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Methyltransferase expression and DNA methylation are linked to aging and age-related disease. We utilized 3-, 12-,
and 24-month-old Ames dwarf and their wild-type siblings to examine the genotype and age-related differences in the
expression of methyltransferase enzymes related to DNA methylation in the liver, glycine-N-methyltransferase and DNA
methyltransferase (DNMT). We found that DNMT proteins and transcripts are differentially expressed in dwarf mice
compared with wild-type siblings that can be attributed to age and/or genotype. However, DNMT1 protein expression
is drastically reduced compared with wild-type controls at every age. DNMT3a protein levels coincide with differences
observed in DNMT activity. Growth hormone appears to modulate expression of DNMT1 and 3a in dwarf liver tissue
and primary hepatocytes. Therefore, growth hormone may contribute to age-related processes, DNA methylation, and,

ultimately, longevity.
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PIGENETIC markers are important for the regulation

of gene expression, cell differentiation, development,
chromatin structure, aging, and carcinogenesis (1-6). One
theory of aging suggests that the loss of epigenetic stabil-
ity through alterations in epigenetic factors, such as DNA
methylation, contributes to altered gene expression over
time (7). Changes in DNA methylation and DNA methyl-
transferase (DNMT) expression are well documented in
age-related diseases including cancer, autoimmune disease,
atherosclerosis, rheumatoid arthritis, and Alzheimer’s dis-
ease (8). DNMTs contribute to epigenetic stability and con-
sist of three known catalytically active isoforms that either
maintain DNA methylation (DNMT1) or methylate DNA
de novo (DNMT3a and DNMT3b; 9,10). The majority of
studies have investigated DNA methylation alterations in
embryonic development, stem cells, and cancer-derived
cell lines. Though expression of DNMTs is postulated to
contribute to epigenetic instability during aging, and aging
murine liver tissue exhibits altered DNA methylation (11),
these factors have not been studied in mice that exhibit a
delayed aging phenotype and life-span extension.

DNMTs utilize S-adenosylmethionine (SAM) that serves
as the primary methyl group donor provided by the methio-
nine pathway. Glycine-N-methyltransferase (GNMT)
directly regulates SAM availability and is altered in cancer
cell lines and hepatocellular carcinoma (12—14). Activation

of GNMT with retinoic acid alters DNA methylation in rat
liver (15). DNMT is the only methyltransferase known to
directly methylate DNA and is an important regulator of
cellular responses at the epigenetic level. Thus, the role of
GNMT on DNA methylation is indirect but critical in terms
of maintaining appropriate epigenetic patterns and normal
tissue function.

Components of the methionine pathway are altered in rats
and mice fed methyl-deficient diets, and in turn, DNA meth-
ylation and DNMT protein and activity are affected (16—18).
Methionine supplementation also increases DNA methyla-
tion and increases or decreases DNMT activity in HEPG2
cells depending on whether GNMT expression is induced
(19). In addition, it is also known that methionine-restricted
diets extend life span in rodents (20). Over time, altera-
tions in DNA methylation via methionine deficiency could
become irreversible potentially causing a permanent altera-
tion in the plasticity of cellular responses to the environment
and epigenetic stability (21). Taken together, this evidence
suggests the possibility that altered GNMT expression and
activity help to direct DNA methylation through its relation-
ship to DNMT activity and expression. DNMTs may also
play a presently undiscovered role in the longevity attributed
to alterations in the methionine pathway and aging.

The Ames dwarf is a product of a single nucleotide
mutation in the propl gene resulting in an underdeveloped
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pituitary gland and deficiencies of circulating growth hormone
(GH), prolactin, and thyroid-stimulating hormone (22,23).
Importantly, these diminutive mice live 49%—68% longer
than their wild-type siblings, males and females, respectively
(24). In addition, dwarf mice have a significantly decreased
tumor incidence and burden, concurrent with their extended
life spans compared with those of wild-type mice (24,25).

We have shown that dwarf mice exhibit atypical methio-
nine metabolism, lower basal levels of SAM, higher basal
levels of SAH, and a reduced methyl donor availability
ratio without signs of liver pathology unlike other animal
models (26,27). GH-deficient Ames mice exhibit significant
enzyme expression and activity differences in the methio-
nine pathway including GNMT compared with normal,
wild-type mice (26,28,29). Importantly, GH is known to
modulate the activity of GNMT (30), and we have found
that both GH-treated and untreated mice exhibit a reduction
in GNMT activity between 3 and 12 months of age (31).
Our previous studies have focused on the methionine path-
way in relation to oxidative metabolism and stress resist-
ance. Our current interest in understanding mechanisms
of aging and longevity has expanded to include this novel
investigation of the role of DNMTs, GNMT, and the effects
of GH on methylation in long-living dwarf mice.

METHODS

Animals and Tissue Preparation

Ames dwarf and age-matched wild-type mice were
obtained from a closed colony at the University of North
Dakota. The Ames dwarf mice (df/df) were produced by
crossing heterozygous (df/+) or homozygous (df/df) male
mice with carrier females (df/+). The mice were kept under
standard laboratory conditions with a 12-hour light/dark
cycle and fed ad libitum (8640 Teklad 22/5) with free access
to water. Liver tissue was collected from mice at 3, 12, and
24 months of age and divided into portions, rapidly frozen,
and stored at —80°C. These tissues were utilized to evaluate
mRNA expression, protein abundance, and enzyme activity
levels. All procedures involving animals were reviewed and
approved by the UND Institutional Animal Care and Use
Committee in accordance with the NIH guidelines for the
care and use of laboratory animals.

Immunoblot Analysis

Liver tissue and hepatocyte samples were analyzed
using standard immunoblotting procedures previously pub-
lished (32,36). Protein abundance was determined using
the Bradford assay (33). Specific proteins were detected
with antibodies to DNMT 1 (Abcam, Cambridge, MA,
ab13537), DNMT3a (ab14291), DNMT3b (ab13604), and
GNMT (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
sc-166834) using chemiluminescence. Ponceau S staining
was used to assess equivalent loading. Mean optical density

was measured and used for comparative analysis. To maxi-
mize the genotype comparisons in our immunoblotting sys-
tem, blots were assayed primarily across genotype.

DNMT Activity Assay

Liver nuclear extracts were prepared from frozen liver
tissue using an Epiquick Nuclear Extraction Kit (OP-0002,
Epigentek, Farmingdale, NY). Protein abundance was
measured using the Bradford assay (33). Activity of DNMT
was measured using Epigentek DNA Methyltransferase
Activity/Inhibition Assay (P-3009, Epigentek) following
manufacturer’s directions. Samples were run in triplicate
and analyzed using dual-wave spectrophotometric analysis
(630 and 450 nm).

Global Methylation Assay

Genomic DNA was isolated from frozen liver tis-
sue (Gentra Puregene Tissue Kit; Qiagen, Germantown,
MD) and quantified by spectrophotometry (Epoch Micro-
Volume Spectrophotometer System, BioTek Instruments,
Winooski, VT). Global methylation was measured using the
Methylamp Global DNA Methylation Quantification Ultra
Kit (Epigentek) according to the manufacturer’s instruc-
tions. Samples were run in triplicate and analyzed using
dual-wave spectrophotometric analysis (630 and 450 nm).

mRNA Expression via Reverse Transcriptase—
Polymerase Chain Reaction

Total RNA was isolated and used to measure gene
expression of the methyltransferases using real-time
quantitative reverse transcriptase—polymerase chain reaction)
employing methods published previously (28). Primers were
obtained from previous literature (26,34,35), tested using
NCBI primer blast, and optimized (Table 1). Melt curve
analysis was used for quality control of the polymerase
chain reaction and detection. The amount of tested gene
complementary DNA relative to a control gene (32-
microglobulin) was determined using the AAC, (comparative
C, method; 28).

In Vivo GH Treatment of 6-Month-Old Ames Dwarf Mice
Porcine GH (NIDDK, National Hormone and Peptide
Program, Torrance, CA) was administered to 6-month-
old Ames dwarf mice to determine whether GH affects
DNMT expression in the liver (36). Porcine GH in alka-
line saline mixed with 50% polyvinylpyrrolidone (pH 9,
1:1) was injected subcutaneously twice daily (50 pL/injec-
tion) into one group of dwarf mice (n = 12). The vehicle,
saline—polyvinylpyrrolidone, was injected subcutaneously
(50 pL/injection) into another group of dwarf mice (n=11)
and age-matched wild-type mice (n = 11). All mice were
injected twice daily (8:00 aM and just before lights out at
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Table 1. Primer Pairs Utilized for Gene-specific Real-time Reverse Transcriptase—Polymerase Chain Reaction

Gene GeneBank Accession No. Primer 5-3 Annealing Temperature

p2M NM_00975 Forward—AAGTATACTCACGCCACCCA 60°C
Reverse—AAGACCAGTCCTTG

GNMT NM_010321 Forward—GCTGGACGTAGCCTGTGG 60°C
Reverse—CACGCTCATCACGCTGAA

DNMT1 NM_010066 Forward—AAAGTGTGATCCCGAAGATCAAC 60°C
Reverse—TGGTACTTCAGGTTAGGGTCGTCTA

DNMT3a NM_007872 Forward—TGCTACATGTGCGGGCATAA 58°C
Reverse —GGAGTCGAGAAGGCCAGTCTT

DNMT3b NM_001003961 Forward—CCCAAGTTGTACCCAGCAATTC 59°C

Reverse —TGCAATTCCATCAAACAGAGACA

8:00 pm) for 7 days (total of 13 injections). On the morn-
ing of the seventh day, 1 hour following the last injection
of saline—polyvinylpyrrolidone or GH, liver tissue was col-
lected from each group of mice, frozen, and stored at —80°C
until analysis. The body weight of each mouse was recorded
prior to starting the experiment, during, and following the
last GH injection to validate weight gain in GH-treated ani-
mals. Liver weights of all the mice were also recorded.

Hepatocyte Isolation and GH Treatment In Vitro

Primary hepatocyte cultures were prepared with liver
tissue isolated from 5- to 6-month-old Ames dwarf and
wild-type mice using previously published preperfusion,
collection, and culturing methods (36,37). Briefly, each
animal was anesthetized with 2.5% tribromoethanol
(i.p. 100 puL/10g body weight), the inferior vena cava
was cannulated, and the liver was perfused with 37°C
calcium-free HEPES preperfusion buffer (pH 7.65) for 15
minutes followed by perfusion with a 37°C collagenase
solution (0.03% collagenase [Worthington, Lake Park,
NIJ]). Following perfusion, livers were removed, and the
cells were transferred, washed, and cultured in serum-free
HepatoStim Media (Becton Dickinson, Mountain View,
CA). Trypan blue dye exclusion was used to assess cell
viability and integrity. Cell collections with 295% viability
were used. Cells for each genotype were pooled (n = 2-5
per genotype), resuspended in attachment medium (Life
Technologies, Grand Island, NY), and seeded (2x10°)
into Matrigel-coated dishes. Following cell attachment
(2 hours at 37°C and 5% CO,), the medium was exchanged
for serum-free HepatoStim media (Life Technologies)
containing 1% pen/strep and 2mM glutamine. Following
overnight recovery, fresh serum-free media were added
and the cells allowed to equilibrate (2 hours) before GH
treatment (0.1, 1.0, 10, and 20 pg porcine GH per milliliter
media). Twenty-four hours following treatment, cells were
collected by washing with cold (4°C) HEPES and applying
MatriSperse (BD Biosciences, Franklin Lakes, NJ) for
1 hour on ice. Dishes were scraped and cells pelleted
and washed via centrifugation before homogenization for
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and immunoblotting.

Statistical Analysis

Real-time quantitative polymerase chain reaction and
global methylation data were analyzed with one-way or
two-way analysis of variance (factors: genotype and age;
GraphPad Prism 5.0) with Bonferroni’s or Dunnett’s post
hoc tests as appropriate. Global methylation data in the in
vivo GH experiment did not pass Levene’s test for equal var-
iances and, thus, were analyzed using a Kruskal-Wallis test
and Dunn’s multiple comparison posttest. Immunoblotting
and DNMT activity data were analyzed using Student’s
t test (GraphPad Prism 5.0). All data are shown as mean +
standard error of the mean. Sample values () are listed in
the figure legends.

REsuLTS

Given that GNMT is linked to DNA methylation and pos-
sible DNMT activity via the methionine pathway, we inves-
tigated GNMT expression in dwarf and wild-type mice at
three age groups. Similar to previous findings, GNMT liver
mRNA is more abundantly expressed across all three age
groups in the Ames dwarf compared with wild-type mice
with significance at 3 and 12 months of age (Figure 1).
The GNMT mRNA expression is influenced by genotype
(p = .0001) and age (p = .0176). Protein levels of GNMT
are also higher in dwarf mice at 12 months of age compared
with age-matched wild-type controls (p = .0408).

We examined mRNA expression of DNMT1, DNMT3a,
and DNMT3b using reverse transcriptase—polymerase
chain reaction analysis of isolated liver RNA. Surprisingly,
we found that dwarf mice show a much higher mRNA
expression of both DNMT1 (105%) and DNMT3a (238%)
at 3 months of age (p < .0001; Figure 2). Gene expression
of DNMT3b mRNA was similar between genotypes at all
age groups studied. Age appeared to be an important factor
in the expression of all three DNMTSs. A significant effect
of genotype was detected for DNMT1 and DNMT3a; how-
ever, the genotype by age interaction was significant con-
founding the main effects. The DNMT expression overall
shows an interesting U-shaped pattern with the lowest lev-
els at 12 months of age in both genotypes.

Protein levels of DNMT1, DNMT3a, and DNMT3b
were compared between dwarf and wild-type mice at 3,
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Figure 1. GNMT mRNA and protein expression are higher in Ames dwarf mice compared with their wild-type siblings. (A) Liver GNMT mRNA expression
is shown for dwarf (gray bars) and wild-type mice (open bars) at 3, 12, and 24 months of age (n = 7-8). (B) GNMT protein levels at 3 (n = 10-11, p = .7248),
(C) 12 (n = 8-10, p = .0408) and (D) 24 months (n = 6-8, p = .6618) of age. Mean optical densities are shown + SEM. *p < .05 and **p < .01.
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Figure 2. DNMT1 and DNMT3a mRNA expressions are higher in Ames dwarf mice at 3 months of age. Liver DNMT mRNA expression is shown for wild-type
(open bars) and dwarf mice (gray bars) at 3, 12, and 24 months of age (n = 7-8). Mean relative changes in expression are shown + SEM. ***p < .001.

12, and 24 months of age (Figure 3). To maximize the gen-
otypic comparisons, each immunoblotting assay included
only one age group. Very low levels of DNMT1 protein
were observed in the liver tissue of dwarf mice com-
pared with wild-type mice at each age group examined
(Figure 3A). The variability of protein levels between ani-
mals was more pronounced in wild-type compared with
dwarf mice. DNMT3a protein levels were higher (193%)
in the dwarf mice at 3 months of age (p < .001), similar
at 12 months of age (p = .2464), and significantly lower
(54%) at 24 months of age (p = .0172). Compared with
wild-type controls, DNMT3b levels were not different
between genotypes at any age, similar to mRNA findings
at each age group.

Overall, DNMT activity was measured with an ELISA-
based colorimetric assay using nuclear lysates extracted
from liver tissue, as DNMT isoform-specific activity assays
are not available (Figure 4). Independent assays comparing
dwarf versus wild type for each age group were performed.
Remarkably, dwarf mice displayed higher liver DNMT activ-
ity in young mice and similar DNMT activity in middle-aged
mice (3 months, p = .0214; 12 months, p = .1704) but lower
activities in old Ames dwarf mice (24 months, p = .0491)
compared with that of wild-type mice (Figure 4). The DNMT
activity in the liver more closely resembles DNMT3a protein
expression than DNMT1 or DNMT?3b.

Porcine GH was administered to one group of 6-month-old
Ames dwarf mice, whereas saline vehicle was administered
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Figure 3. DNMT protein levels in Ames dwarf and wild-type mice liver tissue at 3, 12, and 24 months of age. Wild-type mice represented by open bars and
dwarf mice by gray bars. (A) DNMT1 protein differences at 3 months (n = 10-11, p <.0001), 12 months (n =9, p = .0427), and 24 months (n = 7-9, p = .0015).
(B) DNMT?3a protein differences at 3 months (n = 10-11, p <.0001), 12 months (n = 12, p = .2464), and 24 months (n = 8, p = .0172). (C) DNMT3b protein differ-
ences at 3 months (n = 10, p < .4000), 12 months (n = 11-12, p = .6244), and 24 months (n = 9-10, p = .5621). Mean optical densities are shown + SEM. *p < .05,

*¥p <.01, and ¥¥¥p <.001.
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Figure 4. DNMT1 activity is higher in Ames dwarf mice at 3 months and lower at 24 months than age-matched wild-type siblings. ELISA-based colorimetric
activity assay of nuclear liver lysate showing differences in total DNMT activity in 3-month-old (n = 11, p = .0214), 12-month-old (n = 8-11, p = .1704), and
24-month-old (n = 9-12, p = .0491) wild-type (open bars) and Ames dwarf mice (gray bars). Mean activities expressed as optical density per milligram per hour are

shown + SEM. *p < .05.
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to wild type and an additional group of dwarf mice as con-
trols. In this study, GH-treated dwarf mice gained body
weight over the course of 1 week (+4.19+£0.06¢g; p < .0001)
compared with saline-treated dwarf mice. Wild-type mouse
body weights were not different pre- and postsaline injection.
Liver weight was recorded as an additional indicator of GH
action, and the mean liver weight of GH-injected dwarf mice
was approximately 60% higher than saline-injected dwarf
mice (0.70+0.13 gand 0.44£0.05 g, respectively; p <.0001).
The expression of DNMT1 mRNA and protein were
compared between GH- and saline-treated Ames dwarf and
wild-type controls. Liver DNMT1 mRNA expression was
higher in saline-treated dwarf mice than in saline-treated
wild-type mice and increased further after GH administra-
tion (Figure 5A). Protein levels of DNMT1 were lower in
saline-treated dwarf than in the saline-treated wild-type
mice. However with GH treatment, protein expression of
DNMTI increased in dwarf mice (Figure 5B; p < .05).
Expression of DNMT3a mRNA levels was higher in saline-
treated dwarf mice compared with saline-treated wild-type
mice, and no change was observed after GH treatment.
However, DNMT?3a protein levels were decreased follow-
ing GH treatment in Ames dwarf mice (p < .05).
Hepatocytes were isolated from Ames dwarf and age-
matched wild-type mice and treated with porcine GH.
Significant differences were detected in the means for
DNMTI due to increasing GH concentrations in dwarf
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(p = .0026) and wild-type (p = .0014) mouse hepatocytes
(Figure 6). Ames dwarf mice showed a significant increase
in DNMT1 protein expression following 1.0 and 10 pg of
GH per plate compared with a media-only control. Though
the higher concentration of GH (20 png) also showed visibly
greater protein expression, only two samples were present
for quantification and statistically difficult to compare.
Protein expression of DNMT1 in hepatocytes from wild-
type mice did not show a significant increase compared
with a media-only control until a dose 10 times higher,
at 10 pg GH per plate. The levels of DNMT3a protein
were decreased in primary dwarf hepatocytes following
GH treatment (one-way analysis of variance, p = .0464)
independent of GH concentration. Wild-type hepatocytes
showed very little protein expression of DNMT3a and no
difference following GH treatment that could be quantified
by our methods (data not shown).

Global DNA methylation in liver tissue was measured
using an ELISA-based method with antibodies for methyl-
ated cytosines (Figure 7). Comparison of dwarf versus wild-
type mice at all three age groups showed independent factors
of genotype (p = .0635) and age (p = .0534) approaching
significance. At every age, dwarf mice retained methyla-
tion at 100% or above compared with 3-month-old wild-
type mice and becoming equivalent at 24 months of age.
Dwarf mice treated with GH for 1 week lost approximately
15% of global DNA methylation. Figure 7C shows a simple
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Figure 5. DNMT mRNA and protein expression are altered by growth hormone in Ames dwarf liver. (A) Liver DNMT mRNA expression is shown for wild-type
mice injected with saline (n = 10-11, open bars), dwarf mice injected with saline (n = 1011, gray bars), and dwarf mice injected with growth hormone (n = 10, black
bars) at 5-6 months of age. One-way analysis of variance for DNMT1 p = .0054 (left graph) and for DNMT3a p = .1202 (right graph). (B) Western blot analysis of
whole liver lysate showing differences in overall DNMT protein expression (n = 5-8). One-way analysis of variance for DNMT1 protein p = .0021 and for DNMT3a
protein p = .0367. *p < .05 and **p < .01 using Bonferroni’s Multiple Comparison test. Bars represent means + SEM.
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Figure 6. Ames dwarf hepatocytes are more sensitive to growth hormone treatment, which alters DNMT expression. (A) DNMT1 expression in wild-type (one-
way analysis of variance, p = .0014) and dwarf (one-way analysis of variance, p = .0026) hepatocytes with increasing concentrations of growth hormone (0, 0.1,1.0,
10, and 20 pg/ml). (B) DNMT3a expression in dwarf (one-way analysis of variance, p = .0464) hepatocytes with increasing concentrations of growth hormone
(0, 0.1,1.0, 10, and 20 pg/ml). *p < .05 and **p < .01 using Dunnett’s Multiple Comparison Test to a media-only control. Error bars represent means = SEM.
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Figure 7. Global methylation in dwarf mice and in response to in vivo growth hormone treatment. (A) ELISA-based assay of methylated cytosine normalized to
3-month-old wild-type mice is shown for dwarf (gray bars) and wild-type mice (open bars) at 3, 12, and 24 months of age (n = 7-8). (B) Percent methylated cytosine
shown for wild-type mice injected with saline (n = 1011, open bars), dwarf mice injected with saline (n = 10-11, gray bars), and dwarf mice injected with growth
hormone (n = 10, black bars) at 5-6 months of age (Kruskal-Wallis test, p = .0392). *p < .05 using Dunn’s Multiple Comparison Test. (C) A simple schematic
representing the changes in DNMT protein expression and DNA methylation in Ames dwarf mice liver without (top) and with (bottom) growth hormone treatment.
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schematic of the DNMT protein and global methylation
changes demonstrated in the presence and absence of GH
in Ames dwarf mice and potential pathways that remain to
be studied. DNMT3b was not included as no changes in this
protein were observed between genotypes.

DiscussIioN

Several lines of long-living mice display deficiencies
in GH or GH signaling. GH influences the methionine
pathway by decreasing the expression and activity of sev-
eral enzymes, including methionine adenosyltransferase
and GNMT, which promote the production of SAM and
S-adenosylhomocysteine, respectively. GNMT facilitates
the conversion of SAM to SAH; thus, it is a major regula-
tor of SAM in the liver. SAM is the major methyl donor for
most methyltransferase reactions in cells. Although many
methyltransferases, including DNMTs, are negatively regu-
lated by rising SAH levels, GNMT regulates DNMT by a
mechanism that is yet unclear (19). Previously we showed
that GNMT activity decreased between 3 and 12 months of
age in Ames dwarf mice (31). In this study, we investigated
cross-sectional GNMT expression in both genotypes and
expanded our findings to include protein levels. We found
age-related decreases in GNMT mRNA expression in both
genotypes and confirmed increased GNMT gene expres-
sion in dwarf mice at all three age groups, most signifi-
cant at 3 and 12 months of age, in comparison to wild-type
mice. Protein levels of GNMT were elevated in dwarf mice
(12 months); thus, our GNMT expression relates well with
current literature and known GNMT activity level differ-
ences between dwarf and wild-type mice (28,31).

To determine whether alterations in DNMTs were asso-
ciated with GNMT, we examined DNMTs in liver tis-
sue of GH-deficient dwarf and normal, wild-type mice.
Interestingly, all three known catalytically active DNMTs
(1, 3a, and 3b) showed a significant difference in transcrip-
tional expression due to age that did not follow the linear
decrease exhibited in GNMT mRNA expression, though
in dwarf mice, DNMT1 and 3a expression was decreased
after 3 months of age. In both genotypes, the lowest lev-
els of DNMT mRNA were observed at 12 months of age,
whereas in dwarf mice, the highest levels were expressed
in the youngest mice. Thus, the expression of methyltrans-
ferases may be related to aging in both long-living and
normal mice.

Very few studies have reported age-related differences
in murine DNMT expression. Similar to our findings, one
study using C57Bl/6- and DNMTI1-deficient mouse T
cells showed a decrease in DNMT1 expression with age
(38). Folate- and methyl-deficient diets alter methionine
metabolism in rats that, in turn, also decrease DNMT1 and 3a
gene expression with age (16). This evidence substantiates a
link between DNMT transcription, the methionine pathway,
and age-related expression of DNMTs. The elevated DNMT

transcription in young dwarf mice is a novel finding. At
6 months of age, the basal transcription of FOS and c-Jun in
Ames dwarf mice is significantly higher than in wild-type
mice, and both genes are known to positively affect DNMT1
transcription (39). The transcription of FOS is positively
affected by DNMT1 transcription, and the transformation
of cells in cancer by c-fos overexpression requires DNMT1
(40). The levels of FOS and Jun transcription are also
higher in mice or rats fed methyl-deficient diets, altering
components of the methionine pathway and methyl donor
availability (41,42). In this study, protein abundance assays
were performed to detect primarily genotype differences;
thus, age-related differences were not directly ascertained.
Liver protein levels of DNMTI in the dwarf mice were
much lower than in their wild-type counterparts at every
age examined, even though transcriptional expression was
significantly higher in the dwarf mice. Comparison between
long-living (C57Bl/6) and short-living (DBA2J) mouse
strains indicate that liver DNMT1 decreases in both lines
when fed a lipogenic methyl-deficient diet, but the C57B1/6
mice showed higher liver DNMT3a protein levels. High
levels of DNMT3a are thought to be protective against
the more pronounced demethylation of repetitive elements
observed in the DBAZ2J, thereby protecting epigenetic
stability (18). Ablation of DNMT3a in the nervous system
of mice causes shortened life spans even though at birth they
appear healthy (43). Ablation of DNMT3a also shortens the
life span of conditional K-ras knockout mice (44). Taken
together, our data and that of others indicate that DNMT3a
levels in young mice correlate with longevity in that the
high levels observed in relatively young liver tissue may
indeed be protective. DNMT1 is required for the activity of
de novo DNMT methylation of repetitive elements, which
make up a large part of murine and human DNA (45).
Further studies are under way to investigate whether the
genotype differences discovered in our study contribute to
epigenetic stability as postulated.

In general, DNMT1 is considered the main DNMT
expressed in adulthood and is responsible for maintain-
ing DNA methylation in adult dividing cells; therefore,
it is considered the largest contributor of DNMT activity.
Overall, liver DNMT activity was comparatively higher in
the young and lower in old dwarf mice compared with age-
matched controls. The pattern of activity in dwarf mice may
be significantly affected by the contribution of DNMT3a
because DNMT1 protein is present at markedly lower
levels in dwarf mice. Increased DNMT activity has been
widely associated with cancer, loss of GNMT expression,
and methyl-deficient diets (19). However, cancer initiation
and progression are influenced by the magnitude and tim-
ing of DNMT protein expression changes that can alter the
disease phenotype considerably (44,46,47). A comparably
diminished level of DNMT activity concurrent with high
GNMT expression in dwarf mice might delay cancer and
aging in dwarf mice in comparison to wild-type mice. It is
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also possible that DNMT activity is under greater inhibi-
tion at 24 months in the liver of dwarf mice due to higher
SAH levels. Nonetheless, in young animals, increased
DNMT3a may override the comparatively higher inhibitory
SAH levels and GNMT competition for SAM in the liver of
dwarf mice allowing greater DNMT activity. Unfortunately,
current DNMT activity assays are not able to distinguish
between DNMT, 3a, or 3b activity in animal tissues.

Global methylation was also examined in Ames dwarf
mice (Figure 7). In an earlier study using a different
method, we found no differences in DNA methylation
between 18-month-old dwarf and wild-type mice but now
have data indicating alterations in global DNA methyla-
tion between genotypes (24). DNA methylation in Ames
mice was similar or higher than that observed in wild-
type mice at all three age groups. Wild-type mice exhib-
ited a U-shaped pattern in methylation comparable to their
DNMT transcription. In agreement with the earlier study
using 18-month-old mice, the older 24-month-old groups
did not show any difference between genotype. We did not
see a linear progression in hypomethylation in this strain
of mice. In a widely cited landmark study, C57B16 mouse
liver was shown to lose DNA methylation with age using
a linear model (48). However, in that same study older
mice showed significant variation in methylation after
20 months of age, and some data points exhibited higher
methylation. In addition, another report found a U-shaped
pattern of global methylation in the same strain of mice,
indicating that methylation does not necessarily decrease
in a linear fashion with age (49). It may appear counter-
intuitive; however, it has been shown that increased liver
DNMT1 protein and activity results in lower global meth-
ylation (50).

The examination of GH’s role on liver DNMT expres-
sion is novel. GH regulates GNMT and appears to have a
relationship with DNMT expression and activity in Ames
dwarf mouse liver. In this study, in vivo and in vitro GH
administration to GH-deficient dwarf mice markedly
increased DNMT1 and decreased DNMT3a levels. A lower
concentration of GH was required by dwarf hepatocytes
to stimulate DNMT expression compared with wild-type
cells, suggesting increased sensitivity in the GH-deficient
state. This supports earlier findings that dwarf liver is more
sensitive to GH stimulation than wild-type tissue in path-
ways related to stress response and cellular proliferation
(36,51). As noted, wild-type cells did not produce enough
DNMT?3a protein for us to detect with our methods and may
be a consequence of culture conditions. GH-treated dwarf
mice show significantly lower global DNA methylation
compared with saline-injected wild-type and dwarf mice
(Figure 7). Determining the genomic location of these DNA
methylation changes will provide insight on the magnitude
of gene expression alterations, the level of epigenetic stabil-
ity due to the methylation of repetitive elements, and pos-
sible heterochromatic architectural changes between dwarf

and wild-type mice. These investigations have been initi-
ated by our laboratory.

Interestingly, our DNMT hepatocyte data does not corre-
spond to those found in rat primary hepatocytes (52). Both
species and culture condition differences likely account
for this discrepancy. For instance, DNMT1 is regulated
by glucocorticoid receptor stimulation by dexamethasone
and corticosterone (53). Rat hepatocyte culture protocols
require these compounds, whereas mouse primary hepato-
cyte protocols do not.

Several other factors have also been shown to modulate
DNMT expression and activity and include PCNA, PKA,
PKB (Akt), PKC, and GSK3f. Independently, diquat and
GH treatment of dwarf mice increased liver pAkt protein
levels while GH treatment also raised pGSK3[ protein lev-
els compared with wild-type mice or untreated dwarf mice
(39,51,54,55). Phosphorylation of p2lcip/waf by pAkt
releases PCNA, resulting in increased DNMT]1 transloca-
tion to the nucleus. GSK3p regulates pAkt activity and can
stabilize DNMT1 affecting its expression and activity (56).
PI3K and pAkt are known to be involved in cell prolifera-
tion and aging. Because liver DNMT activity is higher in
the dwarf at 3 months and lower at 24 months, there may
be additional regulation by PKA, PKB (Akt), PKC, and
other pathways where Ames dwarf mice exhibit increased
responses to diquat and GH treatment in the liver. Another
related pathway that contributes to posttranscriptional
regulation is PI3K/Akt/mTOR. This pathway controls pro-
tein translation and has been shown to be downregulated
in Ames dwarf mice and activated by GH administration
(55,57).

Recently, a DEAD box protein (DDX20) was reported to
regulate DNMTT levels posttranscriptionally via the regu-
lation of microRNA-140. This pathway stimulates degra-
dation of DNMT1 mRNA transcripts and affects protein
levels (58). We are currently investigating the expression
of DDX20 and MiRNA-140 in Ames dwarf liver. Finally,
GH regulates STAT3 expression and activation in dwarf
mice (55). STAT3 is also known to be involved in DNMT 1
expression; however, there is no indication of a posttran-
scriptional role at this time (59).

Together, these pathways could modulate DNMT expres-
sion and represent potential avenues of investigation for
posttranscriptional regulation of DNMT in the liver of Ames
dwarf mice and in aging studies, in general. GH deficiency in
the Ames dwarf mouse may contribute to epigenetic stabil-
ity by decreasing DNMT' protein through a variety of aging-
associated pathways and increasing DNMT3a protein at
young ages (Figure 7). Our current data suggest that there are
differences between genotypes in global DNA methylation.
We also have preliminary results showing differences in spe-
cific gene regions (Brown-Borg, unpublished data). The very
low levels of DNMT1 protein may play a role in dwarf mouse
longevity. However, DNMT 1-deficient mice while exhibiting
protective effects from cancer in certain organs have other
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organs that exhibit higher incidence of cancer (38). In addi-
tion, DNMT 1-deficient mice do not exhibit an increase in lon-
gevity so it is unlikely that a systemic deficiency of DNMT1 is
beneficial to any organism. Whether Ames dwarf mice exhibit
low DNMTT1 in other tissues remains to be studied, but we
suspect that DNMT1 and DNMT3a differences will be tissue
specific. Furthermore, GH signaling may also be important to
differences in tissues other than liver such as muscle and fat.
The results of this study do not exclude potential IGF-1 effects
on DNMT expression. DNMT1 also has DNA methylation—
independent actions that may be different in dwarf mice and
contribute to cell cycle regulation (60).

Epigenetic instability may contribute to the aging phe-
notype. DNA methylation plays a significant role in devel-
opment and likely in responses to early life events, either
of which may avert or exacerbate the aging phenotype.
However, due to the lack of GH signaling, Ames dwarf mice
remain able to resist and delay many pathologies of aging
such as the hepatocellular carcinoma found in their wild-
type siblings (25). Our study demonstrates that Ames dwarf
mice exhibit significant differences in DNMT expression and
activity that change with age. We also demonstrate that GH
administration can have a significant impact on the methyla-
tion mechanisms and status of the Ames dwarf. The differ-
ential expression of both de novo and maintenance DNMTs
between wild-type and Ames dwarf mice likely affects the
methylation of repetitive elements and specific genes and
therefore contribute to epigenetic stability. These novel find-
ings contribute to our understanding of the mechanisms
underlying the relationships between GH, longevity, and epi-
genetic stability associated with aging and aging pathologies.
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