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Abstract
PDCD2 is a conserved eukaryotic protein implicated in cell cycle regulation by virtue of its
interactions with HCFC1 and the NCOR1/SIN3A corepressor complex. Pdcd2 transcripts are
enriched in ES cells and other somatic stem cells, and its ortholog is essential for hematopoietic
stem cell maintenance in Drosophila. To characterize the physiological role(s) of mammalian
PDCD2, we created a disruption allele in mice. Pdcd2−/− embryos underwent implantation but did
not undergo further development. Inner cell masses (ICMs) from Pdcd2−/− blastocysts failed to
outgrow in vitro. Furthermore, embryonic stem cells (ESCs) require PDCD2 as demonstrated by
the inability to generate Pdcd2−/− ESCs in the absence of an ectopic transgene. Upon
differentiation of ESCs by retinoic acid treatment or LIF deprivation, PDCD2 levels declined. In
conjunction with prior studies, these results indicate that in vivo, PDCD2 is critical for blastomere
and ESC maintenance by contributing to the regulation of genes in a manner essential to the
undifferentiated state of these cells.
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Introduction
Pdcd2 (Programmed cell death 2; originally called Rp8 in rats) was identified in a screen for
mRNAs upregulated upon apoptosis of rat thymocytes (Owens et al., 1991). However,
subsequent experiments failed to support a correlation between Pdcd2 expression and
apoptosis (Fan et al., 2004; Kawakami et al., 1995; Minakhina et al., 2007; Steinemann et
al., 2003). While there is little published information on the role of Pdcd2, studies have
revealed that it is directly repressed by BCL6, which is associated with translocation
breakpoints in B and T cell lymphomas (Baron et al., 2002; Baron et al., 2007). PDCD2
appears to be a transcriptional regulator involved in cell cycle control during cell
proliferation and differentiation. It physically interacts with host cell factor 1 (HCFC1, also
called HCF-1) (Scarr and Sharp, 2002), which functions as a coactivator or corepressor in
the regulation of multiple phases of the cell cycle (Tyagi et al., 2007).
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PDCD2 plays critical roles during embryonic development in Drosophila. Zfrp8 (the
Drosophila ortholog of Pdcd2) mutant exhibits developmental delay, larval and pupal
lethality (Minakhina et al., 2007). Our previous studies also suggested the potential
importance of Pdcd2 in mouse embryonic development. Pdcd2 is a likely candidate for the t
haplolethal 1 (Thl1) locus (Howell et al., 2005), identified by deletions on proximal Chr 17
(Browning et al., 2002). Thl1 hemizygosity causes strain background-dependent embryonic
lethality. Microarray profiling of mouse tissues and developmental stages showed that the
site of highest Pdcd2 transcription is blastocyst stage embryos (Su et al., 2004), implicating
its participation in preimplantation development.

Although the identification of certain key factors such as OCT3/4, SOX2, and NANOG
(Boyer et al., 2005; Loh et al., 2006) has given insight into the maintenance of an
undifferentiated state in mouse and human ESCs, numerous auxiliary transcription factors
have been implicated to play a role in ESC biology (Lunyak and Rosenfeld, 2008). PDCD2
was found to be enriched in three types of mouse stem cells (embryonic, neural, and
hematopoietic) (Ramalho-Santos et al., 2002) and human ESCs compared to their
differentiated derivatives (Skottman et al., 2005). Functional evidence for a key role for
PDCD2 in stem cells was recently reported in Drosophila, whereby the ortholog Zfrp8 was
found to be essential for maintenance of hamatopoietic stem cells but not differentiated
daughters (Minakhina and Steward, 2010). PDCD2 interacts physically with HCFC1
(HCF-1) and NCOR1 (Scarr and Sharp, 2002), which are components of histone
modification complexes and are required for embryonic and adult stem cell self-renewal
(Dejosez et al., 2008; Hermanson et al., 2002; Jepsen et al., 2007). Taken together, these
data implicate PDCD2 as a potential auxiliary factor in stem cell maintenance and
differentiation.

Here, we disrupted Pdcd2 in mice via gene targeting to elucidate the physiological roles of
PDCD2 in embryonic development, and to determine if Pdcd2 functions in a dose-
dependent manner during embryogenesis as implied by deletion analysis of its genomic
region. We found that whereas hemizygosity for Pdcd2 did not disrupt embryogenesis,
complete absence of PDCD2 led to the failure of ICM outgrowth and peri-implantation
lethality. Furthermore, we found that PDCD2 is essential for ESC viability, but that its levels
decrease upon differentiation. These and other data suggest that PDCD2 has a role in stem
cell self-renewal.

Materials and Methods
Targeting vector construction

Two homologous arm fragments of 2.5-kb and 4.3-kb were amplified by PCR from a mouse
129 strain BAC clone, bMQ245J21 (The Sanger Institute) containing the entire Pdcd2 gene.
The primers contained restriction sites as follows. For the 2.5-kb fragment: 5’-
CCCCGCGGCAATCCCATCTCACCTCACC-3’ (Sac II site) and 5’-
CTAGCTAGCCAGGATGAAAGGGACACGAT-3’ (Nhe I site); for the 4.3 kb fragment:
5’-ACGCGTCGACTACCCACCCACTCCTGATTC-3’ (Sal I site) and 5’-
ATTTGCGGCCGCTCTGTTCTGGCATGTTGA GC-3’ (Not I site). The PCR products
were digested with those restriction enzymes and subcloned upstream and downstream of a
PGK-neo expression cassette to generate the targeting vector. Homologous recombination
between the WT allele and targeting vector resulted in the disruption of Pdcd2 by replacing
exon 2 with PGK-neo (Fig. 1a).
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Gene targeting of ES cells and generation of mutant mice
(129XC57BL/6J) F1 v6.4 ES cells (107 cells in 0.8 ml PBS) were electroporated with 20μg
of AscI-linearized targeting vector DNA. Transformants were selected with G418
(Geneticin, 250 μg/ml; Gibco-BRL, Rockville, Md.) and 0.2 μM FIAU (2'-fluoro 2'-
deoxy-5-iodouracil-ß-D-arabinofuranoside; Moravek Biochemicals, Brea, Calif.). Correctly
targeted clones were identified by Southern blot analysis with 5' and 3' probes as indicated
in Figs. 1a, b). 129 allele-targeted ESC clones were verified by SNP analysis (Fig. 1e) and
microinjected into C57BL/6J (“B6”) blastocysts to generate chimeric mice. These chimeras
were subsequently crossed with B6 females, and heterozygous offspring bearing the targeted
allele were intercrossed to produce progeny for phenotype analyses.

Animals were genotyped by PCR. The sizes of PCR products for WT and knockout alleles
are 300-bp and 236-bp, respectively (Fig. 1c). Common forward primer: 5’-GAATCGTGT
CCCTTTCATCC-3’; WT allele reverse primer: 5’-ATGCGTTGTTCCTTGGTAGC-3’;
Targeted allele reverse primer: 5’-ATTGCATCGCATTGTCTGAG-3’. E3.5 embryos were
genotyped by nested PCR as follows. The first round of amplification (25 cycles at 55°
annealing) was performed with primer pairs Pdcd2WtnestL (5’-
CTGAACCCTGGACGTAGGAC-3’) plus Pdcd2WtnestR (5’-
TTTTCGGTGCTTCACCTCAT-3’) for WT and Pdcd2WtnestL plus Pdcd2KonestR (5’-
GGGAGGATTGGGAAGACAAT-3’) for mutant. Two microliters of first round PCR
product was used as template for the second round PCR (35 cycles) using primer pairs
Pdcd2WTnest2L (5’-CGCGAGTGGTTGTATTCAGG-3’) plus Pdcd2WTnest2R (5’-
GCTTTTAAACCCGGGAAGAG-3’) for WT and Pdcd2WTnest2L plus Pdcd2KOnest2R
(5’-GTGGGCTCTATGGCTTCTGA-3’) for mutant. The amplified products are 119- and
128-bp for the wild type and mutant, respectively (Fig. 1d).

RNA in situ hybridization
In situ hybridizations were performed as described (Welsh and O'Brien, 2000). Pdcd2
probes were synthesized using the DIG RNA Labeling Kit (Roche). The primers used to
amplify the probe were 5’-ATGACCCAGCAGTGGAGATT-3’ and 5’-
GCGACCTCATTTGGTTTCAG-3’.

Immunolabelling and genotyping of preimplantation embryos
The indirect immunofluorescence procedure was performed essentially as described (Vitale
et al., 2005). The embryos were incubated with a mouse monoclonal anti-CDX2 antibody
(BioGenex AM392-5M) overnight at 4°, then with incubated with secondary antibody Alexa
Fluor 594 goat anti-mouse immunoglobulin G (Invitrogen) for 1 hour. After washing, they
were subsequently DAPI stained, washed, then imaged using confocal microscopy. Cells
that were DAPI-positive but CDX2-negative were considered to be ICM cells. After
microscopy, DNA was isolated as described (Ralston et al., 2010) and genotyped by nested
PCR as outlined above.

Isolation of nuclear and cytoplasmic fractions
ESCs were lysed in 10 mM Tris pH 7.4, 10 mM NaCl, 10 mM MgCl2, 0.05% Nonidet P-40,
and protease inhibitor for cytosol preparations (Gondran et al., 1999). Then nuclear pellets
were resuspended in CSK buffer (He et al., 1990)(10 mM PIPES pH 6.8, 100 mM NaCl, 300
mM sucrose, 3 mM MgCl2, 1 mm EGTA, 0.5% Triton X-100, 1 mM DTT and protease
inhibitors) on ice for 10 minutes. After 2 minute centrifugation at 5000×g, the supernatant,
or nucleoplasm, was removed and the pellets were incubated with 7 μl Benzonase®
Nuclease (Qiagen) in 13μl distilled water for 15 min at room temperature. Extraction buffers
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CE3 and CE4 in Qproteome cell compartment kit (Qiagen) were employed for chromatin-
binding protein and cytoskeleton fraction, respectively.

Cell culture and ES cell differentiation
Mouse embryonic fibroblasts (MEFs), ESCs, and blastocysts were cultured as described
previously (Mu et al., 2008). Blastocysts were collected after 5 days of culture for DNA
isolation and genotyping. For the induction of ESC differentiation, 2 × 105 cells were plated
on 60-mm dishes in ESC with LIF supplementation for 24 hours, then LIF was removed and
replaced with retinoic acid (RA) at final concentrations indicated in the text. For
measurement of alkaline phosphatase activity, the StemTAG Alkaline Phosphatase Activity
Assay Kit (Cell Biolabs, Inc. San Diego, CA) was used according to the manufacturer’s
instructions.

RT-PCR analysis
Total RNA was extracted from ESCs using RNeasy mini kits (Qiagen) and quantified using
a NanoDrop apparatus. cDNA synthesis was primed with oligo(dT) on 1 μg of total RNA
with SuperScript III (Invitrogen), according to the manufacturer's instructions. The mRNA
levels of Oct4, Nanog, and Sox2 were semi-quantified by RT-PCR using β-actin as an
internal control. The primers were those used by Gu et al. (Gu et al., 2005)

RNA interference
An siRNA pool, consisting of four individual siRNAs against Pdcd2 mRNA, was purchased
from Dharmacon (Lafayette, CO). Immortalized MEFs were seeded on 6-well plates at 5 ×
105 cells/well and grown to ~50% confluence. The cells were then transfected with siRNA
against Pdcd2 or a negative control primer set at a final concentration of 100 nM using
DharmaFECTTM 3 transfection reagent (Dharmacon) . ESCs were transfected with siRNA
using lipofectamine 2000 (Invitrogen) according to manufacture’s protocol. The cells were
harvested for assessing knockdown efficiency, cell proliferation, or differentiation 72 hours
post transfection.

Western blot analysis
Protein was extracted from MEFs, ESCs, and tissues using radioimmunoprecipitation assay
buffer, and the concentration was quantified with a BCA kit (Pierce). Amounts of 15 μg of
total protein were separated by SDS-polyacrylamide gel electrophoresis, electrotransferred
onto a pure nitrocellulose membrane (Bio-Rad), and probed with the relevant antibodies.
Binding was detected by using a Pierce ECL kit. The band intensities were quantified by
using NIH Image J software. The employed antibodies were rabbit anti-PDCD2
(ProteinTech Group, Inc.), rabbit anti-CREB (Cell signaling), mouse anti-β-actin (Sigma),
and rabbit anti-GAPDH (Sigma).

Creation of homozygous mutant Pdcd2 ESCs
The remaining WT Pdcd2 allele was disrupted in Pdcd2+/− ESCs by homologous
recombination or selection for spontaneous loss-of-heterozygosity (LOH). For homologous
recombination, we used the same targeting vector as that described earlier, except that the
neo resistance marker was replaced with a puromycin resistance gene. ESCs were selected
in the medium containing 250 μg/ml G418 and 5 μg/ml puromycin (Sigma). Disruption of
Pdcd2 by spontaneous LOH was performed as described (Mortensen et al., 1992) using
1mg/ml G418. For rescue experiments, Pdcd2+/− ESCs were electroporated with plasmids
containing Pdcd2 cDNA and a blasticidin resistance gene. Cells were treated with 5μg/ml
blasticidin (Invitrogen), and surviving colonies were screened by Western blot analysis of
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PDCD2 to identify Pdcd2-overexpressing cell lines. Those ESC lines were used for
homozygous disruption of Pdcd2 as mentioned above.

Results
Pdcd2 deficiency is not sufficient to cause t complex haplolethality

To elucidate the function of Pdcd2 in mammalian development, we generated a disruption
allele in ESCs by homologous recombination (Fig. 1a-c). The targeting strategy deletes exon
2, containing the MYND zinc-finger domain of PDCD2, and causes a frameshift that likely
results in a null mutation. Targeted ES cells were readily obtained by homologous
recombination (12.5% of G418-positive clones; Table 2), and used to generate mice
transmitting the mutant locus (Pdcd2tm1Jcs, abbreviated Pdcd2−).

Pdcd2 resides in a 140 kb region containing a locus called t complex haplolethal 1 (Thl1)
(Howell et al., 2005). Deletion of the 129 allele of Thl1 from (129XB6)F1 ESCs resulted in
late gestation lethality of deletion-bearing embryos produced from matings of chimeras to
B6 females, but not females of other strains (Browning et al., 2002). Pdcd2 was identified as
a likely Thl1 candidate based on analysis of genes in the 140 kb critical region (Howell et
al., 2005). To determine if Pdcd2 is indeed Thl1, we identified an ESC clone in which the
129 allele was targeted (Fig. 1e), generated chimeric males with 100% agouti coats
(indicative of ESC contribution), mated them to B6 females, and determined inheritance of
the mutant allele. Nearly equal numbers of Pdcd2 +/+ and Pdcd2 +/− pups were born (28 and
26, respectively; Table 1), all with visibly normal phenotypes. These results suggest that
hemizygosity for Pdcd2 alone does not cause the Thl1 phenotype.

PDCD2 deficiency causes early embryonic lethality associated with defective ICM
proliferation

Intercrosses of Pdcd2+/ mice failed to produce homozygous mutant weanlings (Table 1), and
premature death of newborns (pre-genotyping) was not noted. To characterize the nature of
the probable embryonic lethality, we then examined E7.5 and E12.5 embryos from
intercrosses. Again, no homozygotes were seen, and there were no indications of abnormal,
resorbing embryos at either stage (Table 1). We noted that in three of the E7.5 timed
matings, the aggregate number of ovarian corpora lutea (27) equaled the number of uterine
decidua, but 10 lacked any embryos. These observations indicated that mutant embryos
implanted, but there was little or no development of the embryo proper. This phenotype is
suggestive of a defect in the embryonic, but not extraembryonic (trophectoderm) lineage.

To test this idea, we collected E3.5 embryos (which should be at the blastocyst stage) and
placed them into culture to perform inner cell mass (ICM) outgrowth assays. Of the 46
embryos collected, 7 were Pdcd2 −/− (not a statistically significant shortfall). Five of the
homozygous mutant embryos were delayed at the cleavage or morula stages, and the
remaining 2 were at the blastocyst stage (Table 1). All the Pdcd2+/+ and Pdcd2+/− embryos
(39) attached to the culture dishes, hatched, and underwent ICM outgrowth. Whereas the
two Pdcd2−/− blastocysts attached and hatched to produce a monolayer of viable trophoblast
cells, they failed to exhibit ICM outgrowth (Fig. 2a). The five cleavage/morula stage mutant
embryos did not attach or hatch, and their ICMs/blastomeres displayed decompaction (Fig.
2).

To determine if the failure of ICM outgrowth was due to a specific depletion of ICM cells or
a preferential differentiation into trophectoderm, morula and blastocyst stage embryos were
collected, stained with a trophectoderm specific marker (CDX2), and then genotyped
(Supplemental Table 1). Three mutant embryos were identified of 25 that were successfully
genotyped. Two morula stage embryos were isolated, containing an average of 22 total cells,
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3.5 of which were CDX2-negative (putative ICM precursors). Four similar stage WT
embryos had a similar overall number of cells (average = 23), with slightly more (4.75)
being CDX2 negative. Only one mutant blastocyst was identified with 15/27 ICM cells,
compared to an average of 11/33.6 for WT. These results suggest that when compared to
similarly staged WT embryos, there is no dramatic skewing of either the embryonic/extra-
embryonic cell ratio or the total number of cells. However, as indicated by the embryo
culture experiments, the mutant embryos are more predisposed to arrest before progression
to the blastocyst stage.

Downregulation of Pdcd2 upon ES cell differentiation
The failure of ICM outgrowth in Pdcd2−/− embryos could mean that PDCD2 is essential for
cellular growth or metabolism. Alternatively, gene expression data suggests a potential role
in stem cell maintenance. Microarray studies have shown that in mice, Pdcd2 is most highly
transcribed in blastocyst stage embryos (Su et al., 2004). Additionally, it is more highly
transcribed in stem cells (embryonic, neural, and hematopoietic) than their corresponding
differentiated derivatives (Ramalho-Santos et al., 2002; Skottman et al., 2005). To explore
the possibility that PDCD2 may have a particular function in stem cell maintenance, and to
corroborate the microarray studies, we measured PDCD2 levels in ESCs before and after
inducing them to differentiate with retinoic acid (RA). After RA treatment (0.1μM) for three
and four days in the absence of leukemia inhibitory factor (LIF), PDCD2 protein levels in
ES cells were decreased by 50% and 80%, respectively (Figs. 3a, b). The induction of ES
cell differentiation by RA was confirmed by the decreased expression of the “stemness”
markers Oct4, Nanog, and Sox2 (Fig. 3c). To exclude the possibility that the decrease in
Pdcd2 expression was caused by direct transcriptional repression by RA rather than by
differentiation of the ESCs, we assessed PDCD2 protein levels in RA-treated MEFs by
Western blot analysis. PDCD2 levels were unaffected by RA treatment of MEFs (Fig. 3d).
LIF deprivation of ESCs grown without feeders, a condition resulting in differentiation,
caused reduction of PDCD2 beginning 4-6 days after withdrawal (Fig. 3a, e). These
observations demonstrate a correlation between Pdcd2 expression and ESC pluripotency.

Small amounts of PDCD2 are adequate for ESC self renewal and pluripotency
The requirement of PDCD2 for ICM outgrowth suggests that it would also be required for
ESC viability. To test this, we performed siRNA knockdown of Pdcd2 in ESCs and
observed the effect on cell proliferation and differentiation. Western blot analysis showed
that total cellular PDCD2 protein was dramatically reduced by Pdcd2 siRNA treatment (Fig.
4a). However, the decreased PDCD2 did not impair cell proliferation (Fig. 4b). Additionally,
there was no marked loss in alkaline phosphatase (AP) activity, which would indicate
differentiation had occurred as in the case of LIF removal (Fig. 4c).

The lack of effect from PDCD2 knockdown was surprising, given the requirement for this
protein by ICM cells (from which ESCs are derived). Since PDCD2 contains a MYND
domain, a motif that mediates interactions with nuclear proteins involved in transcriptional
regulation (namely repression) (Gelmetti et al., 1998; Gottlieb et al., 2002; Ladendorff et al.,
2001; Sims et al., 2002; Wang et al., 1998), we explored whether nuclear and cytosolic
PDCD2 levels were equally altered in siRNA-treated cells. The ratio of nuclear to cytosolic
PDCD2 was much higher in knockdown cells compared to controls, such that the levels of
nuclear PDCD2 were only marginally reduced in knockdown cells (Fig. 4d). These Western
analyses (compare Fig. 4a and d) indicate that the majority of PDCD2 in normal cells is
cytosolic, but that there is a mechanism to maintain a determined level of nuclear PDCD2
using the cytosolic stores. These experiments suggest that only a small fraction of normal
PDCD2 levels are sufficient to provide physiological function in ESCs.

Mu et al. Page 6

Dev Biol. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PDCD2 is indispensible for ESCs
Since RNAi knockdown was unable to completely eliminate PDCD2 in ESCs, we attempted
to address the requirement for PDCD2 in ESCs by making homozygous mutant ESCs. Two
strategies were attempted: 1) disrupting the second allele of Pdcd2 in Pdcd2+/− ESCs by
gene targeting; and 2) selecting for spontaneous LOH in the presence of elevated G418
concentration.

As described earlier, Pdcd2 was targeted efficiently in wild type ES cells, with 12.5% of
transformants having undergone homologous recombination with the vector (Table 2).
However, attempted targeting of the remaining WT locus in Pdcd2+/− ESCs, using a vector
containing identical homology arms, was unsuccessful. None of the 196 transformed
colonies underwent homologous recombination with the vector (Table 2). Selection for LOH
also failed; none of the 96 colonies that grew in elevated G418 were homozygous for the
mutant allele (Table 2). To verify that the failure to isolate homozygous mutants was due to
cell lethality from PDCD2-deficiency rather than a technical issue with mutating the
remaining Pdcd2 allele in the Pdcd2+/− ESCs, we repeated the experiments in cells
containing a stably integrated FLAG-tagged Pdcd2 cDNA expression construct. In two
independent lines, selection for LOH (i.e. homozygosity for the targeted allele) at the Pdcd2
locus was efficiently achieved (Table 2) as detected by PCR analysis of the Pdcd2 locus
itself (Fig. 5a top two panels, samples 1–3 in both ESC lines) and LOH of flanking
polymorphic microsatellite markers in the F1 ESCs (Fig. 5a, bottom two panels). Targeting
of the remaining WT allele by homologous recombination was also attained with high
efficiency (9.5%) in Pdcd2+/− cells containing the rescuing Pdcd2 expression construct
(Table 2; Fig. 5b). Western blot analysis confirmed a lack of endogenous PDCD2 protein in
homozygous disrupted ESCs of Pdcd2 via gene targeting (Fig. 5c). Approximately normal
levels of the epitope tagged PDCD2 were present in these lines, presumably providing
normal protein activity. From these data, we conclude that PDCD2 is essential for both ICM
and ESC viability and proliferation.

Embryonic expression pattern, tissue distribution, and cellular localization of PDCD2 in ES
cells

To gain insight into the possible roles of PDCD2 in pre- and postimplantation development,
we examined the expression and localization of Pdcd2 mRNA in various tissues and stages
of development. In E7.5 embryos, in situ hybridization indicated that Pdcd2 transcription
was highest in extraembryonic tissue and the embryonic head fold region (Fig. 6a). At E8.5,
Pdcd2 exhibited a specific expression pattern in the neural fold region, which gives rise to
the fore-, mid-, and hindbrain (Fig. 6a). Pdcd2 mRNA was also abundant in the eyes,
posterior trunk, and first branchial arch (precursor to the middle ear; Fig. 6a). These data
indicate a role for PDCD2 in organogenesis.

PDCD2 protein levels were detected by Western blot analysis in various tissues (Fig. 6b).
PDCD2 appeared to be most highly expressed in testis and thymus, but protein was also
evident in spleen, pancreas, brain, lung, heart, and muscle. In mouse ESCs, we found that
the majority of PDCD2 exists in the cytosol, with only trace amounts of nuclear PDCD2
being chromatin-bound (Fig. 6c). This is consistent with the Western analyses presented in
Fig. 4d, and the observations in Drosophila indicating predominantly cytoplasmic
localization of Zfrp8 (Minakhina et al., 2007).

DISCUSSION
This report shows that ablation of mouse Pdcd2 disrupted embryonic development
beginning at the cleavage and blastocyst stages. The basis for this lethality was a failure of
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blastomere and ICM proliferation. Additionally, PDCD2 is essential for growth of ESCs,
which are ICM-derived. Data presented here and by others raise the possibility that PDCD2
is required particularly for stem cell growth and self-renewal, as opposed to growth of all
cell types. The Drosophila melanogaster ortholog Zfrp8 is essential for maintenance of
hematopoietic stem cells, but not differentiated daughters (Minakhina and Steward, 2010).
Although Pdcd2 is expressed in many mouse tissues, it is most highly transcribed in pre-
implantation embryos. Furthermore, we showed that Pdcd2 expression in ES cells decreased
upon induction of differentiation by RA treatment or LIF deprivation. This is consistent with
a report that mouse embryonic, neural, and hematopoietic stem cells have higher levels of
Pdcd2 mRNA compared to their differentiated derivatives (Ramalho-Santos et al., 2002).
Severe knockdown of PDCD2 in MEFs did not affect viability and proliferation, although
similar levels of depletion didn’t affect ESCs either. Therefore, a potential requirement for
PDCD2 in differentiated cells is unclear.

Regarding the biochemical function of PDCD2 in early embryos, the body of evidence
indicates it is involved in regulating gene expression. PDCD2 interacts physically with both
HCFC1 and NCOR1 (also known as N-Cor), the latter being a component of the NCOR1/
SIN3A corepressor complex that recruits histone deacetylases (HDACs) to chromatin.
Consistent with a gene regulatory function, we found that the nuclear fraction of PDCD2
was linked to ESC growth and survival in our siRNA knockdown experiments. Scarr et al
reported that PDCD2 overexpression negatively regulated transfected HCFC1 in a cell line
containing a temperature-sensitive HCFC1 allele (Scarr and Sharp, 2002). The HCFC1N
subunit (produced by processing of a larger precursor protein) promotes G1 phase
progression (Goto et al., 1997) via the E2F pathway (Tyagi et al., 2007) in certain cell
culture models. E2F transcriptional regulators control human cell proliferation by repressing
and activating the genes required for cell cycle progression through S phase in particular.
The association and binding of HCFC1/E2F1 to E2F-responsive promoters are cell cycle
selective. During the G1-to-S transition, HCFC1 recruits MLL and the SET1 H3K4
methyltransferase to E2F-responsive promoters in place of E2F1-bound RB1 (a.k.a. pRB, or
retinoblastoma)-mediated repressive complexes, inducing H3K4 methylation and
transcriptional activation (Tyagi et al., 2007).

Given that PDCD2 reportedly inhibits HCFC1, how would loss of PDCD2 prevent ESC and
ICM cell proliferation? Cell cycle progression is exceptionally rapid in 4–16 cell stage
embryos, with a short G1 phase (1–2 hours) causing rapid transition into S phase. Successful
G1/S transition and S phase progression requires inactivation of the Rb1 (Retinoblastoma)
gene product (RB1) (Knudsen et al., 1998; Sherr, 1996), a negative growth regulator that
inhibits the G1/S transition. The association of RB1 with cell cycle regulation of
preimplantation embryos has been demonstrated in two reports showing that RB1 expression
is downregulated between the four-cell and morula stages (Iwamori et al., 2002; Xie et al.,
2005). Overexpression of Rb1 in mouse embryos at these stages inhibited their development
(Iwamori et al., 2002). In light of these data, we can offer two models to explain PDCD2’s
role in growth of preimplantation embryos. One is that PDCD2 negatively regulates RB1.
This could occur conceivably via inhibition of HCFC1, which has been shown to stimulate
RB1 transcription in myoblasts, thereby causing cell cycle exit and myogenic differentiation
(Delehouzee et al., 2005). The second model takes into account the observations that
HCFC1 can cause transcriptional repression by interacting with E2F4 at certain promoters,
and that the SIN3A HDAC is present when HCFC1 is bound to E2F4 (Tyagi et al., 2007).
PDCD2, which interacts with both HCFC1 and the NCOR/SIN3A complexes, may mediate
the E2F4/HCFC1/SIN3A relationship at repressed genes. In embryos, these repressed genes
could include inhibitors of the cell cycle (such as RB1) or pro-differentiation genes.
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Embryonic stem cells, like preimplantation embryos, have a short G1 phase of roughly 1.5h
during which hypophosphorylated RB1 is virtually undetectable (Savatier et al., 1994).
PDCD2 might regulate the G1/S transition in ES cells the same way as in early
embryogenesis. Our experiments showed that ESC viability and proliferation was retained
following RNAi – mediated knockdown, apparently by shifting the ratio of remaining
PDCD2 from the cytoplasm to the nucleus.

Because of the early lethality in Pdcd2−/− embryos, we were unable to characterize the
potential in vivo role(s) for PDCD2 during later stages of development or in adult tissues.
Given that Pdcd2 is transcribed in many cell types, it might function in cell proliferation,
differentiation, and the determination of cell fate during organogenesis or adult cell
homeostasis as in Drosophila hematopoiesis (Minakhina et al., 2007; Minakhina and
Steward, 2010). Analyses of a conditional allele will be useful in addressing this issue.
Disruptions of the PDCD2 interactors NCOR, or NCOR- and HCFC1-associated proteins
such as SIN3A and SIN3B, also lead to developmental defects. Ncor−/− embryos exhibit
defects in developmental progression of erythrocyte, thymocyte and neural events (Jepsen et
al., 2000). Sin3A deletion results in lethality at E6.5 and impaired T cell development
(Cowley et al., 2005; Dannenberg et al., 2005). David et al revealed that Sin3b plays a
critical role in the control of cell cycle exit, terminal differentiation, and specific lineages in
mammals (David et al., 2008).

Our studies of PDCD2 function were originally motivated to test its possible identity to
Thl1, a strain-dependent haplolethal locus in the mouse t complex that was revealed by
studies of a nested series of chromosomal deletions induced in ESCs (Browning et al.,
2002). Thl1 embryonic lethality was partially rescued by BAC RP24-346I22 containing 4
Refseq genes, Pmsb1, Pdcd2, Tbp1, and Prdm9 (Howell et al., 2005). Since Prdm9 nulls
have meiotic defects, and Tbp1 has no haploinsufficient phenotype, one remaining candidate
is Pmsb1. This gene encodes a core β subunit of the 20S proteasome, which is an essential
component of the ATP-dependent proteolytic pathway in eukaryotic cells and is responsible
for the degradation of cellular proteins (Coux et al., 1996). Alternatively, it is possible that
Thl1 lethality might be a synthetic effect of hemizygous deletion of two or more than two
genes, including Pdcd2.

Conclusions
Collectively, we have demonstrated an essential role for PDCD2 in preimplantation
development of the inner cell mass and in embryonic stem cell viability and growth.
Although it is most prevalent in the cytoplasm, it is chromatin-bound PDCD2 that appears to
be critical for ESC growth. Our results combined with those of others suggest that PDCD2
promotes cell proliferation/self-renewal of pluripotent embryonic cells and ESCs cells via
transcriptional control of the cell cycle. Future studies will address if these activities are
required for other stem cell types, and if PDCD2 has critical functions in differentiated cells
as well.
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Abbreviations

ESC embryonic stem cell

ICM inner cell mass

RA retinoic acid

MEF mouse embryonic fibroblast

LIF leukemia inhibitory factor
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Figure 1. Targeted disruption of mouse Pdcd2
(A) A map of the genomic locus surrounding the second exon (solid black) is shown. Other
exons are depicted as empty boxes. The targeting construct contains 2.5 kb of 5’ flanking
sequence, a PGK-Neo cassette, 4.3 kb of 3’ flanking sequence, and the herpes simplex
thymidine kinase (MC1-TK) cassette for negative selection. Correct homologous
recombination will yield the indicated “KO allele.” M = MscI. D = DrdI. (B) Southern blot
analysis of ESC genomic DNA digested with the indicated enzymes and hybridized with the
indicated probes depicted in “A.” (C) PCR genotype analysis with primer pairs for the
mutant (mt) or wild-type (wt) alleles. (D) Nested PCR genotyping of blastocysts. “blk” = no
embryo control. (E) DNA sequencing traces of a region containing a 129 vs B6 SNP in the
Pdcd2 targeted region (the SNP is included in the 3’ targeting arm, in intron 3). The v6.4 ES
cells used for gene targeting are (B6X129) F1. The targeting DNA was from strain 129
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(amplified from BAC bMQ245J21). Targeting of the 129 allele of Pdcd2 with the 129
vector leaves heterozygosity of the SNP, as shown by sequencing (E).
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Figure 2. PDCD2 is essential for mouse preimplantation development
E3.5 embryos were plated and placed in culture for 5 days to assess inner cell mass (ICM)
outgrowth. The genotypes of three representative blastocysts are as indicated. The black bars
indicate 100μm. Tr = trophoblast cell. Note that the mutant embryo in the right panel failed
to attach to the culture dish and hatch. Also, the blastomeres appear to be de-compacting.
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Figure 3. Downregulation of Pdcd2 upon ES cell differentiation
(A) Western blot analysis of PDCD2 in mouse ES cells induced to differentiate by addition
of retinoic acid (RA) for the number of days indicated. Blots were first probed with PDCD2
antibody and reprobed with antiβ-actin. The ESCs were cultured on mitotically-inactivated
MEFs, which prevent differentiation even in the absence of exogenous LIF. (B)
Quantification of band intensities in “A” for the 0.1μM [RA] treatment level. The values are
shown as mean ± SEM (% of day 0); *P<0.05, N=3. (C) RT-PCR analysis of “stemness”
markers Nanog, Oct4, and Sox2 in the RA-treated or LIF-supplemented ES cells from “A”.
(D) Western blot analysis of PDCD2 in immortalized MEFs supplemented with RA for the
indicated number of days. (E) Western blot analysis of PDCD2 in ES cells grown without
LIF supplementation for the number of days indicated. Blots were reprobed with anti-β-
actin.
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Figure 4. Small amounts of PDCD2 are sufficient for cell survival
siRNA knockdown of Pdcd2 in ESCs and immortalized MEFs was performed and
monitored by various metrics. The knockdown efficiency was assessed in ESCs and MEFs
by Western blot analysis (A, E). 72 hours after siRNA transfection, the cells were harvested
and counted for proliferation assays (B, F). The cell number was quantified from three
independent experiments and shown as the mean ± SEM (% of control). (C) Effect of
decreased PDCD2 on ESC pluoropotency was assessed by alkaline phosphatase (AP)
activity. The LIF withdrawal group is a positive control for cell differentiation. (D) Western
blot analysis of cytosolic and nuclear PDCD2 in Pdcd2 knockdown ESCs. Blots were
probed with antibodies indicated. GAPDH and CREB are loading controls for cytosolic and
nuclear proteins, respectively. “Non-target” refers to transfection with siGENOME® Non-
Targeting siRNA Pools.
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Figure 5. Screening and verification of PDCD2 homozygous mutant ESC lines
(A) Shown are analyses of ESC clones isolated following selection in elevated G418. These
were derived from two subclones of the original targeted (Pdcd2+/−) ESCs (indicated at top
of panel), that were stably transfected with a FLAG-Pdcd2 expression construct. Samples 1–
5: ESC colonies; 6: B6 control; 7: 129 control. To detect LOH, the selected colonies were
genotyped with probes specific for the WT and KO alleles of Pdcd2. LOH was confirmed
with microsatellite markers D17Jcs27 and D17Mit213, which are located upstream (~378
kb) and downsteam (~1.1 Mb) of Pdcd2, respectively, showing loss of the B6 allele. Such
events are likely to have occurred by either chromosome loss/reduplication or mitotic
recombination. (B) Derivation of Pdcd2−/− ESCs by homologous recombination in cells
containing a FLAG-Pdcd2 expression construct. “ctrl” is Pdcd2+/− ESC DNA. (C)
Homozygous knockout of Pdcd2 was verified by Western blot analysis of PDCD2 on ESC
protein extracts. Colonies 2, 6, 19, and 24 lack endogenous PDCD2.
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Figure 6. Embryonic expression pattern, tissue distribution and cellular localization of PDCD2
(A) Pdcd2 expression pattern in whole mount embryos. Pdcd2 mRNA was detected by in
situ hybridization of an antisense RNA probe to WT embryos. The left E9.5 embryo in the
bottom right panel was hybridized to a sense RNA control probe. HF = head fold;
hb=hindbrain; mb=midbrain; fb=forebrain; br=1st branchial arch. Black bars=500 μm. (B)
Western blot analysis of PDCD2 in tissues dissected from one-month old mice. 20μg of
protein was loaded in each lane. Liver and kidney have intense nonspecific bands that
obscure the PDCD2 species, and are not shown. (C) Western blot analysis of PDCD2 in ES
cell fractions. The loaded protein was extracted from equal numbers of ES cells. Blots were
probed with antibodies indicated. GAPDH and TBP are loading controls for cytosolic and
nuclear proteins, respectively.
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Table 1

Offspring genotypes from Pdcd2 heterozygote intercrosses

Stage

Genotype

Total+/+ +/− −/−

Weanling 24 55 0 79

12.5 dpc 9 14 0 23

7.5 dpc 12 22 0 39

3.5 dpc 13 26 7* 46

Weanlings are ~ 21 days of age.

*
Among the 7 embryos, 2 were blastocysts, and 5 were at cleavage or morula stages as described in the text. “dpc” = days post coitus.
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Table 2

Disruption of remaining WT Pdcd2 allele in Pdcd2+/− ESCs by homologous recombination or selection for
LOH in elevated G418.

ESC line Method Colonies Targeted/ LOH Rate

Pdcd2+/− HR 48 6 12.5%

Pdcd2+/− HR 192 0 0

Pdcd2+/− G418 inc. 96 0 0

Flag-Pdcd2; Pdcd2+/− #5 G418 inc. 36 7 19.4%

Flag-Pdcd2; Pdcd2+/− #8 G418 inc. 24 19 79.2%

Flag-Pdcd2; Pdcd2+/− #8 HR 42 4 9.5%

HR = homologous recombination. “inc.” = increase.
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