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ABSTRACT

Understanding transcriptional regulation in early
developmental stages is fundamental to under-
standing mammalian development and embryonic
stem (ES) cell properties. Expression surveys
suggest that the putative SCAN-Zinc finger tran-
scription factor Zfp206 is expressed specifically in
ES cells [Zhang,W., Morris,Q.D., Chang,R., Shai,O.,
Bakowski,M.A., Mitsakakis,N., Mohammad,N.,
Robinson,M.D., Zirngibl,R., Somogyi,E. et al.,
(2004) J. Biol., 3, 21; Brandenberger,R., Wei,H.,
Zhang,S., Lei,S., Murage,J., Fisk,G.J., Li,Y., Xu,C.,
Fang,R., Guegler,K. et al., (2004) Nat. Biotechnol.,
22, 707-716]. Here, we confirm this observation,
and we show that ZFP206 expression decreases
rapidly upon differentiation of cultured mouse ES
cells, and during development of mouse embryos.
We find that there are at least six isoforms of
the ZFP206 transcript, the longest being predo-
minant. Overexpression and depletion experiments
show that Zfp206 promotes formation of undiffer-
entiated ES cell clones, and positively regulates
abundance of a very small set of transcripts whose
expression is also specific to ES cells and the two-
to four-cell stages of preimplantation embryos. This
set includes members of the Zscan4, Thoc4, Tcstv1
and elF-1A gene families, none of which have been
functionally characterized in vivo but whose mem-
bers include apparent transcription factors, RNA-
binding proteins and translation factors. Together,
these data indicate that Zfp206 is a regulator of
ES cell differentiation that controls a set of genes
expressed very early in development, most of which
themselves appear to be regulators.

INTRODUCTION

Preimplantation development comprises the period from
fertilization to implantation, including the zygote, 2-cell,
morula and blastocyst stages. Cells from embryos before
the 8-cell stage are totipotent, giving rise to all cell types
(1). Preimplantation development is characterized by three
major developmental transitions that occur after fertilization:
zygotic genome activation (ZGA) (also known as maternal to
zygotic transition), compaction during the 8-cell stage, and
differentiation of the morula into the blastocyst (2). The
transition from the totipotent morula to the blastocyst marks
the first cell differentiation event, specifying the pluripotent
cells of the inner cell mass (ICM) that will give rise to the
embryo proper, and the trophectoderm, which will give rise
to extra-embryonic tissue including the placenta (3). Typi-
cally, embryonic stem (ES) cells are derived from the ICM
and are capable of differentiating into all fetal and adult
cell lineages (4). ES cells can also be derived from 8-cell
and morula stages (5,6). The developmental potentiality of
ES cells provides a powerful system to study early embryonic
development, to generate experimental models with specific
gene alternations, and potentially to obtain cells for transplan-
tation therapies.

Since maintenance of ES cell self-renewal and pluri-
potency involves transcriptional programming (7.8), and
each of these developmental transitions is accompanied by
major changes in the pattern of gene expression (9,10),
dissecting the full regulatory circuitry of ES cells and preim-
plantation embryos will be a key step in understanding
cellular pluripotency and early embryonic development.
Transcription factors that are important for cellular pluri-
potency and preimplantation development, such as Oct4
(Pou5f1), Nanog and Sox2, are predominantly expressed in
preimplantation embryos and the ICM (11), and appear to
regulate large groups of genes, many of which are develop-
mentally important homeodomain proteins (12). However,
these transcription factors are unlikely to account for all
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observed transcriptional regulation in early development.
Moreover, post-transcriptional regulatory pathways are also
likely to be mediators of fertilization and early development
(13). For example, consistent with the increase in both
transcription and translation in ZGA, large groups of genes,
whose functions are enriched in post-transcriptional regula-
tory activities, such as ‘RNA binding’ and ‘translation initia-
tion factor’, are transiently induced in ZGA (9). Among these
genes, the translation initiation factor elF-1A (also known as
elF-4C) is a well-established example (9,10,14). In vitro,
elF-1A increases translational efficiency by binding 40S
ribosomes and recruiting mRNA (15).

Here, we have re-examined our previous microarray-based
survey of expression of known and predicted mouse genes in
diverse tissues and cell types (16), and identified ZFP206,
encoding an apparent SCAN-zinc finger transcription
factor, as being expressed almost exclusively in ES cells in
these data. Upon further investigation and experimentation,
we have found that ZFP206 strongly regulates levels of a
handful of transcripts whose expression is also specific to
ES cells and other stages of very early development, and
which themselves encode apparent regulators. These include
genes encoding elF-1A and Tcstvl, which have previously
been reported to be expressed in preimplantation embryos
(10,14), as well as a Zscand (encoding another apparent
SCAN-zinc finger transcription factor) and an RNA-binding
protein similar to Thoc4. Consistent with a role in very
early development and/or stem cell function, we found that
ZFP206 expression levels also impact the differentiation
state of cultured ES cells.

MATERIALS AND METHODS
ES cell culture and colony forming assays

ES cells were cultured as described (17). For colony forming
assays, single-cell suspensions were prepared using trypsin—
EDTA solutions, gently suspended, and seeded at 200 cells/
well in 12-well plates. After 6 days, culture plates were
stained for alkaline phosphatase (Chemicon) (18) and indi-
vidual colonies scored for being uniformly undifferentiated.

Localization by immunodetection

We examined the subcellular localization of Zfp206
protein in cultured ES cells by tagging the cDNA at the
3’ end with three copies of the FLAG epitope and inserting
it into the ES expression plasmid pPyCAGIP (19), which
has a CAG [hybrid cytomegalovirus (CMV) enhancer/
chicken-actin] promoter and a puromycin resistance marker.
Transiently transfected R1 cells on glass coverslips were
fixed with 4% paraformaldehyde, permeabilized with 0.25%
Triton X-100, blocked with 10% BSA, and incubated with
mouse monoclonal ANTI-FLAG® M2 (Sigma) for 2 h at
37°C. After washing, a fluorescein isothiocyanate (FITC)
conjugated secondary anti-mouse antibody (Sigma) was
used to detect the primary antibody. Samples were mounted
in antifade solution and observed using a fluorescence
microscopy. For western blotting, ZFP206-FLAG transfected
R1 cells were washed with ice-cold phosphate-buffered saline
(PBS) and harvested in 100 pul of RIPA lysis buffer. Lysates
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were resolved on 10-12% SDS—polyacrylamide gels. Protein
was transferred to a nitrocellulose membrane (Bio-Rad)
using an electroblotting procedure. The protein blot was
blocked with 5% non-fat dry milk in TBS [5S0 mM Tris
(pH 7.6) and 150 mM NaCl] overnight at 4°C, or in TBS-T
(TBS and 0.1% Tween-20) for 1 h at room temperature.
The blot was incubated with mouse monoclonal ANTI-
FLAG® M2 (Sigma) 1 h at room temperature, thoroughly
washed and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies, and detected by enhan-
ced chemiluminescence according to the manufacturer’s
instructions.

RT-PCR

Total RNA was isolated with Trizol (Invitrogen) and 2 pg of
total RNA were reverse transcribed using Superscript™ 11
(Invitrogen). 1/20th of the reverse transcription product was
amplified using SYBR Green PCR Master Mix (Applied
Biosystems) and analyzed on 7900HT Sequence Detection
System (Applied Biosystems). Primer sequences are posted
in Supplementary Data at http://hugheslab.med.utoronto.ca/
ZFP206 together with the sequences of RT-PCR products
described in the Results.

Northern blotting

A total of 10 png of total RNA was separated on 1.5%
agarose—glyoxal gels, transferred to a Hybond N* membrane
(Amersham) by capillary transfer, ultraviolet (UV) cross-
linked to the membrane, and probed with a 782 bp ZFP206
fragment that is common to all isoforms (sequence posted
at http://hugheslab.med.utoronto.ca/ZFP206).

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as
described previously (20). Sense and antisense probes were
in vitro transcribed from ZFP206 isoform 2 cDNA.

Overexpression and knockdown of ZFP206

We constructed a ZFP206 overexpression plasmid by cloning
our sequenced ZFP206 isoform 1 cDNA into the plasmid
pPyCAGIP (19). The shRNA expression plasmid was made
by Kunath et al. (21) from pcDNA3.1 (Invitrogen) with
neomycin selection marker. An shRNA targeting ZFP206
isoforms 1 and 2 (sequence TGAGTTACCTCCACCTCAG)
was introduced into the Asp718 and Xbal sites and under
the control of HI RNA pol III promoter. Stable transfected
overexpression clones (ZFP206 OX-1, OX-2 and OX-3)
(derived from E14TG2a ES cells) and ZFP206 shRNA
knockdown clone ZFP206KD-bF9 (derived from R1 ES
cells) were selected by standard techniques.

Microarray analysis

Microarray analysis was as described (16) with two-color
comparisons normalized using Lowess smoothing (22).
Microarray data are posted in Supplementary Data at http://
hugheslab.med.utoronto.ca/ZFP206. Microarray data have been
submitted to NCBI GEO upon acceptance for publication.
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Collection and analysis of preimplantation embryos

Mouse ICR embryos were isolated from superovulated
outbred ICR (Harlan) mice as described previously (10).
Unfertilized oocytes were collected 46—48 h after pregnant
mare serum gonadotropin (PMSG) injection. The embryos
were collected during the indicated time after human chori-
onic gonadotropin (hCG) treatment: 1-cell (21-22 h), 2-cell
and 4-cell (50-51 h), 8-cell and morula (73-74 h) and blasto-
cyst (96-97 h). The mixed 2-cell and 4-cell stage embryos,
8-cell and morula stage embryos were sorted according to
their morphology under the microscope. A total of 20-50
embryos were collected at each stage and pooled. RNA was
isolated from the different stage embryos using Absolutely
RNA® Nanoprep Kit (Stratagene). Two rounds of linear
amplification were performed for RNA isolated from each
stage using the MessageAmp™ II aRNA Amplification Kit
(Ambion).

RESULTS
ZF¥P206 expression and localization in mouse ES cells

We previously described a microarray analysis of the expres-
sion of over 40000 known and predicted genes across
55 mouse tissues and cell types, including cultured R1 ES
cells (16). To identify new genes potentially involved in
stem cell functions and/or very early development, we scored
all of the genes on the array for highly specific expression in
ES cells (Figure 1A). The 43 genes identified as most specific
included many known ES cell related genes, including
those encoding the transcription factors Oct4 and Nanog
(7), as well as genes encoding a variety of putative novel
regulatory proteins (Figure 1A). Among these was ZFP206
(NM_001033425). On the basis of its predicted domain struc-
ture, Zfp206 is likely to be a sequence-specific regulator of
transcription, as it belongs to the SCAN-ZFP protein family
(23): the predicted ORF of ZFP206 encodes a protein of
782 amino acids (88.4 kDa) containing a SCAN domain fol-
lowed by fourteen C2H2 zinc fingers. The C2H2 zinc finger is
one of the most versatile DNA-recognition elements (24), and
it is currently impossible to predict the binding sequence in
all but a few special cases [e.g. those with three C2H2 zinc
fingers (25)]. The SCAN domain (26) (an acronym for the
proteins in which it was first found—SRE-ZBP, CTfin-51,
AW-1, Number 18 cDNA—and also known as LER, for
Leucine Rich Repeat) is a highly conserved 84-residue
motif that appears to be specific to vertebrates (27) and
may play a role in the assembly and function of the SCAN-
zinc finger transcription factors by mediating homo- and
hetero-oligomerization (23,28). In support of a function for
Zfp206 in transcription, we found that epitope-tagged full-
length Zfp206 localized to the nucleus of cultured R1 ES
cells (Figure 1D and E).

We verified expression of native ZFP206 in ES cells by
RT-PCR (Figure 1B) and northern blotting (Figure 1C).
ZFP206 mRNA was expressed in three different pluripotent
ES cell/murine embryonic fibroblast (MEF) co-cultures, but
not in MEF feeder cells alone (Figure 1C). ZFP206 was
also recently reported to be expressed predominantly in the
ICM of blastocysts, which is the source of ES cells (11),

and large-scale cDNA analysis to characterize genes specific
to human ES cells identified ZFP206 as a human ES cell-
specific gene (29). Hence, although to our knowledge
ZFP206 is functionally and biochemically uncharacterized
in any organism, its expression pattern appears to be
conserved between human and mouse, suggesting that its
function is also conserved.

ZFP206 transcript levels are dramatically reduced in
response to ES cell differentiation

To ask whether ZFP206 expression responds to cues that
trigger differentiation, we examined how its expression levels
react when cultured ES cells are induced to differentiate by
the addition of retinoic acid (RA) and dimethyl sulfoxide
(DMSO) (Figure 2A and C). Relative to beta-actin control,
ZFP206 expression levels are dramatically reduced, indica-
ting that ZFP206 expression is specific for the pluripotent
state of ES cells. The degree of change observed for
ZFP206 was comparable to that for Oct4 (Figure 2B and
D). Similar results were observed previously in human ES
cells (29).

We also investigated the tissue distribution of ZFP206
mRNA during post-implantation mouse development using
whole-mount in situ hybridization (Figure 3). At E7.5
ZFP206 is expressed throughout the embryonic ectoderm,
mesoderm (Figure 3A and B), and allantois (Figure 3A
and C). At E8.5 expression was reduced but widespread
(Figure 3E). At E9.0 and E9.5, ZFP206 expression was
further restricted to the otic vesicle, branchial arches and
hindgut (Figure 3F and G). We detected no ZFP206 trans-
cripts in 10.5 dpc embryos (Figure 3H). Therefore expression
of ZFP206 in the embryo is restricted largely to the early
stages of post-implantation development, in tissues that are
presumably not highly differentiated, and its expression is
quickly down-regulated at later stages of development. This
is consistent with our previous microarray study and with
analyses of ZFP206 expression in cultured ES cells upon
differentiation.

ZFP206 has at least six isoforms

The ZFP206 gene has only recently been annotated and the
GenBank sequence is based on two clones and gene predic-
tion models. Our northern analysis (Figure 1C) appeared to
show more than one band, suggesting that ZFP206 may
have multiple isoforms. Based on the predicted ZFP206
sequence, we cloned and sequenced the ZFP206 open reading
frame (ORF) by RT-PCR, and the 5" and 3’ ends by RACE.
Among our clones, we obtained three different isoforms gen-
erated by alternative splicing (Figure 4A) (GenBank entries
DQ323929, DQ323929 and DQ323931). The full mouse
ZFP206 transcript (isoform 1), whose coding sequence and
exon structure is virtually identical to that of both the predic-
ted gene and the FANTOM3 clone, is 2719 bases long, and
encodes all 14 C2H2 zinc fingers and the SCAN domain
(Figure 4A). ZFP206 isoform 2 is missing one of the zinc
fingers, and isoform 3 is missing a low-complexity region
between the SCAN domain and the zinc fingers.

In order to estimate the relative abundance of each isoform,
we used semi-quantitative RT-PCR with a pair of primers
that flank the entire alternative splicing regions (red arrows
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Accession Name Description Domains
NM_013633 Pou5f1 (Oct-3/4) POU domain, class 5, transcription factor 1 POU homeobox
AF507043 Nanog Nanog homeobox Homeobox
BC068284 Zfp206 zinc finger protéin 206 SCAN, Zf-C2H2
XM_620418 Zscan4 homolog* M Zinc-finger scan-domain protein SCAN, Zf-C2H2
XM_920015 WZscand homolog* Zinc-finger scan-domain protein SCAN, Zf-C2H2
NM_001013765  Gm397 (Zscan4 homolog)  Zinc-finger scan-domain protein SCAN, Zf-C2H2
Mzf6d Kruppel associated box containing gene KRAB, Zf-C2H2
NM_009051 Réx2 Reduced exBression during differentiation ~ KRAB, Zf-C2H2
AK145615 Blastocyst cDNA* Blastocyst cDNA KRAB, Zf-C2H2

1 cell embryo cDNA* Zinc-finger protein Zf-C2H2
NM_028937 I LOC74434 Hypothetical protein LOC74434 HLH
NM_019448 Dnmt3l u DNA (cytosine-5-)-methyltransferase 3-like None
XM_915122 Thoc4 homolog* Sim. To Tho4/ALY RRM
XM_884296 Thoc4 homolog* Sim. To Tho4/ALY RRM

N 25274 Dppa5 Developmental pluripotency associated 5 KH

BC@85979 Dppa5 Developmental pluripotency associated 5  KH

N 25274 Dppa5 Developmental pluripotency associated 5 KH

AK146348 Eif-1a homolog* WEif-1a homolo?

NM_028615 Dppa2 Developmental pluripotency associated 2~ None

NM_028615 Dppa2 Developmental pluripotency associated 2~ None

NM_028615 Dppa2 Developmental pluripotency associated 2. None

NM_139218 Dppa3 Developmental pluripotency associated 3 None

NM_139218 Dppa3 Developmental pluripotency associated 3 ~ None

NM_028610 Dppa4 Developmental pluripotency associated4  None

NM_028610 ad Developmental pluripotency associated 4~ None
Dppa4 Developmental pluripotency associated4  None
Ecati1 ES cell associated transcript 11 Transposase. 22

AK145510 IVF eggs cDNA In vitro fertilized eggs cDNA N

NM_153523 Tcstvl homolog (Tsctv3)* 2 cells egg cDNA

AK139881 Testvl homolog* 2 cells egg cDNA

NM_010202 Fgf4 Fibroblast growth factor 4

NM_009426 [Trh Thyrotropin releasing hormane

NM_011562 Tdgf1 Teratocarcinoma-derived growth factor

NM_008336 Ifnab Interferon alpha family gene B Interferon

AK{#§7723 Abcc4 ATP-binding cassette C4 ABC membrane, tran

NM_175650 Atp13a5 ATPase type 13A5 | ATPase, Hydrolase

AK010556 Dhrs10 Dehydrogenase/reductase member 10 None

NM_015798 Fbxo15 F-box protein 15 F-box

NM_008049 FtI2 Ferritin light chain 2 Ferritin

XM_356617 H* Sim. to Ig heavy chain V region precursor  V-set, Ig

XM_146314 ypothetical gene Hypothetical ZFB-box SPRY protein Zf-B_box, SPRY

XM_157093 Hypothetical gene Hypothetical gene N

XM_153235 Hypothétical gene Hypothetical gene
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Figure 1. Expression of ZFP206 in ES cells. (A) Forty-three known and predicted genes expressed with high specificity in ES cells were identified by sorting
microarray profiles (16) to identify genes whose expression in ES cells is higher than in 54 other tissues examined, then clustering to remove those that are also
appreciably expressed in embryos or other tissue sets. In some cases, multiple loci encode very similar proteins, which are represented here by a single cDNA
Accession number. “*’ indicates genes that are not found in the MGI database and therefore have no standard name. (B) Real time PCR on 38 mouse tissues and
ES cells confirming that ZFP206 is primarily expressed in R1 ES cells. (C) Northern blot analysis of ZFP206 expression in three pluripotent ES cell lines (R1, D3
and E14TG2a) co-cultured with MEF. (D) Subcellular localization of 3XFLAG tagged Zfp206 cDNA (isoform 1) in R1 ES cells. (E) Western blotting of
3XFLAG tagged Zfp206 cDNA (isoform 1) in R1 ES cells. The expected MW of the tagged protein is ~90 kDa.
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Figure 3. Whole-mount in situ hybridization analysis of ZFP206 expression
during post-implantation mouse development. (A) At E7.5 ZFP206 is
expressed throughout the embryo proper, the allantoic bud and weakly in
the chorion. Anterior is to the left. (B—D) Transverse sections of the embryo
as shown in (A). (B) In the embryo, proper ZFP206 is expressed strongly in
the ectoderm (ec), moderately in the mesoderm (me) and there is weak to no
expression in the endoderm (en). (C) ZFP206 is expressed in the allantoic bud
(ab). (D) There is weak to no expression of ZFP206 in the extra-embryonic
ectoderm, however, some expression was detected in the chorion (ch). (E-H)
Whole-mount in situ hybridization of embryos at the labeled stages. (E)
Widespread expression of ZFP206 throughout out the embryo at E8.5 with
strong expression in the tail bud (tb) region. (F-G) At E9.0 and E9.5
expression is reduced but with persistent expression in the otic vesicle (ov),
branchial arch (ba) and hindgut (hg). (H) Weak to no expression was detected
at E10.5. Scale bars: (A) 200 um; (B-D) 100 um. Embryonic age was
determined by the number of days after the formation of the copulation plug.
Whole-mount in situ hybridizations were performed following a standard
procedure with Digoxygenin-labeled ZFP206 antisense RNA probes.

in Figure 4A), to amplify the three isoforms. Surprisingly, we
obtained six isoforms instead of three (Figure 4B). All six
bands in Figure 4B were sequenced and found to be
ZFP206 transcripts generated by alternative splicing. The

exon structures of each transcript are shown in Figure 4C.
The top two bands and the fourth band from the top in
Figure 4B are identical to the three we identified above.
Since the efficiency of RT-PCR would normally be biased
towards preferential amplification of shorter products, yet
the longer products appear to be most predominant RT-
PCR products, ZFP206 isoforms 1 and isoform 2 are appar-
ently the most abundant.

Zfp206 expression levels influence ES cell
differentiation

To ask whether Zfp206 influences properties of ES cells, we
examined the differentiation state of single clones isolated
from three independent ZFP206 (isoform 1) overexpression
cell lines, as well as a ZFP206 shRNA knockdown cell
line, using an AP (Alkaline Phosphatase) assay (undifferenti-
ated ES cells produce high level of alkaline phosphatase) (18)
(Figure 5A and B). The ZFP206 shRNA knockdown would
affect isoforms 1 and 2, the two major isoforms. In compari-
son to empty vector and untransfected cells, we estimated by
real time PCR (using primers that would detect all six
ZFP206 isoforms described above) that the overexpression
cultures used in this experiment had a ~25-fold increase in
ZFP206 transcript levels, whereas only 25-30% of the
ZFP206 transcript remained in the ZFP206 shRNA knock-
down (data not shown and see below).

While only ~10% of the colonies produced by the
overexpression empty vector control and its parental
ES cells (E14TG2a) consisted of uniformly undifferentiated
ES cells, ZFP206 overexpression transfectants contained
~24% pure undifferentiated stem cell colonies. In contrast,
the pure stem cell colonies were reduced to ~5% in
ZFP206 knockdown ES cells, in comparison to ~12% of
colonies produced by the knockdown empty vector control
and its parental ES cells (R1), both comparable to the
E14TG2a line. Zfp206 also positively influenced the overall
number of clones obtained (Figure 5A), and to a lesser
extent the number of differentiated clones, suggesting that
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Figure 4. ZFP206 isoforms. (A) Domain organization of ZFP206 isoforms 1, 2 and 3. These three clones were sequenced in their entirety. Sequences have been

deposited in GenBank (Accession nos DQ323929, DQ323930 and DQ323931).

(B) RT-PCR products of the variable region of ZFP206, using primers as

indicated in (A) and RNA from R1 ES cells. (C) Schematic diagram of the exon structure of ZFP206, and exon structures of isoforms determined by sequencing.
The exons outside the amplified regions in isoforms 4, 5 and 6 (which were not examined) are in dashed lines.

it may affect survival or proliferation of individual cells
in addition to influencing differentiation state. However,
this effect is not as pronounced as the effect on pro-
portion of undifferentiated versus differentiated clones
(Figure 5A).

ZFP206 controls a small number of apparent regulators
expressed in ES cells

We reasoned that if ZFP206 is a transcriptional regulator in
ES cells, then perturbation of ZFP206 expression might affect
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Figure 5. Effect of ZFP206 expression on ES cell differentiation. (A)
Parental ES cells (E14TG2a for overexpression clones and R1 for knockdown
clones), three ZFP206 overexpression, one knockdown, and corresponding
empty vector control cell lines were analyzed following plating at clonal
density (see Materials and Methods) using normal ES cell medium with LIF.
After 6 days of culture, the percentage of pure alkaline phosphatase positive
colonies were calculated. Data are the mean and SDs of three repeats. (B)
Examples of uniformly undifferentiated and differentiated clones.

expression of other genes in ES cells, which would represent
likely downstream targets of ZFP206. We therefore used the
same Agilent microarray design employed in our initial study
(16) to analyze two overexpression clones (OX-1 and OX-2
from the AP assay above, and an independent knockdown
clone using the same vector), under standard high-density
culture conditions, in which these clones do not display the
striking differentiation effects as above, presumably due to
differences in local environment (data not shown). In each
case, we used a two-color protocol, comparing to a corre-
sponding empty vector control line. In these experiments,
we confirmed by RT-PCR that ZFP206 overexpression cul-
tures had a ~25-fold increase in ZFP206 transcripts, whereas
the shRNA line had a ~5-fold reduction (i.e. ~20% of total
ZFP206 transcript remained). Differences in absolute levels
of overexpression or knockdown from the cultures used for
the AP assay may be due to slight variation in either experi-
ments or measurements over time. To maximize the fidelity
of measurements, unamplified cDNA from 2 pg of poly(A)-
purified mRNA was hybridized to each channel of each array.

Figure 6A shows a scatter plot comparing the
log,(ratio) values obtained for each gene in the over-
expression experiments [with log,(ratios) averaged] to the
log,(ratio) values obtained in the knockdown experiment.
The blue points in the center of the plot resemble random
scatter. However, there are a handful of clear outliers in
the lower-right quadrant; these are microarray probes
reporting transcript abundance that is increased by ZFP206
overexpression and decreased by ZFP206 knockdown.
The separate data points for these ten array probes are
shown in Figure 6B.

We mapped these ten array probes (which were based on
mouse ‘XM’ genes and gene predictions) to current cDNA
and genome annotations. Most of the probes were similar
to several related sequences in the genome, i.e. each of the
probes could potentially hybridize one or more members of
a family of genes with related sequences. Likewise, in all
but one case, each these gene families was represented by
more than one probe among the ten. In this way, the ten
probes correspond to what appear to be only four families
of genes with very similar sequences that are distributed in
multiple locations in the current build of the mouse genome
(Figure 7). The group we refer to as ‘Zscan4-like’ corre-
sponds to variations on a putative SCAN-C2H2 zinc finger
protein sequence similar to the functionally uncharacterized
human protein Zscan4. The ‘Thoc4-like’ group consists of a
set of predicted transcripts that carry an RNA recognition
motif (RRM) domain and bear sequence similarity to Thoc4
(also known as ALY), which has been identified as being
involved in both transcriptional regulation (by increasing
transcription factor binding) and RNA export from the
nucleus (by interacting with the splicing exporting factor
UAP56) (30-33). The ‘Testvl-like’ group has no informative
domains; the DUF1438 motif is present only in this group of
proteins. Tcstv is an acronym for 2-cell stage variable tran-
script; i.e. expression has been previously observed during
the 2-cell/4-cell stage of the preimplantation mouse embryo
(10). Likewise, the ‘eIF-1A-like’ group bears strong sequence
similarity to translation factor eIF-1A, which has been previ-
ously observed to be transiently induced during the 2-cell
stage of the preimplantation mouse embryo (14). Strikingly,
expression of members of these families detected by these
same microarray probes in our initial study (16) appears to
be restricted to ES cells (Figure 1A), suggesting that they
are bona fide physiological targets of ZFP206. Differential
expression of members of these gene families in response
to ZFP206 overexpression and depletion was confirmed by
real time PCR (Figure 6C).

Since our microarray probes would be unable to
distinguish between genes in these apparent families, we
sequenced the ~100 base RT-PCR products (from primers
used in Figure 6) from both normal ES cells and ZFP206
overexpressing ES cells, in an effort to distinguish the
isoforms (sequences are posted in Supplementary Data).
The Zscan4-like RT-PCR products with or without ZFP206
overexpression corresponded entirely to a single locus on
mouse chromosome 7. A 1 kb RT-PCR product obtained
using primers corresponding to predicted genes and partial
cDNAs surrounding and including this locus amplified
fragments of transcripts matching almost perfectly to
AK141250, a partial cDNA derived from ES cells, and less
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Figure 6. ZFP206 regulates ES cell-specific genes. (A) Scatter plot of log,(expression ratios) comparing the effects of ZFP206 overexpression and knockdown.
Array spots representing 19 220 XM sequences are shown, restricting to those expressed above negative controls with a P-value of 0.1. (B) Clustergram of all
measurements for these ten microarray probes. (C) Real time PCR analysis of the indicated genes (or gene families) in the same samples shown in (A), compared
to the same empty vector controls. Primer sequences are listed in the Supplementary Data.

perfectly to predicted Zscan4-like transcripts from the same
region, all of which encode a protein with a SCAN domain
and three C2H2 zinc fingers. However, differences were
entirely nucleotide mismatches and may be due to errors
resulting from PCR, sequencing, or polymorphisms between
the sequenced strain background (C57/BL6) and that of the
ES cells we analyzed (129/0la).

The ~100 bp RT-PCR products from the Thoc4-like pro-
teins matched perfectly to four different locations on the bac-
terial artificial chromosome AC164629.14, each spaced
almost exactly 9.5 kb apart, and (presumably as a conse-
quence) to four such repeated loci on mouse chromosome
10. We have thus far been unable to distinguish between
the predicted transcripts that would originate from these
four loci even with expanded RT-PCR products; however,
among the three predicted transcript variants from the four
loci, the one expressed in ES cells appears to correspond to
the XM_894912 variant.

Different ~100 base RT-PCR products for the Tcstv1-like
and the elF-1A-like transcripts contained sequence differ-
ences indicating that they originated from several different
loci in the genome, i.e. for each gene multiple isoforms

originating from different copies in the genome are expressed
simultaneously, as is already documented in GenBank entries
for Testvl. We did not further pursue quantification of relat-
ive levels of isoforms for these two gene families.

Expression of ZFP206 and its putative targets in
preimplantation embryos

Two of these target genes (Tcstvl and elF-1A) have been
reported to be expressed in mouse embryos at the 2-cell/4-cell
stage (10,14) supporting a role in preimplantation develop-
ment. We reasoned that if Zfp206 is responsible for induction
of these genes, then it too may be expressed in early embry-
onic development, as may its other putative targets. We there-
fore examined the expression of Zfp206, Zscan4, Thoc4,
Tcestvl and elF-1A in a time-course of early development,
using RT-PCR on preimplantation embryos ex vivo
(Figure 8). We observed a prominent spike in the expression
of Zfp206 at the 2-cell stage, with its putative targets follow-
ing rapidly, peaking at the 3—4-cell stage. This is consistent
with regulation of these genes by Zfp206 in preimplantation
development in vivo.
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Figure 7. Four putative gene families with at least one member positively regulated by ZFP206. The representative transcript was selected by searching GenBank
(NR) for a known or predicted full-length cDNA using BLASTN. The mouse loci indicated (March 2005 assembly) were identified manually using the UCSC
Genome Browser (35) as being nearly identical (95% or greater over their entire length) to the array probe sequences, or completely identical to the ~100 base
RT-PCR products, and having nearly complete known or predicted exon structures at the same locus that are similar to those of the representative transcript.
Pfam domains were identified in the representative transcript using default settings.
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Figure 8. Expression of ZFP206 and its putative targets in preimplantation
embryos. The expression levels of Zfp206, Zscan4, Thoc4, Tcstvl and elF-
1A were measured using real time PCR in a time-course of preimplantation
development as indicated. Data were normalized within each time-point to 8-
actin then the values for each gene were scaled to percentage of maximum
across the time-course as shown. Error bars represent the standard deviation
over three assays.

DISCUSSION

Here, we have shown that the SCAN and Zinc finger domain
containing gene ZFP206 has at least six isoforms, with the
two longest being predominant, and is primarily expressed
in undifferentiated ES cells and mouse embryos at early
developmental stages. Overexpression of ZFP206 induces
transcripts that encode proteins of the Zscan4, Thoc4,
Tcstvl and elF-1A families, and knockdown of ZFP206
results in a decrease of exactly these same transcripts.
Expression of these transcripts closely follows that of
ZFP206 in preimplantation embryos. In addition, the propor-
tion of undifferentiated clones obtained from plating ES cells

at low density increases or decreases along with ZFP206
expression level, indicating that ZFP206 activity prevents
differentiation of ES cells.

We propose, on the basis of these results, that ZFP206
functions as a positive regulator of pluripotency in ES cells
and preimplantation embryos, and that the mechanism may
involve a new regulatory cascade involving transcriptional
and post-transcriptional mechanisms. Further studies will be
required to fully elucidate the mechanism(s) by which
Zfp206 regulates transcript levels of its putative targets and
by which it influences ES cell differentiation, and to under-
stand its relationship to other factors that function in ES
cell pluripotency and early development. While a handful
of key factors in ES cells have been identified (7), the
molecular basis of the pluripotentiality, self-renewal and dif-
ferentiation of ES cells is still poorly understood. Transcrip-
tional regulation in extremely early embryogenesis is also
largely uncharted. ZFP206 and other new factors in
Figure 1 may play roles in these processes, or in previously
unappreciated functions or activities of ES cells and early
embryos.

On the basis of conservation scores in genomic alignments
(34,35), the exon sequences of all four apparent Zfp206 target
genes (including multiple members of the elF-1A, Thoc4 and
Tsctvl families) appear to be under strong purifying selection
in comparison to flanking introns, indicating that they are not
pseudogenes. Some of the Thoc4-like and elF-1A-like family
members are conserved in at least some types of fish in
genomic alignments. In contrast, Zscan4, like most other
SCAN-ZNF domain transcription factors, are conserved
along their entire coding length only in mammals, and the
Tcstvl-like genes appear to be conserved only in rat, sugges-
ting that they are rodent-specific. The full exon structure of
ZFP206 itself is conserved only as far as opossum, suggesting
that its role in regulation of Thoc4-like and elF-1A-like



family members arose subsequent to the genes themselves
and may be specific to mammals.

To our knowledge, none of these putative Zfp206 targets
is functionally characterized in vivo. However, general bio-
chemical functions can be inferred on the basis of sequence
features for all but the Tcstvl-like group. It is intriguing
that three of these four families—Zscan4-like, Thoc4-like
and Eifla-like—encode potential transcription factors,
RNA-binding proteins and translational regulators, respec-
tively, on the basis of sequence features (Figure 7), thus
representing three major levels of gene regulation. The obser-
vation that they are all transiently induced during ZGA raises
the possibility that Zfp206 and its putative target genes might
play a role in ZGA, which is marked by an increase in both
transcription and translation. It is noteworthy that ZFP206
activity can evidently be controlled both positively and nega-
tively by simply altering the level of its transcript. Overex-
pression and knockdown are now relatively easy to
accomplish, and with a battery of such experiments applied
uniformly to both known and potential regulators, it may be
possible to begin deciphering the full regulatory structures in
mammalian embryogenesis, as has been described in sea
urchin (36). These data would form an invaluable comple-
ment to chromatin immunoprecipitation studies (37), and
need not be restricted to analysis of transcription factors.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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