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Abstract

Although genetic testing is increasingly used in clinical nephrology, a large number of patients
with congenital abnormalities of the kidney and urinary tract (CAKUT) remain undiagnosed with
current gene panels. Therefore, careful curation of novel genetic findings is key to improving
diagnostic yields. We recently described a novel intellectual disability syndrome caused by de
novo heterozygous loss-of-function mutations in the gene encoding the splicing factor SON. Here,
we show that many of these patients, including two previously unreported, exhibit a wide array of
kidney abnormalities. Detailed phenotyping of 14 patients with SON haploinsufficiency identified
kidney anomalies in 8 patients, including horseshoe kidney, unilateral renal hypoplasia, and renal
cysts. Recurrent urinary tract infections, electrolyte disturbances, and hypertension were also
observed in some patients. SON knockdown in kidney cell lines lead to abnormal pre-mRNA
splicing, resulting in decreased expression of several established CAKUT genes. Furthermore,
these molecular events were observed in patient-derived cells with SON haploinsufficiency. Taken
together, our data suggest that the wide spectrum of phenotypes in patients with a pathogenic SON
mutation is a consequence of impaired pre-mRNA splicing of several CAKUT genes. We propose
that genetic testing panels designed to diagnose children with a kidney phenotype should include
the SON gene.

Graphical Abstract

SON haploinsufficiency causes impaired pre-mRNA splicing of
CAKUT genes and leneous renal phenotypes
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INTRODUCTION

Genetic mutations are the primary causes that directly account for early onset of kidney
diseases.12 Recent progress in next-generation sequencing (e.g. whole-exome and whole-
genome sequencing) and genome-wide copy number variant (CNV) analysis has
dramatically increased our knowledge on the genetic causes of kidney abnormalities.2:34 In
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particular, this led to the identification of mutations in candidate genes that are important for
kidney development in patients with congenital anomalies of the kidney and urinary tract
(CAKUT).1® Nevertheless, the mechanisms by which many of these mutations conspire to
cause specific renal phenotypes are often unclear. A better understanding of disease
pathophysiology is crucial to clarify prognosis, devise new therapies, and improve patient
outcomes.

De novo heterozygous loss-of-function mutations in the gene encoding for the splicing
factor SON were recently identified by our group® and others”=® as pathogenic in patients
with intellectual disability and developmental delay. We showed that SOV
haploinsufficiency causes aberrant pre-mRNA splicing in many genes critical for brain
development and metabolism,® resulting in “SON deficiency syndrome”, a unique syndrome
characterized by intellectual disability, developmental delay, brain malformation, seizure,
and hypotonia (also referred to as ZTTK syndrome; Zhu-Tokita-Takenouchi-Kim syndrome;
OMIM: 617140). While the original reports provided detailed descriptions of the patients’
neurological phenotypes, many other extra-neurological abnormalities were also noted. For
example, a subset of patients had various facial dysmorphisms, musculoskeletal
abnormalities and/or CAKUT-like findings.5-2 It is important to delineate more
systematically the complete phenotype associated with SON deficiency syndrome to better
define this disease condition and improve diagnosis.

In this report, we define the array of possible renal phenotypes exhibited by patients with
SON deficiency syndrome, which includes a broad spectrum of structural and functional
kidney defects. We also identify the likely molecular mechanisms that explain these
abnormalities by demonstrating for the first time that SON haploinsufficiency leads to
aberrant pre-mRNA splicing and subsequent downregulation of genes that are crucial for
kidney development or function. These genes include OSR1, PKD1, PKDZ2, PAX8, FRASI,
GDNF, and WNT4. Our study strongly indicates that it is important to start testing for the
presence of a SON mutation in all patients presenting with neurological and any renal
abnormalities.

Renal phenotypes in patients with SON haploinsufficiency

Previously, our group and others reported SON deficiency syndrome (ZTTK syndrome), a
novel type of intellectual disability syndrome caused by heterozygous loss-of-function
mutations in SON.5= De novo SON mutations were identified from diagnostic whole-
exome sequencing. all patients with SON haploinsufficiency have mild-to-severe intellectual
disabilities. Around 90% display various brain malformations and many of these patients
have other congenital abnormalities, which include defects in the heart, intestines, and
kidneys. From our current cohort of SON deficiency syndrome patients, which include two
new patients in addition to twenty patients previously identified by our group,® we identified
that 14 out of 22 patients have had renal examination (e.g. ultrasound or MRI) and 8 patients
have not been examined for their kidneys. Among 14 patients who have had renal exams, 8
patients (8/14; 57%) have kidney abnormalities (Table 1 and Figure 1). None of these
patients has a family history of renal disease or anatomic abnormalities of the genitourinary
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system. The renal phenotypes exhibited by these patients are heterogeneous. Anatomic
anomalies include the horseshoe kidney (patient-1 and patient-2, see Figures 2a and 2b,
respectively), hydronephrosis (patient-1, Figure 2a) and bilateral malrotated kidneys
(patient-3, Figure 2c). Unilateral renal hypoplasia was described in 2 patients (patient-4 and
patient-7; Table 1). Patient-5 was found to have a simple cyst (which can be a normal
variant) whereas patient-1 and patient-6 had multiple cysts (Figures 2d and 2e for patient-6).
Compensatory hypertrophy of the contralateral kidney was observed in patient-6 (Table 1).
Patient-8 is unusual because she exhibits persistent, unexplained hyperkalemia associated
with inappropriately low kaliuresis (Table 1). While she always had very small kidneys (3"
percentile), they tracked with her small body size (Figure 2f). Patient-1 and patient-8 were
also found to have recurrent urinary tract infections and hypertension. It is important to
acknowledge that two patients reported by Tokita ef a/. also showed kidney agenesis (single
kidney) and dysplastic kidney.” Collectively, these findings suggest that congenital kidney
anomalies are frequently associated with SON deficiency syndrome.

Our previous study showed that reduced son expression triggered by a transcript-specific
morpholino (MO) injected into the yolk of one-cell stage zebrafish embryos accurately
recapitulated the phenotypes of human patients with a heterozygous SON loss-of-function
mutation.® We used the same morpholino-based approach to determine if reduced son
expression affects the development of the zebrafish pronephric kidney which is a commonly
used experimental model of nephron development.10 We found that son morpholinos caused
a reduction in the staining of the pronephric tubule marker cadherin-17 (cdh17) at 24 hours
post-fertilization; reduced cdh17 expression at this stage has been associated with abnormal
pronephros development!! (Supplementary Figure S1). These data suggest that SOV
knockdown indeed leads to disruption of the kidney development and morphogenesis /n
VIvo.

SON knockdown causes downregulation of a group of genes required for kidney
morphogenesis

SON is a splicing co-factor facilitating intron removal and exon inclusion at weak splice
sites.12-14 Our previous study demonstrated that heterozygous loss-of-function mutations in
SON leads to downregulation of multiple genes required for brain cortex development and
metabolism.8 However, whether SON loss-of-function mutation is a causative factor of
kidney abnormalities in these patients remains unknown.

We therefore set out to investigate if SON loss-of-function mutations affect the expression of
genes required for kidney development. To do so, we examined the impact of son
knockdown on the expression pattern of a set of genes required for kidney development. We
used two human kidney cell lines because primary kidney cells from patients with SON
deficiency syndrome are unavailable (and there are no clinical indications for kidney
biopsy). We have previously shown that brain genes identified in cell lines as SON-mediated
splicing targets also had reduced expression when tested in blood samples of patients.8 /n
vitro cell line models of SON deficiency thus provides valuable insights regarding the
identity of SON target genes.
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We selected 14 candidates CAKUT-associated genes based on their functional importance in
kidney morphogenesis: OSR1, PKD1, PKD2, SALLI1, PAXS8, SIX1, SIX2, FRASI, GRIPI,
HNF1B, GDNF, BMP4, WNT4 and NOTCH21515-19 |mportantly, mutations in many of
these genes have been reported from the analyses of the patients with congenital kidney
diseases (PKD1, PKD2, SALL1, S5IX2, FRASI, HNF1B, WNT4and GDNF).20-24 |n order
to accurately detect the expression change of these genes, quantitative real-time PCR was
performed after SON knockdown in HK-2 cells (a human kidney proximal tubule epithelial
cell line). As shown in Figures 3a and b, the expression level of 11 out of 14 genes was
significantly downregulated upon SON knockdown (OSR1, PKD1, PKDZ, PAXS, SIX1,
SIX2, FRAS1, GDNF, BMP4, WNT4and NOTCHZ2). Downregulation of most of these
genes was also confirmed at the MRNA and protein levels in HEK 293T cells (a human
embryonic kidney cell line) transfected with SON siRNA (Figures 3c—e). We note that S/.XZ,
BMP4 and NOTCHZ were downregulated in HK-2 cells, but not in HEK 293T, suggesting
that splicing factors other than SON may act on these genes in HEK 293T cells.

To address whether downregulation of these CAKUT genes also occurs in patients with a
heterozygous SON loss-of-function mutation, we collected peripheral blood mononuclear
cells (PBMCs) from patient-8 and two unrelated healthy donors. Our quantitative RT-PCR
data showed that SON expression levels in the patient-derived cells were about 50% lower
than those of healthy controls (Figure 3f). Because of sample quantity limitations, we could
only assess gene expression of 3 out of the 8 SON-targeted CAKUT-associated genes
identified in the kidney cell lines. We decided to focus on PKD1, PKDZ2and PAXE based on
the evidence of their expression in PBMCs documented in the R2 database (R2: Genomics
Analysis and Visualization Platform; http://r2.amc.nl; Supplementary Table S1). Our data
demonstrate that the expression levels of PKD1, PKDZ2and PAX8 mMRNA are significantly
decreased in the patient’s PBMCs (Figure 3g). These results indicate that SON
haploinsufficiency causes downregulation of SON-targeted, CAKUT-associated genes in
patients with a heterozygous SON loss-of-function mutation.

Impaired RNA splicing is induced as a direct consequence of partial reduction of SON and
results in intron retention within the target pre-mRNA

We previously reported that SON knockdown results in downregulation of a group of genes
associated with cell cycle, microtubule organization, brain development and cellular
metabolism due to impaired RNA splicing.612 Many SON-dependent introns contain weak
splice sites with non-canonical splice site sequences or dual specificity sites (that can be
recognized as both 5” and 3’ splice site sequences).12 Therefore, we next set out to identify
direct targets of SON-mediated RNA splicing among the 11 kidney development-controlling
genes (OSR1, PKD1, PKD2, PAXS, SIX1, SIX2, FRAS1, GDNF, BMP4, WNT4, and
NOTCH?2) that showed reduced expression after SON knockdown in HK-2 cell lines. We
analyzed the 378 donor or acceptor splice sites present in these 11 genes using ESEfinder
3.0 to identify splice sites with a high probability of being targets for SON-mediated splicing
(splice site score < 6.6 and/or dual-specificity splice sites; Supplementary Table S$2).25
Overall, our in silico analysis showed that 9/11 genes (OSR1, PKD1, PKDZ, PAXS8, FRAS],
GDNF, BMP4, WNT4and NOTCHZ2) have at least one splice site that could be acted upon
by SON at the pre-mRNA stage. We could not predict potential target sites for SON-
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mediated splicing in the S/.XZ and S/X2genes (each with a single intron) based on the splice
site analysis results.

Among these weak splice sites, we first selected short introns (<500 bp) because previous
observations revealed that the average length of SON-targeted intron is shorter than that of
non-targets.13 To detect retention or removal of these short introns, we designed a series of
primers that target flanking exons to amplify the retained intron in the pre-mRNAs by RT-
PCR. The results demonstrate that short introns with weak splice site(s) were retained in the
PKD1, PAXS8, and FRASI pre-mRNAs when SON expression is reduced (Figure 4a). For
example, we found that PKD1, the gene mutated in autosomal dominant polycystic kidney
disease (ADPKD),17:18 possesses 20 short introns with weak splice sites (2 weak 5’ splice
sites, 5 weak3’ splice sites, 13 dual specificity sites). We provide experimental evidence that
confirming intron retention at splice sites between exons 5-6, 19-20, 25-26 and 38-39.
Intron retention was also clearly observed in intron 6 of PAX8and intron 48 of FRASI
(Figure 4a) in both HK-2 and HEK 293T cells. Retention of intron 27 in NOTCHZ was only
observed in HK-2 cells after SON knockdown, which is consistent with the quantitative real
time-PCR data showing that NOTCHZ expression is affected only in HK-2 cells (Figures 3b
and 3d). As a negative control, we show that a short intron with strong splice sites in the
gene encoding for tubulin-a 1A (TUBAZ1A) is not retained.

In OSR1, PKDZ2, GDNF, BMP4and WNT4 genes, the predicted weak splice sites are in
longer introns, with more than 500 bases.6:12:13 To test for intron retention in these
segments, we designed primer sets to amplify the unspliced 5’ splice sites (exon-intron
junction; primers indicated as gene name-1) and unspliced 3’ splice sites (intron-exon
junctions; primers indicated as gene name-2), flanking both ends of the target introns (Figure
4b). Our quantitative RT-PCR data show that unspliced junctions were indeed significantly
increased after SON knockdown in HK-2 cells (Figure 4c). These results were confirmed in
HEK 293T cells (Figure 4d) for the same splice sites except for BMP-4. Increased amounts
of unspliced junctions is clearly shown by the density differences between the PCR-
amplified bands (Supplementary Figure S2).

Most importantly, we confirm the presence of 4 retained introns in 3 of these genes in
PBMCs obtained from patient-8 using the same primer sets. Indeed, we detected impaired
splicing of short introns in the transcripts of PKD1 (introns 19 and 25) and 2AX8 (intron 6),
but not in the negative control TUBA1A (Figure 4e). We also observed retention of the long
intron between exons 9 and 10 of PKDZ (Figure 4f).

Taken together, these data reveal that partial loss of SON function directly causes impaired
removal of many introns during RNA splicing of OSRI, PKD1, PKDZ2, FAXS, FRAS],
GDNF, BMP4, WNT4 and NOTCHZ. 1t also suggests that this process is more dependent on
predicted splice site strength than intron length. These results unveil molecular mechanisms
that provide a link between SON haploinsufficiency and the renal phenotypes observed.
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DISCUSSION

In this study, we provide clinical and functional evidence supporting the notion that finding a
de novo heterozygous loss-of-function mutation in the SON gene in a patient should trigger
investigations aimed at documenting the extent of renal involvement. Indeed, we
demonstrate that this scenario is frequently associated with various structural and functional
abnormalities of the kidneys such as horseshoe kidney, incomplete rotation of the kidney,
kidney cysts, recurrent urinary tract infections, or hypertension. It is important to
acknowledge that our report may be underestimating the overall burden of renal disease
experienced by these patients because many are still very young. If a patient is diagnosed by
a non-renal team (most likely scenario), a referral to a kidney specialist for initial renal
evaluation and long-term follow-up is recommended since the phenotype may be
heterogeneous and subtle, or may gradually emerge over time. The heterogeneity of the renal
phenotypes uncovered in our cohort of SON deficiency syndrome patients is likely due to
the presence of multiple downstream targets of SON-mediated splicing, stochastic functional
compensation by other splicing factors and/or the varying levels of functional efficiency of
the nonsense-mediated RNA decay machinery in each patient, which can result in varying
degrees of mRNA reductions when intron retention occurs in pre-mRNA. A similar
phenomenon has been described in patients with ADPKD caused by the same PKD1 or
PKD2 pathogenic genotype.1’

Since SON regulates both RNA splicing and transcription,12:26 heterozygous SON loss-of-
function mutations could alter the expression of a myriad of genes, thus potentially
impairing normal development and/or functions of multiple organs. As such, it is important
to identify direct SON targets in cells relevant to the clinical phenotypes observed. We reveal
for the first time a novel connection between SON haploinsufficiency and dysregulation of
RNA splicing of several genes that are important for kidney development and function. This
finding highlights the potential link between aberrant RNA splicing and renal diseases.

PKD1 and PKDZ are the most notable SON target genes identified in our study. The
products of both genes are expressed in epithelial cells of the developing and mature renal
tubules.27:28 We show that SON is a critical RNA splicing regulator of PKD1 and PKD2,
and downregulation of SON severely impairs the intron removal process at multiple splice
sites during PKDZ1 and PKDZ pre-mRNA splicing, thereby reducing gene expression.
Patients with a pathogenic mutation in either gene develop ADPKD, the most common
genetic disease implicating the kidney.17-18 PKD1 gene expression in renal tubular cells
appears to be tightly regulated since both PKD1 deficiency (in both human and mice29:30)
and overexpression (in mice) lead to cyst formation.3! PKD2-deficient mice exhibit a similar
phenotype.32 Formation of aberrantly spliced PKD1 and PKD2 mRNA is a common
pathway to disease since 10-20% of disease-causing mutations affect acceptor or donor
splice sites (ADPKD Mutation Database [http://pkdb.mayo.edu], accessed June 2018).
Recent data suggest that the importance of this process is likely underappreciated since
several exonic synonymous and non-synonymous variants were found to results in abnormal
PKD1 splicing.33 This finding reveals another layer of the regulatory mechanism of PKDI
and PKDZ2 gene expression. This is the first time that mutations in a gene encoding for a
member of the spliceosome are implicated in a form of cystic kidney diseases.
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Besides PKDI1 and PKDZ gene, we also found that SON impacted on the splicing of many

other genes crucial for kidney development, such as OSR1, PAXS, FRAS1, GDNF, BMP4

and WNT4. It is interesting to note that a single splicing factor can modulate the expression
of so many genes at once. Of these genes, PAX8and FRASI have been directly linked to a
human condition affecting the kidneys; other genes (OSR1, GDNF, BMP4and WNT4) are

crucial for murine kidney development (Supplementary Table S4).

It may unfortunately be very challenging to provide formal evidence supporting a causal link
between SON deficiency and a specific phenotype exhibited by a particular patient. The
problem lies in the inherent complexity of SON biology: SON can affect the expression of
many genes and other splicing factors may partially compensate for SON deficiency. In
addition, the effects of both SON itself and the compensating splice factors may vary
depending on the cell type and/or organ, timing of development, or even perhaps in different
environmental contexts. In turn, the functions of SON target genes are exquisitely linked to
them being expressed at precise developmental stages and/or in specific cell types. The
compounded effects of these complex interactions probably explains why “meta-
phenotypes” exhibited by patients are so broad, and why individual “sub-phenotypes” could,
in principle, change over time. On that basis, we suggest that showing the negative impact of
SON deficiency on the expression of a collection of genes related to the phenotype under
scrutiny in distinct model systems (including patient-derived samples) provides sufficient
evidence of biological plausibility. It also motivates us to emphasize the potential
importance of continuous phenotype monitoring for all patients with SON deficiency
syndrome during their lifetime (with a particular focus on organ systems already known to
be affected in many patients, such as the brain and kidneys).

We further analyzed previously published microarray and RNA-sequencing data from HelLa
cells and human embryonic stem cells transfected with SON siRNA or shRNA12-14 to
identify additional SON-targeted CAKUT genes. However, many of the CAKUT-associated
genes were poorly expressed in the cell types used previously and we could not validate
additional SON targeted CAKUT-associated genes besides PKD1, PAXS, FRAS1 and S/X1.
To identify the complete set of SON-targeted CAKUT genes, further transcriptome analyses
with kidney cells will be required.

In conclusion, our study strongly suggests that sequencing for a SON gene mutation should
be prioritized for children with any renal phenotype accompanied by intellectual disability,
developmental delay, mild-to-moderate facial dysmorphisms, and/or muscular-skeletal
phenotypes. It will be important to also add the SON gene to all genetic test panels focused
on any kidney disease because it is unlikely that nephrologists will be well aware of the
literature on SON deficiency syndrome. Prompt and accurate molecular confirmation is
beneficial for patients and their family since they often experience delays in diagnosis3* that
cause anxiety, frustration, stress, delays in starting treatment, or even inappropriate
therapies. We have no doubt that the protocols elaborated in prior studies and refined in the
current report will facilitate future investigations aimed at defining the role of SON
deficiency in triggering phenotypes in other organ systems.
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Study approval for using genetic and clinical data of human patients with SON deficiency

syndrome

Whole exome sequencing of patients was done as described previously.® Before molecular
diagnosis and using clinical information, written informed consent for participation/
publication was received from all patients or parents. The study was approved by the
Institutional Review Board Committees of the participating institutions under the realm of
diagnostic whole exome sequencing.

Splice site motif analysis

Splice site motif scores of SON target genes were calculated using the matrices for splice
sites available in ESEfinder version 3.038 (http://rulai.cshl.edu/tools/ESE/).25 The exon and
intron sequences that possess low splice site scores (threshold score: 6.6) or dual-specificity
splice sites are shown in Supplementary Table S2.

Cell culture and siRNA transfection

Human embryonic kidney (HEK) 293 cells were cultured in DMEM with 10% fetal bovine
serum (FBS) and penicillin/streptomycin. HK-2 (an immortalized proximal tubule epithelial
cell line from normal adult human kidney) cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA; CRL-2190) and were cultured in keratinocyte-serum free
medium (K-SFM; Thermofisher, Waltham, MA) containing 5% FCS, 5 ng/ml recombinant
epidermal growth factor (rEGF), and 0.05 mg/ml bovine pituitary extract (BPE). We used
the Silencer Select siRNA (Life Technologies, Carlshad, CA) directed against human SON
(GCAUUUGGCCCAUCUGAGALt) and a negative control siRNA
(UAACGACGCGACGACGUAALt) as described previously.26 Cells were transfected using
Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA) with 100-200 pmol of siRNA
according to the manufacturer’s instructions.

RNA extraction, cDNA synthesis, PCR and Real-Time gPCR

Total RNA was extracted from cell lines using the RNeasy Mini Kits (Qiagen, Valencia, CA)
and contaminating genomic DNA was removed with RNase-free DNase (Qiagen). The
patient’s blood was collected in a PAXgene Blood RNA Tube (PreAnalytiX, Hilden, GE).
Total RNA from PBMCs was extracted using PAXgene Blood RNA kit (PreAnalytiX,
Hilden, GE), following the supplier’s instructions. Total RNA was reverse-transcribed using
SuperScript 111 RT (Life Technologies). PCR reactions were performed in the following
cycle conditions: 95°C for10 min; followed by 35 cycles of 95°C for 30 sec, 5 7°C for 30
sec, and 72°C for 1 min; and final extension of 10 min at 72°C. To detect splicing efficiency,
the final PCR products were electrophoresed on 2% agarose gels. All quantitative real-time
PCR reactions were performed using the CFX96 real-time PCR system, and amplifications
were done using the iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Real-
time qPCR was carried out under the following conditions: one cycle of denaturing at 95°C
for 10 min followed by 40 cycles of 95°Cfor 15 sec and 60°C for 1 min. GAPDH was used
as the internal control for normalization for gPCR data analysis. Relative quantification of
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gene expression was calculated using according to the 2-44Ct method. Splicing of TUBA1A
mtron 2 (between exons 2 and 3) was examined as a negative control that is not affected by
SON knockdown and to verify an equal amount of cDNA in each PCR reaction. All primer
sequences are listed in the Supplementary Tables S3 and S4.

Western Blot Analysis

Statistics

Cell lysates were prepared using lysis buffer (50 mM Tris-HCI, pH 8.0/150 mM NaCl/0.5%
NP-40/10% glycerol) supplemented with Complete EDTA-free Protease Inhibitor Cocktail
(Sigma-Aldrich, St Louis, MO). Samples were subjected to a SDS/PAGE and transferred to
an PVDF. Blots were incubated overnight at 4 °C with S ON antibody (ab121759; Abcam,
Cambridge, UK), PAX8 antibody (sc-81648; Santa Cruz,Dallas, TX) and PKD2 antibody
(A302-470A; Bethyl, Montgomery, TX). Actin antibody (A5228; Sigma-Aldrich, St. Louis,
MO) was used as a loading control. The blots were washed, incubated with HRP-conjugated
secondary antibody, and detected using Bio-Rad Laboratories’ Clarity Western ECL
Substrate (Hercules, CA).

For Real-Time qPCR, all assays were performed in triplicates and independently repeated
three times. Experimental data were plotted as mean values with standard deviation (SD)
using the Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Locations of the SON mutations found in eight SON deficiency syndrome patients with
kidney phenotype.
The figure represents the relative location of SON mutations in the mRNA (GenBank:

NM_138927) including non-coding (white) and coding (gray) exons (a) and encoded protein
(GenBank: NP_620305) domains (b). Two variants newly identified in this study (patient-7
and patient-8) and six published variants cluster within exon 3 region. The mutations include
seven heterozygous insertion mutations which lead to frameshift and a premature
termination codon and one non-sense mutation. RS domain, Ser/Arg-rich domain; G-patch,
glycine-rich motif; DSRM, double-stranded RNA-binding motif.
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Figure 2. Renal phenotypes of the patients with SON deficiency syndrome.
(a) Ultrasound of patient-1 at age 5, showing the horseshoe kidney. Hydronephrosis in the

left side of the horseshoe kidney is shown. The right side of the horseshoe kidney shows a
normal pelvicalyceal system (upper left side of the image). (b) A computing tomography
(CT) of patient-2 demonstrating the horseshoe kidney (yellow arrows). (c) Magnetic
resonance imaging (MRI) of patient-3, showing bilateral malrotation of the kidneys (red
arrows). (d) Ultrasound of patient-6 at age 4 months, showing large and normal right kidney
(top) and dysplastic left kidney with a large cyst at lower pole and small cysts in a small
dysplastic upper pole (bottom). (e) Magnetic resonance imaging (MRI) of patient-6.
Magnetom open, STIR coronal image (left) and T1-weighted coronal image (right), showing
large normal right kidney and smaller dysplastic left kidney with cysts. (f) The body size and
the kidney size of patient-8 over time. Note that 0 on the graph is a corrected age. Normative
renal length values were derived from data presented by Rosenbaum and colleagues.3®
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Figure 3. Several kidney development-related genes are downregulated in kidney cell lines upon
siRNA-mediated SON knockdown and in PBMCs from a patient with SON haploinsufficiency.

(a-e) HK-2 (a, b) and HEK 293T cells (c-e) were transfected with control or SON-specific
siRNA and harvested after 48hr for RNA purification and cDNA preparation. Quantitative
real-time PCR was carried out with gene-specific primers listed in Supplementary Table S3
(exon 1-3 primers for SON) and each gene expression was normalized to endogenous
GAPDH. Western blots demonstrated reduced expression of SON, PKD2 and PAX8 in HEK
293T cells (e). (f and g) Analyses of patient-derived PBMCs for SON and target CAKUT
gene expression. PBMCs from patient-8 as well as from two unrelated, healthy donors were
analyzed by real-time gPCR with two sets of SON primers (targeting the exon 1-3 region
and the exon 9-12 region (f) and target gene-specific primers for PKD1, PKD2and PAX8E
(9). Data from three independent experiments, each of which was done in triplicate, are
presented as the mean + SE. *p <0.05, **p < 0.01 (Student-t test).
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Figure 4. SON depletion impairs the removal of the weak splice site from the several target
transcripts.

Removal and retention of weak splice site-bearing short introns (a and e) or long introns (b,
¢, d and f) were analyzed by PCR amplifying the retained introns. (a) HK-2 and HEK 293T
cells were transfected with control or SON-specific sSiRNA and harvested after 48hr for RNA
purification and cDNA preparation. Spliced and unspliced status of indicated areas within
the PKDI, PAXS, FRASI, and NOTCHZtranscripts were examined by RT-PCR, using the
indicated gene specific primers targeting two adjacent exons flanking a short intron.
TUBA1A exon 2-3 region was analyzed as a negative control since it is not regulated by
SON; it also acts cDNA loading control for each reaction. Schematic diagrams on the right
side of the gel image illustrate the spliced and unspliced forms of each transcript and the
gray arrows indicate the primers used in quantitative RT-PCR. Black arrow heads indicate
the locations of weak splice sites or dual specificity sites predicted by ESEFinder. (b)
Schematic diagrams showing the exon and intron regions and the primers (gray arrows)
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designed for measuring exon-intron junctions (gene name-1) or intron-exon junctions (gene
name-2) within in the OSR1, PKD2, GDNF, BMP4 and WNT4 transcripts. (c, d) HK-2 (¢)
and HEK 293T cells (d) were transfected with control or SON-specific siRNA and harvested
after 48hr for RNA purification and cDNA preparation. Quantitative RT-PCR was done with
the primer sets indicated in (b) for each gene to determine the level of unspliced junction
present in the cells. (e and f) PBMCs were collected from patient-8 as well as two unrelated,
healthy donors, and used for the analyses of retentions of SON-regulated short introns
present in the PKD1 and PAX8transcripts (e) and a long intron present in the PKD2
transcript (f). Primer sequences are listed in Supplementary Tables S3 and S4. Data from
three independent experiments, which had been done in triplicate, are presented as the mean
+ SE. **p < 0.01 (Student-t test).
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