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Maternal choline modifies fetal liver copper,
gene expression, DNA methylation, and neonatal
growth in the tx-j mouse model of Wilson disease
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Maternal diet can affect fetal gene expression through epigenetic mechanisms. Wilson disease (WD), which is caused
by autosomal recessive mutations in ATP7B encoding a biliary copper transporter, is characterized by excessive hepatic
copper accumulation, but variability in disease severity. We tested the hypothesis that gestational supply of dietary
methyl groups modifies fetal DNA methylation and expression of genes involved in methionine and lipid metabolism
that are impaired prior to hepatic steatosis in the toxic milk (tx-j) mouse model of WD. Female C3H control and tx-j mice
were fed control (choline 8 mmol/Kg of diet) or choline-supplemented (choline 36 mmol/Kg of diet) diets for 2 weeks
throughout mating and pregnancy to gestation day 17. A second group of C3H females, half of which were used to cross
foster tx-j pups, received the same diet treatments that extended during lactation to 21 d postpartum. Compared with
C3H, fetal tx-j livers had significantly lower copper concentrations and significantly lower transcript levels of Cyclin D1
and genes related to methionine and lipid metabolism. Maternal choline supplementation prevented the transcriptional
deficits in fetal tx-j liver for multiple genes related to cell growth and metabolism. Global DNA methylation was increased
by 17% in tx-j fetal livers after maternal choline treatment (P < 0.05). Maternal dietary choline rescued the lower body
weight of 21 d tx-j mice. Our results suggest that WD pathogenesis is modified by maternal in utero factors, including
dietary choline.

Introduction hepatic methionine metabolism and global DNA hypometh-

ylation in association with Cu accumulation and altered gene

Wilson disease (WD) is an autosomal recessive disease caused
by excessive hepatic copper (Cu) accumulation that results from
mutations in the ATP7B biliary Cu transporter.! Although con-
sidered a monogenic disease, WD is characterized by a variety of
clinical hepatic presentations ranging from fatty liver to cirrhosis
and fulminant hepatic failure and can occur from 3 to 70 y of
age.>? Despite numerous clinical studies, a convincing pheno-
type-genotype correlation for WD has not been established.**
Indeed, several case reports describe twins with identical WD
genotypes but different phenotypes.””

Using the tx-j mouse that is characterized by a mutation in the
ATP7B Cu transporter and consequent hepatic Cu accumulation

similar to WD patients,'*'! we previously demonstrated altered

expression.’? The importance of epigenetic regulation through
DNA methylation for variability in the onset, severity, and pro-
gression of many human diseases is increasingly recognized.''
Methyl donors are particularly needed during pregnancy and
lactation as they are critical for fetal and postnatal develop-
ment."™” Studies in various animal models have shown that
maternal supplementation of dietary methyl donors can affect
DNA methylation, gene expression, and phenotype in the off-
spring.''® Methionine metabolism provides a supply of methyl
groups through its metabolite S-adenosylmethionine (SAM),
which is derived from methionine; SAM provides methyl groups
for methylation reactions catalyzed by DNA and histone methyl-
transferases. As diagrammed in Figure 1, methionine originates
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from both the transmethylation reaction of homocysteine and
5-methyltetrahydrofolate, or from betaine, which is an alternate
methyl donor derived from choline, that is largely provided by
dietary sources such as egg yolk, potatoes, cauliflower, lentils,
and oats. Choline is required for neural tube closure during
embryonic life and significant amounts of maternal choline are
needed to ensure an adequate fetal supply.” In addition, phos-
phatidylcholine, the principal metabolite of choline, is a major
component of cell membrane phospholipids and is essential for
cell integrity and signaling. Choline supplementation of pregnant
rats can increase levels of histone and DNA methylation in fetal
liver.” In addition, choline deficiency is associated with fatty
liver in adult life.?* While multiple benefits of choline supple-
mentation have been reported, no previous study has addressed
the influence of maternal nutritional and methylation status
as potential factors affecting WD presentation and progres-
sion. We hypothesized that gestational supply of dietary methyl
groups modifies fetal DNA methylation and expression of genes
involved in methionine and lipid metabolism that are impaired
prior to hepatic steatosis in the toxic milk (tx-j) mouse model of
WD. To test this hypothesis, we fed tx-j and control dams with
control or choline supplemented diets before mating, throughout
pregnancy, and lactation during which newborn tx-j mice were
cross-fostered after postpartum day 1-3 to C3H dams that have
normal milk copper content and were fed either control or cho-
line-supplemented diets to improve their viability. To control for
cross fostering effects, another two groups of each genotype were
suckled from their birth mothers for 6 d. Fetal and 21-d-old (21d)
pup livers were collected to study the expression of selected genes
relevant to liver damage and DNA methylation. Our studies
showed that maternal choline supplementation corrected several
growth, methionine metabolism, global DNA methylation, and
gene expression deficits of the mutant tx-j mouse model of WD
without changing DNA methylation of selected genes. The data
suggest that maternal choline supplementation of tx-j mice cre-
ated an environment for adaptation of gene expression to growth
stimuli.

Results

Reproductive success and weanling growth

The sex distributions among C3H and tx-j mice at 6 d (not
shown) and 21 d were similar. C3H (control) and tx-j mice had
similar reproductive success and choline supplementation did not
affect the number of viable fetuses and pups (Table 1). The body
weights of weanling 21 d tx-j pups were significantly lower than
those of C3H mice, but maternal choline supplementation of tx-j
mice corrected this phenotype (2 < 0.001) (Table 2).

Hepatic copper and iron concentrations in fetal and 21d pup
livers

Hepatic Cu levels were markedly lower in tx-j fetal livers com-
pared with levels in C3H mice, and maternal choline supplemen-
tation resulted in about additional 50% reduction of mean fetal
Cu in the tx-j mice but had no effect on C3H Cu levels (Table 2).
At 21 d weaning, mean hepatic Cu concentrations in the tx
mice were 2.5 times higher than in the C3H mice, while choline
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Figure 1. Representation of methionine metabolism. MS, methio-
nine synthase; MAT, methionine adenosyl transferase; SAHH,

S-adenosylhomocysteine transferase; DNMT, DNA methyltransferase.

Table 1. Effects of choline supplementation on reproductive success

Fetal experiment
C3H - C3H choline | tx-j choline
Dams bred 9 7 9 6
% Pregnant 88.8 714 66.6 83.3
of fgttgk;?;am 78417 | 65405 | 91+1. 62+14
Weanling experiment
C3H tx-j C3H choline | tx-j choline
Dams bred 10 8 6 3
% Pregnant 80 87.5 100 100
‘%;ngtr::nk:;rt” 100 100 100 100
Of'gzg‘:/’j;m 81+18 | 6825 | 54+09 43+3
M/F 5/6 6/4 4/6 3/4

supplementation of fostering dams had no effect on these values
within either genetic group. There were no differences in Fe con-
centrations among different genotype and maternal diet groups.

Hepatic S-adenosylmethionine and S-adenosylhomocysteine

Untreated fetal liver SAM and S-adenosylhomocysteine
(SAH) concentrations were similar in the two genotypes and
were unaffected by maternal choline supplementation (Table 2).
However, each group of 21 d tx-j mice had higher liver SAH lev-
els than C3H mice, a finding consistent with our previous report
of a reduced expression of SAH hydrolase in this strain,'? and
liver SAH levels were further increased by maternal choline sup-
plementation in each genotype.

Light microscopy and histology

There were no histological changes in hepatic inflammation,
steatosis, or fibrosis in both untreated and choline supplemented
tx-j and C3H weanling mice at 21 d. Hepatocyte mitotic bod-
ies were present in livers of untreated mice and persisted after
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Table 2. Effects of maternal choline supplementation in fetal and 21d weanling livers

Fetal Fe.tal Feta.l C3H Fet:j\l tx-j 21d C3H 21dtxj (10) 21(,1 C3H 21c.i tx-j
C3H (8) tx-j (5) choline (6) choline (5) (11) choline (10) choline (7)
Body weight (g) == == == = 9.2+1¢ 79+0.8f 11429 11.5+0.39
Liver/body weight == == == = 0.04 +0.05 0.04 +0.002 0.04 + 0.004 0.05 +0.004
Copper (hmol/g) 128+ 11° 23.9+74° 127 £ 112 11.5+2.8¢ 192 £27¢ 482 +119f 162 + 46° 547 + 69
Iron (nmol/g) 995+ 1154 893 +98 1174 £ 140 802+ 117 403 £27 468 £ 100 491 £ 60 682 + 181
SAM (nmol/qg) 109 =24 82+ 145 78+7.6 71.2+94 86.9+17.8 122 £50 100+ 18 148 + 84
SAH (nmol/g) 4+12 46+28 35+05 46+24 259 +8.8° 36.5+ 139 42 +5.59 55+ 21k

Values are expressed as mean + SD. The number of mice in each group is given in parentheses. Values with different letter symbols are significantly different
(P < 0.05) from each other (**<%within fetal experiment; #*¢"within weanling experiment). SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine
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mented mice (Fig. 3).

Hepatic global DNA methylation

Whereas there were no significant dif-
ferences in global DNA methylation levels
between control C3H and tx+j fetal livers,
maternal choline supplementation resulted
in 17% increased hepatic global DNA
methylation in tx-j fetal livers compared
with untreated tx-j (Fig. 4). In 21d wean-
lings, hepatic global DNA methylation
was significantly higher in tx-j mice after
choline supplementation compared with

C3H mice. The differences in global DNA
methylation did not change after adjusting
for litter size, gender, and genotype-gender
interactions.

Selected hepatic gene expression

In the non-supplemented maternal diet
groups, the transcript levels of fetal liver
genes related to methionine metabolism,
DNA methylation, lipid synthesis, fatty
acid oxidation, and Cyclin DI, representa-
tive of cell cycle, were all downregulated in

the tx-j compared with C3H mice, whereas
the transcript levels of each of these genes

Figure 2. Liver histology from control (C3H) and tx-j mice at 3 weeks of age (21d). All hematoxilin
and eosin, 40x. (A) Control (C3H) mouse, untreated; (B) Tx-j mouse, untreated; (C) Control (C3H)
treated with choline (no mitotic bodies were identified in this representative sample); (D) Tx-j
mouse treated with choline. Tx-j mice livers did not show any significant degree of inflammation,
steatosis, or fibrosis. Arrows indicate mitotic bodies. Nuclei diameter was similar in all groups (C3H
VS tx-j 63.3 £ 9.4 vs 56.2 = 8 um; C3H choline vs tx-j choline 69.4 + 15.5 vs 63.9 + 2.8 pum. All P > 0.05).

in tx-j fetal mouse livers were increased and
similar to those in C3H mice in the cho-
line supplemented groups (Table 3). The
consistent pattern of decreased fetal liver
transcript levels in untreated tx-j mice was

choline supplementation. Nuclei diameters were similar before
and after choline supplementation in both C3H and tx-j mice
(Fig. 2).

Immunohistochemistry for Cyclin D1

Since the regulation of Cyclin D1 expression is both tran-
scriptional and post-transcriptional,”’ we performed immu-
nohistochemistry on 21-d livers. There were no differences in
percentages of Cyclin DI positive nuclei between C3H and
tx-j mice from the control diet groups but the tx-j mice in the
choline supplemented group had higher percentages of Cyclin

288 Epigenetics

preserved at 6 d of age before cross-fostering

(Table 4). Conversely, there were no differ-
ences in most transcript levels in tx-j mice compared with C3H
mice in 21-d tx-j mice that were fostered by C3H dams with or
without dietary choline supplementation, with the exceptions of
Matla and the DNA methyltransferases, Dnmt3a and Dnmt3b,
whose deficits in 21d tx-j liver were restored by choline supple-
mentation (Table 3). There were positive correlations between
the body weight and gene transcript levels of Sterol Regulatory
Element-Binding Protein (Srebp) r = 0.56; glucose-regulated pro-
tein 78 (Grp78) r = 0.38; peroxisome proliferator-activated recep-
tor o (Ppar a) r = 0.40; DNA methyltransferase3b (Dnmi3b) r
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original findings on the effects of the WD

genotype and maternal choline supple-
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mentation on both fetal and weanling

Figure 3. Immunohistochemistry for Cyclin D1 in 21d pups. (A) Control (C3H) mouse, untreated;
(B) Tx-j mouse, untreated; (C) Control (C3H) treated with choline; (D) Tx-j mouse treated with cho-
line. All 40x. Arrows indicate some of the Cyclin D1 positive nuclei. (A and C). The percentages of
Cyclin D1 positive nuclei were similar in C3H and tx-j mice from the control diet groups (C3H vs tx-j
66 * 7.6% Vs 66.6 + 5.8%; P = n.s.). Hepatocyte nuclei in choline treated tx-j mice liver (D) presented
a higher percentage of Cyclin D1 positivity compared with untreated mice (B) (53.7 + 9.5% vs 72.4

hepatic Cu levels, global and gene-specific

DNA methylation, and transcript levels.

First, tx-j fetuses of dams receiving control diets presented mark-
edly low hepatic Cu levels compared with C3H mice, which
were associated with overall downregulation of transcript levels
of selected genes related to methionine metabolism, DNA meth-
ylation, lipid metabolism, and liver cell regeneration. Second,
reduced transcript levels of these genes in tx-j fetal livers were
maintained at control levels by maternal dietary supplementa-
tion with the methyl donor choline and were correlated with the
restored phenotype of body weight at 21 d. Third, maternal cho-
line supplementation increased global DNA methylation in fetal
livers of tx-j mice that was sustained in 21-d old mice. Lastly, the
observation of dramatic reductions in Cyclin DI expression in
tx-j fetuses and 6-d mice that was prevented by maternal cho-
line supplementation suggests that the uniform reductions in the
transcript levels of other metabolic genes in the tx-j mice may be
associated with a global reduction in cell growth and metabolism
from the tx-j mutation that can be alleviated through dietary
changes.

Addressing these four main observations, first, the finding
of low Cu concentrations in tx-j fetal livers can be attributed to
the low circulating serum ceruloplasmin in untreated tx-j dams
with consequent lack of placental Cu transport.”” Importantly,
we observed that fetal liver Cu concentrations in the tx-j strain
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were even lower in the maternal choline supplemented than in
the control diet group. In our previous study on adult tx-j mice,
we found that betaine, a methyl group donor product of choline
metabolism, was associated with reduced hepatic Cu concentra-
tion as well.'? We do not have an explanation for this novel find-
ing but it could be related to changes in methylation status and
expression levels of an alternate Cu transporter. This observa-
tion is of concern given the well-recognized teratogenicity of Cu
deficiency.?

Regarding the second point, we previously observed a simi-
lar downregulation of Sahh, Srebp-Ic, Grp78, Ppara, and CptlA
transcripts in adult txj mice with hepatic Cu accumulation.
However, these tx-j mice with more advanced liver disease and
significant inflammation did not present any changes in gene
expression after supplementation with choline derivative beta-
ne.'? By contrast, in the present study, tx-j fetal livers presented
low hepatic Cu and responded to maternal choline feeding with
significant changes in transcript levels. The different responses
to the methyl donors betaine in the first experiment and cho-
line in the current experiment support our previous hypothesis
that inflammation, as observed in adult txj mice, creates a sta-
tus of relative DNA hypomethylation that limits the response to
methyl group supplementation.'?
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Figure 4. Global DNA methylation. Global methylation of hepatic DNA was similar in fetal liv-
ers of C3H and tx-j mice at baseline without maternal choline treatment. Tx-j mouse fetal livers
from maternal choline treated mice had increased global DNA methylation compared with
livers from untreated mice, whereas among choline supplemented groups at 21d, tx-j livers
had increased DNA methylation compared with livers of C3H mice (*P < 0.01). Each dot for each
genotype/treatment group represents an individual sample from one representative mouse.

There are several potential consequences of reduced gene
expression in tx-j fetal livers. Downregulation of Dnmtl at baseline
was not associated with global DNA hypomethylation. However,
increased DNA methylation after maternal choline treatment
and the gene expression responses to choline treatment in tx-j
mice suggest an underlying relative deficiency of methyl groups
in this genotype. Also, the reduced transcript levels of Ppara and
CptlA in fetal livers of tx-j mice may result in an increased risk for
the development of fatty liver later in life. This would be in agree-
ment with the fetal origin of adult disease hypothesis previously
proposed for cardiovascular diseases potentially being primed by
suboptimal nutrition during early development." In addition, the
reduction of Grp78 transcript levels may have direct effects on Cu
metabolism as it has been shown that GRP78 participates in Cu
homeostasis by forming complexes with Cu.?

Third, the demonstration that maternal choline supplemen-
tation restored global levels of DNA methylation that were
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deficient in the tx-j model without a change to
the methylation levels of specific dysregulated

genes is consistent with genomic analyses of

methylomes®? and global effects on methio-
nine metabolism on DNA methylation.?*

Otxj Although DNA hypermethylation of specific

gene promoters is in general associated with
gene repression, highly methylated promot-
ers are rarely seen outside of imprinted genes,
X-inactive genes, or tumor suppressor genes in
cancer.”” The mammalian genome is highly
saturated with DNA methylation except
at CpG-rich gene promoters.?*3%% Global
methylation levels better reflect methionine

33,34

metabolism®?** and methylation levels outside

tx-j choline of gene promoters and generally positively cor-
relate with transcript levels.***® In the pres-
ent study, maternal choline supplementation
of tx-j mice was associated with both increased
global liver DNA methylation and increased
transcript levels of genes involved in methio-
nine and lipid metabolism in fetal livers, even
though there were no significant differences in
gene specific DNA methylation of any of the
tx-j choline genes selected for pyrosequencing. Further,
Cyclin DI levels were restored to normal lev-
els by maternal choline supplementation in
the txj fetal livers and Cyclin DI protein
levels were significantly higher in weanlings
tx-j mice livers suggesting that hepatocyte cell
cycle differences are responsible for the resto-
ration of tx-j body weights by maternal choline
supplementation. The downregulation of gene
expression in 6d pups, before cross-fostering,
confirms the role of nutritional factors in the
pre-symptomatic stages of this disease model.
DNA damage and environmental stress are
also associated with downregulation of Cyclin
DI? and cell cycle. Of note, a previous study
of the A#p7b -/- knock out mouse model of WD showed upregu-
lation of cell cycle machinery related genes, including Cyclin G1
and G2, in adult mice with hepatic Cu accumulation®” indicating
a close relation between Cu levels and cell cycle regulation. In our
model, maternal choline supplementation apparently provided
the fetal liver the adequate conditions for the cells to respond
to mitogenic signals. This is not surprising given that choline
is an essential component of cell membranes, lipoproteins,
and surfactants, and is crucial for liver and placenta metabolic
activities.” Given that we did not observe any change in gene
specific methylation, we hypothesize that choline provided an
adequate environment for cell growth, with consequent increase
in global DNA methylation and gene expression. Further studies
are needed to investigate the potential correlations between our
findings related to cell growth and DNA methylation with the
well-described nuclear structural abnormalities observed both in
WD patients* and tx mice."*
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Table 3. Methionine metabolism, cell cycle, and lipid metabolism selected gene transcript levels

Fetal C3H (8) Fetal txj (5) CF:(:ELE?’(E) cll:‘:(e)tl?rlizx(-;.) 21?! 1(:)3H 21d 6 (10 C:JI?nE3(:|0) dfczl?n':(-(jﬂ

Mtr 1+0.12° 0.06 + 0.03° 0.96 £0.21° 0.92 £0.23° 1+£0.16 0.92+0.25 0.99+£0.15 1+£0.16
Mat1A == == == == 1£0.11¢ 0.88 +0.1¢ 1+£0.23¢ 0.95 +0.23¢
Mat2A 1.01£0.1° 0.3 £0.25° 0.9 +0.22° 1.01+0.09° 1.02+0.27 0.95+0.23 0.76 £0.15 0.62+0.13

Dnmt1 1+0.1° 0.01+0.007° 0.96 + 0.26° 0.82 £0.29° 1.01+0.17 0.9+0.18 1.05+0.17 1+£0.12
Dnmt3a 1.08 +0.26° 0.35+0.1° 1.24+0.35° 1.29+0.19° 1.03+0.28° | 0.79+0.29¢ 1.23+0.24¢ 1.06 +0.29°
Dnmt3b 1.01+0.17° 0.66 +0.15° 0.87 £0.11° 0.9+0.14° 1£0.14 0.72+0.18¢ 1.1£0.35° 1.2£0.35°
Sahh 1.02+0.23° 0.55+0.12° 0.93 £ 0.07° 0.91 £0.16° 1.01+0.16 0.88+£0.19 0.92+0.13 0.94+0.19
Srebpic 1.01+0.21° 0.5+0.26° 1+0.23° 1.01+0.24° 1.02+0.24 1.02+0.36 1.12+0.5 1.35+0.26
Grp78 1.01+0.14° 0.59+0.12° 0.95+0.132 0.93+0.10* 1£0.13 1.18+£0.3 1.1+£0.46 1.05+0.19

Cpti1A 1.06 +0.41° 0.25+0.29° 0.97 £0.12° 0.91 £0.26° 1.03+0.27 0.99 £0.31 1.06 +£0.24 0.8+0.2
Ppara 1.02+0.29° 0.16 £ 0.02° 0.9+0.14° 0.84+0.1° 1.01+0.16 0.91£0.21 1.08 +0.28 0.92+£0.21
Cyclin D1 0.02 £ 0.007° 0.008 + 0.004° 0.02 + 0.009° 0.02 + 0.006° 1.05+0.35 1.35+0.38 0.93+£0.30 0.93+0.30

Values are expressed as mean * SD. The number of mice in each group is given in parentheses. Values with different letter symbols are significantly differ-
ent (P < 0.05) from each other (**within fetal experiment; ““*within 21d experiment). Mat1A was not measured in fetal livers as it is expressed only in adult
livers. Gene transcript levels are expressed as a fold change relative to the calibrator (mean of control groups). MS, methionine synthase; MAT, methio-
nine adenosyltransferase; DNMT, DNA methyltransferase; SAHH, S-adenosylhomocysteine hydrolase; SREBP1c, Sterol Regulatory Element-Binding Protein;
GRP78, glucose-regulated protein 78; CPT1A, carnitine palmitoyltransferase 1A; PPARq, peroxisome proliferator-activated receptor a.

The limitations of our study include the relatively short-term
observations, and long-term experiments on the effect of gesta-
tional choline supplementation are needed. We explored gene
specific methylation of 7 genes, which appear to be a good rep-
resentation of gene regulated at the level of DNA methylation
also during gestational life. Potentially, screening by methylome
analyses might identify changes in methylation status of addi-
tional genes.

This is the first evidence that fetal liver metabolic transcript
levels and weanling body weight is restored by maternal choline
supplementation in a genetic mouse model of WD. However, our
findings are in line with other reports on genetic diseases like
Rett syndrome that causes mental retardation in girls and can
be modified by perinatal choline supplementation. The interac-
tion of a genetic mutation with in utero nutritional factors and
availability of methyl groups in the early phases of development
demonstrate that phenotype of a genetic disease can be regulated
by early nutritional and environmental factors.

Methods

Animal model and experimental protocols

We used the C3HeB/FeJ-Atp7b™7/] mouse (tx-j) model of
WD with its background strain C3HeB/Fe] (C3H) as a control.
The tx-j mouse model has a G712D missense mutation in the
ATP7B Cu transporter gene which results in a phenotype similar
to WD.'"!"! Mice were obtained from our in-house colony that
was developed from C3H breeder pairs and homozygous-affected
tx-j breeder pairs purchased from The Jackson Laboratory (www.
jax.org). The study design is diagrammed in Figure 5. Control
(choline 8 mmol/kg) (Dyets, Inc., #110098) or choline-supple-
mented (choline 36 mmol/kg) diet (Dyets, Inc., #110184) diet
was fed to female C3H and tx-j mice 2 weeks before mating and

www.landesbioscience.com

Table 4. Genes transcript levels at 6 d of age

Gene C3H (8) tx-j (9)
Mtr 1.01+0.16° 0.51+0.10°
Mat1A 1.01+£0.13 0.97£0.13
Mat2A 1.01 +0.16° 0.81 +0.15°
Dnmt1 1.00+0.11° 0.55+0.10°
Dnmt3a 1.01+0.132 0.59 +0.07°
Dnmt3b 1.01£0.15° 0.62+0.11°
Sahh 1.02 £0.22° 0.76 £0.12°
Srebpic 1.01+£0.18° 0.54 +0.09°
Grp78 1.00 £ 0.07° 0.86+£0.13°
Cpt1A 1.01£0.16° 0.60 +0.13°
Ppara 1.02+0.212 0.65 +0.14°
Cyclin D1 1.01+£0.13° 0.36 £0.12°

Values are expressed as mean + SD. For each gene, values with different let-
ter symbols (a vs. b) are significantly different (P < 0.05) from each other. All
mice were lactated by C3H dam:s.

continued throughout mating and pregnancy. Both diets contain
the following mineral concentrations: Fe 35 mg/Kg and Cu 6
mg/Kg. In the first experiment, pregnant C3H and tx-j dams on
each diet were euthanized via CO, anesthesia followed by cervi-
cal dislocation on embryonic day 17. Their uteri were dissected
and fetuses placed in cold L15 medium (Invitrogen, 11415-064).
Fetal livers were collected and pooled, flash-frozen in liquid
nitrogen, and stored at —80 °C for further analyses. In the sec-
ond experiment, pregnant dams continued their diet treatments
through birth and lactation to postpartum 21 d. Due to reduced
concentrations of Cu in the tx-j dams™ milk, tx-j pups cannot
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Table 5. Percent methylation of Mtr, Mat2A, Dnmt1, Sahh, Cpt1A, Ppara, and Cyclin D1 in samples from C3H and tx-j fetal livers

Target sequence Fetal C3H (8) Fetal tx-j (5) Fetal C3H choline (6) Fetal tx-j choline (5)
Mtr
0.88+0.3 0.91+0.1 0.82+0.14 0.9+0.11
044 +0.25 043+0.13 035+0.16 039+0.13
chrl3: 1225827112258 229 0.84+0.25 0.7 +0.09 0.64+0.1 0.7 £0.09
(6 CpG sites, promoter region) 149404 1.5+0.13 136+0.16 158 +0.21
0.33+0.21 0.38+0.07 0.4 +0.07 0.4+0.08
036+0.25 049 £0.15 042+0.14 048+0.14
Mat2A
0.83+0.26 0.95+0.23 1.08 %055 0.91+0.59
0.65 +0.48 0.75+03 057 +035 0.53 £0.47
0.68 +0.29 0.64+0.26 0.61+0.48 0.55 +0.41
(;rgp% 7S|2t 253 9:;‘:0736 ffz gsiii) 049 +0.25 0.60 +0.22 063 +035 0.5+0.51
05 +0.27 0.6+0.22 0.59+024 0.49 +0.37
051+0.23 055+0.14 0.54 +0.26 0.54 £ 043
0.46 +0.26 0.61+0.21 057 £0.28 044 +0.38
Dnmt1
0.7 +0.12 0.77£0.23 0.66 +0.15 0.65 +0.25
chr9: 20952988-20953010 123403 13+0.13 1184021 1.21+0.22
(4 CpG sites, promoter region) 0.83+0.22 0.75+0.21 072021 0.62+0.23
031+0.17 038+0.04 035 +0.21 0.25+0.15
chr9: 20952 569-20952 603 2.06 £0.38 1.96 + 0.47 2.02+0.26 1.92+0.32
(2 CpG sites, promoter region) 0.82+0.41 0.89+0.28 076+0.17 095+ 0.51
Sahh
137 +041 1.23+0.25 1.15+0.25 0.19+0.18
1.91+0.46 174029 166 +0.26 1.79+0.29
chr2: 155074 568155074535 0.82 +0.26 0.66+0.13 0.67 +0.24 0.64+0.17
(5 CpG sites, promoter region)
134027 1124012 1.19+0.22 1.18+0.18
0.82+0235 0.65+£0.11 0.75+0.16 0.71+0.10
Cpt1A
101031 0.93 £0.33 0.94+0.2 0.78+034
101031 0.93 £0.33 0.94+0.2 0.78+0.34
0.62 £0.29 0.57 £0.29 051+0.26 05+035
( 6‘:2;&9;3;,23 f:r;;':’:rzri 3?;]) 0.6+ 045 064+0.3 0.53+0.22 0.53+0.27
0.61+0.28 0.56 +0.36 045 +0.17 048 +0.27
0.72£0.26 0.61+0.25 0.58+0.31 043 +0.25
0.65 +0.27 0.56 +0.25 0.52+0.26 0.58+0.21

Values are expressed as mean + SD. The number of mice in each group is given in parentheses. Sequence positions are based on the UCSC mouse genome

browser Dec. 2011 (GRCm38/mm10) assembly.

be raised by their biological dams as they typically do not sur-
vive more than 7 d after birth" and must be cross-fostered to
a dam with normal milk, in this case a C3H dam. All txj pups
were cross-fostered after postpartum day 1-3 to a C3H dam who
had given birth within 2 d of the txj pups she fostered. At 21
d, weanling livers of C3H and cross-fostered tx-j offspring were
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collected, flash-frozen in liquid nitrogen, and stored at —80 °C for
further analyses. To study the potential effect of cross-fostering
on gene expression postpartum, additional C3H and un-fostered
tx-j pups were euthanized at 6 d. All mouse care and feeding pro-
tocols followed the guidelines of the American Association for
Accreditation of Laboratory Animal Care and were reviewed and
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Table 5. Percent methylation of Mtr, Mat2A, Dnmt1, Sahh, Cpt1A, Ppara, and Cyclin D1 in samples from C3H and tx-j fetal livers (continued)

Target sequence Fetal C3H (8) Fetal tx-j (5) Fetal C3H choline (6) Fetal tx-j choline (5)
Ppara

1.22+0.13 1.1£0.12 1.19+£0.14 1.14+£0.19

0.68 +0.08 0.85+0.32 0.65+ 0.1 0.67 £0.2

0.89+£0.16 1+£0.17 0.84+£0.12 1.11+£0.24

chr13:12258271-12258229 0.69£0.1 0.68+0.11 0.58+0.13 06+0.14
(6 CpG sites, promoter region)

0.77 £0.13 0.68 £0.16 0.72+0.17 0.83+£0.19

1.47 £0.28 1.44+0.19 1.38+0.23 1.5+0.32

1.35+0.73 146 £0.9 1.22+£0.21 1.63+£0.9

Cyclin D1

1.93+0.77 2+0.63 1.63+£0.35 1.65+0.44

chr7:144940052-144940031 173039 174+038 163 +0.58 147+038
(3 CpG sites, promoter region)

1.26 £0.5 1.79 £0.47 1.39+£0.3 1.47 £0.33

1.03+0.22 1.06 +0.17 0.98 +£0.21 1.13+£0.35

1.38£0.21 1.29+0.23 1.24+0.14 1.23+0.19

chr7:144940304-144940270 0.61+0.21 0.54+0.2 05+0.12 0.55+0.2
(5 CpG sites, promoter region)

1.31+£0.59 1.46 £0.52 1.25+0.37 1.52+0.43

2.09 +£0.66 2.13+045 1.84+0.53 1.82+0.67

Values are expressed as mean + SD. The number of mice in each group is given in parentheses. Sequence positions are based on the UCSC mouse genome

browser Dec. 2011 (GRCm38/mm?10) assembly.

approved annually by the UC Davis Institutional Animal Care
and Use Committee. All animals received humane care accord-
ing to the criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” (National Academy of Sciences, 1996) and
published by the National Institutes of Health (NIH publication
86-23 revised 1985).

Hepatic copper and iron levels

Liver specimens of fetal and 21-d livers were wet-ashed in 16 M
nitricacid (JT Baker, 9598) and diluted in 0.1 M Ultrex nitric acid
(JT Baker, 6901). The diluted digests were analyzed for Cu and
Fe by inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Trace Scan, Thermo Electron Corp, Thermo Fisher
Scientific). The ICP-AES was calibrated with multielement stan-
dards (Perkin Elmer, PE N9301721) diluted in 1 M Ultrex nitric
acid. Fe was measured as there is evidence of its accumulation in
animal models of WD related to hemolysis.” The Cu and Fe con-
centrations in bovine liver obtained from the National Institute
of Standards and Technology were used as an external control on
the method. Blanks were generated by the same method and their
values were subtracted from the sample measurements.“

Liver SAM and SAH by HPLC with fluorescence detection

50 mg of frozen liver tissue was homogenized in 0.4 ml of cold
0.5 N perchloric acid (Alfa Aesar, 33263) and then centrifuged
for 10 min. at 14000 rpm/4 °C. The supernatant was filtered
through a 0.22 pm syringe filter (Cole-Parmer, F2604-2) and fro-
zen at =80 °C. HPLC analysis of SAM and SAH was performed
within 4 weeks from tissue harvest to ensure sample stability.”

Histology and immunohistochemistry

Liver histopathology was studied in 21-d pups (3—4 per geno-
type and diet) and was evaluated independently by quantitative
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scoring in blinded fashion using computerized software. Scoring
followed published quantitative criteria for hepatocyte lipid accu-
mulation, lobular inflammation, necrosis, fibrosis, and mitosis.**
Liver sections were stained with anti-Cyclin D1 mouse monoclo-
nal primary antibody (Abcam, abl6663) and secondary antibody
conjugated with streptavidin peroxidase followed by chromogen
substrate detection was used to detect binding of the primary
antibody. The slides were examined using Nikon NIS Elements
D morphometric software and the percentage of nuclei positive
for Cyclin D1 was measured.

Global DNA methylation

DNA was isolated from fetal and 21d livers using the DNeasy
Blood and Tissue Kit (QIAGEN, 69504). The concentrations
and purity of extracted DNA were determined by measuring the
absorbency at A260 and A280. Relative methylation dot blots
were performed as previously described.”>® Briefly, 50 ng of
genomic DNA from each specimen was alkaline-denatured and
blotted in triplicate onto a nitrocellulose membrane then bound to
the membrane via UV cross-linking. Each blot was blocked with
Odyssey Blocking Buffer (LI-COR, 927-40000) and incubated
in Blocking Buffer + 0.1% Tween-20 with anti-5>-methylcitidine
(Eurogentec, BI-MECY-0100) overnight at 4 °C. After washing
in 1x PBS + 0.2% Tween-20, the blot was incubated in Blocking
Buffer + 0.1% Tween-20 with IRDye 680RD secondary antibody
(LI-COR, 926-68072) for 1 h at room temperature. The blot was
imaged using a LI-COR Odyssey Imager (LI-COR). Next, each
blot was washed in 1x PBS + 0.1% Tween-20 followed by equili-
bration in PerfectHyb Plus Hybridization Buffer (Sigma, H&033)
at 42 °C. Biotin-labeled gDNA was hybridized overnight at 42
°C. The blots were incubated with LI-COR Streptavidin IRDye
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Figure 5. Diagram of study design. The study included a fetal and a 21 d weanling + 6 d old pups part. C3H and tx-j dams received a control or choline
supplemented diet 2 weeks before mating, and to embryonic day 17 when fetal livers were obtained for the experiments. Two additional groups of
mice were euthanized at 6 d, before cross-fostering, and at 21d. Tx-j mice have to be cross-fostered by C3H dams because tx-j dams milk is Cu deficient.

800CW secondary antibody (LI-COR, 926-32230) in Blocking
Buffer + 0.1%Tween-20 for 1 h at room temperature. The blot
was imaged again on the LI-COR Odyssey Imager and integrated
intensities were quantified using Odyssey software with methyla-
tion signal normalized to total DNA signal.

RNA isolation, cDNA synthesis, and Quantitative Real-
Time PCR

Total RNA was isolated from frozen liver specimens using the
RNeasy Mini Kit (QIAGEN, 74104). The concentrations and
purity of extracted RNA were determined by measuring the absor-
bency at A260 and A280. Lithium chloride precipitation was per-
formed to remove any remnants of genomic DNA and total RNA
integrity checked via 1% ethidium bromide agarose gel analy-
sis. Extracted total RNA was stored at =80 °C until further use.
Reverse transcription was performed using the SuperScript IIT
First-Strand cDNA synthesis kit (Invitrogen, 18080-051). Primers
for mouse cDNA sequences were designed using Primer Express
3.0 (Applied Biosystems) and blasted against the mouse genomic
+ transcript database using NCBI BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) to check primer specificity (Table S1). The
amplification efficiencies (E) of all assays were calculated from
the slope of a standard curve generated in triplicate using the for-
mula E = 10(-1/slope) -1. All assays had an efficiency of >95%.
Primer specificity was verified by melt curve analysis and agarose

294 Epigenetics

gel electrophoresis. Reactions were performed in triplicate for all
cDNA samples using SYBR Green I dye detection on the AB
ViiA 7 Real-Time PCR System (Applied Biosystems). Reaction
conditions were 50 °C for 2 min and 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Cycle threshold
(C) values were exported with a threshold of 0.15 based on the
housekeeping gene GAPDH. The relative expression level of a tar-
get gene in a particular sample was calculated using the equation
2:48¢ where AAC = AC (sample) - AC (calibrator). Therefore,
all gene transcriptions were expressed as an n-fold difference rela-
tive to the calibrator. The calibrator was the mean value of C3H
fetuses or pups from dams on control diet.

DNA methylation of selected genes via pyrosequencing
analysis

Pyrosequencing analyses of Mtr, Mat2A, Dnmtl, Sahh, CptlA,
Ppara, and Cyclin DI methylation differences were conducted
on our mouse fetal liver samples. Using the EMBOSS online
CpG island finder tool (http://www.ebi.ac.uk/Tools/seqstats/
emboss_newcpgreport/) with minimum parameters (window =
100, length = 100, %GC = 50, Obs/Exp = 0.6), CpG islands were
identified in the promoter region of each listed gene. Primers were
designed using PyroMark Assay Design 2.0 software (QIAGEN);
those selected for testing had a software-generated score >70.
Bisulfite treatment of genomic DNA was performed using the EZ
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DNA Methylation-Direct Kit (Zymo Research, D5020). PCR
amplifications of each target region were performed using the
PyroMark PCR Kit (QIAGEN, 978703). PCR product was puri-
fied using Streptavidin Sepharose High Performance Beads (GE
Healthcare, 17-5113-01) and prepared for pyrosequencing using
the PyroMark Q24 Vacuum Workstation (QIAGEN). Samples
were sequenced in triplicate on a PyroMark Q24 Pyrosequencer
(QIAGEN) using PyroMark Gold Q24 Reagents (QIAGEN,
970802) and methylation levels were analyzed using PyroMark
Q24 software.

Statistical analyses

Statistical analyses were performed using SAS statistical
software, version 9.3 (SAS Institute Inc.). Descriptive statistics
were calculated for each measurement by treatment group for
each genotype. Prior to statistical analyses, the distributions of
measurements were assessed to determine whether they were
approximately normal. If necessary, natural log transformations
were applied to the data in order to improve the normality of
residuals and homoscedasticity of errors as appropriate, and the
log-transformed values were used in the subsequent analyses.
Inter-group comparisons of means were performed by analysis of
covariance (ANCOVA), adjusted for each litter size and gender.
Multiple comparisons were controlled by the Bonferroni correc-
tion method where appropriate. The Pearson correlation coeffi-
cient and its P value for significance of correlation were calculated
to assess the magnitude and direction of an association between
two given measures. Statistical significance was determined at a
two-sided P value < 0.05.
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