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role in this syndrome (OMIM 180860). We first identified SNPs in the
previously reported 22 human DMRs using genomic DNA isolated
from human sperm and blood from unaffected individuals, which
could then be used in bisulfite-PCR methylation assays to assign methy-
lation to the parental allele. We next collected a total of |5 SRS samples,
including previously collected samples (ART: 2, naturally conceived: 4),
which had DNA methylation errors at the paternal gDMR at H/9. Five
of these were born from ART and |0 were from natural conceptions.
We analyzed and compared the DNA methylation status of the 3
other paternal gDMRs and the 19 maternal gDMRs (Supplementary
data, Fig. S3, Table, Supplementary data, Table SIV). In four out of the
five ART cases, DNA methylation errors were not restricted to the
H19 gDMR, and were present at both maternally and paternally methy-
lated gDMRs. These four cases showed a mixture of hyper- and hypo-
methylation with mosaic (partial) patterns. In contrast, only 3 of the
10 naturally conceived patients showed DNA methylation errors at
loci other than H/9 gDMR.

To determine whether DNA methylation errors occurred in
patients at a broader level in the genomes, we assessed the methyla-
tion profiles of the non-imprinted LINE| and Alu elements. We exam-
ined a total of 28 CpG sites in a 413-bp fragment of LINE/ and 12
CpG sites in a 152-bp fragment of Alu (Supplementary data, Table
SIV), and no significant differences were found in the methylation
ratios between patients conceived by ART and naturally.

The abnormal methylation pattern in BWS
patients with epimutations

In BWS, hypermethylation of HI/9 or hypomethylation of KCNQ/O-
TILTI) at human chromosome |1 are both frequently reported
(Choufani et al., 2010). We collected seven BWS samples with
DNA methylation errors of the LITI gDMR, one of which was
derived from ART patient and six from naturally conceived patients
(Supplementary data, Fig. S3, Table lI, Supplementary data, Table
SIV). In the one ART (ICSl) case, we identified four additionally
gDMR methylation errors, again present at both maternally and pater-
nally methylated gDMRs and with mixed hyper- and hypomethylation
patterns. Furthermore, the methylation error at the NESPAS DMR was
mosaic in this patient. One of the six naturally BWS cases had similar
changes. Although we had only one BWS case conceived by ART,
widespread methylation errors were similar to those for the DNA
methylation error pattern in SRS.

Phenotypic differences between ART
patients and those conceived naturally

The increased frequency of DNA methylation errors at other loci in the
ART cases suggested that the BWS and SRS cases born after ART might
exhibit additional phenotypic characteristics. However, when we com-
pared in detail the clinical features from both categories of conception
(Supplementary data, Table SV), we found no major differences
between ART and naturally conceived patients with BWS and SRS.

Discussion

Our key finding from this study was a possible association between
ART and the imprinting disorders, BWS and SRS. We did not find a
similar association with PWS and AS but our numbers were quite

low in this study and a larger due to the questionnaire return rate
and relative rarity of the diseases, international study will be required
to reach definitive conclusions. Furthermore, factors such as PCR
and/or cloning bias in the bisulfite method and correction for changing
rate of ART over time must be considered when analyzing any results.

In addition to the possible association between ART and BWS/SRS,
we observed a more widespread disruption of genomic imprints after
ART. The increased frequency of imprinting disorders after ART
shown by us and others is perhaps not surprising given the major epi-
genetic events that take place during early development at a time
when the epigenome is most vulnerable. The process of ART
exposes the developing epigenome to many external influences,
which have been shown to influence the proper establishment and
maintenance of genomic imprints, including hormone stimulation
(Sato et al, 2007), in vitro culturing (DeBaun et al., 2003; Gicquel
et al, 2003; Maher et al, 2003), cryopreservation (Emiliani et al.,
2000; Honda et al, 2001) and the timing of embryo transfer
(Shimizu et dl., 2004; Miura and Niikawa, 2005). Furthermore, we
and others have also shown that some infertile males, particularly
those with oligozoospermia, carry pre-existing imprinting errors in
their sperm (Marques et al., 2004; Kobayashi et al., 2007; Marques
et al., 2008) which might account for the association between ART
and imprinting disorders.

Imprinting syndromes and their association
with ART

We report the first Japanese nationwide epidemiological study to
examine four well-known imprinting diseases and their possible asso-
ciation with ART. We found that the frequency of ART use in both
BWS and SRS was higher than anticipated based on the nationwide
frequency of ART use at the time when these patients were born.
Several other reports have raised concerns that children conceived
by ART have an increased risk of disorders (Cox et al, 2002;
DeBaun et al., 2003; Maher et al., 2003; Orstavik et al., 2003;
Ludwig et al., 2005; Lim and Maher, 2009). However, the association
is not clear in every study (Lidegaard et al., 2005; Doornbos et dl.,
2007). The studies reporting an association were mainly from case
reports or case series whereas the studies where no association
was reported were cohort studies. Therefore, the differences in the
epidemiological analytical methods might accounts for the disparity
in findings.

Owing to the rare nature of the imprinting syndromes, statistical
analysis is challenging. In addition, the diagnosis of imprinting diseases
is not always clear cut. Many of the syndromes have a broad clinical
spectrum, different molecular pathogenesis, and the infant has to
have reached a certain age before these diseases become clinically de-
tectable. It is therefore likely that some children with these diseases
are not recorded with the specific diagnosis code for these syn-
dromes. Nonetheless, in this study we were examining the relationship
between ART and the imprinting syndromes and these confounding
factors are likely to apply equally to both groups.

Both BWS and SRS occurred after ART but our numbers for PWS and
AS were low, precluding any definitive conclusion for these two
disorders. However, while most cases of BWS and SRS are caused by
an epimutation, epimutations are very rare in PWS and AS (only |-
4%) and ART would not be expected to increase chromosome 15
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_ Table I Abnormal methylation in patients with SRS and BWS.

ART Abnormal methylation

Case

SRS
SRS-1 IVF-ET HI9 hypomethylated (mosaic) PEGI hypermethylated
SRS-2  IVF-ET HI9 hypomethylated (mosaic)
SRS-3  IVF-ET HI9 hypomethylated (mosaic) PEGI hypermethylated

(mosaic)
SRS-4  IVF-ET HI9 hypomethylated GRB10 hypermethylated
SRS-5 IVF-ET HI9 hypomethylated (mosaic) INPP5F hypermethylated
SRS-6 H19 hypomethylated
SRS-7 H 19 hypomethylated (mosaic) ZNF597 hypermethylated
(mosaic)

SRS-8 HI19 hypomethylated
SRS-9 H19 hypomethylated (mosaic)
SRS-10 H19 hypomethylated
SRS-11 H19 hypomethylated (mosaic) PEG! hypermethylated
SRS-12 H19 hypomethylated
SRS-13 H19 hypomethylated (mosaic) FAMS50B hypomethylated
SRS-14 HI19 hypomethylated ’
SRS-15 HI19 hypomethylated

BWS
BWS-1 ICSI  LITI hypomethylated ZDBF2 hypermethylated
BWS-2 LIT! hypomethylated
BWS-3 LIT! hypomethylated
BWS-4 LITI hypomethylated
BWS-5 LITI hypomethylated
BWS-6 LITI hypomethylated ZDBF2 hypomethylated
BWS-7 LITI hypomethylated

PEG10 hypermethylated (mosaic) GRBI0 hypermethylated; ZNF597

hypomethylated

ZNF331 hypomethylated (mosaic)

PEG! hypermethylated NESPAS hypomethylated (mosaic)

ZNF331 hypomethylated (mosaic)

ET, embryo transfer. Summary of the abnormal methylation patterns in the ART conceived and naturally conceived patients with Silver-Russell syndrome (SRS) and
Beckwith-Wiedemann syndrome (BWS) with epimutations. Numbers in parentheses show the results of the methylation rates obtained using bisulfite-PCR sequencing. The % of DNA
methylation of 22 gDMRs in all patients with SRS and BWS examined are presented in Supplementary data, Table SIV.-Depictions in red represent DMRs.normally exclusively

methylated on the maternal allele, while blue represent paternally methylated sites.

deletions or uniparental disomy, consistent with our findings. Prior to
this investigation, there was some evidence for an increased
prevalence of BWS after ART but less evidence for an increased preva-
lence of SRS, with five SRS patients reported linked to ART (Svensson
et al., 2005; Bliek et al., 2006; Kagami et al., 2007; Galli-Tsinopoulou
et al, 2008). Our population-wide study provides evidence to
suggest that both BWS and SRS occur more frequently after ART in
the Japanese population.

@

Mechanisms of epimutation in the patients
conceived by ART

By performing a comprehensive survey of all the known gDMRs in a
number of patients with BWS and SRS, we found that multiple loci
were more likely to be affected in ART cases than those conceived
naturally. Lim et al. (2009) have reported a similarly increased fre-
quency of multiple errors after ART, with 37.5% of patients conceived
with ART and 6.4% of naturally conceived patients displaying abnormal

methylation at additional imprinted loci. However, while Bliek et al.
(2009) reported alterations in multiple imprinted loci in |7 patients
out of 81 BWS cases with hypomethylation of KCNQ/OTI(LITI)
ICR, only | of the cases with multiple alterations was born after
ART. Similarly, Rossignol et al. (2006) reported that 3 of 11 (27%)
ART-conceived patients and 7 of 29 (24%) naturally conceived
patients displayed abnormal methylation at additional loci. In these
four earlier studies, not all gDMRs were assayed and it may be that
by doing so, these incongruities will be resolved.

The pattern of cellular mosaicism we observed in some patients
suggested that the imprinting defects occurred after fertilization
rather than in the gamete as DNA methylation alterations arising in
the gamete would be anticipated to be present in every somatic
cell. This suggested the possibility that the DNA methylation errors
occurred as a consequence of impaired maintenance of the germline
imprints rather than a failure to establish these imprints in the germline
or a loss of these imprints in the sperm or oocytes in vitro. Further-
more, some patients conceived by ART with SRS and BWS showed
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alterations at both maternally and paternally methylated gDMRs sug-
gesting that the defects were not limited to one parental germline.
The mechanisms controlling the protection of imprinted loci against
demethylation early in the development remain unclear. Our data
suggested that this protection may fail in ART resulting in the tissue-
specific loss of imprints, though it remains unclear if this ever occurs
naturally. Potential factors involved could include the culture
conditions for the newly fertilized oocyte and the length of exposure
to specific media or growth factors, as part of the ART procedure.
Some of the naturally conceived patients also had abnormal methyla-
tion at both maternally and paternally methylated gDMRs, which were
in some cases mosaic. This could indicate that fertility issues arise as a
consequence of pre-existing mutations in factors required to protect
and maintain imprints early in life and it may therefore be possible
to identify genetic mutations in these factors in this group of patients.

Clinical features

In our large-scale epidemiological study, we found differences in the
frequency of some classic features of SRS and BWS between patients
conceived by ART and those conceived naturally. We found that 7/7
(100%) ART conceived SRS patients showed body asymmetry,
whereas only 30/54 (55.5%) who were conceived naturally possessed
this feature. Similarly in BWS, earlobe creases were present in 4/7
(57.19%) ART conceived cases and 44/89 (49.4%) naturally conceived,
bulging eyes in 3/7 (42.8%) versus 21/89 (23.6%), exomphalos in 6/7
(85.7%) versus 61/89 (68.5%) and nephromegaly in 2/7 (28.6%)
versus 18/89 (20.2%), respectively. It is therefore possible that the
dysregulation of the additional genes does modify the typical SRS
and BWS phenotypes (Azzi et al., 2010). BWS patients with multiple
hypermethylation sites have been reported with complex clinical phe-
notypes (Bliek et al., 2009) and a recently recognized BWS-like syn-
drome involving overgrowth with severe developmental delay was
reported after IVF/ICSI (Shah et al., 2006).

In our study patients with diagnosed imprinting disorders that pre-
sented with defects at additional loci (i.e. other than the domain re-
sponsible for that disorder) did not display additional phenotypes
not normally reported in BWS or SRS. Since we were effectively
selecting for classic cases of BWS and SRS in the first instance, it is
possible that there are individuals born through ART showing entirely
novel or confounding phenotypes that were not identified in our
survey. Alternatively, as many of the alterations we observed
showed a mosaic pattern, it is possible that mosaic individuals have
more subtle phenotypes. In light of this new information on mosai-
cism, we may be able to use our knowledge of the individual’s epigen-
otype to uncover these subtle changes.

This study, and the work of our colleagues, highlights the pressing
need to conduct long-term international studies on ART treatment
and the prevalence of imprinting disorders, particularly as the use of
ART is increasing worldwide. It remains to be seen if other very
rare epigenetic disorders will also have a possible association with
the use of ART. Furthermore, it is not yet known what other patholo-
gies might be influenced by ART. For example, in addition to general
growth abnormalities, many imprint methylation errors also lead to
the occurrence of various cancers (Okamoto et al., 1997; Cui et df.,
1998). Further molecular studies will be required to understand the
pathogenesis of these associations, and also to identify preventative

methods to reduce the risk of occurrence of these syndromes
following ART.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/.
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Gain of methylation (GOM) at the H19-differentially methylated
region (H19-DMR) is one of several causative alterations in
Beckwith~Wiedemann syndrome (BWS), an imprinting-related
disorder. In most patients with epigenetic changes at H19-DMR,
the timing of and mechanism mediating GOM is unknown. To
clarify this, we analyzed methylation at the imprinting control
regions of somatic tissues and the placenta from two unrelated,
naturally conceived patients with sporadic BWS. Maternal
H19-DMR was abonormally and variably hypermethylated in both
patients, indicating epigenetic mosaicism. Aberrant methylation
levels were consistently lower in placenta than in blood and skin.
Mosaic and discordant methviation strongly suggested that
aberrant hypermethylation occurred after implantation, when
genome-wide de nove methylation normally occurs. We expect
aberrant de novo hypermethylation of HI9-DMR happens 1o 2
greater extent in embryos than in placentas, as this is normally
the case for de novo methylation. In addition, of 16 primary
imprinted DMRs apalyzed, only H19-DMR was aberranily
methylated, except for NNAT DMR in the placental chorangioma
of Patient 2. To our knowledge, these are the first data suggesting
when GOM of HI19-DMR occurs, © 2012 Wiley Periodicals, Inc.

Key words: Beckwith—Wiede H19-DMR;
aberrant DNA methylation; after implantation

mann S}”K‘xéi‘()n‘;(‘.’i

INTRODUCTION

Beckwith—Wiedemann syndrome (BWS) is an imprinting-related
condition characterized by macrosomia, macroglossia, and
abdominal wall defects (OMIM #130650). The relevant imprinted
chromosomal region in BWS, 11p15.5, consists of two independent
imprinted domains, IGE2/H19 and CDKNIC/KCNQIOTI. Imprinted
genes within each domain are regulated by two imprinting control
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regions (ICR), the H19-differentially methylated region (H19-DMR)
or KvDMRI1 [Weksberg et al., 2010]. Several causative alterations
have been identified in patients with BWS: loss of methylation
(LOM) at KvDMRI, gain of methylation (GOM) at H19-DMR,
paternal uniparental disomy (UPD), CDKNIC mutations, and
chromosomal abnormality involving 11p15 [Sasaki et al., 2007;
Weksberg et al., 2010].
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Methylation of H19-DMR is erased in primordial germ cells
(PGCs) but becomes reestablished during spermatogenesis [Li,
2002; Sasaki and Matsui, 2008]: this methylation regulates the
expression of IGF2 and HI9 by functioning as a chromatin insu-
lator, restricting access to shared enhancers [Bell and Felsenfeld,
2000; Hark et al., 2000]. GOM on the maternal H19-DMR leads to
expression of both IGF2 alleles and silencing of both HI9 alleles.
Dominant maternal transmissions of microdeletions and/or base
substitutions within H19-DMR have recently been reported in a few
patients of BWS with H19-DMR GOM [Demars et al., 2010].
However, when and how the GOM on the maternal H19-DMR
occurs is not clear. ‘

Here, we found epigenetic mosaicism in two BWS patients. We
also found that GOM at H19-DMR was discordant in blood and
skin versus placenta; specifically, methylation levels were lower in
placental samples. These findings strongly suggest that aberrant
methylation of H19-DMR occurred after implantation. As a result,
we expect aberrant de novo methylation happens to a greater extent
in embryos than in placentas.

MATERIALS AND METHDDS
Patients

Two unrelated patients with sporadic BWS, Patient 1 (BWS047)
and Patient 2 (bwsh21-015), were delivered by cesarean in the third
trimester of pregnancy. The mothers of both patients conceived
naturally. Patient 1 and Patient 2 met clinical criteria for BWS as
described by Elliott et al. [1994] and Weksberg et al. [2001],
respectively (Table I). The placenta of Patient 1 was large and
weighed 1,065 g, but was without any pathological abnormality.
The placenta of Patient 2 was also large, weighing 1,620 g, and had
an encapsulated placental chorangioma, as reported previously
[Aoki et al., 2011]. The standard G-banding chromosome analysis
using peripheral blood samples showed no abnormalities in either
patient. This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of Medicine,
Saga University.

Southern Blot Analysis

Genomic DNA was extracted from embryo-derived somatic tissues
and the placentas of the patients (Fig. 1). Methylation-sensitive

Southern blots with BarmHI and Notl were employed for KvDMRI1,
and blots with Pstl and Mlul were employed for H19-DMR, as
described previously [Soejima et al., 2004]. Band intensity was
measured using the FLA-7000 fluoro-image analyzer (Fujifilm,
Tokyo, Japan). The methylation index (MI, %) was then calculated
(Fig. 1). Southern blots with Apal were used to identify the micro-
deletion of H19-DMR as described previously [Sparago et al,
2004].

Bisulfite Sequencing and Combined Bisuifite
Restriction Analysis (COBRA)

Bisulfite sequencing covering the sixth CTCF binding site (CTS6)
was performed. For COBRA, PCR products of each primary
imprinted DMR were digested with the appropriate restriction
endonucleases and were then separated using the MultiNA Micro-
chip Electrophoresis System (Shimazdu, Japan). The methylation
index was also calculated. All PCR primer sets used in this study
have been listed in Supplementary Table SI (See Supporting
Information online).

ODNA Polymorphism Analyses

For quantitative polymorphism analyses, tetranucleotide repeat
markers (D1151997 and HUMTHOI) and a triplet repeat marker
(D1152362) from 11p15.4~p15.5 were amplified and separated by
electrophoresis on an Applied Biosystems 3130 genetic analyzer
(Applied Biosystems, NY); data were quantitatively analyzed
with the GeneMapper software. The peak height ratios of paternal
allele to maternal allele were calculated. A single nucleotide poly-
morphism (SNP) for the Rsal recognition site in HI9 exon 5
(rs2839703) was also quantitatively analyzed using hot-stop PCR
[Uejima et al., 2000]. Band intensity was measured using the FLA-
7000 fluoro-image analyzer (Fujifilm).

Mutation Search of Hi8-DMR

To search for mutations in the binding sites of CTCF, OCT4, and
SOX2, we sequenced a genomic region in and around H19-DMR,
which included seven CTCF-binding sites, three OCT4 sites, and
one SOX2 site.
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RESULTS

We first examined the methylation status of the two ICRs,
KvDMRI, and H19-DMR, at 11p15.5 using methylation-sensitive
Southern blot analysis. Methylation at KvDMR1 was normal in all
samples collected (Fig. 1A); however, methylation at H19-DMR
was aberrant (Fig. 1B). In Patient 1, hypermethylation at H19-DMR
was complete in cord blood and peripheral blood samples
(MI = 100%), and hypermethylation in the placenta was partial
(MI=70%). In Patient 2, H19-DMR was partially hypermethy-
lated in cord blood (MI=90%) but less so in the placenta and
placental chorangioma (MI=71% and MI=83%, respectively).
For further investigation of differences in methylation between the
patients’ somatic tissues and placentas, the CTS6 site was subjected

to bisulfite sequencing (Fig. 1C and D). We could distinguish the
two parental alleles in each patient sample using informative SNPs
(rs10732516 and rs2071094). The maternal allele, which is normally
unmethylated, was completely methylated in the cord blood,
peripheral blood, and skin from Patient 1. However, in placental
samples from Patient 1, the maternal allele was only partially
methylated: 36% of all CpGs analyzed were methylated. Similar
results were observed in Patient 2: the maternal allele in the cord
blood was 68% methylated; however, the maternal allele was only
31% and 55% methylated in the placenta and chorangioma sam-
ples, respectively. The paternal alleles, which are normally fully
methylated, were fully methylated in all samples. These findings
supported the results of the Southern blots. Furthermore, we could
not find any microdeletions or mutations in or around H19-DMR,
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including seven CTCF-binding sites, three OCT4 sites, and one
SOX2 site, indicating that there was no genetic cause of the hyper-
methylation (Fig. 2A and data not shown).

Next, we analyzed polymorphic markers at 11p15.4—p15.5 to
determine whether copy number abnormalities or paternal UPD
might be involved in these BWS patients. Although smaller PCR
products were more easily amplified, paternal-maternal allele
ratios in blood samples were between 0.92 and 1.33, indicating
that both parental alleles were equally represented in both patients
(Fig. 2B). Therefore, we could rule out copy number abnormality
and paternal UPD within the patients’ blood. We also investigated

Patient 2
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maternal contamination in the placenta. D1151997 and HUMTHO01
for Patient 1 and the Rsal polymorphism in HI19 (rs2839703) for
Patient 2 were used for this investigation because the mothers were
expected to be homozygous for such polymorphisms. Thus, we
investigated contamination of our samples by assessing the homo-
zygosity of the polymorphisms in the mothers. The paternal—
maternal ratios in Patient 1 were 0.94 and 1.03, indicating an equal
contribution of both parental alleles and suggesting no contami-
nation (Fig. 2B). In Patient 2, the ratios were 0.77 and 0.78 in the
placenta and chorangioma, respectively, suggesting a small amount
of contamination (Fig. 2C). However, such contamination was too
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small to affect the results of the methylation analyses. In addition,
sequence analysis did not show any mutations in CDKNIC (data
not shown). These findings indicated that H19-DMR was aber-
rantly hypermethylated in both BWS patients and their associated
placentas, but the aberrant methylation was consistently lower in
the placenta, and that the H19-DMR GOM was strictly an isolated
epimutation.

Finally, we analyzed the methylation status of 16 primary
imprinted DMRs scattered throughout the genome-using COBRA
(Fig. 2D and E). Only H19-DMR showed aberrant methylation
among all primary DMRs in all samples, except for NNAT DMR,
which was abnormal only in the placental chorangioma, indicating
that the IGF2/H19 imprinted domain was targeted for aberrant
methylation in both somatic tissues and the placenta.

DISCUSSION

Methylation associated with parental imprints are erased in PGC
and reestablished during gametogenesis in a sex-specific manner.
The paternal pronucleus in the zygote undergoes active demethy-
lation; extensive passive demethylation then ensues on maternal
and paternal chromosomes during the pre-implantation period.
After implantation, de novo methylation results in a rapid increase
in DNA methylation in the inner cell mass (ICM), which gives rise
to the entire embryo; in contrast, de novo methylation is either
inhibited or not maintained in the trophoblast, which gives rise to
the placenta [Li, 2002; Sasaki and Matsui, 2008]. The imprinted
DMRs, however, escape these demethylation and de novo meth-
ylation events that occur in early embryogenesis. H19-DMR GOM
in BWS patients is considered an error in imprint erasure in female
PGCs [Horsthemke, 2010]. However, H19-DMR GOM, whether
with or without microdeletions within H19-DMR, was partial,
indicating a mosaic of normal cells and aberrantly methylated cells
[Sparago et al., 2007; Cerrato et al., 2008]. These findings demon-
strated that aberrant hypermethylation at H19-DMR was acquired
after fertilization, although the precise timing was unknown.
Both participants in this study had isolated GOM at H19-DMR.
The partial and variable hypermethylation among samples
suggested epigenetic mosaicism. Furthermore, methylation levels
in the placentas were lower than those in the blood and skin,
suggesting that the aberrant methylation was acquired after implan-
tation—when genome-wide de novo methylation normally occurs.
Aberrant de novo methylation at H19-DMR is expected to be more
widespread in the embryo than in the placenta, as this is normally
the case for de novo methylation [Li, 2002; Sasaki and Matsui,
2008]; this disparity in efficiency could lead to the discordance
between hypermethylation in trophoblast-derived placenta and
that in embryo-derived blood and skin. This hypothesis is sup-
ported by a mouse experiment in which a mutant maternal allele
harboring a deletion of four CTCF binding sites was hypomethy-
lated in oocytes and blastocysts, yet was highly methylated after
implantation [Engel et al., 2006]. To our knowledge, this is the
first evidence demonstrating that aberrant hypermethylation of
maternal H19-DMR is acquired after implantation in humans.
We found that of 16 primary imprinted DMRs analyzed, only
H19-DMR showed aberrant methylation; even methylation at
IG-DMR CG4, another paternally methylated, primary imprinted

DMR, was normal in our patients. Although we only studied two
patients, this finding indicated that the IGF2/HI9 imprinted
domain in both the embryo and placenta was more susceptible
than other imprinted domains to aberrant methylation acquired
after implantation.

In conclusion, we found that methylation of H19-DMR was
discordant in embryo-derived somatic tissue and placenta, strongly
suggesting that the aberrant de novo methylation occurred after
implantation. However, the precise mechanism of isolated H19-
DMR GOM is still unknown. Since no mutations in CTCF, an
important trans-acting imprinting factor, were found in these
patients with isolated GOM at H19-DMR, the potential for muta-
tions in the OCT and SOX transcription factors should be inves-
tigated because mutations of OCT-binding sites have previously
been found in a few patients with H19-DMR GOM [Cerrato et al.,
2008; Demars et al., 2010].
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Abstract

The most characteristic morphological feature of macro-
phages in the stroma of placental villi, known as Hofbauer
cells, is their highly vacuolated appearance. They also show
positive immunostaining for human chorionic gonadotro-
pin (hCG) and express messenger ribonucleic acid of the lu-
teinizing hormone/chorionic gonadotropin receptor with a
deletion of exon 9 (LH/CG-R A9). Maternal hCG enters fetal
plasma through the mesenchyme of the placental villi and
promotes male sexual differentiation in early pregnancy;
therefore, excess hCG may induce aberrant genital differen-
tiation and hCG must be adjusted at the fetomaternal inter-
face. We hypothesized that hCG is regulated by Hofbauer
cells and that their peculiar vacuoles are involved in a cell-
specific function. To assess the morphological modification
and expression of LH/CG-R A9 in human macrophages after
hCG exposure, the present study examined phorbol 12-my-
ristate 13-acetate (PMA)-treated THP-1 cells, a human mono-
cyte-macrophage cell line. hCG induced transient vacuole

formation in PMA-treated THP-1 cells, morphologically mim-
icking Hofbauer cells. Immunocytochemistry showed that
PMA-treated THP-1 cells incorporated hCG but not luteiniz-
ing hormone or follicle-stimulating hormone. Western blot-
ting analyses demonstrated that PMA-treated THP-1 cells ex-
pressed an immunoreactive 60-kDa protein, designated as
endogenous LH/CG-R A9. hCG induced a transient reduction
in the LH/CG-R A9, which was synchronous with the appear-
ance of cytoplasmic vacuoles. In conclusion, human macro-
phages regulating hCG via cytoplasmic LH/CG-R A9 mimic
the morphological characteristics of Hofbauer cells. Their
vacuoles may be associated with their cell-specific function
to protect the fetus from exposure to excess maternal hCG
during pregnancy. Copyright © 2012 S. Karger AG, Basel

Introduction

Resident tissue macrophages differentiated from blood
monocytes adapt to their local environment to perform
specific functions in organs and tissues [Hume et al,,
2002]. Macrophages in the stroma of placental villi,
known as Hofbauer cells, are characterized by a peculiar
vacuolated form [Castellucci and Kaufmann, 2006],
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bp base pairs

CD cluster of differentiation

FSH follicle-stimulating hormone

hCG human chorionic gonadotropin

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HE hematoxylin and eosin

HRP horseradish peroxidase

LDL low-density lipoprotein

LH luteinizing hormone

LH/CG-R luteinizing hormone/chorionic gonadotropin
receptor

LH/CG-RA9 luteinizing hormone/chorionic gonadotropin
receptor with a deletion of exon 9

mRNA messenger ribonucleic acid

PMA phorbol 12-myristate 13-acetate

RT-PCR reverse transcription-polymerase chain reaction

TBST Tris-buffered saline containing 0.05% Tween 20

which is not observed in human macrophages distributed
in other organs. Despite the identification of Hofbauer
cells more than 100 years ago, their functions and the
physiological roles of the vacuoles are still not well under-
stood.

Hofbauer cells are found in the stroma adjacent to hu-
man chorionic gonadotropin (hCG)-producing tropho-
blasts and fetal capillaries, and their cytoplasmic vacu-
oles may be associated with phagocytic activity [Ingman
et al., 2010]. Moreover, they may maintain host defense to
prevent pathogens, toxins and immunological complexes
from reaching the fetus [Frauli and Ludwig, 1987; Ing-
man et al., 2010]. Hofbauer cells show positive immuno-
histochemical staining with hCG [Katabuchi et al., 1989,
1994], thus suggesting that hCG is phagocytosed from
the surrounding environment because macrophages are
thought to be unable to synthesize hCG [Castellucci and
Kaufmann, 2006]. Fetal plasma concentrations of total
hCG are only 3% of the maternal plasma levels, ranging
from 30 to 2,800 mIU/m] between 8 and 20 weeks of ges-
tation [Clements et al., 1976]. Circulating hCG in fetal
blood is necessary for the differentiation of the fetal gen-
italia; therefore, excess hCG may induce aberrant genital
differentiation of the fetus [Huhtaniemi et al., 1977; Ta-
kasugi et al., 1985; Matzuk et al., 2003]. We thus hypoth-
esized that macrophages in placental villi regulate hCG
to prevent the fetus from excess maternal hCG and the
peculiar cytoplasmic vacuoles are related to the cell-spe-
cific function of Hofbauer cells.

2 Cells Tissues Organs

Khan et al. [2000] first demonstrated that human
macrophages could take up and degrade hCG by cultur-
ing human peritoneal macrophages. Sonoda et al. [2005]
confirmed the degradation of hCG by phorbol 12-my-
ristate 13-acetate (PMA)-treated THP-1 cells, which
were established from human acute monocytic leuke-
mia cells as a human monocyte-macrophage lineage cell
line. They subsequently revealed that both PM A-treated
THP-1 cells and Hofbauer cells expressed only a mes-
senger ribonucleic acid (mRNA) encoding the variant
type of luteinizing hormone/chorionic gonadotropin re-
ceptor (LH/CG-R) with a deletion of exon 9 (LH/CG-R
A9) and that the ability of PM A-treated THP-1 cells to
degrade hCG was impaired by transfection of full-length
LH/CG-R mRNA [Sonoda et al., 2005]. Although these
results suggested that endogenous LH/CG-R A9 was in-
volved in the regulation of hCG in human macrophages,
they could not confirm whether LH/CG-R A9 protein
was produced from the endogenous gene and regulated
hCG in human macrophages. The current study as-
sessed the morphological changes and expression of LH/
CG-R A9 in PMA-treated THP-1 cells after hCG expo-
sure.

Materials and Methods

THP-1 Cell Culture and Gonadotropin Treatment

THP-1 cells were obtained from the American Type Culture
Collection. They adhere to plastic dishes in culture medium and
change into amoeboid cells with the characteristics of macro-
phages when treated with PMA (Sigma-Aldrich, Japan). THP-1
cells were first maintained in suspension cultures in Roswell Park
Memorial Institute (RPMI)-1640 medium (Gibco, Japan) con-
taining 10% heat-inactivated fetal bovine serum, 50 U/ml penicil-
lin (Gibco), and 50 mg/ml streptomycin sulfate (Gibco) at 37°C in
5% CQO, and 95% air. The cells were incubated in 60-mm dishes
(BD Falcon, Japan) at a concentration of 1 X 10° cells/ml for 24 h
in medium supplemented with 1.6 X 107 M PMA to induce their
differentiation into macrophages. The cells were extensively
washed with phosphate-buffered saline (pH 7.2), then cultured in
RPMI-1640 medium containing 10% fetal bovine serum again
and subsequently exposed to 1,000 mUI/ml of hCG (Mochida,
Japan), luteinizing hormone (LH; Sigma-Aldrich, Japan) or folli-
cle-stimulating hormone (FSH; Sigma-Aldrich). The concentra-
tion of hCG was determined according to the reported fetal plas-
ma concentrations [Clements et al., 1976]. LH and FSH were used
at the same concentration to compare the differences with hCG.
Liquid culture media containing gonadotropin were removed by
suction at the following defined periods; 1, 15, 30 min, 1,2 or 3 h.
The adherent cells in all dishes were extensively washed with
phosphate-buffered saline, and then were used in the subsequent
experiments.

Yamaguchi/Ohba/Tashiro/Yamada/
Katabuchi
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Paraffin Embedding of Cell Block Specimens

The adherent cells without or with gonadotropin treatment
were detached from the dishes using a cell scraper (BD Falcon)
with 500 pl of trypsin-ethyleneaminetetraacetic acid solution
(Gibco), and fixed in 10% neutral buffered formalin. The cells
were suspended in 1% sodium arginate and solidified by the ad-
dition of 1 M calcium chloride. Finally, gelatinous specimens con-
taining PMA-treated THP-1 cells without or with gonadotropin
treatment were embedded in paraffin and cut into 4-pm sections.

Tissue Collection

Tissues of the chorionic villi were obtained from a normal
pregnant woman undergoing an artificial abortion in early preg-
nancy. Informed consent was obtained from the patient. Ethical
approval was also obtained and this study was performed accord-
ing to the guidelines of the Ethics Committee in Faculty of Life
Science, Kumamoto University. The tissue sample was fixed in
10% neutral buffered formalin for 24 h, embedded in paraffin and
cut into 4-pm sections.

Hematoxylin and Eosin Staining, Immunocytochemistry and

Immunofluorescence Analyses

A paraffin-embedded section of chorionic villi and 6 paraffin-
embedded sections of cell blocks were stained with hematoxylin
and eosin (HE). A paraffin-embedded section of chorionic villi
was immunohistochemically stained with 3.7 p.g/ml of mouse an-
ti-cluster of differentiation (CD) 68 monoclonal antibody (Dako,
Japan). Nine paraffin-embedded sections of cell blocks were im-
munocytochemically stained with 3.7 p.g/ml of mouse anti-CD68
monoclonal antibody (Dako), 14.2 pug/ml of rabbit anti-hCG-f
polyclonal antibody (Dako), 0.1 wg/ml of mouse anti-LH-B
monoclonal antibody (Thermo Scientific, Japan), 0.4 pg/ml of
mouse anti-FSH-B monoclonal antibody (Thermo Scientific, Ja-
pan) or 1.0 pg/ml of rabbit anti-human LH/CG-R polyclonal an-
tibody which was raised against amino acids 28~77 (exon 1) map-
ping to an extracellular domain of LH/CG-R of human origin
(Santa Cruz Biotechnology, Calif., USA). For immunocytochem-
istry, horseradish peroxidase-labeled goat anti-rabbit or mouse
immunoglobulins were used for 60 min as secondary antibodies.
The peroxidase activity was visualized with Immpact DAB Dilu-
ent (Vector Laboratories, USA). Nuclear staining was performed
with 1% methyl green in water. For immunofluorescence anal-
yses, anti-rabbit or mouse Alexa Fluor 488 were used for 90 min
as secondary antibodies. 4’,6-Diamidino-2-phenylindole (Roche,
Japan) was used for detection of nuclei. Sections were viewed with
a Biorevo BZ-9000 fluorescence microscope (Keyence, Japan).
Negative controls were prepared by replacing the primary anti-
body with nonimmune antiserum from rabbits or mice.

Isolation of mRNA and Reverse Transcription-Polymerase

Chain Reaction

Total RNA was extracted from cells and the chorionic villi ob-
tained from the placenta by using RNeasy Mini Kit (Qiagen, Ja-
pan), according to the manufacturer’s protocols. Complementary
deoxyribonucleic acid (cDNA) was synthesized using the Super-
Script III Transcriptor First Strand cDNA Synthesis System for
RT-PCR (Invitrogen, Japan), according to the manufacturer’s in-
structions.

PCR was performed using KOD-Plus-Neo kit (Toyobo Co.,
Japan) on a Thermal Cycler PTC-200 (Bio-Rad, Japan). Two

hCG Induces Vacuoles in Macrophages

different primers for PCR were designed specific for hCG-f gene
7 and 8 products, respectively (all forward then reverse primer):
hCG-B1 5-TCACTTCACCGTGGTCTCCG-3" and 5'-TGCA-
GCACGCGGGTCATGGT-3" [423 base pairs (bp)] with 10 s at
98°C, 30 s at 60°C and 30 s at 68°C for 35 cycles; hCG-p2
5" TGGCTGTGGAGAAGGAGGGCTGC-3" and 5-GGAAGC-
GGGGGTCATCACAGGTC-3' (300 bp) with 10 sat 98°C, 30 s at
64°C and 30 s at 72°C for 35 cycles. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used for control with same condi-
tion as hCG-B1.

Western Blot Analysis

The adherent cells without or with gonadotropin treatment
were solubilized in 500 p.l of Laemmli sample buffer (Bio-Rad, Ja-
pan) containing Complete Mini-Protease Inhibitors (Roche, Japan)
and B-mercaptoethanol (1:20). The protein concentrations were
determined by a Bradford assay [Bradford, 1976]. A total of 20 ul
of protein extracts from these cells were loaded onto a reducing
10% sodiumdodecyl sulfate-tris(hydroxymethyl)aminomethane
(Tris) polyacrylamide gel (Bio-Rad), and transferred to nitrocellu-
lose membranes (Bio-Rad). The membranes were briefly washed in
Tris-buffered saline containing 0.05% Tween 20 (TBST) and non-
specific binding sites were blocked by immersing the membranes
in skim milk (Yukijirushi, Japan) for 1 h at room temperature on
an orbital shaker. The membranes were shortly rinsed in two
changes of TBST, and washed once for 15 min and twice for 5 min
in fresh changes of TBST. The membranes were subjected to 1.0 p.g/
ml of rabbit anti-human LH/CG-R polyclonal antibody in blocking
reagent for 1 h at room temperature. The membranes were washed
and incubated with the peroxidase-labeled goat anti-rabbit IgG for
1 hatroom temperature. The membranes were washed 3 X 10 min
in fresh changes of TBST. Bound antibodies were detected bya che-
miluminescent detection system (Amersham, Japan) as recom-
mended by the manufacturer’s protocol. Amersham hyper film
ECL (GE Healthcare, Japan) was used to capture the chemilumi-
nescence (exposure for 1, 5 min, and up to 15 min).

Results

hCG-Induced Morphological Change in PMA-Treated

THP-1 Cells

There were CD68-positive coarsely vacuolated cells in
the stroma of the human chorionic villi in early gestation
(fig. 1a, b), and it is generally agreed that these cells are
macrophages, known as Hofbauer cells. We confirmed
that CD68, a human macrophage marker, was also ex-
pressed in PMA-treated THP-1 cells (fig. 1c). In the cell
blocks of PMA-treated THP-1 cells, small cells with
scanty cytoplasm were observed withouthCG and 15 min
after the addition of hCG (fig. 2a, b). When PMA-treated
THP-1 cells were exposed to hCG for 30 min, multiple
cytoplasmic vacuoles of various sizes appeared in the cy-
toplasm (fig. 2¢). These cells mimicked the structure of
Hofbauer cells in early pregnancy. The vacuoles were de-
creased in number and partly became larger in size at
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Fig. 1. Hofbauer cells in human chorionic villi in early
pregnancy (10 weeks’ gestation) (a), and CD68 expression
of Hofbauer cells (b) and PM A-treated THP-1 cells (c). The
stroma of human chorionic villi is constituted by an inner
cytotrophoblastic layer and an outer layer of syncytiotro-
phoblasts. Fetal capillaries and Hofbauer cells are seen in
the reticular stroma. Magnified inset shows Hofbauer cells
with large vacuoles in the cytoplasm. HE staining. Scale
bar: 50 pm (inset, scale bar: 10 pm). b At 10 weeks’ gesta-
tion, CD68 is positive in Hofbauer cells. Immunohisto-
chemistry. Methyl green counterstaining. Scale bar: 50 wm
(inset, scale bar: 10 wm). ¢ CD68 (green) is positive in
PMA-treated THP-1 cells. Immunofluorescence. 4,6-
Diamidino-2-phenylindole counter-staining (blue). Scale

bar: 50 pm.

1 and 2 h after hCG exposure (fig. 2d, €), and few vacuoles
were observed at 3 h after hCG exposure (fig. 2f).

Selective Uptake of hCG by PMA-Treated THP-1 Cells

Immunocytochemistry showed that PMA-treated
THP-1 cells before gonadotropin treatment were all neg-
ative against hCG, LH or FSH antibody (fig. 3a-c). On
exposition to hCG for 1 min, hCG was positive in the cy-
toplasm of PMA-treated THP-1 cells (fig. 3d). In contrast
to hCG, PMA-treated THP-1 cells showed negative stain-
ing with LH or FSH following exposure to LH or FSH in
the same period (fig. 3e, ). Using specific oligonucleotide
primer pairs in RT-PCR, we found that the expected hCG
c¢DNA amplification products of 423 and 300 bp were not
detected in both PMA-treated THP-1 cells without hCG
and PMA-treated THP-1 cells 1 min after hCG exposure
(fig. 3g). These results suggest that human macrophages
are not involved in the production of hCG but in rapid
and selective incorporation of hCG.

4 Cells Tissues Organs

Endogenous LH/CG-R A9 Expression and Transient

Reduced Expression by hCG in PMA-Treated THP-1

Cells

Immunocytochemistry demonstrated that LH/CG-R
was strongly positive in the cytoplasm of PMA-treated
THP-1 cells (fig. 4a). When the cells were exposed to hCG
for 30 min, the cytoplasmic staining of LH/CG-R was
weakened and cytoplasmic vacuoles appeared (fig. 4b).

A Western blotting analysis was conducted to deter-
mine the molecular size of the endogenous LH/CG-R.
PMA-treated THP-1 cells expressed only a 60-kDa pro-
tein, designated as LH/CG-R A9 (fig. 5a). Next, the time
course of LH/CG-R A9 expression was assessed after
the administration of hCG. The expression of LH/CG-R
A9 was transiently decreased from 30 min through 2 h
after hCG exposure (fig. 5b). The reduction of LH/CG-R
A9 was not induced by either LH or FSH exposure

(fig. 6).
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Fig. 2. Morphological changes in PMA-treated THP-1 cells after
hCG exposure. PMA-treated THP-1 cells were exposed to 1,000
mlIU/ml of hCG without hCG treatment (a), 15 min after hCG
exposure (b), after 30 min (c), after 1 h (d), after 2 h (e), after 3 h
(f). Few cytoplasmic vacuoles are seen in a, b and f. Multiple cy-

Discussion

Hofbauer cells are capable of both nonimmune and
immune phagocytosis [Fox and Sebire, 2007a]. The pla-
centa lacks a lymphatic system to return proteins from
the interstitial space to the blood vascular system; there-
fore, intracytoplasmic vacuoles in Hofbauer cells have
been considered to be associated with phagocytic activity
to reduce serum proteins contained in the villous stroma
and regulate the water in early placenta [Castellucci and
Kaufmann, 2006]. They can also trap maternal immuno-
globulins crossing over into the placental tissues and sup-
press the immune response to fetal transplantation anti-

gens [Frauli and Ludwig, 1987; Fox and Sebire, 2007a]. '

Hence, it has been postulated that Hofbauer cells act as a
secondary line of defense to prevent pathogens and toxins
from reaching the fetus [Ingman et al., 2010]. Since excess
hCG also has an adverse effect on the fetus, we hypoth-
esized that Hofbauer cells phagocytose and regulate hCG
and also that their peculiar cytoplasmic vacuoles are re-
lated to their cell-specific function. The present study

hCG Induces Vacuoles in Macrophages

toplasmic vacuoles of various sizes are observed in ¢, and large
vacuoles are partly seen in d and e. HE staining. Arrows indicate
characteristic morphological feature in each panel. a-f Scale bar:
10 pm.

first demonstrated that hCG elicited transient morpho-
logical changes, mimicking Hofbauer cells in PMA-treat-
ed THP-1 cells, suggesting that characteristic vacuoles in
Hofbauer cells are associated with hCG-phagocytic ac-
tivity.

The major role of hCG in early pregnancy is to main-
tain the corpus luteum for persistent progesterone pro-
duction [Shi et al,, 1993; Cunningham et al., 2005]. hCG
is produced and secreted from placental syncytiotropho-
blasts into the maternal circulation and is detectable in
maternal plasma 7-10 days after implantation of the fer-
tilized ovum. The maternal serum hCG levels rise very
rapidly, to reach a transient peak at about 8-10 weeks of
gestation. The level in this period is 1,000 times greater
than the level 6 weeks earlier [Fox and Sebire, 2007b].
Thelevels of hCG begin to decline, and a nadir is reached
by about 20 weeks of gestation. The plasma levels are
maintained at this lower level for the remainder of preg-
nancy [Cunningham et al., 2005]. Circulating maternal
hCG at the peak level enters in the fetal plasma and stim-
ulates fetal testicular testosterone production. hCG acts
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Fig. 3. Localization of gonadotropin and
expression of hCG-B mRNA in PMA-
treated THP-1 cells after gonadotropin
exposure. a-¢ PMA-treated THP-1 cells
without gonadotropin treatment. d-
f PMA-treated THP-1 cells exposed to
hCG (d), LH (e) or FSH (f) for 1 min. g Ex-
pression of hCG-p mRNA in PMA-treated
THP-1 cells without hCG treatment (lane
1), PMA-treated THP-1 cells exposed to
hCG for 1 min (lane 2) and the chorionic
villi (lane 3) analyzed by RT-PCR. The
cells were immunostained with anti-hCG-

B antibody (a, d), anti-LH-B antibody (b,

e) or anti-FSH-B antibody (c, f). d shows

positive staining in the cytoplasm and the hCG-B1 .
other panels all show negative staining. 423 bp
Neither hCG-B1 nor hCG-B2 mRNA is ex-

pressed inlanes 1 and 2. cDNA of the cho- hCG-B2 |
rionic villi was amplified with primer for 300 bp

423 and 300 bp showing the predicted

hCG-B DNA products as positive control .
(lane 3). GAPDH was used as a control. GAPDH £
Methyl green counterstaining. Scale bar: 9

10 pm.

as an LH surrogate and stimulates replication of testicu-
lar Leydig cells and testosterone synthesis to promote

male sexual differentiation at a critical time in sexual

differentiation of the male fetus [Huhtaniemi et al., 1977;
Cunningham et al., 2005]. High-dose hCG exposure to
mice offspring induce abnormal male and female gonad-

6 Cells Tissues Organs

al development [Takasugi et al., 1985; Matzuk et al,,
2003]; therefore, exposure to excess hCG has the possi-
bility to cause ambiguous genital differentiations of hu-
man fetuses. In addition, the cytoplasm of Hofbauer cells
is coarsely vacuolated during early pregnancy; however,
as gestation progresses, the vacuoles decrease in number
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Fig. 4. Localization of LH/CG-R in PMA-
treated THP-1 cells. a PMA-treated THP-1
cells without hCG treatment. b 30 min af-
ter hCG exposure, LH/CG-R is positive
in their cytoplasm. LH/CG-R is weakly
stained when compared with a and mul-
tiple cytoplasmic vacuoles of various sizes
are observed. Both were immunostained
with anti-LH/CG-R antibody. a, b Methyl
green counterstaining. Scale bar: 10 pm. 2.

Time course after hCG exposure

140 kDa
—P
LH/CG-R A9
70 kDa GAPDH
Control
|
LH/CG-R A9
a b

15 min

30min  1h 2h 3h

Fig. 5. Molecular weight and quantitative variation in LH/CG-R
expression in PMA-treated THP-1 cells after hCG exposure.
a LH/CG-R expression in PMA-treated THP-1 cells without hCG
treatment. The arrowhead shows a protein band of 60 kDa. b Time
course analysis of LH/CG-R expression in PMA-treated THP-1

cells after hCG exposure. Lane 1: control, lane 2: 15 min, lane 3:
30 min, lane 4: 1 h, lane 5: 2 h and lane 6: 3 h. The immunoreac-
tive protein bands of lanes 1, 2, and 6 are visible; in contrast, those
of lane 3, 4, and 5 are practically invisible. GAPDH was used asa
control for protein loading.

Fig. 6. Expression of LH/CG-R in PMA-

treated THP-1 cells after exposure to go- LH/CG-R A9
nadotropin. LH/CG-R expression in con-
trol (lane 1) and PMA-treated THP-1 cells
30 min after exposure to hCG (lane 2), LH
(lane 3), or FSH (lane 4). The expression of GAPDH

LH/CG-Ris decreased in only lane 2 com-
pared with the control band. GAPDH was

Control

30 min after each gonadotropin exposure

hCG LH FSH

60 kDa

used as a control for protein loading.

hCG Induces Vacuoles in Macrophages
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and size [Castellucci and Kaufmann, 2006]. These find-
ings indicate that the increased maternal hCG level is
correlated with the increased number and size of vacu-
oles in Hofbauer cells. The correlation suggests that
macrophages regulate peak levels of hCG during the first
trimester and subsequently form characteristic cytoplas-
mic vacuoles.

In the present study, PMA-treated THP-1 cells quickly
incorporated hCG, but not LH or FSH. This result sug-
gests that human macrophages can distinguish hCG
from LH or FSH on the cell surface. hCG, LH and FSH
are dimers composed of two glycosylated polypeptide
subunits, a and B. All of these human gonadotropic hor-
mones share a common a-chain; therefore, the B-subunit
determines the specific biologic activity of a glycopeptide
hormone. hCG has the largest 3-subunit, containing a
larger carbohydrate moiety and 145 amino acid residues,
including a unique carboxyl-terminal tail piece of 29
amino acid. Besides, hCG-f contains four additional
sites for glycosylation in comparison with LH and FSH.
This glycosylation makes hCG- more negatively charged
[Marc and Leon, 2011]. In early atherosclerotic lesions,
macrophages do not take up native low-density lipopro-
tein but negatively charged oxidized low-density lipopro-
tein recognized by their scavenger receptors, subsequent-
ly forming foam cells [Steinberg and Witztum, 2010]. In-
tact hCG is more negatively charged in the early stage
than in the late stage of gestation [Medeiros and Norman,
2009]. Human macrophages may recognize and incorpo-
rate more negatively charged hCG via transmembrane re-
ceptors, e.g. scavenger receptors.

The B-subunits of both hCG and LH have a high af-
finity for LH/CG-R, which plays a pivotal role in repro-
ductive physiology [McFarland et al., 1989]. LH/CG-R is
a 7-transmembrane receptor found on testicular Leydig
cells, and on ovarian theca, granulosa, luteal, and inter-
stitial cells. The receptor is also found in the human uter-
us, placenta, umbilical cord, sperm and ovarian neo-
plasm. This receptor is also expressed in the lymphocytes
from pregnant women and macrophages derived from
term decidua [Katabuchi and Ohba, 2008]. In the chori-
onic villi of the human placenta, syncytiotrophoblasts
and Hofbauer cells are positively immunostained with
anti-human LH/CG-R antibody, which wasraised against
the exon 1-mapping extracellular domain of LH/CG-R of
humans [Sonoda et al., 2005]. The present study showed
that the cytoplasm of PMA-treated THP-1 cells was pos-
itively stained with this antibody.

In addition to the full-length LH/CG-R mRNA, mul-
tiple splicing variants of LH/CG-R mRNA are expressed

8 Cells Tissues Organs

that originate from a single gene encoding LH/CG-R in
gonadal porcine, rat and human tissues [Loosfelt et al.,
1989; Koo et al., 1994; Themmen and Huhtaniemi, 2000].
The human ovary and placenta express two forms of LH/
CG-R mRNA, full-length LH/CG-R and LH/CG-R A9
[Minegishi et al., 1997]. Although these splicing variants
of LH/CG-R seem to be conserved among mammalians,
the physiological role of the gene products remains un-
known. PMA-treated THP-1 cells express only an mRNA
encoding LH/CG-R A9; however, it is unclear whether
endogenous protein is synthesized from this mRNA. The
present study revealed that PM A-treated THP-1 cells ex-
pressed only a 60-kDa protein designated as LH/CG-R
A9. This molecular size was consistent with that of trans-
lated product expressed in mammalian 293 cells trans-
fected with cDNA encoding human LH/CG-R A9; on the
other hand, those transfected with cDNA of full-length
LH/CG-R express two molecular bands of 85 kDa (ma-
ture band) and 68 kDa (immature band) [Nakamura et
al., 2004]. This is the first report to demonstrate the en-
dogenous production of the splicing variant of LH/CG-R
protein.

Few reports have speculated on the function of human
LH/CG-R A9. Rat LH/CG-R A9 is capable of binding hCG
but is trapped in an intracellular compartment [Segaloff
and Ascoli, 1993]. The extracellular domain of rat or hu-
man LH/CG-R without exon 9-11 has a high affinity for
hCG because this domain shows a remarkable correspon-
dence to leucine-rich repeats; therefore, human LH/CG-R
A9 is thought to have high affinity for hCG [Ascoli et al.,
2002]. The labeled human LH/CG-R A9 protein is not ex-
pressed on the cell surface in mammalian 293 cells [Na-
kamura et al., 2004]. The role of LH/CG-R A9 in human
ovarian steroidogenic cells may be to control the function
of full-length LH/CG-R in a dominant negative manner
by forming heteromeric complexes with full-length LH/
CG-R which acts as a signal transducer [Nakamura et al.,
2004];in contrast, the roles of LH/CG-R A9 in PMA-treat-
ed THP-1 cells must be different from those of LH/CG-R
A9 coexpressed in human ovarian steroidogenic cells be-
cause PMA-treated THP-1 cells do not express the gene
encoding the full-length LH/CG-R. We demonstrated
that hCG induced a transient reduction in endogenous
LH/CG-R A9 in PMA-treated THP-1 cells that was syn-
chronous with the appearance of vacuoles. No such reduc-
tion in LH/CG-R A9 was induced by LH or FSH exposure,
thus suggesting that LH and FSH cannot be incorporated
into PMA-treated THP-1 cells and bound to cytoplasmic
LH/CG-R A9. This hCG-induced transient reduction in
LH/CG-R A9 led us to hypothesize that the intracellular
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receptor with affinity for hCG recognizes hCG incorpo-
rated into the cytoplasm and transfers it to lysosomes for
degradation, and LH/CG-R A9 may be subsequently re-
placed in the cytoplasm by protein synthesis. Moreover,
human macrophages may represent cytoplasmic vacuoles
mimicking the structure of Hofbauer cells while they are
degrading hCG in lysosomes. In the present study, we did
not investigate primary Hofbauer cells but PM A-treated
THP-1 cells, a macrophage cell line. Hence, further stud-
ies on Hofbauer cells isolated from the chorionic villi are

In conclusion, hCG temporarily induced both pecu-
liar vacuole formation, morphologically mimicking Hof-
bauer cells and decreased expression of endogenous LH/
CG-R A9 in human macrophages, which selectively in-
corporated hCG into the cytoplasm. Hofbauer cells may
regulate hCG via cytoplasmic LH/CG-R A9 at the feto-
maternal interface by the same mechanisms demonstrat-
ed in this study, and their characteristic vacuoles may be
associated with the cell-specific function to protect the
fetus from exposure to excess maternal hCG during preg-

needed to elucidate the mechanism.
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