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-:Orphyromnas gingivalis is widely distributed
n su '}r;mgwai plaque biofilm of elderly subjects

Yuki Abiko, Takuichi Sato, Kenji Matsushita, Reiko Sakashita,
and Nobuhiro Takahashi

Abstract. The frequency of p
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Porphyromonas gingivalis in subgingival plaque of elderly subjects 241

with age. However, few studies have been investigated on wbgl ngival nucmﬂ{)m
in eldearly subjects. Porphyromonas gmgmﬁm is widely regarded as major peri-
odontal pathogens. This study aimed to quantify P gingivalis in subgingival plaque
biofilm of elderly subjects by real-time polymerase chain reaction (PCR).

2 Relationship Between Periodontal Status and P. gingivalis
in Subgmgwal Plaque Biofilm of Elderly Subjects

bubgm&wal plaqun was @btamfzd fmm mdapendem elderly sub;mts (60 yﬁam zmcl

'pwsbmcs ﬂq}lh 3 hlmdmtf on pmbmg (B(}P) am:i ering t;sf d{mtum were ammmed
and recorded. C 'fu'mutlaatmn of total bacteria and P gmgwafw was performed by
real-time PCR using universal and P. gingivalis-specific primers based on 16S
rRNA genes. [Lj, respectively. According to the deepest pmbmg d&plh*-’; 198 (mean
age, ?() 3 years) were considered as periodontally he*ihhy, while 176 (?ﬁ 6 years)
were considered as subje;ctq with periodontitis. Both the detection fr:,quemy and
mean proportion c)f P gmgn*ahs were significantly hlghm in gubﬁmt& with perio-
dontitis than in pmmdormlly healthy subjects 47 <0.0001). The proportion of P.
gmgszm was si gmflmmly higher in subjects with BOP-positive (p<0.05), but not
related to subjects’ gender, wearing of denture and age.

3 Inhabitation of P. gingivalis in Subgingival Plaque
of Elderly Suhgects

It has been reported that P. gingivalis is generally detected from subjects with perio-
dontitis [1, 2]. However, in this study, P. gingivalis was detected frequently both
from subjects with peru}dmmms and pérmdomally healthy subjects, suggesting that
the inhabitation of P. gmgrmiw is a specific feature of subgingival plaque biofilm
of eldf:r]y subjects. Amano et al. [3] reported that the pathogenicity of P. gmgwaiw
was different among strains, suggesting the possibility that low pathogenic P. gin-
givalis strains colonized in periodontally healthy elderly subjects in this study.

4 Clinical Implication

This study suggests that the inhabitation of P. gingivalis in subgmgwal plaque bio-
,ﬁ]m of &ldarly ub]scts is one (I?r[ the risk factors of pnrmdmmtls as well as the
dﬁcrﬁ&ﬁﬁ of host defense: m&fsham sm \5@ lge altlmugh further study is mqulr@d to
elucidate the pathcﬁﬁemmt}' of P gxng:mlg& found in pmmdonmlly hﬁalthy elderly
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subjects. The hndmas of this study support the necessity and importance of peri-

odontal control, e&pe:.mll}f in elderly subjects.
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ARTICLES

Aberrant silencing of imprinted genes on
chromosome 12gF1 in mouse induced
pluripotent stem cells

Matthias Stadtfeld">**, Effie Apostolou™>**, Hidenori Akutsu®, Atsushi Fukuda’, Patricia Follett’,
Sridaran Natesan®, Tomohiro Kono®, Toshi Shioda® & Konrad Hochedlinger’*®

Induced pluripotent stem cells (iPSCs) have been generated by enforced expression of defined sets of transcription factors in
somatic cells. It remains controversial whether iPSCs are molecularly and functionally equivalent to blastocyst-derived
embryonic stem (ES) cells. By comparing genetically identical mouse ES cells and iPSCs, we show here that their overall
messenger RNA and microRNA expression patterns are indistinguishable with the exception of a few transcripts encoded
within the imprinted DIkT1-Dio3 gene cluster on chromosome 12gF1, which were aberrantly silenced in most of the iPSC
clones. Consistent with a developmental role of the Dik7-Dio3 gene cluster, these iPSC clones contributed poorly to
chimaeras and failed to support the development of entirely iPSC-derived animals (‘all-iPSC mice’). In contrast, iPSC clones
with normal expression of the DIk1-Dio3 cluster contributed to high-grade chimaeras and generated viable all-iPSC mice.
Notably, treatment of an iPSC clone that had silenced DIk1-Dio3 with a histone deacetylase inhibitor reactivated the locus
and rescued its ability to support full-term development of all-iPSC mice. Thus, the expression state of a single imprinted
gene cluster seems to distinguish most murine iPSCs from ES cells and allows for the prospective identification of iPSC clones

that have the full development potential of ES cells.

Induced pluripotent stem cells (iPSCs), generated by the overexpres-
sion of transcription factors such as Oct4 (also called Pou5fl), Sox2,
Kif4 and c-Myc in somatic cells'?, have enormous therapeutic poten-
tial as they enable the derivation of patient-specific pluripotent cell
lines to study and possibly treat degenerative diseases. Although the
generation of iPSCs is technically simple and ethically uncontroversial,
it remains unclear whether iPSCs are molecularly and functionally
different from ES cells derived from blastocysts, which are considered
the gold standard for pluripotent cells. Previously published reports
indicate high similarities between ES cells and iPSCs, including indis-
tinguishable global histone modification and DNA methylation pat-
terns™, In addition, iPSCs, like ES cells, give rise to numerous
differentiated cell types, including the germ line, in the context of
chimaeric animals®®. More recently, iPSCs have been shown to sup-
port the development of all-iPSC mice using tetraploid (4n) embryo
complementation™, the most stringent assay for developmental
potential’®™.

Despite these similarities, there is emerging evidence for substan-
tial differences between ES cells and iPSCs. For example, most iPSC
clones give rise to low-grade chimaeras after injection into diploid
blastocysts and fail to support the development of postnatal all-iPSC
mice upon 4n embryo complementation'%, At the molecular level,
major differences in mRNA and microRNA (miRNA) expres-
sion'™"?, as well as in DNA methylation'®*, have been reported
between ES cells and iPSCs. These observations indicate that factor-
mediated reprogramming results in abnormalities in resultant iPSCs,

which could impede their therapeutic utility. In contrast, nuclear-
transfer-mediated reprogramming gives rise to nuclear transfer ES
cells that are molecularly and functionality indistinguishable from
ES cells derived from fertilized embryos®"%, raising the possibility that
nuclear transfer generates cells that are more completely repro-
grammed than iPSCs.

A potential limitation of the aforementioned studies is that ES cells
were compared with iPSCs of different genetic backgrounds and har-
bouring viral transgenes, which are known to affect gene expression
patterns®"? and the functionality"* of cells. We therefore revisited the
question of whether ES cells and iPSCs are equivalent by comparing
genetically matched cell lines.

Transcriptional comparison of ES cells and iPSCs

To circumvent the potentially confounding effects of genetic back-
ground and viral integrations on gene expression patterns and develop-
mental potential, we used a novel transgenic reprogramming system
to generate genetically matched mouse ES cells and iPSCs™. Briefly, a
polycistronic cassette expressing Oct4, KIf4, Sox2 and c-Myc®
(OKSM) under the control of a doxycycline-inducible promoter
was inserted into the collagen type I ol (Collal) locus of ES cells
expressing the reverse tetracycline-dependent transactivator (rtTA)
from the ROSA26 promoter®. These collagen-OKSM ES cells were
then used to generate mice from which different somatic cell types
were isolated and induced with doxycycline to derive genetically
matched iPSCs for molecular and functional comparisons (Fig. 1a, b).

‘Howard Hughes Medical Institute at Massachusetts General Hospital, Center for Regenerative Medicine; Harvard Stem Cell Institute, 185 Cambridge Street, Boston, Massachusetts
02114, USA. *“Massachusetts General Hospital Cancer Center and Harvard Medical School, 149 13th Street, Charlestown, Massachusetts 02129, USA, 3Department of Stem Cell and
Regenerative Biology, Harvard University and Harvard Medical School, 42 Church Street, Cambridge, Massachusetts 02138, USA. “Department of Reproductive Biology, National
Institute for Child Health and Developraent, Tokyo 157-8535, Japan. *Department of RipSci , Tokyo University of Agriculture, Tokyo 156-8502, Japan. 5Sanofi-Aventis, 270 Albany
Street, Cambridge, Massachusetts 02139, USA. gise?
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Figure 1| Aberrant silencing of the Dik1-Dio3 gene cluster in mouse iPSCs.
a, Strategy for comparing genetically matched ES cells and iPSCs generated
with the doxycycline-controllable collagen-OKSM system. b, Morphology of
collagen-OKSM ES cells and iPSCs. ¢, Unsupervised clustering of four ES cell
and six derivative iPSC lines based on microarray expression data. d, Scatter
plot of microarray data comparing iPSCs and ES cells with differentially
expressed genes highlighted in green (twofold, P < 0.05, t-test with

We first compared the abilities of parental collagen-OKSM ES cells
and iPSCs derived from mouse embryonic fibroblasts (MEFs) to sup-
port the development of all-iPSC mice using 4n embryo complemen-
tation. The two tested ES cell lines gave rise to viable mice at expected
frequencies (13-20%)'", demonstrating that the OKSM transgene per
se does not adversely affect development (Supplementary Table 1). In
contrast, all four tested iPSC lines repeatedly failed to support the
development of all-iPSC mice, indicating qualitative differences
between these iPSCs and ES cells (Supplementary Table 1).

We reasoned that a transcriptional comparison of the iPSC lines
that failed 4n complementation with matched 4n-complementation-
competent ES cell lines might reveal molecular changes that explain
the developmental deficits of iPSCs. Global mRNA profiling showed
marked similarities in the overall transcriptional patterns of four
collagen-OKSM ES cells and six derivative iPSCs and did not separate
these cell lines using unsupervised clustering or principal component
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Benjamini~Hochberg correction). e, Heat map showing relative expression
levels of selected mRNAs in ES cells and iPSCs. f, Schematic representation
of the DlkI-Dio3 gene cluster with maternally and paternally expressed
transcripts shown in red and blue, respectively. g, Heat map showing
miRNAs that are differentially expressed between ES cells and iPSCs
(twofold, P < 0.01, t-test).

P<0.05) between ES cells and iPSCs. These were the non-coding
RNA G2 (also know as Meg3) and the small nucleolar RNA Rian
(Fig. 14, e).

Repression of DIk1-Dio3 transcripts in iPSCs

Gt12 and Rian localize to the imprinted DIkI-Dio3 gene cluster on
mouse chromosome 12qF1 and are maternally expressed in mam-
mals (Fig. 1f)?. Both genes were strongly repressed in iPSC clones
compared to ES cell clones, whereas expression of pluripotency and
housekeeping genes remained unaffected (Fig. 1¢). Quantitative PCR
(qPCR) analysis of Gt2, Rian and Mirg, another maternally expressed
imprinted gene in the DIkI1-Dio3 cluster, confirmed transcriptional
silencing in iPSCs (Supplementary Fig. la). Expression of other
imprinted genes showed clone-to-clone variations, as was previously
seen for ES cells®®, but no consistent differences between ES cells and
iPSCs (Fig. le and Supplcmentary Table 2). This shows that

analysis (Fig. 1¢ and data not shown). In fact, only two transcr1p5 4r1nted gene silencing is not a genome-wide phenomenon. Of

were identified as differentially expressed (>2-fold difference, -te
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in the expression of ~300 transcripts that have recently been reported
to be differentially regulated in a comparison of mouse and human
iPSCs with ES cells'® (Supplementary Fig. 2a). However, silencing of
G2 was also evident in the murine-specific iPSC data set used in that
study (Supplementary Fig. 2¢c). Together, these data indicate that a
relatively small set of transcripts distinguishes genetically matched
iPSCs and ES cells, and suggest that many of the previously seen
differences are probably due to variations in genetic background or
viral transgene insertions.

Imprinting of the Dik1-Dio3 locus is accompanied by differential
expression of about 50 miRNAs (Fig. 1£)*°. We therefore performed
genome-wide miRNA profiling on the same samples as analysed for
mRNA expression. Of 336 miRNAs detected, 21 (6.3%) were differ-
entially expressed between all ES cell and iPSC clones analysed (Fig. 1g
and Supplementary Table 3). All of these miRNAs localized to chro-
mosome 12qF1 and were silenced in iPSCs, thus corroborating the
notion that most iPSCs show aberrant silencing of this major
imprinting domain.

To determine the generality of Gl2 silencing in iPSCs, we measured
its expression in 61 additional iPSClines derived from haematopoietic

stem cells (11 lines), granulocyte-macrophage progenitors (11 lines),
granulocytes (9 lines), peritoneal fibroblasts (6 lines), tail-tip fibro-
blasts (6 lines) and keratinocytes (18 lines). Only four of these lines
(5.8%), originating from either peritoneal or tail-tip fibroblasts,
showed Gtl2 expression levels similar to those of ES cells (termed
‘Gtl2°" clones’) (Fig. 2a and Supplementary Fig. 1b, ¢). The finding
that the vast majority of iPSC clones showed transcriptional suppres-
sion of GH2 (termed ‘Gt12° clones’) demonstrates that silencing of
this locus occurs in iPSCs derived from different cell types at various
stages of differentiation. Analysis of published microarray data sets
comparing ES cells and iPSCs generated from mouse fibroblasts,
neural and bone marrow cells also showed repression of maternally
expressed 12qF1 transcripts (Supplementary Fig. 2b—e), supporting
the notion that silencing of this cluster is a common outcome upon
factor-mediated reprogramming.

Developmental effects of DIk1-Dio3 silencing

Dysregulation of genes within the DIkI-Dio3 cluster can be det-
rimental during pre- and postnatal mouse development®'~*. To assess
whether the expression status of GtI2 and its associated transcripts
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Figure 2 | Developmental consequences of Dik1-Djo3 silencing. a, Heat
map showing relative expression levels of G#i2, Rian and other select genes in
ES cells and iPSCs derived from haematopoietic stem cells (HSC),
granulocyte-macrophage progenitors (GMP), granulocytes (Gran),
peritoneal fibroblasts (PF) and tail-tip fibroblasts (TTF). Four iPSC clones
expressing ES-cell-like levels of GtI2 and Rian were identified (highlighted by
asterisks) (iPSC clone number 18 was analysed only by qPCR; see
Supplementary Fig. 1b). b, Strategy for assessing the developmental potential
of iPSC clones by injection into diploid (2n) and tetraploid (4n) blastocysts to
produce chimaeric or all-iPSC mice, respectively. ¢, Images of represent
chimaeras with agouti coat colour indicating iPSC origin. d, Quantificatio

4n competent (7 = 4)

coat colour chimaerism in mice derived from indicated Gtl2°" clones (green
diamonds), Gti2°" iPSC clones (red diamonds) and ES cells (open diamonds),
e, Statistical analysis of coat colour chimaerism in mice derived form Gtl2°%
and GtI2°" iPSC clones. Error bars indicate standard deviations, n = 38 for
Gt12°% clones and n = 11 for GtI2°" clones, P < 0.001. f, Images of two GFP*
all-iPSC neonates (left) and two agouti all-iPSC mice (right). g, Scatter plot
showing intensity levels of all probe sets covered by microarray analysis;
highlighted in green are those probe sets that were significantly different
between 4n complementation-competent iPSCs (clones 19, 44, 47 and 49)

d non-4n complementation-competent iPSCs (clones 18, 20, 45 and 48)

39 wofold, P < 0.05, t-test with Benjamini-Hochberg correction).
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correlates with the developmental potential of iPSCs, we injected
nine Gtl2°% clones into diploid blastocysts. This resulted in adult
chimaeras that exhibited low-to-medium degree (10-50%) coat
colour chimaerism (Fig. 2b—¢ and Supplementary Table 4). In con-
trast, injection of three Gtl2°" iPSC clones yielded adult mice with a
coat colour chimaerism ranging from 30% to 100%, similar to the
chimaerism seen with ES cells (Fig. 2d, e and Supplementary Table 4).
Importantly, four out of four GtI2°" iPSC clones supported the
development of neonatal all-iPSC mice upon injection into 4n
blastocysts at efficiencies comparable to those observed with ES cells
(7-19% for iPSCs compared with 13-20% for ES cells) (Supplemen-
tary Table 1). We confirmed that these mice were entirely iPSC-
derived by PCR for strain-specific polymorphisms (Supplementary
Fig. 3), by detection of homogenous GFP fluorescence of all-iPSC
neonates, originating from a ROSA26-EGFP allele introduced into
the parental ES cells, and by uniform agouti coat colour of adolescent
all-iPSC mice (Fig. 2f). To our knowledge, this is the first demonstra-
tion of animals produced entirely from adult-derived iPSCs.

In contrast to Gtl2°" iPSC clones, injection of ten Gtl2°F iPSC
clones into 4n blastocysts consistently failed to produce all-iPSC pups
but instead resulted in resorptions (Supplementary Table 1). Thus, the
expression status of G#2 in these iPSCs predicts their developmental
potential into chimaeric and all-iPSC mice. The conclusion that the
activation status of maternally expressed genes on chromosome 12qF1
is a strong indicator of the developmental potential of iPSCs was
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Figure 3 | Epigenetic silencing of the Gt/2 locus in iPSCs. a, Structure of the
Diki--Dio3 locus with the position of the genomic regions (I-VII) analysed
by pyrosequencing indicated by black bars. b, Degree of DNA methylation at
IG-DMR and GtI2 DMR in three Gt12°% iPSC clones (green bars), three
GtI2°" iPSC clones (red bars), three ES cell clones (red open bars), as well as
the parental tail-tip fibroblasts (TTF, grey bars). Analysis of the other
regions is shown in Supplementary Fig. 5. ¢, Prevalence of activation-
associated (acH3, acH4 and H3K4me) and repression-associated
(H3K27me) chromatin marks at the GtI2 promoter in two Gt12°% iPSC
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further supported by the analysis of two published array data sets,
which showed that Gt{2 was expressed in 4n complementation-com-
petent ES cell and iPSC lines but was downregulated in non-4n com-
plementation-competent iPSC lines®® (Supplementary Fig. 4).

To test whether Gtl2°" and Gt12°%iPSCs can be distinguished by the
expression of genes outside of 12qF1, we performed global mRNA and
miRNA expression profiling of four non-4n complementation-
competent and four 4n complementation-competent iPSC lines (all
derived from fibroblasts). This analysis identified only G#I2, Rianand a
total of 26 miRNAs, which all localize to the DIki-Dio3 cluster, as
differentially expressed, suggesting that the dysregulation of 12qF1
transcripts alone is responsible for the failure of Gt12° iPSCs to support
the development of all-iPSC mice (Fig. 2g and Supplementary Table 5).

Epigenetic mechanism of DIk1-Dio3 repression

Imprinting of the DIkI-Dio3 cluster is regulated by differentially
methylated regions (DMRs) that become epigenetically modified in
the germ line. These include an intergenic DMR (IG-DMR), located
between the DIkl and Gli2 genes'®, and a DMR spanning the Gil2
promoter (Gr2 DMR)*. To determine whether aberrant DNA
methylation might be responsible for the transcriptional silencing
seen in Gtl2°% iPSC lines, we compared the methylation status of
IG-DMR, Gti2 DMR and three other CpG-rich regions on chro-
mosome 12qF1 in ES cells, iPSCs and their parental tail-tip fibro-
blasts (Fig. 3a). As expected for germline-imprinted regions,
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clones, two Gt12°" iPSC clones and ES cells. d, G#l2 expression levels as
measured by gPCR in subclones derived from Gtl2°" clone 45 and Gt12°"
clone 49 in the absence () or presence () of doxycycline (Dox). e, Bright-
field images of iPSC culture in the absence or presence of all-trans retinoic
acid (RA). f, Expression levels of G#l2, other imprinted genes (Igf2, Igf2r),
and the pluripotency marker Pou5f1 in cells cultured with (+) or without
(—) RA. All error bars indicate standard deviations with # = number of
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approximately 50% of CpGs within IG-DMR and G112 DMR were
methylated in fibroblasts, ES cells and Gt12°" iPSCs. In contrast, close
to 100% of these CpGs were methylated in Gt12°% iPSC lines (Fig. 3b
and Supplementary Fig. 5). The other analysed CpG-rich regions
remained unaffected (Supplementary Fig. 5). Imprinting of the
Dlk1-Dio3 cluster is also regulated by histone acetylation®, and chro-
matin immunoprecipitation experiments indeed revealed a signifi-
cant decrease in acetylated H3 and H4 as well as in methylated H3K4,
another activation mark, in Gtl2°% iPSC lines compared with Gtl2°"
iPSClines and ES cells (Fig. 3¢). Together, these observations demon-
strate that the normally expressed maternal Gti2 allele has acquired
an aberrant paternal-like silent state in Gt12°" iPSC clones.

Because imprinted gene expression is unstable in murine ES
cells®™; we assessed Gtl2 expression upon subcloning of iPSCs.
G2 remained silent in subclones from Gtl2°% iPSCs and continued
to be expressed in subclones from Gtl2°® iPSCs, demonstrating
stability of its expression state in undifferentiated cells (Fig. 3d,
top). This pattern was not altered if doxycycline was administered
during the subcloning procedure (Fig. 3d, bottom), indicating that
overexpression of the reprogramming factors in established iPSCs is
insufficient to induce or revert silencing.

To assess if silencing of G2 is resolved during differentiation, we
exposed iPSCs and ES cells to the differentiation-stimulating agent
retinoic acid. Marked changes in cellular morphology and downregula-
tion of Pou5f1 indicated successful differentiation (Fig. 3e, f). Whereas
retinoic-acid-treated Gtl2°" iPSCs and ES cells readily upregulated Gt2
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Figure 4 | Developmental defects in embryos derived from GtI2°% iPSCs.
a, Images of ‘all-iPSC’ E11.5 embryos obtained with Gt12°" clone 47 and
Gt12°% clone 48, both of which express EGFP ubiquitously from the ROSA26
locus. b, Frequency of dead and live E11.5 all-iPSC embryos obtained with
two Gt12°" (red bars) and two Gt12°T (green bars) iPSC clones upon 4n
blastocyst injection. Number of blastocysts transferred per clone is indicated
in brackets. ¢, Expression of Gt2, Rian, Mirg and the paternally expressed
gene DIkI in Gt12°F MEFs relative to Gtl2°" MEFs (upper panel) as well as in
Gt12™X° MEFs relative to MEFs isolated from wild-type embryos (lower

(Fig. 3f, top) and Rian (Supplementary Fig. 6), Gtl2° iPSCs showed
stable silencing of these genes, demonstrating that in vitro differenti-
ation fails to reactivate maternally imprinted genes in the Dlk]-Dio3
cluster. The expression of imprinted genes outside of chromosome
12qF1 was not affected (Fig. 3f, bottom, and Supplementary Fig. 6).

We next sought to gain an insight into the causes for the failure of
Gtl2°F iPSCs to produce viable all-iPSC mice. To this end, we deter-
mined if these cells could autonomously su%)ort development into
early embryos. Indeed, injection of both GtI2°" and Gt12°? iPSC clones
into 4n blastocysts gave rise to normal-appearing mid-gestation
(embryonic day (E) 11.5) embryos (Fig. 4a). However, the number
of live embryos obtained from Gt12°% clones was substantialléf reduced
compared with Gt12°" clones (Fig. 4b), suggesting that Gt12°" mice die
around this developmental stage. This phenotype resembles that of
mice with paternal uniparental disomy of distal chromosome 12%,
which die before E16.5, but is distinct from the phenotype of maternal
Gt2 knockout mice (Gt12™5°), which die perinatally’. Theless severe
phenotype of Gtl2™5° embryos might be due to the comparably
modest reduction in maternally expressed 12gF1 genes®. In agree-
ment with this notion, we found low but detectable levels of Rian
and Mirg transcripts in GtI2™*Y MEFs (Fig. 4c), whereas these genes
were almost completely silenced in MEFs and different tissues derived
from Gtl2° all-iPSC embryos (Fig. 4d, ).

Notably, expression of the DIkl gene, which is reciprocally
imprinted to G2 (ref. 39), was upregulated in Gt12°F MEFs but
not in Gtl2™° MEFs (Fig. 4c), further supporting the observation
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