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Abstract

Despite the high prevalence of hypospadias and cryptorchidism, the genetic basis for these
conditions is only beginning to be understood. Using array-comparative-genomic-hybridization
(aCGH), potassium-channel-tetramerization-domain-containing-13 (KCTD13) encoded at 16p11.2
was identified as a candidate gene involved in hypospadias, cryptorchidism and other
genitourinary (GU) tract anomalies. Copy number variants (CNVs) at 16p11.2 are among the
most common syndromic genomic variants identified to date. Many patients with CNVs at this
locus exhibit GU and/or neurodevelopmental phenotypes. KC7D13encodes a substrate-specific
adapter of a BCR (BTB-CUL3-RBX1) E3-ubiquitin-protein-ligase complex, which has essential
roles in the regulation of cellular cytoskeleton, migration, proliferation, and neurodevelopment;
yet its role in GU development is unknown. The prevalence of KC7D13 CNVs in patients

with GU anomalies (2.58%) is significantly elevated when compared to patients without GU
anomalies or in the general population (0.10%). KCTD13is robustly expressed in the developing
GU tract. Loss of KC7D13in cell lines results in significantly decreased levels of nuclear
androgen receptor (AR), suggesting that loss of KCTD13affects AR sub-cellular localization.
Kctd13haploinsufficiency and homozygous deletion in mice cause a significant increase in the
incidence of cryptorchidism and micropenis. KCTD13-deficient mice exhibit testicular and penile
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abnormalities together with significantly reduced levels of nuclear AR and SOX9. In conclusion,
gene-dosage changes of murine Kctd13diminish nuclear AR sub-cellular localization, as well
as decrease SOX9 expression levels which likely contribute in part to the abnormal GU tract
development in Kctd13mouse models and in patients with CNVs in KCTD13.
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INTRODUCTION

Congenital anomalies of the genitourinary (GU) tract are a common occurrence that arise
from disturbances during embryonic development. These GU anomalies can range from
hypospadias, improper positioning of the urethral opening on the ventral side of the penis,

to complete phenotypic sex reversal. Hypospadias occurs in 1 of 125 live births, and sexual
ambiguity occurs in 1 of 2000-4500 children®-2. Cryptorchidism, or undescended testis
(UDT), is the most common GU birth defect, occurring in 3% of full-term infants3. Despite
the high prevalence of congenital GU defects, their underlying molecular mechanisms are
only now beginning to be understood. GU anomalies in humans are attributed to both gene
mutations and structural chromosomal abnormalities (3—18). Genomic hotspots for copy
number variants (CNVSs), caused by uneven meiotic crossover resulting in the loss or gain of
one or more gene copies at a particular locus, provide insight into regions encoding genes
required for normal GU development (3-20). Array comparative genomic hybridization
(aCGH) revealed that these genomic microdeletions and microduplications are present in
about 21.5% of patients with congenital GU defects diagnosed as non-syndromic?. One such
hotspot for GU anomalies is the locus at 16p11.24-7. 16p11.2 is a very heterogeneous locus
with high genomic complexity and incomplete penetrance as many individuals carrying this
rearrangement appear phenotypically normal. However, some of these individuals will have
clinical phenotypes that include high incidences of neurodevelopmental and GU defects such
as: cryptorchidism, hypospadias, micropenis, and congenital anomalies of the kidney and
urinary tract (CAKUT)*14,

A subset of patients with hypospadias and cryptorchidism displayed an increased incidence
of CNVs at 16p11.247. Using this data, we tested the hypothesis that due to the presence
of both upper and lower GU defects in this region there are at least two dosage-sensitive
genes in this region, one which is required for normal virilization of the male external
genitalia since both testicular descent and penile development are impaired, and the other
for CAKUT defects. Our group recently identified that the dosage-sensitive gene in this
minimal region affecting upper tract development resulting in CAKUT, is MAZ'. KCTD13,
a gene identified by locus mapping in the minimal region identified, was selected as a
plausible candidate gene for lower GU anomalies at 16p11.2. This gene was selected based
on locus mapping from the array-comparative-genomic-hybridization (aCGH) data, and
the known function of KC7D13 as a substrate-specific adapter of the BCR (BTB-CUL3-
RBX1) E3 ubiquitin-protein ligase complex. E3 ubiquitin ligases differentially regulate the
androgen receptor (AR), which is required for the development and differentiation of male
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genitalia by promoting AR transactivation by ubiquitination (RNF6 and Siah2), or inducing
ubiquitin mediated degradation (MDM2 and CHIP)1%.16, The E3 ubiquitin ligase complex
also regulates the actin cytoskeleton and cell migration via ubiquitination and degradation of
Ras Homolog Family Member A (RHOA), an important gene in sex determination417.18,
Ubiquitination of proteins can signal their degradation, modify their activity or target them
to specific membranes or cellular organelles'®. This study shows that gene-dosage changes
in KCTD13impact GU development through diminished nuclear AR.

Study patient selection:

This study was approved by and is under the oversight of the Institutional Review Board at
Baylor College of Medicine (BCM), Houston, TX. Human subject data and specimens were
obtained following informed consent by the participants and/or his or her legally-authorized
representative at Texas Children’s Hospital (TCH). DNA from peripheral blood specimens
from 76 patients with abnormal GU phenotypes was analyzed using two commercially
available aCGH platforms: 3x720K from NimbleGen (Madison, WI) and CytoScan HD
from Affymetrix (Santa Clara, CA). NimbleGen aCGH samples were processed at the Roche
Service Lab in Iceland. Affymetrix aCGH samples were processed at the Fullerton Genetics
Center (Asheville, NC). A sample of blood was obtained at the time of surgical intervention
for their GU anomaly. Saliva samples were collected from the parents. DNA was extracted
from all samples using the Qiagen Puregene DNA extraction kit (Valencia, CA) according to
the manufacturer’s protocol. Data were analyzed using Nexus-Copy-Number software from
BioDiscovery (Hawthorne, CA). To validate the aCGH data, a TagMan copy nhumber (CNV)
assay was run for KCTD13 (Hs01712568 cn) from Applied Biosystems (Foster City, CA).
TagMan CNV reactions were performed in triplicate as previously described?0. Samples
were analyzed using CopyCaller V2.1 software from Applied Biosystems. Statistical
analysis was performed using Prism software from GraphPad (La Jolla, CA).

Creation of Kctd13 haploinsufficient and null mice using CRISPR/Cas9 genome editing:

All experiments were executed in accordance with institutional guidelines and were
approved by the Institutional Animal Care and Use Committee at Baylor College

of Medicine. Mice were housed in a 12-hour light/12-hour dark cycle and received

diet and water ad libitum. In collaboration with the BCM Mouse ES Cell and the
Genetically Engineered Mouse Cores, CRISPR/Cas9 genome editing technology was
used to successfully produce mice heterozygous for a KctaZ3deleted allele (Kctd13+).
CRISPR-mediated mutagenesis, with guide RNAs targeting intronic sequences on either
side of Kctd13exon 2, was used to delete the entirety of exon 2 by non-homologous end
joining. Deletion of exon 2 in the resulting transcript induced a frameshift and a premature
stop codon in exon 3, which is predicted to cause nonsense-mediated decay of the mutant
transcript. Although CRISPR/Cas9 off-target mutagenesis is extremely rare i vivo?1=23,
high-resolution melting analysis of the top five predicted off-target sites for each sgRNA
was used to verify the absence of off-target effects. Importantly, guide RNA selection
was prioritized so that potential off-target sites were located on chromosomes other than
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chromosome 16; the location of Kctd13. Therefore, if a rare off-target mutagenesis event
occurs, it is possible to segregate it from the KctdZ3allele in one generation of breeding.

Phenotypic analyses of Kctd13-haploinsufficient, -null and wild-type mice:

Cell culture:

Phenotyping of sexually mature homozygous, heterozygous, and WT mice was conducted at
8-10 weeks after birth (n=5). External genitalia and the entire urinary tract were dissected
and evaluated for DSD. The animals were weighed prior to dissection. The position,

size and appearance of penis, gubernaculum, testis, kidney, seminal vesicles, epididymis,
urethra and ureter were recorded. Penises were fixed in 10% neutral buffered formalin
overnight, and then preserved in 70% ethanol for 24h. Penises were photographed using
light microscopy and then analyzed by microCT. For microCT analysis, penises were
incubated overnight in an iodine solution (volumetric, 0.05 M I, (0.1N), Cat # 318981,
Sigma Aldrich) and then embedded in 1% agarose. Specimens were scanned as previously
described?* using a pCT SKYSCAN 1272 scanner (Bruker Corporation, Billerica MA) at

a resolution of 20um. Cross-sectional images from tomography projection images were
reconstructed to TIF files using the NRecon software. The cross-platform application HARP
(Harwell Automated Reconstruction Processor, MRC Harwell, Didcot UK) was used for
automating the processing of UCT image data. To analyze, process, and visualize penile
structures, image data from HARP, the 3D Slicer software (http://www.slicer.org) was

used. After testicular excision and weight calculation, one of the testes was submerged

in Bouin’s solution for five hours and then preserved in 70% ethanol. Specimens were
processed, embedded in paraffin, sectioned, and then H&E or PAS-stained by the Histology
& Pathology Core at the Baylor College of Medicine (HTAP is supported by the P30
Cancer Center Support Grant (NCI-CA125123). The other testis was flash-frozen and use
for protein analysis. Epididymides were excised and then rinsed with modified HTF medium
with gentamicin - HEPES (Cat # 90126, Irvine Scientific, Santa Ana CA). After being
transferred to a clean 5ml tube, the epididymides were minced and then blended with 1ml of
HTF medium. Sperm and testicular/epididymal secretions were obtained after an incubation
for 30 minutes at 37°C, 5% CO,_ Sperm were allowed to swim, and genital tract secretions
diffused out of the fragments. Sperm count, and motility data are not normally distributed
and therefore expressed as median values (interquartile ranges 25th—75th percentile).

A human cervical squamous cell carcinoma stable line expressing green fluorescent protein
tagged androgen receptor (HeLa-AR-GFP biosensor) was kindly provided by Professor
Michael A. Mancini (Baylor College of Medicine Houston, TX)Z>. Human embryonic
kidney (HEK293) cells, human ureteric uroepithelial cells (SV-HUC-1), and human primary
bladder smooth muscle cells (PCS-420-012) were purchased from American Type Culture
Collection (Manassas, VA). Primary human foreskin fibroblasts (UD11) were obtained
from a patient who underwent circumcision at TCH after IRB consent and approval.
HelLa-AR-GFP cells were grown in DMEM-F12 (1:1) (Cat# 11330032, ThermoFisher),
10% FBS, Hygromycin (200 ug/ml) or phenol red-free DMEM media (Cat # 21063-029,
ThermoFisher Scientific, Sugar Land TX) supplemented with 10% charcoal stripped and
dialyzed fetal bovine serum (SD-FBS, Cat # MT35072CV, ThermoFisher Scientific), 1%
of MEM non-essential amino acids (Cat # 11140-050, ThermoFisher Scientific), 1% of
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GlutaMAX (Cat # 35050-061, ThermoFisher Scientific), and 500 pug/ml hygromycin (Cat
# 10687010, ThermoFisher Scientific). HEK293 and UD11 were grown in 10% FBS
supplemented DMEM (ThermoFisher Scientific). SV-HUC-1 were grown in 10% FBS
supplemented F-12K medium. PCS-420-012 were grown in basal medium (ATCC Cat #
PCS-100-030) supplemented with vascular smooth muscle cell growth kit (ATTCC Cat #
PCS-100-030). All cells were maintained at 37°C and 5% CO», atmosphere.

Immunofluorescence in cells:

Knockdown

24 hours before the experiment, cells were grown on poly-D-lysine coated cover slips in
6-well-plates. Cells were rinsed with PBS and incubated for 1h with 10nM of R1881 (Cat
# NLPO05005MG, PerkinElmer, Akron OH). Cells were fixed with 4% paraformaldehyde
for 10 minutes, rinsed with PBS three times, mounted on slides, and eventually were
counterstained with DAPI (ProLong Diamond Antifade Mountant Medium with DAPI,

Cat # P36962 ThermoFisher). Cells were examined for AR nuclear translocation under

a Olympus BX51 Fluorescence Microscope and the associated software cellSens. Images
for the GFP-AR Hela cells were acquired with a Leica TCS SP8 confocal microscope.
Individual cells were analyzed for the morphology of the nucleus and the number of

cells with a hyperspeckled cyan nuclei, were counted using the cell counter tool of the
software Image J. One-way ANOVA (multiple comparison) was used for statistical analysis
on five independent experiments using GraphPad Prism software. Detection of KCTD13

in human urogenital derived cells /n vitro was carried out by using KCTD13 rabbit
polyclonal antibody (1:200, Cat # ab32974, Abcam Cambridge, MA) as per manufacturer’s
instructions. As a secondary antibody, the Goat anti-Rabbit 1gG antibody, Alexa Fluor 488
Secondary antibody (1:1000, Cat # A270340, ThermoFisher Scientific), was used.

of KCTD13 In Vitro:

To quantify the nuclear fraction of AR, HeLa-AR-GFP cells were grown to 70% confluence
in 10cm-plates and were then mock-transfected with either 70nM of siRNA scramble
(ON-TARGETplus Non-targeting Control Pool, GE Healthcare Life Science, Pittsburgh

PA) or 70nM of siRNA-KCTD13 (ON-TARGETplus Human KCTD13 (253980) siRNA

— SMARTDpool, GE Healthcare Life Science). After 48h, some sets of plates were

exposed to the synthetic androgen R1881 for 30 minutes while others were exposed to
R1881 for 60 minutes. Then, cells were harvested, lysed, with RIPA buffer containing
Complete™ EDTA-free Protease Inhibitor Cocktail (Cat # 4693132001, Sigma Aldrich), and
protein concentration was determined by a Bradford assay. For protein nuclear extraction,
the protocol from Abcam (https://www.abcam.com/protocols/nuclear-extraction-protocol-
nuclear-fractionation-protocol) was used. The images presented are representative results

of experiments that were repeated four times, using samples from different sets of HeLa-AR
cell plates, and yielded similar results. For nuclear extraction the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit (ThermoFisher Scientific) was used. Briefly, ice-cold
CER I + protease inhibitor was added to the cell pellets, following the reagent volumes
indicated in manufacturer’s user guide. After vortexing the tube vigorously for 15 seconds
to fully suspend the cell pellet, tubes were incubated on ice for 10 minutes. Ice-cold CER

Il was added to tubes, vortexed for 5 seconds, and incubated on ice for 1 minute. After

that, tubes were centrifuged for 5 minutes at 16,000xg. Supernatant (cytoplasmic extract)
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was immediately transferred to a clean pre-chilled tube and kept on ice. The insoluble

pellet (nuclear extract) was suspended in ice-cold NER + protease inhibitor, and tubes were
vortexed for 15 seconds. Then tubes were vortexed for 15 seconds every 10 minutes, for a
total of 40 minutes. Tubes were centrifuged at 16,000xg for 10 minutes. Supernatant fraction
was transferred to a clean pre-chilled tube and protein concentration was calculated by the
Bradford method.

Protein detection:

For Western blot, 30ug of protein/lane was electrophoresed on 10% SDS-PAGE gels

and blotted onto PVDF membranes (Immobilon-P, EMD Millipore, Billerica MA). For
immunodetection the following primary antibodies were used: rabbit polyclonal antibody
against KCTD13 (0.4ug/ml, Cat # HPA043524, Atlas Antibodies, Bromma, Sweden),
rabbit polyclonal to AR (1:1000, Cat # A303-996A, Bethyl Laboratories, Montgomery,
TX), rabbit polyclonal to GAPDH (1:1000, Cat # ab9485, Abcam), mouse monoclonal

to B-tubulin (1:1000, Cat # 2146, Cell Signaling Technology Inc.), rabbit monoclonal

to SOX9 (1:500, Cat # ab185230, Abcam), rabbit polyclonal to PLZF (1.1000, Cat #
ab39354, Abcam). Membranes were blocked, and antibodies were diluted according to
manufacturer’s instructions. Goat anti-mouse IgG (H + L)-HRP conjugate (1:1000, Cat
#170-6516, BIORAD, Hercules CA); and goat anti-rabbit IgG (H + L)-HRP Conjugate
(1:1000, Cat # 170-6515, BIORAD) secondary antibodies were used as per manufacturer’s
instructions. For the chemiluminescence reaction, the SuperSignal ™ West Pico PLUS
Chemiluminescent Substrate (Cat # 34580, ThermoFisher Scientific) was used. Images
were acquired with the Chemidoc™ Touch Imaging System (Cat # 1708370, BIORAD)
and its associated software Image Lab Touch version 1.2. Western blot band intensity was
analyzed using the freely available software NIH Image J (http://imagej.nih.gov/ij/). For
IHC, testis sections underwent heat-induced (98°C) epitope retrieval in 0.1M sodium citrate
for 12 min. Tissue samples were deparaffinized and rehydrated in gradients of xylene and
ethanol, then washed twice with PBS; tissue was permeabilized in 0.2% Triton X-100 in
PBS for 30 min on a rotatory shaker. After washing, tissues were blocked 30 min in 5%
normal blocking serum in PBS. For immunodetection, the following primary antibodies
were used: rabbit polyclonal to KCTD13 (1:200, Atlas Antibodies), mouse monoclonal to
AR (1:200, Cat # 554225, BD Biosciences, San Jose CA), rabbit monoclonal to SOX9
(1:200, Abcam); and goat polyclonal to PLZF for IHC (1:200) (Cat # AF2944, R & D
Systems, Minneapolis MN). Primary antibodies were diluted in PBS plus 5% normal serum
belonging to the same species in which the secondary antibody was raised. Samples were
incubated overnight at 4°C in a humid chamber. On the following day, after washing, slides
stained with SOX9 were incubated for 1h at room temperature in 5% donkey blocking
serum in PBS containing donkey anti-rabbit 1gG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor 555 (1:250, Cat # A- 31572, ThermoFisher Scientific). Slides were
washed three times in PBS, counterstained, and mounted with VECTASHIELD Antifade
Mounting Medium with DAPI. Slides stained with PLZF, after washing, were incubated
for 40 min at room temperature with a biotinylated goat Anti-rabbit IgG Antibody (1:200
Cat # BA-1000, Vector Laboratories), washed again, and stained for 30 min with solution
A&B (Cat # PK-6100, VECTASTAIN® Elite® ABC-HRP Kit, Vector Laboratories). Finally,
DAB staining was performed (Cat # SK-4100, DAB peroxidase (HRP) Substrate Kit
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(with Nickel), 3, 3’-diaminobenzidine) as per manufacturer’s instructions. Slides were
counterstained with Mayer’s hematoxylin solution (Cat # MHS16 Sigma-Aldrich). For
IHC, five WT males, and five Kctd13~, all aged 8 weeks, were divided into control and
experimental groups, respectively. From each animal, 30 seminiferous tubules in different
stages were counted. Seminiferous tubule dimensions (from circular tubular cross sections)
was defined using a circle drawn with Microsoft PowerPoint. The same sizes of circles were
drawn for both WT and Kctd13~ seminiferous tubules and their respective cell numbers
were estimated. Sertoli cells and spermatogonial cell numbers were defined based upon
their distinguishing and specific cell morphologic differences. The sections were examined
at 400X and 1000X magnifications using an Olympus BX51 microscope and its associated
software cellSens (Olympus, Tokyo Japan).

KCTD13 gene-dosage changes are significantly increased in patients with GU anomalies

Using aCGH, our laboratory identified two boys with GU birth defects with CNVs at
16p11.2 that encompassed KCTD13%7. The first individual carried a de novo 131 kb
microdeletion at the 16p11.2 locus, which encompassed KC7D13, and who had hypospadias
and a cleft palate*. The second patient had a ~600 kb paternally-inherited duplication in this
region and exhibited hypospadias, cryptorchidism, and micropenis’. The minimal 131 kb
deleted region at 16p11.2 encoded nine candidate genes, while the more commonly observed
16p11.2 microduplication/microdeletion syndrome region includes 27 genes; KCTD13was
present in both types of CNVs*. After screening 271 patients with GU anomalies using
quantitative polymerase chain reaction (QPCR), five additional patients with CNVs in
KCTD13 (one duplication and four deletions) were identified (Figure 1A-C). In a large
screening cohort study of 6813 patients, the occurrence rate of CNVs within 16p11.2 in

the general population was very low (0.10%), with only two deletions and five duplications
recorded in the small CNV in 16p11.2 encompassing KCTD135. The incidence of CNVs
in KCTD13in individuals with GU defects was significantly different for duplications
(p=0.026) and for deletions (p=0.0001) by Fisher Exact Test when compared to the general
population as described by Tucker et a/., 28 (Figure 1C). Congenital GU anomalies in these
five patients included both upper and lower tract anomalies (vesicoureteral reflux (VUR),
ureteropelvic junction obstruction (UPJO), hypospadias, and cryptorchidism) (Figure 1A).
CNVs in MAZ, a gene within this minimal 16p.11.2 region contributes to upper tract GU
anomalies and other birth defects’. Of the seven individuals identified with KCTD13CNVs,
only four were male. The two boys carrying KC7D13 duplications both had cryptorchidism,
and one also had hypospadias. Of the five individuals with a deletion, two were males;

one of them had bilateral cryptorchidism and the other had isolated hypospadias. All males
with KCTD13 CNVs in the cohort had external genitalia defects. No KC7D13 defects were
identified in the 198 individuals without congenital GU anomalies tested in the laboratory
(Figure 1C).

A review of the literature and public databases revealed over 30 patients with defects in
KCTD13and concomitant GU anomalies*®-11.27-30, GU anomalies identified in this group
of patients included upper and lower GU tract anomalies, such as multicystic dysplastic
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kidneys (MCDK), VUR, ectopic testes, and ambiguous genitalia. Phenotypic and genotypic
data using the web-based database DatabasE of genomiC variation and Phenotype in
Humans using Ensembl Resources (DECIPHER; https://decipher.sanger.ac.uk) identified
643 patients sharing variants in KCTD13, including 247 females, 358 males, and 38 patients
labeled “other” or “unknown™3L. Phenotype information was available from 437 patients
(male and females) with the majority (136) having intellectual disability. Although GU birth
defects are not always described in this database, 16 boys had GU defects that involved the
genitalia, including one male with hypoplastic external genitalia, seven with cryptorchidism,
five with hypospadias, and three with micropenis. Also, there were six individuals with
kidney abnormalities including 2 boys with renal agenesis®L.

KCTD13 is robustly expressed in the mouse and human urinary tract

To define the role and expression profile of Kctd13in mouse embryonic GU tract
development, in situ hybridization (ISH) was performed. ISH revealed robust expression

of Kctd13in the entire GU tract, especially in the genital tubercle in E13.5 and E15.5 mouse
embryos (Figure 2A, B). Immunohistochemical staining of sagittal sections of developing
mouse genital tubercle showed strong KCTD13 expression in the urethra, epithelial lamina,
and preputial glands (Figure 2F, G). This expression persists through adulthood, and is
observed in adult penile urethra and epithelia lamina (Figure 2H, 1). In fetal and postnatal
testis, KCTD13 is expressed in the testis chords and seminiferous tubules respectively
(Figure 2K, L). In the adult testis, KCTD13 is expressed both in the seminiferous tubules as
well as the Leydig cells. In the seminiferous tubules, KCTD13 expression is present in both
Sertoli and germ cells. Within the germ cells, KCTD13 is present in both spermatocytes

and round spermatids, but the expression is lacking in elongated spermatids (Figure

2M-N). Immunofluorescent staining of mouse Sertoli cells (TM4) also displayed strong
endogenous cytoplasmic KCTD13 expression (Figure 2E). Immunofluorescent staining from
the human GU tract derived cell line SV-HUC1 (ureteric-uroepithelial cells) exhibited strong
endogenous cytoplasmic KCTD13 expression (Figure 2D).

KCTD13 loss impacts androgen receptor (AR) ligand-dependent nuclear sub-cellular

localization.

A functional AR and AR signaling pathway are required for the development and
differentiation of male genitalia. AR is differentially regulated by a variety of E3 ubiquitin
ligases with some E3 ubiquitin ligases enhancing AR transcriptional activation activity and
others leading to AR degradation1®16, While KCTD13encodes a substrate-specific adapter
of the BCR E3 ubiquitin-protein ligase complex, the effect of KC7D13 gene-dosage changes
on AR function or expression was unknown. To elucidate the effect of gene-dosage changes
of KCTD13o0n AR function, a HelLa cell line stably expressing wild-type GFP-AR herein
called HeLa-AR cells?® was employed. In HeLa-AR cells, in the absence of androgen,

the GFP-AR is diffusely distributed predominantly in the cytoplasm. However, after the
addition of synthetic non-metabolizable androgen, R1881, most of the cytoplasmic AR-
fluorescent marker translocates to the nucleus where it exhibits a hyperspeckled pattern25.
After KCTDI13knockdown, AR levels in HeLa-AR cells were measured in the presence of
R1881, or absence of ligand (ethanol-treated, vehicle control). Western blot analysis showed
a transient decrease in nuclear fraction of AR level at short intervals after treatment with
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androgen in the HeLa-AR cells with KCTD13knockdown (Figure 3B). This significant
decrease in nuclear AR localization was further demonstrated by immunofluorescent
analysis of GFP-AR expression pattern in HelL a cells after the addition of R1881. Nuclear
translocation in HeLa-AR cells was quantified with and without KCTD13knockdown by
counting the proportion of cells showing minimal or no GFP in the cytoplasm and nuclear
hyperspeckled (H) pattern indicating translocation of GFP-tagged AR versus cells showing
no translocation with GFP present mainly in the cytoplasm (Figure 3C). In control cells
(siScramble), prior to the addition of R1881, most cells exhibited GFP-AR localization in
the cytoplasm (Figure 3C-1). However, the addition of R1881 caused GFP-AR translocation
in 80% of the analyzed cells within 60 min (Figure 3C-2). Interestingly, the percentage of
HeLa-AR cells showing nuclear translocation was significantly reduced to only 38% in 60
min after KTCD13knockdown, indicating a significant reduction in AR translocation in
the absence of K7CD13 (Figure 3C-4). These results indicate that KC7D13 gene-dosage
changes impact AR translocation, which may in turn contribute to the undervirilized
phenotype seen in humans with 16p11.2 CNVs encompassing this gene. AR mRNA levels
were unchanged when KCTD13knockdown was performed in HeLa-AR cells, indicating
that KCTD13does not affect AR expression (Figure 3A).

Kctd13 null male mice are sub-fertile

To define Kctd13 function /n vivo, a Kctd13 mouse model (Kctd1377) was produced using
CRISPR/Cas9-mediated mutagenesis targeting the murine Kctd13exon 2. Deletion of the
Kctd13exon 2 induced a frameshift in the transcript, which introduced a premature stop
codon in exon 3 predicted to cause a nonsense-mediated decay of the mutant transcript.
Sanger sequencing confirmed this deletion of Exon 2 (Figure 4A). According to the database
proteinatlas.org, the organ with the highest expression of KCTD13 is the testis; however,
this gene is widely expressed throughout many parts of the body. Accordingly, Western

blot analysis of testicular extracts was performed to corroborate the lack of KCTD13 in

null mice (Figure 4B). Immunohistochemistry was performed in testicular sections from
wild-type (WT) and KctdZ37~ mice to determine the testicular cellular expression. In WT
mice, KCTD13 was present mainly in the nuclei of germ cells but was not present in sperm.
The somatic cells of the testis, including Sertoli and interstitial cells, also express KCTD13
(Figures 2M and 4C). No staining is observed in the testes of KctadZ37~ mice (Figures 20
and 4C). Kctd13™~ mice are viable, and since their neurological phenotype was recently
described432, the current investigation focused on understanding the role of this gene in
GU defects, the second most common defect observed in patients with CNVs encompassing
KCTDI13.

The fertility and fecundity of Kctd13~ mice was defined and their external genitourinary
tract examined for phenotypic anomalies. Male Kctd13”~ mice were sub-fertile compared
to WT (control) males and produced a significantly lower number of litters in a six-month
period (seven mating cycles of 25 days each) when mated with WT females (Figure 5). WT
males normally sired seven litters during seven mating cycles. However, the five Kctd13™/~
male mice studied produced significantly fewer litters: two produced three litters, two
produced four litters and one produced five litters (Figure 5A). The average days between
litters for Kctd13~ male mice were also significantly greater than the number of days
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between pregnancies in WT mice (p<0.001) (Figure 5B). The cumulative number of pups
produced was significantly smaller in the Kctd137~ group than that in the WT group. The
five WT male mice produced 263 pups with an average of 7.51+1.04 pups per litter and

a litter size ranging from 610 pups per litter. In contrast, the five Kctd13”~ males sired

a total of 93 pups with an average of 4.89+1.29 pups per litters with litter sizes ranging
from 3-8 pups per litter (p<0.001) (Figure 5C-D). Analysis of sperm retrieved from the
epididymis of KctdZ37~ mice identified a significant decrease in sperm concentration and
motility in these mice when compared to WT mice (p < 0.05), which likely contributes the
subfertility observed (Figure 6F).

Testicular anomalies are present in male Kctd13 null and haploinsufficient mice

Similar to the birth defects present in patients with CNVs encompassing KCTD13,
phenotypic analysis of Kctd137~ mice revealed a significantly greater frequency of
cryptorchidism than present in WT mice. Kctd137~ and Kctd13*~ male mice exhibited

a gene dosage-dependent increase in cryptorchidism rates of 57.14% (12/21) and 33.33%
(7/21), respectively, compared to the (1/21; 4.76%) rate observed in WT mice (p < 0.05)
(Figure 6E). In the Kctd13™~ group, 33.33% had unilateral and 23.8% had bilateral
cryptorchidism. Similarly, in the Kctd23*/~ group, 19.04% had unilateral and 14.28%

had bilateral cryptorchidism, indicating a dosage-dependent increase in cryptorchidism
with decreased Kctd13 copy number. There was no significant difference in laterality of
cryptorchidism between the heterozygous and null mice. Testes of KctdZ3 mutant mice
were smaller than that of WT mice, regardless of being cryptorchid (Figure 6D, F). The
average testis weight in Kctd13”~ was 72.04mg compared to 103.95mg in WT mice (p <
0.05). Kctd13™~ mice also exhibited significantly decreased epididymal and seminal vesicle
weights when compared with WT mice (Figure 6F). No significant differences in serum
testosterone, FSH, or LH levels of adult WT and Kcfd13 mutant male mice were observed
(Figure 6F).

Histological analysis of testes from the KctaZ37~ mice showed no overt defect in
spermatogenesis at two months of age (Figure 7B). However, as these mice aged,

missing generations of germ cells were evident in testis histology (Figure 7C). To
determine if there was a decrease in specific cell-types within the seminiferous epithelium,
spermatogonia and Sertoli cells were quantified using immunohistochemistry and Western
blot. A Sertoli cell marker, SOX9, and a pan-undifferentiated spermatogonial cell marker,
PLZF, were used to assess spermatogenesis in two-month old mice (sexually mature age).
Compared to WT mice, the total number of Sertoli cells per seminiferous tubule cross-
section was significantly decreased in KctdZ37~ mice (Figure 7G-I). This correlated with
significantly decreased levels of SOX9 in the testis of KctdZ3”~ mice (Figure 7M-N). AR,
predominantly expressed in Sertoli and peritubular cells, also showed significantly reduced
levels in mutant mice when compared to WT mice (Figure 7D—F and M-N). Since each
Sertoli cell can only support a limited number of germ cells and the mutant mice have
fewer Sertoli cells per cross-section, the number of spermatogonia were quantified. The total
number of PLZF-positive spermatogonia was significantly decreased in the seminiferous
tubule cross-sections of KctdZ3”~ mice compared to that in WT mice (Figure 7J-L), which
correlated with significantly decreased levels of PLZF seen on Western blot analysis in the
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total mouse testis of KctadZ37~ mice (Figure 7M—-N). It also corresponded to the decreased
levels of Sertoli cells in the seminiferous epithelium.

Kctd13 null mice exhibit penile anomalies

Penises of Kctd13™~ mice were considerably smaller than those of WT mice (Figure

8A). To quantify differences in penile structure, the penile morphology of mutant and WT
mice was defined using MicroCT24. MicroCT analysis revealed significantly reduced penile
lengths in Kctd137~ mice compared to those in WT mice (Figure 8-D). By definition,

a micropenis measures >2.5 standard deviations (SD) below the mean penile length for

a given age. The average penile length in WT mice was 5.88+0.16mm. A penile length
below 5.48mm would therefore be considered a micropenis in our mouse cohort. The

length of 15 Kctd13~ mouse penises ranged from 2.90-5.54 mm with 13/15 penises
characterized as micropenises. Sixty percent of null mouse penises had a length below 4mm
(11.5SD). We evaluated additional penile parameters (Figure 9) to determine if the global
penile development was affected. When compared to WT mice, the male urogenital mating
protuberance (MUMP) length was significantly shorter in null mice (Figure 9A-C). The
baculum (the bone in the murine penis) length and base width were significantly shorter and
narrower respectively in null mice compared to those in WT mice (Figure 9D-I). While the
penises of mutant mice were smaller, the urethral meatus location was similar and orthotopic
in location in both mutant and WT penises.

Since individuals with 16p11.2 CNVs had upper GU tract defects*~14, the kidneys of

null mice were examined. None of the WT mice displayed kidney abnormalities (n=21).
Most Kctd13 mutant mice had normal kidneys. One incidental finding was the presence
of unilateral upper pole hydronephrosis in one null and one heterozygous mouse (data not
shown; n=21).

DISCUSSION

In humans, the 16p11.2 microdeletion/microduplication syndrome is characterized by a
wide array of developmental and intellectual anomalies. While advances have been realized
with respect to defining the genetic basis of neurological disorders found in patients with
16p11.2 microdeletion/microduplication syndrome, our understanding of the genes involved
in the GU anomalies observed with this syndrome remains unclear. This work identified a
minimal overlap region at 16p11.2 in patients with GU anomalies consisting of 8 complete
genes (PRRT2, PAGR1, MVE, CDIPT, CDIPT-AS1, SEZ6L.2, ASPHD1, KCTD13) and a
portion of one gene (MALZ). The probability of loss of function intolerance (pLI) score is the
probability that a given gene falls into the haploinsufficient category. The pLI was very low
for all these genes (below 0.50), with the exception of KCTD13 (pLI1 0.79) and MAZ (pLI
0.95). From these genes, the two more highly expressed in the GU tract were KCTD13and
MAZ, with the expression of the other seven genes in the GU tract being moderate to low
according to GUDMAP database33. PRRT2, PAGR1, MVR CDIPT, CDIPT-AS1, SEZ6L2,
ASPHD1 are associated with neurological disorders and cancer among other diseases, but
not with any GU defects34-39, All these finding suggest that KCTD13and MAZ are most
plausible to cause the range of different GU phenotypes observed in these patients.
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In our recently published study on the role of MAZ (MY C-associated zinc finger
transcription factor) gene-dosage changes in human urogenital development and the
phenotype of mice deficient in Maz’, we hypothesized that MAZ competes with WT-1

to impact WNT signaling to cause GU anomalies. Maz-deficient mice exhibited a dose-
dependent lethality with haploinsufficient mice being viable and the null mice exhibiting
fetal lethality. Diminished MAZ expression resulted in differential expression of several
Whnt morphogens required for normal GU development, including Wnt11 and Wntd'. As we
hypothesized given the importance of WT-1 to human GU development, haploinsufficiency
of Mazin the mouse model revealed a high penetrance of upper urinary tract anomalies,
including hydronephrosis, renal agenesis and renal dysplasia, as well as decreased bladder
weight and capacity, demonstrating that Maz is an important gene in upper GU tract
development’. Of note, this Maz null mouse model could not be used to define the role

of Mazin testicular descent, because testicular descent in mice occurs after birth. Thus, this
cryptorchidism could be not assessed due to the high incidence of post-natal lethality of
Maz-null mice.

Given the wide-spread expression of KCTD13 in the GU tract and the importance of the

E3 ubiquitin-protein ligase complex in the regulation of androgen receptor transcriptional
activation and degradation, as well as effects on cellular architecture, motility, and
proliferation, KC7D13was the second plausible candidate gene at 16p11.2 hypothesized

to be critical for normal GU development. While the incidence of defects in KCTD13in

the general population is low at 0.10%, the rate of CNVs in patients with GU anomalies
(2.58%; 7/271) is significantly elevated when compared to patients without GU anomalies
(0/198). Importantly, KCTD13 gene dosage changes in the male study group appeared to be
exclusively associated with penile and/or testicular defects.

The current study reveals that loss of Kctd13in a mouse model impacted androgen receptor
nuclear localization and signaling /n vitroand in vivo. AR is a member of the steroid
receptor superfamily that is required for the normal development and differentiation of

the male GU tract. Abnormalities of AR expression, sub-cellular localization or function
result in a wide spectrum of GU birth defects, including severe hypospadias or complete
sex reversal0-42, Androgen Insensitivity Syndrome (AIS), resulting from abnormalities

of AR protein structure, expression, sub-cellular localization or function, is an example

of a disorder of sexual differentiation (DSD) in which AR mutations results in partial

or complete feminization of the male external genitalia including testicular and penile
development3. AIS is a recognized, albeit fairly uncommon, cause of under-virilization of
a 46, XY male. In the presence of androgen, AR nuclear translocation and occupancy are
required for AR signaling*4. After KCTD13 knockdown /n vitro, nuclear AR levels were
decreased suggesting that KCTD13 plays an important role in nuclear occupancy affecting
either translocation or AR degradation1>16, AR translocation to the nucleus requires an
intact microtubular cytoskeleton, which is potentially regulated by E3 ubiquitin ligases*°.
Since E3 ubiquitin ligases mediate AR degradation, it is possible that loss of KCTD13

in mutant mice results in increased AR degradation, which could also contribute to the
undervirilized phenotype seen in both humans and mice. In the absence of efficient nuclear
AR translocation or enhanced AR degradation in KCT7D13 haploinsufficient humans and
Kctd13 deficient mice, the reduced AR nuclear localization and action may explain in part
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the undervirilized phenotype observed leading to GU defects that affect the fertility of these
mice.

In the testis, total testicular AR levels are diminished /n7 vivo compared with wild-type
control testes, but this is because there are less Sertoli present in KC7D13-deficient
testis. Sertoli and peritubular myoid cells are the major cell types expressing AR in the
seminiferous tubules. More importantly, KctdZ3 null mice had smaller and cryptorchid
testes with reduced number of spermatogonia and Sertoli cells in Kctd13 null mice may
also contribute to the subfertility of the Kctd13 null mice. Kctd13 null mice have smaller
epididymides. In an androgen-deprived condition, the cellular architecture and function
of the epididymis, which is exquisitely androgen responsive, is altered?®. Decreased AR
signaling due to the lack of KCTD13 in the epididymis may impair its function, affecting
sperm maturation and leading to lower sperm motility and subfertility. The lower AR
nuclear occupancy together with the lower numbers of Sertoli cells and spermatogonia
collectively contributed to lower sperm concentration and diminished epididymal function as
assessed by lowered sperm matility.

Androgen and AR signaling are an important regulator of penile length4’. The Kctd13null
mouse exhibited a smaller epididymis and phallus with reduced baculum width and length
that can be attributed to diminished AR nuclear occupancy. This reduced size could further
contribute to the subfertility of KctdZ3null mouse because a diminutive mouse baculum is
correlated with reduced litter size®8.

AR activity is regulated to a great degree by posttranslational modifications, such

as phosphorylation, acetylation, SUMOylation, and ubiquitination?®. The ubiquitination-
deubiquitination cycle of AR is complex since there are several E3 ubiquitin ligases involved
in this cycle that can play distinct roles. Ubiquitination of AR by the E3 ligase CHIP30:51,

or Mdm252 promotes AR degradation by the 26S proteasome. The E3 ubiquitin ligase
Parkin modulates polyQ-expanded AR levels®. The ubiquitin E3 ligase, RNF6, induces

AR ubiquitination and promotes AR transcriptional activity in prostate cancer®3. Angelman
syndrome results from a defect in the E6-AP ubiquitin-proteosome protein degradation
pathway of nuclear receptors including AR>#. The deubiquitinases USP10, USP26, and
USP12 interact with AR and regulate its function and signaling®—>7. USP7 interacts with
AR, mediates its deubiquitination, and facilitates the binding of AR to chromatin in prostate
cancer cells as well as reduced mutant AR aggregation and cytotoxicity in cell models of
spinal and bulbar muscular atrophy (SBMA)°8, The regulation of AR by such E3 ligases is
complex and the role of CUL3-KCTD13 in modulating AR for proper development of the
GU tract remains unclear. Nevertheless, it is possible that the ubiquitin-mediated modulation
of AR axis contributes to the under virilized phenotype observed in both humans and mice.
Cul3regulates cytoskeleton protein homeostasis and cell migration in brain development>®
and a similar mechanism can occur in the GU tract.

KCTD13gene dosage changes also have direct effects on other genes involved in sexual
differentiation. Two critical genes associated with disorders of sexual differentiation (DSD)
are SOXP061 and MAP3K162:83, Lack of SOX9 nuclear translocation induces DSD%4,
MAP3K1 gain of function mutations can cause DSD abnormalities by decreasing SOX9
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activity®2:63, SOX9 is expressed in the gubernaculum and it modulates the INSL3 pathway,
which is required for testicular descent55.66. SOX9 is expressed in the genital tubercle and in
the urethral epithelium®.

Although hypospadias was not observed in Kctd13”~ mice, 87% of Kctd13”~ mice had
micropenis. KCTD13 is present at high levels in the urethra, corpus cavernosum and the
epithelial lamina of developing and adult mouse penises. The epithelial lamina forms the
prepuce and glans epithelium of the penis®8. The internal preputial epithelial lamina plays a
critical role in penile length determination as it detaches the glans from the external prepuce
allowing the phallus to extend to its normal length®. Therefore, in the absence of KCTD13,
maldevelopment of the internal prepuce could occur, affecting phallus extension leading

to micropenis. Dihydrotesterone (DHT), a 5-alpha reduced androgen is the testosterone
metabolite that is required for AR binding in many tissues, plays an essential role in

penile lengthening®®. Therefore, KCTD13 mediated AR signaling is potentially an important
determinant of penile length.

This study shows that patients with GU birth defects, previously thought to be non-
syndromic, may harbor other phenotypic anomalies associated with copy number changes
of syndromic regions like the 16p11.2 microdeletion/microduplication syndrome. The
identification of KCTD13as a dosage-sensitive regulator of lower GU development and
MALZ as a gene predominantly affecting upper tract GU development in the 16p11.2
microdeletion/microduplication syndrome region’ point to the importance of understanding
the role of these proteins in both upper and lower GU development. Finally, the well
characterized signaling mechanism in genitalia development involving AR and SOX9 seem
to be influenced by KCTD13 to ensure proper GU development.
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Total Normal (2X) | Deletion (< 1X) Duplication (2 3X) CNV frequency
198 198 0 0 0%

ndividuals with GU abnormalities tested by gPCR for KCTD13 CNV
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Figure 1. Patients with CNVs in KCTD13 gene at 16p11.2 exhibit lower genitourinary tract
anomalies.

A) Characteristics of the individuals with CNVs in KCTD13. B) Results of TagMan Copy
Number Assay confirmed the microduplication in panel A (green bar) and showed that
this was a paternally inherited CNV since the father had a duplication (green bar) and the
mother had 2-copies of the gene (blue bar). This graph also shows the identification of four
additional patients with microdeletions and one additional patient with a microduplication.
Single gene copy (1X, red), two gene copies (2X, blue), and three or more gene copies
(3+X, green). C) Comparison of the incidence of KC7D13CNV in our population of
individuals with and without GU defects and in the general population as described by
Tucker et al., p<0.000126.
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SV-HUC-1

Figure 2. KCTD13 is highly expressed in the mouse GU tract and human GU cell lines.
A-B) In situhybridization (ISH) with Kctd13 antisense probes showed ubiquitous staining

throughout E13.5 mouse embryos (A, blue staining) and micro-dissected E15.5 GU tracts
(B, blue staining) indicating kidney (K), genital tubercle (GT), and bladder (B). C)
Hybridization with Kctd13 sense control probes exhibited minimal non-specific background
staining. D) Immunofluorescence (IF) of human ureteric uroepithelial cells (SV-HUC-1)
showed robust cytoplasmic KCTD13 expression (red). The cell nucleus was stained with
DAPI (blue). E) IF of mouse Sertoli cell line TM4 showed robust cytoplasmic KCTD13
expression. F-G) Immunohistochemistry (IHC) of mouse genital tubercle (GT) at embryonic
E18.5 indicated KCTD13 expression in the urethra, epithelia lamina (EL) and preputial
glands (PG). H-1) IHC of mouse penis indicated KCTD13 expression in the urethra. J) IHC
of Kctd13 '~ mouse penis lacked KCTD13 expression in the urethra. K) IHC of mouse
E18.5 testis indicated KCTD13 expression inside the testis chords L) IHC of PND5 testis
from a WT mouse with robust KCTD13 expression inside the seminiferous tubules and
some interstitial cells. M-N) IHC of adult WT testis with expression in Sertoli cells (SC),
Leydig cells (LC) and spermatocytes (SY). Elongated spermatids (ES) are negative and
round spermatids (RS) have minimal expression. O) IHC of Kctd13/~ mouse adult testis
lacked KCTD13 expression.
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Figure 3. KCTD13 knockdown in HeLa-AR cells show reduced nuclear androgen receptor (AR)
levels.
A) After KCTD13knockdown (siKC7D13) in HeLa-AR cells, mRNA levels of KCTD13

decreased by 69.5% but AR mRNA levels did not change. B) Nuclear extracts from HeLa-
AR cells showed decreased AR nuclear levels with KCT7D13knockdown (SiKCTD13)

after acute exposure to R1881 when compared to cells treated with siScramble. Data are
presented as meanszxs.e.m. of four different experiments and were analyzed using a paired-
samples t-test using GraphPad Prism C) Immunofluorescent imaging of HeLa-AR-GFP
cells confirmed decreased nuclear GFP-AR levels in cells treated with acute R1881 for

60 minutes (scale bars, 50 pm). Nuclear translocation was evaluated using the expression

of GFP-AR either in the nucleus or cytoplasm of the cells, as well as the subnuclear AR
speckles features. In both the siScramble (C-1) and siKC7D13(C-3) controls, the nuclei
are predominantly blue, and the green is observed mostly in the cytoplasm. The addition of
R1881 resulted in the absence of green in the cytoplasm and a cyan hyperspeckled nuclei
(H) indicative of the movement of the AR to the nuclei in the majority of the siScramble
HeLa-AR-GFP cells (C-2), but not in the siKCTD13 HeLa-AR-GFP cells (C-4). The images
shown are representative results of five independent experiments; all individual experiments
yielded similar results. Quantification of the data (C-5) are presented as mean + standard
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error of the mean and were analyzed using One way ANOVA (multiple comparison) using
GraphPad Prism (GraphPad Software, Inc, La Jolla, CA, USA).
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Figure 4: KCTD13 is not present in the testes of Kctd13™/~ mice generated using CRISPR/Cas9
genome editing.

A) Sanger sequencing of a Kctd13 /'~ mouse tail indicated the deletion of the whole exon
2. B) Western blot analysis of testes extracts from WT and Kctd13/~ mice showed the
KCTD13 band is present in all WT mice and absent in Kctd13/~ mice. B-tubulin was
used as an internal control. C) Immunohistochemistry of testicular sections from WT mice
indicated high KCTD13 expression (brown staining) in the nucleus of spermatogonia,
spermatocytes and round spermatids. Sertoli and interstitial cells were also positive. The
sperm were negative (blue staining). No staining was observed in the testis of Kctd137~
mice.
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Figure 5: Kctd13™/~ mice are subfertile.
A-B) The cumulative number of litters produced by five WT male mice each mated

repeatedly to individual WT females during 7 mating cycles (25 days) was 34 with an
average of 23.89+6.44 days between litters. In contrast, the cumulative number of litters
produced by five Kctd237/~ male mice mated to a WT female during the same time was 19
with an average of 42.00+12.83 days between litters, p<0.001. C-D) The cumulative number
of pups produced by five WT male mice mated to a WT female during 7 mating cycles

(25 days) was 263 with an average of 7.51+1.04 pups per litter. In contrast, the cumulative
number of pups produce by five Kctd137/~ male mice each mated to individual WT females
during the same period was 93 with an average of 4.89+1.29 pups per. *p<0.001.
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Figure 6: Decreased AR action in Kctd13 mutant mice manifested with a significant decrease in
testis, epididymis and seminal vesicles weights, and increased rate of cryptorchidism.

A) WT mouse with normally positioned testes (T) in the scrotum, the bladder (B) is shown
and provides a landmark. B) Kctd13''~ mouse with right UDT. C) Kctd23~ mouse with
bilaterally undescended testes above the inguinal ring at the level of the bladder. D) Testis
size varied according to Kctd13 gene dosage with Kctd13™/~ mice having significantly
smaller testes (Scale bars, 10 mm). E) Frequency of cryptorchidism (UDT) is significantly
increased in Kctd13!~ and Kctd13"'~ mice compared to WT mice, n=21. F) Kctd13 '~
mice show a significant reduction in testicular, epidydimal, and seminal vesical weights. A
significant decrease in sperm number and motility was also determined. A Mann-Whitney-
Wilcoxon test indicated that sperm motility was greater for WT than for Kctd23~ mice
(Median=62.5 and Median=17 respectively, p = 0.0001), and sperm count was greater in WT
than Kctd137'~ mice (Median=10.3 and Median= 5.6, respectively, p = 0.0022).

FASEB J. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Seth etal.

Page 26

L

AR cell'tubule
S

0
Ketd13**  Kctd137-

OKctd13** W Kctd13+-
*p<0.05

GAPDH —— - e = ow =

§ 1
-
sox9| b bt %o:s
GAPDH — 3
- - $ os
o
PLZF ----—— - 2025

GAPDH
Ketd13*/* Ketd13'" ¢ SOX9 AR PLZF

Figure 7. Testis of Kctd13™~ mice exhibit multiple abnormalities.
A-C) PAS staining of WT mice at 7 months of age (A), and Kctd13 '~ mice at 2 months of

age (B) and 7 month of age (C). No major difference noted between mice in panels A and B;
however, Kctd13 /'~ mice at 7 months have abnormal seminiferous tubules with disorganized
spermatogenesis. D-E) Detection of AR in testes of two-month-old WT and KctdZ3/~ mice,
respectively, showed significantly reduced AR levels in mutant mice. F) Graph depicts a
56% mean reduction in the number of AR-positive cells per tubule cross-section in five
Kctd13'~ mice compared to five WT mice. G-H) Two-month-old WT mice exhibited
greater SOX9 expression compared to Kctd13~ mice. White arrows show localization of
Sertoli cells in seminiferous tubules. 1) Graph showing 32% mean reduction of Sertoli cells
per tubule cross-section in five Kctd13/~ mice compared to five WT mice. J-K) Detection
of pan-undifferentiated spermatogonial marker PLZF in testes of five WT and five Kctd137/~
two-month-old mice respectively, showed reduced levels present in mutant mice. Black
arrows show localization of spermatogonia in seminiferous tubules (Scale bars, 20 pm). L)
Graph showing 42% reduction of spermatogonia per tubule cross-section in five Kctd13/~
mice compared to five WT mice. M) Western blot analysis showed significant decreases of
AR, SOX9, and PLZ, in the testes of Kctd13/~ mice compared to WT mice. Additional
mice were tested in each group for a total of twelve mice per group (data not shown). N)
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Graph represents quantitative analysis of Western blot of AR, SOX9, and PLZF proteins.
Graph is showing relative expression ratio compared to GAPDH from twelve WT and
twelve Kctd13'~ mouse testes. The images shown are representative results of experiments
that were repeated using samples from different sets of animals and yielded similar results.
Data presented as means+SD *p<0.05.
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Figure 8. Kctd13™/~ mice exhibit micropenis.
A) Kctd13'~ mice had shorter penises than those in WT mice. B-D) Penile length of mutant

and WT mice assessed via micro-CT imaging revealed significantly reduced penile length
in Kctd13 '~ mice (mean 4.04+0.97mm) compared to WT mice (mean 5.88+0.16mm). The
length of 15 Kctd13/'~ mice penises ranged from 2.90-5.54mm. Data are presented as
means+SD. *p<0.01. Dimensions in the graphs are expressed in mm. Data (mean + SEM)
were analyzed using Student t-test assuming equal variances using GraphPad Prism. A P
value of less than .05 was considered statistically significant.
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Figure 9. Kctd13™~ mice exhibit several penile abnormalities.
A-C) Penile morphology of mutant and WT mice assessed via micro-CT imaging

indicated that Kctd13 null mice had a significantly shorter MUMP since Kctd23™'~ mice
had a mean MUMP length of 1.25+£0.16mm and the WT mice had a mean MUMP

length of 1.98+0.18mm. D-F) The mean baculum length of Kctd23/~ and WT mice

were 2.91+0.71mm and 3.99+0.09mm, respectively. G-1) The mean baculum width was
significantly smaller and narrower in null mice 0.97+0.16mm compared to WT mice width
of 1.32+0.08mm. Data are presented as means+SD. *p<0.05. Dimensions in the graphs

are expressed in mm. Data (mean = SEM) were analyzed using Student t-test assuming
equal variances using GraphPad Prism. A Pvalue less than 0.05 was considered statistically
significant.
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