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Abstract
Insulin like growth factor 2 (Igf2) is known as a maternally imprinted gene involved in growth

and development. Recently, Igf2 was found to also be regulated and required in the adult

rat hippocampus for long-termmemory formation, raising the question of its allelic regulation

in adult brain regions following experience and in cognitive processes. We show that, in

adult rats, Igf2 is abundantly expressed in brain regions involved in cognitive functions, like

hippocampus and prefrontal cortex, compared to the peripheral tissues. In contrast to its

maternal imprinting in peripheral tissues, Igf2 is mainly expressed from the maternal allele

in these brain regions. The training-dependent increase in Igf2 expression derives propor-

tionally from both parental alleles, and, hence, is mostly maternal. Thus, Igf2 parental

expression in the adult rat brain does not follow the imprinting rules found in peripheral tis-

sues, suggesting differential expression regulation and functions of imprinted genes in the

brain.

Introduction
In most tissue of mouse, rat and human, the insulin like growth factor 2 gene (Igf2 or IgfII) has
been found to be maternally imprinted, hence expressed from the paternal allele starting from
early developmental stages [1–7].

Imprinting is generally well conserved across mammals, especially between rodents and
human, but the reasons for this regulation of expression are still poorly understood [8].
Imprinted genes play an important role in growth and development and their dysfunction is
associated with developmental, brain disorders or cancer [9, 10]. In humans, loss of imprinting
or uniparental dysomy of imprinted genes contributes to diseases such as Prader-Willi, Angel-
man, and Beckwith-Wiedemann syndromes, all of which present cognitive dysfunctions [11].
Thus, it is important that the regulation of imprinted genes, particularly in the brain, be better
understood.
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In line with its role in development, Igf2 expression is higher during development and sig-
nificantly decreases in adulthood [12–14]. However, interestingly, compared to most tissues,
Igf2 expression remains relatively elevated in the adult brain [12, 15], where its function has
only recently started to be unraveled. Chen et al. (2011) showed that IGF2 in the adult rat hip-
pocampus is upregulated after learning and required for memory consolidation [16]. More-
over, administration of recombinant IGF2 with learning or memory reactivation significantly
enhances several types of hippocampal-dependent memories [16, 17] and fear extinction [17,
18], suggesting that IGF2 acts as a potent memory or cognitive enhancer. Furthermore,
increasing IGF2 levels in the hippocampus of Alzheimer’s disease model mice rescues cogni-
tive, cellular and synaptic impairments, suggesting that IGF2 might represent a target for regu-
lating cognitive functions in neuropsychiatric diseases [19, 20].

The imprinting status of Igf2 in most adult brain regions remains largely unknown [3].
However, some studies have suggested that the paternal imprinting in this tissue is not com-
plete, as the maternal expression of Igf2 has been reported in the human pons [21]. Thus, here
we investigated the allelic expression of Igf2 in adult rat tissues, particularly in brain regions
critical for memory formation and storage, and whether learning and/or long-term memory
formation alters Igf2 allelic expression.

Materials and Methods

Animals
Brown Norway (BN) and Fischer 344 (F) rats used in the studies were obtained from Charles
River Laboratories. F1 offspring of F (dam) x BN (sire) rats and the reciprocal BN (dam) x F
(sire) rats were bred in-house. Unless specified, F1 offspring from both crosses and both gen-
ders were used. Igf2 expression and imprinting analyses in adult animals was done in 3–4
month-old rats. Igf2 expression and imprinting analyses during postnatal development was
done at postnatal day (PND) 1, 7, 17 (2–3 days after eye opening) and 24 (3 days after wean-
ing). All the animals were housed in the New York University animal facility and maintained
on a 12hr light/dark cycle. Pups remained with their mothers until weaning (PND 21), after
which they were housed 2 per cage. Experiments were performed during the light cycle. All rats
were allowed ad libitum access to food and water. All protocols complied with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by
the New York University Animal Welfare Committee.

Isolation of DNA and RNA for Igf2 expression analysis
Rats were euthanized by decapitation. Their tissues were quickly removed and snap-frozen by
pre-chilled 2-methylbutane on dry ice and stored at -80°C until further use. Blood samples
were collected at the time of decapitation and immediately frozen on dry ice. Brain regions,
including dorsal hippocampus (dHC), anterior cingulate cortex (ACC), prelimbic/infralimic
cortex (PrL/IL) and basolateral amygdala (BLA) were punched out in a cryostat via a neuro-
punch (19 gauge, Fine Science Tools, Foster City, CA) as described previously [22] and imme-
diately submerged into Qiazol (Qiagen, Venlo, Netherlands). We carefully avoided
contamination of choroid plexus or leptomeninges, where Igf2mRNA is highly expressed, by
avoiding taking the tissues surrounding the ventricles and immediately adjacent to leptome-
ninges. Choroid plexus (CP) was collected from the lateral and third ventricles. Total RNA was
isolated using the RNAeasy Plus Universal Kit following the manufacture’s protocol (Qiagen,
Venlo, Netherlands) and 250 ng of RNA was reverse-transcribed using QuantiTect Reverse
Transcription Kit (Qiagen, Venlo, Netherlands). Genomic DNA (gDNA) was isolated from the
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tails using DNAeasy Blood & Tissue Kit following the manufacture’s protocol (Qiagen, Venlo,
Netherlands).

PCR analyses
For analysis of allele-specific Igf2 expression based on size differences in PCR products, the Igf2
3’untranslated region (3’UTR) around a (CA)n repeat region was amplified by PCR (forward
primer: 5’-CTGTGAACAACAATAGCCGC-3’ and reverse primer: 5’-TCCAATCGAAGTT
GCTCAGC-3’) using the HotStarTaq Plus Master Mix Kit (Qiagen, Venlo, Netherlands). PCR
amplification was performed as follows: an initial denaturation step at 95°C for 5min, followed
by 40 cycles at 94°C for 30sec, 60°C for 30sec, 72°C for 20sec, and a final extension step at 72°C
for 10min. PCR products were electrophoresed in 2% agarose gel. Because the expression of
Igf2 is much higher in the brain and heart compared to other tissues, in order to detect the
PCR products in the gel, 10 fold less cDNA concentration from the brain regions and the heart,
as compared to other peripheral tissues, were used as templates. Given the existence of a poly-
morphism between BN rats and F rats in the amplified region, a 310 bp PCR product was
amplified from the allele inherited from BN rats and a 337 bp PCR product was amplified from
the allele inherited from F rats.

Quantitative real-time PCR (qPCR) analysis was performed using iQ5 Real-Time PCR Sys-
tem or CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA) with iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA). Primers used for qPCR analysis include: total
Igf2 primer set I (forward: 5’-ATGTCACCCATGTCACCAAG-3’, reverse: 5’-GGCTTGTGCC
AATTAGGTTCT-30), total Igf2 primer set II (forward: 5’-CGTGGCATCGTGGAAGAGT-3’,
reverse: 5’-ACGTCCCTCTCGGACTTGG-3’), BN-specific Igf2 primers (forward: 5’-TGTC
ACCAAGGGGCTGGGTA-3’, reverse: 5’-GATTTTTGGGACTGGGGGCT-3’), F-specific Igf2
primers (forward: 5’-AATGTCACCCATGTCACCCAT-3’, reverse: 5’-GGCTTGTGCCAATT
AGGTTCT-3’), 18S primers (Qiagen, Venlo, Netherlands, Cat.#: QT00199374). 2.5 ng of
cDNA or genomic DNA (gDNA) was amplified using the following conditions: an initial dena-
turation step at 95°C for 5min, followed by 40 cycles at 95°C for 15sec, 59°C for 30sec and 72°C
for 20sec. Triplicates of each sample were analyzed by qPCR, and the averaged cycle threshold
(Ct) value was used for quantification using the relative quantification method (see Critical
Factors for Successful Real-Time PCR by Qiagen, Venlo, Netherlands). The standard curve for
each primer was generated from the amplification of a serial dilution of gDNAs from F1 off-
spring of F x BN and BN x F rats, which was used to calculate primer amplification efficiency
and to determine the relative Igf2mRNA concentration in the samples. gDNA of F1 offspring
of FxBN rats (which contains equal amount of parental Igf2 gene) was run on each plate for cal-
ibration of allele-specific Igf2 expression. Samples that contain Ct value greater than 36 were
excluded from analysis, considering the loss in qPCR calculation accuracy at this level [23, 24].
The level of total Igf2 (maternal and paternal) in each sample was normalized to the level of
18S of the same sample, and shown as a ratio to a control sample as detailed in each figure.

For qPCR analysis of Igf2 expressed from different promoters, the following primers were
used: P1-specific Igf2 primers (forward: 5’-CCACTTCTGCAGCTCTC-3’, reverse: 5’-AAG
CACCAACATCGACTTC-3’), P2-specific Igf2 primers (forward: 5’- CGCTGTTCGGTTTG
CAT-3’, reverse: 5’-CGAAGGCCAAAGAGATGAG-3’), P3-specific Igf2 primers (forward:
5’-GAGAACCTTCCAGCCTTT-3’, reverse: 5’-GAGATGAGAAGCACCAACA-3’) and 18S
primers. 6.25ng cDNA was amplified with iQ SYBR Green Supermix using the following con-
ditions: an initial denaturation step at 95°C for 3min, followed by 40 cycles at 95°C for 15sec,
60°C for 30sec and 72°C for 20sec. Triplicates of each sample were analyzed by qPCR, and the
averaged cycle threshold (Ct) value was used for quantification using the following equation:
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Relative expression = 2 –deltaCt, deltaCt = (Ct of Igf2mRNA variant)–(Ct of 18S rRNA). A tem-
plate containing 1:1:1 amount of purified PCR products generated from each primer set was
also loaded on the qPCR plate to calculate the amplification efficiency for each promoter-speci-
fic primer set and used for calibration of the Ct values.

Pyrosequencing analysis of allelic Igf2 expression
The pyrosequencing assay was designed and carried out by EpigenDx (Hopkinton, MA), based
on a SNP of C7/C8 in the 5’UTR of Igf2 expressed from P2 identified by sequencing. cDNA
samples from BN and F rat brains mixed at different ratios were used for validation of the
assay. cDNAs extracts from a variety tissues of F1 offspring of F x BN and BN x F rats were
then analyzed by the pyrosequencing assay, which gave the percentage of C7 vs. C8 allele in the
Igf2 transcript.

Western Blot analysis
Western blot analyses were carried out as previously described [16, 17]. 20 μg of each protein
sample were resolved using 15% SDS-PAGE gel and transferred to an Immobilon-FL mem-
brane (Millipore, Billerica, MA) by electroblotting. The membrane was sequentially blotted
with anti-IGF-2 antibody (1:1000, Abcam, Cambridge, UK, Cat#: ab9574) and anti-rabbit
IRDye800CW (1:20,000, Li-Cor, Lincoln, NE). A duplicated SDS-PAGE gel was run and
stained by Blue Coomassie staining, which served as loading reference for each sample. Stain-
ing for housekeeping genes could not be used, as they are expressed at different levels in differ-
ent tissues. The membrane and Coomassie-stained gels were scanned on the LiCor Odyssey
Imager under non-saturating conditions.

Inhibitory avoidance (IA)
All the rats were handled for 3min per day for 5 days before IA training and then randomly
assigned to either the naïve or the trained group. IA was carried out as described previously
[16]. The IA chamber consisted of a rectangular-shaped box, divided into a safe compartment
that was white and illuminated and a shock compartment that was black and dark (Model
ENV-010MC, Med Associates, St. Albans, Vermont). Foot shock was delivered through the
grid floor of the dark chamber via a constant current scrambler circuit. The IA box was located
in a sound-attenuated room illuminated by red light. During the training session, the rat was
placed in the safe compartment. After 10 sec, the door separating the two compartments was
automatically opened, allowing the rat access to enter the shock (dark) compartment. The
automatic door closed 1 sec after the rat entered the shock compartment, and a brief foot shock
(0.9 mA for 2 sec) was delivered. Ten sec after the footshock, the rat was returned to the home
cage. Controls consisted of littermates that remained in their home cage (naïve). The rats were
euthanized 20hrs after IA training, or at the corresponding time and day for the naïve rats.
This is the time point following training at which our prior studies showed an increase in Igf2
mRNA expression in hippocampus [16].

DNAmethylation analysis
Liver, CP, dHC (from naïve and trained rats) and ACC (from naïve and trained rats) were rap-
idly dissected out after decapitation, immediately frozen on dry ice and stored at -80°C. The
methylation levels of the selected 15 CpG sites in the Igf2/H19 imprinting control region (ICR;
chr1:222645310–222645423, -4433 to -4530 from H19 TSS), 19 CpG sites in the Igf2 differen-
tially methylated region 2 (DMR2; chr1: 222726044–222725835, 3492 to 3701 from Igf2 TSS)
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and 11 CpG sites in the Igf2 promoter 2 region (P2; chr1: 222731999–222731819, -2464 to
-2284 from Igf2 TSS) were determined by pyrosequencing, serviced by EpigenDx (Hopkinton,
MA). Briefly, 500 ng of gDNA was bisulfite treated using a proprietary bisulfite salt solution
(EZ DNAMethylation Kit, Zymo Research, Irvine, CA) and purified using Zymogen DNA col-
umns (Zymo Research, Irvine, CA). 5ng of the converted DNA was used in a PCR reaction to
amplify the target region. One of the PCR primers was biotinylated. Single-stranded biotiny-
lated PCR products were purified using the Pyrosequencing Vacuum Prep Tool (Qiagen,
Venlo, Netherlands). 10 μL of PCR products were sequenced by the Pyrosequencing PSQ96
HS System (Biotage AB, Uppsala, Sweden) following the manufacture’s instructions. The
methylation status of each locus was analyzed individually as a T/C SNP using QCpG software
(Qiagen, Venlo, Netherlands). Duplicate samples of each tissue/condition were analyzed, and
the averaged % methylation at each CpG site was used for quantification.

Statistical analyses
Data are reported as mean ± SEM. For biochemical studies, power calculation of one-way
ANOVA analyzed by G�Power software indicated a sample size of 4–5 rats per group was nec-
essary to achieve power of 0.8 and an error probability of 0.05. Statistical analyses were
designed using the assumption of normal distribution and similar variance among groups. For
multi-group comparison, one-way ANOVA followed by Newman-Keuls post hoc tests for
selected groups were used. For paired comparisons, Student’s t-test was used. All analyses are
two-tailed.

Results and Discussion
Quantitative real-time PCR (qPCR) analyses carried out on RNA extracted from liver, kidney,
spleen, blood, heart, dorsal hippocampus (dHC), anterior cingulate cortex (ACC), prelimbic/
infralimbic cortex (PrL/IL), basolateral amygdala (BLA) and choroid plexus (CP) of adult F1
Fischer 344 x Brown Norway (F x BN) rats revealed that Igf2mRNA levels were significantly
and remarkably higher in all brain regions compared to the peripheral tissues, except for the
heart (Fig 1A and 1B). The ratio of Igf2 expression in the brain regions compared to liver, kid-
ney, spleen, and blood was approximately 20–35:1. Igf2 level in the heart was about 3-fold
higher than that of dHC, whereas CP showed the highest expression of all tissues analyzed,
with a concentration two orders of magnitude higher than that of the other brain regions
examined (Fig 1A and 1B). Quantitative western blot analyses confirmed higher IGF2 protein
expression in brain regions compared to liver (Fig 1C). Thus, in the adult rats, Igf2mRNA
and/or protein expression is relatively high in the brain compared to many other tissues.

To determine whether the high expression level of Igf2 in the adult brain regions derives
from the maternal or paternal allele, the Igf2 gene from either F or BN rat brains was
sequenced, which identified a polymorphism within a (CA)n repeat in the 3’ untranslated
region (UTR) as well as a SNP in the 5’UTR of Igf2 variant expressed from promoter (P) 2 (Fig
1D). Primers flanking the (CA)n repeat region in the 3’UTR used on genomic DNA or RNA
produced PCR fragments of 310 base pairs (bp) from BN rats and of 337 bp from F rats, respec-
tively. PCR analysis of the genomic DNA (gDNA) extracted from the F1 hybrid of FxBN con-
firmed the heterozygous pattern (Fig 1E). RT-PCR amplification of RNA obtained from adult
F (dam) x BN (sire) rats showed, in agreement with previous reports [1–3], that, except for CP
in which the Igf2 expression is biallelic, the peripheral tissues, including liver, spleen, kidney
and blood, express the paternal allele only, confirming maternal Igf2 imprinting. In contrast, in
all the other brain regions analyzed, including dHC, ACC, PrL/IL and BLA, Igf2 was mainly
expressed from the maternal allele, despite low levels of the paternal allele expression (Fig 1E).
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Fig 1. The expression of Igf2 is significantly and dramatically higher in adult rat brain regions compared to peripheral tissues, and is mainly
expressed from the maternal allele in the brain and from the paternal allele in peripheral tissues. (A-B) Quantitative real-time PCR analysis of the
relative Igf2mRNA levels in liver, kidney, spleen, blood, heart, dorsal hippocampus (dHC), anterior cingulated cortex (ACC), prelimbic/infralimbic (PrL/IL),
basolateral amygdala (BLA) and chorioid plexus (CP) using two independent pairs of primers (n = 3–9; for primer set I: F(9, 59) = 39.08, P < 0.0001; for primer
set II: F(9, 51) = 103.4, P < 0.0001). In each sample, Igf2mRNA level was normalized to the 18S RNA level. Data are expressed as mean ± SEM of the ratio of
Igf2mRNA in the liver. **P<0.01, ***P<0.001 (C) Western blot analysis of IGF-2 protein levels in the dHC, ACC, PrL/IL and BLA, compared to that in liver
(top panel). A parallel, duplicated gel was used for coomassie staining to reveal protein loading in each sample (bottom panel). This experiment was repeated
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Similar results were obtained with brain tissues extracted from the reciprocal cross, adult BN
(dam) x F (sire) rats (Fig 1E). No PCR product was observed from the samples run in parallel
in the absence of Reverse transcriptase (RT-), excluding the possibility of gDNA contamination
(Fig 1E).

Furthermore, qPCR analysis with allele-specific primers was used to quantify maternal vs.
paternal Igf2 expression in different tissues of adult male F1 hybrid of F (dam) x BN (sire) and
reciprocal cross BN (dam) x F (sire) rats. Results confirmed that Igf2 was maternally imprinted
in liver, kidney, spleen, blood and, even in the heart where it was very highly expressed, Igf2
was 89% paternal (Fig 2A and 2B). In contrast, in all brain regions analyzed, Igf2 was highly
and mainly expressed from the maternal allele. The higher Igf2 levels in adult brain, compared
to peripheral tissues, was mainly due to a dramatic increase in maternal Igf2 expression, though
the paternal allele expression remained at a similar or even higher levels than in peripheral tis-
sues. The preferential maternal expression of Igf2 in the brain was found to be similar in both
F1 genders (Fig 2 compare B and E).We concluded that in adult rats, in contrast to peripheral
tissues, which show maternal imprinting, Igf2 is relatively highly expressed in the brain and its
expression mostly derives from the maternal allele, consistent with and extending earlier
reports by Gregg et al. (2010)[25] (but see DeVeale et al., 2012 [26]), Harper et al. (2014) [27]
and Baran et al. (2015) [28].

To examine whether differential promoter usage contributes to the maternal Igf2 expression
in the brain, we analyzed Igf2mRNA variants expressed from the three major promoters (P1,
P2 and P3) by qPCR. We found that in all adult brain areas investigated, including dHC, ACC,
PrL/IL, BLA and CP, Igf2 was mostly expressed from P3, whereas in peripheral tissues includ-
ing liver and heart the expression was mostly from for P2 and/or P1 (Fig 2F). Further sequenc-
ing analysis identified a SNP between BN and F rats in the 5’UTR of Igf2mRNA expressed
from P2 (Fig 1D). We then used allele-specific pyrosequencing to analyze parental allelic
expression of Igf2 from P2 in different tissues. Consistent with our findings obtained with the
3’UTR SNP, Igf2 expression from P2 was mostly paternal in liver and heart, and mostly mater-
nal in brain regions (Fig 2G). Therefore, the differential usage of P2 in different tissues does
not seem to explain their distinct allelic expression.

We next asked whether the ratio of maternal vs. paternal Igf2 allele expression varies over
postnatal development. Using qPCR, Igf2 levels in the hippocampus (HPC) and ACC were
quantified at post-natal day (PND) 1, 7, 17, 24 of F (dam) x BN (sire) and BN (dam) x F (sire)
F1 offsprings and compared to Igf2 levels in the same brain regions of adult F (dam) x BN
(sire) and BN (dam) x F(sire) F1rats. Igf2 levels in both HPC and ACC decreased during the
course of postnatal development to adult age, with the most dramatic decrease occurring
between PND 1 to PND 7 (Fig 3A and 3B). This reduction in Igf2 over the course of develop-
ment occurred for both alleles, with a significantly larger decrease in the paternal expression
(P<0.0001). This gradual decrease in the percentage of paternal Igf2 expression over develop-
ment (Fig 3C) suggests that the dominance in maternal Igf2 expression is, in part a develop-
mental process. We also conclude that the dominant maternal expression in adult brain,

on 3 rats and showed similar data. (D) DNA sequence alignment of the (CA)n repeat region of Igf2 3’UTR and of 5’UTR derived from P2 between Brown
Norway (BN) and Fischer (F) rats. Genetic polymorphisms are highlighted. (E) cDNAs obtained from different tissues from adult F1 offspring of BN (dam) x F
(sire) (BF) and F (dam) x BN (sire) (FB) rats as well as genomic DNA from BN, F, and their F1 rats were used as templates for PCR amplification of the (CA)n
repeat region. The PCR products were resolved by electrophoresis on 2% agarose gel. The 337 bp band represents the allele from the F rats, whereas the
310 bp band represents the allele from the BN rats. PCR products from reactions run in parallel in the absence of reverse transcriptase (RT-) were included to
show that the observed bands of RT-PCR products were not due to gDNA contamination. Abbreviations of different tissues: dHC–dorsal hippocampus, BLA–
basolateral amygdala, PrL/IL–prelimbic/infralimbic cortex, ACC–anterior cingulate cortex, CB–cerebellum, CP–choroid plexus, SC–spinal cord, LM–

leptomeninges, Li–liver, Sp–spleen, He–heart, Ki-kidney, Bl-blood. These data were confirmed by 2 experimenters in a total of 5 independent experiments.

doi:10.1371/journal.pone.0141078.g001

Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 7 / 15



Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 8 / 15



confirmed with 3 independent techniques, is not due to the decrease of Igf2 expression in adult-
hood, as the expression in the peripheral tissues where Igf2 levels are even lower is actually
paternal.

Furthermore, despite the high ratio of maternal Igf2 expression, the brain also shows Igf2
paternal allele expression at a similar or even higher level than that found in the peripheral tis-
sues. Thus, the reverse pattern of Igf2 expression in the brain cannot be simply explained by a
loss-of-imprinting or reversed (paternal) imprinting of Igf2. Possible explanations are that Igf2
is either paternally imprinted in most cells of the brain but maternally imprinted in a small
proportion of them, or that the brain shows imprinting relaxation. The brain includes many
cell types, and cell type-specific analysis of allelic expression will provide important informa-
tion to address this issue. It is also possible that, as suggested by Jouvenot et al. (1999)[29], dif-
ferential post-transcriptional regulation may contribute to or account for differential parental
Igf2 expression in the brain compared to peripheral tissues. Furthermore, we cannot exclude
that species-specific patterns of allele expression regulation occurs. Investigating adult brain
Igf2 allele expression in specific cell populations of different species should help clarify this
issue.

Because we have previously reported that inhibitory avoidance (IA) training in rats leads to
an increase in Igf2 levels in the dHC at 20hr after training, which is required for memory con-
solidation [16], we next determined if the learning-dependent Igf2 increase is selective to one
allele. Allele specific qPCR analyses of adult F (dam) x BN (sire) and BN (dam) x F (sire) F1 rat
brains collected 20 hrs after IA training detected a significant increase of Igf2 level in the dHC
20 hrs after training (Fig 4A), consistent with Chen et al. (2011). This increase derived propor-
tionally from both alleles without significantly changing the ratio of maternal to paternal Igf2
mRNA expression levels, which remained 91.1% maternal (Fig 4A). Similarly, significant pro-
portional biallelic increases in Igf2mRNA levels were found in the ACC (Fig 4B) and PrL/IL
(Fig 4C), but no change in Igf2 levels was detected in the BLA (Fig 4D). Thus, the training-
induced increase in Igf2mRNA expression in several brain regions occurs proportionally from
both parental alleles, suggesting that the mechanisms underlying learning-induced Igf2 expres-
sion are independent from those regulating its imprinting status or its expression during
development.

Igf2 imprinting in peripheral tissues is controlled by the differential methylation in the
Igf2/H19 imprinting control region (ICR). This ICR contains the binding sites for the
CCCTC-binding factor (CTCF), which binds to the unmethylated allele and assembles a

Fig 2. The elevated Igf2 expression in adult brain regions, compared to peripheral tissues, is mainly due to a dramatic increase in Igf2 expression
from thematernal allele. (A) The top panels demonstrate the specificity and amplification efficiency of BN and F specific primer sets used in the analysis.
The bottom panels show the data from quantitative real-time PCR analysis of Igf2mRNA expressed from paternal (Pat.) and maternal (Mat.) alleles in various
peripheral tissues and brain regions obtained from adult male F1 rats (n = 4–7; F(19, 112) = 25.66, P < 0.0001). Data analyses combined F1 offspring from both
the F (dam) x BN (sire) cross and the reciprocal BN (dam) x F (sire) cross. Igf2mRNA level in each tissue was normalized to the 18S RNA level of that tissue.
Data are represented as mean ± SEM of the ratio of Igf2mRNA expression relative to the paternal Igf2 level from liver. **P<0.01, ***P<0.001 (B) Schematic
representations of the % expression of Igf2mRNA from the paternal or maternal allele in each tissue analyzed from adult male F1 rats. (C) Quantitative real-
time PCR analysis of the relative Igf2mRNA levels in liver, dHC, ACC, PrL/IL and BLA obtained from adult female F1 rats (n = 6–7; F(4, 28) = 53.31,
P < 0.0001). In each sample, Igf2mRNA level was normalized to the 18S RNA level. Data are expressed as mean ± SEM of the ratio of Igf2mRNA in the
liver. **P<0.01. (D) Quantitative real-time PCR analysis of Igf2mRNA expressed from paternal (Pat.) and maternal (Mat.) alleles in different brain regions of
adult female F1 offspring from F (dam) x BN (sire) cross and the reciprocal BN (dam) x F (sire) cross, compared to the Igf2 level expressed in the liver
(n = 6–7; F(8, 46) = 121.8, P < 0.0001). Igf2mRNA level in each region was normalized to the 18S RNA level in the same region. Data are represented as
mean ± SEM of the ratio of Igf2mRNA expression relative to the paternal Igf2 level from liver. **P<0.01. (E) Schematic representations of the % expression
of Igf2mRNA from the paternal or maternal allele in each adult female tissue analyzed. (F) Quantitative real-time PCR analysis of Igf2mRNA expressed from
different promoters (P1, P2 and P3) in liver, heart, dHC, ACC, PrL/IL and BLA of adult F1 offspring from F (dam) x BN (sire) cross and the reciprocal BN (dam)
x F (sire) cross. Data are presented as mean ± SEM of Igf2mRNA expressed from each promoter as percentage of the total Igf2mRNA expressed in the
region analyzed. (n = 5–7, P2: F(6, 37) = 43.66, P < 0.0001; P3: F(6,37) = 50.91, P < 0.0001). ***P<0.0001. (G) Schematic representations of the % expression
of P2-derived Igf2mRNA from the paternal or maternal alleles, analyzed by pyrosequencing (n = 5–7).

doi:10.1371/journal.pone.0141078.g002
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Fig 3. Igf2mRNA levels in the brain are down-regulated from both paternal andmaternal alleles during postnatal development, with a relatively
larger decrease of paternal Igf2. (A-B) Quantitative real-time PCR analysis of total Igf2 level, Igf2 expressed from paternal (Pat.) and maternal (Mat.)
alleles, in the hippocampus (HPC; A) and anterior cingulate cortex (ACC; B), collected from postnatal day (PND) 1, 7, 17 and 24 of F1 rats, compared to Igf2
levels of adult HPC (n = 5–7; for total Igf2: F(4, 25) = 23.06, P < 0.0001; for paternal Igf2: F(4, 25) = 24.42, P < 0.0001; for maternal Igf2: F(4, 25) = 21.45,
P < 0.0001) and ACC (n = 5–9; for total Igf2: F(4, 27) = 22.52, P < 0.0001, P < 0.0001; for paternal Igf2: F(4, 27) = 21.32, P < 0.0001; for maternal Igf2: F(4, 27) =
14.75, P < 0.0001). Data analyses combined male and female F1 offspring from both the F (dam) x BN (sire) cross and the reciprocal BN (dam) x F (sire)
cross. Igf2mRNA level in each region was normalized to the 18S RNA level of the same region. Data are represented as mean ± SEM of the ratio of Igf2
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chromatin insulator that blocks the interaction between the Igf2 promoter and a downstream
enhancer [30]. In rodents, mutations of the CTCF binding sites in the ICR change Igf2
imprinting status [31–34]. Furthermore, the CTCF binding sites often overlap with those for
zinc-finger protein 57 (ZFP57), which are crucial for maintaining the methylation of the
paternal Igf2/H19 ICR [35–37]. Increased maternal Igf2 expression might therefore result
from hypermethylation of the CpGs around the CTCF/ZFP57 binding sites in the maternal
Igf2/H19 ICR, which could be revealed as an overall methylation increase. Thus, we tested
whether in the brain the methylation level of Igf2/H19 ICR around one of the CTCF/ZFP57
binding sites is different than that of the liver, in which Igf2 is expressed at lower levels and
from the paternal allele. CpG methylation was determined in liver, choroid plexus, dHC and
ACC of naïve and trained rats by EpigenDx (Hopkinton, MA) using bisulfite treatment and
methylation-sensitive pyrosequencing. No significant differences among any of our samples
were found (Fig 4E), indicating that the increase in maternal Igf2 expression in the brain is
unlikely due to hypermethylation of the maternal allele of Igf2/H19 ICR. Changes in methyla-
tion levels at the differentially methylated regions (DMRs) and promoter regions of Igf2 have
also been associated with tissue-specific parental allele expression, and it has been shown
that CTCF binding to the unmethylated CpG in these regions on the maternal allele sup-
pressed Igf2 expression [30, 35, 38]. We thus extended the DNA methylation analysis to two
additional sites, including DMR2 which functions as an enhancer for paternal Igf2 expression
[39] and a region around P2. We found a significant increase in the DNA methylation level
in the CP compared to the other tissues analyzed, which correlated with a dramatic and sig-
nificant increase in Igf2 expression from both alleles. However, no significant difference in
DNA methylation was observed between liver versus the brain regions dHC and ACC (Fig
4E). Thus, the increased maternal Igf2 expression in brain regions cannot simply be
explained by changes in DNA methylation level at these sites investigated. Despite these
results, we cannot rule out the possibility that allele-specific changes in DNA methylation
occur in these or other Igf2 sequences.

Together, our results suggest that the regulation found in Igf2maternal imprinting of
peripheral tissues might not be generalized. Perhaps tissue-specific mechanisms of transcrip-
tional regulation that change over development and are superimposed to imprinting control
could explain the reciprocal allelic expression in different tissues. Interestingly, a brain-specific
enhancer, active on paternal and maternal Igf2 alleles, has been identified 5’ of the Igf2/H19
ICR and thus proposed to be insensitive to ICR function [40]. What remains to be understood,
and represents a major question in biology, is the significance of these allelic regulations. We
speculate that, as also observed with another imprinted gene, Grb10 [41], a reciprocal parent-
of-origin expression may indicate novel hypotheses for imprinted gene function in the brain
and evolution.

In conclusion, as the allelic expression of Igf2 in the adult rat brain does not parallel the
maternal imprinting found in peripheral tissues, we suggest that imprinting regulation of genes
in the brain needs to be carefully assessed, including a more detailed analysis of tissue-specific
imprinting and promoter activity. This may have important implications for evaluating
imprinting dysregulations in neuropsychiatric disorders.

mRNA levels in developmental HPC and ACC over adult HPC and ACC, respectively. ***P<0.001 (C) Schematic representations of the % expression of Igf2
mRNA from the paternal or maternal allele in each tissue analyzed.

doi:10.1371/journal.pone.0141078.g003

Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 11 / 15



Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 12 / 15



Acknowledgments
This work was supported by grants from the US National Institutes of Mental Health
(MH065635 to C.M.A.), the Brain & Behavior Research Foundation (NARSAD Young Investi-
gator Grant to X.Y) and Telethon-Italia grants (N. GGP15131 and N. GGP11122 to A.R.).

Author Contributions
Conceived and designed the experiments: XY AK AR CA. Performed the experiments: XY AK
GP. Analyzed the data: XY AK GP CA. Wrote the paper: XY AR CA.

References
1. DeChiara TM, Robertson EJ, Efstratiadis A. Parental imprinting of the mouse insulin-like growth factor

II gene. Cell. 1991; 64(4):849–59. Epub 1991/02/22. PMID: 1997210.

2. Giannoukakis N, Deal C, Paquette J, Goodyer CG, Polychronakos C. Parental genomic imprinting of
the human IGF2 gene. Nature genetics. 1993; 4(1):98–101. Epub 1993/05/01. doi: 10.1038/ng0593-98
PMID: 8099843.

3. Pedone PV, CosmaMP, Ungaro P, Colantuoni V, Bruni CB, Zarrilli R, et al. Parental imprinting of rat
insulin-like growth factor II gene promoters is coordinately regulated. The Journal of biological chemis-
try. 1994; 269(39):23970–5. Epub 1994/09/30. PMID: 7929045.

4. Sasaki H, Jones PA, Chaillet JR, Ferguson-Smith AC, Barton SC, Reik W, et al. Parental imprinting:
potentially active chromatin of the repressedmaternal allele of the mouse insulin-like growth factor II
(Igf2) gene. Genes & development. 1992; 6(10):1843–56. Epub 1992/10/01. PMID: 1383088.

5. Hu JF, Vu TH, Hoffman AR. Differential biallelic activation of three insulin-like growth factor II promoters
in the mouse central nervous system. Molecular endocrinology. 1995; 9(5):628–36. Epub 1995/05/01.
doi: 10.1210/mend.9.5.7565809 PMID: 7565809.

6. Ohlsson R, Franklin G. Normal development and neoplasia: the imprinting connection. The Interna-
tional journal of developmental biology. 1995; 39(5):869–76. Epub 1995/10/01. PMID: 8645571.

7. Hetts SW, Rosen KM, Dikkes P, Villa-Komaroff L, Mozell RL. Expression and imprinting of the insulin-
like growth factor II gene in neonatal mouse cerebellum. Journal of neuroscience research. 1997; 50
(6):958–66. Epub 1998/02/06. PMID: 9452010.

8. Lee JT, Bartolomei MS. X-inactivation, imprinting, and long noncoding RNAs in health and disease.
Cell. 2013; 152(6):1308–23. Epub 2013/03/19. doi: 10.1016/j.cell.2013.02.016 PMID: 23498939.

9. Mabb AM, Judson MC, Zylka MJ, Philpot BD. Angelman syndrome: insights into genomic imprinting
and neurodevelopmental phenotypes. Trends in neurosciences. 2011; 34(6):293–303. Epub 2011/05/
20. doi: 10.1016/j.tins.2011.04.001 PMID: 21592595; PubMed Central PMCID: PMC3116240.

10. Barlow DP, Bartolomei MS. Genomic imprinting in mammals. Cold Spring Harbor perspectives in biol-
ogy. 2014; 6(2). Epub 2014/02/05. doi: 10.1101/cshperspect.a018382 PMID: 24492710.

11. Wilkins JF, Ubeda F. Diseases associated with genomic imprinting. Progress in molecular biology and
translational science. 2011; 101:401–45. Epub 2011/04/22. doi: 10.1016/B978-0-12-387685-0.00013–
5 PMID: 21507360.

12. Gray A, Tam AW, Dull TJ, Hayflick J, Pintar J, CaveneeWK, et al. Tissue-specific and developmentally
regulated transcription of the insulin-like growth factor 2 gene. DNA. 1987; 6(4):283–95. Epub 1987/08/
01. PMID: 3652904.

Fig 4. Inhibitory avoidance training results in an increase of Igf2mRNA levels in the dHC, ACC, and PrL/IL from both parental alleles at 20hr post-
training. Adult male F1 rats were trained in IA, and 20hrs later, brains were collected from both trained (Tr) rats and control naïve (N) rats. Quantitative real-
time PCR was used to analyze the total, paternal (Pat.) and maternal (Mat.) Igf2mRNA levels in the dHC (A, n = 6–7; for total Igf2: t11 = 2.96, P = 0.013; for
paternal Igf2: t11 = 4.31, P = 0.0012; for maternal Igf2: t11 = 4.12, P = 0.0017), ACC (B, n = 7–9; for total Igf2: t14 = 2.54, P = 0.0235; for paternal Igf2: t14 =
2.87, P = 0.0124; for maternal Igf2: t14 = 4.44, P = 0.0006), PrL/IL (C, n = 7; for total Igf2: t12 = 2.28, P = 0.04; for paternal Igf2: t12 = 2.77, P = 0.017; for
maternal Igf2: t12 = 2.02, P = 0.066) and BLA (D, n = 6–7; for total Igf2: t11 = 0.07, P = 0.94; for paternal Igf2: t11 = 1.15, P = 0.27; for maternal Igf2: t11 = 0.23,
P = 0.82). Igf2mRNA level in each sample was normalized to that of the 18S RNA level. Data are presented as mean ± SEM of the ratio of Igf2 levels in the
brain regions taken from trained to naïve rats. Schematic representations of the % expression of Igf2mRNA from the paternal or maternal allele in each
tissue analyzed. *P<0.05, **P<0.01, ***P<0.001. (E) Analysis of the CpGmethylation levels by methylation-sensitive pyrosequencing in Igf2/H-19
imprinting control region (ICR), differentially methylation region 2 (DMR2) and P2 promoter of Igf2 gene in liver, CP, dHC and ACC, as well as in dHC and
ACC from naïve (N) versus trained (Tr) rats. Data are presented as the mean ± SEM of the percentage of methylation across 15 CpG sites in the ICR region
(F(5, 84) = 1.18, P = 0.33), 19 CpG sites in the DMR2 region (F(5, 108) = 6.28, P < 0.0001), and 11 CpG sites in the P2 region (F(5, 60) = 8.71, P < 0.0001).
***P<0.001.

doi:10.1371/journal.pone.0141078.g004

Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/1997210
http://dx.doi.org/10.1038/ng0593-98
http://www.ncbi.nlm.nih.gov/pubmed/8099843
http://www.ncbi.nlm.nih.gov/pubmed/7929045
http://www.ncbi.nlm.nih.gov/pubmed/1383088
http://dx.doi.org/10.1210/mend.9.5.7565809
http://www.ncbi.nlm.nih.gov/pubmed/7565809
http://www.ncbi.nlm.nih.gov/pubmed/8645571
http://www.ncbi.nlm.nih.gov/pubmed/9452010
http://dx.doi.org/10.1016/j.cell.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23498939
http://dx.doi.org/10.1016/j.tins.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21592595
http://dx.doi.org/10.1101/cshperspect.a018382
http://www.ncbi.nlm.nih.gov/pubmed/24492710
http://dx.doi.org/10.1016/B978-0-12-387685-0.000135
http://dx.doi.org/10.1016/B978-0-12-387685-0.000135
http://www.ncbi.nlm.nih.gov/pubmed/21507360
http://www.ncbi.nlm.nih.gov/pubmed/3652904


13. Beck F, Samani NJ, Byrne S, Morgan K, Gebhard R, Brammar WJ. Histochemical localization of IGF-I
and IGF-II mRNA in the rat between birth and adulthood. Development. 1988; 104(1):29–39. Epub
1988/09/01. PMID: 3253059.

14. Stylianopoulou F, Herbert J, Soares MB, Efstratiadis A. Expression of the insulin-like growth factor II
gene in the choroid plexus and the leptomeninges of the adult rat central nervous system. Proceedings
of the National Academy of Sciences of the United States of America. 1988; 85(1):141–5. Epub 1988/
01/01. PMID: 3422410; PubMed Central PMCID: PMC279499.

15. Lund PK, Moats-Staats BM, Hynes MA, Simmons JG, Jansen M, D'Ercole AJ, et al. Somatomedin-C/
insulin-like growth factor-I and insulin-like growth factor-II mRNAs in rat fetal and adult tissues. The
Journal of biological chemistry. 1986; 261(31):14539–44. Epub 1986/11/05. PMID: 3771541.

16. Chen DY, Stern SA, Garcia-Osta A, Saunier-Rebori B, Pollonini G, Bambah-Mukku D, et al. A critical
role for IGF-II in memory consolidation and enhancement. Nature. 2011; 469(7331):491–7. Epub 2011/
01/29. doi: 10.1038/nature09667 PMID: 21270887; PubMed Central PMCID: PMC3908455.

17. Stern SA, Kohtz AS, Pollonini G, Alberini CM. Enhancement of Memories by Systemic Administration
of Insulin-Like Growth Factor II. Neuropsychopharmacology: official publication of the American Col-
lege of Neuropsychopharmacology. 2014; 39(9):2179–90. Epub 2014/03/20. doi: 10.1038/npp.2014.
69 PMID: 24642597; PubMed Central PMCID: PMC4104337.

18. Agis-Balboa RC, Arcos-Diaz D, Wittnam J, Govindarajan N, Blom K, Burkhardt S, et al. A hippocampal
insulin-growth factor 2 pathway regulates the extinction of fear memories. The EMBO journal. 2011; 30
(19):4071–83. Epub 2011/08/30. doi: 10.1038/emboj.2011.293 PMID: 21873981; PubMed Central
PMCID: PMC3209781.

19. Mellott TJ, Pender SM, Burke RM, Langley EA, Blusztajn JK. IGF2 ameliorates amyloidosis, increases
cholinergic marker expression and raises BMP9 and neurotrophin levels in the hippocampus of the
APPswePS1dE9 Alzheimer's disease model mice. PloS one. 2014; 9(4):e94287. Epub 2014/04/16.
doi: 10.1371/journal.pone.0094287 PMID: 24732467; PubMed Central PMCID: PMC3986048.

20. Pascual-Lucas M, Viana da Silva S, Di Scala M, Garcia-Barroso C, Gonzalez-Aseguinolaza G, Mulle
C, et al. Insulin-like growth factor 2 reverses memory and synaptic deficits in APP transgenic mice.
EMBOmolecular medicine. 2014. Epub 2014/08/08. doi: 10.15252/emmm.201404228 PMID:
25100745.

21. Pham NV, Nguyen MT, Hu JF, Vu TH, Hoffman AR. Dissociation of IGF2 and H19 imprinting in human
brain. Brain research. 1998; 810(1–2):1–8. Epub 1998/11/14. PMID: 9813220.

22. Milekic MH, Pollonini G, Alberini CM. Temporal requirement of C/EBPbeta in the amygdala following
reactivation but not acquisition of inhibitory avoidance. Learning & memory. 2007; 14(7):504–11. Epub
2007/07/24. doi: 10.1101/lm.598307 PMID: 17644752; PubMed Central PMCID: PMC1934346.

23. VanGuilder HD, Vrana KE, FreemanWM. Twenty-five years of quantitative PCR for gene expression
analysis. BioTechniques. 2008; 44(5):619–26. Epub 2008/05/14. doi: 10.2144/000112776 PMID:
18474036.

24. Caraguel CG, Stryhn H, Gagne N, Dohoo IR, Hammell KL. Selection of a cutoff value for real-time poly-
merase chain reaction results to fit a diagnostic purpose: analytical and epidemiologic approaches.
Journal of veterinary diagnostic investigation: official publication of the American Association of Veteri-
nary Laboratory Diagnosticians, Inc. 2011; 23(1):2–15. Epub 2011/01/11. PMID: 21217022.

25. Gregg C, Zhang J, Weissbourd B, Luo S, Schroth GP, Haig D, et al. High-resolution analysis of parent-
of-origin allelic expression in the mouse brain. Science. 2010; 329(5992):643–8. Epub 2010/07/10. doi:
10.1126/science.1190830 PMID: 20616232; PubMed Central PMCID: PMC3005244.

26. DeVeale B, van der Kooy D, Babak T. Critical evaluation of imprinted gene expression by RNA-Seq: a
new perspective. PLoS genetics. 2012; 8(3):e1002600. Epub 2012/04/06. doi: 10.1371/journal.pgen.
1002600 PMID: 22479196; PubMed Central PMCID: PMC3315459.

27. Harper KM, Tunc-Ozcan E, Graf EN, Herzing LB, Redei EE. Intergenerational and parent of origin
effects of maternal calorie restriction on Igf2 expression in the adult rat hippocampus. Psychoneuroen-
docrinology. 2014; 45:187–91. Epub 2014/05/23. doi: 10.1016/j.psyneuen.2014.04.002 PMID:
24845189; PubMed Central PMCID: PMC4076822.

28. Baran Y, SubramaniamM, Biton A, Tukiainen T, Tsang EK, Rivas MA, et al. The landscape of genomic
imprinting across diverse adult human tissues. Genome research. 2015; 25(7):927–36. Epub 2015/05/
09. doi: 10.1101/gr.192278.115 PMID: 25953952; PubMed Central PMCID: PMC4484390.

29. Jouvenot Y, Poirier F, Jami J, Paldi A. Biallelic transcription of Igf2 and H19 in individual cells suggests
a post-transcriptional contribution to genomic imprinting. Current biology: CB. 1999; 9(20):1199–202.
Epub 1999/10/26. doi: 10.1016/S0960-9822(00)80026-3 PMID: 10531031.

30. Phillips JE, Corces VG. CTCF: master weaver of the genome. Cell. 2009; 137(7):1194–211. Epub
2009/07/01. doi: 10.1016/j.cell.2009.06.001 PMID: 19563753; PubMed Central PMCID: PMC3040116.

Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/3253059
http://www.ncbi.nlm.nih.gov/pubmed/3422410
http://www.ncbi.nlm.nih.gov/pubmed/3771541
http://dx.doi.org/10.1038/nature09667
http://www.ncbi.nlm.nih.gov/pubmed/21270887
http://dx.doi.org/10.1038/npp.2014.69
http://dx.doi.org/10.1038/npp.2014.69
http://www.ncbi.nlm.nih.gov/pubmed/24642597
http://dx.doi.org/10.1038/emboj.2011.293
http://www.ncbi.nlm.nih.gov/pubmed/21873981
http://dx.doi.org/10.1371/journal.pone.0094287
http://www.ncbi.nlm.nih.gov/pubmed/24732467
http://dx.doi.org/10.15252/emmm.201404228
http://www.ncbi.nlm.nih.gov/pubmed/25100745
http://www.ncbi.nlm.nih.gov/pubmed/9813220
http://dx.doi.org/10.1101/lm.598307
http://www.ncbi.nlm.nih.gov/pubmed/17644752
http://dx.doi.org/10.2144/000112776
http://www.ncbi.nlm.nih.gov/pubmed/18474036
http://www.ncbi.nlm.nih.gov/pubmed/21217022
http://dx.doi.org/10.1126/science.1190830
http://www.ncbi.nlm.nih.gov/pubmed/20616232
http://dx.doi.org/10.1371/journal.pgen.1002600
http://dx.doi.org/10.1371/journal.pgen.1002600
http://www.ncbi.nlm.nih.gov/pubmed/22479196
http://dx.doi.org/10.1016/j.psyneuen.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24845189
http://dx.doi.org/10.1101/gr.192278.115
http://www.ncbi.nlm.nih.gov/pubmed/25953952
http://dx.doi.org/10.1016/S0960-9822(00)80026-3
http://www.ncbi.nlm.nih.gov/pubmed/10531031
http://dx.doi.org/10.1016/j.cell.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19563753


31. Bell AC, Felsenfeld G. Methylation of a CTCF-dependent boundary controls imprinted expression of
the Igf2 gene. Nature. 2000; 405(6785):482–5. Epub 2000/06/06. doi: 10.1038/35013100 PMID:
10839546.

32. Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, Tilghman SM. CTCFmediates methyla-
tion-sensitive enhancer-blocking activity at the H19/Igf2 locus. Nature. 2000; 405(6785):486–9. Epub
2000/06/06. doi: 10.1038/35013106 PMID: 10839547.

33. Schoenherr CJ, Levorse JM, Tilghman SM. CTCF maintains differential methylation at the Igf2/H19
locus. Nature genetics. 2003; 33(1):66–9. Epub 2002/12/04. doi: 10.1038/ng1057 PMID: 12461525.

34. Sparago A, Cerrato F, Vernucci M, Ferrero GB, Silengo MC, Riccio A. Microdeletions in the human H19
DMR result in loss of IGF2 imprinting and Beckwith-Wiedemann syndrome. Nature genetics. 2004; 36
(9):958–60. Epub 2004/08/18. doi: 10.1038/ng1410 PMID: 15314640.

35. Li X, Ito M, Zhou F, Youngson N, Zuo X, Leder P, et al. A maternal-zygotic effect gene, Zfp57, maintains
both maternal and paternal imprints. Developmental cell. 2008; 15(4):547–57. Epub 2008/10/16. doi:
10.1016/j.devcel.2008.08.014 PMID: 18854139; PubMed Central PMCID: PMC2593089.

36. Quenneville S, Verde G, Corsinotti A, Kapopoulou A, Jakobsson J, Offner S, et al. In embryonic stem
cells, ZFP57/KAP1 recognize a methylated hexanucleotide to affect chromatin and DNAmethylation of
imprinting control regions. Molecular cell. 2011; 44(3):361–72. Epub 2011/11/08. doi: 10.1016/j.molcel.
2011.08.032 PMID: 22055183; PubMed Central PMCID: PMC3210328.

37. Singh P, Lee DH, Szabo PE. More than insulator: multiple roles of CTCF at the H19-Igf2 imprinted
domain. Frontiers in genetics. 2012; 3:214. Epub 2012/10/23. doi: 10.3389/fgene.2012.00214 PMID:
23087708; PubMed Central PMCID: PMC3471092.

38. Han L, Lee DH, Szabo PE. CTCF is the master organizer of domain-wide allele-specific chromatin at
the H19/Igf2 imprinted region. Molecular and cellular biology. 2008; 28(3):1124–35. Epub 2007/11/28.
doi: 10.1128/MCB.01361-07 PMID: 18039862; PubMed Central PMCID: PMC2223393.

39. Murrell A, Heeson S, Bowden L, Constancia M, DeanW, Kelsey G, et al. An intragenic methylated
region in the imprinted Igf2 gene augments transcription. EMBO reports. 2001; 2(12):1101–6. Epub
2001/12/18. doi: 10.1093/embo-reports/kve248 PMID: 11743023; PubMed Central PMCID:
PMC1084166.

40. Jones BK, Levorse J, Tilghman SM. Deletion of a nuclease-sensitive region between the Igf2 and H19
genes leads to Igf2 misregulation and increased adiposity. Human molecular genetics. 2001; 10
(8):807–14. Epub 2001/04/04. PMID: 11285246.

41. Garfield AS, Cowley M, Smith FM, Moorwood K, Stewart-Cox JE, Gilroy K, et al. Distinct physiological
and behavioural functions for parental alleles of imprinted Grb10. Nature. 2011; 469(7331):534–8.
Epub 2011/01/29. doi: 10.1038/nature09651 PMID: 21270893; PubMed Central PMCID:
PMC3031026.

Maternal Igf2 Expression in the Adult Rat Brain

PLOS ONE | DOI:10.1371/journal.pone.0141078 October 23, 2015 15 / 15

http://dx.doi.org/10.1038/35013100
http://www.ncbi.nlm.nih.gov/pubmed/10839546
http://dx.doi.org/10.1038/35013106
http://www.ncbi.nlm.nih.gov/pubmed/10839547
http://dx.doi.org/10.1038/ng1057
http://www.ncbi.nlm.nih.gov/pubmed/12461525
http://dx.doi.org/10.1038/ng1410
http://www.ncbi.nlm.nih.gov/pubmed/15314640
http://dx.doi.org/10.1016/j.devcel.2008.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18854139
http://dx.doi.org/10.1016/j.molcel.2011.08.032
http://dx.doi.org/10.1016/j.molcel.2011.08.032
http://www.ncbi.nlm.nih.gov/pubmed/22055183
http://dx.doi.org/10.3389/fgene.2012.00214
http://www.ncbi.nlm.nih.gov/pubmed/23087708
http://dx.doi.org/10.1128/MCB.01361-07
http://www.ncbi.nlm.nih.gov/pubmed/18039862
http://dx.doi.org/10.1093/embo-reports/kve248
http://www.ncbi.nlm.nih.gov/pubmed/11743023
http://www.ncbi.nlm.nih.gov/pubmed/11285246
http://dx.doi.org/10.1038/nature09651
http://www.ncbi.nlm.nih.gov/pubmed/21270893

