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CTCFL, a paralog of CTCF, also known as BORIS (brother of regulator of imprinted sites), is a testis-expressed gene whose func-
tion is largely unknown. Its product is a cancer testis antigen (CTA), and it is often expressed in tumor cells and also seen in two
benign human vascular malformations, juvenile angiofibromas and infantile hemangiomas. To understand the function of Ctcfl,
we created tetracycline-inducible Ctcfl transgenic mice. We show that Ctcfl expression during embryogenesis results in growth
retardation, eye malformations, multiorgan pathologies, vascular defects, and neonatal death. This phenotype resembles prior
mouse models that perturb the transforming growth factor � (TGFB) pathway. Embryonic stem (ES) cells with the Ctcfl trans-
gene reproduce the phenotype in ES cell-tetraploid chimeras. Transcriptome sequencing of the Ctcfl ES cells revealed 14 genes
deregulated by Ctcfl expression. Bioinformatic analysis revealed the TGFB pathway as most affected by embryonic Ctcfl expres-
sion. Understanding the consequence of Ctcfl expression in nontesticular cells and elucidating downstream targets of Ctcfl could
explain the role of its product as a CTA and its involvement in two, if not more, human vascular malformations.

CTCFL, also known as BORIS (brother of regulator of im-
printed sites), a paralog of the ubiquitous zinc finger gene

CTCF, is a testicular transcript (1) expressed in spermatogonia
and preleptotene spermatocytes (2). CTCF and CTCFL share the
conserved 11 central zinc fingers but differ in their amino and
carboxy termini (3). CTCF is a major chromatin architecture pro-
tein (4) that is implicated in gene activation and repression (5–7),
nucleosome positioning (8), genetic imprinting (9), X inactiva-
tion (10, 11), and telomere length (12). Mice homozygous null for
Ctcf die early in development (13), specifically at embryonic day
4.5 (e4.5) to e5.5 (14), and embryos derived from oocytes depleted
of Ctcf develop poorly to the blastocyst stage (15, 16). What role
the paralogous Ctcfl gene plays during spermatogenesis or when
reactivated in somatic cells is less certain. Ctcfl knockout mice are
viable but subfertile, with reduced testicular weight (2, 17) and
decreased Gal3st1 (cerebroside sulfotransferase) enzyme activity
(17). Reduction in Gal3st1 activity likely contributes to their sub-
fertility, as Gal3st1 null animals are completely sterile (18).

A major exception to male germ line only expression of
CTCFL, however, is seen in a variety of human tumors, which
qualifies the product of CTCFL as a cancer testis antigen (CTA)
(19). For example, Vatolin et al. reported that CTCFL is expressed
in most breast, prostate, and colon cancers and melanomas (20).
Additionally, CTCFL is reported to reactivate in lung, ovarian,
testicular, uterine, hepatocellular, and esophageal carcinomas
(21–31). Finally, evidence exists showing that two benign human
vascular malformations express CTCFL, i.e., juvenile angiofibro-
mas (JAs) (32) and infantile hemangiomas (IHs) (B. Schultz, X.
Yao, Y. Deng, M. Waner, C. Spock, L. Tom, J. Persing, and D.
Narayan, submitted for publication). What etiologic role CTCFL
might play in the development of these vascular malformations is
unknown.

To investigate aberrant somatic cell Ctcfl expression, we cre-
ated transgenic mice that expressed a Ctcfl cDNA during embryo-
genesis. We accomplished this by first creating transgenic mice

that are inducible with doxycycline and conditional by choice of
the promoter driving the gene for Cre recombinase. This strategy
proved to be critical, as our data show that expression of the Ctcfl
transgene is lethal on the first day of life and founder animals
presumably would have died if the transgene had been ubiqui-
tously expressed. By breeding transgenic males where Ctcfl expres-
sion was restricted to the testis, we were able to induce the expres-
sion of Ctcfl in their progeny and report that ubiquitous
embryonic/fetal expression of Ctcfl results in fetal growth retarda-
tion, congenital eye anomalies, vascular malformations, visceral
organ pathology, and early postnatal death. Comparison of our
Ctcfl transgenic mice with known mouse models led us to con-
clude that, on the basis of phenotype alone, they resemble mice
with an altered transforming growth factor � (TGFB) pathway.
From our transgenic mice, we created Ctcfl transgenic embryonic
stem (ES) cells and introduced them into wild-type tetraploid
blastocysts so that the embryonic portion of the conceptus derives
entirely from the ES cells. We observed that these Ctcfl transgenic
ES cell-tetraploid chimeras replicate the phenotype of the original
Ctcfl transgenic mice. Transcriptome sequencing (RNA-Seq)
studies of Ctcfl transgenic ES cells revealed significant alteration of
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the expression of 14 genes in response to Ctcfl transgene induc-
tion. The genes affected included those for transcription factors,
including a homeoprotein-encoding gene, a gene for a meiotic
chromosome binding protein, genes for signaling pathway pro-
teins (including TGFB and Jak2), and genes for proteins involved
in cell adhesion and tight junctions. Not unexpectedly, pathway
analysis revealed a perturbation of the TGFB pathway as the major
consequence of somatic cell Ctcfl expression. An understanding of
which genes are altered in response to Ctcfl expression and the
phenotypic consequences that result will lead to a better under-
standing of the role CTCFL might play in spermatogenesis and
why, when acting as a CTA, it is aberrantly expressed in normal or
cancerous somatic cells.

(This work was a part of the Ph.D. thesis of Leyla Sati.)

MATERIALS AND METHODS
Creation of conditional/inducible Ctcfl transgenic mice. All of our an-
imal experiments were performed under a protocol approved by the
Yale Institutional Animal Care and Use Committee. To create induc-
ible Ctcfl transgenic mice, we obtained codon-optimized Ctcfl cDNA
(Codon Devices) and subcloned the insert into the TET ON vector
(Clontech Laboratories, Inc., Mountain View, CA). The cDNA insert was
injected into C57BL/6J oocytes. Four B6.Cg-tg(Tet-CTCFL)Jmg founders were
obtained. Positive founders and their offspring were subsequently bred
to two additional transgenic strains. The first had a reverse tetracy-
cline-controlled transactivator (rtTA) transgene embedded in the
Rosa26 locus with a floxed stop signal [JAX.org stock no. 005670;
B6.Cg-Gt(ROSA)26Sortm1(rtTA,EGFP)Nagy/J]. We created mice doubly
heterozygous for the Ctcfl and rtTA transgenes that express Ctcfl in the
presence of doxycycline only after the floxed stop signal is excised by
Cre recombinase. The Cre recombinase was provided by testicle-specific
promoter Cre transgenic strains [JAX.org stock no. 007252 and 003466;
B6Ei.129S4-tg(Prm-cre)580J/EiJ and B6;D2-tg(Sycp1-cre)4Min/J, re-
spectively]. The breeding strategy used is shown in Fig. 1. PCR genotyping
(see Fig. S1 in the supplemental material) identified males that contained
all three transgenes and expressed Ctcfl (data not shown) and green fluo-
rescent protein (GFP) (see Fig. S2 in the supplemental material) only in
the testis, as expected. When triple-transgenic males are bred with wild-
type females receiving doxycycline (1.5 mg/ml with 3% sucrose in drink-
ing water), 25% of the developing fetuses are doubly heterozygous for
Ctcfl and rtTA and are expected to express Ctcfl in all embryonic tissues.

Genotyping of animals. DNA was obtained from tissues with the Qia-
gen DNeasy kit according to the manufacturer’s instructions. Genotyping
was performed with the primers listed in Table S1 in the supplemental
material. The cycling conditions for Ctcfl were as follows: 94°C for 2 min;
32 cycles of 94°C for 30 s, 56°C for 30 s, and 65°C for 3 min; and 68°C for
10 min. The cycling conditions for Cre were as follows: 94°C for 1.5 min;
35 cycles of 94°C for 30 s, 54°C for 1 min, and 72°C for 1 min; and 72°C for
5 min. The cycling conditions for rtTA were as follows: 94°C for 1.5 min;
35 cycles of 94°C for 30 s, 60°C for 40 s, and 72°C for 45 s; and 72°C for 10
min. The Ctcfl, Cre, and rtTA amplicons were 440, 520, and 560 bp, re-
spectively, and were visualized on 1% agarose gels with ethidium bro-
mide.

Creation of Ctcfl transgenic and control mice. Transgenic males ge-
notypically Ctcfl Cre rtTA were mated with C57B/6J females. Doxycycline
water was given ad libitum at the time of mating and continued until after
the females gave birth.

Creation of Ctcfl rtTA transgenic and control ES cells. Transgenic
males genotypically Ctcfl Cre rtTA were mated with C57B/6J females.
Blastocysts were obtained on e3.5 (e0.5 is the day of vaginal plug detec-
tion). Blastocysts were cultured overnight in KSOMAA medium (33) at
37°C with 5% O2, 5% CO2, and 90% N2 in a modular incubator and
transferred to 24-well dishes (Falcon) with inactivated mouse embryo
fibroblast (MEF) feeder layers and ES medium containing Dulbecco’s

modified Eagle’s medium with 20% ES-qualified serum (GIBCO), leuke-
mia inhibitory factor (LIF) (1 � 103 U/ml; GIBCO BRL), 0.1 mM �-mer-
captoethanol (American Bioanalytical), and the mitogen-activated pro-
tein kinase inhibitor PD 98059 (Calbiochem) at 50 �M (34). Cultures
were observed for ES cell morphology, and when ES cells were present,
they were trypsinized and expanded.

Creation of tetraploid-ES cell chimeras. Ctcfl rtTA transgenic and
wild-type ES cells were injected into e3.5 tetraploid blastocysts (35). Tet-
raploid embryos were generated by incubating two-cell-stage CD-1
(Charles River) embryos for 5 min at 37°C in electrofusion medium (0.3
M glucose, 0.1 mM CaCl2, 0.1 mM MgSO4, 0.3% bovine serum albumin,
pH 7.2), performing electrofusion with a BTX ECM2001 pulse generator
(Harvard Apparatus) with 2 V of AC for 10 s to orient the embryos,
followed by two pulses of 50 V of DC for 35 �s and a postfusion 2 V of AC
for 5 s. After electrofusion, embryos were washed in M2 medium and
fused embryos were cultured in KSOMAA medium in an atmosphere of
5% O2, 5% CO2, and 90% N2 at 37°C and transferred to the uteri of e2.5
CD-1 pseudopregnant females on the day of injection.

Histology and immunohistochemistry analyses. Tissues were fixed
for 24 h in Bouin’s fixative, cut along the sagittal and coronal planes, and
submitted for routine paraffin embedding. Five-micrometer sections
were used for hematoxylin-and-eosin (H&E) staining and immunostain-
ing. Immunohistochemistry analysis was performed with monoclonal an-
tibodies against CD34 (1:80; Abcam) and vascular endothelial growth
factor (VEGF, 1:30; Dako) on a Dako Autostainer with Envision kits
(Dako) according to the manufacturer’s instructions. Sections were coun-
terstained with hematoxylin.

RNA purification and qRT-PCR analysis. Total RNA was extracted
from tissues or cells with the Qiagen RNeasy minikit (Qiagen Inc., Valen-
cia, CA, USA) by following the recommended protocol. Total RNA was
treated with Qiagen RNase-free DNase. RNA samples were quantified
with a NanoDrop ND-100 (Thermo Scientific, Wilmington, DE), and 600
ng of RNA was converted to cDNA with the Qiagen QuantiTect reverse
transcription kit with genomic DNA wipeout buffer (Qiagen Inc., Valen-

FIG 1 Transgenic strain breeding diagram. The breeding scheme shown illus-
trates the generation of testis-specific Ctcfl transgenic mice. In the presence of
the gene for Cre recombinase, under the control of a testis-specific promoter,
a DNA fragment with a stop signal is deleted to generate a functional rtTA
transgene. This experimental design allows the specific expression of Ctcfl
transgenes in any tissue, limited only by the availability of the tissue-specific
Cre transgenic strain. In our case, we chose a testis-specific promoter to limit
the expression of the Ctcfl transgene to the testis.
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cia, CA). Quantitative real-time PCR (qRT-PCR) analysis was performed
with the Bio-Rad Mini Opticon real-time PCR system. Ctcfl transgene and
Ctcf or Ctcfl endogenous gene expression was determined with the prim-
ers listed in Table S2 in the supplemental material. PCR mixtures were
prepared with 8.0 �l of cDNA (1:10 dilution) in SsoFast EvaGreen Super-
mix from Bio-Rad Laboratories, (Hercules, CA). All determinations were
performed in triplicate and normalized to Gapdh gene expression by the
comparative ��CT method (36).

RNA-Seq studies. ES cells for RNA-Seq studies were cultured in ES
medium on MEFs and replated in 6-cm tissue culture dishes (Falcon) off
MEFs for 48 h with or without doxycycline (2 �g/ml; Sigma, St. Louis,
MO). Two biological replicates were performed for each of four samples
(i.e., with and without the transgene and with and without doxycycline).
Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA)
and chloroform extraction. RNA was precipitated with isopropyl alcohol
and washed with 75% ethanol, and total RNA was further purified with a
Qiagen RNeasy minikit and DNase I digestion (Qiagen Inc., Valencia,
CA). RNAs were sequenced on an Illumina HiSeq 2000 sequencing system
generating 75-bp single-end strand-specific reads at the Yale Center for
Genomic Analysis. The first six and last two nucleotides of each read were
trimmed with the FASTX toolkit (http://hannonlab.cshl.edu/fastx
_toolkit/index.html) to remove low-quality bases. Trimmed reads were
mapped to the mouse reference genome (mm10) with a known transcrip-
tome index (UCSC Known Gene annotation) by using TopHat v2.0.8
(37). Differential gene expression analysis was performed with Cufflinks
v2.1.1 (38). Pathway analysis was performed with the DAVID program
v6.7 (39, 40).

Nucleotide sequence accession numbers. Data were deposited in the
Gene Expression Omnibus under accession no. GSE72178.

RESULTS
Creation and characterization of founder strains, birth weight,
and percent survival of newborn Ctcfl transgenic mice. Of 180
C57BL/6J zygotes injected with a codon-optimized Ctcfl cDNA, 4
founders/38 offspring were obtained (2 males and 2 females). All
founders were fertile and bred to two additional transgenic strains,
a testicle-specific Cre recombinase and a floxed-stop Rosa locus
rtTA transgene as described in Materials and Methods. Twenty-
five percent of the progeny of triple-transgenic males bred to wild-
type females should be heterozygous for Ctcfl and rtTA and ex-
press the Ctcfl transgene ubiquitously during embryogenesis when
pregnant females are maintained on doxycycline. Of 207 progeny
from Ctcfl rtTA Cre � �/� matings on doxycycline, 46 (22%) had
unfused eyelids and a mean birth weight of 1.173 � 0.019 g (Fig.
2A), while their phenotypically normal littermates weighed
1.392 � 0.011 g. The unfused-eyelid progeny therefore had a 16%
lower birth weight than their phenotypically normal littermates,
which was statistically significant (P � 0.001; Mann-Whitney
rank sum test). Most of the unfused-eyelid progeny died on the
first day of life (P0), although a few survived to P1 and then died.
In some cases, there was ocular or cranial hemorrhaging (Fig. 2B).
Genotyping of pups revealed that the unfused-eyelid progeny pos-
sessed both the Ctcfl and rtTA transgenes, while the normal prog-
eny possessed neither or one but not both. The proportion of
unfused-eyelid progeny (22%) observed was not significantly dif-
ferent from the expected 25% (P 	 0.05). Our observation of
slightly less than the expected 25% of doubly heterozygous prog-
eny could result from cannibalization of dead pups by the mother
before investigator observation or by nonpenetrance of the un-
fused-eyelid phenotype in a small proportion of the offspring.

Histology of Ctcfl transgenic newborns. Unfused-eyelid
transgenic pups had an array of lens, vitreous, and anterior ocular

abnormalities (Fig. 3). Microphthalmia was accompanied by mi-
crophakia, severe cataract, and in some cases, lens rupture. Mul-
tiple anterior segment abnormalities were present. Lenticular at-
tachments to the posterior aspect of the cornea were accompanied
by incomplete development of Descemet’s membrane, excessive
corneal vascularization, abnormal development of the iris, kerati-
tis, and failure of eyelids to follow the normal developmental pat-
tern of closure. Persistence of hyaloid vasculature was noted in the
vitreous chamber and was variably accompanied by retinal folding
or detachment.

Generalized developmental abnormalities were evident in Ctcfl
transgenic mice (Fig. 4). Delayed alveolar development was char-
acterized by alveolar interstitial thickening and accumulation of
proteinaceous material within insufficiently inflated alveolar

FIG 2 Abnormal pups observed after Ctcfl triple-transgenic mice were mated
with wild-type females that were maintained on doxycycline during preg-
nancy. (A) Three P0 pups. The pups at the far left and center have unfused
eyelids and are smaller. The rightmost pup is normal in size and with fused
eyelids. (B) Normal P0 pup on the left and transgenic P0 pup with ocular
hemorrhaging (arrow) on the right. (C) Control (left side) and Ctcfl transgenic
(right side) ES cell-tetraploid chimeric e18.5 fetuses. Note the unfused eyelids
in the transgenic fetus.
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spaces. Fewer hematopoietic elements were present within the
liver. Delayed cortical glomerulotubular development with in-
creased mesenchyme and scattered tubular cysts were present in
the kidney. Muscle fibers were narrow and periodically degener-
ate. In some newborns, hemorrhaging was grossly observed in the
eye, face, and cranium (Fig. 2B). Histologic examination of the
latter group revealed the presence of cerebral cavernous malfor-
mations, as well as midline brain and skull malformations (Fig. 5).
Immunohistochemistry analysis of the vascular markers CD34
and VEGF revealed that vascular development of meninges and
within the brain was poor, even in the most normal regions (Fig.
6). Ctcfl transgenics exhibited failure of midline ossification of the
skull, meningocele, and focal excessive vascular proliferation of
meninges. The latter was accompanied by increased VEGF expres-
sion (Fig. 6). Ctcfl transgenics exhibited reduced CD34 expression
in the dermis and periadnexal regions (Fig. 7). Taken together,
these results indicate that Ctcfl expression during embryogenesis
results in multiorgan abnormalities that include eye, muscle, lung,
liver, brain, renal, and vascular anomalies.

Expression of the Ctcfl transgene in P0 tissues. In order to
determine if Ctcfl transgene expression was present in newborn
pups and to better quantitate the relative expression levels in dif-
ferent tissues, PCR primers that identify transgenic Ctcfl only
were designed and qRT-PCR was performed with liver, lung,
kidney, brain, eye, and skin tissues from control and Ctcfl
transgenic progeny (Fig. 8). We did not see expression in wild-
type littermates, as expected, since they do not possess the
transgene. The transgene was expressed in transgenic pups at
birth and the relative fold increase in Ctcfl was determined by
setting expression in the brain as 1.0 and comparing its expres-
sion in other tissues with that in the brain. We observed similar

FIG 3 Ocular lesions in Ctcfl transgenic mice. Ctcfl mice have a smaller lens (B
versus A) with cataract (star in panel D) and lens rupture (arrow in panel D).
Eyelids have failed to fuse (arrow in panel B), contributing to keratitis (black
stars in panels F and E). The anterior lens epithelium is adhered to the interior
aspect of the cornea (B, F). This is accompanied by abnormal anterior segment
vascularization (arrow in panel F) and impaired iridal development (white
stars in panels F and E). Control lens morphology is shown in panel C (vacu-
olation results from a processing artifact), and normal stromal anatomy is
shown in panel E (black star). H&E staining was used. Bars: 100 �m (A, B), 50
�m (C, D), and 20 �m (E, F).

FIG 4 Generalized developmental delay in Ctcfl transgenic P0 animal tissues (panels B, D, F, and H versus controls in panels A, C, E, and G) and ES cell-tetraploid
e18.5 chimeric fetus tissues (panels J, L, N, and P versus controls in panels I, K, M, and O). Controls for P0 pups were nontransgenic littermates. Controls for e18.5
fetuses were from chimeras from pseudopregnant females that were not given doxycycline during pregnancy. Ctcfl mice display reduced alveolar maturation of
lungs (B, J) and reduced glomerular maturation (D, L) accompanied by renal tubular cysts (D), reduced hematopoietic precursors in the liver (F), impaired
pancreatic exocrine development (N), and skeletal muscle degeneration (H, P). H&E staining was used. Bars: 20 �m (A to F, I, J), 50 �m (K, L), and 10 �m (G,
H, O, P).
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levels of transgene expression in the brain, kidney, eye, and
liver. Skin and lung expression levels were greater (10- and
40-fold, respectively). We did not observe a correlation be-
tween the level of expression and phenotypic abnormality, as

the tissue with the second highest expression level, skin, was
grossly and light microscopically normal.

Expression of Ctcfl in ES cells in vitro and the phenotype of
tetraploid-Ctcfl ES cell chimeras in vivo. ES cell lines were de-
rived from our transgenic mice and genotyped, and Ctcfl rtTA and
wild-type ES cells were characterized by (i) Ctcfl transgene expres-
sion in the presence or absence of doxycycline in vitro and (ii) the
phenotype of Ctcfl ES-tetraploid chimeras when allowed to de-
velop in pseudopregnant females in vivo. Our qRT-PCR results
show that expression of the Ctcfl transgene in ES cells cultured in
vitro increased 320-fold relative to that of Gapdh in the presence of
doxycycline (data not shown). Expression of endogenous Ctcfl or
Ctcf was not statistically significantly altered when the Ctcfl trans-
gene was induced (data not shown). Having established that the
Ctcfl transgene can be highly induced in our ES cells, we then
tested these cells for the ability to replicate the mutant phenotype
in vivo. The use of traditional chimeras in diploid host blastocysts
is less than ideal, given the presence of wild-type cells that will
diminish the phenotype of the transgenic cells. However, by using

FIG 5 Sections at approximately the same coronal level from representative control (A to D) and Ctcfl transgenic (E to H) P0 newborns. Ctcfl transgenic mice
develop cavernous malformations of the brain characterized by subcutaneous and cerebral hemorrhaging (F to H), midline malformations of the brain and skull
(F, G), and meningocele with focal excessive vascular proliferation of meninges (F, G). H&E staining was used. Bar, 200 �m.

FIG 6 Immunohistochemistry analysis of CD34 and VEGF (brain and me-
ninges) control and Ctcfl transgenic mice (P0). Fewer CD34-positive vascular
profiles (black arrows) are present in the cortex of the Ctcfl transgenic animal
(B versus A). This is accompanied by neuronal disorganization and nuclear
pyknosis (white arrow). A focal region of meningeal proliferation and cortical
dysplasia in the Ctcfl transgenic animal (D) contrasts with the comparable
region of the control animal (C). The boxed area in panel D shows that men-
ingeal proliferation is accompanied by abundant CD34-positive vascular pro-
files (F) and VEGF-positive proteinaceous material suggestive of vascular leak-
age (E). Bars: 50 �m (A, B), 100 �m (C, D), and 20 �m (E, F).

FIG 7 Lower CD34 expression is seen in the dermis and periadnexal regions of
Ctcfl transgenic newborns (B, D) than in controls (A, C).
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the ES cell-tetraploid chimera system, we can create embryos and
newborns where the fetus originates solely from the ES cells while
the placenta derives from the host tetraploid cells. Pseudopreg-
nant females receiving Ctcfl ES cell-injected tetraploid blastocysts
were given either doxycycline or regular water from the time of
embryo transfer (e2.5), and resultant e18.5 fetuses or newborn
pups were assessed for eye and internal pathology phenotypes.
Our data show that Ctcfl transgenic ES cells always produced un-
fused-eyelid progeny that underwent perinatal death when preg-
nant mothers were given doxycycline and always produced nor-
mal-eyed progeny when doxycycline was withheld (Table 1 and
Fig. 2C). When internal organs were surveyed by histology in
the Ctcfl ES-derived animals on doxycycline, a phenotype of
multiorgan pathology nearly identical to that initially observed
in the transgenic animals was reproduced. Findings included
ocular malformations, myodegeneration, and impaired pul-
monary, pancreatic, hepatic, and renal development (Fig. 4),
and these findings were not seen in the controls. Given the low
number of fetuses that survive to e18.5 or birth in ES-tetraploid
chimeras in general, we cannot comment on the presence or ab-
sence of growth retardation in this experimental series. However,
the in vitro results showing a 320-fold increase in Ctcfl transgene
expression in response to doxycycline and the in vivo results show-
ing Ctcfl ES-tetraploid chimeras replicate the unfused-eyelid, le-
thal, internal organ pathology phenotype validate their use in our
RNA-Seq studies.

RNA-Seq studies of Ctcfl transgenic ES cells. Given that Ctcfl
ES-tetraploid chimeras replicate the phenotype of transgenic
mice, we grew transgenic and control cells with or without doxy-

cycline for 48 h in vitro and performed RNA-Seq studies. On av-
erage, we obtained 21.12 million reads per sample, of which 96.8%
were mappable. The data show 12 genes significantly upregulated
and 2 significantly downregulated (P � 0.05, corrected for the
false-detection rate) in response to Ctcfl transgene induction.
These 14 gene products, their relative expression levels (in frag-
ments per kilobase per million reads mapped), the fold changes in
their expression, and the q values (P value corrected for the false-
discovery rate) are listed in Table 2. Because our experimental
design compared the same transgenic Ctcfl ES cell line with or
without doxycycline, we were able to eliminate many false posi-
tives. For example, comparison of the Ctcfl ES cell line in the
absence of doxycycline with a �/� ES cell line, both derived from
our Ctcfl transgenic mouse matings, revealed significant differ-
ences in the expression of 179 genes. Since doxycycline was not
present to induce transgene expression, we conclude that these
179 genes represent the difference between two independently
derived cell lines and not the effects of, in this case, the Ctcfl trans-
gene. Only when a single transgene-inducible cell line is compared
to itself, with or without doxycycline, are the differentially ex-
pressed genes truly revealed. Similarly, analysis of our nontrans-
genic ES cell line with and without doxycycline revealed no signif-
icant differences in the expression of any genes. These results,
taken together, show that doxycycline itself, in the absence of the
Ctcfl transgene, does not significantly alter gene expression by
using the statistical parameters employed here and that the 14
deregulated genes we identified represent true downstream targets
of Ctcfl induction.

Of the 12 genes upregulated, 2, 1700019B21Rik and Prss50 (also
known as Tsp50), were previously identified as downregulated in
testicular cells from Ctcfl knockout mice (17). Thus, control of
these two genes by Ctcfl has now been shown to occur in two
distinct cell types by two different methods, i.e., microarray anal-
ysis in a knockout model using testicular cells and RNA-Seq anal-

FIG 8 Relative expression of the Ctcfl transgene in different tissues as deter-
mined by qRT-PCR analysis.

TABLE 1 Eyelid phenotypes of transgenic and control ES cell-tetraploid
chimeras when pseudopregnant females were or were not given
doxycycline

ES cell
line Doxycycline

No. of
embryos
injected

No. of
e18.5
fetuses/
total

No.
P0
pups/
total

No. of pups with
eyelids:

Fused Unfused

Ctcfl Tga � 189 9/159 1/30 0 10
Ctcfl Tg 
 117 4/62 2/55 6 0
Not Tg 
 70 4/58 1/12 5 0
a Tg, transgenic.

TABLE 2 RNA-Seq data and affected gene productsa

Gene product

Relative expression levelc

Fold
change

q
valueb

No
doxycycline

With
doxycycline

Upregulated
Cited1 3.92 13.47 �3.44 0.014
Cdh3 14.08 25.17 �1.79 0.034
Cldn4 61.00 98.43 �1.61 0.050
Dsp 9.27 17.07 �1.84 0.008
Jak2 2.53 5.30 �2.09 0.008
Krt18 96.30 166.89 �1.73 0.008
Krt8 111.76 184.18 �1.65 0.020
Prss50 3.83 12.20 �3.19 0.008
Rec8 5.70 14.10 �2.47 0.008
Six1 3.57 7.03 �1.97 0.025
TgfB1 12.69 23.60 �1.86 0.040
1700019B21Rik 0 0.660 0.008

Downregulated
Id2 39.83 22.78 
1.75 0.046
P-Rex2 7.02 3.28 
2.14 0.008

a Twelve transcripts are significantly upregulated and two are significantly
downregulated in response to Ctcfl induction by doxycycline in ES cells.
b The q value is the P value corrected for the false-discovery rate for multiple samples.
c Each value is the number of fragments per kilobase per million reads mapped.
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ysis in our transgenic model using ES cells. 1700019B21Rik is a
noncoding mRNA cloned from adult mouse testis tissue (41). Of
the two genes nearest to 1700019B21Rik, one is a 223-kb gene that
encodes a hypothetical MAGE family (MAGE-11-like) centro-
meric protein. Therefore, expression of Ctcfl results in the upregu-
lation of an X-linked noncoding RNA whose neighbor, also
cloned from testis tissue, is a member of the MAGE family that,
like Ctcfl, encodes a CTA. We report 12 additional genes, not
previously identified, whose expression is significantly altered af-
ter Ctcfl induction. Among the latter, DNA binding genes (Rec8
and Id2), signal transduction genes (Cited1, Jak2, and TgfB1), and
a homeobox-related gene (Six1) are represented. DAVID analysis
of our RNA-Seq data revealed that the TGFB pathway is primarily
affected by induced Ctcfl expression in ES cells.

DISCUSSION
Novel phenotype of Ctcfl transgenic mice and comparison to
previous mouse models. Our transgenic mice displayed a lethal
malformation phenotype that was not expected on the basis of
information obtained from prior knockout mouse studies and our
knowledge of CTCFL as a human CTA. Indeed, we observed that
Ctcfl rtTA transgenic mice, rather than exhibiting oncogenesis and
promotion of growth, were approximately 16% smaller than their
nontransgenic littermates, had multiple-organ pathology, and
died in the first few hours of life. Especially striking was the pres-
ence of ocular malformations, including ocular hemorrhaging
and unfused eyelids. During normal development, eyelid fusion
occurs at e15.5 to e16.5 and the lids remain fused until P10 (42).
Multiple specific keratin genes are expressed in a coordinated
temporal sequence before, during, and after eyelid fusion (43). A
review of the literature describing mice with unfused eyelids and
death at birth reveals a number of alleles involved in the TGFB
signal transduction pathway that exhibit these phenotypes. For
example, a human integrin transgene controlled by a human in-
volucrin promoter results in mice with unfused eyelids (44), as
does homozygous knockout of the activin-�B-encoding gene
(45). Homozygous activin-�A knockout mice die at birth (46),
and when those authors created mice doubly null for activin-�A
and activin-�B, they were shown to have unfused eyelids and un-
dergo perinatal death. Similarly, Brown et al. reported on double
mutants that combined a homozygous knock in of the activin-�B-
encoding gene at the InhbA locus with a homozygous null at the
InhbB locus that resulted in mice that were small at birth and had
unfused eyelids (47). Conditional removal of Smad4 or addition
of transgenic SMAD7, phosphorylation targets and effectors of
TGFB signaling in the mouse eye, results in corneal defects, lens
cataracts, adhesion of the retina to the lens, and unfused eyelids
(48), a phenotype remarkably similar to what we observed in our
Ctcfl transgenic mice. On the basis of the similarities between our
Ctcfl transgenic mice and prior mouse models, we suspected that
the TGFB signaling pathway was significantly altered by enforced
expression of Ctcfl during embryogenesis.

Some of our newborns with unfused eyelids also had externally
visible unilateral ocular hemorrhaging or craniofacial subcutane-
ous hemorrhaging. The histology of the brain in pups with gross
hemorrhaging demonstrated cerebral cavernous malformations
and, in some instances, focal excessive vascular proliferation of the
meninges, resulting in meningocele. Because we did not perform
cerebral histology analysis of most of our transgenic pups, the true
incidence of cerebral vascular malformations cannot be deter-

mined from our data, although we never observed externally vis-
ible hemorrhaging in pups with fused eyelids. This abnormal ce-
rebral vascular proliferation with cavernous malformations and
hemorrhaging again implicates the TGFB pathway, as it has been
shown that in mice with endothelial-tissue-specific CCM1 (cere-
bral cavernous malformation) deleted, upregulation of BMP6 and
the TGFB pathway results in an endothelium-to-mesenchyme
transition wherein endothelial cells acquire stem cell/mesenchy-
mal characteristics that eventually lead to cerebral cavernous mal-
formations (49). Perturbation of a mesenchyme-to-epithelium
transition is also suspected from the renal pathology of our Ctcfl
transgenic mice, as the kidneys showed an increase in mesenchy-
mal elements and a corresponding decrease in epithelial structures
such as glomeruli. Abnormal vessel formation mediated by dys-
regulated TGFB signaling may also provide a link between the
cerebral vessel malformations and the ocular phenotype we ob-
served, as double knockout of TgfB2 and TgfB3 results in a hyper-
cellular/hypervascular posterior chamber of the eye (50), similar
to what we observed in our Ctcfl transgenic mice.

Validation of transgenic ES cells in tetraploid-ES chimeras.
Although the phenotype and histology of our Ctcfl transgenic
pups indirectly implicated the TGFB signaling pathway, a more
direct molecular analysis of a single cell type was desired. We chose
ES cells for this analysis, as (i) we could generate an immortal cell
line from the transgenic mice used in our phenotype characteriza-
tion and (ii) they allow us to assess whether the abnormal pheno-
type is reproduced in ES-tetraploid chimeras. When Ctcfl rtTA
transgenic ES cells were injected into wild-type tetraploid blasto-
cysts and transferred to pseudopregnant females on doxycycline,
late-stage fetuses and P0 newborns exactly reproduced the lethal,
unfused-eyelid, and aberrant internal pathology phenotype of the
original transgenic mice, thus validating their use in gene expres-
sion experiments.

Comparison of altered gene expression in knockout versus
transgenic Ctcfl studies. In molecular studies, CTCFL expression
was demonstrated to be complex, with three alternative promot-
ers leading to the transcription of 5 mRNAs that differ in their 5=
untranslated regions (51) and 23 isoforms generated by alternate
splicing (52). Genomic analysis has shown that there are many
more CTCF (approximately 35,000) than CTCFL (5 to 6,000)
binding sites, and although CTCF can bind to approximately 60%
of CTCFL sites, CTCFL binds to only 10% of CTCF sites (2). In
addition to reduced Gal3st1 expression as a result of Ctcfl knock-
out mentioned previously, Prss50 (also known as Tsp50), and the
noncoding RNA 1700019B21Rik, are also significantly reduced in
Ctcfl null testes (17). Prss50, like Ctcfl, was initially described as a
testicular transcript, and it also encodes a CTA reactivated in can-
cer cells (53, 54). Ctcfl has been shown to directly bind to two
distinct Prss50 promoter sites and upregulate it when those sites
are not occupied by a nucleosome (2, 55). Here, we describe RNA-
Seq analysis of Ctcfl transgenic ES cells and, despite major differ-
ences in the approach and methodology used (knockout versus
transgenic, microarray versus RNA-Seq, testicular versus ES cells),
we confirm the vital role of Ctcfl in the regulation of Prss50 and
170019B21Rik, as the expression of both of these genes was signif-
icantly upregulated in our transgenic ES cells (Table 2). Although
we did not observe upregulation of Gal3st1 in our ES cells, this is
not unexpected, as regulation of this gene in the testis results in a
testis-specific Ctcfl isoform (17) that presumably is not produced
in ES cells. Also, downregulation of Stra8 in knockout mice, not
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seen in our ES cells, is also not unexpected, as Stra8 is expressed
only at certain testicular developmental time points and unlikely
to be seen in ES cells (2). Sleutels and colleagues reported an ad-
ditional 25 deregulated genes in Ctcfl-deregulated testicular cells,
although none of them were as significantly altered as Gal3st1 or
Prss50. Other than Prss50, there was no overlap between the de-
regulated genes they observed in testicular cells and the deregu-
lated genes we observed in ES cells. Cell-type-specific expression,
alternate methodologies, and quantitative differences in altered
expression may underlie these differences. However, we under-
stand that the gene expression profile we describe pertains only to
ES cells and that a different profile could be observed in different
cells or tissues.

Pathway analysis of Ctcfl transgene expression. Our RNA-
Seq results (Table 2) show significant alteration of 14 genes (12
upregulated, 2 downregulated) in response to Ctcfl induction (Fig.
9). Unpredicted from the Ctcfl knockout mouse data, seven of the
affected genes encode signal transducers, transcription factors,
and DNA binding proteins (or regulators of DNA binding) and
one is a homeobox-related gene. DAVID analysis reveals the
TGFB pathway to be the most affected by embryonic Ctcfl expres-
sion, as TGFB itself is significantly upregulated and five of the
affected genes intersect directly or indirectly with TGFB. For ex-
ample, we observed upregulation of CITED1, a transcriptional
coactivator of the TFE3 transcription factor that, upon binding to
TGFB response elements (TGFBRE), recruits SMAD3 and -4 to
mediate the TGFB response (56). The KRT8 and KRT18 genes
(contiguous and coordinately regulated) were also upregulated in
our transgenic ES cells. Notably, mice transgenic for human KRT8
(57) phenocopy dominant negative TGFBRII mutant mice (58)
and dominant negative TGFBRII mice upregulate Krt8 and Krt18
(57). Finally, we observed repression of the Id2 (inhibitor of DNA
binding 2) gene by Ctcfl. TGFB is a known repressor of Id2 (59), so

decreased Id2 expression in our Ctcfl transgenic ES cells may result
from Ctcfl upregulation, leading to increased TGFB and conse-
quent downregulation of Id2. Thus, pathway analysis and knowl-
edge regarding 5 of the 14 Ctcfl-altered genes link Ctcfl expression
to the TGFB pathway, confirming our phenotype-based suspicion
that TGFB is involved in the ocular, abnormal vasculogenesis, and
perturbed mesenchyme-to-epithelium transition phenotypes ob-
served in our transgenic mice.

Of interest, one of the upregulated genes, Rec8, localizes to
meiotic chromosomes and its product is part of the cohesin com-
plex that joins sister chromatids at the site of chiasmata in sper-
matocytes and oocytes. When Rec8 is absent in mice, male and
female sterility results (60). Immediately after fertilization, Rec8 is
replaced by Scc1 (also known as Rad21) (61). Thus, a cohesin
complex protein that is believed to function primarily in meiosis is
upregulated in our Ctcfl transgenic ES cells and presumably in
Ctcfl transgenic fetuses. We doubt, however, that expression of
Rec8 in our transgenic animals explains the abnormal lethal phe-
notype, as Rec8 transgenic mice are viable, fertile, and seemingly
normal (62). Finally, our data lead one to question whether the
TGFB pathway may play a greater role in spermatogenesis than pre-
viously suspected. Dissection of TGFB signaling in gonad and germ
cell development is made difficult by the functional redundancy of
the multiple members of this superfamily. TGFB and its receptors are
expressed in the developing testis, but elimination of any single ligand
or receptor does not block testis development. Recently, however, use
of the TGFB signaling antagonists ALK4, -5, and -7 was shown to
block testis development, thus leading to a renewed interest in
TGFB’s role in male germ line development (63).

CTCFL in human vascular pathology. Two benign human
vascular malformations unexpectedly express CTCFL, JAs (32)
and IHs (Schultz et al., submitted). JAs are fibrovascular tumors
that arise in the nasal cavity in adolescent males. In some cases,
there is CTCFL gene duplication (64). JAs exhibit increased levels
of VEGF, insulin-like growth factor 2 (IGF2), TGFB, and other
growth factors (65). In IHs, a vascular proliferation seen predom-
inantly in females, CTCFL is again overexpressed (Schultz et al.,
submitted). Like JAs, IHs are also known to overexpress IGF2
(66). However, Yu et al. did not observe loss of imprinting of IGF2
in IHs, despite CTCF’s role as a chromatin insulator element at
IGF2 differentially methylated region I (DMRI) (67, 68), making
it unlikely that CTCFL directly alters methylation and CTCF bind-
ing at this site. Our results offer an alternative explanation wherein
CTCFL may deregulate the TGFB pathway, which, combined with
IGF2 overexpression, leads to IH vascular proliferation. Our re-
sults, obtained with a Ctcfl mouse transgenic model, combined
with two known instances of human CTCFL overexpression in
benign vascular malformations, warrants the consideration of
CTCFL somatic expression in additional human vascular malfor-
mations.
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