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Background: Aging is one of the most important risk factors for cancer. It appears that aberrant epigenetic changes might be a common
driver of aging and cancer. Among them are changes in DNA methylation and DNA hydroxymethylation. The 5 carbon of cytosines
in CpG dinucleotides of DNA can be either methylated or hydroxymethylated. Like 5'-methylcytosine, changes in 5'-hydroxymethylcytosine
may occur due to aging, potentially leading to downstream changes in transcription and cancer development.

Methods: We set up a method to measure 5'-methyl-2'-deoxycytidine and 5'-hydroxymethyl-2'-deoxycytidine in DNA using liquid
chromatography/mass spectrometry (LC/MS-MS) and used this method to measure the percentage of total cytosine that was either
methylated or hydroxymethylated in the liver tissues of young and old C57BI/6 male mice. The DNA was enzymatically hydrolyzed by
sequential digestion with nuclease P1, phosphodiesterase | and alkaline phosphatase. The isotopomers [15N3]-2’-deoxycytidine and
(methyl-d3, ring-6-d)-5-methyl-2'-deoxycytidine were added to the DNA hydrolysates as internal standards. DNA methylation and
hydroxymethylation were calculated as a percentage of total deoxycytidine in genomic DNA.

Results: Within day variations for DNA methylation and hydroxymethylation were 3.45% and 8.40%, while day to day variations were
6.14% and 17.68%, respectively. Using this method it was determined that hepatic DNA of old mice had increased levels of
hydroxymethylation relative to young (0.32 = 0.02% vs. 0.24 = 0.01%, P = 0.02), with no significant changes in 5'-methylcytosine.
Conclusions: DNA hydroxymethylation measured by LCG/MS-MS method can be a novel biomarker of aging. It will be useful to investigate
the potential role of DNA hydroxymethylation in the development and prevention of age-associated cancer.

(J Cancer Prev 2014;19:301-308)
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INTRODUCTION

The environment can influence gene transcription through a
series of covalent modifications added to the DNA and DNA
supporting structures referred to as epigenetic marks. DNA
methylation is the most widely researched epigenetic mark, and
is characterized by the addition of a methyl group to the 5' carbon
of the cytosine nucleotide, creating 5-methylcytosine. This

addition of methyl groups to cytosine bases throughout the
genome can affectively increase or decrease the transcription of
certain genes.' The location and density of 5-methylcytosine
relative to the gene seems to have great importance, as this may
determine whether that gene is actively transcribed or silenced.*?
Recently the hydroxymethylation of cytosine nucleotides at the
same 5' carbon site has been discovered.” It has been suggested
that this hydroxymethylation is a transient status of the active
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demethylation process of DNA methylation, resulting in
unmodified cytosine.”® DNA methylation is converted to hydroxy-
methylation through an oxidative reaction carried out by the
ten-eleven translocation, or TET family of enzymes.*’ This
hydroxymethylated cytosine is further oxidized to 5'-formylcy-
tosine and 5'-carboxylcytosine until ultimately being replaced by
an unmodified cytosine by a thymine-DNA glycosylase.®®

Like DNA methylation, the genomic location of 5-hydroxy-
methylcytosine may be a factor in transcriptional regulation,
possibly due to its decreased binding affinity with methyl-
binding proteins.”'® In contrast to methylation, acquisition of
hydroxymethylation in a regulatory region of a gene might
enhance expression of that gene.”"" The abundance of hydroxy-
methylated DNA is fairly low and varies across tissue types, with
®12 Outside of the central
nervous system, the distribution of hydroxymethylation is

the highest amount located in the brain.

widely variable and tends to decrease in cell cultures.” Loss of
global hydroxymethylation is associated with cancer such as
melanoma'® and can be a diagnostic and prognostic marker.
Mutations in 7E72 are commonly observed in hematopoietic
malignancies.

The aging process has previously been shown to alter DNA
117 DNA hydroxymethy-

lation is no exception, particularly in regards to changes of
1820

methylation in the mammalian genome.
5"-hydroxymethylcytosine in the aging brain. " Age associated
changes in global hydroxymethylation in other tissues are not yet
known, but are equally as intriguing. Because the liver has many
metabolic regulatory functions, epigenetic alterations that may
change the function of the liver could have meaningful down-
stream effects. In this research we attempt to determine the
effect aging has on hepatic DNA hydroxymethylation at the global
level. We also measure the expression of the three 7et genes in
both age groups in an effort to associate abundance of global
5'-hydroxymethylcytosine to expression of the Tet enzymes.

To reach our research goals we set up a mass spectrometry-
method to precisely measure global DNA hydroxymethylation
using only 1 pg of genomic DNA. We have improved a previous
liquid chromatography/electrospray ionization-mass spectro-
metry method that we invented to measure genomic DNA
methylation, simultaneously measuring both modifications
using the same internal standard.”' Similar to other accounts of
mass spectrometry to measure hydroxymethylation, the method

: ipe 222
reported here is both sensitive and accurate,””?

MATERIALS AND METHODS
1. Apparatus

All experiments were performed on an Agilent 1100
high-performance liquid chromatography (HPLC) (Palo Alto, CA,
USA) with an Applied Biosystems 3200 Q Trap mass spectrometer-
mass spectrometer system (Concord, ON, Canada) equipped with
a turbospray ionization source. The liquid chromatograph used
was an Agilent 1100 Series with a quaternary pump, a vacuum
degasser and an autosampler. A SuplexpKb 100 analytical column
(25 cm X 2.1 mm) protected by a 5-pum SuplexpKb 100 precolumn
(2 cm X 2.1 mm) (Supelco, Bellefonte, PA, USA) was used. The
liquid chromatography/mass spectrometry (LC/MS-MS) was
controlled through the Analyst 1.4 software (Applied Biosystems)
run on a Dell Precision T3400 computer under the Microsoft
Windows XP operating system.

2. Reagents

The mobile phase for all reactions consisted of 7 mmol/L
ammonium acetate pH 6.7 and HPLC-grade methanol 5% (v/v),
and was prepared with HPLC-grade water (Fisher Scientific,
Pittsburgh, PA, USA). Before use, the mobile phase was filtered
through a 0.2-um nylon membrane (Millipore, Billerica, MA,
UsA).

The stable isotope-labeled compounds [°N5]2'-deoxycytidine
and the custom-made (methyl-d, ring-6-d)-5'-methyl-2'- deoxy-
cytidine (both from Cambridge Isotopes Laboratories, Inc.,
Andover, MA, USA) were used as internal standards for
2'-deoxycytidine, 5'-methyl-2'-deoxycytidine and 5'-hydroxy-
methyl-2'-deoxycytidine residues. Purified 5'-hydroxymethyl-
2'-deoxycytidine (Berry & Associates, Dexter, MI, USA) was used
as an external standard, as well as to develop a standard curve,
determine the limits of detection and quantification and to
determine the percent recovery.

3. DNA extraction and hydrolysis

Extraction of DNA was conducted through the standard
phenol/chloroformyisoamyl alcohol [25:24:1 (v/v/v)] method with
precipitation with 100% ethanol and 3 mol/L sodium acetate, pH
5.2. Following extraction DNA was re-dissolved in TE buffer. DNA
quantification and 260/280 ratios were measured on a Nanodrop
1000 (Thermo Scientific, Wilmington, DE, USA). All DNA samples
used had a 260/280 ratio equal to or greater than 1.80. DNA
hydrolysis was performed as previously described.”’ In brief, 1 pg
of genomic DNA was denatured by heating the sample at 100°C
for 3 minutes and subsequently chilled on ice. Next, 0.1 mol/L



ammonium acetate (pH 5.3) and 2 units of nuclease P1 (Sigma, St.
Louis, MO, USA) were then added to each sample. The mixture
was incubated at 45°C for 2 hours. Subsequently, 1 uL of 1 mol/L
ammonium bicarbonate (pH 7.8) (Sigma) and 0.002 units of
venom phosphodiesterase I (Sigma) were added to each sample.
All samples were incubated for an additional 2 hours at 37°C, then
0.5 units of alkaline phosphatase (Sigma) was added to the
mixture and another 1 hour of incubation at 37°C took place. The
stable isotopes [°Ns]-2'-deoxycytidine and (methyl-c, ring-6-d)-
5"-methyl-2-deoxycytidine were then added to the samples to
reach a final concentration of 1.00 and 0.25 ng/uL, respectively.
The total volume for each sample was 35 uL at the end of
hydrolysis.

4. Liquid chromatography/mass spectrometry pro-
cedure

The analytical column was equilibrated with the mobile phase
(ammonium acetate, methanol and water) at a flow rate of 300
uL/min. A volume of 10 pL of hydrolyzed DNA was injection into
the column that was kept at 25°C to separate the DNA bases by
isocratic elution. The total run time for each was 14.0 minutes.
The turbospray source was heated to 400°C, and included
nitrogen gas at a pressure of 60 psi. After optimizing the turbo ion
spray voltage of the mass spectrometer for several runs, it was
decided to keep voltage constant at 5,000 V for the best
sensitivity. The mass spectrometer was operated in positive ion
mode, and the declustering potential was set to 22.0 V. The mass
spectrometer was set to collect data in multiple reaction
monitoring mode, using the following mass transitions after ion
fragmentation: 2'-deoxycytidine at 7272228.1 — 112.1, 5"-methyl-
2'-deoxycytidine at myz242.1 — 126.1, and 5'"-hydroxymethyl-
2'-deoxycytidine at n7z 258.1 — 142.1, as previously reported
(Fig. 1).”

5. Calculation of % 5'-methylcytosine and % 5'-
hydroxymethylcytosine

Using the known masses of isotope-labeled internal standards
added to each sample the absolute amount of cytosine,
5'-methylcytosine and 5™-hydroxymethylcytosine per 1 pug of DNA
can be calculated using the area of the peaks:

mass 5'-hydroxymethylcytosine

(mass of 5'-methylcytosine internal standard)
X(area of 5'- hydroxymethylcytosine peak)

(area of 5'-methylcytosine internal standard peak)
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Furthermore, this amount can be expressed as a percentage of
total cytosine by using the following equation:

5'-hydroxymethylcytosine
5'-Aydroxymethylcytosine+5 - methylcytosine+ cytosine

X100%

By expression the amount of 5'-methylcytosine and 5-hydroxy-
methylcytosine as a percentage of total cytosine any variation in
the initial amount of genomic DNA is accounted for.

6. Gene expression

Changes in expression of the 7et genes were determined by
quantitative real-time polymerase chain reaction (PCR). An RNA
extraction was performed using Trizol reagent and cDNA was
synthesized using a standard reverse transcription kit
(Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR was
conducted on the LightCycler 480 real-time PCR machine (Roche,
Indianapolis, IN, USA). Gene expression was determined as ACt,
following normalization to the housekeeping gene GAPDH (ACt
= Ctgenex — CTeurpr). Expression was normalized to the young
control group and is displayed as fold difference.

7. Animals and diets

This study was reviewed and approved by the Institutional
Animal Care and Use Committee of the United States Department
of Agriculture (USDA) Human Nutrition Research Center on Aging
at Tufts University. Ten weanling ("Young") and ten 18 month
("Old") C57BL/6 male mice were fed an amino-acid defined diet
described by Walzem and Clifford™ for 20 weeks. Animals were
individually housed and group pair-fed to limit variability in food
intake. At the end of the study the young mice were 6 months of
age and the old mice were 23 months of age. All tissues in this
study were obtained at necropsy, flash frozen in liquid nitrogen
and stored at —&0°C until the time of DNA and RNA extraction.

8. Statistics

To determine differences between the young and old age
groups a Student's £test was performed. If variables were skewed
a logarithmic transformation was first conducted, resulting in
normal distributions of all variables to be used in statistical
comparisons. Differences were considered statistically signifi-
cant if the Pvalue < 0.05. Values in the text are means +
standard error of the mean unless otherwise noted. Statistical
procedures were carried out on Statistical Analysis System
software version 9.3 (SAS Institute Inc., Cary, NC, USA).
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RESULTS trations. Calibration curves of 5-hydroxymethylcytosine by the

e , mass spectrometry were linear (Fig. 2). The limit of detection of
1. Mass spectrometry quantification of 5'-hydroxy-

. 5'-hydroxymethylcytosine, defined as a signal-to-noise ratio of at
methylcytosine ydroxymethyleyt &

least 3, was determined to be 2 pg/uL, and the limit of quantifi-
Purified 5'-hydroxymethylcytosine standard was dissolved in cation, defined as a signal-to-noise ratio of at least 10, was
water and used to create a standard curve of known concen- determined to be 4 pg/uL.



To determine the retention time of 5™-hydroxymethylcytosine
relative to the other forms of cytosine, a hydrolyzed DNA sample
was spiked with 0.035 ng of 5™-hydroxymethylcytosine before
being injected into the LC/MS-MS. As expected, the retention
time was determined to be similar to that of unmodified cytosine
(Fig. 1). To ensure that sensitivity for 5'-hydroxymethylcytosine
was similar when detected by the mass spectrometry alone as
when detected along with cytosine, the percent recovery was
calculated by adding a known amount of 5-hydroxymethyl-
cytosine to hydrolyzed DNA samples. After multiple trials, the
average recovery was 82.05%.

The internal standard (methyl-&, ring6-dj)-5-methyl-2"-
deoxycytidine was used to calculate the absolute mass of both
5-methylcytosine and 5'-hydroxymethylcytosine. The coeffi-
cient of determination, or R® between expected and calculated
concentration of 5-hydroxymethylcytosine using this internal
standard in a series of standard solutions was 0.996.

The variability between runs performed on the same day and
between runs performed on different days was calculated as
coefficient of variance (Table). In both cases, the variation was
lower for calculating the mass and percent of total cytosine that

R%=0.9985

0 0.02 0.04 0.06 0.08
Concentration of 5'-hmC (ng/pL)

Figure 2. Standard curve of known concentrations of dissolved 5'-
hydroxymethylcytosine (5-hmC). cps, counts per second.

Stephanie A. Tammen, et al: Aging and DNA Hydroxymethylation 305

was methylated than calculating the mass and percentage of
cytosine that was hydroxymethylated. Furthermore, intra-day
variation for all calculations was much lower than the variability
in runs that occurred on different days. Therefore, all samples
from our animal experiments were run on the same day.

2. Animal study

Over the 20 week feeding period four of the ten mice in the old
age group died, while none of the young mice died. Deaths were
attributed to liver cancer or unknown causes.” The animals in the
young age group gained weight consistently throughout the
feeding period, whereas the old mice had little variation in
weight. There was no difference in animal weight at the end of
the feeding period.

3. Measuring DNA methylation and hydroxymethy-
lation in hepatic tissue

There was no change in % 5'-methylcytosine when comparing
our young and old age groups and values were nearly identical
(4.56 = 0.20% vs. 4.57 = 0.21%, P = not significant). However,
there was a statistically significant increase in % 5'-hydroxy-
methylcytosine in the livers from elder mice relative to the young
(0.24 = 0.01% vs. 0.32 + 0.02%, P = 0.02) (Fig. 3).

4. Expression of the Tet genes in hepatic tissue

The mRNA expression of all three of the known Tet enzymes
was measured to determine age-associated differences. As
expected, little 72¢7 mRNA was expressed in all samples (data not
shown).®® There were, however, discernable differences in the
amount of 72¢3mRNA between the young and the old age groups
(1.0 = 0.17 vs. 0.52 = 0.17, P = 0.03) (Fig. 4). Likewise, the
expression of 7et2was also reduced in the old age group relative
to the young, although this difference did not reach statistical
significance (1.0 + 0.16 vs. 0.43 = 0.16, P= 0.07).

Table. Variability in 5-methylcytosine (5'-mC) and 5-hydroxymethylcytosine (5-hmC) as measured by liquid chromatography/mass spectrometry

(LC/MS-MS)
Intra-day variation™ % CV Intra-day” Inter-day variation™ % CV Inter-day’
(n=16) (n = 16) (n = 48) (n = 48)
% 5'-mC of total cytosine 4.54 = 0.14% 3.45% 522 = 0.11% 6.14%
% 5'-hmC of total cytosine 0.23 = 0.01% 8.40% 0.10 = 0.02% 17.68%
Calculated mass of 5-mC (ng) 3.34 = 0.25 2.66% 6.37 = 1.13 5.84%
Calculated mass of 5-hmC (ng) 0.17 = 0.01 7.92% 0.07 = 0.01 17.43%

DNA samples were extracted from liver tissue of C57Bl/6 mice. "DNA samples were extracted from colonic scrapings. ‘Expressed as mean

+ standard error of the mean. CV, coefficient of variance.
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Figure 3. Percentage of total cytosine that was hydroxymethylated
in each age group. Old mice had significantly higher levels of
5'-hydroxymethylcytosine (5-hmC). Error bars represent standard er-
ror of the mean.

DISCUSSION

Through the adaption of a previous LC/MS-MS method to
measure DNA methylation we can now simultaneously measure
DNA methylation and hydroxymethylation, an epigenetic mark
that is gaining relevance in regards to biological mechanisms. The
procedure described here makes use of an internal standard for
5'-methylcytosine to also measure the relative abundance of
5-hydroxymethylcytosine. We used 875 ng of (methyl-d,
ring-6-d;)-5-methyl-2’-deoxycytidine in each sample, an amount
that was low enough to accurately calculate the small amount of
5'-hydroxymethylcytosine in the DNA. We measured the linearity
of the method through the correlation of a set of 5-hydroxy-
methylcytosine standards with known concentrations to their
respective calculated concentrations (R* = 0.9996). This is a time
saving and cost effective alternative to synthesizing an isotope-
labeled internal standard specific to 5'-hydroxymethylcytosine.

Depending on the retention time of the analytes, LC/MS-MS
can be a high-throughput technique. In this protocol each sample
takes 14 minutes to run through the instrument, allowing for up
to 102 samples to be analyzed in a day. The variability of
measured 5'-methylcytosine and 5'-hydroxymethylcytosine was
larger when samples were run in the LC/MS-MS on separate days
instead of on the same day. This may be due to the cooling and
subsequent re-heating of the electrospray ion source or variability
in the mobile phase that was made fresh daily. To reduce this
variability it was determined that all samples from the same
subject be analyzed in the same day or that the date of the run be
a factor in the model for statistical analysis.

We did not see any differences in the amount of cytosine that
was methylated between our two age groups. Some studies have

149 3 Tet2

B Tet3
1.2+

0.8+ *
0.6+
0.4+

0.2+

Relative mRNA level (fold difference)

Young Ol

Figure 4. Expression of 7etZ? and 7et? mRNA normalized to the
young group. *P < 0.05. Error bars represent standard error of the
mean.

indicated that aging does in fact alter global hepatic methylation
levels, while others seem to show that this only occurs in cancerous

. 27:2
tissue. i

It is possible that changes in DNA methylation with age
are diet-dependent, and that the amino-acid defined diet fed
here, or the diets fed to the mice before they reached our animal
facility, prevented any age-associated changes in methylation at
the global level. The Walzem and Clifford amino acid defined diet
has a higher level of methionine (8.2 g/kg) compared with AIN
93M (3.3 g/kg) and AIN 76A (3.0 gkg).*****! Because methionine is
the precursor to the donor of methyl groups to DNA methylation,
S-adenosylmethionine, this high level of methionine may mask
the hypomethylation tendencies often associated with aging >
The percent of total cytosine that was hydroxymethylated in
the livers of old mice was significantly higher than that of the
younger mice. While this is intriguing, it is important to note that
less than one percent of cytosine was shown to be hydroxy-
methylated in these samples, and that the location of this
hydroxymethylation within the genome is unknown. This
increase in hydroxymethylation is out of concordance with the
decrease in expression of 7et2and 7et3mRNA that was exhibited
in the older mice. It may be that the activity of the TET enzymes
increases with age, possibly due to the physiologic process of
aging itself or an increased availability of coenzymes such as
iron." Because the turnover of 5-methylcytosine to 5-hydroxy-
methylcytosine is an oxidative reaction, one can speculate that
the oxidative environment that is associated with aging may in
fact increase the activity of the TET enzymes, especially at the
elder age of these mice (24 months).> This may produce the
increase in 5'-hydroxymethylcytosine levels that were found in
this study, regardless of mRNA expression of the 7etgenes.
Besides active removal of 5'-hydroxymethylcytosine through



the oxidation to 5'-formylcytosine and 5'-carboxylcytosine,
5'-hydroxymethylcytosine can also be lost passively through cell
divisions.” Rapidly dividing cells, such as embryonic stem cells,
have an increased turnover of 5-hydroxymethylcytosine to
unmodified cytosine, possibly through the inability of the
maintenance DNA methyltransferase DNMT1 to methylate a
target cytosine that is hydroxymethylated on the parent strand of
DNA.**** Conversely, cells that do not rapidly divide may have
an increase in hydroxymethylation, such as is observed in the
central nervous system.” A decrease in cellular replication may
be the cause of the increase in hydroxymethylation shown in the
liver tissue from the old age group here.

In this study we have demonstrated the usefulness of a new
LC/MS-MS method to measure DNA hydroxymethylation.
Through this method we have determined changes in hydroxy-
methylation in hepatic DNA from young and old C57Bl/6 male
mice, and those changes were associated with Tet enzyme mRNA
expression. DNA hydroxymethylation measured by LC/MS-MS
method can be a novel biomarker of aging and will be useful to
investigate the mechanisms underlying the development of
age-associated cancer.
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