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Abstract

PIMT (also known as PIPMT/NCOAGIP/Tgs1), first isolated as a transcription coactivator PRIP
(NCOAG®)-interacting 96-kDa protein with RNA-binding property, possesses RNA
methyltransferase activity. As a transcription coactivator binding protein, PIMT enhances the
nuclear receptor transcriptional activity and its methyltransferase property is involved in the
formation of the 2,2, 7-trimethylguanosine cap of non-coding small RNAs, but the in vivo
functions of this gene have not been fully explored. To elucidate the biological functions, we used
gene targeting to generate mice with a disrupted PIMT/Tgs1 gene. Disruption of PIMT gene
results in early embryonic lethality due to impairment of development around the blastocyst and
uterine implantation stages. We show that PIMT is expressed in all cells of the E3.5 day blastocyst
in the mouse. PIMT null mutation abolished PIMT expression in all cells of the blastocyst and
caused a reduction in the expression of Oct4 and Nanog transcription factor proteins in the E3.5
blastocyst resulting in the near failure to form inner cell mass (ICM). With conditional deletion of
PIMT gene, mouse embryonic fibroblasts (MEFs) exhibit defective wound healing in the scratch
assay and a reduction in cell proliferation due to decreased Gy/G; transition and Go/M phase cell
cycle arrest. We conclude that PIMT/NCOAGIP, which is expressed in all cells of the 3.5 day
stage blastocyst, is indispensable for early embryonic development.
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1. Introduction

The mechanisms underlying the transcriptional activation by nuclear receptors are complex,
in part, due to the participation in this process of many transcription coactivators (Conaway
et al., 2005; Fondell et al., 1996; Hermanson et al., 2002; Kornberg, 2007; Lonard and
O’Malley, 2006; Roeder, 2005; Spiegelman and Heinrich, 2004). Although coactivators play
an important role in enhancing gene expression mediated by liganded nuclear receptors, the
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significance of the existence of ~300 coactivators and their functions remain largely unclear
(Lonard and O’Malley, 2006; Reddy et al., 2006; Yu and Reddy, 2007). Some of these
coactivators form multisubunit protein complexes, but the events controlling their assembly
and disassembly, and their involvement in gene and cell specific transcription are poorly
understood (Conaway et al., 2005; Hermanson et al., 2002; Kornberg, 2007; Lonard and
O’Malley, 2006; Roeder, 2005; Shang et al., 2000). As transcription enhancers, coactivators
fall into different functional categories (Roeder, 2005; Viswakarma et al., 2011; Yu and
Reddy, 2007). Some function as chromatin-remodeling complexes, while others serve as
histone-modifying complexes (Hermanson et al., 2002; Kornberg, 2007; Lewis and
Reinberg, 2003; Roeder, 2005). Furthermore, other coactivators, with no known enzymatic
activity, provide linkage of activated receptor to the components of core TFIID basal
transcription apparatus (Auboeuf et al., 2005; Conaway et al., 2005; Fondell et al., 1996;
Kornberg, 2007; Lewis and Reinberg, 2003; Roeder, 2005). Accordingly, these classes of
coactivator complexes participate in the unwinding of chromatin, covalent modification of
histones, and the facilitation of access of transcriptional machinery to the promoter region of
target genes (Auboeuf et al., 2005; Conaway et al., 2005; Kornberg, 2007; Lemon et al.,
2001; Roeder, 2005). While detailed knowledge of specific functions of a majority of
coactivators is lacking, there is an increasing recognition of the general importance of a
selected set of these molecules in gene expression, embryogenesis, cell growth and
differentiation (Conaway et al., 2005; Fondell et al., 1996; Hermanson et al., 2002; Roeder,
2005; Reddy et al., 2006; Spiegelman and Heinrich, 2004; Viswakarma et al., 2011).

This burgeoning field of nuclear receptor coactivators started with the cloning, in 1995, of
SRC-1, the first member of a 3 member p160 family of coactivators, with histone
acetyltransferase activity (Hermanson et al., 2002; Lonard and O’Malley, 2006; Onate et al.,
1995; Reddy et al., 2006). TIF-2/GRIP-1 (SRC-2), and ACTR/AIB/pCIP (SRC-3) are the
other two members of this p160 family (Lonard and O’Malley, 2006; Viswakarma et al.,
2010; Wang et al., 2006; Xu et al., 2000; Yu and Reddy, 2007). Further search for
coactivators, by many laboratories over the years, has led to the identification of a plethora
of proteins (Lonard and O’Malley, 2006; Mahajan and Samuels, 2008; Surapureddi et al.,
2002; Viswakarma et al., 2011; Yu and Reddy, 2007). We and others have been focusing on
two of these molecules, namely PBP/TRAP220/DRIP205/ MEDL1 (Ito et al., 2000; Rachez et
al., 1999; Yuan et al., 1998; Zhu et al., 1997; 2000a), and PRIP/ASC-2/ NRC/TRBP/
RAP250/ NCOA6 (Mahajan and Samuels, 2008; Viswakarma et al., 2010; Zhu et al.,
2000b). PBP, first cloned in our laboratory, in 1997, as peroxisome proliferator-activated
receptor (PPAR)-binding protein (Zhu et al., 1997), was subsequently identified as a
component MED1 of the Mediator complex comprised of at least 25 subunit proteins
(Conaway et al., 2005; Fondell et al., 1996; Kornberg, 2007; Rachez et al., 1999). Mediator
complex functions as a molecular bridge between enhancer-bound receptors and the
components of the basal transcription apparatus (Conaway et al., 2005; Kornberg, 2007).
Disruption of MED1 gene results in mediator complex disassembly and leads to mid-
gestational embryonic lethality in the mouse (Crawford et al., 2002; Ito et al., 2000; Zhu et
al., 2000a). Of interest is that conditional deletion of this gene in liver abrogates nuclear
receptor PPARa and CAR functions (Jia et al., 2004, 2005; Matsumoto et al., 2007).
Likewise, disruption of NCOAG6 gene also causes embryonic lethality but the conditional
deletion of this gene in liver does not affect PPARa and constitutive androstane receptor
(CAR) functions (Mahajan and Samuels, 2008; Viswakarma et al., 2010). Since germ-line
knockout of MED1 or NCOAG leads to embryonic lethality, it raises the issue of the role of
other coactivators in embryonic development and cell specific functions (Mahajan and
Samuels, 2008; Reddy et al., 2006; Yu and Reddy, 2007; Viswakarma et al., 2010).

Our laboratory first identified PIMT (PIPMT/NCOAGIP) as PRIP/NCOAG-interacting
protein (Zhu et al., 2001). Subsequently, a number of laboratories identified other proteins
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that interact with NCOAG6 and some of these proteins have been shown to form a multi-
subunit, ~2Mda protein complex designated ASCOM (Mahajan and Samuels, 2008).
Although NCOAG has also been found to be a component of two other protein complexes,
namely ALR/MLL2 and PTIP (Auboeuf et al., 2005; Cho et al., 2007; Mahajan and
Samuels, 2008), PIMT is not known to be associated with any known coactivator complexes
(Yu and Reddy, 2007). Nevertheless, it is possible that PIMT may form a complex
comprising of NCOAG, CBP/p300, and MED1, as these molecules have been shown to
interact with PIMT (Misra et al., 2002). PIMT binds S-adenosyl-L-methionine, the methyl
donor for methyltransferase reaction (Enunlu et al., 2003; Girard et al., 2008; Zhu et al.,
2001). It also binds RNA, suggesting that it functions as an RNA methyltransferase, in
addition to its coactivator function (Zhu et al., 2001). Consistent with these observations,
PIMT homologue in the yeast has been shown to be essential for hypermethylation of the
m’G caps of both sSnRNAs and snoRNAs (Girard et al., 2008; Mouaikel et al., 2002). This
RNA hypermethylase activity of PIMT is responsible for msG cap formation of U small
nuclear RNAs (U snRNASs) and small nucleolar RNAs (snoRNAs) and is also needed for the
capping of unspliced and partially spliced HIV-1 RNAs (Girard et al., 2008; Mouaikel et al.,
2002; Yadavalli and Jeang, 2010). In addition, PIMT/Tgs1 also hypermethylates RNA
subunit of telomerase (TER1) and thus maintains chromosomal integrity (Tang et al., 2012).
Furthermore, the Drosophila homologue of PIMT has been shown to play an essential role in
development (Komonyi et al., 2005). In view of the dual functions of PIMT gene, namely
involvement in transcription and RNA hypermethylation (Misra et al., 2002; Zhu et al.,
2001), it appeared necessary to explore the expression pattern of PIMT and certain key
coactivators in vivo during embryonic development. In order to better understand the
biological function of PIMT in mammalian pathophysiology, we used gene targeting to
inactivate the PIMT/NCOAGIP gene in mice. PIMT heterozygous mice display no obvious
phenotype and males and females are fertile. We obtained no nullizygous mice from
PIMT*/~ intercrosses, indicating that the disruption of PIMT is embryonic lethal in mice.
Furthermore, PIMT-null embryos were not observed at postimplantation stages. PIMT~/~
blastocysts were recovered which revealed increased apoptosis, reduced cell density and
impairment of inner cell mass (ICM) development. We conclude that PIMT is essential for
the early development of mouse embryos in view of its role in gene transcription and RNA
methylation.

2. Results and Discussion

2.1. PIMT gene evolution

PIMT, a RNA-binding protein with RNA methyltransferase activity, was identified
originally as a transcription coactivator PRIP (NCOA®)-interacting protein (Zhu et al.,
2001). The full-length PIMT cDNA of human (NP_079107) and mouse (N_P473430)
encodes a protein of 853 amino acids with an estimated molecular mass of ~96.5 kDa (Zhu
etal., 2001). As a coactivator-binding protein, PIMT enhances the transcriptional activity of
nuclear receptors. We have previously shown that PIMT homologous proteins exist in
Saccharomyces Cerevisiae (YPL157TWP), Arabidopsis thaliana, and Caenorhabditis elegans
(Zhu et al., 2001). The yeast homolog of PIMT has been shown to exhibit
trimethylguanosine synthase (Tgsl) activity, the RNA methyltransferase responsible for the
hypermethylation of the 5° m’G cap structure of snRNAs and snoRNAs (Girard et al., 2008;
Mouaikel et al., 2002). Accordingly, PIMT/Tgs1 as originally proposed, exhibits dual
critical cellular functions in that it serves as a transcription cofactor and as an RNA
hypermethylating enzyme (Enunlu et al., 2003; Mouaikel et al., 2002; Yadavalli and Jeang,
2010; Yu and Reddy, 2007; Zhu et al., 2001). Analysis of currently available eukaryotic
genome assemblies and expressed sequence tags (ESTSs) strongly suggests the existence of a
single PIMT/Tgs1 homolog in 16 representative species when human PIMT is used as an
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out-group in the phylogenetic tree construction (http://www.treefam.org/cgi-bin/TFseq.pl?
id=ENSG00000137574). Conservation of RNA methyltransferase domain in the C-terminal
region of PIMT proteins at the amino acid level in ten different eukaryotic species, suggests
that PIMT gene arose early in eukaryotic evolution.

2.2. PIMT expression during mouse embryonic development

Expression of PIMT in different cell types during development was first examined by
immunohistochemical staining of E16.5 mouse embryos. As illustrated in Fig. 1, PIMT
expression is predominantly nuclear in location but some diffuse staining in the cytoplasm
was also observed. In humans, PIMT/Tgs1 long isoform locates in the cytoplasm and a short
isoform in mostly nuclear in location (Verheggen and Betrand, 2012). We now show that
PIMT staining in the mouse embryo is prominent in the brain tissue surrounding the
ventricle (Fig. 1A, B), growing enamel bud (Fig. 1C, D), lung (Fig. 1E), liver (Fig. 1F),
intestinal mucosal crypt cells (Fig. 1G) and the germinal epithelium of testis (Fig. 1H). In
the E16.5 embryonic liver, PIMT expression was prominent in both hepatocytes and
hematopoietic cells (Fig. 1F). PIMT staining was also noted in the heart, pancreas, kidney,
testis and basal cells of the skin epidermis (data not shown). Western blotting revealed
PIMT as a ~ 100 kDa protein during E10.5 to E18.5 days of embryonic development (Fig.
11). EST data base analysis revealed that PIMT is expressed in all developmental stages in
the mouse embryo. We performed quantitative PCR analysis of PIMT and selected key
transcription cofactors such as CBP, MED1 and PRIP in the developing E10.5 to E18.5
mouse embryos (Fig. 2). Both PRIP and PIMT expressed at high levels during E10.5 and
E16.5 but decreased at E18.5 (Fig. 2). The expression of MED1 and CBP, which also
interact with PIMT (Misra et al., 2002), paralleled PIMT and PRIP expression. Of the
nuclear receptors examined by quantitative PCR, PPARa displayed a distinct late
expression pattern (E14.5 to E16.5 days) as compared to the expression of PPARB/6 and
PPARy, the other two members of PPAR subfamily (Fig. 2). The expression of RXR, the
heterodimerization partner of some nuclear receptors, appeared similar to that noted for
PPARP/6 and PPARY, except that RXR expression was decreased at E18.5 (Fig. 2).

2.3. Disruption of PIMT gene in mice

To elucidate the function of PIMT in mammals, we constructed a conditional knock-out
allele using the two-/oxP, two-frt recombination system, according to the strategy depicted
in Fig. 3A. This gene-targeting vector was designed to delete exons 3 and 4 (Fig. 3A). These
two exons code for amino acids 57-381 and removal of this segment of PIMT would likely
interfere with the interaction of PRIP with PIMT (Zhu et al., 2001). It should be noted that
cDNA fragment directly recovered by yeast-two hybrid screening, with PRIP as bait,
encodes N-terminal amino acids 1-384 of PIMT, suggesting that PIMT N-terminal region is
important for its interaction with coactivator PRIP (Zhu et al., 2001). In this study, we used
GST-pull-down assays to confirm the binding of [3°S]-labeled N-terminal domain of PIMT
(1-369 amino acids) with GST-PRIP (Fig. 3B; upper panel). Binding of this N-terminal
PIMT to the PIMT-binding domain of PRIP (PRIP 773-927 amino acids) was observed (Fig.
3B). Furthermore, we found no appreciable binding of [3°S]-labeled PRIP (PIMT-binding
domain) to GST-PIMT-C-terminal domain (577-852 amino acids) but the binding to PIMT-
N fragment was robust (Fig. 3B; lower panel). Thus, we conclude that PRIP-binds with the
N-terminal but not with the C-terminal domain of PIMT protein. We, therefore, reasoned
that deletion of the N-terminal PIMT would interfere with its binding to PRIP and impact on
PIMT function. Accordingly, the gene targeting constructs were designed to address the
consequence of inhibiting this interaction in vivo. Because exons 2 and 5 are in-frame in the
targeting construct, truncated protein could theoretically be produced but such a truncated
protein, in general, is rapidly degraded. It is known that mis-folded truncated proteins are
rapidly degraded by proteosome complexes even at the 2-cell stage embryos and later in
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mouse development (Evsikov et al., 2004; Hamatani et al., 2004). As shown in section 2.8,
PIMT is not detected in PIMT~/~ MEFs.

The targeting construct was transfected by electroporation into HM1 ES cells. After
selection with G418 and ganciclovir, 4 of the original 248 colonies obtained were shown to
be targeted correctly for the PIMT/PIPMT locus by Southern blot hybridization (Fig. 3C).
These four clones were karyotyped to ensure genomic integrity, and three of these targeted
ES clones were then injected into C57BL/6J mouse blastocysts and transplanted into
pseudopregnant C57BL/6J females. Chimeric mice obtained from these three ES clones
were bred with wild-type C57BL/6J female and germline transmission was achieved.
Subsequently, PIMTfl/fl-frt-neo-frt mice were crossed with FLP1 recombinase variant
transgenic deleter mice to achieve neo deletion. These Neo deleted PIMTTIOX/floX mice were
then crossed with Ella-Cre transgenic mice to generate mice with germline PIMT deletion.

2.4, Disruption of PIMT gene results in early embryonic lethality

The heterozygous mice exhibit normal stature, are fertile, and do not display any obvious
overt phenotypic abnormalities. We intercrossed heterozygous PIMT*/~ mice to ascertain
the viability of PIMT-null homozygotes (PIMT~'"). The genotypes of the offspring were
determined by Southern blotting and PCR analysis of tail DNA at weaning (Fig. 3D,E).
Among a total of 206 weanlings genotyped, 71 were wild-type (P/MT**), and 135 were
heterozygous (P/MT*™) for the targeted allele (Table 1). The complete absence of
homozygous mutants (P/MT/7) and the expected 1:2 Mendelian wild-type-to-heterozygous
ratio indicated that PIMT deficiency leads to embryonic death.

To determine the stage of embryogenesis at which the PIMT gene disruption is lethal, we
dissected embryos from the heterozygous intercrosses at different stages of embryonic
development and genotyped. No PIMT null embryos were found at E9.5, E8.5 or E7.5 of
embryonic development (Table 1). Serial sectioning of E5.5 deciduas revealed smaller,
growth arrested PIMT~/~ embryos with pyknotic nuclei and apoptotic changes as compared
to PIMT** embryos (Fig. 4A,B). These observations suggest that PIMT~/~ embryos begin
to degenerate possibly commencing at the blastocyst stage and die around E5.5 without
progressing further to egg cylinder stage (Fig. 4A,B). Examination of serial sections from
E6.5 (Fig. 4C,D) and E7.5 (Fig. 4E,F) deciduas did not reveal any evident embryonic
material in approximate location where embryo should be present. If presumptive PIMT null
embryos progressed to E6.5 days they had to be completely resorbed (Fig. 4D,F). In view of
these findings, we conclude that PIM T/~ embryos might die at the blastocyst /
preimplantation stage.

2.5 Characterization of PIMT-null E3.5 day blastocysts

To analyze the embryonic lethality associated with the PIMT-null mutation in mice, we
isolated E3.5 day blastocysts from heterozygous intercrosses. On PCR genotyping, 15
PIMT/=, 40 PIMT*/~, and 20 PIMT*/* blastocysts were detected among a total of 75 in
expected Mendelian ratios (Table. 1; Fig. 5A). RT-PCR analysis of E3.5 blastocysts with the
primers designed flanking exons 3 and 4 revealed the expression of PIMT in PIMT*/* but
not in PIMT~/~ embryos (Fig. 5B). We first examined PIMT protein expression in wild-type
E3.5 blastocysts using whole-mount fluorescent immunostaining and laser confocal
microscopy and found nuclear expression of this protein in all cells within the blastocyst,
including trophectoderm and ICM (Fig. 5C). In contrast, Oct4 and Nanog transcription
factor proteins were detected only in the cells of ICM at this stage (Fig. 5C). Oct-4 and
Nanog are required for specifying the differentiation of the pluripotent cells of ICM in
mouse blastocysts (Nichols et al., 1998; Chambers et al., 2003; Mitsui et al., 2003; Chazaud
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et al., 2006; Rossant and Tam, 2009; Gasperowicz and Natale, 2011). Cdx2 is strongly
expressed in trophectoderm, which also expressed PIMT (not illustrated).

As expected, PIMT protein was not detected in any cell in PIMT~/~ E3.5 blastocyst (Fig.
5C). Surprisingly, in PIMT ™/~ blastocysts, the expression of both Oct4 and Nanog proteins
was markedly diminished or absent suggesting that PIMT deficiency results in a reduction or
loss in ICM (Fig. 5C). Several mechanisms are responsible for the loss of ICM in PIMT null
blastocysts: (i) differentiation of ICM is impaired, (ii) ICM cells undergo apoptosis, (iii)
ICM cells fail to proliferate, expand and differentiate and (iv) cell proliferation is generally
reduced while cell death is increased. DAPI staining revealed evidence of nuclear
fragmentation suggestive of apoptotic changes in freshly isolated PIMT deficient blastocyst
cells (Fig. 5C). Further detailed studies are needed to investigate the expression of other
molecules such as Sox2, Eomes, Gata3 and Tead4 in PIMT deficient E3.5 blastocysts and
the possible early onset of PIMT mutant phenotype. As pointed out above, PIMT mRNA is
expressed as early as in the two-cell embryo stage (E0.5 — 1.0) and thus may be crucial in
early embryogenesis (Evsikov et al., 2004; Hamatani et al., 2004). It is possible that the first
few cell divisions in PIMT-deficient embryos are completed due to the presence of
maternally derived PIMT mRNA in the oocytes (Eviskov et al., 2004).

2.6. Changes in other transcription cofactors in PIMT deficient blastocysts

Because PIMT is a transcription cofactor and expressed at early developmental stages, we
considered it necessary to analyze the expression of other transcription cofactors in E3.5
PIMT** embryos by RT-PCR. We found a robust expression of PRIP and SRC-1 in E3.5
PIMT** embryos (Fig. 6A). CBP expression was low when compared to PIMT, PRIP,
MED1 and SRC-1. Of the three members of PPAR subfamily, PPAR~y and PPARS/B
expression appeared robust in E3.5 embryo as compared to very low level of PPARa
expression (Fig. 6A). Quantitative PCR data showed that in PIMT™/~ E3.5 blastocysts,
SRC-1 and PPARy mRNA levels were strikingly lower when compared to PIMT*/*
blastocysts (Fig. 6B). Reduction in PPARy mRNA expression in PIMT™~ E3.5 blastocysts
suggests that this lipogenic transcription factor may be critical for the early embryonic
survival and blastocyst expansion. A modest decrease in PRIP mMRNA expression and an
increase in CBP expression in PIMT ™/~ E3.5 blastocysts was noted (Fig. 6B). It should be
noted that PRIP null mutation has been shown to be embryonic lethal at midgestational
development (E10.5-E12.5) (Kuang et al., 2002; Mahajan and Samuels, 2008; Zhu et al.,
2003). These observations suggest that PRIP and PRIP-interacting protein PIMT are vital to
early embryonic development.

2.7. PIMT-deficiency induces apoptotic cell death in blastocyst cells

Freshly isolated homozygous PIMT~/~ E3.5 blastocysts were morphologically discernible
from their wild-type (PIMT*/*) counterparts (Fig. 7A,B). As pointed out above, increased
nuclear fragmentation, suggestive of apoptotic changes, was evident in freshly isolated
DAPI stained PIMT deficient blastocysts (Fig. 5C). We confirmed increased apoptotic
activity in PIMT™/~ blastocysts when they were examined for DNA fragmentation by
TUNEL assay (Fig. 7A). TUNEL positive apoptotic cells were frequently seen in PIMT™/~
blastocysts (Fig. 7A). PIMT ™/~ E3.5 day blastocysts when cultured in vitro for 1- to 4 days
displayed severely impaired proliferation and reduced number of nuclei when stained by
SYTOL16, a novel highly sensitive nucleic acid stain to vitally stain DNA (Fig. 7B). We
noted that PIMT-null blastocysts did not efficiently adhere to 0.1% gelatin coated 24-well
plates and a majority of these did not normally hatch from their zona pellucida (Fig. 7C).
PIMT/~ blastocysts remained mostly unhatched with intact zona pellucida at the time of
hatching of the wild-type blastocysts, usually by E3.5+2 days pellucida (Fig. 7C). PIMT null
blastocysts were smaller and appeared condensed after 24 h (E3.5+1 day) and 48 h (E3.5+2
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days) in culture (Fig. 7C). These collapsed and blebbed blastocysts showed no expansion of
ICM even at the end of 4 days in culture (not shown). PIMT~/~ blastocysts, when hatched,
showed growth retardation and failed to develop ICM in contrast to the robust growth of this
structure in the wild-type (PIMT**) embryos (Fig. 7C). These results indicate that the
disruption of PIMT gene leads to early embryonic lethality at around blastocyst stage. This
may be due to abnormalities in the transcription of crucial genes and also to defects in RNA
methylation. PIMT protein has been shown to interact with transcription cofactors, bind
RNA and exhibit RNA methyltransferase activity (Komonyi et al., 2005; Mouaikel et al.,
2002; Zhu et al., 2001). Subsequently, it has been shown that methyltransferase activity of
PIMT/Tgs1 is responsible for the hypermethylation of the 5" m’G cap structure of ShRNAs
and snoRNAs (Mouaikel et al., 2002). PIMT/Tgs1 has been shown recently to participate in
telomerase RNA biogenesis (Tang et al., 2012). These properties, coupled with very early
expression of this protein, even at the 2-cell stage embryos (Evsikov et al., 2004; Hamatani
et al., 2004), with abnormalities in blastocyst progression, suggest that this protein might
interfere with transcription of critical genes and RNA processing during cell proliferation.

MEFs show defective wound healing and cell cycle arrest

In view of the failure of expansion of PIMT~/~ blastocysts, we decided to generate PIMT
deficient MEFs to confirm that PIMT is essential for cell proliferation. We used these MEFs
for assaying in vitro wound healing because cell migration and proliferation are prominent
components of this process. Fibroblast motility was assessed by a scratch-induced wound
healing assay (Fig. 8A-D). MEFs from PIMTTIoX/flox embryos were cultured to form a near
confluent monolayer and migration monitored for 24 h in a scratch wound assay (Fig.
8A,B). To assess the role of PIMT deletion, the cells were infected with adeno-Cre at the
time of wounding (Fig. 8C,D) to delete PIMT and the healing compared with uninfected
MEFs (Fig. 8A,B) and MEFs infected with Ad-LacZ virus (not shown). PIMT gene deletion
was confirmed by PCR genotyping (Fig. 8E). RT-PCR assay was used to ascertain the
deletion of exons 3 and 4 with primers designed from the exons 2 and 5 (Fig. 8F). Western
blot analysis using polyclonal antibodies (antibody N-13) generated against N-terminal
portion of PIMT (aa 1-50) or against an internal region (aa 200-250) (antibody P-12)
revealed the presence of PIMT protein in PIMT/f MEFs but not prominent in Ad-Cre
treated PIMTTVf MEFs (Fig. 8G). Complete wound healing did not occur in PIMT-null
MEFs (Fig. 8C,D). These observations clearly establish that PIMT is involved in wound
repair. To assess the role of PIMT in fibroblast proliferation, we studied the incorporation of
bromodeoxyuridine (BrdUrd) over a 3 hr period in PIMT** and PIMT~/~ MEFs (Fig. 8H-J).
Immunohistochemical staining revealed a reduction in the number of BrdUrd positive cells
in PIMT~~ MEFs (26% cells labeled) when compared to PIMT*/* population (70% cells
labeled) (Fig. 8H-J). We undertook flow cytometric analysis of MEFs to assess defects in
cell cycle, if any, in PIMT deficiency. In PIMT** MEFs, 63.8% of cells were in Go/Gy
phase, 24.0% in S phase, and 12.2% in G,/M phase. In contrast, MEFs infected with adeno-
Cre for 24 h to disrupt PIMT gene revealed 49.2% in Gg/G1, 19.4% in S phase, and 31.4%
in G,/M phase indicating that PIMT deficiency causes G, arrest (data not shown). These
observations suggest an important role for PIMT in cell cycle progression.

One important consideration is that the disruption of PIMT gene, by eliminating A-terminal
amino acids 57-381, interferes with its interaction with coactivator PRIP (Zhu et al., 2001).
It is possible that the abolition of this PIMT-PRIP interaction might lead to early embryonic
lethality, even if the short-RNA were to encode a truncated PIMT protein. Also worth noting
is that the targeting construct was designed to preserve the conserved C-terminal
methyltransferase domain (Zhu et al., 2001), and N-terminal consensus GXXG (Gly-X-X-
Gly) segment found in the K-homology RNA-binding domain (Svitkin et al., 1996; Brykailo
etal., 2007). If the truncated protein was formed and functionally intact, the findings
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reported here suggest that the embryonic lethality does not depend on the presence or
absence of the methyltransferase activity of PIMT. We conclude that the removal of the
PRIP-interacting upstream region (exons 3 and 4) of PIMT is sufficient to cause the early
embryonic lethality. Further analysis of the various functional domains of PIMT appears
necessary to understand the embryonic mortality resulting from the disruption of this gene.

Disruption of some coactivator genes, such as MED1 and NCoA®6, has been shown to result
in embryonic lethality mostly around E10.5 through E12.5 (lto et al.,2000; Mahajan and
Samuels, 2008; Zhu et al., 2000a, 2003), whereas disruption of genes encoding p160/SRC
family of proteins in the mouse results in a viable phenotype (Lonard and O’Malley, 2006;
Reddy et al., 2006; Yu and Reddy, 2007; Wang et al., 2006). In contrast, PIMT gene
disruption causes early embryonic lethality as E3.5 PIMT~/~ blastocysts are defective and
generally failed hatch from the zona pellucida, as described with other “essential” genes
(Forschegger et al., 2007; Wilson et al., 2007). PIMT appears to be an essential gene in early
development of blastocyst as who by apoptosis and reduced cell number if PIMT deficient
E3.5 day blastcyst. Of interest is the finding that PIMT null blastocysts exhibit marked
reduction in Oct4 and Nanog immunofluorescence. Further studies will be necessary to
examine the relationship between PIMT and the key transcription factors involved in the
development of ICM. It is possible that PIMT is essential for RNA metabolism and cell
cycle progression in addition to some unknown functions in transcription. Also of interest is
that mice with PIMT floxed alleles generated here would enable serve as a model to
examine the role of this coactivator in cell specific functions.

3. Experimental procedures

3.1. Phylogenetic analysis and evolution of PIMT gene

The amino acid sequences from the open reading frames were initially aligned using the
program ClustalW2. Conserved motifs containing RNA methyltransferase domains from ten
species were used for this alignment (Zhu et al., 2001). These alignments were then
reconciled and further adjusted manually to minimize insertion/deletion events. The
conserved motifs were defined as alignable regions among all sequences. Smaller groups of
more closely related sequences were then aligned separately by the same approach. Only
regions of unambiguous alignments were used in the subsequent phylogenetic analyses.
Phylogenetic tree was inferred by the neighbor joining functionality of ClustalW (Saito and
Nei, 1987). Tree was constructed using alignable amino acids from sixteen species using
ClustalW and manually edited. Column containing gaps were deleted and bootstrap analyses
consisted of 1000 replicates using neighbor joining method.

3.2. Histology and immunohistochemistry

Mouse embryos and E3.5 blastocysts were fixed in 4% paraformaldehyde in phosphate
buffered saline for 16 h at 4°C. The embryos were dehydrated in graded alcohols, embedded
in paraffin, sectioned at 4 um, and stained with hematoxylin and eosin. Sections were also
processed for immunohistochemical localization of PIMT using polyclonal PIMT antibodies
(Santa Cruz Biotechnology Inc.). Whole-mount immunostaining was performed on
balstocysts using antibodies against Nanog, Oct4, Cdx2 and PIMT (Santa Cruz
Biotechnology Inc.), photographed with confocal microscopy. For incorporation of
bromodeoxyuridine (BrdUrd) in PIMT** and PIMT~/~ MEFs, cells were labeled for 3 hr by
supplementation of the culture medium with BrdUrd (Sigma; St Louis. MO; 10 uM). After
the labeling, the cultures were rinsed in PBS and the cells were suspended with 0.05%
Trypsin EDTA. The MEFs suspension centrifuged onto glass slides with cytocentrifuge. The
cytocentrifuge preparations were fixed for 10 min in 90% ethanol in distilled water,
followed immediately by 4% paraformaldehyde in PBS. Using mouse monoclonal BrdUrd
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antibody(BD). All animal procedures used in this study were reviewed and pre-approved by
the Institutional Review Boards for Animal Research of the Northwestern University.

3. 3 Immunoblot Analysis

For immunoblotting, total protein from mouse embryos (E10.5 — E18.5) and from PIMT+/+
and PIMT-/- MEFs were extracted and processed using antibodies against PIMT (N-13 and
P-12, Santa Cruz Biotechnology Inc.) and antibody against 3-actin (Santa Cruz
Biotechnology Inc.) as a loading control. PIMT protein synthesized by in vitro translation
using the TnT-coupled transcription- translation system (Promega) was used as a positive
control.

3.4. RT-PCR and Q-PCR analysis

The SuperScript 111 CellsDirect cDNA Synthesis System Invitrogen) was used for
synthesizing first-strand cDNA directly from the preimplantation embryo lysate. Single
embryos were resuspended in the lysis buffer, treated with Dnasel and reverse transcribed in
the same tube. The same cDNA was used as a template for the quantitative PCR. All of the
primers were synthesized by Integrated DNA Technologies (Coralville, 1A, USA). B-Actin
was used as a RNA loading control for the RT-PCR, whereas 18 S rRNA was used as an
internal control for the quantitative PCR.

3.5. Gene-targeting and homologous recombination in ES cells

A BAC containing the genomic PIMT locus, 7A17, was identified by screening high density
BAC library derived from a 129S6/SvEvTac mouse (Invitrogen). A gene-targeting vector,
designed to delete PIMT exons 3 and 4, included two-/oxPand two- fr¢ cis-elements. A
cassette harboring frt-neo-frt-loxP (~2.1 kb) was retrieved from the pDELBOY and inserted
into the Xhol and Kpnl site of pBluescript (SK+). A 2.3-kilobase PCR fragment containing
intron 2 to 3 served as a 5”-homology arm while 2.0 kb intron 4 was used as 3’-homology
arm for the recombination. The final targeting construct was designated mPIMT-KO. The
Nod-linearized targeting vector (40 pg) was electroporated into HM1 embryonic stem (ES)
cells and selected in a medium containing 200 pg/ml G418 and 2 wM ganciclovir. Surviving
colonies were screened for homologous recombination event by PCR using forward
(designed in the second LoxP): 5'-GACGCGTATAACTTCGTATAGCATAC-3’ and
reverse (designed out of the 3" homology arm): 5'-GCATGTGAGTACACTGCTGC-3’
primers. Four positive ES cell clones were found among 248 screened and confirmed by
Southern blot analysis.

3.6. Generation of PIMT knockout mice

Euploid selected ES cells were used for injection into 3.5 day old blastocysts derived from
C57BL/6J mouse to obtain chimeric mice. Chimeric male mice were bred with wild-type
C57BL/6J female to produce heterozygous mice. After successful germ line transmission,
PIMTfl/fl-frt-neo-frt mice were crossed with FLP1 recombinase variant (FLPeR) transgenic
deleter mice (Jackson Laboratory) to facilitate in vivo fri-mediated neo deletion. The
PIMTfloxX/flox mice were further crossed with Ella-Cre (adenovirus Ella promoter driving
Cre recombinase) transgenic mice (Jackson Laboratory) to generate PIMT ™/~ mice. Mice
were genotyped by PCR followed by Southern blotting using a 1.0 kb probe amplified from
the intronic 4 region of PIMT genomic locus. Electroporation and blastocyst injections were
done by the Transgenic and Targeted Mutagenesis Laboratory of the Northwestern
University.

Mech Dev. Author manuscript; available in PMC 2013 September 07.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Jiaetal. Page 10

3.7. Genotyping

DNA obtained from the tail tips of 3-week-old mice and from laser catapult microdissected
embryos at E5.5 and E6.5 was genotyped by PCR amplification using three primers P4/P5/
P6 in the same reaction to detect the targeted and wild type allele. The results were
confirmed by Southern blotting. For 3.5-day embryo genotyping, blastocysts were flushed
out of uterus, washed with water, and then transferred into tubes containing 10 .l of water
and 7 pl of phosphate buffered saline. DNA from blastocysts was released by successive dry
ice-freezing and boiling steps followed by 30-min incubation at 56°C in the presence of 3 pl
of proteinase K (10 mg/ml). A final incubation was done at 95°C for 10 min, and samples
were kept at —20°C. The lysate was used for a first round PCR using three primers P1/P2/P3
followed by nested PCR with the primers P4/P5/P6 under standard conditions. The primers
consisted of P1: 5’-GTTCATCTTAGACTCTCCAGCTTC-3', P2: 5'-
CCAAGACAGAGGCATCAAGAATAT-3', P3:5'-
GGAGACCTCAGTCTGCTTAACAC-3', P4: 5'-CTGCATGTATGAATCTTGGGAG-3’,
P5: 5’-GCATCAAGAATATACAGAACAGAGA CTC-3" and P6: 5’-
CTCCTTCCTTCTGTACCTCTGTAGC-3".

3.8. Blastocyst culture

Superovulated heterozygous PIMT*/~ females were crossed with heterozygous PIMT*/~
males. Superovulation was induced by i.p. injection of 5 IU of pregnant mare serum
gonadotropin, followed 48 h later by 5 1U of human chorionic gonadotropin. Successful
mating was confirmed by the presence of a vaginal plug and its presence was scored as
gestation day E0.5 (0.5 post-coitum or 0.5 pc). Blastocysts were collected at embryonic day
3.5 (E3.5) by flushing uteri with ES cell medium (Fortschegger et al., 2007; Hyenne et al.,
2007; Li et al., 2004; Wilson et al., 2007). For in vitro culture, blastocysts were placed
individually for 3.5 days in ES cell medium in 0.1% gelatin coated 24-well plates and
photographed every 24 h using an Axiovert phase-contrast microscope (Zeiss).

3.9. TUNEL assay and vital staining of nuclei

Apoptosis was determined by terminal deoxynucleotidyl transferase (TdT) mediated dUTP
nick end labeling (TUNEL) staining, using In Situ Cell Death Detection kit (Roche
Diagnostics Corp.). Harvested E3.5 blastocysts were cultured in ES cell medium for 24 h,
fixed in 4% paraformaldehyde-PBS for 1 h, and permeabilized in 0.5% Triton X-100 for 30
min, then the blastocysts were incubated with TdT and fluorescence labeled dUTP reaction
mixture at 37 °C for 1 h. After nuclear DNA staining with 1 pg/ml DAPI in PBS, the
blastocysts were examined by light and fluorescence microscopy. For nuclear number,
individual blastocysts were cultured in the presence of 1 M SYTO16 (Invitrogen) to vitally
stain DNA for 24 h and photographed using phase contrast and fluorescence microscopy
(Wilson et al., 2007; Yuba-Kubo et al., 2005). These blastocysts were then genotyped by
PCR amplification as described above.

3.10. Generation of PIMT~/= MEFs- PIMTflox/flox

MEFs were derived from individual 12.5 day-old PIMToX/flox empryos and grown in
Dulbecco’s Modified Eagle’s Medium with 10% (vol/vol) heat-inactivated fetal bovine
serum supplemented with 2 mM L-glutamine, 50 units/ml penicillin and 50 pg/ml
streptomycin (Hyclone). Cultures were incubated at 37°C with 5% CO, and passaged two
times a week. To delete the floxed PIMT alleles for the generation of PIMT~/~ MEFs, the
PIMT flox/flox \MEFs were infected with 2.5, 5 or 7.5 pl (0. 8 x 1013 VVP/ml) of a recombinant
adenovirus expressing the Cre recombinase (Ad/Cre). Deletion of PIMT gene in MEFs
following Ad/Cre infection was confirmed by PCR analysis using primers P1 through P6 as
described above. RT-PCR was used to ascertain the deletion of exons 3 and 4.
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3.11. Cell migration and wound healing

Migration of PIMT** and PIMT~/~ MEFs was monitored over 48 h using a scratch wound
assay (Matsumoto et al., 2007). Linear scrape wounds were made in subconfluent
monolayers of MEFs by using a pipette tip to make a uniform scratch along the tissue
culture plate. They were allowed to heal for 24 h in serum-free medium. For flow cytometric
analysis, MEFs were stained with propidium iodide (Invitrogen), and fluorescence was
measured using a Beckman Coulter XL100 flow cytometer equipped with a 488-nm laser
and the data analyzed using Modfit software (Verity Software House, Topsham, ME).
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Fig. 1.

Immunohistochemical localization and western blotting for PIMT in mouse embryo. (A-H)
Wild-type PIMTVfl E16.5 embryo processed for light microscopy. De-paraffinized 4-5 LM
thick sections were immunohistochemically stained using PIMT antibody. PIMT expression
is evident in the lateral ventricle of the brain (A, B), enamel bud (C, D), lung (E), liver (F),
intestinal mucosal crypts (G), and testis (H). PIMT is predominantly localized in the nucleus
(arrows). (1) PIMT protein expression was analyzed by immunoblotting of total body
homogenates derived from E10.5, E12.5, E14.5, E16.5 and E18.5 mouse embryos, using
anti-PIMT antibody. PIMT protein was confirmed as a ~ 110 kDa band using in-vitro
translated PIMT as a positive control. Equal loading of protein was confirmed using
antibody against B-actin.
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Fig. 2.

Expression of PIMT and other cofactor mRNAs in wild-type developing mouse embryos.
The cDNA synthesized using pooled RNA from at least 3 wild-type embryos for each time
point (E10.5 to E18.5 days; x axis) was used in Q-PCR to evaluate the expression level of
selected coactivators associated with PIMT and some nuclear receptors. Expression levels of
PIMT, PRIP, CBP, SRC-1, MED1, RXRa, PPARa, PPARS and PPARy are shown. Q-PCR
reactions were performed in triplicate and 18 S rRNA was used as an internal control. Error
bars indicate standard deviation.
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Fig. 3.

Targeting of the PIMT/NCoAGIP locus and genotyping. (A) Strategy for the generation of
neomycin (neo)-free PIMT null mice by the two-/oxP, two- frt approach. Schematic
representation of the mouse PIMT genomic locus, the targeting vector designed to delete
PIMT exons 3 and 4 (amino acids 57-381), recombinant and the null allele generated
following homologous recombination. The frtflanked neo marker was removed from PIMT
floxed/floxed mice by crossing them with FLPeR deletor transgenic mice. EIIA-Cre
transgenic mice were used to generate germ-line (global) deletion of PIMT gene. Restriction
sites Kpnl (K), Stul (St), BamHI (B), Hindlll (H), Nhel (Nh), and the location of the probe
used for Southern hybridization are indicated. Dashed lines show the region of homology
between the vector and the wild type allele. Location of probes 1 (dark box) and 2 (grided
box) is indicated. (B) PIMT N-terminal portion binds PRIP. Pull-down assay using [3°S]-
methioine labeled PIMT-N terminal segment (1-369 aa) shows binding to GST-PRIP
(773-927 aa). Pull-down assay using [3°S]-methionine labeled PRIP reveals no binding to
GST-PIMT-C terminal domain (577-852 aa). Binding activity is clearly seen with the N-
terminal domain of the protein, while C-terminal binding activity is negligible. (C) Southern
blot analysis of genomic DNAs from ES cell clones, designated 1C9, 1F7, 3F3, and 3G8. ES
cell DNA digested with Kpnl was hybridized with 1.1 kb probe (grided box) to show wild
type allele (13.2 kb) and recombinant allele (7.1 kb). (D) Southern blot analysis of tail DNA
from intercrosses of PIMT*/~ mice. Tail DNA was digested with Stul and hybridized with
1.0 kb probe (dark box) obtained by amplification from intron 4 of PIMT genomic locus. (E)
Genomic DNA from the tail of new born mice derived from PIMT*/~ intercrosses. See Fig.
5A for the location of primers used for PCR amplification. Primers P6/P5 yielded a 376 bp
wild-type PIMT allele in PIMT** mice. Two bands representing 376 bp wild-type, and 298
bp deleted allele were seen in PIMT*/~ heterozygous mice amplified using P4, P5 and P6
“nested” primers. No PIMT~~ homozygous deletion was observed.
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Fig. 4.

Postimplantation development of PIMT~/~ embryos. Histological appearance of
representative decidual sites from PIMT*/~ intercrosses at E5.5, E6.5 and E7.5. Normal
deciduae (PIMT*/*) contain a normally developed embryo. Developmental arrest and
eventual resorption of PIMT™~ embryos. Pyknotic/ apoptotic cells are evident in PIMT null
implantation sites. Presumptive E7.5 PIMT null implantation site reveals resorption of
embryo. ex, extraembryonic; em, embryo; ac, amniotic cavity.
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Fig. 5.

Genotyping of blastocysts and PIMT expression. (A) Blastocyst genomic DNA
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amplification and schematic location of primers used. DNA was isolated from blastocysts
derived from PIMT*/~ intercrosses at E3.5. Primers P6/P5 yielded a 376 bp wild-type PIMT
allele in PIMT*/* blastocysts. Two bands representing 376 bp wild-type, and 298 bp deleted
allele were seen in PIMT*/~ blastocysts amplified using P4, P5 and P6 “nested” primers.
PCR amplification with P4 and P5 generated only a 298 bp product in PIMT~/~ blastocysts.
(B) RT-PCR analysis shows PIMT mRNA expression in E3.5 day wild-type (PIMT*/*)
blastocysts but not in E3.5 PIMT ™/~ blastocysts. (C) PIMT is expressed in all cells of E3.5
day wild-type PIMT*/* blastocysts but not in mutant PIMT~/~ blastocysts. Immunostaining
for Nanog and Oct4 reveal expression of these transcription factors in ICM in wild-type
PIMT*/* (16/16 embryos) but not apparent in ICM of PIMT~/~ blastocysts (5/5 embryos).
Immunostaining for trophectoderm marker Cdx2 reveals that Cdx2 is expressed at subdued

level in PIMT '~ blastocysts (8/9 embryos). Dapi staining reveals fragmentation and
reduction in the number of nuclei in PIMT~/~ blastocysts (17/19 embryos).
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Fig. 6.

Expression of selected blastocyst markers, coactivators and nuclear receptors in E3.5 day
blastocyst. (A) RT-PCR products from 6 pooled PIMT** and 6 pooled PIMT~/~ E3.5 day
blastocysts show reduction in ICM markers in PIMT ™/~ blastocytes. (B) RT-PCR products
derived from 6 pooled E3.5 wild-type (PIMT*/*) blastocysts reveal prominent expression of
transcription cofactors PIMT, PRIP, SRC-1, and MED1 and nuclear receptors PPARS and
PPARy. CBP and PPARa expression is not evident. PC, positive control, adult mouse liver
RNA; NC, negative control, without reverse transcriptase. (C) Relative levels of expression
of PIMT and other molecules in PIMT*/* and PIMT~/~ E3.5 blastocysts. Total RNA isolated
from pooled PIMT** and PIMT~/~ E3.5 blastocysts (6 each group) was reverse transcribed
for real time-PCR analysis. The specific amplification of target gene was normalized with
18 S RNA signal and arbitrary values are shown.
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Fig. 7.

Evaluation of blastocysts for apoptosis, cell density and outgrowths. Representative
examples of blastocysts isolated from PIMT*/~ intercrosses at E3.5. (A) E3.5 blastocysts
were cultured for 48 h and apoptotic cells identified using a fluorescent TUNEL assay
(green fluorescence). Changes were assessed by phase contrast microscopy, DAPI staining
and nuclear localization of TUNEL positivity. Excessive apoptosis is noted in 10/15
PIMT '~ blastocysts (arrows) and 2/25 PIMT*/* blastocysts. Membrane blebbing is
prominent in phase contrast images of PIMT~/~ embryos. (B) E3.5 blastocysts were cultured
for 2 days at 37°C in ES cell medium that contained SYTO16 to vitally stain DNA. After
live observations by phase contrast microscopy (upper panels), and fluorescence microscopy
(lower panels), embryos were genotyped. PIMT~/~ blastocysts showed reduction in cell
number in comparison to PIMT*/* embryos. (C) Blastocysts in culture. All embryos were
photographed every 24 h using phase contrast microscopy and genotyped at the end of
culturing. Representative PIMT*/* (+/+), and PIMT~/~ (=/-) blastocysts cultured in vitro for
2 days: E3.5 (day 0), E3.5 + 1 (day 1), and E3.5 + 2 (day 2). PIMT~/~ embryos showed
defects in hatching from zona pellucida and some hatched blastocysts were loosely anchored
and failed to show robust proliferation. PIMT*/* embryos were composed of outgrowths of
ICM. Some PIMT null embryos remained unhatched with intact zona pallucida (ZP).
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Fig. 8.

Dgfective motility (wound healing) of PIMT~/~ MEFs. MEFs derived from PIMTTlox/flox
embryos were cultured to form a near confluent monolayer and migration monitored for 24
h in a scratch wound assay in uninfected (A, B), and adeno-Cre infected (C,D) conditions.
This assay was repeated 5 times. (E) PCR based genotyping for PIMT gene deletion in
MEFs. PIMTflox/flox MEFs were infected with Ad/LacZ or Ad/Cre and genotyped after 24 h.
MEFs infected with adeno-Cre virus (2.5, 5 and 7.5 pl) show disruption of PIMT gene. (F)
RT-PCR analysis of Ad/Cre infected and uninfected MEFs by using primers designed from
the exons 2 and 5. PIMT transcript is detected in untreated and Ad/LacZ infected MEFs
showing 1096 bp band. In the Ad/Cre infected MEFs, 124 bp band was obtained which
confirmed the deletion of exons 3 and 4. (G) Western blot analysis using two different PIMT
antibodies show absence of PIMT protein with P-12 antibody and a faint band with N-13
antibody. Bromodeoxyuridine immunohistochemistry shows reduced nuclear labeling in
PIMT null MEFs (H, J) as compared to PIMT+/+ MEFs (H and 1).
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Genotypes of PIMT+/- intercross progeny: Embryonic lethality

Age (dpc)  No. of mice with indicated genotype
+H+ +/- -I- Total
Weanling 71 135 0 206
E95 15 28 0 43
E8.5 8 17 0 25
E7.5 7 16 0 23
E3.5 20 40 15 75
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