Check for
updates

O DOI: 10.1002/hlca.201800229 FULL PAPER HELVETICA

Label-Free Quantification of 5-Azacytidines Directly in the Genome

Sarah Schiffers,® Thomas M. Wildenhof,? Katharina Iwan,? Michael Stadlmeier,® Markus Mdller,? and
Thomas Carell*?

@ Center for Integrated Protein Science at the Department of Chemistry, Ludwig-Maximilians-Universitat
Minchen, Butenandtstr. 5-13, DE-81377 Miinchen, e-mail: Thomas.Carell@lmu.de

Dedicated to Prof. Francois Diederich

Azacytidines (AzaC and Azad() are clinically relevant pharmaceuticals that operate at the epigenetic level.
They are integrated into the genome as antimetabolites to block DNA methylation events. This leads to a
reduction of the 5-methyl-2-deoxycytidine (m°dC) level in the genome, which can activate epigenetically
silenced genes. Because of the inherent chemical instability of Aza(d)Cs, their incorporation levels in DNA and
RNA are difficult to determine, which hinders correlation of therapeutic effects with incorporation and removal
processes. Existing methods involve radioactive labeling and are therefore unsuitable to monitor levels from
patients. We report here a new direct chemical method that allows absolute quantification of the levels of
incorporated AzaC and AzadC in both RNA and DNA. Furthermore, it clarifies that Aza(d)C accumulates to high
levels (up to 12.9 million bases per genome). Although RNA-based antimetabolites are often 2’-deoxygenated
invivo and incorporated into DNA, for AzaC we see only limited incorporation into DNA. It accumulates

predominantly in RNA where it, however, only leads to insignificant demethylation.
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Introduction

Methylation of deoxycytidines in genomic CpG context
creates methylated palindromic ("CpG) sites, which
trigger the silencing of gene expression.” Silencing of
tumor suppressor genes in turn is a hallmark of
cancer.”? Others and us could recently show, that the
inability to remove methyl marks from ™CpG-islands is
a problem in many tumors that helps maintaining
uncontrolled cell division and hence tumor growth.™
The RNA nucleoside 5-Azacytidine (AzaC) and its
corresponding DNA analogue 5-Aza-2'-deoxycytidine
(Decitabine, AzadC) are pharmaceuticals, which are in
clinical use for the treatment of myelodysplastic
syndromes (MDS) and acute myeloid leukemia
(AML).#-% These compounds are prodrugs, which are
converted into the corresponding triphosphates and

Supporting information for this article is available on the
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incorporated into both DNA and RNA at levels that are
difficult to measure and therefore often unknown.”?
Once incorporated, they function as suicide inhibitors
of methyltransferases (Dnmt1 and 3a/3b) as depicted
in Scheme 1,a.°7'? This inhibitory effect leads to a
global reduction of the m>dC levels in DNA™! and
consequently to a reactivation of silenced tumor-
suppressor genes.'*1”! Methylation of cytidine bases
(m°C) occurs also in RNA, and is performed by
Dnmt2'®! and specific NOP2/Sun domain family
proteins (NSUN2!', 418 and 6'%). The question to
which extent inhibition of methylation in RNA contrib-
utes to the clinical effect of AzaC treatment is
unanswered. A recent meta-analysis seems to back up
previous findings,'2°=22 that AzaC gives slightly better
clinical results than AzadC.*®! The molecular cause
however remains elusive, especially considering the
fact that AzaC first has to be reduced by ribonucleo-
tide reductase to enter DNA. Accordingly, it is
important to investigate the levels at which AzadC and
AzaC are integrated into nucleic acids.
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Scheme 1. a) Proposed mechanism of action of 5-Azacytidine (Aza(d)C). The blue components are part of the active site of the DNA
methyltransferases (DNMTs). The active part of the SAM cofactor is depicted in red. b) Depiction of the main hydrolysis pathway of
Aza(d)C. ¢) Stabilization of AzadC by NaBH, reduction and d) fragmentation pathway of H,—AzadC with the calculated and found m/

z values in MS? experiments.

A major problem associated with the analysis of
the incorporation efficiencies is the hydrolytic insta-
bility of the Aza(d)C compounds, which feature
reported half-life times between 3.5 h and 21 h.24?
This makes the direct measurement of the compounds
in DNA and RNA impossible. Feeding of radioactive
Aza(d)C is only of limited use due to its instability
because one is unable to distinguish intact integrated
material from chemically unreactive fragments that are
still present in DNA and RNA.?% In light of observed
resistance phenomena in treated patients, there is a
great need for a direct analytic method that can give
levels of intact AzadC and AzaC in DNA and RNA %28

Results and Discussion

The instability of Aza(dC) is caused by its electrophilic
character, which allows water to attack the C(6)
position as depicted in Scheme 1,b. This is followed by
opening of the hemiaminal substructure and subse-
quent deformylation and deribosylation.**2*!  we
rationalized that any analysis of intact Aza(d)C after
DNA or RNA isolation would require immediate
stabilization of the incorporated compounds to stop
further degradation during DNA and RNA isolation
and handling.

We found that treatment of Aza(d)C with
NaBH,*°732, is a very efficient reaction that leads to
the formation of the corresponding dihydro—Aza(d)C
(H,—Aza(d)C) compounds. We furthermore discovered
that despite the lack of any aromaticity, these
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compounds are surprisingly stable. When we reacted
the Aza(d)C nucleoside with aqueous NaBH, followed
by elimination of borate with acetate buffer (pH=>5,
Scheme 1,c) we noted full conversion to the corre-
sponding stabilized H,—Aza(d)C versions already after
60 min reaction at room temperature (Figure SI-6 A in
the Supporting Information). A long-term NMR study
showed that H,—AzadC is stable in D,O at 37°C for
several hours (Figure SI-4), while the original AzadC
shows 16% decomposition already after 6 h. In order
to enable LC—MS based quantification, we next
analyzed the MS fragmentation patterns of H,—AzadC
(Scheme 1,d). The positively charged precursor ion with
a mass-to-charge ratio (m/z) of 231 fragments first
through cleavage of the glycosidic bond. The base
heterocycle seems to exist in two tautomeric forms in
the gas phase, which undergo retro-Diels-Alder frag-
mentations under elimination of either —HNCO or
—CH,NH. This leads to clearly detectable fragment ions
with m/z of 72 and m/z 86 (Figure SI-7). This
mechanistic assumption is supported by a study with
a monodeutero-H,—AzadC derivative (Figure SI-8,
Scheme SI-1). We then developed a UHPLC method to
separate H,—Aza(d)C from the canonical nucleosides
and modified the enzymatic digestion protocol®?
enabling digestion of DNA and RNA and liberating
H,—Aza(d)C completely (Figure SI-10-5I-12). This meth-
od was further validated with different amounts of
DNA. A similar method that uses a different sample
preparation and a different mass spectrometric meth-
od was recently published.B"

Next, we evaluated the new method in realistic
scenarios using AzadC-treated cells. For the study, we
used leukemia model cell lines and AzadC concen-
trations of up to 1 um. The first study was performed
with the leukemia model cell line HL60, which are
promyeloblast cells derived from acute promyelocytic
leukemia. A second study was performed with the
AML cell line MOLM-13 (Figure 7). In both cases, the
cells were cultured in the presence of increasing
concentrations of AzadC for 24 h, which is longer than
the half-life of the compound in solution.?*?! The
DNA was isolated, treated with NaBH, subsequently
fully digested and analyzed by UHPLC-MS? using the
developed protocol.

To our delight, we detected a clear and strong
signal for the H,—AzadC using our method. The signal
intensity nicely increased in a dose-dependent manner
(Figure 1, green bars), proving the presence of intact
AzadC in the genome. Using external calibration
curves of the H,—AzadC standard subjected to our
optimized digestion conditions, it was now possible to
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Figure 1. Levels of H,—-AzadC after a 24 h treatment with
different concentrations of AzadC. H,—AzadC (green), m°dC
(yellow) per dN in a) HL60 cells, b) MOLM-13 cells. nd: not
detected. Error bars indicate standard deviation of three
independent biological replicates.

perform exact quantification (Figure SI-10). We found
about 2000 AzadC per million nucleotides when we
supplemented with AzadC (1 pm). This corresponds to
a rather high level of 12.9 million AzadCs per genome.
These high levels may be due to a higher stability of
the genome-incorporated AzadC compared to the
corresponding free nucleoside, possibly due to shield-
ing of the compound inside the genomic DNA duplex
from reaction with water. Indeed, the AzadC content
in isolated DNA was more stable (half-life time of
68.7 h at r.t. (Figure SI-15)) than the reported half-life
time of the nucleoside.” However, we strongly
recommend performing the NaBH, treatment as early
as possible. We quantified m°dC in parallel (Figure 1,
yellow bars), and confirmed that the increase of AzadC
goes in hand with a decline of m°dC as expected, due
to the suicide inhibition of the DNA methyl trans-
ferases.

We next investigated the effect of AzadC on cells
that undergo significant epigenetic reprogramming to
see if we could obtain time-dependent data. For these
studies, we treated J1 mouse embryonic stem cells
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Figure 2. Levels of H,—AzadC (a) and H,—AzaC (b) in mESC after
drug treatment (1 um Aza(d)C) over a period of 24 h. After the
indicated time points the cells were harvested and the DNA
was isolated and analyzed as described. H,—AzadC (dark green),
m>dC (yellow), H,—AzaC (light green) and m>C (light yellow). nd:
not detected; blg: below limit of quantification. Error bars
indicate standard deviation obtained from three independent
biological replicates.

(mESC) with AzadC (1 um) during the shift from the
naive to the primed state343¢1 We analyzed the
incorporation at different time points (Figure 2,a).
Indeed, isolation and analysis of the DNA shows an
immediate sharp increase of AzadC in the genome
that did not reach saturation even after 24 h. Interest-
ingly we noted that despite the immediate integration
of AzadC into the genome, a decline of the m°dC
values is first observed after 4 h. This observation is
difficult to rationalize but it may explain why also in
the clinic, long treatment times are essential for
therapeutic success. The biochemical reason for this
lag phase needs further investigation.

Furthermore, we started to study if our new
method would also allow us to determine the
incorporation of the ribo-version AzaC into DNA and
RNA. We therefore investigated the effect of the AzaC
(1 um) in the mESC model. We first detected again the
deoxygenated version AzadC in the genome, showing
that 2’-deoxygenation of AzaC occurs and leads to
incorporation of AzadC (Figure 2,b). However, the
detected levels of H,—AzadC are reduced by a factor of
about four (330 instead of 1200 H,—AzadC per million
nucleotides) and the incorporation is time delayed.
The lag phase of 2 h may be attributed to the time
needed by the cells to deoxygenate AzaC.”! The low
incorporation yield is most likely to be caused by
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decreased availability of the 2’-deoxygenated nucleo-
side due to the incorporation into RNA and therefore
reduction of the soluble pool. Our finding also
matches a recent publication®”, in which the ribonu-
cleotide reductase was identified as an AzaC target
leading to reduction of the 2'-deoxy-nucleoside pool
and therefore probably arrest of the replication.

To our surprise, despite the lower incorporation
level, the onset of m°dC reduction is again observed
after 4 h and the total decline of m>dC is similar
compared to feeding of AzadC. This observation is
very interesting and it raises the question of why the
observed demethylation is not dose-dependent. From
the same sample, we also investigated the levels of
the non-deoxygenated AzaC in RNA using a slightly
modified UHPLC-MS? method. Here we exploit again
that the reduction with NaBH, gives a stable derivative
(Figure SI-5, SI-6B) with a unique high resolution MS
fragmentation pattern (Figure SI-9).

The detected levels of H,—AzaC in RNA correspond
to 1000 AzaC per million nucleotides after 24 h, which
is comparable to the H,—AzadC levels in DNA after
AzadC treatment. The total amount of incorporated
nucleotides is consequently very similar, independent
of the supplemented Aza(d)C compound, arguing that
maybe proper triphosphate generation could be rate
determining in vivo. In RNA, m°C does not appear to
be significantly reduced upon AzaC feeding, clarifying
that demethylation of RNA is likely not responsible for
any therapeutic effects.

We conclude that ribosomal m°C represents the
vast bulk of the detected material since knockout of
Dnmt2, which is known to methylate tRNA, shows only
a slight and insignificant effect on global m>C levels
(Figure 3,a). It seems that in RNA, efficient inhibition of
the NSUN-methyltransferases does not occur.

In DNA however, Aza(d)C mediated demethylation
appears largely unaffected by the available methyl-
transferase. We find that equally strong demethylation
occurs in all investigated DNMT knockouts, despite
efficient incorporation of AzadC into their genomes
(Figure 3,b). This is somewhat surprising, since inhib-
ition of the maintenance methyltransferase DNMT1 is
considered to have the strongest impact on global
m>dC levels.3®

Conclusions

Here, we report two new mass spectrometry-based
methods for the exact quantification of AzadC and
AzaC in DNA and RNA. Importantly, the methods allow
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quantification of m>dC in parallel with H,~AzadC and
m°C in parallel with H,—AzaC, respectively. This now
enables us to correlate incorporation efficiencies with
the expected biochemical effect, namely reduction of
the m>(d)C values. Using the new method, we learned
that AzaC is efficiently 2'-deoxygenated to AzadC.
Both compounds lead to comparable reductions of
the m>dC levels, but not in a dose-dependent manner
and only after a significant lag time. Interestingly, we
did not see a significant reduction of the m°C values
upon feeding of AzaC, despite its efficient incorpo-
ration into RNA, arguing that depletion of RNA
methyltransferase may not be accomplished as easily
as of DNA methyltransferases. It may also hint at an
alternative mechanism of Aza(d)C-mediated demethy-
lation, which acts through replacement of m°dC by
DNA repair processes, rather than inhibition of main-
tenance methylation. The absence of equivalent repair
mechanisms in RNA adds further support to this
hypothesis. Given the generally lower DNA incorpo-
ration rate in case of AzaC, its particular beneficial
effects'®® may arise from the incorporation into RNA
rather than DNA. Most importantly, the new methods
do not rely on radioactive labeling and can conse-
quently be used to monitor the effects directly in
samples from patients treated with Aza(d)C and more-
over allow distinguishing catabolic by-products from
the intact drug. This now paves the way to study the
pressing resistance problems associated with epige-
netic Aza(d)C therapy.

Experimental Section
Chemical Synthesis—General Methods

Preparative HPLC: Waters 1525 Binary HPLC Pump,
2487 Dual A Absorbance Detector; Macherey-Nagel VP
250/10 Nucleosil 100-7-C18; flow rate 5 mL/min.

Analytical HPLC: Waters 2695 Separation Module,
2996 Photodiode Array Detector; Macherey-Nagel EC
250/4 Nucleosil 120-3-C18; flow rate 0.5 mL/min.

'H- and '3C-NMR spectra were recorded with a
Bruker Avance Ill HD 400 MHz spectrometer equipped
with a CryoProbe. Chemical shifts are expressed in
parts per million [ppm] and indicated relative to
tetramethylsilane (TMS). The deuterated solvents D,O
served thereby as internal standards. Spin multiplicities
are indicated as follows: s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet) and combinations
thereof. Signals were assigned to their respective
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source through informally allocated atom numbers.
Structural analysis was conducted with 'H- and '3C-
NMR spectra under the aid of additional 2D spectra
(COSY, HMBC, and HSQC). Spectral analysis was
conducted with the software MestReNova v.9.1.0-
14011 from Mestrelab Research S.L.

The high-resolution mass spectrometer for chem-
icals was operated by the section for mass spectrome-
try of the department chemistry and pharmacy, LMU
Munich. The spectra were acquired through electro
spray ionization (ESI) with a Finnigan LTQ FT from
Thermo Finnigan GmbH. Either the molecule ion signal
or the signal of another characteristic fragment is
indicated in the analysis section of each product.

Melting temperatures were acquired with a BUCHI
Melting point B-450 from BUCHI Labortechnik AG and
are uncorrected.

Synthesis of 5,6-Dihydro-5-aza-2'-deoxycytidine (= 4-
Amino-1-[(2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)-
oxolan-2-yl]-5,6-dihydro-1,3,5-triazin-2(1H)-one;
H,—AzadC). The procedure was modified from a
previous publication.% In detail, a freshly prepared
solution of NaBH, (9.95 mg, 262.9 umol, 4 equiv.) in
H,O0 (1.5 mL) was added to AzadC (15.0 mg, 65.7 umol,
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Figure 3. Incorporation of AzadC and AzaC into RNA a) and
DNA b) of various DNMT knock-out mESCs 24 h after drug
treatment (1 um). H,—AzadC (dark green), m°dC (yellow),
H,—AzaC (light green), and m°C (light yellow). nd: not detected.
Error bars indicate standard deviation obtained from three
independent biological replicates.
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1.0 equiv., Carbosynth Limited) and stirred 1.5 h at r.t.
The reaction was quenched with aqueous NaOAc-
Buffer (0.5 mL, 750 mm, pH=5), and the resulting
mixture was stirred for 1 h. The mixture was filtered
with a syringe filter (Acrodisc® 13 mm, 0.2 um, GHP
Membrane, PALL Laboratory) and directly subjected to
preparative HPLC purification and collected as broad
peak at t=48min (100% H,O in 25min). The
obtained fractions were pooled and the solvent was
removed by lyophilization on a Christ Alpha L-D plus
to afford H,—AzadC as colorless powder. (14.9 mg,
64.7 umol, 98%). M.p.: over 230°C, decomposition. 'H-
NMR (400 MHz, D,0): 6.22 (dd, J=8.2, 6.5, 1 H); 4.66-
4.53 (m, 2H), 438-4.31 (m, 1 H); 3.94-3.82 (m, 1 H);
3.75 (dd, J=12.3, 4.0, 1 H); 3.67 (dd, J=12.3, 5.3, 1 H);
2.25 (ddd, J=14.6, 8.2, 6.6, 1 H); 2.06 (ddd, J=14.2, 6.5,
3.4, 1 H). *C-NMR (101 MHz, D,0): 160.3; 159.3; 84.9;
83.7; 70.9; 61.6; 50.9; 35.1. HR-ESI-MS: 231.1088
([CgH15N4O41 T, IM+H]™; calc. 231.1088).

Synthesis of 6-Deutero-5-hydro-5-aza-2'-deoxycyti-
dine (=4-Amino-1-[(2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)oxolan-2-yl1(6->H,)-5,6-dihydro-
1,3,5-triazin-2(1H)-one; MH,—AzadC). The synthesis
was performed analogous to H,—AzadC with NaBD,
(11.0 mg, 262.9 pumol, 4.0 equiv.) as reducing agent
and afforded 6-monodeutero-5-hydro-5-aza-2'-deoxy-
cytidine (MH,—AzadC; 14.6 mg, 63.1 umol, 96%) as
colorless powder. M.p.: over 230°C, decomposition.
"H-NMR (400 MHz, D,0): 6.17 (dd, J=8.1, 6.6, 1 H); 4.52
(d, J=9.2, 1 H); 4.34-4.25 (m, 1 H); 3.88-3.79 (m, 1 H);
3.69 (dd, J=12.3,39, 1 H); 3.61 (dd, /=122, 5.3, 1 H);
2.19 (ddd, J=14.6, 8.2, 6.7, 1 H); 2.04 (ddd, J=14.1, 6.4,
3.4, 1 H). *C-NMR (101 MHz, D,0): 160.5; 159.4; 84.8;
83.6; 70.9; 61.5; 50.5 (t, 1 C); 34.97. HR-ESI-MS: 232.1151
([CgH14DN4O,1 T, IM+HIT; calc. 232.1151).

Synthesis of 5,6-dihydro-5-azacytidine (= 4-Amino-1-
[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)ox-
olan-2-yl]-5,6-dihydro-1,3,5-triazin-2(1H)-one;
H,—AzaC). The procedure was modified from a
previous publication.>? In detail, a freshly prepared
solution of NaBH, (9.29 mg, 245.6 umol, 4 equiv.) in
H,O (1.5 mL) was added to AzaC (15.0 mg, 61.4 umol,
1.0 equiv., Sigma-Aldrich) and stirred 1.5 h at r.t. The
reaction was quenched with aqueous HCl (0.5 mL,
0.5m), and the resulting mixture was stirred for
30 min. The mixture was brought to pH=10 with
aqueous NH,OH (5%) and stirred for another 30 min.
After filtration with a syringe filter (Acrodisc® 13 mm,
0.2 um, GHP Membrane, PALL Laboratory), the mixture
was directly subjected to preparative HPLC purification
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and collected as broad peak at t=5.2 min. (100% H,O
in 25 min) The obtained fractions were pooled and the
solvent was removed by lyophilization on a Christ
Alpha L-D plus to afford 5,6-dihydro-5-azacytidine
(H,—AzaC) as colorless powder (14.7 mg, 59.7 umol,
97%). M.p.. over 219°C, decomposition. 'H-NMR
(400 MHz, D,0): 5.64 (d, J/=6.8, 1 H); 4.52-4.44 (m, 2H),
4.14-4.08 (m, 1 H); 4.00 (dd, J=5.7, 3.6, 1 H); 3.88-
3.82 (m, 1 H); 3.64 (dd, J=12.5, 3.5, 1 H); 3.56 (dd, J=
12.5, 4.7, 1 H). *C-NMR (101 MHz, D,0): 160.0; 159.0;
87.1; 83.1; 70.06; 70.04; 61.3; 51.3. HR-ESI-MS: 247.1037
(ICgH{sDN,O:1 ", IM+HI1™; calc. 247.1037).

Long-Term NMR Study of the Stability of the Compound

A sample of the synthetic H,—AzadC or AzadC, or
H,—AzaC and AzaC respectively (ca. 1 mg) was dis-
solved in D,O (1 mlL, Eurisotop) and immediately
subjected to 'H-NMR. The NMR-tube with the sample
was then incubated in a water bath at 37°C and
measured after indicated times. After that, the sample
was left at rt. and measured again. For AzadC,
integrals of peaks from H—C(1') are indicated, after 6 h
at 37°C, a decay of approximately 16% of the
compound can be observed (Figure SI-4). For AzaC,
integrals of peaks from H—C(1’) are indicated, after 18
h at 37°C, a decay of approximately 37% of the
compound can be observed (Figure SI-5).

HPLC Conversion Studies

A freshly prepared solution of NaBH, in H,O (0.5 mL,
250 mm) was added to AzadC (A) or AzaC (B) (1.00 mg,
4.4 umol, 1.0 equiv., Carbosynth Limited) and stirred at
r.t. After 60 min, the mixture (100 uL) was quenched
with NaOAc-Buffer (50 pL, 750 mm, pH=5) and placed
in an Eppendorf Thermomix comfort at 22°C and
600 rpm shaking to remove hydrogen bubbles from
the reaction. After short-spin centrifugation, the
mixture was diluted 1:10 and subjected to analytical
HPLC. 0—5% MeCN in H,0, 0—25 min; 5%—80%,
25 min—28 min; 80%—80%, 28 min—38 min; 80%—
0%, 38 min—45 min. As control, AzadC or AzaC was
diluted in H,0 and immediately subjected to analytical
HPLC with the same mobile phase gradient (Figure SI-
6).

HR-MS-Fragmentation

Fragmentation experiments were conducted on an
Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific), equipped with a HESI-II-ESI source (Thermo Fisher

www.helv.wiley.com (60f 11) e1800229

© 2019 Wiley-VHCA AG, Zurich, Switzerland


www.helv.wiley.com

Scientific). A solution of the sample in water was
directly injected using a syringe pump with a flow rate
of 3 uL/min (H,~AzaC) or 5pul/min (H,—AzadC,
MH,—AzadC). Spray parameters are given in Table SI-5.
The isolation window was set to 1 m/z. High-resolution
mass spectra were recorded manually with a resolu-
tion of 30000 in a mass range from 60 m/z to 250 m/z.
MS? and MS? spectra for H,~AzadC and MH,—AzadC
were recorded with a normalized collision-induced
dissociation energy of 20% with a resolution of 30000
in a mass range from 50 m/z to 250 m/z. In the case of
H,—AzaC, MS? spectra were acquired with a normalized
higher-energy collisional dissociation energy of 30%
with a resolution setting of 30000 in a mass range
from 65 m/z to 300 m/z.

To gain a more accurate mass, after acquisition
several spectra were summarized in the Xcalibur
QualBrowser (Thermo Fisher Scientific; Figure SI-7). The
proposed fragmentation pathway of MH,—AzadC is
depicted in Scheme SI-1, and complementary to the
unlabeled H,—AzaC (Scheme SI-2).

Cell Culture and Drug Treatment

5-Azacytidine (Sigma-Aldrich) and 5-Aza-2'-deoxycyti-
dine (Carbosynth) were dissolved as dimethyl sulfoxide
(DMSO) stocks (100 mm) and stored frozen at —80°C.
For treatment of mESC, this stock was diluted to a
concentration, that when applied to cell culture
medium, the final DMSO concentration did not exceed
1%. Due to the sensitivity of the HL60 cells to DMSO,
the DMSO stocks (100 mm) were diluted with ddH,O
(to 100x the final concentration) and then directly
applied to the culture medium.

Cancer Cell Lines

HL60 cells (ATCC) and MOLM-13 (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell
Cultures) were cultured in RPMI-1640 Medium (Sigma-
Aldrich) supplemented with 20% fetal bovine serum
(FBS, Life Technologies), L-alanyl-L-glutamine (2 mm,
Sigma-Aldrich) and a mixture of penicillin and strepto-
mycin (100 U/mL, 100 pg/mL, 1x, Life Technologies).
HL60 cells are promyeloblast cells derived from an
acute promyelocytic leukemia, MOLM-13 is an acute
myeloid leukemia cell line.B%=*" Cells were incubated
in a humidified 37 °C incubator supplied with 5% CO.,.
For drug treatment, 4x10° cells were suspended in
culture medium (4 mL) with Aza(d)C and incubated for
24 h in a P60 cell culture dish (Sarstedt). The medium
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was removed by centrifugation (3 min, 260 g) and the
cells were washed with phosphate buffered saline
(PBS, Sigma-Aldrich) and centrifuged again. The pellet
was lysed with guanidinium isothiocyanate buffer
(1.6 mL, RLT Buffer, Qiagen) supplemented with f-
mercaptoethanol (final concentration 142 um, Sigma-
Aldrich) and subjected to DNA isolation. All cell culture
experiments were done in independent biological
triplicates.

Mouse Embryonic Stem Cells (mESC)

J1 wt mESCs™? were maintained in DMEM high
glucose (4500 mg/L glucose, sodium pyruvate, and
sodium bicarbonate, without L-glutamine, Sigma-Al-
drich) supplemented with 10% ESC tested FBS (PAN
Biotech), 1x MEM nonessential amino acids (Sigma-
Aldrich), L-alanyl-L.-glutamine (2 mm, Sigma-Aldrich), S-
mercaptoethanol (0.1 mm), leukemia inhibitory factor
(LIF 1000 U/mL, ORF Genetics), and 100 U/mL penicillin
with 100 ug/mL streptomycin (Life Technologies). For
maintaining mESC in the undifferentiated, naive pluri-
potent state, so called 2i conditions, MEK and GSK3
pathway inhibitors were applied. Therefore, the mESC
medium was supplemented with PD 0325901 (1 um)
and CHIR 99021 (3 um, Axon Medchem). For all experi-
ments, mESCs were trypsinized with trypsin (0.1 %,
Gibco, LifeTechnologies) in phosphate buffered saline
(Sigma-Aldrich) containing EDTA (0.02%, Sigma-Al-
drich), p-glucose (0.01%, Sigma-Aldrich) and chicken
serum (1%, Gibco, LifeTechnologies) and plated in
culture dishes pretreated with gelatin (0.2%). mESCs
were incubated in a humidified 37°C incubator
supplied with 5% CO,. For drug treatment, cells were
moved into the primed state by removing 2i from the
medium. Cells were incubated 2d in medium without
2i in P60 cell culture dishes (Sarstedt). After splitting,
4% 10’ cells were transferred into a 6-well plate culture
dish (VWR) and incubated additional 2d without 2i.
Then the medium was replaced with Aza(d)C supple-
mented medium and incubated for another 24 h. The
medium was removed and cells were washed with
PBS. Then they were directly lysed with RLT Buffer
(Qiagen) supplemented with S-mercaptoethanol (final
concentration 142 um, Sigma-Aldrich) and subjected to
DNA isolation.

For comparison of J1 wt mESCs with the respective
Dnmt1,”¥ Dnmt2,*! Dnmt3a**¥ and Dnmt3b™*
knockout cell lines the culturing procedure was the
same as described above, but after the first passage in
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serum/LIF conditions without 2i only 2x10° cells were
plated per 6-well.

DNA and RNA Isolation

DNA was isolated from cell lysates using Zymo-Spin™
V spin columns (ZymoResearch), according to the
manufacturers’ manual with following variation. After
DNA binding columns were incubated 5 min with
Genomic Lysis Buffer (ZymoResearch) supplemented
with RNAse A (35 U/mL, Qiagen). After the washing
steps, DNA was eluted from the column with ddH,0O
(100-150 pL) containing 3,5-di-tert-butyl-4-hydroxy-
toluene (BHT, 0.2 um) and the concentration was
determined on a NanoDrop ND-1000 Spectrophotom-
eter (NanoDrop Technologies Inc.).

RNA was isolated from the flow-through of DNA
isolations using ZR-Duet™ DNA/RNA MiniPrep Kit
(ZymoResearch) according to the manufacturer’s man-
ual.

NaBH, Reduction of Isolated DNA and RNA

The DNA or RNA (10 pg) was diluted with ddH,O (up
to 75 pL). A freshly prepared solution of NaBH, (25 pL,
1 m) was added to the sample (final concentration of
250 mm NaBH,) and incubated in the dark in a
Eppendorf Thermomix comfort at 22°C and 600 rpm
interval shaking (20 s shake, 9 min 40 s interval) for
4h. This treatment was previously reported®® in
different conditions and was modified to work in
water. Its compatibility with genomic DNA was
previously shown."™ Then NaOAc buffer (50 pL,
750 mm, pH=5) was added carefully to each sample
to quench the excess of borohydride and incubated at
22°C for 2 h at 600 rpm. Remaining hydrogen bubbles
were removed by short-spin centrifugation and the
DNA was purified and re-isolated using Zymo-Spin™
IIC-XL spin columns (ZymoResearch) according to the
manufacturer’s manual. The DNA was eluted in ddH,0
(60 uL) and the DNA concentration was determined.
RNA was re-isolated accordingly using the Zymo-
Spin™ JIC spin columns (ZymoResearch) according to
the manufacturer’'s manual.

Enzymatic DNA and RNA Digest

DNA and RNA samples were digested to give a
nucleoside mixture and spiked with specific amounts
of the corresponding isotopically labeled standards
before LC—MS/MS analysis. The enzymatic digest
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method was slightly modified from our previous
reported method.?® Especially TRIS-buffer salts con-
tributed heavily to ion suppression of H,—AzadC and
H,—AzaC MS-signals. DNA or RNA (1 ug) was incubated
for 3 h at 37°C in technical triplicate with S1 nuclease
(Sigma-Aldrich) and Antarctic Phosphatase (New Eng-
land BioLabs) as stated in our reported methods. For
RNA, the amount of ZnSO, was increased (1.6 mm in
7.5 uL), and MgCl, (267 mm in 7.5pul) was added
additionally. Subsequently, for DNA Snake Venom
Phosphodiesterase | (Abnova) in a glycerol stock was
added according to the manufacturer omitting the
addition of TRIS-buffer salts and the solution was
incubated for another 3 h at 37°C. For RNA, the first
S1/Antarctic Phosphatase addition and incubation was
repeated for another 12 h at 37°C.

UHPLC-MS/MS Analysis

Experimental procedures for synthesis, purification,
stock solution preparation, and determination of
extinction coefficients for the isotopic nucleoside
standards were reported earlier by our group.3346-48]
In brief, LC-ESI-MS/MS analysis was performed using
an Agilent 1290 UHPLC system, equipped with an UV-
detector, and an Agilent 6490 triple quadrupole mass
spectrometer coupled with the stable isotope dilution
technique. The nucleosides were analyzed in the
positive ion selected reaction monitoring mode (SRM).
In the positive ion mode [M-+H]"T species were
measured. The optimized general source-dependent
parameters were as follows: Gas temp. 80°C, gas flow
15 L/min (N,), nebulizer 30 psi, sheath gas heater
275°C, sheath gas flow 11 L/min (N,), capillary voltage
2500V and nozzle voltage 500V. The fragmentor
voltage was 380 V. Delta EMV was set to 500. For the
analysis, we used a Poroshell 120 SB-C8 column from
Agilent (2.7 pm, 2.1 mmXx 150 mm). The column tem-
perature was maintained at 30°C. The flow rate was
0.35 mLmin~', and the injection volume amounted to
39 pL. The effluent up to 1.0 min and after 9 min was
diverted to waste by a Valco valve in order to protect
the mass spectrometer. The auto-sampler was cooled
to4°C.

The dC- and dG-content of DNA samples was
determined by LC-UV-detection. The compounds were
separated by a gradient using water (0.0090% v/v
formic acid) and MeCN (0.0075% v/v formic acid): 0—
5min; 0—35% (v/) MeCN; 5—6.9 min; 3.5—5%
MeCN; 6.9—7.2 min; 5—80% MeCN; 7.2—10.5 min;
80% MeCN; 10.5—11.3 min; 80—0% MeCN; 11.3—
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13 min; 0% MeCN. In addition to our previously
reported UHPLC-MS parameters, we implemented
parameters for H,—AzadC in time segment 1.0-4.0 min
with a Quantifier and a Qualifier fragmentation (Table
SI-1).

For RNA samples, the amount of the canonical RNA
nucleosides A, C, G, and U was determined by LC-UV
detection. For analysis of the H,—AzaC content of RNA,
the compounds were separated by a gradient using
water and MeCN, each containing 0.0090 % (v/v) formic
acid: 0—2 min, 0—0% (v/v) MeCN; 2—6 min, 0—6%
MeCN; 6—7 min, 6—40% MeCN; 7—10.8 min, 40—
80% MeCN; 10.8—20 min, 80% MeCN; 20—20.8 min,
80—0% MeCN; 20.8—22 min, 0% MeCN. We imple-
mented UHPLC-MS parameters for H,—AzaC in time
segment 0.8-2.7 min with a Quantifier and a Qualifier
fragmentation (Table SI-2).

For absolute quantification of H,—AzadC and
H,—AzaC, we used calibration curves of diluted stand-
ards that were measured in technical triplicate prior to
every batch (Figure SI-10). Each dilution was subjected
to the same digest conditions as the DNA or RNA
samples to compensate for strong ion suppression of
the MS-signal. The resulting calibration curves were
then used for quantitation of the samples from the
according batch. For each calibration curve, the lower
limit of quantification (LLOQ) was defined as the limit,
where backfit of the calibration equation was out of a
80%-120% range (Table SI-3), and %CV of the median
MS-signal was below 15 %.

Stability of DNA-Integrated AzadC

In a stability test, we aliquoted a treated, but not
reduced DNA sample into two vials, of which we froze
one at —20°C and incubated the other one for 24 h at
rt. After the incubation time, both samples were
treated with NaBH, as described and the re-isolated
DNA was digested in technical triplicates. The levels of
H,-AzadC were determined (Figure SI-15).

Statistical Analysis

UHPLC-ESI-MS/MS data were obtained from three
independent biological experiments (unless stated
otherwise). Each biological data point was measured
as technical triplicate. Error bars represent standard
deviation of three independent experiments. Statistical
analysis (Tables SI-8-5I-10) was performed with Sigma-
Plot® software version 11.0 (Systat Software Inc.,
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Chicago, USA), using One-Way ANOVA Holm-Sidak as
test. Statistical significance is assumed if as * for p <
0.05, ** for p<0.01 and as *** for p <0.001.
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