity with aza-T-dCyd. Interestingly, there was a low COMPARE
correlation between these two compounds in the 2-day NCI-60
assay, which suggested that the mechanism of action of these
two compounds is different. Studies with clofarabine (2-chloro-
2'-fluoro-2'-deoxy-arabinofuranosyl adenine, a molecule that
like F-aza-T-dCyd has a fluorine atom at the 2’ position) indi-
cate that addition of F' at this position in an arabinose configu-
ration results in potent inhibition of DNA polymerase once
converted to the triphosphate (Parker et al., 1991, 1999). There-
fore, it is likely that the mechanism of action of F-aza-T-dCyd
involves inhibition of DNA replication more so than aza-T-
dCyd.

Pharmacokinetics of Aza-T-dCyd. Studies conducted
at the NCI indicate that the oral bioavailability of aza-T-dCyd
in mice (2 mg/kg) was 80% of that seen after intravenous
administration (unpublished observation). Studies by Mom-
parler (1985) indicated that the oral bioavailability of aza-
dCyd was only 9%. The low oral bioavailability of aza-dCyd in
nonhuman primates could be improved by pretreatment with
THU, which indicated that Cyd deaminase activity contrib-
uted to its poor bioavailability (Lavelle et al., 2012), and there
are now oral formulations for administering aza-dCyd to
humans. The high oral bioavailability of aza-T-dCyd suggests
that this compound may be a poor substrate for Cyd deami-
nase. It is also possible that the rapid decomposition of aza-
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dCyd contributes to its poor oral bioavailability (Momparler,
1985). We have shown that the half-life of aza-T-dCyd in phos-
phate buffer at pH 6.2 is approximately 5-fold that of decita-
bine (Thottassery et al., 2014), which suggests that the
increased chemical stability of this compound could contribute
to its good oral bioavailability.

Aza-T-dCyd in First-in-Human Clinical Trial. Based
on the good antitumor activity of aza-T-dCyd observed in
mouse xenografts, the NCI initiated a phase I clinical trial,
which is ongoing (Monge et al., 2019, Nguyen et al., 2021). In
this trial aza-T-dCyd is administered orally once a day for 5
days of each week for 2 weeks, with 1 week off, in 21-day
cycles. As of January 2021 (Nguyen et al., 2021), a total of 18
patients with solid tumors have been enrolled in the trial, and
a maximal tolerated dose of 32 mg has been determined. Of 14
patients that were evaluable for response, 11 had a best
response of stable disease, and 3 had a best response of pro-
gressive disease. The median cycles of therapy was four, and
one patient with clear cell ovarian carcinoma has been on
study for 10+ cycles (30+ weeks). The authors concluded that
aza-T-dCyd is safe and well tolerated with a toxicity profile
similar to currently approved hypomethylating agents. Global
DNA methylation profiling, RNAseq, and DNMT immunohis-
tochemical analyses of tumor biopsies are planned for the cur-
rently accruing dose expansion cohort.

Comparison of the Metabolism and Activity of Aza-
T-dCyd and Aza-dCyd. Although aza-dCyd has been stud-
ied for many years (Momparler, 2005), there is still much that
is not known about its mechanism of action, and a brief review
of its activity may be useful to understand how aza-T-dCyd
could differ from aza-dCyd and possibly suggest reasons for
their different toxicity profiles. The enzymes involved in the
metabolism and activity of aza-dCyd are shown in Fig. 5. In in
vitro studies it is clear that aza-dCyd is readily activated to
aza-dCTP , which is incorporated into DNA, resulting in the
depletion of DNMT1. Aza-dCyd is a good substrate for dCyd
kinase (Momparler and Derse, 1979; Cihak et al., 1980; Vesely
and Cihak, 1980; Vesely, 1987), which is the rate-limiting
enzyme in the activation of most deoxynucleoside analogs. It
has also been shown to be a good substrate for DNA polymer-
ase o (Vesely and Cihak, 1977; Bouchard and Momparler,
1983), one of the primary DNA polymerases responsible for
DNA replication, without causing chain termination.

It is known that aza-dCyd is a reasonably good substrate for
Cyd deaminase (Chabot et al., 1983; Laliberte et al., 1992), and
most of aza-dCyd that is administered to an animal is con-
verted to 5-aza-2'-deoxyuridine (aza-dUrd) (Lavelle et al., 2012;
Ebrahem et al., 2012). The K,,, for aza-dCyd was 10- to 20-fold
that of dCyd, but its V., was similar. Aza-dCMP is also a sub-
strate for dCMP deaminase (Momparler et al., 1984, 1986),
which creates aza-dUMP . Although in this case, the K, of aza-
dCMP was similar to that of dCMP, but its V., was only 1%
that seen with dCMP. In vivo studies (Terse et al., 2014)
showed that treatment of mice with THU plus aza-dCyd was
more toxic to mice than treatment with aza-dCyd alone and
that the increased toxicity correlated with increased aza-dCyd
plasma levels. These results suggest that the toxicity of aza-
dCyd in mice is primarily due to its conversion to aza-dCMP.
However, THU does not inhibit dCMP deaminase activity, and
deamination of aza-dCMP could still produce considerable
amounts of aza-dUMP in cells. Our studies with CEM cells
(Parker et al., 2000) indicate that 90% of dCMP formed in cells



218 Parker and Thottassery

DNA damage unrelated to DNMT1
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aza-dCTP

T dCMP deaminase T
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aza-dCyd aza-dUrd

Cyd deaminase
Fig. 5. Metabolism of aza-dCyd in human cells.

is deaminated to form dUMP and it is possible that much of the
aza-dCMP would be converted to aza-dUMP. However very lit-
tle is known about the activities of aza-dUMP and its
metabolites.

Thymidylate synthase methylates the 5-carbon of dUMP,
and inhibition of this enzyme by 5-fluoro-2'-deoxyuridine-5'-
monophosphate results in cytotoxicity due to depression of
TTP levels and incorporation of uracil and 5-fluorouracil into
DNA (Parker and Cheng, 1990). Therefore, it is possible that
the 5-aza-moiety could inhibit the methylation of aza-dUMP by
thymidylate synthase in a manner similar to that of aza-cyto-
sine and DNMT1. Recently a compound screen of 11,000 com-
pounds in intact cells using a cellular thermal shift assay
identified aza-dUMP as an inhibitor of thymidylate synthase
(Almgvist et al., 2016). In other studies (Requena et al., 2016)
the toxicity of aza-dCyd was enhanced in cells deficient in dUT-
Pase activity, which was correlated with increased intracellular
levels of dUTP (and aza-dUTP ) and incorporation of uracil into
DNA. More recently in in vitro and in vivo experiments, treat-
ment with aza-dCyd resulted in the depletion of thymidylate
synthase (Gu et al., 2021). These three studies suggest that suf-
ficient aza-dUMP is produced in cells and that this compound
inhibits thymidylate synthase resulting in the decrease of TTP
levels and accumulation of dUTP and aza-dUTP. The removal
of uracil or aza-uracil from DNA by uracil DNA glycosylase
results in a futile cycle of incorporation and removal that over-
whelms DNA repair mechanisms.

Early studies have shown that aza-dCyd can cause alkali-
labile breaks in DNA (D’Incalci et al., 1985; Covey et al.,
1986), which are caused by a saturable (enzymatic) DNA
repair mechanism (Limonta et al., 1993). It was proposed in
this work that the toxicity of aza-dCyd was due to the removal
of 5-azacytosine from DNA by DNA glycosylases leading to the
formation of apyrimidinic sites, and the excessive incorpora-
tion and removal of aza-dCyd sets up a futile cycle that over-
whelms the DNA repair process causing DNA damage. These
studies suggest that there is a balance between the amount of
aza-dCyd that is incorporated into DNA that is necessary for
depletion of DNMT1 and the amount incorporated that results
in toxicity. Based on the more recent studies (Almqvist et al.,
2016; Requena et al., 2016; Gu et al., 2021), it is possible that

DNMTI1 depletion

aza-dUTP

T T dUTPase

RNA

> aza-dUMP ———> TMP synthase

~—

dThd phosphor‘ylge

aza-uracil

the DNA damage reported in these studies was due to the
incorporation of dUTP or aza-dUTP.

No studies have been reported that evaluate aza-dUrd as a
substrate for dThd kinase, so it is not known whether aza-
dUMP can be formed from aza-dUrd. However, aza-dUrd is a
substrate for dThd phosphorylase (Cihak and Vesely, 1978;
Cihak, 1978), which is expressed throughout the body, and,
therefore, a considerable amount of 5-aza-uracil should also
circulate after exposure to aza-dCyd. Early studies with aza-
dCyd indicated that 5-aza-uracil is activated and incorporated
into RNA (Cihak and Sorm, 1972), which could also contribute
to the toxicity of aza-dCyd. Although generation of aza-uracil
may not contribute to aza-dCyd activity in vitro, it may be
very important in vivo since most of the administered drug is
deaminated to aza-dUrd.

Unfortunately, no studies have been conducted to evaluate
the metabolism of aza-T-dCyd. However, since treatment with
aza-T-dCyd results in the depletion of DNMT1, it is clear that
it is readily converted to aza-T-dCTP and incorporated into
DNA. Furthermore, if one assumes that the 4’-thio moiety of
aza-T-dCyd affects its metabolism in a similar manner as that
seen with T-dCyd, then one would predict that the metabolism
of aza-T-dCyd (Fig. 6) would be very different than that of
aza-dCyd (Fig. 5) and that little aza-T-dCyd would be con-
verted to either aza-T-dUMP or aza-uracil. If true, then this
difference in metabolism could explain the large therapeutic
index of aza-T-dCyd (depletion of DNMT1 vs. toxicity) relative
to aza-dCyd (Table 1). Because of a potential difference in
activity of dCMP deaminase with these two agents, it is possi-
ble that the primary intracellular metabolite of aza-dCyd in
cells after activation by dCyd kinase is aza-dUMP, whereas
for aza-T-dCyd it is aza-T-dCTP . Differences in how these
molecules interact with DNA polymerases and influence DNA
function could also explain the difference observed in their
therapeutic indices. As discussed above, some studies have
indicated that the toxicity of aza-dCyd is due to DNA damage
caused by the incorporation of aza-dCyd (Limonta et al., 1993)
or aza-dUrd (Requena et al.,, 2016) and their subsequent
removal by DNA glycosylases. Others have shown that 4'-thio-
2'-deoxyuridine is not able to inhibit uracil DNA glycosylase
(Verri et al., 2000), which suggests that 4’-thio nucleosides in
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DNA would not be substrates for DNA glycosylases. Therefore,
it is possible that aza-T-dCyd residues in DNA are not recog-
nized by DNA glycosylases and that a futile cycle of incorpora-
tion/removal does not occur with aza-T-dCyd, resulting in less
DNA damage.

Conclusion

Aza-T-dCyd has two important attributes (oral bioavailabil-
ity and lower toxicity) that distinguish it from aza-dCyd and
argue strongly for its evaluation in various disease settings
wherein selective depletion of DNMT1 is considered to be a
rational strategy (Fig. 7). The reason for these differences is
not known at present. Without a complete understanding of
how these molecules are metabolized in cells as well as the
effect of their metabolites on various enzymatic targets, it is
not productive to speculate too much about how the mecha-
nism of action of these two compounds differs. It will be neces-
sary to determine the kinetic constants of aza-T-dCyd and
aza-dCyd with dCyd kinase and Cyd deaminase as well as

Pharmacodynamic similarities and differences between
aza-T-dCyd and aza-dCyd

aza-T-dCyd aza-dCyd

Depletion of DNMT1 yes yes
Therapeutic Index high low
Oral bioavailability yes no
Need for THU no yes
Chemical stability (half-life af pH 6.7) 45 hrs 13 hrs
Important metabolic differences:

Cytidine deaminase ? ot

Thymidine phosphorylase - o

dCMP deaminase - +

Thymidine kinase - ?

Fig. 7. Pharmacodynamic similarities and differences between aza-T-
dCyd and aza-dCyd. “” indicates little if any enzymatic activity.
“+++” indicates good enzymatic activity. “?” indicates enzymatic activ-
ity unknown.

how their metabolites interact with various enzymes involved
in nucleotide metabolism, such as DNA polymerases, dCMP
deaminase, and thymidylate synthase. That said, knowledge
from studies with other 4’-thio molecules suggests significant
differences in the metabolism of these two compounds could
explain the relatively low toxicity of aza-T-dCyd. In addition,
the fact that aza-T-dCyd has high oral bioavailability and does
not need THU as a combination partner suggests that aza-T-
dCyd may be a poor substrate for cytidine deaminase.

Although both aza-Cyd and aza-dCyd are approved for the
treatment of some diseases, there is no strong evidence that
depletion of DNMT1 is primarily responsible for their clinical
activity. Both aza-dCyd and aza-Cyd are currently adminis-
tered for short periods with significant toxicity followed by
long recovery period. Because depletion of DNMT1 is not
expected to cause acute toxicity, it is likely that their clinical
activity is due to inhibition of enzymes other than DNMT1.
Regardless, the therapeutic index for aza-dCyd seems to be
very narrow, and the larger therapeutic index of aza-T-dCyd
in mice suggests that it would be a better candidate to selec-
tively deplete DNMT1 from cells and determine in humans
whether depletion of DNMT1 is an effective target for these
various diseases. Our in vivo results in murine models of can-
cer indicate that mice can be treated on an extended schedule
with aza-T-dCyd at an effective DNMT1-depleting dose with-
out toxicity, which would allow for treatment of all target cells
as they enter S phase.
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