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1 | INTRODUCTION

Differentiation of the male phenotype depends on the action of
androgens (Audi et al., 2018). Inborn errors of androgen metabolism

or action accordingly lead to failure of male phenotype

Nadine C. Hornig? |
Janine Altmiiller* |
Doreen Braun! |

Regina C. Betz® |
Holger Thiele* |
Ulrich Schweizer!

Marietta Fabiano®

Abstract

Transporter-dependent steroid hormone uptake into target cells was demonstrated
in genetically engineered mice and fruit flies. We hypothesized that mutations in
such transporters may cause differences in sex development (DSD) in humans.
Exome sequencing was performed in 16 genetically unsolved cases of 46,XY DSD
selected from an anonymized collection of 708 lines of genital fibroblasts (GF) that
were taken from individuals with incomplete virilization. Selection criteria were
based on available biochemical characterization of GF compatible with reduced
androgen uptake. Two unrelated individuals were identified with mutations in LDL
receptor-related protein 2 (LRP2), a gene previously associated with partial sex
steroid insensitivity in mice. Like Lrp2™/~ mice, affected individuals had non-
descended testes. Western blots on GF confirmed reduced LRP2 expression, and
endocytosis of sex hormone-binding globulin was reduced. In three unrelated in-
dividuals, two with undescended testes, mutations in another endocytic receptor
gene, limb development membrane protein 1 like (LMBR1L), were detected. Two of
these individuals had mutations affecting the same codon. In a transfected cell
model, mutated LMBR1L showed reduced cell surface expression. Our findings
suggest that endocytic androgen uptake in complex with sex hormone-binding

globulin is relevant in human. LMBR1L may play a similar role in androgen uptake.

KEYWORDS
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differentiation. Androgen action is mediated by the androgen re-
ceptor (AR), a nuclear receptor located in the cytoplasm of specific
hormone target cells (Brinkmann et al., 1991). It is often neglected
that hormonal ligands of nuclear receptors need to cross the plasma

membrane to reach their intracellular receptor, because there is a
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widespread notion that these ligands passively diffuse through the
lipid bilayer. Over decades this simplified view has been repeatedly
challenged. In the case of thyroid hormones (TH), it is now firmly
established, that mutations in the plasma membrane transport
protein monocarboxylate transporter 8 (MCT8/SLC16A2) cause a
syndrome of atypical TH resistance, because several cell types are
dependent on MCT8-mediated TH uptake (Dumitrescu et al., 2004;
Friesema et al., 2004; Schwartz et al., 2005). Recently it has been
demonstrated that the molting hormone, the steroid ecdysone, in the
fruit fly Drosophila melanogaster is actively stored in exocytotic ve-
sicles (Yamanaka et al., 2015), and upon release it is taken up by
target cells via the ecdysone importer Ecl, systematically classified as
plasma membrane transporter Oatp74D (Okamoto et al, 2018).
Inactivating mutations in Ecl lead to specific ecdysone-dependent
developmental defects in target cells (Okamoto & Yamanaka, 2020).
However, an essential steroid carrier in humans is not yet known
despite repeated attempts to characterize steroid transporters at the
plasma membrane in mammals (Lackner et al., 1998; G. S. Rao, 1981;
M. L. Rao et al., 1976). It has been shown that hydrophobic hormones
(e.g. TH, sex steroids, cortisol, and vitamin D), but also retinol, are
circulating in complex with plasma transfer proteins, and that specific
endocytic receptors can mediate their cellular uptake as transfer
protein/ligand complexes (Kawaguchi et al., 2007; Willnow &
Nykjaer, 2010). For sex steroids, this concept has been clearly es-
tablished in a genetic mouse model of LDL receptor-related protein
2 (Lrp2) deficiency. LRP2 acts as an endocytic receptor for sex
hormone-binding globulin (SHBG). Lrp2™~ mice showed defects in
specific sex hormone-dependent developmental processes, including
testicular descent and vaginal opening (Hammes et al., 2005).

We, therefore, set out to search for mutations in plasma mem-
brane proteins that are involved in steroid uptake into cells. We
reasoned that 46,XY DSD individuals with mutations in such genes
could be identified by exome sequencing of DNA derived from cul-
tured genital fibroblasts (GF). In particular, GF with a well-
documented biochemical evidence of reduced androgen (DHT)
uptake were selected. To exclude mutations affecting primarily
intracellular androgen-dependent gene expression, we focused on
cells that had a normal APOD (apolipoprotein D) induction upon sti-
mulation with 10 nM DHT in vitro (Hornig et al., 2016). Cells with
abnormally low 5a-reductase 2 activity were excluded. We further
surmised that one reason why mutations in putative steroid hormone
uptake transporter genes have not yet been discovered in DSD is that
such transporters might partially compensate for the lack of others
because of overlapping substrate specificities or expression patterns,
thus we focused on individuals with incomplete virilization excluding
complete androgen insensitivity syndrome. Altogether, we subjected
16 GF cell lines to exome sequencing. In five cell lines we found
mutations in two endocytic receptor genes, LRP2 and limb develop-
ment membrane protein 1 like (L(MBR1L), which both have not been
associated with DSD in human. As mentioned above, LRP2 is known
to mediate testosterone-dependent testicular descend in mice and
our report for the first time suggests a similar role in human. LMBR1L

encodes a lipocalin receptor. Lipocalins are proteins that bind

hydrophobic ligands, like steroids, in body fluids. Which lipocalin fails
to be bound by mutant LMBRI1L in incomplete virilization and which

ligand is involved remains to be established.

2 | MATERIALS AND METHODS

2.1 | Study design

The study was performed with consent of the Ethics Committee
of the Medical Faculty of the Christian-Albrechts-Universitat
(AZ: D415/11). The GF cell line collection, 5a-reductase 2 assay,
DHT binding and stability assays were described before (Weidemann
et al., 1996). Since we aimed to identify potential steroid hormone
transporter genes, we followed the following inclusion and exclusion
criteria (Table 1).

Inclusion criteria: clinical diagnosis of Differences of Sex Devel-
opment (DSD), confirmed 46,XY karyotype, biochemical evidence for
reduced DHT binding or reduced DHT binding stability in whole-cell
assays.

Exclusion criteria: clinical genetic diagnosis including known

mutations in the AR gene, abnormal 5a-reductase 2 activity, APOD
induction below the cut-off of 2.29/2.36-fold, depending on biopsy
localization (Hornig et al., 2016).

2.2 | APOD assay

APOD is the only gene in cultured GF that remains reliably responsive
to androgen stimulation and thus the APOD assay is a good probe for
the transcriptional response to androgens (Hornig et al., 2016). The
level of APOD messenger RNA (MRNA) is determined via quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) assay
after over-night incubation with 10 nM DHT (Hornig et al., 2016).
The fold-induction of APOD in DHT-stimulated cells compared to
control cells is interpreted with respect to the position of the biopsy.
The stimulation with 10 nM DHT, a high supra-physiological con-
centration, has been selected for its sensitivity to identify functionally
impaired AR mutations. We assumed that a moderate delay in DHT
uptake may not be evident in the current APOD assay as optimized
to detect AR mutations. The high DHT concentration and overnight
incubation may compensate partially for reduced uptake velocity.

2.3 | Exome sequencing

Exome sequencing was performed at the Cologne Center of Geno-
mics (CCG) using an Agilent sureselect v6_r2 enrichment kit. The
CCG program varbank (https://varbank.ccg.uni-koeln.de) was used
for data analysis. The exome data were compared to Hgl9 and
analyzed for single nucleotide variants possibly causing DSD. Per
exome, only variants with an allele frequency <0.1% and their

absence from the varbank inhouse database were considered for
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further analysis. Resulting variants were compared to the following
list of 100 genes that have been previously associated with DSD:
AKAP2, AKR1C1, AKR1C2, AKR1C4, AMH, AMHR2, ANOS1, AR, ARX,
ATF3, ATRX, BMP4, BMP7, BNC2, CBX2, CHD7, CUL4B, CYB5A,
CYP11A1, CYP17A1, CYP19A1, DAX1, DHCR7, DHH, DHX37, DMRT1,
DMRT2, DUSP6, EMX2, ESR2, FGF17, FGF8, FGFR1, FGFR2, FLRT3,
FSHR, GATA4, GHR, GLI2, GNRH1, GNRHR, HESX1, HHAT, HOXA13,
HOXA4, HOXBé, HS65T1, HSD17B3, HSD3B2, IL17RD, INSL3, KALZ,
KISS1, KISSIR, LEP, LHB, LHCGR, LHFPL5, LHX3, LHX9, MAMLD1,
MAP3K1, MID1, MYRF, NELF, NLGN4X, NMT2, NROB1, NR5A1, POL-
R3A, POR, POU1F1, PROK2, PROKR2, PROP1, PSMC3IP, RSPO1,
RXFP2, SEMA3A, SOX10, SOX2, SOX3, SOX8, SOX9, SPRY4, SRD5A2,
SRY, STAR, STARDS, TAC3, TACR3, TDRD7, TSPYL1, TUBB3, WDR11,
WNT4, WT1, WWOX, ZFPM2, ZNRF3. The list was compiled based on
the following references (Audi et al., 2018; Baetens et al., 2019;
Buonocore et al., 2019; Eggers et al., 2016; Fan et al., 2017; Hughes
et al,, 2019; Xu et al,, 2019). Variants with gnomAD scores >10*"3
were considered frequent and likely not pathogenic. To assess
potential pathogenicity, several web-based prediction tools have

been assessed (see web-based resources).

2.4 | Sanger sequencing
Single nucleotide variants from exome data were confirmed by

Sanger sequencing using the primers given in Table S1.

2.5 | Cell culture

Cell lines were cultured in a humified atmosphere at 37°C and
5% CO,. Genital skin fibroblasts were cultured in MEM with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin (Pen/Strep)
(5000 U/ml), 1% GlutaMAX (100x), 1% sodium pyruvate (100 mM),
1% MEM vitamin solution (100x) (each Thermo Fisher Scientific) and
0.2% uridine (Sigma-Aldrich). Human embryonic kidney (HEK293)
cells were grown in DMEM/F-12 (1:1) (Thermo Fisher Scientific) with
10% FBS and 1% Pen/Strep. HAP1 cells (Horizon, HZGHC55716)
were cultured in IMDM (Thermo Fisher Scientific) with 10% FBS and
1% Pen/Strep.

2.6 | Western blot

Genital skin fibroblasts were cultured on 10 cm dishes and harvested
for isolation of protein for which homogenization buffer (250 mM
Sucrose, 20mM HEPES [2-(4-(2-Hydroxyethyl)piperazin-1-yl)
ethanesulfonic acid], 1 mM EDTA, 1 mM DTT, pH 7.4 in dH,0)
together with 1mM DTT and 1x protease-inhibitor (cOmplete
Tablets EASYpack Protease Inhibitor Cocktail Tablets; Roche) was
used. Forty micrograms of protein was separated on 10% SDS gels
and transferred onto nitrocellulose membranes. Protein transfer was

confirmed by Ponceau staining. The nitrocellulose membranes were
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incubated with primary antibodies (LRP2 RRID: AB_10673466,
1:1000; B-Actin RRID: AB_262011, 1:25.000; Vinculin RRID:
AB_477629, 1:1000; HA-tag RRID: AB_307019, 1:1000) over night
at 4°C and afterwards for 1h at room temperature with
HRP-conjugated secondary antibody (HRP-conjugated anti-mouse,
RRID: AB_10015289; HRP-conjugated anti-rabbit, RRID:
AB_2313567, each 1:15,000). Signals were detected using ECL-
solution (Thermo Fisher Scientific). Antibodies against B-actin or

vinculin were used as loading controls.

2.7 | Surface biotinylation

Surface biotinylation was used for purification and detection of cell
surface proteins. Biotinylation was performed according to the
protocol of the Pierce Cell Surface Protein Isolation Kit (Thermo
Fisher Scientific) with minor changes: cells were centrifuged at 10003
at 4°C for 5min for washing, and cells were lysed with 125 pl lysis
buffer with protease inhibitor (cOmplete Tablets EASYpack Protease
Inhibitor Cocktail Tablets, Roche, Switzerland). Proteins were eluted
from the affinity matrix with 250 pl of a modified elution buffer
(50 mM Tris pH 7.5, 10% glycerin, 50 mM DTT). Biotinylated proteins
(75 ul) were separated on 10% SDS gels and tested for (HA-tagged-)
LMBRI1L expression by western blot analysis (HA-tag antibody RRID:
AB_307019). An antibody against B-actin (RRID: AB_262011) was

used for loading control.

2.8 | Endocytosis assay

Thirty-five thousand cells of genital skin fibroblasts were seeded on
glass coverslips (diameter: 13 mm) in DMEM without phenol red
(Thermo Fisher Scientific)+1% Pen/Strep+5% FBS.
recombinant Sex hormone-binding globulin (SHBG; R&D Systems)

Human

was labeled with pHrodo™ iFL Red Microscale Protein Labeling Kit
(Thermo Fisher Scientific) according to the manufacturer's protocol.
The day after seeding the cells were incubated with DMEM without
phenol red + 1% Pen/Strep and 5% FBS for 24 h at 37°C and 5% CO..
The cells were then serum-starved overnight and incubated with
ECGreen-Endocytosis Detection fluorescent dye (Dojindo, Europe)
diluted 1:4000 in medium. ECGreen-labeled fibroblasts were
incubated with pHrodo-labeled SHBG for 10 min. Afterwards cells
were washed once with phosphate-buffered saline and fixed in
4% paraformaldehyde for 5 min. After additional three washing steps,
the cells were stained with DAPI, washed again and mounted on a

slide with Immu-Mount (Thermo Fisher Scientific).

2.9 | Image acquisition and analysis

Images were acquired using an AxioVert 200 fluorescence
microscope and ZEN microscopy software (Zeiss) and VisiScope
CSU-W1 spinning disk confocal microscope and VisiView Software
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(Visitron Systems GmbH). Lasers and exposure time settings were
maintained constant for all cell lines and images were obtained using
a x63 objective with z-step size on 0.25 um. Six images per cell line
were randomly taken and used for quantification with the “analyze
particles” function in the free software Fiji (ImageJ). The number of
particles (with red and green colocalized) per image was divided
manually by the number of cells with complete nucleus in the image
field. Images in Figure 3a were acquired with the confocal micro-
scope. Quantification was performed on images taken with both

microscopes.

2.10 | ¢gRT-PCR

Total RNA was isolated from cultured cells (GFs, HAP1 cells) using
TRIzol according to its protocol (Thermo Fisher Scientific).
Complementary DNA (cDNA) was synthesized from 1 pg RNA using
the iScript™ cDNA Synthesis Kit (Bio-Rad) according to the
manufacturer's protocol. Quantitative PCR (qPCR) was performed
using Takyon Low ROW SYBR 2x Mastermix blue dTTP (Eurogentec)
with the primers: LMBR1L_RT Fw 5'-T TTAGACATGGAGCTGCTAC
ACAG-3', Rv 5'-GAGACCTGGCCTAAGGAGGTA-3'; 18S rRNA Fw
5'-TTGACGGAAGGGCACCACCAG-3’, Rv 5'-GCACCACCACCCAC
GGAATCG-3'.

2.11 | Cloning of LMBRIL

Human LMBR1L was amplified from cDNA obtained from wildtype
HAP1 cells (Horizon/PerkinElmer, cat # C631) with the following
primers: LMBR1L-5'-UTR Fw 5'-GAGTTTCTGTCGCAGGCTGCGA
GGAAAG-3', LMBR1L-3'-UTR Rv 5'-CAGATTCCAGGTCCTGA
GGTCCAAGTAGCCTTG-3' and subcloned into pGEMT-easy. HA-
tag sequence was added at the C-terminal and N-terminal end, re-
spectively, with the following primers: LMBR1L-HA-Tag-N-terminal
Fw 5'-AGATCTAAGCTTGCCACCATGTACCCTTATGATGTCCCAGA
CTATGCAATGGAAGCACC TGACTACGAAGTGCTATCCGTG-3/,
LMBR1L-HA-Tag-N-terminal Rv 5-AGATCTTCTAG ATCACTGGTG
CTGGGTCTTCCTAGATGCCTG-3'; LMBR1L-HA-Tag-C-terminal Fw
5'-AG ATCTAAGCTTGCCACCATGGAAGCACCTGACTACGAAGTG
CTATCCGTG-3'; LMBR1L-HA-Tag-C-terminal Rv 5'-TCTAGAAGA
TCTTCATGCATAGTCTGGGACATCATAAGGGTAC TGGTGCTGGGT
CTTCCTAGATGCCTG-3'. Tagged LMBR1L was cloned into the ex-
pression vector pcDNA3. Expression of full-length LMBR1L was
verified by transient transfection into cultured HEK293 cells followed

by western blot analysis (Figure S1).

2.12 | Mutagenesis of LMBR1L

Mutations for creating the LMBR1L mutants found in individuals 3, 4,
and 5 were introduced in the C-terminal HA-tagged LMBR1L using
the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent

Technologies) with the following primers: p.Arg288GIn: Fw 5'-G
CTGGAGAAGAGGCAGAAGGCTTCAGCCT-3', Rv 5'-AGGCTGAAG
CC TTCTGCCTCTTCTCCAGC-3'; p.Arg288Trp: Fw 5'-TGCTGGAGA
AGAGGTGGAAGGCTT CAGCC-3', Rv 5'-GGCTGAAGCCTTCCACCT
CTTCTCCAGCA-3', p.lle39Val: Fw 5'-ACATCCTCTGCCACGTCTT
CCTGACCCGC-3', Rv 5'-GCGGGTCAGGAAGACGTGGCA GAGGA
TGT-3'.

2.13 | Transfection

HEK293 and HAP1-LMBR1L knockout cells (Horizon, PerkinElmer;
catalog number HZGHC007405c011, containing a 7 bp in-frame
deletion), respectively, were transiently transfected with C-terminal
HA-tagged LMBRI1L (wildtype and mutants) as well as pcDNAS3.
For transfection cells were plated 1:1 (HEK293 cells) and 1:3
(HAP1-LMBR1L knockout cells) on 6 cm cell culture dishes with 5 ml
of the respective cell culture medium. PANfect transfection buffer
(PAN-Biotech) was added to 3 ug plasmid DNA to a total volume of
125 ul. Then, a mixture of 110 ul transfection buffer and 15 ul
transfection reagent (PAN-Biotech) was added. After 20 min in-
cubation, the transfection mixture was added dropwise onto the
cells. Forty-eight hours after transient transfection the cells were

harvested for further analysis.

2.14 | Image quantification and statistics
ImageJ was used for western blot quantification. GraphPad Prism 6

was used for statistical tests and graphics.

3 | RESULTS

Among 16 GF cell lines subjected to exome sequencing, five showed
heterozygous mutations in two genes encoding endocytic receptors
that are known to internalize plasma transfer proteins, LRP2
(NM_004525.2) and LMBR1L (NM_018113.3) (Figure 1).

Individuals 1 and 2 carry heterozygous mutations in LRP2, but no
other mutation in any of the list of 100 genes so far associated with
DSD (see methods). Phenotypically, both individuals show hypospa-
dias, bifid scrotum, and micropenis (Table 2). Intriguingly, both in-
dividuals display inguinal testes, a finding that is reminiscent of the
characteristic lack of testicular descend in Lrp2-deficient mice
(Hammes et al., 2005). Individual 1 carries the rare LRP2 mutation
¢.5120C>T (p.Ser1707Phe, SCV0019345574). This individual harbors
variants in  LRP2 (SCV0019345575 and
SCV001934576), which are relatively frequent and most likely not

pathogenic (Table 3). Individual 1 also shows an absence of the

two additional

septum pellucidum that is reminiscent of midline defects observed in
Lrp2™’~ mice (Hammes et al., 2005). Individual 2 carries only the
variant ¢.11288A>T (p.Glu3763Val, SCV0019345577) in LRP2.
Whether individual 2 lacks the septum pellucidum has not been
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FIGURE 1 Sanger sequencing of genomic DNA in individuals 1-5. (a) Individual 1 carrying the heterozygous variants ¢.5120C>T
(p.Ser1707Phe, SCV0019345574), c.6256A>T (p.Thr2086Ser, SCV0019345575) and ¢.10165A>G (p.lle3389Val, SCV0019345576) in LRP2
(NM_004525.2). (b) Individual 2 carrying the heterozygous variant c.11288A>T (p.Glu3763Val, SCV0019345577) in LRP2. (c) Schematic of LRP2
localizing the mutated amino acids found in individuals 1 and 2. (d) Individual 3 carrying the heterozygous variant c.863G>A (p.Arg288GlIn,
SCV0019345578) in LMBR1L (NM_018113.3). (e) Individual 4 carrying the heterozygous variant c.862C>T (p.Arg288Trp, SCV0019345579) in
LMBR1L. (f) Individual 5 carrying the heterozygous variant c.115A>G (p.lle39Val, SCV0019345580) in LMBRI1L. (g) Schematic of LMBR1L for

localizing the mutated amino acids found in individuals 3, 4, and 5

investigated. Predictions of pathogenicity differed for p.Ser1707Phe
between benign and damaging (Table 3). Because of the replacement
of a small amino acid with a large, aromatic one, we decided that
experimental examination of the mutation was required.

To find out whether the novel variants in the LRP2 gene affect
LRP2 protein expression, we quantified LRP2 by western blot ana-
lysis in GF derived from these individuals. We performed three in-
dependent experiments of cell culture and western blot analysis
comparing the two patient GF with a set of five control GF from
individuals not diagnosed with DSD. Consistent with a potential
causative role of the LRP2 mutations, LRP2 protein levels were sig-
nificantly reduced by at least 50% compared to the average of con-
trol cells (Figure 2). In accordance with a disease mechanism
independent of testicular development or androgen biosynthesis,
baseline testosterone and hGC-stimulated testosterone values did
not show abnormalities in individuals 1 and 2 (Table 1).

We wanted to find out whether reduced LRP2 expression impairs its
function as an endocytic receptor for SHBG. To this end, recombinant
SHBG was conjugated with the pH-sensitive rhodamine dye, pHrodo red.
The fluorescence of pHrodo red increases massively when the pH is
lowered to 4.5 as in lysosomes. After over-night serum starvation, GFs
derived from individuals 1 and 2 were exposed to conjugated SHBG for
10 min and fixed. The cells were also pre-incubated with a pH-sensitive

cell-impermeant dye, ECGgreen, which is taken up by endocytosis and

increases its green fluorescence upon acidification in lysosomes. When
we quantified the number of pHrodo-labelled lysosomes per cell in the
GFs, we found a significant reduction of about 50% in GFs from in-
dividuals 1 and 2 compared to the mean of a set of three control GF cell
lines (Figure 3). We conclude that the decreased LRP2 expression in GF
containing LRP2 variants leads to decreased endocytosis of SHBG and
thus may impair uptake of male sex hormones in cells which depend on
this process.

Individuals 3 and 4 show PAIS (partial androgen insensitivity)-like
phenotypes with micropenis, hypospadias, bifid scrotum, and inguinal
testes (Table 2). Both carry mutations in the limb development membrane
protein 1 like gene (LMBR1L), but not in any gene previously associated
with DSD (Figure 1). LMBRIL was initially cloned as lipocalin-1 interacting
membrane receptor gene, LIMR (Wojnar et al., 2001). Lipocalins are a
family of proteins binding hydrophobic ligands, including APOD and
retinol-binding protein (RBP). Individual 3 carries c.863G>A (p.Arg288GlIn,
SCV0019345578) individual 4 c862C>T (p.Arg288Trp,
SCV0019345579). It is intriguing that the two mutations identified in
individuals 3 and 4 affect the same amino acid at position 288. For this

and

reason, we continued to consider the p.Arg288GIn mutation as poten-
tially detrimental, although the mutation is considered benign by all web-
based prediction programs. In the third individual with a missense mu-
tation in LMBRIL c.115A>G (p.lle39Val, SCV0019345580), individual 5,
exome sequencing detected additional mutations in four well-established
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TABLE 2 Mutation, genome coordinate, and clinical description

Case Mutation

Hg19 genome coordinate

Clinical description

PAIS-like, hypoplastic bifid scrotum, micropenis,
hypospadias, inguinal testes, agenesis septum
pellucidum

PAIS-like, hypoplastic bifid scrotum, micropenis,
hypospadias, inguinal testes

PAIS-like, bifid scrotum, micropenis, hypospadias,
one inguinal testis, one missing testis

PAIS-like, hypoplastic scrotum, micropenis,
hypospadias, inguinal testes

PAIS-like, labia majora, clitoromegaly/micropenis,
hypospadias, rudimentary vagina

1 Missense mutation in the LRP2 gene Hg19
NM_004525.2:¢.5120C>T (p.Ser1707Phe) 2: 170088331
SCV001934574
Missense mutation in the LRP2 gene Hg19
NM_004525.2:c.6256A>T (p.Thr2086Ser)* 2: 170068502
SCV0019345575
Missense mutation in the LRP2 gene Hgl9
NM_004525.2:c.10165A>G (p.lle3389Val)* 2: 170037962
SCV001934576
2 Missense mutation in the LRP2 gene Hgl9
NM_004525.2:c.11288A>T (p.Glu3763Val) 2: 170027153
SCV001934577
3 Missense mutation in the LMBR1L gene Hg19
NM_018113.3:c.863G>A (p.Arg288GlIn) 12: 49495970
SCV001934578
4 Missense mutation in the LMBR1L gene Hg19
NM_018113.3:c.862C>T (p.Arg288Trp) 12: 49495971
SCV001934579
5 Missense mutation in the LMBRI1L gene Hgl9
NM_018113.3:c.115A>G (p.lle39Val) 12: 49500786
SCV001934579
Missense mutation in the HSD17B3 gene Hg19
NM_000197.1:c.3G>A (p.0?) 9: 99064384
Missense mutation in the ZFPM2 gene Hg19

NM_012082.3:c.959A>G (p.His320Arg)

DSD genes. A homozygous c.3G>A (p.0?) mutation in HSD17B3
(NM_000197.2), a heterozygous c.205T>C (p.Trp69Arg) variant in INSL3
(NM_001265587.2), the hemizygous c.16C>A (p.His6Asn, rs191365011)
variant in NROB1 (NM_000475.5), and a heterozygous c.959A>G (p.Hi-
$320Arg) variant in ZFPM2 (NM_012082.3). Therefore, we cannot firmly
conclude from our data that the c.115A>G (p.lle39Val) mutation in
LMBRI1L is pathogenic in patient 5.

Since we did not know whether and how the mutations in
LMBR1L might affect gene expression, we performed gRT-PCR on
total RNA from GF. While mRNA expression of LMBR1L was sig-
nificantly reduced in the fibroblasts with the p.Arg288GIn mutation,
we found an upregulation in cells with the p.Arg288Trp mutation
(Figure 4). Data on the p.lle39Val mutation were inconclusive be-
cause of large variation of the results. Both mRNA upregulation or
downregulation could be physiological responses to mutated LMBR1L
caused by possible mRNA instability, for which the increase in
p.Arg288Trp mRNA production might be an attempted compensation
mechanism. The next question was whether the missense mutations
may affect expression of the LMBRI1L protein in GF. Attempts to
assess LMBR1L protein expression in GF were unsuccessful with two

different commercial antibodies. We, therefore, cloned the human

8: 106811171

LMBRI1L, and expressed the protein with N- or C-terminal HA-tag in
HEK293 cells with similar results (Figure S1). Electrophoretic mobility
of 40kDa seen for our cloned protein corresponds with re-
combinantly expressed protein (Hesselink & Findlay, 2013). We then
introduced the three DSD case-derived mutations into the cDNA of
C-terminal HA-tagged LMBRIL and transiently transfected HAP1
cells made deficient for endogenous LMBRIL (Figure S1 and S2).
LMBR1L protein expression and exposure at the cell surface were
assessed by Western blot and surface biotinylation, respectively.
While LMBRI1L protein abundance in whole cell lysate was not af-
fected by the mutations, expression of all three mutant LMBR1L

proteins was significantly reduced at the cell surface (Figure 5).

4 | DISCUSSION

Here we describe the outcome of an exome sequencing strategy in
GF cell lines taken from cases of 46,XY DSD individuals with in-
complete virilization. The primary goal of our study was to identify
mutations in genes involved in cellular steroid uptake and the cases

were selected according to biochemical measurements with the idea
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TABLE 3 Mutation pathogenicity analysis using web-based resources

Individual 1
LRP2
p.Ser1707Phe
SCV001934574

Individual 1
LRP2?
p.Thr2086Ser SCV0019345575

Individual 1
LRP2?
p.lle3389Val SCV001934576

Individual 2
LRP2
p.Glu3763Val SCV001934577

Individual 3
LMBR1L p.Arg288GIn SCV001934578

Individual 4
LMBR1L p.Arg288Trp SCV001934579

Individual 5
LMBR1L
p.lle39Val SCV001934579

Individual 5
heterozygous
ZFPM2
p.His320Arg

Individual 5
homozygous
HSD17B3
c.3G>A

p.0?

Individual 5
heterozygous

INSL3

c.205T>C p.Trp69Arg
rs201125714

Individual 5
hemizygous
NROB1
c.16C>A
p.His6Asn
rs191365011

PolyPhen-2

Benign

0.108
Sensitivity 0.93
Specificity 0.86

Benign

0.001
Sensitivity 0.99
Specificity 0.15

Probably
damaging
0.998
Sensitivity 0.27
Specificity 0.99

Probably damaging
1.000

Sensitivity 0.00
Specificity 1.00

Benign

0.000
Sensitivity 1.00
Specificity 0.00

Probably
damaging
0.964
Sensitivity 0.78
Specificity 0.95

Benign

0.000
Sensitivity 1.00
Specificity 0.00

Probably
damaging
0.959

Benign

0.063
Sensitivity 0.94
Specificity 0.84

Probably damaging
1.000

Sensitivity 1.00
Specificity 0.00

Benign

0.026
Sensitivity 095
Specificity 0.81

fathmm

Damaging
-3.81

Damaging
-2.73

Damaging
-3.08

Damaging
-3.95

Tolerated
1.44

Tolerated
1.55

Tolerated
147

Tolerated
-1.20

Damaging
-1.86

Damaging
-2.27

Damaging
-3.91

MutationTaster2

Poly-morphism

Poly-morphism

Disease-causing

Disease-causing

Poly-morphism

Poly-morphism

Disease-causing

Disease-causing

Disease-causing

Poly-morphism

Poly-morphism
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gnomAD allele
frequency

7.97e-5

1.37e-3

1.85e-3

2.40e-4

1.10e-4

1.06e-5

2.40e-5

1.61e-5

7.96e-6

1.82e-4

1.14e-3

Note: LRP2 (NM_004525.2, P98164), LMBR1L (NM_018113.3, Q6UX01), ZFPM2 (NM_012082.3), HSD17B3 (NM_000197.2), INSL3

(NM_001265587.2), NROB1 (NM_000475.5). According to Vihinen (2013, https://onlinelibrary.wiley.com/doi/full/10.1002/humu.22253), we are giving
the versions, parameters, and full output of web-based resources: PolyPhen-2: Version v2.2.2r406. parameters cannot be changed. fathmm: Version v2.3.
Inherited disease algorithm; weighted; phenotypic association: none. MutationTaster2: parameters cannot be changed.

Individual 1 harbors two LRP2 variants* that we consider non-pathogenic, because of their high population frequency.
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FIGURE 2 Reduced LRP2 protein expression in cell lines carrying
heterozygous LRP2 variants. (a) Genital fibroblasts taken from
individuals 1 and 2 were analyzed by western blot for LRP2 protein
expression in comparison with five control cell lines. Forty
micrograms of membrane protein was used for western blot analysis.
Vinculin was used as a loading control and for normalization. One
representative result of three blots is shown. (b) Quantification of
western blots. LRP2 protein expression showed a significant average
reduction of 65% in cells from individual 1 and a significant average
reduction of 55% in cells from individual 2. Cell cultures and western
blots were performed three times. For each control cell line results
from three experiments were averaged and plotted as one data
symbol. For each mutant, one data symbol represents one
experiment. Student's t test, two-tailed, unpaired ***p < 0.001. SD:
Standard deviation. LRP2 (NM_004525.2) variants in individual 1
(c.5120C>T, p.Ser1707Phe, SCV0019345574) and in individual 2
(c.11288A>T, p.Glu3763Val, SCV0019345577)

to enrich for cases with impaired cellular androgen uptake. Because
the concept was novel, we designed a selection scheme with wide
biochemical parameters. We identified four unrelated individuals
with mutations in genes not previously associated with DSD. Both
encode endocytic receptors (LRP2, LMBR1L). These four individuals
did not carry mutations in any of the 100 genes previously associated
with DSD (see methods). In a fifth individual, we detected a hetero-
zygous LMBRI1L mutation and additional mutations in four DSD-
associated genes.

GF of the individuals or transfected cell models, respectively,
showed reduced expression of the affected endocytic receptors. That
cellular uptake of sex steroids may require carrier proteins in specific
cell types was demonstrated in Lrp2-deficient mice, where the hor-
mones are taken up by the endocytic receptor in complex with SHBG
(Hammes et al., 2005). We showed that endocytosis of SHBG con-
jugated to a fluorescent dye is reduced in GF from individuals with
mutations in LRP2. With hypospadias, bifid scrotum, and micropenis
the phenotype descriptions for our individuals with LRP2 mutations
are alike. The non-descended testes in both individuals are strikingly
identical to the same phenotype in Lrp2-deficient mice (Hammes
et al., 2005). Before testicular descend, the testes are held in the
lower abdomen between the cranial suspensory ligament (CSL) and

the gubernaculum. Upon testosterone-dependent regression of the

individual 2
p.Glu3763Val

individua

(a) control
p.Ser1707P

[
he

FIGURE 3 Uptake of fluorescent SHBG into GF. (a) Confocal
fluorescence microscopy shows pHrodo-labeled SHBG (red) in a
subset of ECGgreen-labelled lysosomes. Genital skin fibroblasts were
exposed for 10 min to SHBG conjugated with the pH-sensitive
rhodamine dye, pHrodo red. Preincubation with ECGgreen, a cell-
impermeant pH-sensitive dye that enters cells through endocytosis
labeled lysosomes. Scale bar 20 um. (b) Significant decrease of SHBG-
pHrodo-labelled lysosomes in GF cell lines from individuals 1 and 2
compared to the mean of three control GF cell lines. *p < 0.05,

**p < 0.01 Student's t test, one-tailed with Welch's correction. Each
symbol represents the number of red/green particles per cell in a
microscopic image taken at random. N = 6 images per GF cell line.
LRP2 (NM_004525.2) variants in individual 1 (c.5120C>T,
p.Ser1707Phe, SCV0019345574) and in individual 2 (c.11288A>T,
p.Glu3763Val, SCV0019345577). GF, genital fibroblasts; SHBG, sex
hormone binding globulin

CSL, the testes are drawn to the scrotum by the gubernaculum. In
Lrp2-deficient mice the CSL persists (on the left side) preventing
descend of the testicle. LRP2 plays an additional role in sonic
hedgehog (SHH) signaling in the ventral telencephalon (Spoelgen
et al., 2005), which is involved in formation of midline structures in
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FIGURE 4 LMBR1L mRNA expression in LMBR1L mutant and

control GF. Genital skin fibroblasts from cases 3-5 were analyzed by
gRT-PCR for LMBR1L mRNA expression in comparison with six
control cell lines. GF from individual 3 show a significant reduction of
LMBR1L mRNA. GF from individual 4 show a significant upregulation
of LMBR1L mRNA. GF from individual 5 show increased LMBR1L
mRNA levels that are not significant due to large variation. gRT-PCR
was performed three times with material taken from three
independent cell cultures. Every sample was measured in technical
triplicates. Each data symbol represents one experiment (cell culture/
gRT-PCR). 18S rRNA was used for normalization. Student's t test,
two-tailed, unpaired *p < 0.05. SD: Standard deviation. Heterozygous
LMBR1L (NM_004525.2) variants in individual 3 (c.863G>A
(p.Arg288GIn, SCV0019345578), in individual 4 (c.862C>T
(p.Arg288Trp, SCV0019345579), and in individual 5 (c.115A>G
(p.lle39Val, SCV0019345580). GF, genital fibroblasts; mRNA,
messenger RNA; gRT-PCR, quantitative reverse-transcription
polymerase chain reaction

the head. Complete deficiency or certain missense mutations in LRP2
lead to Donnai-Barrow syndrome (Kantarci et al., 2007), a syndrome
with a wide phenotypic spectrum which, in mice, depends on modi-
fier genes and gene dose (Xavier et al., 2016). Remarkably, one of the
individuals we describe here, was diagnosed with an absence of the
septum pellucidum. Whether the other individual with LRP2 mutation
lacks the septum pellucidum, too, was not investigated. This finding
can be interpreted as a mild midline defect and is consistent with
impaired LRP2 function in individual 1.

With three mutations identified in the lipocalin receptor LMBRI1L,
we most probably have identified a completely new gene involved in
steroid uptake and sex differentiation. Two of the LMBR1L mutations
are affecting the same amino acid, p.Arg288. It is appealing to sus-
pect these as possible causes of a steroid uptake deficiency because
in haploidy, both mutations reduce the cell surface expression of
LMBRI1L in a transfected cell model by 65%-75%. A dominant effect
on cell surface expression of wild-type LMBR1L may be envisioned
based on the finding of oligomerization of LMBR1L (Hesselink &
Findlay, 2013). Even though the third mutant, p.lle39Val, shows
significantly reduced expression in our transfected cell model, its
pathogenicity is uncertain, since individual 5 harbors additional mu-
tations in HSD17B3, ZFPM2, INSL3, and NROB1. The combination of
several mutations in DSD genes may be the reason why individual 5
was raised as a girl and was clinically diagnosed only at age 17 with a

severe partial androgen insensitivity. LMBR1L is a member of the
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lipocalin receptor family (Fluckinger et al., 2008; Wojnar et al., 2001).
Their ligands, lipocalins, are proteins binding hydrophobic molecules,
including steroids. Remarkably, APOD, the androgen inducible gene
used for the APOD assay, is a member of the lipocalin family (Flower,
1996) and might as well mediate cellular steroid uptake in parallel to
SHBG. For LMBRI1L an endocytic uptake mechanism has been de-
scribed previously (Fluckinger et al., 2008). LMBR1L and the RBP
receptor STRA6 share 17% identity and 28% similarity according to
EMBOSS needle alignment (Needleman & Wunsch, 1970). Thus, by
similarity, one could envision an uptake mechanism as proposed for
retinol via the RBP receptor STRA6 (Kawaguchi et al., 2007), because
PSIPRED predicts five of its nine transmembrane helices as pore-
lining helices (Jones, 1999). Based on the molecular structure of
STRAS, it is assumed that the hydrophobic ligand retinol passes from
RBP into a hydrophobic cavity which allows access to an acceptor on
the cytoplasmic side of the membrane (Chen et al., 2016). LMBR1L
tissue expression is described to be especially high in testis, pituitary,
and adrenal gland (Wojnar et al.,, 2001) thus consistent with a pos-
sible involvement in hormone metabolism. Interestingly, LMBR1L has
been found to interact with the melanoma antigen gene protein
MAGE-11 (MAGEA11) (Yang et al., 2016). MAGE-11 is known to
bind, colocalize, and co-immunoprecipitate with AR through inter-
action with the N-terminus of AR in the unliganded conformation
within the cytoplasm (Bai et al., 2005). Its expression is high in testis,
prostate, placenta, and adrenals.

If we assume the necessity of protein-mediated steroid hormone
uptake and consider the role of LRP2 confined to very specific cell
types (as in the CSL), we deem it possible that several uptake me-
chanisms co-exist, expressed in partially overlapping patterns. Again,
while STRA6 takes up retinol from RBP in retinal pigment epithelium,
LRP2 takes up RBP/retinol in the kidney (Raila et al., 2005). Defi-
ciency of one such transporter may thus fully affect only such cell
type or organ that fails to express other transporters at a critical time.
Species differences, for example, between mice and humans, may
further complicate the situation. For example, in mice, Lmbrll-
deficiency has recently been shown to modulate the Wnt/f-catenin
pathway specifically in T-lymphocytes (Choi et al, 2019). A re-
productive phenotype or intestinal carcinogenesis, as expected, has
not been reported. Hence, LMBR1L function clearly depends on
cellular background.

An alternative pathway for steroid uptake might be its circulation
as conjugate, for example, steroid sulfate, membrane transport, and
intracellular deconjugation. Several steroid hormones are present in
the circulation as sulfate conjugates (Mueller et al., 2015). A trans-
membrane carrier protein, SOAT/SLC10A6, is capable of mediating
sulfated steroid uptake (Grosser et al., 2013). However, gene tar-
geting of Soat in mice did not reveal any hormonal deficiencies
(Bakhaus et al., 2018).

The field of cellular steroid hormone uptake thus remains a dif-
ficult one. Final proof for a steroid hormone transporter in human
analogous to the thyroid hormone transporter MCT8/SLC16A2 is still
missing. The identification of the ecdysone importer Oatp74D in
Drosophila, on the one hand, makes it likely that such transporters
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FIGURE 5 Reduced LMBRI1L cell surface expression in transfected cells expressing mutant LMBR1L. HAP1-LMBR1L knockout cells were
transiently transfected with expression vectors encoding LMBR1L wildtype (WT) as well as LMBR1L variants as identified in cases 3-5. (a)
Cellular HA-LMBR1L expression: Total cellular protein (15 ul) was analyzed by western blot to ascertain transfection and similar expression. An
antibody against HA-tag was used to identify LMBR1L. B-actin was used as loading control. (b) Surface expression of HA-LMBR1L: Protein was
biotinylated with a cell-impermeant reagent. Plasma membrane protein fraction was analyzed for LMBR1L expression by western blot directed
against the HA-tag. B-actin was used as loading control. (c) Quantification of cell surface expression levels of LMBR1L mutants compared to WT
(set at 100%). Mean cell surface expression of LMBR1L variants show significant reduction compared to WT. Surface biotinylation was
performed three times with material taken from three independent transfections. Each result is plotted as one symbol as percent of the
respective WT. (A, B) show representative experiments. Negative control (NC): transfection with empty vector. Student's t test, two-tailed,

unpaired *p < 0.05, **p < 0.01. SD, standard deviation

exist in humans, too, but, on the other hand, their identification failed
so far. We did not find mutations in solute carrier superfamily genes
in the GF that we subjected to exome sequencing. Is this because the
concept is flawed? Or are there so many transporters with over-
lapping specificities and expression patterns that none of the trans-
porters is essential in humans or mammalian model systems? Or is
there, on the contrary, only a very limited set of transporters that
transports a very specific ligand which is essential to successfully
complete embryonic development and thus individuals with such
mutations will never be born?

5 | CONCLUSIONS
With our approach to select GF for exome sequencing from in-
dividuals with incomplete virilization based on biochemical readouts,

we identified heterozygous mutations in two endocytic receptor

genes, LRP2 and LMBRI1L, that reduce their cell membrane expres-
sion. In the case of LRP2, this is the first report substantiating in
human the results from mice deficient in Lrp2. As for LMBRIL, the
finding of a second endocytic receptor gene mutated in 46,XY DSD
individuals potentially expands the concept of protein-facilitated sex
steroid uptake in humans. Diminished intracellular hormone con-
centrations resulting from disturbed hormone uptake might underlie
reduced androgen-mediated gene expression, ultimately presenting

as incomplete virilization in individuals with a 46,XY karyotype.
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