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Holoprosencephaly (HPE) is the most common structural anomaly of the human brain, resulting from
incomplete cleavage of the developing forebrain during embryogenesis. Haploinsufficient mutations in the
TG-interacting factor (TGIF) gene were previously identified in a subset of HPE families and sporadic patients,
and this gene is located within a region of chromosome 18 that is associated with nonrandom chromosomal
aberrations in HPE patients. TGIF is a three-amino-acid loop extension (TALE) homeodomain-containing
transcription factor that functions both as a corepressor of the transforming growth factor beta (TGF-$3)
pathway and as a competitor of the retinoic acid pathway. Here we describe mice deficient in 7gif that exhibited
laterality defects and growth retardation and developed kinked tails. Cellular analysis of mutant mouse
embryonic fibroblasts (MEFs) demonstrated for the first time that Tgif regulates proliferation and progression
through the G, cell cycle phase. Additionally, wild-type human TGIF was able to rescue this proliferative defect
in MEFs. In contrast, a subset of human 7gif mutations detected in HPE patients was unable to rescue the
proliferative defect. However, an absence of Tgif did not alter the normal inhibition of proliferation caused by
treatment with TGF-B or retinoic acid. Developmental control of proliferation by Tgif may play a role in the

pathogenesis of HPE.

Holoprosencephaly (HPE) is the most common birth defect
affecting prosencephalic development, resulting in the loss of
forebrain midline structures (35). More than 12 chromosomal
regions have been mapped in sporadic and familial HPE cases.
One region, mapping at 18p11.3 in humans, contains the gene
TGIF. Deletions and mutations of TGIF have been associated
with HPE (1, 5, 12, 16, 41). Intriguingly, HPE demonstrates
considerable variability and incomplete penetrance; the pen-
etrance for TGIF mutations or deletions is only 10% (1, 38).

TGIF is a three-amino-acid loop extension (TALE) ho-
meobox-containing transcription factor. Members of the TALE
family, which includes PBC and MEIS class proteins, form
heteromeric complexes with each other to regulate transcrip-
tion of developmentally important genes, such as the Hox and
Pax6 genes (31). Members of this family can also function as
cofactors to provide specificity and cooperativity for Hox
genes. Although TGIF has not been shown to bind PBC pro-
teins (11, 23), TGIF can mutually compete and inhibit down-
stream target genes with MEIS (58).

TGIF was first implicated as an antagonist in the retinoic
acid (RA) pathway because it competed for DNA binding with
the RXRa retinoic acid receptor (6). In addition, TGIF has
been shown to repress downstream transcriptional activity of
RXR (4). Subsequently, TGIF was also shown to be a tran-
scriptional corepressor, interacting with Smad2 to regulate
transforming growth factor beta (TGF-B)-responsive gene
transcription (55). TGF-B-dependent transcriptional repres-

* Corresponding author. Mailing address: Terry Fox Laboratory,
British Columbia Cancer Research Centre, 675 West 10th Avenue,
Vancouver, BC, Canada, V5Z 1L3. Phone: (604) 675-8133. Fax: (604)
877-0712. E-mail: hoodless@bccre.ca.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

4302

sion by TGIF is mediated through multiple domains, by di-
rect competition with the coactivator p300/CBP for Smad2
interaction and through recruitment of the histone deacety-
lase complex, the carboxyl terminal binding protein (CtBP)
complex, and the Sin3 complex, all of which modify chro-
matin configuration (33, 54, 56). Finally, TGIF protein sta-
bility can also be regulated by the Ras/mitogen-activated
protein kinase (MAPK) pathway (28).

Interestingly, both the retinoic acid and the TGF-B/Nodal
pathways have been implicated in the development of HPE.
Mutations in FOXHI, a transcription factor in the TGF-B
pathway, have been identified in HPE patients (34). Similarly,
mice deficient for genes in the TGF-B pathway, such as the
compound mutant Smad2™’'~ Nodal*'~, developed HPE (39).
In addition, prenatal exposure to retinoic acid causes suscep-
tibility to HPE in humans and model organisms (34, 44).

To investigate the function of 7gif during mouse develop-
ment, we generated Tgif-null mice. The loss of 7gif resulted in
a spectrum of abnormal phenotypes, including laterality de-
fects, all of which occurred at low penetrance. In addition,
fibroblasts derived from mutant embryos displayed a cell cycle
progression defect. We demonstrated that expression of wild-
type human TGIF proteins rescued the proliferative defect in
mouse embryonic fibroblasts (MEFs) while expression of pro-
teins containing a subset of mutations within the homeodo-
main identified in HPE patients did not. Unexpectedly, the
absence of Tgif did not alter the normal antiproliferative re-
sponse to stimulation of the TGF-f, retinoic acid, or Ras/
MAPK pathways.

MATERIALS AND METHODS

Targeting construct and generation of Tgif '~ mice. Construction of the
targeting vector was as follows. First, a 7.0-kb EcoRI-Xhol fragment was used for
homologous arms. Next, exons 2 and 3, which are contained within the 2.3-kb
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FIG. 1. Gene targeting of the mouse 7gif locus. (A) Gene targeting
strategy utilizing homologous recombination in ES cells. The wild-type
allele, targeting vector, and targeted allele are shown with relevant
restriction sites and exons (noncoding sequence, open boxes; coding
exons, gray boxes). The dashed lines depict regions of homologous
recombination. (B) Southern blot analysis of mouse MEF cells dem-
onstrated correct targeting of the locus. EcoRI-digested genomic DNA
generated a 13-kb band for the wild-type allele and a 7-kb band for the
targeted allele using the 5’ probe indicated in panel A, while Pstl-
digested genomic DNA generated a 7-kb band for the wild-type allele
and a 5.5-kb band for the targeted allele using the indicated 3" probe.
Genotypes are indicated above the lanes. (C) RT-PCR using primers
indicated in panel A demonstrated that Tgif transcripts were expressed
in Tgif /" and Tgif '~ but not Tgif /~, MEFs. RT is present (+) or
absent (—) in each sample.

SaclI-HindIII fragment, were excised and replaced with lacZ and PGK-neo. lacZ
was inserted in frame downstream of amino acid residue 7, leucine, which is the
second amino acid of the remaining exon 2. This vector was linearized and
electroporated into CCE embryonic stem (ES) cells. ES cells were selected with
G418 and screened for homologous recombination events by Southern blot
analysis (21). 5" homologous recombination was screened using EcoRI-digested
genomic DNA and a 300-bp Xhol external probe, while 3" homologous recom-
bination was screened using Pstl-digested genomic DNA and a 0.5-kb Xbal
external probe. Two independent, correctly targeted ES cell clones were injected
into C57BL/6] host blastocysts to generate chimeric mice. The phenotypes ob-
served in mice derived from both ES cell lines were similar and their combined
results are included here. All mice and embryos were of a mixed 129/Sv/CD1,
129/Sv/C57BL/6J, or C57BL/6J genetic background. A PCR screening strategy
was also used for ear-punch and visceral yolk sac DNA to determine the geno-
types of mice and embryos.

Reverse transcriptase PCR (RT-PCR) was performed using primers TGIF-RT
(5'-ATGAAAAGCAAGAAGGGTCT-3") and TGIF 207 (5'-TGTTCATACAG
CCAGTCTCG-3"). They are located within exons 1 and 2, respectively (Fig. 1A).

Mice were maintained at the British Columbia Cancer Research Centre ani-
mal facility. Experiments complied with all relevant federal guidelines and were
approved by the Institutional Animal Care and Use Committee.

Generation of Tgif ~/~ MEFs. Primary fibroblasts were isolated from Tgif */*
and Tgif ~/~ day 13.5 embryos (37) and cultured in Dulbecco’s minimum essential
medium supplemented with 10% fetal bovine serum (FBS) and antibiotics (Stem
Cell Technologies). Experiments were carried out with early passage (<8) cells
from Tgif /* and Tgif /'~ littermates. MEFs were generated from embryos from
129/Sv/CD1, 129/Sv, and C57BL/6J backgrounds. Unless stated otherwise, all
experiments were conducted using MEFs derived from the 129/Sv/CD1 genetic
background.

Growth curve analysis. A total of 2 X 10* cells of each genotype were plated
in 12-well culture plates and counted on a daily basis using a Coulter Counter.

BrdU labeling and cell cycle analyses. A total of 1 X 10° cells at log phase were
labeled with bromodeoxyuridine (BrdU) and 7-amino-actinomycin D (a DNA
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binding dye) following the manufacturer’s instructions (BD Biosciences Phar-
mingen) and fluorescence-activated cell sorter (FACS) analyzed on a Cytopeia
Influx. BrdU is incorporated only by cells undergoing DNA synthesis.

[*H]thymidine incorporation into cells. MEFs derived from embryos of 129/
Sv/CD1, 129/Sv and C57BL/6J genetic backgrounds were seeded at 5,000 cells/
well in 96-well plates in triplicate. A total of 1 wCi/well [*’H]thymidine was added
to the cells, and the cells were incubated for 2 h, harvested, and [*H|thymidine
incorporation quantified using a B-counter (LKB Wallac, Turku, Finland).

Growth factor and UO126 treatment. Cells were treated with TGF-B, all
trans-RA, 9-cis-RA, or U0126 at the indicated concentrations for the indicated
times. TGF-B was a gift from Stem Cell Technologies. All trans-RA, 9-cis-RA,
and U0126 were purchased from Sigma.

Serum starvation. A total of 5,000 cells/well was grown in Dulbecco’s mini-
mum essential medium lacking serum for 2 days to induce quiescence; the
addition of 10% FBS allowed synchronous reentry into G, and S phase.

Expression of retroviral constructs in primary MEFs. The human TGIF
cDNA was subcloned upstream of an internal ribosome entry site (IRES)-YFP
cassette in the murine stem cell virus (MSCV) retroviral vector (10) to generate
MSCV-TGIF-IRES-YFP. Site-directed mutagenesis using a modified restriction
site protocol generated the seven-point mutations identified in patients (49). All
mutations were sequence verified. Tgif was flag-tagged at the N terminus to allow
for Western blot analyses. High-titer helper-free recombinant MSCV-TGIF-
IRES-YFP retroviruses were generated and tested according to protocols devel-
oped by G. Nolan (www.stanford.edu/group/nolan). Briefly, Phoenix Eco cell
lines were transfected using FUGENE (Roche). Supernatant from the Phoenix
viral producer cells supplemented with 6 pg of ammonium sulfate per milliliter
was used for infection of the MEFs. Yellow fluorescent protein (YFP)-expressing
cells were enriched through a Cytopeia Influx sorter, and proliferation was
measured as described above.

Embryo harvest and staging. Embryos were generated by timed matings of
congenic CS7BL/6J Tgif ¥/~ mice. At E8.0 to E8.25, embryos and yolk sacs were
collected and the embryos were staged according to their somite numbers.
Subsequently, yolk sacs were used for PCR genotyping.

BrdU incorporation and analysis. Congenic C57BL/6J Tgi females preg-
nant with E8.0 to E8.25 embryos received an intraperitoneal injection of 400 pg
BrdU per gram of body weight and were euthanized 1 h later, as described
previously (18). Embryos were collected and staged as described above, fixed in
4% paraformaldehyde overnight, and frozen in optimum-cutting-temperature
embedding compound. Frozen 10-um sections were stained with anti-BrdU-
conjugated Alexa 549 (Molecular Probes) and Hoechst to stain DNA. The
fraction of BrdU-incorporated cells was determined by counting the number of
positive cells and dividing by the total number of Hoechst-positive cells. Only
neuroepithelial cells were counted. Numbers were also compared in dorsal one-
third, ventral one-third, and mid-section one-third sections. At least three adja-
cent sections were counted, and three sets of matched mutant and control
embryos were analyzed.

+/—

RESULTS

Tgif '~ mice exhibited laterality defects and other pleiotro-
pic phenotypes. A targeted deletion of 7gif exons 2 and 3,
eliminating nearly all coding sequences, was performed in ES
cells (Fig. 1A and B). Mice heterozygous for 7gif on the 129/
Sv/CD1 background were viable and fertile. A x* analysis of 80
F, offspring from these intercrosses at 3 weeks of age demon-
strated a normal Mendelian ratio (25 Tgif /" [31%], 36
Tgif 7'~ [45%), and 19 Tgif '~ [24%] [P = 0.43]), showing that
Tgif was not essential for viability. To confirm that 7gif expres-
sion had been abolished, MEFs were generated from wild-
type, heterozygous, and mutant embryos and tested for expres-
sion of Tgif by RT-PCR (Fig. 1C). Tgif transcript was robustly
detected in wild-type and heterozygous MEFs, while no tran-
script was observed in mutant MEFs.

Although the Tgif '~ mice were viable and fertile, a variety
of defects were uncovered in this mixed genetic background.
Significantly, 13% of Tgif '~ mice developed laterality defects,
with both situs inversus and situs ambiguus being observed
(Fig. 2A to D; Table 1) after examining 67 mutant mice. Situs
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FIG. 2. Tgif mutant mice on the 129/Sv/CD1 genetic background
developed pleiotropic phenotypes. (A to D) Adult mice, placed on
their backs, were dissected to determine the sidedness of their visceral
organs. The dashed line indicates the sternum (s) and the midline of
the body axis. (A) In Tgif /" mice, the heart (h), stomach (st), and
spleen (sp) were on the left side of the body cavity. (B) A Tgif /'~
mouse exhibiting situs inversus where the heart, stomach, and spleen
were located on the right side of the body cavity. (C and D) Tgif ~/~
mice exhibiting situs ambiguus where the heart laid within the right
chest cavity (liver [1]) (not shown are the stomach and spleen laid on
the left side). (E) Some mutant mice were already visibly smaller than
littermates 1 week after birth. (F) 7gif mutant mice exhibited kinked
tails.

ambiguus most often involved the incorrect positioning of the
heart and occasionally involved abnormal lung lobe numbers
(three cases) or polysplenia (one case). These defects were not
observed in control littermates (Table 1). In addition, growth
retardation and kinked tails were observed (Fig. 2E and F;
Table 1). Taken together, 43% of mutant mice displayed at
least one of the defects listed above (Table 1). However,
each individual defect was observed in only a limited num-
ber of mutant mice, indicating that the penetrance of each
defect was low.

The same chimeras used to generate the 129/Sv/CD1 colony
were also mated to C57BL/6J female mice in an attempt to
increase the penetrance of the observed phenotypes. A con-
genic C57BL/6J strain was produced after 10 generations of
breeding Tgif 7/~ mice to C57BL/6J mice. However, no abnor-
malities were detected after the examination of 26 mutant
mice; all mice displayed normal tails, situs, and growth. From
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this result, we conclude that the phenotypes observed were
dependent on the genetic background.

Tgif regulates proliferation in primary MEFs. To investigate
the function of Tgif, primary MEF cell lines were generated
from Tgif *'* and Tgif '~ embryos on the mixed 129/Sv/CD1
genetic background. RT-PCR confirmed that Tgif was ex-
pressed in wild-type and heterozygous MEFs but not in mutant
MEFs (Fig. 1C). Unexpectedly, cell lines derived from Tgif ~/~
embryos failed to proliferate as rapidly as the controls. To
examine the proliferative capability of the cells, equal num-
bers of early passage primary MEFs were plated and counted on
a daily basis for 12 days. Mutant cells proliferated at a slower
rate and accumulated to a lower density than control cells
(Fig. 3A).

Next, cell cycle progression was monitored by labeling cells
with BrdU and 7AAD to distinguish cells in Gy/G,, S, and
G,/M phases of the cell cycle using flow cytometric analysis.
We observed a higher percentage of Tgif '~ MEFs in the
G,/G, phase of the cell cycle (36% Tgif*'* versus 44%
Tgif /~; P = 0.003, n = 8) (Fig. 3B); a similarly reduced
percentage of Tgif '~ cells was detected in the S phase (28%
Tgif *'* versus 20% Tgif ~'~; P = 0.002, n = 8). The percent-
ages of cells undergoing apoptosis or in G,/M phase were
comparable between Tgif */* and Tgif '~ cells. These results
suggest that Tgif /~ MEFs were impaired in G, progression.

To determine if Tgif '~ MEFs were impaired in their ability
to respond to mitogens that regulate the restriction point,
proliferation was assessed by [*H]thymidine incorporation by
MEFs following stimulation with increasing levels of mitogen
(0.1% to 10% FBS). We found that the proliferation rate was
directly proportional to the concentration of FBS for both
Tgif */* and Tgif ~/~ cells, suggesting that the loss of Tgif does
not affect the ability of cells to monitor increasing levels of
mitogen (data not shown). We next focused on the kinetics of
G, phase in these cells. Quiescent cells, starved of serum, were
stimulated to synchronously enter G, phase of the cell cycle
using serum-supplemented media (25). Approximately twofold
more quiescent 7gif "'+ MEFs entered S phase than Tgif /~
MEFs at the indicated times after serum stimulation (Fig. 3C).
Consequently, the total number of mutant cells that reentered

TABLE 1. Phenotypes resulting from 7gif heterozygote matings on
129/Sv/CD1 genetic background at 3 weeks of age

Result for mice with indicated genotype

Parameter
Tgif */* Tgif '~ Tgif '~
% with defects 0 0 43
% with no apparent defects 100 100 57
No. with indicated
phenotype/total (%)
Growth retardation” 0/35 0/73 6/31 (19)
Kinked tail 0/124 0/243 10/92 (11)
Situs ambiguus® 0/72 0/145 6/67 (9)
Situs inversus” 0/72 0/145 2/67 (3)
Kinked tail and situs 0/72 0/145 1/67 (1)
ambiguus

¢ Thirty-one mutant mice were weighed with littermate controls. A mouse was
considered growth retarded if its weight was 20% less than the mean weight value
of its litter.

® Sixty-seven mutant mice were dissected along with littermate controls; 92
mutant mice were physically examined along with littermate controls.
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FIG. 3. Tgif /~ MEFs exhibited reduced growth due to a delay in
G, phase progression. (A) Equal numbers of MEFs were plated and
counted daily for 12 days. Tgif '~ cells proliferated at a lower rate and
accumulated to a lower density than Tgif 7" cells. Data are pooled
from two experiments using independently derived MEFs. (B) BrdU
labeling and FACS analysis indicated 7gif '~ cells accumulated in
Gy/G, phase and showed delayed entry into S phase. P values were
equal to 0.003 and 0.002 between Tgif 7'+ (n = 8) and Tgif '~ (n = 8)
cells with regard to the percentage of cells in Gy/G; and S phase,
respectively, using single-factor analysis of variance. A representative
result is shown from five experiments using independently derived
MEFs. (C) Tgif /" and Tgif '~ cells were growth arrested by serum
starvation, and then serum was added to stimulate synchronous reentry
into the cell cycle. DNA synthesis was measured by [*H]thymidine
incorporation as described in the text. Fewer mutant MEFs reentered
the cell cycle at all time points. Consequently, the total number of
mutant MEFs entering into the cell cycle was lower. Representative
results from two experiments are shown, each performed in triplicate,
using cells derived from independent MEFs. (D) Tgif */* and Tgif '~
MEFs were infected with MSCV-retroviruses expressing human TGIF
and YFP (MIY-TGIF) or YFP alone (MIY). Infected cells were en-
riched by FACS, and DNA synthesis was measured by [*H]thymidine
incorporation as described in the text. Expression of human TGIF
restored the proliferation rate of mutant MEFs to normal levels. Error
bars indicate standard deviations. CPM, counts per minute. Data
shown here were obtained with MEFs derived from embryos on the
129/Sv/CD1 genetic background.
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the cell cycle over time was lower. Taken together, these re-
sults suggest that Tgif /~ MEFs do not progress as rapidly
through G, as Tgif /" MEFs.

To determine whether the proliferative defect observed in
MEFs could be rescued, a cDNA for human TGIF was ex-
pressed in mutant MEFs, which were then tested for prolifer-
ative capability. Retroviral constructs were generated to express
human TGIF cDNAs upstream of an IRES-YFP sequence. The
infection efficiency of MEFs was 50 to 60% and cells expressing
TGIF were enriched by fluorescence-activated cell sorting for
YFP expression. Expression of human 7GIF was able to rescue
the proliferation defect in mutant MEFs (Fig. 3D). Overex-
pression of TGIF in wild-type MEFs resulted in a small, but
consistent, increase in proliferation.

A proliferation defect was also present in MEFs derived
from congenic 129/Sv and C57BL/6J embryos (see Fig. S1 in
the supplemental material), indicating that the loss of 7gif
caused a proliferation defect in multiple genetic backgrounds.

Growth retardation was observed in vivo as early as em-
bryonic day 8. To assess whether proliferation defects were
present in vivo, embryos were dissected between embryonic
days 8.0 and 8.25, the stage at which dorsal-ventral patterning
is initiated in the forebrain. Embryos were precisely staged
with respect to their somite number. Upon examination of 15
wild-type and 17 mutant embryos from seven litters, mutant
embryos were determined to be developmentally delayed by 2
to 3 somites (0.001 < P < 0.002 using the Mann-Whitney test)
(Fig. 4A). Consistent with this observation, some neonates and
adult mutant mice were growth retarded (Fig. 2D and Table 1).
Together, these observations suggest that reduced prolifera-
tion in the absence of Tgif led to a growth retardation pheno-
type in vivo as early as embryonic day 8.

To determine whether embryonic cells in vivo showed a
reduced rate of proliferation, in vivo BrdU incorporation ex-
periments were conducted to compare the proportion of cells
in S phase between the wild-type and mutant embryos at em-
bryonic day 8. We did not detect a significant reduction in the
proportion of cells that incorporated BrdU between wild-type
and mutant forebrains (Fig. 4B and C). The sensitivity of in
vivo BrdU incorporation may be too low to detect the small
difference in proliferation expected from the in vitro MEF
assays (Fig. 3B). Alternatively, it is also possible that in vivo
proliferation was not significantly different between wild-
type and mutant embryos at the developmental stage exam-
ined, as cell cycle is normally tightly regulated during in vivo
development.

The proliferative function of TGIF requires the homeodo-
main. To test whether mutations identified in HPE patients
(Fig. 5A) (1, 12, 16) were able to rescue the proliferation
defect, TGIF point mutations were recreated in the retroviral
constructs described above. Not surprisingly, the Y59X muta-
tion did not rescue the proliferative defect, presumably be-
cause the protein preterminated within the homeodomain
(Fig. 5B). Notably, the other point mutations within the ho-
meodomain, P63R and R90C, were also unable to compensate
for the loss of Tgif. In contrast, mutations outside of the ho-
meodomain, S28C, Q107L, T151A, and T162F, within the
CtBP and SMAD?2 and histone deacetylase interaction do-
mains, rescued the proliferative defect in mutant MEFs. The
levels of protein expression for wild-type and mutant TGIF
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FIG. 4. Tgif ’~ mutant embryos exhibited growth retardation. (A) Examination of the developmental stage of Tgif */* and Tgif /~ embryos (15
and 17 embryos, respectively, from seven litters) at E8.0 to E8.25 according to their somite numbers. Mutant embryos were determined to be
developmentally delayed by two or three somites (0.001 < P < 0.002 by the Mann-Whitney test). (B and C) In vivo BrdU incorporation rates of
wild-type and mutant forebrains at E8.0 to E8.25 were similar. Embryos labeled with BrdU were used to determine the percentage of cells in S
phase in vivo. The fraction of BrdU-incorporated cells was determined by counting the number of BrdU-positive cells (red) and dividing by the
total number of Hoechst-positive cells (green). At least three adjacent sections were counted, and three sets of matched mutant and control
embryos were analyzed. The boxed regions in panel B were enlarged in panel C, and spots were placed over positively stained cells to determine
the percentage of BrdU-positive cells. The embryos shown here were on the C57BL/6J genetic background.

proteins were similar, with the exception of Y59X, which did
not produce a detectable protein at the expected size (Fig. 5C).
Thus, these results indicate a novel function for Tgif that re-
quires the homeodomain. Furthermore, the association be-
tween proliferation defects and human mutations suggest that
cell cycle regulation may be disrupted in some HPE patients.

Tgif ~'~ MEFs retain the ability to respond to TGF-p and
retinoic acid. 7gif has been proposed to modulate signaling
from both the TGF-B and the RA pathways by repressing the

level of transcription (6, 55). In wild-type MEFs, treatment
with TGF-B or retinoic acid results in a dose-dependent inhi-
bition of proliferation. To determine whether the loss of Tgif
sensitized MEFs to this inhibitory response, we assessed
[*H]thymidine incorporation into MEFs after treatment with
these compounds. A typical proliferation inhibition response
to TGF-B in Tgif /* MEFs was observed: growth inhibition
was detected at TGF-f concentrations as low as 0.08 ng/ml, or
3 pM, and reached a maximum twofold inhibition at 0.6 ng/ml
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FIG. 5. Expression of a subset of mutated human TGIF rescued
the proliferative defect of MEFs. (A) Diagram of HPE patient muta-
tions and their positions relative to the functional domains of TGIF,
which were generated in MSCV retroviral constructs. (B) Tgif ~/~
MEFs were infected with MSCYV retroviruses expressing human TGIF
and YFP (MIY-TGIF), YFP alone (MIY), or human TGIF containing
the patient mutations shown in panel A. Infected cells were enriched
by FACS, and DNA synthesis was measured by [*H|thymidine incor-
poration as described in the text. Expression of human TGIF restored
the proliferation rate of mutant MEFs to normal levels. Mutations
affecting the homeodomain were unable to rescue the proliferative
defect. Representative results from five experiments are shown; each
experiment was performed in sextuplicate using cells derived from
independent Tgif '~ embryos. Error bars represent standard devia-
tions of the means. CPM, counts per minute. (C) Tgif '~ MEFs were
infected with MSCYV retroviral constructs containing flag-tagged TGIF
as described in the text. Western blot analysis of MEF cell extracts
showed similar expression levels for all mutant proteins. TGIF gener-
ally migrated as a doublet of 30 to 32 kDa; the upper band likely
represents the phosphorylated form.

or 25 pM (46). Tgif '~ MEFs proliferated more slowly com-
pared with Tgif */* MEFs in response to increasing concentra-
tions of TGF-B (Fig. 6A). However, since Tgif /= cells nor-
mally proliferated at a lower rate, the level of [°’H]thymidine
uptake was normalized to the maximum incorporation level.
Through this normalization, it became apparent that the de-
grees of growth inhibition of Tgif */* and Tgif '~ MEFs were
similar at similar concentrations of TGF-B (Fig. 6B).

We also characterized the growth arrest response for 9-cis-RA
and all-frans-RA in MEFs. Similar to keratinocytes, treatment
of Tgif */* MEFs with 10~ '% M 9-cis-RA caused a reduction in
DNA synthesis, with a maximal effect seen at 10~¢ M, which
caused an 80% reduction in proliferation (15). Using all-trans-
RA, 10~'" M was effective at inhibiting proliferation, with a
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maximal effect at 107° M, resulting in a 70% reduction in
proliferation. When normalized, these dose-response experi-
ments again showed that the levels of inhibition of prolifera-
tion in response to RA were similar between Tgif ~* and
Tgif '~ MEFs (Fig. 6C and D).

TGIF protein is stabilized by phosphorylation of two sites
near its C terminus by the Ras/MAP kinase pathway (28). We
examined the effect of U0126, an inhibitor of the kinase activity
of MEK in the Ras/MAP kinase pathway to determine whether
TGIF stability altered MEF proliferation. U0126 inhibited cell
proliferation at 0.01 wuM and almost completely inhibited cell
cycling at 100 wM. The proliferative response to inhibition of
Ras/MAPK signaling in Tgif *'* and Tgif /~ MEFs did not
differ significantly (Fig. 6E). Taken together, the pathways
known to be modulated by 7gif did not show an increased
sensitivity to ligand in Tgif '~ cells, and the mutant MEFs
displayed growth inhibition responses that were unaltered rel-
ative to Tgif */* cells.

DISCUSSION

Deletion, nonsense and missense mutations in 7GIF have
been identified in a subset of HPE patients (1, 5, 12, 16, 41).
Significantly, HPE can develop in patients carrying heterozy-
gous mutations in TGIF, suggesting that the processes being
disrupted are exquisitely sensitive to the level of TGIF. Para-
doxically, most carriers do not develop HPE, indicating a low
level of penetrance for this disorder and that phenotypic man-
ifestation may be dependent on genetic modifiers (1, 38). Here,
we show that mice lacking Tgif were viable and fertile without
overt evidence of an HPE phenotype. However, some mutant
mice did develop multiple defects, including laterality defects,
growth retardation, and kinked tails, suggesting that 7gif mod-
ulates many processes during development.

Events determining left-right patterning take place early
during embryogenesis before the onset of organogenesis. Soon
after the breaking of symmetry, expression of the TGF-$ fam-
ily member Nodal becomes enhanced on the left side of the
node during gastrulation (17). The left-sided Nodal signal is
relayed to the left lateral plate mesoderm where downstream
target genes such as Leftyl, Lefty2, and Pitx2 are activated. The
left-sided signals and pathways are barred from the right side
by midline mesodermal cells. We observed laterality defects in
13% of our null mice, with two mice showing complete situs
inversus, indicating that 7gif plays a role in laterality determi-
nation. TGIF has been shown to repress the level of TGF-B-
activated transcription through interaction with Smad2 and
Smad3. Since Smad2 and Smad3 also mediate Nodal signaling,
the absence of TGIF may also disrupt Nodal signaling (55).
Alternatively, recent reports demonstrated that retinoic acid
and Shh are involved in breaking of the left-right symmetry
(48, 50). Since TGIF has been shown to compete, and thus
inhibit, retinoic acid signaling and repress retinoic acid respon-
sive transcription, the loss of TGIF may disrupt this step of the
laterality determination pathway (4, 6). A third possible mech-
anism by which laterality defects may occur in 7gif mutants is
abnormal midline development, which was suggested by the
presence of kinked tails (42). Expression analysis by in situ
hybridization of embryos between E8.0 to E9.5 revealed that
while changes to Nodal and Lefty2 expression were not de-
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FIG. 6. Analysis of MEF proliferation in response to TGF-8, 9-cis-
RA, all-trans-RA, and U0126. (A) Primary Tgif *'* and Tgif '~ MEF
cells were grown in the presence of 0.6 pg/ml to 10 ng/ml TGF-3 for
24 h and DNA synthesis was measured by [*H|thymidine incorporation
as described in the text. Mutant MEFs displayed lower proliferation at
all concentrations of TGF- relative to wild-type MEFs. (B) Results
shown in panel A were normalized to the maximum value of each
genotype, since mutant MEFs consistently showed reduced prolifera-
tion. The proliferation inhibitory responses of wild-type and mutant
MEFs were similar at all concentrations of TGF-B. (C to D) Fresh
9-cis-RA (C) and all-trans-RA (D) were added to MEFs on a daily
basis for 5 days, and [*H]thymidine incorporation was performed on
day 6. Results were normalized as described for panel B. The prolif-
erative inhibitory responses to 9-cis-RA and all-trans-RA were similar
for wild-type and mutant MEFs. (E) Concentrations ranging from 0.01
to 100 pM U0126 were added to MEFs and [*H]thymidine incorpo-
ration was performed after 24 h of culture. The proliferative inhibitory
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tected (20 embryos for each marker), 1 mutant embryo (out of
20) did exhibit bilateral Pitx2 expression (data not shown).
Bilateral Pitx2 expression suggests that the loss of 7gif may
disrupt laterality at a molecular level upstream of Pitx2. The
low penetrance of this defect impeded further studies, but this
result does suggest that TGIF is a novel candidate gene for
laterality disorders in humans. Significantly, many genes in-
volved in the development of the axial midline lead to both
laterality and HPE defects when disrupted (43).

Tgif '~ mice did not develop HPE and were viable. Similar
observations were also made recently by others (4, 20, 45). This
distinction between humans and mice may reflect the impor-
tance of genetic modifiers in HPE (36). In addition, three
mammalian 7gif paralogues have been identified, and 7gif2
possesses many biochemical properties similar to those of Tgif
(32), potentially compensating for the lack of Tgif. The other
reports did not describe any abnormal phenotypes in 7gif mu-
tants, suggesting that some differences were present between
the mutant mice described by us and those reported previously
(4, 20, 45). Since Tgif is a simple, three-exon-containing gene
encompassed within 7 kb of genomic DNA, the targeting con-
structs from all four groups were similarly designed to remove
the majority of coding sequences. The low-penetrant defects
reported here were observed in only mutant mice, demonstrat-
ing that the phenotypes were associated with the loss of Tgif.
The phenotypic differences between this report and others are
likely due to differences in genetic background, as we observed
pleiotropic defects in 129/Sv/CD1 while none of the four
groups observed defects in the C57BL/6 genetic background.
Genetic background has been commonly observed to influence
the phenotypes of mutant mice (8, 27, 36). We examined 26
C57BL/6J congenic Tgif '~ mice, and all have displayed nor-
mal tails, situs, and size. In the future, the function of 7gif may
be better studied when an inbred background that increases
the penetrance of the intriguing phenotypes we have described
is identified. Tgif '~ mice may also become a useful genetic mod-
ification to aid in the development of HPE models through the
generation of compound mutants.

We provide the first evidence of a functional role for 7gif
during proliferation in mammalian cells. MEF cell lines lacking
Tgif proliferated at a slower rate and did not reach the same
density as normal controls; cell lines derived from 129/Sv/CD1
and C57BL/6J and mixed 129/Sv/CD1 mutant mice all exhib-
ited reduced proliferation. Further cell cycle analysis revealed
that the mutants were delayed in G, phase and that reexpres-
sion of human TGIF rescued this proliferation defect. Consis-
tent with our observations, the yeast protein Tos8, a TALE
homeodomain transcription factor related to TGIF, regulates
multiple genes involved in G,/S transition events (19). Further-
more, expression of human TGIF (CPRI) restored cell cycle
progression by overcoming G, arrest signals in yeast Far-neg-
ative mutants (14). Also of relevance, the Drosophila TGIF

responses to U0126 were similar for wild-type and mutant MEFs. All
results are from representative experiments. For each, three experi-
ments were performed in triplicate using cells derived from indepen-
dent Tgif */* and Tgif /= embryos. Error bars represent standard de-
viations of the means. CPM, counts per minute.



VoL. 26, 2006

orthologues achintya and vismay were shown to function during
meiosis (3, 52). This suggests that a role for 7gif in the regu-
lation of the cell cycle may be conserved in eukaryotes from
yeasts to mammals.

Accordingly, the expression patterns of 7gif support its role
in proliferation. In the mouse embryo, 7Tgif expression was
detected in proliferating cell populations, including those
within the branchial arches, developing lung, limb buds, and
tongue (7). Tgif expression is also widespread in the developing
central nervous system while it undergoes dramatic growth and
expansion (7, 20, 45). Altogether, the expression analyses cur-
rently available indicate that 7gif potentially plays a role in the
proliferation of multiple neuronal populations, as well as other
tissues. Consistent with this idea, Tgif /~ mice became growth
retarded and mutant embryos were often developmentally de-
layed as early as embryonic day 8 when somite numbers were
used to assess developmental progress.

Assays of in vivo proliferation did not demonstrate a signif-
icant difference in the number of proliferating cells in the
developing forebrains of wild-type and mutant embryos at em-
bryonic day 8. While in vivo BrdU incorporation was useful in
mutant mice that displayed dramatic proliferation defects,
such as Pax6 (53), it may not be sufficiently sensitive to detect
small proliferation changes. Alternatively, in vivo proliferation
may not be altered by the loss of Tgif at the stage examined.
Cell cycle is tightly regulated in vivo during development, and
other studies have failed to detect in vivo proliferation defects
after initially observing such defects in vitro. For example, in
vivo proliferation defects could not be demonstrated in mice
lacking the D-type cyclin-dependent kinase genes Cdk4 and
Cdko6 and in mice lacking the cyclin D1, D2, and D3 genes (24,
30).

TGIF possesses many well-characterized properties that in-
dicate its links to many signaling pathways, namely as a direct
competitor of RXR for downstream target genes (6), a tran-
scriptional corepressor in the retinoic acid (4) and TGF-B
pathways (55), and a factor in the modulation of Tgif protein
stability by the Ras/MAP kinase pathway (28). Wotton et al.
showed that Tgif can down-regulate TGF-B signaling (55). Ber-
tolino et al. similarly showed that Tgif competed with retinoic
acid during transcription activation of retinoid X receptor-
responsive elements, such as the cellular retinol-binding pro-
tein II promoter, through direct competition for DNA binding
elements (6). More recently, Bartholin et al. provided an ad-
ditional mechanism through which 7gif can function as a com-
petitive antagonist independent of direct DNA binding; TGIF
can directly bind to the ligand binding domain of the RXR
family of receptors and repress downstream transcription
through recruitment of CtBP complexes (4). However, while
we expected the loss of 7gif in mutant MEFs to cause hyper-
sensitivity to TGF-B or retinoic acid, we did not observe in-
creased growth arrest in these cells.

Further studies utilizing TGIF mutations identified in HPE
patients addressed the mechanism of TGIF in regulating pro-
liferation. These experiments indicated mutations located in
the homeodomain were not able to rescue the proliferative
defect. These results suggest a novel mechanism by which 7gif
may regulate cell cycle genes or downstream targets through
DNA binding or protein-protein interactions through the ho-
meodomain. Given the fact that only transcriptional repressive
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activity has been demonstrated for TGIF, its target genes may
be inhibitors of G, progression.

Proliferation plays an important role during central nervous
system development (29, 57). Recent reports showed the for-
mation of a complex between Geminin, a cell cycle suppressor,
and Six3 regulates the proliferation of neuronal precursors
(13). Accordingly, overexpression of Geminin leads to cyclopia,
a severe form of HPE, and the loss of forebrain, caused by a
reduction in proliferating cells and premature differentiation
of neurons. Correspondingly, some HPE patients carry muta-
tions in Six3 (51). In fact, many genes and pathways associated
with HPE, namely, Shh, Ptch, Gli2 in the Shh pathway, megalin,
BMP4 in the TGF-B pathway, and the retinoic acid pathway,
were shown to affect proliferation in the developing neural
tube (9, 22, 26, 40, 44, 47). Mutations in Zic2 have also been
identified in HPE patients, and while the molecular functions
of Zic2 are poorly understood, Zicl activity is associated with
the expansion and differentiation of neuronal progenitors (2).
It is tempting to speculate that deregulated proliferation may
give rise to HPE in patients, based on our observation of a
proliferative defect in the absence of Tgif activity. Further
studies of Tgif mutants may elucidate its role in cell cycle
progression and any possible role cell cycle may play in HPE
development.
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