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Genetic mutation of Frem3 does not cause  
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Abstract: QBRICK, FRAS1, and FREM2 compose a family of extracellular matrix proteins characterized by twelve 
consecutive CSPG repeats and single or multiple Calx-β motifs. Dysfunction of these proteins have been associated 
with Fraser syndrome, which is characterized by malformation of skin, eyes, digits, and kidneys. FREM3 is another 
member of the 12-CSPG protein family. However, it remains unknown whether genetic dysfunction of FREM3 also 
causes Fraser syndrome or another developmental disorder. Here we investigated a Frem3 mutant mouse line 
generated by CRISPR/Cas9-mediated genome editing. The FREM3 mutant homozygotes were born at the expected 
Mendelian ratio and did not possess any defects characteristic of Fraser syndrome. These results indicate that the 
dysfunction of FREM3 is not associated with Fraser syndrome.
Key words: Bifid Nose Renal Agenesis and Anorectal malformations (BNAR), CRISPR/Cas9, Fraser syndrome, 
FREM3, Manitoba-oculo-tricho-anal syndrome (MOTA).

Introduction

Fraser syndrome is a recessive multi-organ disorder 
characterized by cryptophthalmos, syndactyly, renal 
agenesis, and other morphogenetic defects [10]. The 
phenotypic similarities between Fraser syndrome pa-
tients and mouse ‘‘blebbing’’ mutants suggested that the 
blebbing mutant mice represented an animal model of 
Fraser syndrome [2]. In these blebbing mutants, Grip1, 
Qbrick (also known as Frem1), Fras1, and Frem2 were 
found to be disrupted [3, 8, 12, 13]. In Fraser syndrome 
patients, GRIP1, FRAS1, and FREM2 mutations were 
also identified [3, 8, 14], whereas FREM1 (encoding 
human QBRICK) mutations were recently found in 
Manitoba-oculo-tricho-anal (MOTA) syndrome and Bi-
fid Nose Renal Agenesis and Anorectal malformations 
(BNAR), both of which phenotypically resemble those 
with Fraser syndrome [1, 11].

FRAS1, FREM2, and QBRICK, are all extracellular 

matrix proteins and localize to the basement membrane 
(BM) zone [5, 15], whereas GRIP1 is an intracellular 
adaptor protein necessary for FRAS1 secretion [13]. In 
mammals, there is another member the of 12-CSPG pro-
tein family, named FREM3. FREM3 consists of an NV 
domain, twelve CSPG repeats, and three Calx-β motifs. 
FREM3 is also localized to the BM zone [4, 9]. The 
expression pattern of FREM3 is distinct from other three 
12 CSPG proteins; while FRAS1, FREM1, and FREM2 
are similar in their tissue expression pattern and abun-
dantly expressed in embryonic tissues, FREM3 expres-
sion is low during embryonic period but high in several 
adult tissues such as skin, salivary gland, and eye [4]. 
Despite structural resemblance between FREM3 and the 
other 12-CSPG proteins, no genetic disorder in which 
FREM3 is ablated has been reported to date. In this study, 
to address this question, we generated Frem3 mutant 
mice by CRISPR/Cas9-based genome editing and inves-
tigated their phenotype.
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Materials and Methods

Animals
B6D2F1 mice were purchased from Japan SLC (Shi-

zuoka, Japan). All mouse experiments were performed 
in compliance with the institutional guidelines and were 
approved by the Animal Care Committee of Osaka Uni-
versity.

Plasmids
A 300 bp genomic DNA fragment of Frem3 was am-

plified with the primer pair 5’-ACTCCAGAATTC-
CATCGGACTATGGCTGGA-3’ and 5’-CGGATCCCC-
GCGCTGCACTCGAATCACTA-3’ and cloned into 
pEGxxFP vector [6] by using EcoRI and BamHI sites to 
generate Frem3/pEGxxFP plasmid.

A double-stranded DNA fragment was generated by 
annealing the following pairs of oligonucleotides: 
5-caccCCTCCCTGGGGAGCGCTTAA-3’ and 5-aaacT-
TAAGCGCTCCCCAGGGAGG-3’ for gS01; 5’-cac-
cACCACCATTAAGCGCTCCCC-3’ and 5’-aaac-
GGGGAGCGCTTAATGGTGGT-3’ for gAS03; and 
5’-caccCCCTGGGGAGCGCTTAATGG-3’ and 
5’-aaacCCATTAAGCGCTCCCCAGGG-3’ for gS04. 
These DNA fragments were cloned into pX330 vector 
[6] by using BbsI cloning sites.

EGFP reconstitution assay
HEK293T cells were transfected with pEGxxFP and 

pX330 plasmids by the calcium phosphate method. 
Cetn1 is used as a positive control [6]. EGFP fluores-
cence 48 h after transfection was observed.

Generation of Frem3 mutant mice
Frem3 mutant mice were generated by the CRISPR/

Cas9 system as described previously [6]. Superovulated 
B6D2F1 female mice were mated with B6D2F1 males, 
and fertilized eggs were collected from their oviducts. 
The pronuclear stage eggs were microinjected with 5 ng/
µl of pX330 plasmid, cultivated in KSOM overnight, 
and then transferred into the oviducts of pseudopregnant 
ICR females. The Frem3 mutant mouse strain used in 
this study was deposited under the name B6D2-
Frem3<em1Osb>, and available through either the 
Riken BioResource Center (Riken BRC; Tsukuba, Japan) 
or the Center for Animal Resources and Development, 
Kumamoto University (CARD; Kumamoto, Japan). The 
stock ID number of Frem3 mutant mouse strain is 09954 
(Riken BRC) or 2509 (CARD), respectively.

Genotyping
The genotypes of Frem3em1 mice were determined by 

genomic PCR using the primer pair 5’-ACTC-
CAGAATTCCATCGGACTATGGCTGGA-3’ and 
5’-CGGATCCCCGCGCTGCACTCGAATCACTA-3’. 
WT and Frem3em1 genomic DNA both gave PCR prod-
ucts of approximately 300 bp. The PCR products were 
digested with AfeI. Although the PCR product derived 
from the WT allele was digested into bands of 168 and 
132 bp, the PCR product derived from the Frem3em1 
allele remained undigested because the Frem3em1 muta-
tion abolished the AfeI site. This size difference of AfeI 
digests is visible by 2% agarose gel electrophoresis.

RT-PCR
Six-month-old skin total RNA was isolated by using 

RNeasy Mini (Qiagen, Hilden, Germany). cDNA was 
synthesized from 1 µg of total RNA by using SuperScript 
III (Invitrogen, Carlsbad, CA) with oligo dT primer. RT-
PCR was performed using KOD Fx Neo (Toyobo, Osaka, 
Japan). Primer sets used were as follows: 5’-CATCCG-
TAAAGACCTCTATGCCAAC-3’ and 5’-ATGGAGC-
CACCGATCCACA-3’ for Actb; 5’-CAAATCTAGAG-
GATCCGGCATCCTCTAGATATATCAACTCC-3’ and 
5’-ATTCCTGCAGGGATCCCACACACTCCTCTTCA-
CAGTTGGTG-3’ for Frem3. The numbers of thermal 
cycling were 30 and 40 cycles for Actb and Frem3, re-
spectively.

Histology
Dissected Frem3em1/em1 adult kidney was fixed in 4% 

paraformaldehyde/PBS at 4°C overnight and then em-
bedded in paraffin. Paraffin-embedded tissue was sec-
tioned at the thickness of 10 µm. Deparaffinized sections 
were stained with Mayer’s hematoxylin and eosin. Sec-
tions were observed with Olympus IX70 fluorescence 
microscope (Tokyo, Japan).

Results and Discussion

Generation of Frem3 mutant mice by CRISPR/
Cas9-based genome editing

A targeted mutation of Frem3 was designed to occur 
in exon1 based on the CRISPR/Cas9 system (Fig. 1A) 
[6]. To introduce a frameshift mutation by double strand 
break-mediated repair into Frem3, three single guide 
RNAs (sgRNAs), i.e., sgS01, sgAS03, and sgS04 were 
designed. Each of these sgRNAs recognizes a 20-base-
pair sequence immediately downstream of the start co-
don located within exon 1 of Frem3 (Figs. 1A–C).

To evaluate the DNA cleavage efficiency of the de-
signed sgRNAs complexed with Cas9 in vitro, a report-
er plasmid Frem3/pCAG-EGxxFP, which harbors a 300 
bp genomic DNA fragment of Frem3 including the target 
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sites for sgRNAs, was designed [6]. Each pX330 plasmid 
which expresses both the designed sgRNA and Cas9 
protein was co-transfected together with Frem3/
pEGxxFP into HEK293T cells, then the target DNA 
cleavage efficiency of each sgRNA/Cas9 complex was 

evaluated by reconstituted EGFP fluorescence. Among 
sgRNAs tested, sgAS03 produced the strongest EGFP 
fluorescence (Fig. 1D), indicating that the double strand 
break-dependent repair occurred most efficiently.

Fig. 1.	 Genome editing of Frem3 by CRISPR/Cas9. (A) Genomic structure of the Frem3 gene. (B) Location of 
guide RNA target sites in Frem3 genomic sequence. Boxed areas represent PAMs. Arrows indicate target 
sequence of guide RNAs. (C) Sequence of guide RNAs and number of off-target sites in the mouse genome. 
(D) In vitro EGFP reconstruction assay. Cetn1 is used as a positive control.
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Generation of Frem3 mutant mice
To generate Frem3 mutant mice, fertilized eggs were 

injected with the pX330 plasmid that expresses sgAS03 
and transplanted into the oviduct of pseudopregnant 
mice. Genomic DNA sequencing of F0 pups identified 
various double strand break-mediated mutations around 
the sgAS03 target site (Fig. 2A). These F0 mice were 
mated with wild-type B6D2F1 to obtain F1 heterozygous 
mice. Among several alleles with insertions or deletions 
(Fig. 2A), we identified an allele named Frem3em1, in 
which a 5-base-pair deletion generates a novel codon 
encoding Ala49 followed by a termination codon (Figs. 
2A and B). Since the signal sequence of FREM3 includes 
the first 27 amino acids, the mature FREM3 mutant poly-
peptide from the Frem3em1 allele would be 22 amino acid 
residues, with no protein domains (Fig. 2C). The mu-

tated exon cannot be masked by alternative splicing 
because the 5-base-pair deletion is located within exon 
1 in which the initiation codon is also included, as con-
firmed by direct sequencing of PCR-amplified Frem3em1 
cDNA (Fig. 2D). The transcript level of Frem3 decreased 
in Frem3em1/em1 mice compared with that in wildtype, 
probably because of nonsense-mediated mRNA decay 
caused by a frame-shifting 5-base-pair deletion (Fig. 2E). 
It is reported that illegitimate translation occurs from 
out-of-frame mutant allele [7]. Even if it occurs in Fre-
m3em1 mutant allele, the resulting illegitimate translation 
product lacks N-terminal signal sequence and therefore 
is never secreted into extracellular space. Collectively 
these results indicate that Frem3em1 ablates production 
of functional FREM3 protein.

Fig. 2.	 Generation of Frem3 mutant mice. (A) Frem3 mutations observed in founder mice. sgAS03 and PAM sequences 
are indicated with underline and box, respectively. AfeI restriction site is shown in italic. (B) N-terminal amino acid 
sequence of wildtype FREM3 and the em1 mutant protein. Amino acid substitution in the em1 mutant protein is 
indicated in italic. (C) Schematic representation of wildtype FREM3 and the em1 mutant protein. (D) Direct se-
quencing result of Frem3em1 cDNA. No aberrant splicing is observed. (E) RT-PCR of Frem3 cDNA. Result of Actb 
is also shown as an internal control. Numbers indicate DNA marker size in kbp.
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Phenotypic characterization of Frem3 mutant mice
Heterozygous mating between Frem3em1/+ gave wild-

type, Frem3em1/+, and Frem3em1/em1 offspring at the ex-
pected Mendelian ratio, indicating no apparent embry-

onic lethality of Frem3em1/em1 mice (Figs. 3A and B). 
Frem3em1/em1 males and females were both fertile; mating 
Frem3em1/em1 females with wildtype males and mating 
wildtype females with Frem3em1/em1 males gave 7.4 ± 3.1 

Fig. 3.	N o Fraser syndrome-like defects were observed in Frem3 mutant mice. (A) Genotyping of WT 
and (B) Number of pups obtained from matings between Frem3em1/+ heterozygotes. (C–F) Ap-
pearance of an E15.5 embryo (C), adult eyelid (D), adult digit (E), and adult kidney (F). Bar, 5 
mm. (G) Hematoxylin-eosin staining of Frem3em1/em1 kidney section. Bar, 2 mm. (H) Occurrence 
of defects typically observed in Fraser syndrome model animals in Frem3em1/em1 mice.
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(n=18) and 9.4 ± 1.2 (n=11) pups (average ± SD), respec-
tively. There was no difference in average litter size be-
tween these matings (P=0.09 by Student’s t-test). To 
address whether the loss of FREM3 cause any develop-
mental defects reminiscent of Fraser syndrome, MOTA, 
or BNAR, Frem3em1/em1 mice were phenotypically inves-
tigated, with special focus on dystrophic epidermolysis 
bullosa, cryptophthalmos, syndactyly, renal agenesis, and 
lung lobe fusion. However, no defects characteristic of 
Fraser syndrome, BNAR, or MOTA syndrome were ob-
served in Frem3em1/em1 mice (Figs. 3C–H).

Frem3em1/em1 appeared normal with no apparent Fra-
ser syndrome- or MOTA/BNAR-like developmental 
defects observed in Frem3em1/em1 mice. These results 
indicate that dysfunction of FREM3 is not associated 
with Fraser syndrome, BNAR, or MOTA. However, there 
is still a possibility that FREM3 supports QBRICK/
FRAS1/FREM2 function. Due to this possibility it might 
be interesting to investigate whether phenotypic sever-
ity is enhanced by the presence of a Frem3 mutation in 
Qbrick, Fras1, or Frem2 mutant mice.

In summary, we generated Frem3 mutant mice and 
found that there are no Fraser-syndrome-like develop-
mental defects.

Author Contributions

DK, and MI designed experiments. DK, MM, and MK 
performed experiments. DK and MI wrote manuscript.

Conflict of Interest

The author declared no competing interest.

Acknowledgments

We thank Dr. Julio M. Castaneda for critical reading 
of the manuscript. This work was supported by KAK-
ENHI grants JP15K06999 (to DK) and JP17H01394 and 
JP19H05750 (to MI).

References

	 1.	A lazami, A.M., Shaheen, R., Alzahrani, F., Snape, K., Saggar, 
A., Brinkmann, B., Bavi, P., Al-Gazali, L.I. and Alkuraya, F.S. 
2009. FREM1 mutations cause bifid nose, renal agenesis, and 
anorectal malformations syndrome. Am. J. Hum. Genet. 85: 
414–418. [Medline]  [CrossRef]

	 2.	 Darling, S. and Gossler, A. 1994. A mouse model for Fraser 
syndrome? Clin. Dysmorphol. 3: 91–95. [Medline]  [CrossRef]

	 3.	 Jadeja, S., Smyth, I., Pitera, J.E., Taylor, M.S., van Haelst, 
M., Bentley, E., McGregor, L., Hopkins, J., Chalepakis, G., 
Philip, N., Perez Aytes, A., Watt, F.M., Darling, S.M., Jackson, 

I., Woolf, A.S. and Scambler, P.J. 2005. Identification of a new 
gene mutated in Fraser syndrome and mouse myelencephalic 
blebs. Nat. Genet. 37: 520–525. [Medline]  [CrossRef]

	 4.	 Kiyozumi, D., Sugimoto, N., Nakano, I. and Sekiguchi, K. 
2007. Frem3, a member of the 12 CSPG repeats-containing 
extracellular matrix protein family, is a basement membrane 
protein with tissue distribution patterns distinct from those 
of Fras1, Frem2, and QBRICK/Frem1. Matrix Biol. 26: 456–
462. [Medline]  [CrossRef]

	 5.	 Kiyozumi, D., Sugimoto, N. and Sekiguchi, K. 2006. Break-
down of the reciprocal stabilization of QBRICK/Frem1, 
Fras1, and Frem2 at the basement membrane provokes Fra-
ser syndrome-like defects. Proc. Natl. Acad. Sci. USA 103: 
11981–11986. [Medline]  [CrossRef]

	 6.	M ashiko, D., Fujihara, Y., Satouh, Y., Miyata, H., Isotani, A. 
and Ikawa, M. 2013. Generation of mutant mice by pronu-
clear injection of circular plasmid expressing Cas9 and single 
guided RNA. Sci. Rep. 3: 3355. [Medline]  [CrossRef]

	 7.	M akino, S., Fukumura, R. and Gondo, Y. 2016. Illegitimate 
translation causes unexpected gene expression from on-target 
out-of-frame alleles created by CRISPR-Cas9. Sci. Rep. 6: 
39608. [Medline]  [CrossRef]

	 8.	M cGregor, L., Makela, V., Darling, S.M., Vrontou, S., 
Chalepakis, G., Roberts, C., Smart, N., Rutland, P., Prescott, 
N., Hopkins, J., Bentley, E., Shaw, A., Roberts, E., Mueller, 
R., Jadeja, S., Philip, N., Nelson, J., Francannet, C., Perez-Ay-
tes, A., Megarbane, A., Kerr, B., Wainwright, B., Woolf, A.S., 
Winter, R.M. and Scambler, P.J. 2003. Fraser syndrome and 
mouse blebbed phenotype caused by mutations in FRAS1/
Fras1 encoding a putative extracellular matrix protein. Nat. 
Genet. 34: 203–208. [Medline]  [CrossRef]

	 9.	 Petrou, P., Pavlakis, E., Dalezios, Y. and Chalepakis, G. 2007. 
Basement membrane localization of Frem3 is independent of 
the Fras1/Frem1/Frem2 protein complex within the sublamina 
densa. Matrix Biol. 26: 652–658. [Medline]  [CrossRef]

	10.	 Slavotinek, A.M. and Tifft, C.J. 2002. Fraser syndrome and 
cryptophthalmos: review of the diagnostic criteria and evi-
dence for phenotypic modules in complex malformation syn-
dromes. J. Med. Genet. 39: 623–633. [Medline]  [CrossRef]

	11.	 Slavotinek, A.M., Baranzini, S.E., Schanze, D., Labelle-Du-
mais, C., Short, K.M., Chao, R., Yahyavi, M., Bijlsma, E.K., 
Chu, C., Musone, S., Wheatley, A., Kwok, P.Y., Marles, S., 
Fryns, J.P., Maga, A.M., Hassan, M.G., Gould, D.B., Madired-
dy, L., Li, C., Cox, T.C., Smyth, I., Chudley, A.E. and Zenker, 
M. 2011. Manitoba-oculo-tricho-anal (MOTA) syndrome is 
caused by mutations in FREM1. J. Med. Genet. 48: 375–382. 
[Medline]  [CrossRef]

	12.	 Smyth, I., Du, X., Taylor, M.S., Justice, M.J., Beutler, B. and 
Jackson, I.J. 2004. The extracellular matrix gene Frem1 is es-
sential for the normal adhesion of the embryonic epidermis. 
Proc. Natl. Acad. Sci. USA 101: 13560–13565. [Medline]  
[CrossRef]

	13.	 Takamiya, K., Kostourou, V., Adams, S., Jadeja, S., Chalepak-
is, G., Scambler, P.J., Huganir, R.L. and Adams, R.H. 2004. A 
direct functional link between the multi-PDZ domain protein 
GRIP1 and the Fraser syndrome protein Fras1. Nat. Genet. 36: 
172–177. [Medline]  [CrossRef]

	14.	 Vogel, M.J., van Zon, P., Brueton, L., Gijzen, M., van Tuil, 
M.C., Cox, P., Schanze, D., Kariminejad, A., Ghaderi-Sohi, S., 
Blair, E., Zenker, M., Scambler, P.J., Ploos van Amstel, H.K. 
and van Haelst, M.M. 2012. Mutations in GRIP1 cause Fraser 
syndrome. J. Med. Genet. 49: 303–306. [Medline]  [CrossRef]

	15.	 Vrontou, S., Petrou, P., Meyer, B.I., Galanopoulos, V.K., Imai, 
K., Yanagi, M., Chowdhury, K., Scambler, P.J. and Chalepa-
kis, G. 2003. Fras1 deficiency results in cryptophthalmos, re-
nal agenesis and blebbed phenotype in mice. Nat. Genet. 34: 
209–214. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/19732862?dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2009.08.010
http://www.ncbi.nlm.nih.gov/pubmed/8055142?dopt=Abstract
http://dx.doi.org/10.1097/00019605-199404000-00001
http://www.ncbi.nlm.nih.gov/pubmed/15838507?dopt=Abstract
http://dx.doi.org/10.1038/ng1549
http://www.ncbi.nlm.nih.gov/pubmed/17462874?dopt=Abstract
http://dx.doi.org/10.1016/j.matbio.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16880404?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0601011103
http://www.ncbi.nlm.nih.gov/pubmed/24284873?dopt=Abstract
http://dx.doi.org/10.1038/srep03355
http://www.ncbi.nlm.nih.gov/pubmed/28000783?dopt=Abstract
http://dx.doi.org/10.1038/srep39608
http://www.ncbi.nlm.nih.gov/pubmed/12766769?dopt=Abstract
http://dx.doi.org/10.1038/ng1142
http://www.ncbi.nlm.nih.gov/pubmed/17596926?dopt=Abstract
http://dx.doi.org/10.1016/j.matbio.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/12205104?dopt=Abstract
http://dx.doi.org/10.1136/jmg.39.9.623
http://www.ncbi.nlm.nih.gov/pubmed/21507892?dopt=Abstract
http://dx.doi.org/10.1136/jmg.2011.089631
http://www.ncbi.nlm.nih.gov/pubmed/15345741?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0402760101
http://www.ncbi.nlm.nih.gov/pubmed/14730302?dopt=Abstract
http://dx.doi.org/10.1038/ng1292
http://www.ncbi.nlm.nih.gov/pubmed/22510445?dopt=Abstract
http://dx.doi.org/10.1136/jmedgenet-2011-100590
http://www.ncbi.nlm.nih.gov/pubmed/12766770?dopt=Abstract
http://dx.doi.org/10.1038/ng1168

