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Abstract

Background: Mutations in the mouse formin (Fmn)
gene result in limb deformities and incompletely pene-
trant renal aplasia. A molecular genetic approach was
taken to characterize novel circular RNAs from the Fmn
gene and to understand the developmental effects of
gene-targeted mutations.

Materials and Methods: RT-PCR and ribonuclease pro-
tection analyses were done to characterize the circular RNA
transcripts arising from the Fmn gene. Two lines of mice
with gene-targeted deletions of specific Frmn exons, namely
exon 4 or exon 5, were generated and analyzed.
Results: In our analysis of formin cDNAs, we discovered
a class of transcripts in which the exon order is reversed
such that downstream exons are joined to the acceptor
end of a specific exon that lies 5 to them in the genome.
RT-PCR and ribonuclease protection analyses indicate
that these transcripts are circular and are the major tran-
scripts arising from this locus in adult brain and kidney.

To gain insight into the biological function of these tran-
scripts, we have systematically deleted the relevant ex-
ons using gene-targeted homologous recombination.
The resulting mice fail to produce circular transcripts, but
appear to produce normal amounts of the linear RNA
isoforms from this locus. While these deficient mice have
normal limbs, they display variably penetrant renal apla-
sia characteristic of other mutant formin alleles.
Conclusions: Our results demonstrate novel circular
transcripts arising from the Fmn gene. Moreover, their
high levels of expression suggest that they are not prod-
ucts of aberrant splicing events, but instead, may play
important biological roles. Mice with gene-targeted de-
letions of Fmn exons 4 or 5 lack these circular transcripts
and have an incompletely penetrant renal agenesis phe-
notype. While the biologic function of circular Frmn RNA
transcripts is not entirely known, our work suggests their
possible involvement in kidney development.

Introduction

The mouse formin (Fmn) gene, formerly known
as the limb deformity gene, is a large and com-
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plex locus that spans 400 kilobases (kb), con-
tains 24 known exons, and encodes many al-
ternatively spliced and differentially polyade-
nylated transcripts leading to multiple protein
isoforms called formins (1, 2). Mice homozy-
gous for fmn mutations display an autosomal
recessive, pleiotropic phenotype affecting the
kidneys and limbs (3-8). The limb phenotype
is completely penetrant and consists of oligo-
dactyly, syndactyly, and fusion of the radius
and ulna as well as tibia and fibula. At the
embryonic level, mutations at this locus dis-
rupt formation of the anteroposterior axis of
the embryonic limb, and differentiation of the
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apical ectodermal ridge (AER) fails to occur
properly in mutant fimn embryos (9-11).

The kidney phenotype is characterized by
incompletely penetrant uni- or bilateral renal
agenesis. Renal agenesis occurs at highly varying
rates of incidence depending on the allele, rang-
ing from 98% in finn'*’ mutant animals to 2.5%
in fmn™2 animals (7,12). In addition to renal
agenesis, fmn'*™? mutant animals also display
varying degrees of hydronephrosis and hy-
droureter (7). The morphologic basis of the renal
agenesis phenotype in one of the fmn mutant
alleles, fimn'*”’, has been demonstrated to be due
to delayed ureteric bud outgrowth (12). The dif-
ferences in penetrance of the renal agenesis phe-
notype are likely due to strength differences in-
herent to the mutant alleles or to closely linked
modifying loci rather than to differences in the
genetic background (12). Recently, Wynshaw-
Boris et al. (13) have reported that homozygous
fmn mutant animals with a targeted disruption of
Fmn exon 6 have a 6% (6/105) incidence of
unilateral or bilateral renal agenesis.

During the course of our studies of the mu-
rine formin locus, we discovered mRNA tran-
scripts whose exons appeared to be assembled in
an unexpected order. In eukaryotes, the splicing
machinery converts preRNA into messenger
RNA (mRNA), in which the 5’ to 3’ linear order
of exons most often corresponds to their order in
genomic DNA. In several cases, however, tran-
scripts have been detected in which downstream
exons are accurately spliced 5’ of upstream ex-
ons. In eukaryotic genes, such splicing of a donor
site of a downstream exon to the acceptor site of
an upstream exon, known as exon scrambling,
was first described in transcripts of the DCC (de-
leted in colorectal carcinoma) gene (14). To date,
two other groups have reported scrambling of
the genomic order of exons in eukaryotic RNA
transcripts. In one case, novel transcripts of the
human c-ets-1 gene were identified in which au-
thentic splice sites were used, but the normal
order of exons was reversed (15,16). These
scrambled transcripts are not polyadenylated and
were found to be circular RNA molecules (17). In
another case, involving the rat cytochrome P450
2C24 gene, a circular RNA species was described
in kidney and liver, which consisted of three
exons with a scrambled exon junction (18). Cir-
cular transcripts of the testis-determining gene
Sry in adult mouse testis have also been found,
yet in this case only one exon is present in the
circular RNAs, with the 5’ splice site of this single
exon joined to its own 3’ splice site (19). None of

these studies have addressed experimentally the
question of the biological function of these cir-
cular RNA species.

In this study, we have identified novel circu-
lar RNAs of the Fmn gene from kidney and brain
that contain scrambled exon junctions. To inves-
tigate the developmental role of specific Fmn ex-
ons and, in particular, the role of these circular
RNA isoforms in the fimn phenotype, we gener-
ated two lines of mice deficient in either exon 4
or 5, exons that are present in all the scrambled
transcripts identified thus far. Fm»n exons 4 and 5
are expressed in adult brain and kidney and em-
bryonic limb bud ectoderm (1,20). Exon 4,
which occupies a genomic position 5’ to most of
the known Fmn coding exons, has termination
codons in all three reading frames (1) such that
translational products from a transcript contain-
ing exon 4 would be prematurely terminated.
Homozygous mutants in both of these gene-tar-
geted mouse lines, called finn*%° and fmn’%°, ex-
hibit the fmn mutant kidney phenotype of in-
completely penetrant renal agenesis and
furthermore, lack Fmn circular transcripts. Their
limb formation, however, is entirely normal.

Materials and Methods

Subcloning DNA Fragments, Southern Blot Transfer,
Labeling/Hybridization of Probes, and RNA
Expression Analysis

Subcloning, Southern blot transfer, and >?P-la-
beling and hybridization of DNA probes were
done using standard procedures (21). Ribonucle-
ase protection assays were done as described pre-
viously (22).

Construction and Screening of cDNA Libraries

cDNA libraries from adult murine brain and kid-
ney poly(A)+ RNA were constructed using the
lambda ZAP bacteriophage vector and reagents
from Stratagene according to the manufacturer’s
instructions. For each RNA source (brain or kid-
ney), two libraries were made, using either ran-
dom hexamer primers or an Fmn-specific primer
(from the exon 5-exon 7 junction) to prime the
cDNA. The oligonucleotide sequence for this
exon 5-exon 7 primer is as follows: 5' tctggt-
cagggttgagatcc 3'. Oligo d(T) priming was not
used to improve the chances of finding 5’ se-
quences of the Fmn gene and novel exons 5’ of
exon 4. Filters with ~1 X 10° clones from each
of the four unamplified libraries were hybridized
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to a >?P-radiolabeled 85-nt oligonucleotide of the
exon 4 sequence. The sequence of this oligonu-
cleotide is the sequence of the entire DNA sense
strand of Fmn exon 4 (1). Positive clones were
isolated and sequenced.

RT-PCR Assay to Assess for Circular Transcripts

First-strand cDNA was synthesized according to
the manufacturer’s instructions, using reagents
and Superscript reverse transcriptase from Gibco
BRL. cDNA was primed using an oligonucleotide
primer from within Fmn exon 4 (primer A: 5’
caaccattcaaatga 3') from 5 ug of adult, wild-type
murine brain or kidney total RNA. The se-
quences of the oligonucleotide polymerase chain
reaction (PCR) primers that face outward from
exon 4 are as follows: primer B1: 5’ acctacaacat-
cagcctgg 3'; primer B2: 5’ gaaaagcacagactttcaaag
3'. Standard PCR conditions (Perkin Elmer) were
used. Negative control PCR reactions were set up
using the same brain and kidney cDNA samples
and 5’'-terminal and 3’-terminal exon 4 primers
that faced toward each other (i.e., faced inward).
With these primers (5’ ccccaggctgatgttgtagg 3’
and 5’ ctttgaaagtctgtgett 3'), a PCR product
would not be amplified using a cDNA template
that has been primed from within the middle of
exon 4; furthermore, an exon 4 PCR product
would not be detected with the Fmn exon 5
oligonucleotide probe shown in Figure 3B. The
negative control result from the brain ¢cDNA is
shown in Figure 3B; the results from the kidney
cDNA were the same (data not shown). The PCR
products were gel electrophoresed and then
transferred by Southern blotting to GeneScreen
(NEN). The filter was subsequently hybridized
with an Fmn exon 5 oligonucleotide (5’ cgtct-
gctctttgaagttgtcacaggg 3'). Exon 5-hybridizing
bands were subcloned into the pCR™1II vector
(Invitrogen) prior to sequencing.

When this assay was repeated on RNA sam-
ples from the brain or kidney of Fmn exon 5-de-
leted mice and control animals, the same exon 4
oligonucleotide as described above (primer A)
was used as a cDNA primer. The outward-facing
exon 4 PCR primers that were used in this fimn’*°
analysis are as follows: 5’ gagctgcaccttgttgatgc 3’
and 5' gaaaagcacagactttcaaag 3’ (same as primer
B2, shown above). For the control RT-PCR to test
for the presence of cDNA in each sample, the
PCR primers are from exon 2 (5’ gagaccaaag-
gagccageee 3') and exon 4 (5’ gagctgcaccttgtt-
gatgc 3'). The RT-PCR products were hybridized

with a 5'-terminal exon 4 oligonucleotide (5’
ccccaggctgatgttgtagg 3').

For fmn*®° and control animals (wild-type,
heterozygous mutant, and homozygous mu-
tant), cDNA was primed with an oligonucleotide
primer from within Fmn exon 5 (5' agggtggtccg-
gctctgtaac 3'). The sequences of the oligonucle-
otide PCR primers that face outward from exon 5
are as follows: 5' ctgctccatgaagagaaagagaag 3’
and 5’ catccttattgggaaggtctt 3'. The RT-PCR assay
was done as described above, and the Southern
blot filter was hybridized with a 5’-terminal exon
5 oligonucleotide (5' gtattgcctctgaaggcttt 3'). For
the control samples, the PCR primers were from
exon 2 (same as in the control for the finn’*°
analysis) and exon 5 (5’ catccttattgggaaggtctt 3').

Targeting Vectors

The 129/Sv genomic clones containing Fmn ex-
ons 4 and 5 and flanking sequences were isolated
from a lambda FIX II library (Stratagene) using
an exon 4 probe generated by PCR, using a 5’
oligonucleotide (5’ ccccaggctgatgttgtagg 3') and a
3’ oligonucleotide (5’ ctttgaaagtctgtgctt 3'). To
construct the fmn**° targeting vector, we sub-
cloned a 3.5 kb EcoRV-EcoRV genomic fragment
upstream from exon 4 and a 4.8 kb EcoRI-EcoRI
genomic fragment downstream of exon 4 into
the vector pPNT (22), kindly provided by V. Ty-
bulewicz. To construct the finn’%© targeting vec-
tor, we subcloned a 4.5 kb BamHI-EcoRI genomic
fragment upstream from exon 5 and a 3 kb PsfI-
Xbal genomic fragment downstream of exon 5
into the pPNT vector (23).

Homologous Recombination in Embryonic Stem Cells
and Generation of Germline Chimeras

TC1 embryonic stem (ES) cells derived from a
129/SvEvTacfBR mouse (24) were transfected
separately with Notl-digested fmn**° and Notl-
digested finn’*© targeting vector DNA and se-
lected with G418 and FIAU. The culture, electro-
poration, and selection of ES cells were carried
out as described previously (25). To identify
clones having undergone homologous recombi-
nation events, genomic DNAs from the finn**°
clones and the parental TC1 cell line were di-
gested with Xbal, followed by Southern blot
transfer analysis using a 0.3 kb PCR probe 5’ to
the targeting vector (Fig. 4C). The oligonucleo-
tides for this probe are as follows: 5’ cacacataca-
catcatgtgg 3’ and 5’ tcctgccttctaacatgttc 3'. To
identify homologously recombined finn’*°
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clones, genomic DNAs from the G418 and FIAU-
selected clones and the parental TC1 cell line
were digested with BamHI and Clal, followed by
Southern blot analysis using a 0.8 kb probe 3’ to
the targeting vector (see Fig. 4C). Because this
probe contains some repetitive sequences, the
Southern blot results were reconfirmed with var-
ious other sets of restriction enzymes and alter-
native probes within the targeting vector (data
not shown). ES cells heterozygous for the tar-
geted mutations (finn**° or fmn’*°) were micro-
injected into C57BL/6J blastocysts, and germline
chimeras were generated as previously described
(26). Chimeric males were mated with NIH Black
Swiss (Taconic) female mice to test for germline
transmission (25), and F1 animals heterozygous
for the targeted mutations were intercrossed to
generate all genotypes.

Protein Analysis

To prepare total organ protein lysates, dis-
sected brain or kidney organs were placed in 5
volumes of lysis buffer and homogenized with
a Polytron (Brinkmann Instruments) tissue
blender as previously described (27). An equal
volume of 2X SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer was
added, and the samples were heated in a boil-
ing water bath for 5 min. The samples were
sonicated (Sonifier, Branson) to reduce their
viscosity and reboiled before being subjected to
SDS-PAGE on a 6% gel. Western blots were
performed using standard procedures (28)
with antisera A and B (27), which recognize
epitopes encoded by Fmn exons 9 and 6, re-
spectively. Protein bands were visualized by
enhanced chemoluminescence (ECL) (Amer-
sham).

Results
Identification of Novel Fmn ¢cDNA Clones

Our previous studies showed that transcripts
containing Fmn exon 4 are expressed in embry-
onic tissues as well as in adult tissues such as
brain and kidney (1). To retrieve these exon
4-containing Fmn cDNAs, we screened adult
murine brain and kidney cDNA libraries with a
32p._labeled Fmn exon 4 probe. Six major classes
of transcripts containing exon 4 were obtained.
In Figure 1, the top diagram shows the arrange-
ment of Fmn exons in the murine genome with
the cDNAs containing exon 4 shown below. Sur-

prisingly, 5 of these cDNAs represent scrambled
transcripts (14), since exons found upstream of
exon 4 in these c¢DNAs are actually located
downstream of exon 4 in the genome.

To rule out the possibility of cDNA cloning
artifacts and to confirm that these scrambled
transcripts are authentic Fmn transcripts, a ribo-
nuclease protection assay was done with ribonu-
clease protection probes (riboprobes) that span
all of the scrambled exon junctions shown in
Figure 1, as well as with a riboprobe for the
nonscrambled ¢cDNA clone containing exon 4
(shown as the first cDNA clone in Fig. 1). Rep-
resentative results of assays using three ribonu-
clease protection probes are shown in Figure 2.
Strikingly, these scrambled transcript-specific ri-
boprobes detected strong expression in adult
brain and kidney. The scrambled transcripts were
found to be highly abundant, representing up to
70-80% of the formin RNA detected by the ri-
boprobe. Each of these scrambled transcripts, all
of which exhibit the scrambled junction at the
acceptor site 5’ of exon 4, were more abundant
than the nonscrambled exon 4-containing tran-
script. Similar levels of abundance in brain and
kidney were found in ribonuclease protection
assays with the riboprobes for the other scram-
bled junctions (data not shown).

Evidence for Circularity of Fmn RNA Transcripts

When scrambled transcripts were first described,
it was hypothesized that such transcripts were
likely to be circular in structure (14). Subsequent
inverse PCR studies on the scrambled transcripts
of the c-ets-1 and cytochrome P450 2C24 genes
have provided strong evidence for this model
(17,18). We devised a similar inverse PCR assay
to test whether the scrambled Fmn transcripts
were circular. We synthesized first-strand cDNA
from wild-type brain and kidney RNA using an
exon 4 primer, denoted primer A, and performed
PCR with flanking oligonucleotide primers, de-
noted Bl and B2, that anneal to exon 4 se-
quences and face outward (see Fig. 3A). With
normal linear transcripts, PCR with these out-
ward-facing primers would not yield a discrete
product; only circular RNAs would yield specific
amplification products. Indeed, PCR amplifica-
tion resulted in 402-bp and 340-bp RT-PCR
products (Fig. 3B) that hybridized with the
downstream exon 5 probe. Subcloning and se-
quence analysis showed that these RT-PCR prod-
ucts probably represent two circular RNA spe-
cies, which are shown schematically in Figure 3C
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Fig. 1. Novel Fmn cDNA clones representing
scrambled transcripts. At the top, the Fmn
genomic structure (1) is depicted with the exons
numbered as shown. Below are six classes of cDNA
clones isolated with an exon 4 probe by screening
murine adult brain and kidney cDNA libraries (made
by priming with random hexamers and a Fmn exon

with the locations of the PCR primers indicated.
One circular species contains Fmn exons 4, 5, 7,
and 8; the other species contains exons 4, 5, and
7. In the former, a scrambled exon junction oc-
curs between exons 8 and 4, while in the latter,
a scrambled exon junction occurs between exons
7 and 4. The exons were joined accurately at
their consensus splice sites (data not shown).

We repeated the ribonuclease protection as-
says of the scrambled Fmn transcripts using total
RNA, poly(A)+ RNA, and non-poly(A)+ RNA
from adult murine brain and kidney. These
scrambled transcripts are not retained in a
poly(A)+ fractionation column, but were
present in the non-poly(A)+ flow-through frac-
tions (data not shown), suggesting that they do
not contain a poly(A)+ tail; this is similar to
previous reports of circular transcripts
(14,16,17).

5/7-junction primer). The numbers in the cDNA
clone diagrams represent sequences from the corre-
sponding Fmn exon. A scrambled exon junction,
where a downstream exon is spliced 5’ to an up-
stream exon, is indicated by a thick black bar be-
tween two thin white bars.

Targeted Deletions of Exons 4 and 5 of the Fmn
Gene

Since all the scrambled cDNAs isolated contained
exons 4 and 5, we decided to analyze the in vivo
function of these exons and their corresponding
circular transcripts by designing the gene-target-
ing constructs fimn*$° (Fig. 4A) and finn’%°
(Fig. 4B) to delete exons 4 and 5, respectively.
The fmn**° construct contains 8.8 kb of Fmn
genomic sequence with exon 4 replaced by the
phosphoglycerate kinase-neomycin resistance
gene (abbreviated (PGK)neo) cassette from the
PPNT vector (23). The finn’*© construct contains
7.5 kb of Fmn genomic sequence with exon 5
replaced by the same (PGK)#neo cassette. Homol-
ogous recombination within the Fmn locus em-
ploying these targeting constructs would intro-
duce the neomycin resistance gene (neo) and
delete Fmn exon 4 or 5, depending on the con-



C. W. Chao et al.: Mouse Fmn Circular RNAs and Targeted Deletions

I 2 [4 [5] (10 ]4 |

193 nt
110 nt

383 nt =—

261 nt =—
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screened by Southern blot analysis for homolo-
gous recombination with the fmn**° construct,
two had undergone a correct targeting event
(Fig. 4C). Germline transmission was obtained
from the injection of one of these ES clones
(clone #23) into C57BL/6J blastocysts. For the
fmn’%° construct, five of 100 G418 and FIAU
double-resistant ES cell clones were positive for
the correct targeting event (one example is
shown in Fig. 4C). Two of these positive ES
clones (clones #6 and #15), heterozygous for the
targeted mutation, were injected into C57BL/6J
blastocysts, and germline transmission was ob-
tained for both of these clones. For both gene-
targeted mutants finn**° and finn’*°, mice het-
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Fig. 2. Fmn scrambled
transcripts are abundant,
authentic transcripts. A
ribonuclease protection assay
is shown of adult brain and
kidney total RNA (tRNA)
with riboprobes to detect
normal and scrambled tran-
scripts containing exon 4.
The numbers in the ribo-
probe diagrams represent the
Fmn exon sequences con-
tained in the riboprobe. The
normal-order riboprobe con-
tains exons 2, 4, and 5 se-
quences. The scrambled-or-
der riboprobes contain exon
10-exon 4 and exon 10-
exon 11-exon 4 sequences.
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erozygous for the mutation were intercrossed to
obtain wild-type, heterozygous mutant, and ho-
mozygous mutant animals. Figure 4D, a South-
ern blot of DNA samples from wild-type, het-
erozygous mutant, and homozygous mutant
fmn**© and fmn’*° mice, demonstrates that the
Fmn exon 4 and exon 5 DNA sequences are
absent from the respective homozygous mutant
fimn*%° and fmn’*° animals.

Expression Analysis of Mice Deleted for Either Fmn
Exon 4 or Exon 5

Ribonuclease protection assays were used to as-
sess the specificity of the gene-targeted deletions
and to confirm that the expression of other Fmn
isoforms in either brain or kidney is not affected.

Fig. 3. Evidence of circularity of Fmn RNA tran-
scripts. An RT-PCR assay was used to assess the circular-
ity of Fmn transcripts. (A) The relative locations of the
primers used in this RT-PCR are shown in the schematic
diagram of Fmn exon 4. Primer A was used to synthesize
first-strand cDNA from wild-type murine adult brain and
kidney RNA. The cDNA was amplified with the PCR prim-
ers B1 and B2, which face outward from exon 4. (B)
Southern blot of RT-PCR products from brain and kidney
cDNA and a negative control (described in Materials and
Methods) hybridized with an exon 5 probe. (C) Schematic
diagram of two circular RNA species represented by the
subcloned and sequenced 402-bp and 340-bp RT-PCR
products from this assay. Arrows represent the PCR prim-
ers Bl and B2, used in this assay. Numbers represent the
complete Fmn exons, which were joined accurately at
their consensus splice sites.
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Fig. 4. Fmn exon-specific gene-targeting ap-
proach for separately deleting exons 4 and 5.
The positions of a neomycin resistance gene (neo) re-
placing the respective deleted Fmn exon as well as a
herpes simplex virus thymidine kinase gene (7K) for
positive/negative selection from the pPNT vector (23)
are indicated. Arrows indicate the transcriptional direc-
tions of the neo and TK genes. Prior to electroporation,
the targeting vectors were linearized at the indicated
unique Nofl (N) sites. B, BamHI; Cla, Clal; P, Pst; RI,
EcoRI; RV, EcoRV; X, Xbal. (A) Gene-targeting Fmn
exon 4-deletion construct. The replacement-type tar-
geting construct contains 3.5 kb of genomic DNA up-
stream of exon 4 and 4.8 kb of downstream homolo-
gous sequence. Homologous recombination within the
Fmn locus would introduce the neo gene and delete 2.5
kb of genomic DNA containing Fmn exon 4. (B) Gene-
targeting Fmn exon 5-deletion construct. The replace-
ment-type targeting construct contains 4.5 kb of
genomic DNA upstream of exon 5 and 3 kb of down-
stream homologous sequence. Homologous recombina-
tion within the Fmn locus would introduce the neo
gene and delete 1.1 kb of genomic DNA containing
Fmn exon 5. (C) Southern blot analysis for targeted
exon 4- and exon 5-deleted ES cell clones. DNA was
isolated from targeted ES cell clones (lanes 1 and 3)

and parental ES cells (lanes 2 and 4). As expected, the
Xbal restriction fragment size change from 11 kb to 7
kb is seen in the targeted exon 4—deleted ES cell clone
(lane 1) using the 0.3 kb 5’ outside probe (a) indicated
in Fig. 4A. Similarly, the BamHI/Clal restriction frag-
ment size change from 9.5 kb to 4.5 kb is seen in the
targeted exon 5-deleted ES cell clone (lane 3) using
the 0.8 kb 3’ outside probe (b) indicated in Fig. 4B.
(D) Homozygous Fmn exon 4- and exon 5-deletion
mice lack DNA sequences for exons 4 and 5, respec-
tively. DNA isolated from wild-type, heterozygous mu-
tant, and homozygous mutant littermate animals were
first genotyped by Southern blot analysis. Then the
same DNA samples were hybridized with a probe spe-
cific for the deleted Fmn exon. Wild-type, heterozygous
fmn**©, and homozygous finrn**° DNA samples (lanes
1, 2, and 3, respectively) digested with BamHI were
hybridized with a Fmn exon 4 probe. As indicated in
the wild-type allele diagram in Fig. 4B, a 9.5 kb
BamHI-digested DNA fragment is detected using a Fmn
exon 4 probe. Wild-type, heterozygous fimn°%°, and
homozygous finn**© DNA samples (lanes 4, 5, and 6,
respectively) digested with EcoRI were hybridized with
a Fmn exon 5 probe. As shown in the wild-type allele
diagrams in Fig. 4A and B, a Fmn exon 5 probe detects
a 5.5 kb EcoRI-digested DNA fragment.



C. W. Chao et al.: Mouse Fmn Circular RNAs and Targeted Deletions 621

Probe A
[2 ] 5 [7]8]
ol s A8t
356 nt
———180'nt
e 128 nt

Brain

[4] 5 [7]8 Probe C

517 nt —
484 nt — B

437 ot —
3560t — e D NN S wen

180 nt —

128 nt — - e e

Fig. 5. RNA expression analysis in Fmn exon
4- and exon 5-deficient mice. Shown is a ribo-
nuclease protection assay using a riboprobe specific
for Fmn isoform I (probe A), a riboprobe containing
Fmn exon 4 (probe B), and a riboprobe specific for
Fmn isoform IV (probe C) on RNA samples from the
following sources: 1, yeast tRNA control; 2, wild-
type (+/+) littermate of animals 3 and 4; 3,

We used riboprobes that detected Fmn isoform I
transcripts (containing exon 5; Probe A), tran-
scripts containing exon 4 and 5 (Probe B), and
isoform IV transcripts (containing exon 6; Probe
C) (Fig. 5), (1). As expected, expression of exons
4 and 5 is absent in the respective homozygous
mutant samples. For the fmn*%°/+ and fmn**°/
fimn*®° samples, the isoform I transcripts, indi-
cated by the 484-nt protected species, and iso-
form IV transcripts, indicated by the 517-nt
protected species, are present and grossly unaf-
fected compared to wild-type RNAs. For the
fimn®%°/fimn*%° brain sample, a fully protected
isoform I 484-nt band is not observed since exon
5 is present in isoform I. However, expression of
Fmn exon 2, which is spliced 5’ to exon 5 in
isoform I transcripts, is still present and grossly
unaffected, as represented by the 128-nt pro-
tected species. Similar to the fmn**° samples, in
fmn’%°1+ and fmn’%/fimn’*° kidney samples,
isoform IV transcripts (517-nt protected species)
were present and grossly unaffected. We used an
L32 ribosomal RNA riboprobe as a loading con-
trol (data not shown) and found that normalized
levels for isoform I and IV were quantitatively
similar in all genotypes. Therefore, these results
indicate that while fimn**° and finn’*° homozy-
gous mutants show no expression of the deleted
exons, other Fmn isoforms are present at grossly
normal levels. Similarly, Western blot analyses
with two anti-formin antibodies recognizing

fmn*%1+; 4, fmn**°(fmn**°; 5, +/+ littermate of
animals 6 and 7; 6, fmn**°/+; 7, fmn°*°/fmn**°. The
organ (brain or kidney) of the murine adult RNA
samples (lanes 2-7) is indicated above the lane
numbers. The numbers in the riboprobe diagrams
represent the Fmn exon sequences contained in the
riboprobe.

epitopes encoded by Fmn exons downstream of
exons 4 and 5 showed no gross differences in
formin protein expression in kidney lysates from
all genotypes of fmn*° and finn’*° mice (data
not shown).

Renal Aplasia Is Observed in fmn**° and fmn°%°
Animals

Mice heterozygous for the targeted mutations
(fmn*®°/+ and fmn°%°/+) were developmentally
and anatomically normal. F2 offspring for both
targeted mutations were generated by the inter-
crossing of F1 fmn**°/+ or fmn’*°/+ mice. At
weaning, mice homozygous for either targeted
mutation  (fimn**C/fmn* ° or fmn’*°Ifmn’*°)
were present at the expected frequencies accord-
ing to Mendelian patterns of inheritance. No
limb abnormalities were found in any heterozy-
gous or homozygous fmn**° or fmn’*° mutant
mice, and they were developmentally normal
and fertile. Large-scale matings among fmn*<°/
fmn*8° homozygous mutant animals and mat-
ings among fimn°*°/fmn’*° animals were done to
score for low-penetrance mutant phenotypes,
such as renal agenesis, in the newborn progeny.
Animals were sacrificed and dissected within the
first 24 hr after birth since animals with bilateral
renal aplasia die shortly after birth. As shown in
Table 1, fimn*°/fmn**° homozygous mutant an-
imals were observed to have uni- and bilateral
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Table 1. Incidence of renal aplasia in newborn fmn**° and fmn**° homozygous mice

Number of Kidneys

Total

Genotype“® Animals 1 0 Total Abnormal (%)
fimn*5° | fmn*x0 151 9 12 13.9
fimn®%O [ fimn>%° 249 3 0 1.2

(167 + 82)* (165 + 81)® 2+ 1) 0 (1.2 and 1.2)°
Background controls
fmn*%O/ + 112 0 0 0
fmn®%°+ 253 0 0 0
+/+ 255 0 0 0

“The listed genotypes were derived from matings of homozygous animals. Newborns were sacrificed within 24 hr of birth.
’Numbers in parentheses are the breakdown data from two finn*%°/fmn*° mouse lines derived from two independently derived

targeted ES cell clones (clones 6 and 15, respectively).

renal agenesis at an incidence rate of 13.9%
(21/151), and fmn’%°/fmn°*° animals had an in-
cidence rate of unilateral renal agenesis of 1.2%
(3/249). Examples of this renal agenesis pheno-
type are shown in the photographs in Figure 6.
Besides complete renal agenesis, no other renal
abnormalities were detected using histologic sec-
tions of kidneys from heterozygous and homozy-
gous fmn*®° and fmn’*° mice. Both adrenal
glands (see Fig. 6) and the urinary bladder were
always present. No gross defects in the male or
female genital structures were observed.

To address the formal possibility that the low
level (1.2%) of renal agenesis observed in
fmn’®CIfimn*° animals could reflect the back-
ground degree of renal agenesis seen in mice
with this genetic background [combination of
129/SvEv (inbred) and NIH Black Swiss (out-
bred)], matings of homozygous animals from the
same mixed genetic background were also done
to score newborn fimn’*°/+ heterozygous mice
and wild-type mice for renal abnormalities. In
this assay, 253 fmn’*°/+ mice and 255 +/+ mice
were sacrificed at birth to check for renal anom-
alies, and none were found among all 508 of
these mice (Table 1). Similarly, 112 finn**°/+
newborn mice also had no renal abnormalities
(Table 1). Using the chi-square statistical test
with one degree of freedom to compare the data
from our fimn’*°/fmn’*° experimental set (3 an-
imals with renal agenesis and 246 unaffected
animals) and a control set consisting of the
fmn’®°/+ and +/+ mice (0 animals with renal

agenesis and 508 unaffected animals with a sim-
ilar genetic background to the experimental set
of animals), we find that x> = 3.97, and p < 0.05.
It should also be noted that our observed 1.2%
incidence of renal agenesis in fmn’*°/fmn’*° an-
imals was observed in lines derived from two
independently derived ES cell lines.

In addition, homozygous finn**°/fmn**° and
fmn’®1fimn°%° mice were mated to other finn
homozygous mutants to create compound het-
erozygotes to test for noncomplementation of
the fimn mutant kidney phenotype (see Table 2).
We detected noncomplementarity between the
fmn*%° and fimn™5137 alleles with a 12% inci-
dence of renal agenesis (Table 2). The incidence
of renal aplasia, if any, in the other matings may
require larger numbers of offspring to detect. In
summary, mice homozygous for the Fmn exon 4
deletion or exon 5 deletion have normal limbs
and an incompletely penetrant renal aplasia phe-
notype. This suggests that the deletion of either
Fmn exon 4 or 5 is sufficient for the renal agen-
esis phenotype but not the limb-deformity phe-
notype seen in fimn mutant mice.

Circular Fmn Transcripts Are Not Detected in
fmn**° and fmn**° Mutant Mice

Since Fmn exons 4 and 5 are present in all of the
scrambled and circular Fmn transcripts that have
been detected thus far, we repeated the RT-PCR
assay described previously (see Fig. 3) to assess
for the presence of Fmn circular transcripts in
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Fig. 6. Bilateral and unilateral renal agenesis
in Fmn exon 4- and exon 5-deficient mice.
These photographs of the retroperitoneal area of
neonatal finn**°/fimn**° and fmn*<°/fmn°*° animals
illustrate the bilateral and unilateral renal agenesis
phenotype seen in these mice at the incidence rates
presented in Table 1. Organs contained within the
peritoneum that obscured the view of the kidney
region were removed prior to photographing. The

organs of our fmn**° and fimn’*° mice. We used
RNA from adult brain and kidney since these
organs express high levels of circular RNA. For
the analysis of finn* ° samples, first-strand cDNA
was primed with a Fmn exon 5 primer from brain
and kidney RNA of mice with the following ge-
notypes: +/+ (littermate of the finn**° mutant
animals), fmn**°/+, fmn**C/fmn**° (Fig. 7A).
Note that an exon 5 primer, not exon 4 primer as
in Figure 3, has been used in this assay since the
homozygous fimn**°/fmn**° animal has been de-
leted for the entire exon 4. PCR amplification
was performed using flanking primers facing
outward from exon 5. RT-PCR products were
hybridized with an exon 5 oligonucleotide probe,

adrenal glands (at level of white arrows), which are
located near the top pole of the kidney, were always
present bilaterally. (A) fmn**°/fmn**° animal with
bilateral renal agenesis. (B) fimn**°/fimn**° littermate
animal with normal two kidneys (for comparison).
(C) fmn°*°[fmn°*° animal with unilateral renal
agenesis. (D) fimn’*°/fmn°*® littermate animal with
normal two kidneys (for comparison).

subcloned, and sequenced. As shown in
Figure 7A (lane 3 for both brain and kidney
samples), no circular Fmn transcripts were de-
tected in the homozygous finn**°/fmn**° brain or
kidney. The 395-bp and 333-bp PCR products
found in the wild-type and heterozygous
fimn*®°/+ animals were sequenced, and they rep-
resent two circular RNA species (Fig. 7C) that are
the same as those in Figure 3C. As in Figure 3,
the Fmn exons in these circular transcripts were
joined accurately at their consensus splice sites.

We simultaneously performed control PCR
reactions to ensure that cDNA was present in
each sample. For the control PCR (Fig. 7A), we
used primers from exons 2 and 5, which are able
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Table 2. Incidence of renal aplasia in newborn fimn compound heterozygous mutant mice

Number of Kidneys

Total
Genotype“ N 2 1 0 Abnormal (%)
im0 fnpa-ToBrits7 50 44 2 4 12
fimn*KO [ fimn'-in2 60 60 0 0 Y
fmn*5 [fmn'-cKO 44 44 0 0 0
fmn*5C 1 fmn®*° 52 52 0 0 0
fnnKO fmpl-TeBri137 48 48 0 0 0
fmnﬂ(o / ﬁnnld-lnz 68 68 0 0 0
fmn®KO| fmnld-cKO 47 47 0 0 0

“The listed genotypes were derived from matings of homozygous animals. Newborns were sacrificed within 24 hr of birth.

to amplify a PCR product from a linear Fmn
transcript primed with the same exon 5 primer as
described above. PCR products from the control
reactions that hybridized to an exon 5 oligonu-
cleotide probe were subcloned and sequenced to
confirm that the appropriate exon 2 and exon 5
sequences had been amplified. The expected
control PCR products were amplified from all of
the fmn** ° cDNA samples; the brain cDNA con-
trol samples are shown in Figure 7A.

This circular RNA RT-PCR assay was done sim-
ilarly to analyze fimn’*° mice. Since the homozy-
gous fmn’%°/fmn°*° mice lack Fmn exon 5 (see
Fig. 4D), oligonucleotide primers from exon 4, sim-
ilar to those in the original circular RNA assay
(Fig. 3), were used. cDNA was synthesized with an
exon 4 primer using brain and kidney RNAs of
+/+, fimn’® 1+, and finn’*°/fimn’*° animals. PCR
amplification was performed using primers that
faced outward from exon 4 (Fig. 7B). The control
PCR reactions used primers from exons 2 and 4. As
shown in Figure 7B (lane 3 for both brain and
kidney samples), no circular Fmn transcripts were
detected in the homozygous finn”*°/fmn’*° brain
or kidney, as was the case with the homozygous
fimn™ O fmn* © animal. The 424-bp and 362-bp
PCR products found in the wild-type and heterozy-
gous finn’®°/+ animals, which were sequenced,
represent the same two circular RNA species as in
Figure 3 and the above fimn**° analysis (Fig. 7C).
The exons of these circular species were also joined
accurately at their consensus splice sites. The ap-
propriate control PCR products were amplified
from all of the fimn’*° cDNA samples; the brain
cDNA control samples are shown in Figure 7B. An

additional smaller band was also seen in the con-
trol samples (Fig. 7B), and this PCR product was
not sequenced.

Discussion

Our results demonstrate that the large and com-
plex Fmn gene generates several scrambled tran-
scripts that likely have a circular structure. More-
over, their high levels of expression suggest that
they are not products of aberrant splicing events,
but instead, may play important biological roles.
Some of the scrambled transcripts are expressed
in the embryonic limb (1) and kidney (data not
shown), suggesting that these unusual tran-
scripts may play a role in the fimn mutant phe-
notype. To test this, we created gene-targeted
deletions of two such exons, Fmn exons 4 and 5.
We wished to investigate the function of these
exons in kidney and limb development as well as
to examine the possible in vivo function of cir-
cular RNAs. We were able to recapitulate the
incompletely penetrant fmn kidney phenotype
with our fmn**° and fmn’%° mice and to separate
the finn kidney phenotype from the limb pheno-
type. The fimn**° and fmn’*° homozygous mice
do not produce detectable levels of circular tran-
scripts, suggesting a possible role of these circular
RNAs in the renal agenesis phenotype.

Comparison to Other Reported Cases of Scrambled
Transcripts

As shown in Figure 2, the scrambled Fmn tran-
scripts identified in this study are authentic tran-
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Fig. 7. Circular Fmn transcripts are not de-
tected in the brain and kidney of Fmn exon 4-
and exon 5-deficient mice. An RT-PCR assay (see
Fig. 3) was used to identify circular Fmn transcripts
from organs of fimn**° and fmn**° mice. The loca-
tions of the PCR primers used in this RT-PCR assay
are shown in the schematic diagrams in parts A and
B. The numbers represent the Fmn exon sequences
amplified in the PCR reactions. The black bars repre-
sent the locations of oligonucleotide probes for
Southern blot hybridization of the PCR products
shown below the schematic diagram. For this assay,
positive controls (Control, A and B), which were
PCR amplification of a normal, linear Fmn transcript,
show that cDNA was present in each sample. The
locations of the PCR primers for these controls are
shown in the schematic diagram. The control lanes
shown represent RT-PCR products from brain RNA
samples. (A) RT-PCR analysis of fmn**© samples.
First-strand ¢cDNA, primed with a Fmn exon 5
primer, was synthesized from adult brain and kidney

scripts and represent up to 70-80% of the tran-
scripts detected in kidney and brain by the
riboprobe. This abundance is in striking contrast
to other genes with scrambled or circular tran-
scripts. For example, the DCC gene scrambled
transcripts were present at 1/1000th of the con-
centration of normally spliced transcripts (14).
Moreover, attempts to identify cDNA clones with
scrambled exon junctions from cDNA libraries
were unsuccessful in the case of DCC. Similarly,

from mice with the following genotypes: 1, +/+ lit-
termate of animals 2 and 3; 2, fimn*<°/+; 3, fimn**°/
fmn*¥°. RT-PCR products were hybridized with an
exon 5 oligonucleotide probe. (B) RT-PCR analysis
of fimn®®© samples. First-strand cDNA, primed with a
Fmn exon 4 primer, was synthesized from adult
brain and kidney from mice with the following ge-
notypes: 1, +/+ littermate of animals 2 and 3; 2,
fmn®%°1+; 3, fimn®*°/fimmn°%°. RT-PCR products were
hybridized with an exon 4 oligonucleotide probe.
(C) A schematic diagram of two circular RNA species
(same as in Fig. 3C) represented by the subcloned
and sequenced RT-PCR products from the wild-type
and heterozygous fmn**° and finn’*© animals in this
assay. Arrows labeled A represent the outward-fac-
ing exon 5 PCR primers shown in part A, which
were used to analyze the finn**° mice. Arrows la-
beled B represent the similar primers shown in part
B. Numbers represent the complete Fmn exons,
which were joined accurately at their consensus
splice sites.

the level of the scrambled human c-ets-1 tran-
scripts were estimated to be only 1% of the level
of the normally spliced transcripts (15). The high
levels of scrambled Fmn transcripts suggest that
they are not simply due to missplicing events but
rather, play an important biological function.
Similar to abundant circular transcripts of
Fmn, the single-exon circular transcript of the Sry
gene has been shown by ribonuclease protection
assays to represent up to 90% of the Sry tran-
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scripts in adult mouse testis (19). In this circular
Sry transcript, an open-reading frame (ORF) was
preserved across the junction of the ends of the
single exon, and the circular RNAs were localized
to the cytoplasm (19). However, translation of
these circular RNAs was reported as unlikely
since no circular transcripts loaded onto poly-
somes could be detected (19). All of our scram-
bled and circular Fmn transcripts contain Fmn
exon 4, which has termination codons in all
three reading frames, such that no ORF exists
across the scrambled exon junction.

Specificity of the Targeted fmn**° and fmn°*©
Mutations

In this study, we have established that the Fmn
exon 4 and exon 5 sequences were specifically
deleted from the genomic sequence in the re-
spective fmn*®° and fmn’*° homozygous mu-
tants. Moreover, we have shown that RNA tran-
scripts from exons 4 and 5 were missing in the
appropriate homozygous mutants, yet expres-
sion of other exons, such as exon 2, which is
present in Fmn isoforms I-1II, and exon 6, which
is the amino-terminal exon of isoform IV, was
relatively unaffected. Mice with homozygous
targeted disruptions of exon 6, finn'@ %%, display
a renal agenesis phenotype with a 6% incidence
(13). Hence, it is important to note that our
targeted mutations have not perturbed isoform
IV (an exon 6-containing isoform) expression,
as shown by our ribonuclease protection and
Western blot assays. Accordingly, we can rule
out the simple explanation that the renal agen-
esis phenotype seen in our targeted mutant mice
arises secondarily to alterations in Fmn isoform
IV expression. Our laboratory has also recently
generated mice with a targeted disruption of
exon 2, an exon near the amino-terminal region
of isoforms I-III, which are expressed in the em-
bryonic dorsal root ganglia, cranial ganglia, and
the developing kidney (10). To date, two ho-
mozygous mutant fimn*%°/fmn**° adult animals
have been observed to have unilateral renal
agenesis (Y. Wang, personal communication).
Thus, our RNA expression analyses of exon 2,
whose level of expression is unaffected in our
fmn**° and fmn°*° mutants, are similarly impor-
tant to rule out the possibility that perturbations
in isoforms I-1II cause the renal agenesis pheno-
type. Our immunoblot analysis with antisera rec-
ognizing epitopes encoded by Fmn exon 9, which
is present in all of the coding linear Fmn iso-
forms, indicated that no overall up-regulation or

down-regulation of other Fmn isoforms oc-
curred. This result was confirmed with a ribonu-
clease protection assay using an exon 9 riboprobe
on fmn**° and fimn’*° mutant and control RNA
samples (data not shown). Although we have
provided evidence that our targeted finn**° and
fmn’%° mutations specifically disrupt exons 4 and
5 and leave the other isoforms intact, we cannot
rule out the formal possibility that subtle alter-
ations in Fmn gene expression, beyond those
transcripts containing exons 4 or 5, may contrib-
ute towards the renal agenesis phenotype.

Renal Agenesis in fmn**© and tmn°*° Animals

Renal agenesis was observed in our homozygous
mutant fimn*5° and fmn°*° mice with an incom-
plete penetrance and with different incidence
rates of 13.9% and 1.2%, respectively. This dif-
ference is likely due to the intrinsic strength of
the mutant alleles and not genetic background
differences since the background is similar for
the two types of mutant animals. Consistent with
fmn*° being a stronger mutant allele than
fmn*%°, noncomplementarity of the renal agen-
esis phenotype between fimn**° or fmn°*° and
other frmn mutant alleles was only observed with
fmn**© and not with fimn’*° in combination with
another fimn mutant allele. This difference in
strength may be related to the fact that exon 4 is
a “terminator” exon. Transcripts that contain
exon 4 will have an early termination in the
translation product, and perhaps its presence
plays an important negative regulatory role for
translation in normal kidney development. More
interestingly, all of the scrambled exon junctions
that we have identified in this study always have
exon 4 at the scrambled junction spliced to var-
ious downstream exons. Thus, although exon 5
is present in all of our characterized scrambled/
circular transcripts, exon 4 may play a much
more critical role in the circular RNA formation,
which, in turn, may be related to the more se-
vere renal agenesis phenotype seen in fmn**°/
fimn**° mice. We also cannot rule out the possi-
bility that the disruption of the linear (normal
order) Fmn transcripts that contain either exon 4
or exon 5 are responsible for or contribute to the
renal agenesis phenotype.

Biological Function of Circular RNAs

We have created gene-targeted mutations of Fmn
exons 4 and 5 with the goal of achieving a better
understanding of the fimn mutant phenotype as
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well as to investigate the potential in vivo func-
tion of circular Fmn transcripts. The observation
that our gene-targeted mutant mice develop in-
completely penetrant renal agenesis and also
lack circular Fmn transcripts suggests a link be-
tween these circular transcripts and kidney de-
velopment. The molecular function of circular
Fmn RNA transcripts is of course not known, but
we propose a model in which circular Fmn RNAs
act as a functional mRNA “trap.” In this model,
all unprocessed Fmn RNAs that become spliced to
form a circular RNA molecule become nonfunc-
tional RNAs in that they are not translated to
produce functional formin protein products. In
our case, this model is consistent with Fmn cir-
cular RNAs not being translated; the circular Fmn
transcripts all contain exon 4, which has termi-
nation codons in all three reading frames. Thus,
the formation of circular RNAs traps the tran-
scripts arising from the Fmn gene in a nonfunc-
tional form and prevents the existence of certain
normal linear transcripts that could be trans-
lated. The mechanisms controlling circular RNA
formation could thus regulate the expression
levels of the normal linear RNA transcripts and
thereby regulate the gene function. In a simple
regulation model, higher levels of expression of
circular RNA would correlate with lower levels
of normal linear transcripts. The great abun-
dance of circular forms relative to linear forms is
consistent with such a regulatory role. It could
also be possible that the relationship between
circular RNA formation and normal linear tran-
scripts production is modulated by other factors,
making the relationship between circular and
linear RNA less straightforward. In our study,
circular RNA formation may perhaps be involved
in renal organogenesis. Circular RNAs may later
be discovered to have an even broader function
in the regulation of many other biological func-
tions. We hope that further characterization of
the circular Fmn transcripts will yield answers to
some of these questions.
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