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Abstract. Human unilateral renal agenesis (URA) is a urinary malformation characterized by congenital absence of
one kidney. The inbred rat strain ACI is a known animal model for studying URA. Recently, a single locus responsible
for URA, designated renal agenesis 1 (Renagl), has been mapped to a 379-kb interval that contains a single gene, Kit,
which encodes c-kit that plays important roles in stem cell survival, migration, and differentiation. Within the Renag1
interval, an insertion of a long terminal repeat (LTR) sequence has been found as a major variation specific for the
ACI genome, and the LTR has been strongly suggested to be a causative factor of URA. Here, we removed the LTR
from the ACI Kit gene by the CRISPR/Cas9 system and examined whether these gene-modified rats exhibited URA.
Three gene-modified ACI strains were developed that lacked the LTR and flanking sequences of different lengths.
Out of a total of 125 gene-modified rats observed, none of the rats exhibited URA. Besides URA, abdominal white
spotting, Irish, has also been mapped to the Renagl locus. We also observed that the gene-modified ACI rats did not
exhibit Irish spotting. Thus, we concluded that the LTR was causative of both URA and Irish spotting in ACI rats.
This study suggests that the Kit signaling pathway plays an important role in kidney development and that ACI
rats would be a promising animal model for regenerative medicine therapy of kidney diseases.

Key words: ACI rats, CRISPR/Cas, Kit, long terminal repeat, unilateral renal agenesis

Highlights

Human unilateral renal agenesis (URA) is a urinary malformation characterized by congenital absence of one kidney.
The inbred rat strain ACI is a known animal model for URA, and a long terminal repeat (LTR) sequence within the
ACI Kit gene has been suggested to be a causative variant of URA. We removed the LTR from the ACI Kit gene by
the CRISPR/Cas9 system and found that gene-modified ACI rats were rescued from URA. These findings indicated
that the LTR caused URA in ACl rats and suggested that the Kif signaling pathway plays an important role in kidney

development.

Introduction

Unilateral renal agenesis (URA) is a form of renal agenesis
characterized by the complete absence of one kidney, ac-
companied by an absent ureter. URA is a relatively common
congenital urinary malformation, giving the incidence of 1
in ~2000 [1, 2]. Patients with URA are usually asymptomatic;
however, it is becoming clear that the solitary kidney in-
creases the risk of chronic kidney diseases and hypertension
[3]. The etiology of URA remains unclear, but genetic factors
have been thought to be largely involved.

Kidney development depends on a series of sequential
and reciprocal inductive interactions between epithelial
cells and mesenchyme [4]. The ureteric bud that arises from
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the wolffian (mesonephric) duct stimulates the metanephric
blastema at an early embryonic stage. This process initiates
kidney organogenesis and leads to formation of the kidney.
Therefore, problems with formation of the wolffian duct
and ureteric bud, or degeneration of the ureteric bud, result
in subsequent renal abnormalities including agenesis.

So far, the most important genes identified to be involved
in human murine kidney development are RET, GDNF,
WT1, EYA1, and PAX2 [5]. Indeed, mutations of these
genes have been identified in some URA families [6, 7].
Mice carrying mutations of Ret, Gdnf, and Eyal exhibited the
URA phenotype [6, 8, 9]. However, majority of the causes
of URA are still unknown. For example, next generation
sequencing analysis of rare variants in 208 candidate genes
has recently suggested that the genetic architecture of URA
can be more complex than previously suggested [10]. Thus,
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identification of causative genes of URA is required to
understand the genetic components involved in URA. To
identify such genes, animal models exhibiting congenital
kidney malformation have been useful.

The ACI rat spontaneously exhibits URA and associated
urogenital anomalies at an incidence of approximately
10-15%. In addition to URA, ACI rats generally exhibit
the absence of accessory reproductive organs, such as the
uterine horn, vas deferens, and epididymis ipsilateral to
the missing kidney [11]. URA and associated urogenital
anomalies are inherited as an incompletely dominant trait
with incomplete penetrance [12]. Besides URA, ACI rats
exhibited abdominal white spotting, or Irish spotting.

A locus responsible for URA has been mapped to the rat
chromosome 14 and designated renal agenesis 1 (Renagl)
[12]. Genetic linkage analysis and haplotype mapping using
congenic strains localized Renagl to a 379 kb interval that
contained a single protein coding gene, Kit [13]. Within the
Renagl interval, a long terminal repeat (LTR) sequence has
been strongly suggested to be causative of the Irish spot-
ting [14]. Interestingly, a congenic strain which harbored
the ACI allele at Renagl on the genetic background of
BN strain exhibited both URA and Irish spotting, which
suggested the causal variants locate to the Renagl interval.
Thus, we hypothesized that the LTR was causative of both
URA and Irish spotting. In the present study, to prove our
hypothesis, we removed the LTR from the ACI Kit gene by
the CRISPR/Cas9 system and examined whether or not the
gene-modified rats exhibited URA and Irish spotting.

Materials and Methods

Animals

ACI/NKyo rats were obtained from the National BioRe-
source Project for the Rat (Kyoto, Japan) [15]. Jcl:Wistar rats
were obtained from CLEA Japan, Inc. (Tokyo, Japan). All
animals were housed in plastic cages with free access to
drinking water and basal diet, under controlled conditions
of humidity (50 + 10%), lighting (12 hr light/dark cycle)
and temperature (25 + 2°C). All animal experiments were
approved by the Animal Research Committees of Kyoto
University, Iwate University, and Tokyo University of Ag-
riculture and were conducted according to their regulations
on animal experimentation.

Genome editing

Genome editing by CRISPR/Cas was performed as
described previously [16]. Two crRNA target sequences
(5"-TTTGTAAGTATGCAGCTGAG-3' and 5- AGCAGC-
TAGTACCTCTACACT-3") were chemically synthetized.
Pronuclear-stage embryos of ACI/NKyo rats were produced
by natural mating. The oviducts of female rats with vaginal
plugs were removed after euthanasia by CO, and cervical
dislocation, and oocytes were flushed out from the ampullae
with culture medium. Cas9 protein, chemically synthesized
custom crRNA, tracrRNA (Integrated DNA Technologies,
Inc., Coralville, IA, USA), and single-stranded oligo DNA
nucleotides (ssODNs) were microinjected into intact rat
embryos. Embryos that developed to the two-cell stage
after the microinjection were transferred into the oviducts

of pseudopregnant female Jcl:Wistar rats that were anesthe-
tized using isoflurane.

Genotyping

Genomic DNA was isolated from tail or ear tips by
KAPA Express Extract Kit (Merck KGaA, Darmstadt,
Germany). PCR was performed to find founder rats
using a pair of primers; 5-CGAAGCAGGCATTAG-
GTAAGA-3'" and 5-TGCGGACTCTTCTTCAAGGT-3'.
To identify regions of genomic deletion induced by the
CRISPR/Cas9 system, we used the following primers: Kit-
int1-05; 5-TAGACTCCAGGCCACAGACA-3', Kit-Irish-
ACI-4; 5'- TGCGGACTCTTCTTCAAGGT-3', Kit-int1-10;
5'- AGAGATGGGCTCACCAAATG-3, and Kit-int1-12;
5'- CCCCACTCCCGAGAACTT-3".

Phenotyping

Rats were euthanized under deep anesthesia using
isoflurane and examined for the presence of urogenital
anomalies, such as agenesis and hydronephrosis. Anoma-
lies of the accessory reproductive organs and abdominal
white spotting were also examined.

Results

Development of gene-modified ACI strains

We transferred 63 microinjected embryos to pseudopreg-
nant rats and obtained 11 offspring. Among these, three
offspring had a genomic deletion of the expected size (A685).
One had a smaller deletion than expected. Five offspring ex-
hibited no PCR products. We selected 3 offspring as founder
rats: one having the expected genomic deletion (A685) and
the others exhibiting no PCR products. We expected that
the latter had larger deletions than expected. After cross-
ing with ACI/NKyo rats, we selected rats homozygous for
deletions and established three gene-modified ACI strains:
ACI-Kit*" [Kyo, ACI-Kit*"?/Kyo, and ACI-Kit*"3/Kyo.

Genome analysis of the gene-modified ACI strains
To identify the deletion size of ACI-Kite’"Z/Kyo and ACI-
Kit*3[Kyo rats, we performed sequence analyses of their
genomes. We designed four primer sets on the flanking
sequences of the LTR to amplify their genomes (Fig. 1A).
We obtained PCR products from ACI-Ki#"?/Kyo and ACI-
Kit*"/Kyo genomes when using these primer sets (a and d)
(Fig. 1A and 1B). Sequencing of the PCR products revealed
that ACI-Kit*"?/Kyo had an 848-base pair (bp) deletion and
ACI-Kit*3/Kyo had a 1,389-bp deletion (Fig. 2).

No URA phenotype in the gene-modified ACI strains
We then checked whether or not three gene-modified
ACI strains exhibited URA and found that offspring from
every line exhibited normal kidney and normal accessory
reproductive organs (Fig. 3, Table 1). In addition, they also
exhibited no Irish spotting on their belly (Fig. 3). These find-
ings indicated that the loss of the LTR rescued AClI rats from
URA and Irish spotting and suggested strongly that the LTR
was causative of the URA and Irish spotting in ACI rats.
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Fig. 1.

Genomic organization of gene-modified ACl rats. (A) Upper: Schematic illustration of intron 1 of the Kit gene of ACI

rats. The Kit gene locates along the minus strand of the rat genome (Rnor_6.0 assembly). The open box represents long
terminal repeat (LTR) of the rat endogenous retrovirus sequence [14]. Two CRISPR/Cas cleavage sites on 5" and 3 flanking
sequences of the LTR are indicated by open arrowheads. The red lines indicate 80 base pair (bp) single-stranded oligo
DNA nucleotide (ssODN) that were designed to connect CRISPR/Cas cleavage sites and remove the LTR. Primers to detect
deletion in each line are indicated by arrows. Lower: Schematic illustrations of genome organizations of gene-modified
rat lines. Deleted regions are indicated by dashed lines. ACI-Kit®™"/Kyo carried a 685 bp deletion. ACI-Kite™2/Kyo carried
an 848 bp deletion. ACI-Kit®™3/Kyo carried a 1,389 bp deletion which consisted of 10 bp and 1,379 bp deletions. (B) PCR
products amplified with primer pairs (a & b, a & ¢, and a & d) from ACI and gene-modified rat (em1, em2, and em3)
genomes. M: 50 bp ladder molecular weight marker segregated on the Tris-borate-EDTA-buffered 1.0% agarose gel.

Discussion

Our genome editing experiment demonstrated that 10
(91%) of 11 offspring from the pseudopregnant rats harbored
genome alterations, which confirmed the high efficiency
of introducing Cas9 protein and guide RNAs into the rat
embryos [16]. We also found three (30%) offspring harbored
the expected deletion allele, which also confirmed the high
accuracy and efficiency of oligonucleotide-mediated gene
modification in rats [17].

Provided that 10-15% of ACI rats exhibit URA [12], 13 to
19 gene-modified ACI rats were expected to exhibit URA
when we examined a total of 125 gene-modified ACI rats in
the present study. We, however, failed to find URA in them
(Table 1) and every rat exhibited normal kidney and urinary
ducts, and normal accessory reproductive organs (Fig. 3).
Thus, it is very likely that the gene-modified ACI rats were
rescued from URA. Genomes of the gene-modified ACI

rats lacked not only the LTR sequence but also the flank-
ing sequences with different lengths (Fig. 1). This finding
indicated that the flanking sequences were not necessary to
induce URA. Instead, the insertion of the LTR was essential
to provoke URA in ACI rats. LTRs are known to contain
promoter activity and contribute to the transcriptional
regulation of certain human and murine genes [18, 19].
Together, we concluded that the LTR insertion in the Kit
gene was causative of URA in ACI rats.

In contrast to URA, the abdominal white spotting, Irish
spotting, in the ACI rats is a fully penetrant phenotype.
We found that the Irish spotting was rescued in all gene-
modified ACI rats we examined (Fig. 3). The causative
mutation of the Irish spotting has been thought to be the
insertion of the LTR [14] and the Irish was mapped to the
Renag1 locus [13]. Thus, we concluded that the LTR inser-
tion in the Kit gene was also causative of the Irish spotting
in ACI rats.

32



Association of Kit gene with renal agenesis

TAGACTCCAGGCCACAGACAACTCAGCATATCCCTACTCCCAGCAGCCTCCCTGGCTGCATGGCGCACACGGGGCCTGAGG
a Ll

GGATAGACATAGGTGCTGGCCACAGGTCCAGGTCAGGAGGCTTGGCCTGTGAGTGTGAATTTGGTGGTACCCTCCCAGCAT

GCCATGTTCtCTCAGGAGTTTCAGGATTCCGCTAAATGCCAATTCTGCAGACCCAGGAGGGGATGCGAGGTGGTAATGGTG
ACAAGCCAAAAAAAAAAAAAATAGGCTTTTAGGACCCTGGGCTCGATCTCCAATCCCACAGCATCAAGTTCTAATGGTGTC

GAACGAGGCATTAGGTAAGAAATGATTAGCATTTTCACACATCCATGTGTGTGTGTGTGCACACATACATATGTACACGCA
em2,3 em1em3

TATGGCGACTGGGGCACTTCAGAAATGTTATTAGATAAAATATGCGTAATATTTAATTACCGCTTTAACCAETTETAAGTA

m3
TGCAGCTGAGTGGTGTACTAAGTCCTTTCGTGTGAAAAGAAAATTATATAAATTCTAGGTTTAAAAATATAAAAATTAAAA

AATAAACCCCAAAAGGCCACAGACCCAGGGCTAAGCCCTGCAGCCAAGACTAGCAGGCCATAAAGATAAAGGAGCACAGGA
AACACTGTTCAGGCAGGACTGACAAGCCATAAAAAAaGGAATGCAGGAACCAGCCTGAGTTAATGAGACTGATTCATGGGA
CGTCTGGCAGGAAGACATCTCCCCCCAGCTCACTCAGGGCCATATTTCAACTAGGTGTCCTCCAGCCCCTGATAAGCCCCT
GACTTCTAGCACGTACTCTTTCTGCTTTGTTCTCACTGCTATGTTTGAATGAGCCAATTGTATGTAACCACGCCAAAACCC
CCTAGCCTTCTCTATATAACCCTCTGACTTTTGAGTTTCGGGGCCGACACCTCTGTCTCCTGCGCGGGATACGTGTCGGCC
CGGAGATCTCTGTAATAGGTCTCCGTAATAAACCTCGCCTTTGCTTATTACATCCAAAATGGTCTCTCTGTGTCTGGGGTC
CGCGATTTCCCAAGACTTGAGTAAGGGTCTCTCTGCGTGGGATCTTTCAGTGTGACTGGGCAGTCACCATCACTGTTCATT
TCCTCACGTTTCCATCTTCCCCGCCCAGCAGCTAGTACCTCTACACTCCTTTCTGCCCGGGCTCCCGAGCCCGCTTTCTAT

em1 <€

CTCTCTACAAACCGGGCCTTCTGGGTACCTTGAAGAAGAGTCCGCATACGCTATTTGTTCTTGTGTGGCTGACATGTTTCC

b
CTTGGAGTGTCACAGACATGCTGTACCATGTCAGAACCCCATCCCCATTCAAGGCTAACGTTCCAGCGCTCGTTTGGGCCA
em2

CACTTCTTTTTTTTTCTACTCATCCTGACATTTGGATGGTTTCCCTGAGGCATTTTCAACTGTGATCAACACTTTGGAGAG

GCCTCTCTGACTTCCCAGCTTTGAAAGATGTTCCGCATTAATTACACTTGACTAAACTAGACGGGTATGCTAATTTTCTTC

ATAATGGGTAAGTCAATACATTCTCCTCAGAAATATACTCTAAAAACTACTTTTAAGGAACCTGTCAAATAAGGAAAATTG

TACCTTCCCTTTTCCCACACAACTTGCAAACAGGAAATTTTTCCTTCTGTTTCTACTGTCAAGATGTCATCTTACGGAGGC

GGGGACGAAAGCAGTCATGTTTCCCACAAGAAACTGTACCTGAGGCAGTTGCTGGAGGAAAGGGCAGAGGCAGTTGTTAAA

CTGTTCTGCCACAGACTTCTACTCCAGGGCGACCGTACACTGCAGCCCTGGCTAACAGGCCCCGGGCAAATCCCGCAGAGA

ACCATTTGGTGAGCCCATCTCTCCCGTCTTCCTGTTACCTTGCCARAGGGGAGAATCTGTTTTGTAGGTGCTAGAGATTTC
- c em3
CAGGAAGACAGCAAGTCTGTGTAGAACTTGCAGAACTTAAGGGGGCTCCCTGAGGAACTCAAAGCACCCTTCTTGGTGGGA

AGCCTTACCAGAAGGAAGGAAAATAGTCTCTGGTCAAGGGCAGAGGCTCAGCCTGGGTGGCCTGCATGTGCTCATCCCCAG

AAAAAAGCAAGGATGAAAAGTGAGCAGTTGTAGCCTGAAGTTCTCGGGAGTGGGG
D d

Fig. 2. Positions of deletions in gene-modified ACI rat strains. The long terminal repeat (LTR) sequence is highlighted in grey.
Target sequences of guide RNAs and protospacer adjacent motifs (PAMs) are indicated by blue and magenta, respectively.
The ssODN (80 bp) used to connect the flanking sequences cleaved by Cas9 nuclease is indicated by red horizontal bars.
Primers used to detect deletions are underlined. Cleavage sites observed in gene-modified rat strains (em1, em2, and em3)
are indicated by arrows. Names of primers are as follows: a, Kit-int1-05; b, Kit-Irish-ACI-4; ¢, Kit-int1-10; d, Kit-int1-12.
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ACI-Kitem/Kyo

Fig. 3. Representative macroscopic observation of the gene-modified ACI rats. Left: an ACI rat exhibiting the agenesis of the right
side of the kidney. Note that the ipsilateral uterus horn was also absent, although ovaries were intact on both sides (yellow arrows).
Inset: gross appearance of the ventral side of the ACI rat. Abdominal white spotting (Irish) was observed. Right: an ACI-Kite™'/Kyo
rat exhibiting the normal kidneys on both sides. Note that uterus horns and ovaries (yellow arrows) on both sides were also normal.
Inset: gross appearance of the ventral side of the ACI-Kit®™/Kyo rat. No white spotting was observed. K: kidney, U: uterus horn.

Table 1. Incidence of unilateral renal agenesis (URA) in the
gene-modified ACI rats

Strain name No. of rats examined No. of URA rats
ACI—Kite””/Kyo 53 0
ACI—Kitemz/Kyo 46 0
ACI-Kite™3/Kyo 26 0
Total 125 0

Kit encodes a transmembrane receptor tyrosine kinase
(c-kit) that is activated by its cognate ligand KITL, also
known as stem cell factor (SCF). The C-kit/SCF pathway
is involved in transducing important signals in a variety
of physiological and pathological processes related to cell
survival, proliferation, migration, and differentiation [20].
Expression of c-kit is detected in differentiated cells, such as
melanocytes, gametocytes, mast cells, and interstitial cells of
Cajal. Additionally, c-kit positive cells have been described
as a marker of stem cells in various organs, such as bone
marrow, liver, and heart [21-23]. These c-kit positive cells
have been thought to contribute to regenerating ability of
hematopoietic, liver, and myocardial cells.

Recently, Rangel et al. have shown that neonatal kidney-
derived c-kit positive cells have stem cell properties [24,
25]. These cells exhibited clonogenicity, self-renewal, and
multipotentiality with differentiation capacity into me-
soderm and ectoderm progeny. Additionally, these cells
integrated into kidney compartments, such as tubules,
vessels, and glomeruli, and contributed to functional and
morphological improvement of the kidney from acute

ischemia-reperfusion injury and chemically induced acute
proteinuria in rats [24, 26].

Kit is expressed in the nephric duct of ACI rat embryos
[13]. Failed development of the nephric duct has been
suggested to give rise to URA in ACI rats [27]. Thus, it is
likely that the survival, proliferation, migration, and dif-
ferentiation of c-kit positive stem cells may be dysregulated
during kidney development in ACI rats. In humans and
mice, KIT/Kit genes have not been thought to be involved
in URA. Thus, this study, to our knowledge, was the first to
report that the Kif gene was causative of URA and involved
in kidney development. Further investigation of URA pa-
tients or families may identify mutations in the KIT gene
as causal variants of URA and contribute to developing of
new diagnosis method for URA.

Conclusion

Our study demonstrated that the LTR in the Kit gene
provoked URA and abdominal white spotting in ACI rats
and suggested that the Kit signaling pathway may play an
important role in kidney development. The ACI rat strain
would be a promising animal model for regenerative
medicine for the kidney.
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