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Introduction

The regulatory factor X (RFX), a member of transcription 
factors (TFs) gene family, also known as enhancer factor C 

-
mals 20 years ago.1 RFX binds to X-box motif that is a conserved 
cis-regulatory element with typically 14-mer DNA sequences,1 

-
tocompatibility complex (MHC) class II genes.2,3 The RFX gene 
family contained members in human (RFX1-8) (http://www.uni-

4–10 and 
has distinct functions in mammals.11–17 The RFX1 played a more 

transactivating the hepatitis B virus enhancer in the liver18 and ac-
tivating or suppressing expression of many genes.19–27 Further-
more, it had been reported that knockout of RFX homologue in 
Caenorhabditis elegans led to severe sensory defects,28 and the 
Drosophila RFX1 homologue was necessary for ciliated sensory 
neuron differentiation.29

In mammals, RFX1 was expressed higher in the brain than other 
tissues and organs.20,30 Recently, it is reported that there are more 
than 10,000 RFX1 binding sites as conserved noncoding elements 
(CNEs) in human genome,31 indicating a broad role for the RFX1 
in regulating mammalian gene expression, although the mecha-

nism remains largely unknown. In eukaryotic cells, RNA-binding 
proteins (RBPs) played an important role in gene expression, in-
volving in regulating the form, abundance, and stability of both 
coding and noncoding RNA.32 In the mammal brain, RBPs dem-
onstrated a great quantity of salient features of RNA processing, 
such as transcription activity proteins localization and synthesis. 
In E13.5 (embryos at stages days post coitus (dpc) 13.5) mouse 
brain, there were 323 RBP genes expressed as demonstrated by 
in situ hybridization (ISH).32 However, there is no report of the 
RFX1 binding sites in RBPs genes. 

Materials and Methods

All studies were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals, and all procedures were ap-
proved by the Animal Ethics Committee, at Institute of Biological 
Engineering, Academy of Military Medical Sciences. Strains and 
ages of animals examined in given experiments were provided in 

Adult imprinting control region (ICR) mice were fed with mouse 
food and autoclaved water and maintained on a 12-hour light: 12-
hour dark in a 20 – 25 C environment. Timed mating was carried 
out with embryonic day 0.5 being set as midday of the day of 
discovery of a vaginal plug. Mouse embryonic tissues including 
brain, kidney, heart, and liver were collected immediately after the 

at stages days post coitus 13.5 [E13.5], embryos at stages days 
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post coitus 15.5 [E15.5], and embryos at stages days post coitus 
17.5 [E17.5]; postnatal day 1 [P1] and P2) came.

Total RNA was extracted from embryonic brains, kidneys, 
hearts, and livers of E17.5 ICR mice and brains of E13.5, E15.5, 
E17.5, P1, and P2 ICR mice, based on our preliminary experi-
ment and in order to reduce interference from background. The 
embryonic tissues were snap-frozen by using liquid nitrogen. 
Total RNAs were extracted with RNA extraction kit (Takara, 
Dalian) following treatment with DNase I. One microgram total 
RNA was reverse transcribed into cDNA with random hexamer 
primers using the RT-PCR kit (Takara, Dalian). RT-PCR was 
performed on qPCR system (Bio-Rad, USA) with SYBR Green 
(Takara, Dalian). GAPDH was set as internal control. Data were 
analyzed using 2- Ct method. All experiments were repeated for 

t- test. P-
The RFX1 primers were forward, 5-gagcacagagtggcccaggc-3, 

and reverse, 5-tgtcagggtccaagggattcag-3, TM 60.9 C. The prim-
ers for GAPDH were forward, 5-ggtgaaggtcggtgtgaacg-3, and 
reverse, 5-ctcgctcctggaagatggtg-3, TM 55-60.9 C. The PCR was 

C 10 
sec, 94 C 10 sec, and 61.9 C 30 sec. All experiments were re-
peated three times using three pregnant mice, which usually breed 
eight to14 embryos.

-
moter (FGF1B)  DNA33 probe containing RFX1(EF-C) binding 
site34 was incubated with nucleoprotein of ICR mouse brain tis-
sue extracted according to the manual of nucleoprotein extraction 
kit (CW-Bio Beijing, China) and then captured with streptavidin 
beads (Invitrogen, USA). The captured protein was electropho-
resed, blotted, and probed with antibody against RFX1 (Abcam, 
USA). 

The regions spanning to 1 kb upstream of transcription start 
sites (TSSs) of the 323 brain expressing RBPs in E13.5 mouse32 

analyze RFX1 binding sites and its features in mouse genome, 
we preanalyzed the binding sites of RFX1 at promoters of RBPs 
genes excepting distal sites and other sophisticated situations. 

The 1kb upstream of TSSs in 323 genes32 from database of tran-
scriptional start sites (DBTSS) (http://dbtss.hgc.jp) was annotated 
to be promoter region, and RFX1 binding sites in these promotes 
were searched in the database of TRANSFAC by Weight Matrix 
library (http://transfac.gbf-braunschweig.de), according to the lit-
erature.35,36 

of the matrix (e.g.,Ci-vector) was provided, ranging from zero (an 
equal distribution of all four nucleotides) to 100 (conservation of 
one nucleotide to the exclusion of all others). A “core” sequence of 

-
est conserved, consecutive positions of the matrix. The histogram 
was created by MATLAB7.0.

Results

As shown in Figure1 B, the expression of RFX1 was relatively 
stable and similar in mouse embryonic brain from E13.5 to E17.5. 
The expression of RFX1 in brain at embryonic stage was similar 
to at P1 and decreased dramatically at P2 (P < 0.05). In addition, 
the RFX1 expression was higher in embryonic brain at E17.5 than 
liver of the same stage (Figure 1A) (P < 0.05). 

domain (residues 275 – 302), DBD domain (423 – 498), B domain 
(588 – 623), C domain (671 – 710), as well as D domain (727 – 
893), which were analyzed by Vector_NTI10 (Invitrogen).37,38 Of 
these, the DBD domain was composed of three structures, includ-

loops (L), in the order of H1-S1-H2-L1-H3-L2-S2-W1-S3. S2 and 
S3 formed the third loop, namely W1 of the winged-helix motif. 
H1, S1, H2, H3, L2, and S3 formed the hydrophobic core and con-
ducted the direct or water-mediated DNA contacts (Figure 2).38

Figure 1. Expression of RFX1 A) in different tissues of E17.5 and B) in brain of mouse at different ages. GAPDH was 
used as an internal control were obtained in each 
sample by normalization of absolute optical GAPDH signal.*P < 0.05.
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Figure 2. The sequence analysis of RFX1. The residues of 275 – 302aa is 
A domain. The residues of 423 – 498aa is DBD domain. The nine residues 
that make direct or water-mediated DNA contacts are indicated with arrow 
heads, residues marked with asterisks signs comprise the hydrophobic 
core. The sequence of 588 – 623aa is B domain. The sequence of 671 – 
710aa is C domain. The sequence of 727 – 893aa is D domain.

As shown in Figure 3 (A, B, C), there were three different con-
sensus sequences, named as RFX1M00281, RFX1M00280, and 
RFX1 (EF-C) M00626 (http://motifmap.ics.uci.edu/), (Table 1), 
respectively. The RFX1M00281 and RFX1M00280 motifs were 
nearly the same except an additional N at the ninth position in motif 
RFX1M00281 consensus (Table 1) and an “A” insertion in Logo 
(Figure 3A and B), resulting in very close length of RFX1M00281 
and RFX1M00280 of 18 and 17, respectively. The RFX1M00626 
was very different from the other two motifs in both sequence and 
length (Figure 3C and Table 1). Meanwhile,
western blotting were performed capacity 
of RFX1 (EF-C) M00626. As shown in Figure 3D, RFX1 (EF-C) 
M00626 was detected in mouse genome with addition of Biotin-
FGF1B and was abolished by addition of FGF1B and no DNA 
(Figure 3D). The fourth strip was the positive control.

In the regulatory motifs in the 1kb promoter regions of 323 
RBPs genes expressed in E13.5 mouse brain, there were 65 genes 
and 79 binding sites, and 10 of 65 genes had two motifs, three 
had three motifs (Table 2). Given that the core RFX1 motifs were 
14- to 18-bp long, and the resolution is computed with respect to 

 sites 
was unprecedented.35,36 The detailed information of the 79 bind-
ing sites, including LocusLink ID, Updated name, Position, Core 
match, Matrix match, Sequence, and Factor name, was listed in 
Table 2. From Table 2, it indicated that RFX1 (EF-C)M00626 at-
tributed 72 of 79 binding sites. The positions of 79 binding sites 
at the 1kb promoter in RBPs genes were shown in Figure 4. The 
result indicated that these binding sites distributed at both sides of 
TSS (Figure 4), and in the area close to 400bp distance of TSSs 
there were the most binding sites. About 15% of all sites were 
between 0 bp and 200 bp (from -200 to 0 and from 0 to 200), 27% 
of sites were between 200 bp and 400 bp (from -200 to -400 and 
from 200 to 400), 19% of sites were between 400 bp and 600 bp, 
20% of sites were between 600 bp and 800 bp, and 19% of sites 
were between 800 bp and 1000 bp.

Figure 3.  

(D). RFX1 was target protein, GAPDH was control. 
Anti-RFX1 antibody and anti-GAPDH antibody were 
incubated with PVDF membrane including four differ-
ent samples, respectively. The beads with streptavidin 
adsorbed a little FGF1B (negative control probe with-
out biotin) that captured some GAPDH protein that 
was in the highest content of nucleoprotein. 
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Discussion

The present study indicated that the RFX1 was highly expressed 
in embryonic brain and obviously decreased in neonatal brain, 
and had motifs, and 79 binding sites 
in RBPs. Moreover, RFX1 expression was detected in the same 
stage as the expression of RBPs identified by ISH.32 It illustrated 
that RFX1 had great quantity of salient features in RNA process-
ing. These results suggest that RFX1 may play an important mod-
ulating role during embryonic development of brain in mice.

RFX1 was a transcriptional factor and had many modulation 
functions.18–27 In human and mouse, RFX1 was highly expressed 
in the brain, neurons, microglia of hippocampus, olfactory bulb, 
and cerebral cortex.20,30 It was found that knockout of RFX homo-
logue in Caenorhabditis elegans led to severely sensory defects.28 
Drosophila RFX1 homologue was necessary for ciliated sensory 
neuron differentiation.29  Furthermore, RFX1 was selectively en-
riched at neural precursor enhancers39 and knockout of the RFX1 
gene in mice led to early embryonic death.30  These results suggest 
that RFX1 was important for the normal development of central 
nervous system. However, the detailed role of RFX1 in develop-
ment of central nervous system remains to be further studied.

 that there were
and three motifs in mice RFX1 protein. The domains contained 
domain A as an activation domain, DBD as a DNA binding do-
main (DBD domain), domain B and C which played an important 
role in dimerization and thus were called the extended dimeriza-
tion domain,40 as well as the domain D as dimerization domain.4 

The DBD domain was highly conserved throughout the eukary-
otic kingdom and implicated in a diverse range of biologic sys-
tems4 and proved to be a nuclear factor, with winged-helix con-
formation belonged to subfamily of helix-turn-helix (HTH) tran-
scription factors.41 Furthermore, the DBD domain was composed 
of three structures and formed the hydrophobic core of RFX1 
protein. The motifs included RFX1M00281, RFX1M00280, 
and RFX1 (EF-C) M00626.42 The nucleotide residues (G, C, G, 
A, A, C) in these three motifs were not noticeable changes. This 
suggests that they might be critical for DNA binding sites, and 

 content contribute to stable DNA 
binding sites. Moreover, the nucleotide positions (1, 2, 5, 7, 8) of 
RFX1 (EF-C) M00626 were less changed compared to the other 
two, suggesting RFX1 (EF-C) would 
have higher density in genome namely higher protein occupancy 
on the DNA. 

In addition, RBPs also played an essential role at post-transcrip-
tional gene regulation in a wide variety of events that occurred 
during mouse development, such regulating the form, abundance, 
and stability of both coding and noncoding RNA.32 In the present 
study, we found that 65 genes of the 323 RBPs had 79 RFX1 bind-
ing sites at the same stage as the expression of RBPs, and 91% 
of these sites were RFX1 (EF-C). Recently, it was respectively 
reported that RFX1 and RBPs were fundamental for occurrence 
and development of nervous system.29,32 These results suggest that 
there may be some important interaction of RBPs and RFX1 in 
the neuronal development.

Motif ID     TF Name      Consensus                        Length
M00281       RFX1        NNRKHRCNNWRGYAACNN                   18
M00280        RFX1        NNRKHRC_NWRGYAACNN                  17
M00626         RFX1(EF-C)            MRWYRCYWKGSWAM                     14

Figure 4. A histogram summarized the frequency distribution of the RFX1 binding sites in the 1kb promoters of RBPs genes. 
About 15% of all sites were between 0 bp and 200 bp, 27% within from 200 bp to 400 bp, 19% within from 400 bp to 600 bp, 
20% within from 600 bp to 800 bp, and 19% within from 800 bp to 1000 bp.

Table 1. There are three forms of RFX1 motif in mouse genome (http://motifmap.ics.uci.edu/).
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Locus link 
ID Updated names Position 

(strand)
Core 

match Matrix match Sequence Factor  name Seiral 
number

56195 Ptbp2 966(+) 1.000 0.817 cGTTACgcggctcc RFX1(EF-C) 1

52897 D11Bwg0517e 117 (-) 0.910 0.863 tttcccgtGTAATg RFX1(EF-C) 2

94230 Cpsf1 339 (+) 0.910 0.832 gGTCACcaggtaaa RFX1(EF-C) 3

15384 Hnrpa/b 90 (+) 0.910 0.849 aGTCACatggcaat RFX1(EF-C) 4

56403 Nsap1 611 (-) 1.000 0.981 caGTTGCcactgcaacag RFX1 5

17975 Ncl 554 (+) 0.982 0.976 ctgtcgccagGGAACgc RFX1 6

--- --- 555 (+) 0.820 0.832 tGTCGCcagggaac RFX1(EF-F-C) 7

--- --- 556 (-) 0.820 0.844 gtcgccagGGAACg RFX1(EF-C) 8

241989 Pabpc4l 901 (-) 0.982 0.979 agGTTTCctggcaacgc RFX1 9

--- --- 902 (+) 0.820 0.831 gGTTTCctggcaac RFX1(EF-C) 10

--- --- 903 (-) 0.910 0.882 gtttcctgGCAACg RFX1(EF-C) 11

17690 Msi1h 124 (-) 1.000 0.804 ttcccttaGTAACa RFX1(EF-C) 12

56190 Rnpc1 362 (+) 0.820 0.892 aGATGCtatgcaaa RFX1(EF-C) 13

72459 Htatsf1 951 (+) 1.000 0.810 cGTTACagggcaga RFX1(EF-C) 14

74111 Rbm19 297 (-) 0.910 0.800 ctggcattGTAATg RFX1(EF-C) 15

67996 Sfrs6 374 (-) 0.820 0.805 ctttcctaGTAAAg RFX1(EF-C) 16

20637 Snrp70 602 (+) 0.982 0.974 cggttgccggGAAACaa RFX1 17

--- --- 604 (-) 0.820 0.831 gttgccggGAAACa RFX1(EF-C) 18

67579 Cpeb4 399 (+) 0.820 0.809 aGTAACcaggttaa RFX1(EF-C) 19

--- --- 599 (-) 0.910 0.809 tgagccttGTGACt RFX1(EF-C) 20

233833 Tnrc6 938 (-) 0.910 0.809 tttgtcatGTGACt RFX1(EF-C) 21

66369 2310016K04Rik 388 (-) 0.982 0.970 aaGTTTCcttggcaactc RFX1 22

--- --- 391 (-) 0.910 0.846 tttccttgGCAACt RFX1(EF-C) 23

16201 Ilf3 811 (+) 0.820 0.864 cAATACaagggaaa RFX1(EF-C) 24

67471 Gpatc1 466 (-) 1.000 0.855 ttttcttaGTAACt RFX1(EF-C) 25

80912 Pum1 823 (+) 1.000 0.800 aGTTACaaggtcat RFX1(EF-C) 26

76850 Eif2c4 192 (+) 0.820 0.837 cAATACtagacaac RFX1(EF-C) 27

12785 Cnbp 911 (+) 0.910 0.855 aGTTGCtaaggaaa RFX1(EF-C) 28

56463 Al033314 311 (+) 0.820 0.814 aGATGCagtgcaac RFX1(EF-C) 29

11640 Akap1 682 (+) 0.910 0.801 tGTTGCtagtcaac RFX1(EF-C) 30

19656 Rbmxrt 34 (-) 0.820 0.840 gtagcctaGTGATa RFX1(EF-C) 31

74213 1700009P03Rik 514 (+) 0.820 0.802 gGCTACttggctac RFX1(EF-C) 32

231413 Grsf1 218 (+) 0.992 0.971 tagtggcaaaGTAACat RFX1 33

--- --- 220 (-) 1.000 0.826 gtggcaaaGTAACa RFX1(EF-C) 34

66094 Lsm7 740 (-) 0.820 0.846 tttacctgGTAAAg RFX1(EF-C) 35

107701 Sf3b4 337 (+) 0.910 0.881 cATTACcttgcaaa RFX1(EF-C) 36

13680 Ddx19 409 (-) 0.820 0.809 tttccaggGTGATt RFX1(EF-C) 37

68278 Ddx39 693 (+) 0.820 0.819 cCTTACtacggaaa RFX1(EF-C) 38

72640 Gm411 335 (-) 0.820 0.806 tatgcctgGTAAGt RFX1(EF-C) 39

76167 6330548G22Rik 89 (-) 0.910 0.864 ttttccttGCAACg RFX1(EF-C) 40

66599 Rad52b 785 (-) 0.910 0.823 gtgtcctcGTGACg RFX1(EF-C) 41

12696 Cirbp 850 (+) 0.820 0.809 cGTGACccggaaac RFX1(EF-C) 42

67920 2600016B03Rik 156 (-) 0.910 0.840 ttaccccaGTATCt RFX1(EF-C) 43

71787 1110007F05Rik 537 (-) 1.000 0.818 ttttctgaGTAACt RFX1(EF-C) 44

215615 Rnpep 401 (-) 0.910 0.809 ttctcatgGTGACt RFX1(EF-C) 45

269061 5730453I16Rik 958 (-) 1.000 0.827 gttccggtGTAACg RFX1(EF-C) 46

66877 Crnkl1 516 (-) 0.820 0.882 tttccctgGTAAAg RFX1(EF-C) 47

75062 Sf3a3 447 (+) 0.820 0.809 aGACACctggtaac RFX1(EF-C) 48

Table 2. RFX1 binding site in the 1kb promoters in RBPs genes (there were 79 RFX1 binding sites in 323 RBPs genes in E13.5,32 mouse brain. The 
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