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Abstract
The biological function of regulatory factor X1 (RFX1), the prototype member of the transcription
factor RFX family, is not clear. We have used gene trap technique to disrupt the expression of RFX1
in mice. Although heterozygous RFX1WT/GT mice appear normal and fertile, homozygous
RFX1GT/GT embryos died at an early stage (most likely before embryonic day 2.5). Our results
indicate that RFX1 regulates expression of genes that are essential for early embryonic development/
survival and that RFX1 function can not be compensated by other RFX1 family members.
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1. Introduction
The regulatory factor X (RFX) proteins are within the winged-helix subfamily of helix-turn-
helix transcription factors [1]. These proteins have a highly conserved 76-amin acid DNA
binding domain that can bind X-box consensus sequences. Seven RFX proteins (named RFX
1 – 7) have been identified so far in mammals [2] and each of them may have distinct functions.
RFX5 has been shown to play an important role in regulating the expression of the major
histocompatibility complex class II genes and knockout of Rfx5 gene results in bare lymphocyte
syndrome in mice [3]. Knockout of Rfx3 gene causes severe ciliaophathies that can result in
diabetes and left-right asymmetry specification [4,5].

The function of RFX1, the prototype of the RFX family, is not clear. Knockout of RFX
homologue in Caenorhabditis elegans leads to severe sensory defects [6]. The Drosophila
RFX homologue is necessary for ciliated sensory neuron differentiation [7]. RFX1 has been
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shown to be expressed in the highest amount in the mammalian brain, compared with many
other tissues and organs [2]. We have shown that RFX1 proteins are expressed in the neurons
of rat brain and contribute to the regulation of the expression of the neuronally expressed
glutamate transporter type 3 [8]. These results suggest a role of RFX1 in the nervous system.
In addition, RFX1 has also been shown to regulate the expression of proteins, such as
interleukin-5 receptor α chain[9], whose expression may be broader than just in the nervous
system. To further study the biological functions of mammalian RFX1, we decided to generate
mutant mice by knocking out the Rfx1 gene.

2. Materials and Methods
2.1. Generation of RFX1 mutant mice

The embryonic stem (ES) cell clone RRO347 containing pGT2Lxf gene trap vector integrated
into the intron sequence between the exon 2 and exon 3 was obtained from BayGenomics/
Mutant Mouse Regional Resource Center (San Francisco, CA, USA) and was a product of the
International Gene Trap Consortium [10]. This gene trap clone has only one insertion site with
the gene trap vector. The ES cells were from mouse strain 129 and were used to generate
chimeras by blastocyst injection with C57BL/6J wild-type embryos. The chimeras were then
crossed with wild-type C57BL/6J to generate heterozygous RFX1WT/GT (C57Bl/6J × 129) F1
offspring. The heterozygous mice were intercrossed to obtain F2 offspring that was genotyped
by PCR. F2 heterozygous mice were intercrossed again to generate F3 offspring that was also
genotyped.

2.2. Genotyping of the RFX1 gene trap mutant mice
To identify the site of integrated RFX1 gene trap vector, following primers were used: Rfx-
F3, 5′-ctcacacctctggttgggcagt-3′ and En2ex-int2, 5′-gggacctgggacctggttgtcatgga-3′ (Fig. 1).
The PCR program was at 94°C for 5 min, followed by 40 cycles at 94 °C for 30 s, 68 °C for
20 s, and 72 °C for 30 s, with the final step at 72 °C for 10 min. The PCR product was purified
for sequencing analysis. All isolated embryos and viable mice were genotyped by PCR
amplification. Genomic DNA of embryos or mouse tails was isolated by QIAamp DNA Micro
Kit (QIAGEN, Valencia, CA, USA). Primers Rfx-F4, 5′-cactggagaggatgaacagggaggta-3′, and
En2ex-R, 5′-ttgggttagaggggtctcaaagtcag-3′ (Fig. 1), were used to amplify the products from
the mutant allele. Primers Rfx-F5, 5′-ctagagatgatggcagggagatcaggtt-3′, and Rfx-WR, 5′-
gggaggaaaggaggggaaagtagagtc-3′ (Fig. 1), were used to amplify the products of the wild-type
allele. The PCR program was at 94°C for 5 min, followed by 40 cycles at 94°C for 30 s, 62°C
for 30 s, and 72 °C for 30 s, with the final step at 72°C for 10 min.

2.3. Isolation and in vitro culture of mouse embryos
Female heterozygous mice at 4 weeks old were injected with pregnant mare serum
gonadotropin (PMSG) (NHPP, Torrance, CA, USA) followed 48 hour later by injection of
human chorionic gonadotropin (HCG) (ICN, Costa Mesa, CA, USA). The female mice were
then mated with sexually mature male heterozygous mice. Fertilized eggs were collected in
FHM medium (Millipore, Billerica, MA, USA), treated with hyaluronidase (Sigma, St Louis,
MO, USA) and rinsed with FHM. The embryos were then cultured in KSOM medium
(Millipore) overlaid with mineral oil in a humidified air containing 5% CO2 at 37°C. After
culture, each embryo was lyzed in a lysis buffer consisting of 50 mM Tris-HCl (pH 8.0), 0.5%
triton X-100 and 0.2% proteinase K. The lysis was performed at 55°C for 5 h, followed by 95°
C for 10 min. The lysate was then used for PCR.
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3. Results
The ES cell clone RRO347 contains the gene trap vector inserted into the second intron of the
RFX1 gene (Fig. 1). Total 154 mice from heterozygous parents were genotyped when they
were ~25-days-old, no homozygous RFX1GT/GT mice were detected, suggesting that
homozygous RFX1 mutant mice were not viable (Table 1).

We then isolated embryos at E15.5 and E10.5 for genotyping and did not find homozygous
RFX1GT/GT embryos either, indicating that RFX1 disruption caused early embryonic lethality.
To identify when embryos with RFX1 disruption might die, 67 embryos at stage of E0.5 were
isolated from four superovulated heterozygous mice and cultured in vitro. Ten embryos showed
no obvious nuclei when embryos were isolated. Fifteen embryos still remained in two-cell
stage at E1.5; while most embryos entered into four-cell stage. These twenty-five embryos that
were abnormal or developmentally delayed were collected and genotyped. Unfortunately, none
of their genotypes can be identified by PCR, possibly due to insufficient DNA samples. Four
embryos that remained in four-cell stage at E2.5 were collected and genotyped. One
homozygous RFX1GT/GT embryo was detected among these four embryos. We also genotyped
16 embryos that developed into morula at E2.5 and we did not detect any homozygous
RFX1GT/GT embryos from them. All of the rest embryos at E3.5 developed into blastocysts.
Three of them were wild type and the other nineteen were heterozygous.

4. Discussion
RFX1 has been implicated to play an important role in the nervous system because knockout
of RFX homologue in Caenorhabditis elegans and Drosophila results in severe sensory defects
[6,7]. A few studies have shown that RFX1 can regulate expression of various gene products,
such as glutamate transporter type 3 and interleukin-5 receptor, in mammalian cells [8,9].
However, the biological functions of mammalian RFX1 are not clear. Our current study showed
that targeted knockout of RFX1 expression leads to embryonic lethality, suggesting critical
functions of RFX1.

We have examined a large number of postnatal mice and have not found any homozygous
RFX1 knockout mouse. This situation is very different from the knockout of other types of
mammalian RFX genes. Knockout of two other RFX genes has been performed in mice.
RFX5−/− mice can survive but had a severe immunodeficiency due to the lack of major
histocompatibility complex II gene expression in various lymph cells and macrophages [3].
Although most RFX3−/− mice died before birth, some of them did survive to adulthood [4,5].
These results suggest that various RFX1 proteins have very different functions and that the
lack of one RFX protein is not compensated by the other RFX proteins.

We did not find any RFX1−/− postnatal mice or embryos at a stage later than E2.5. The only
RFX1−/− embryo was found at E2.5 and this embryo was still at 4 cell stage. These results
suggest that RFX1 knockout leads to development delay/lethality at very early stage.

We used a gene trap technique to produce targeted gene knockout in mice. As described before
[11,12], this technique involves inserting a trap vector in the targeted gene. The vector contains
a polyA sequence that will prematurely terminate the transcription of the gene. In our study,
the trap vector was inserted in the second intron of the RFX1 gene. This mutated gene will
produce a truncated mRNA that contains the sequence transcribed from the first two exons out
of the 21 exons for RFX1 gene. This process will result in disruption of normal RFX1 protein
expression.

In summary, our results show that disruption of RFX1 expression in mouse leads to early
embryonic lethality. These results suggest that RFX1 regulates expression of genes that are
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essential for early embryonic development/survival and that RFX1 function can not be
compensated by other RFX1 family members.
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Fig. 1. The gene trap mutation in the mouse RFX1 gene
The pGT2Lxf vector was integrated into the second intron of the RFX1 gene that consists of
21exons. The locations of RFX1-specific and vector-specific primers used in PCR-based
genotyping of embryos and mice are shown in the top panel. SA: splice acceptor sequence;
PA: polyadenylation signal. A representative gel image of the PCR products is shown in the
bottom panel. The wild-type and mutant alleles produce products of 620 and 385 nucleotides,
respectively.
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