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Abstract: The USHIG protein SANS is a small multifunctional scaffold protein. It is involved in
several different cellular processes, such as intracellular transport, in the cytoplasm, or splicing of
pre-mRNA, in the cell nucleus. Here, we aimed to gain insight into the regulation of the subcellular
localization and the nuclear—cytoplasmic shuttling of SANS and its paralog ANKS4B, not yet reported
in the nucleus. We identified karyopherins mediating the nuclear import and export by screening
the nuclear interactome of SANS. Sequence analyses predicted in silico evolutionarily conserved
nuclear localization sequences (NLSs) and nuclear export sequences (NESs) in SANS, but only NESs
in ANKS4B, which are suitable for karyopherin binding. Quantifying the nuclear—cytoplasmic
localization of wild-type SANS and NLS/NES mutants, we experimentally confirmed in silico
predicted NLS and NES functioning in the nuclear-cytoplasmic shuttling in situ in cells. The
comparison of SANS and its paralog ANKS4B revealed substantial differences in the interaction
with the nuclear splicing protein PRPF31 and in their nuclear localization. Finally, our results on
pathogenic USH1G/SANS mutants suggest that the loss of NLSs and NESs and thereby the ability to
control nuclear—cytoplasmic shuttling is disease-relevant.

Keywords: Usher syndrome; USH1G; SANS; ANKS4B; karyopherin; nuclear-cytoplasmic shuttling

1. Introduction

SANS (scaffold protein containing ankyrin repeats and SAM domain) is encoded by
the USHI1G gene [1]. Pathogenic variants of USH1G lead to the human Usher syndrome
(USH), the most common form of combined hereditary deaf-blindness in humans [2,3].
SANS is a small 52 kDa protein that consists of 461 amino acids. It is composed of three
N-terminal ankyrin repeats (ANK1-3), a central domain (CENT), a sterile alpha motif
(SAM), and a PDZ-binding motif at the C-terminal end (Figure 1A) [1]. Based on its
different functional properties the CENT can be further divided into three subdomains,
CENTn1, CENTn2, and CENTc [4]. Context-dependent binding of numerous proteins to
its different domains characterizes SANS as a potent scaffold protein [5-12]. In auditory
hair cells, SANS plays a crucial role in arranging the four other USH type-1 proteins in the
mechanosensitive tip-link complex of the stereocilia [13].

In photoreceptor cells of the retina, SANS functions have been associated with ciliogen-
esis and the intracellular transport of cargoes to their photosensitive outer segment [6-11].
In addition to these cytoplasm-associated processes, SANS has also been found in the nu-
cleus [7,12,14]. In the nucleus, SANS has been recently linked to the control of pre-mRNA
splicing and the activation of the spliceosome by interacting with several spliceosomal
components [4,12]. However, the question of how the distribution of SANS between
the two cellular compartments the cytoplasm and the nucleus is regulated in the cell
remained open.

Interestingly, SANS has a paralog protein in ANKS4B (ankyrin repeat and SAM
domain-containing protein 4B) [14]. Both scaffold proteins are composed of the same princi-
pal domain structure (Figure 1A); possess high, up to 80%, amino acid sequence homology;
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and share common binding partners, such as the USH1C protein harmonin [5,14-16].
ANKS4B and SANS are both located at the tips of microvilli, the brush border microvilli of
intestinal enterocytes and the stereocilia, highly modified microvilli of inner ear hair cells,
respectively [13,17]. However, while both are found in the cytoplasm, ANKS4B has not yet
been reported in the nucleus [14,18]. Moreover, the mechanisms underlying this difference
in nuclear—cytoplasmic partitioning have yet to be determined and are one of the questions
we address here.
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Figure 1. Nuclear localization of SANS. (A) Domain structure of SANS and its paralog ANKS4B:
Both consist of three ankyrin repeats (ANK1-3), a central domain (CENT), divided in SANS into three
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parts (CENTn1 (green), CENTn2 (red), and CENTc (green)), a sterile alpha motif (SAM), and a
C-terminal type-I PDZ-binding motif (PBM =asterisk). ANKS4B and SANS amino acid sequences are
highly similar in their N- and C-terminal regions. (B,C) Confocal microscopy of HeLa cells either
stained for endogenous SANS (B) or transfected with eYFP-SANS, 3xFLAG-SANS (C), counterstained
with DAPI. Endogenous SANS and 3xFLAG-SANS were visualized by indirect immunofluorescence
of anti-SANS and anti-FLAG. (B,C) Endogenous SANS, eYFP-SANS, and 3xFLAG-SANS were local-
ized in the cytoplasm and the nucleus. (D) Quantification of eYFP-SANS localization by CellProfiler
v4.2.6 in HeLa cells. eYFP-SANS is localized in both the nucleus and cytoplasm. (E) Western blot
analysis of eYFP SANS in the nuclear (n) and cytoplasmic (c) fraction of eYFP-SANS-transfected
HelLa cells using anti-eYFP, anti-tubulin (cytoplasmic housekeeping protein), and anti-HH3 (nuclear
housekeeping protein). In each lane, 30 ug of the total protein was loaded. (F) Quantification of
the eYFP-SANS bands in the nuclear (n) and cytoplasmic fraction (c). Band intensity was normal-
ized to the total protein amount. The qualifications of the microscopic and biochemical analysis
consistently demonstrate that the majority of eYFP-SANS (~70%) is localized in the nucleus. Black
arrows: position of Z-projections. Scale bars: horizontal = 10 pm; vertical = 2 um. Data show mean
values + standard deviation from three independent experiments.

Nuclear transport is a fundamental cellular process that regulates the localization of
macromolecules within the nuclear or cytoplasmic compartments. In humans, approxi-
mately 60 proteins participate in nuclear transport, including Ran system proteins that
ensure directed and rapid transport, components that form nuclear pore complexes (NPCs)
in the nuclear membrane, and karyopherins that transport cargoes through the NPCs [19].
For bidirectional shuttling of nuclear cargo proteins, karyopherins, namely importins and
exportins, are needed [20]. These bind specifically to linear elements in the nuclear car-
gos, which are called nuclear localization sequences (NLSs) and nuclear export sequences
(NESs), respectively.

In the present study, we aimed to shed light on the nuclear—cytoplasmic shuttling of
SANS and its paralog ANKS4B. We screened the SANS interactome to identify importins
and exportins and used in silico prediction tools to find conserved NLSs and NESs in SANS
protein sequences of several vertebrates. We validated the nuclear—cytoplasmic shuttling
potential of wild-type and mutated NLS/NES versions of SANS in HeLa and HEK293T
cells by quantifying the nuclear—cytoplasmic localization, which confirmed predicted NLSs
and NESs to be important for correct nuclear—cytoplasmic shuttling of SANS. In contrast,
strict localization of the SANS paralog ANKS4B in the cytoplasm is ensured in the absence
of any NLS by several NESs. Finally, we provide evidence that the dysregulation and
disruption of SANS’s nuclear—cytoplasmic shuttling are relevant for the development of
the USH disease in USH1G patients.

2. Materials and Methods
2.1. DNA Constructs and Antibodies

DNA Constructs (Table 1), PCR Primers (Table 2) and Antibodies (Table 3) shown
below.

Table 1. DNA constructs. Asterisk indicates that the mutations.

DNA Constructs Reference
eYFP-SANS-5243* this work
eYFP-SANS-K213E this work
eYFP-SANS-R447W this work
eYFP-SANS-L195E this work
eYFP-SANS-L249E this work
eYFP-ANKS4B this work

harmonin-mCherry this work
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Table 1. Cont.
DNA Constructs Reference
eYFP-SANS (4]
eYFP-SANS-5278Pfs*71 [4]
eYFP-SANS-V132Gfs*3 [4]
eCFP-PRPF31 [4]
harmonin-eCFP [4]
eCFP-c-eYFP (FRET positive control) [4]
mRFP-PRPF31 [4]
FLAG-SANS [12]
pDONR-SANS [10]
pDONR-SANS-5243* [10]
pDest-743 (eYFP control) kindly provided by Ronald Roepman
pDONR-ANKS4B kindly provided by Katja Luck [21]

Table 2. PCR Primers.
Primer Name Sequence 5'-3
K213E_fwd GGCGAGACCAAGATGCAG
K231E_rev CCTGGCCGTGCCGTG
R447W_fwd CGGTGGCAGGCGATG
R447W_rev CCTCCTCACGGCCC
L195E_fwd GCGGAGGGCAGCC
L195E_rev CAGATGCTGCAGCCGG
L249E_fwd CAGGAGGGCAGCGAC
L249E_rev CAGGCCCGAGAGCG
qPCR PRPF31 F CAGACACAGGTAAACGAGGC
qPCR PRPF31 R CTGGAGTGGGGTGAAGGC

Table 3. Antibodies.
Antibody Name Supplier Catalog No.
Rabbit-anti-SANS Proteintech, Planegg-Martinsried, Germany 21936-1-AP
Rabbit-anti-histonH3 Cell Signaling Technology, Danvers, MA, USA 4499
Mouse-anti-x-tubulin Merck, Darmstadt, Germany T9026
Mouse-anti-FLAG Merck, Darmstadt, Germany F1804
Mouse-anti-GFP . ..
(cross-reaction to eYFP) Proteintech, Planegg-Martinsried, Germany 66002-1-Ig
Rat-anti-RFP Proteintech, Planegg-Martinsried, Germany 5£8
Rabbit-anti-y-tubulin Merck, Darmstadt, Germany T6557
Donkey-anti-rabbit Alexa488 ThermoFisher, Darmstadt, Germany A-21206
Donkey-anti-rabbit Alexa680 ThermoFisher, Darmstadt, Germany A-10043
Donkey-anti-mouse Alexa800  ThermoFisher, Darmstadt, Germany SA5-10172
Donkey-anti-rat Alexa680 ThermoFisher, Darmstadt, Germany A-78947

2.2. Cloning

NLS/NES mutants were created by Q5® Site-Directed Mutagenesis Kit according to the
manufacturer’s protocol (NEB, Frankfurt am Main, Germany, #£0554S) with pDONR-SANS
as a template. pPDONR-ANKS4B was kindly provided by Katja Luck [21]. Gateway ™ LR
reaction into the appropriate destination vector was performed according to the manufac-
turer’s protocol (ThermoFisher, Darmstadt, Germany, #11791020).

2.3. Cell Lines and Culture

Dulbecco’s modified Eagle’s medium (DMEM) (ThermoFisher, Darmstadt, Germany,
#31966021) containing 10% heat-inactivated fetal calf serum (FCS) (Cytiva, Freiburg, Ger-
many, #SV30160.03) was used to culture HeLa (kindly provided by AG Dormann, IMP,
Mainz, Germany) and HEK293T cells (ATCC: CRL-3216).
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2.4. Cell Transfections

HeLa cells and HEK293T cells were seeded on coverslips in 6-well plates with a density
of 250,000 cells/well. Cells were transfected with tagged constructs using Lipofectamine™
LTX as described by the manufacturer (ThermoFisher, Darmstadt, Germany, #15338100) and
incubated for 24 h. Protein expression levels of the constructs were compared in Western
blots (Figure S1). CRM1 cells were treated with 5 nM Leptomycin-B (Selleck Chemicals
GmbH, Munich, Germany, #57580) for the inhibition of the exportin or 40 uM Importazole
(Merck, Darmstadt, Germany, #401105) for the inhibition of importins for 4 h before fixation.

2.5. siRNA-Mediated Knockdown

For siRNA-mediated knockdowns, we used siRNA for PRPF31 (IDT, Leuven, Belgien,
#TriFECTa®Kit DsiRNA Duplex, 5-AGCUAUGGGAUAGUAAGAUGUUUGC-3') with
previously validated knockdown efficiency by qPCR [12]. The siRNA was co-transfected
with eYFP-SANS into HeLa cells using Lipofectamine™ RNAiMAX and incubated for 24 h
as described by the manufacturer (ThermoFisher, Darmstadt, Germany, #13778075). The
siRNA transfection was subsequently detected by qPCR.

2.6. Live Cell Imaging and Fluorescence Recovery After Photobleaching (FRAP)

HeLa cells were seeded in an Ibidi 4-well plate (Ibidi, Grafelfing, Germany #80426)
with a density of 40,000 cells/well. Cells were transfected with the fluorescently tagged
constructs using Lipofectamine™ LTX. Living cells were analyzed with a Nikon Yokogawa
spinning disc microscope with a 60x water objective at 37 °C and imaged every second.
FRAP was performed with a 514 nm laser at 36% laser intensity for 100 iterations. Recovery
was observed every second for up to 4 min. Quantification was performed with Fiji and
EasyFRAP-web [22]. Data are presented as Full-Scale Normalization, and T-half was
calculated with Double curve fitting.

2.7. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS for 10 min at RT, washed with
PBS, permeabilized with PBST (0.1% Triton-X100 (Roth, Karlsruhe, Germany, # 3051.1)) for
5 min at RT, and blocked with 0.1% ovalbumin and 0.5% fish gelatine in PBS for 1 h at RT.
Primary antibodies were incubated overnight at 4 °C, followed by washing with PBS and
secondary antibody in a blocking solution containing DAPI (1 mg/mL) (Roth, Karlsruhe,
#6335.1) with incubation for 1 h at RT. After washing, samples were mounted in Mowiol
(Roth, Karlsruhe, #0713.2).

2.8. Cytochemical Staining of Aggresomes

HelLa cells were transfected with e YFP-SANS and NLS/NES mutants with Lipofectamine™
LTX as described by the manufacturer (ThermoFisher, Darmstadt, Germany, #15338100).
Control cells were treated 18 h before fixation with DMSO as negative control or with the
proteasomal inhibitor MG-132 (5 pM) in DMSO to induce the formation of aggresomes.
Cells were fixed with 4% paraformaldehyde in PBS for 10 min at RT, washed with PBS, and
permeabilized with PBST (0.1% Triton-X100 (Roth, Karlsruhe, # 3051.1)) 5 min at RT. Subse-
quently, cells were fluorescently stained for aggresomes with a commercial kit following
the supplier’s protocol (Enzo, Lausen, Germany, #ENZ-51035-K100).

2.9. Fluorescence Microscopy Analysis

Fixed cells were observed with a Leica TCS SP5 or Zeiss LSM900 (Leica, Wetzlar, Ger-
many). Images were analyzed with Fiji [23] (https:/ /imagej.net/software/fiji/downloads,
accessed 1 April 2022). Z-projections were performed over the indicated region of interest
with the Fiji Plugin Orthogonal Views. Pearson coefficient calculation was performed with
the Fiji Plugin Coloc 2.
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2.10. Western Blot Analysis

Cells were lysed in Triton-X-100 lysis buffer (50 mM Tris/HCI, 150 mM NaCl, 0.5%
Triton-X-100, pH 7.4) containing complete protease inhibitor cocktail (Roche Diagnos-
tics, Mannheim, Germany #04693132001) by sonication. Protein content was quantified
using a BCA protein assay (Merck, Darmstadt, #89643, #C2284) and subjected to SDS-
PAGE. The proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(Merck, Darmstadt, #1PVH00010). After blotting, membranes were blocked in AppliChem
blocking reagent (AppliChem, Darmstadt, Germany) for 1 h and subsequently incubated
with primary antibodies overnight at 4 °C followed by appropriate secondary antibodies.
Blots were scanned employing the Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, USA).

2.11. In Silico Prediction

The amino acid sequence of the protein of interest was used from uniprot. The
following sequences were used: Homo sapiens SANS (Q495M9); Macaca nemestrina SANS
(AOA2K6BVI9); Mus musculus SANS (Q80T11); Danio rerio SANS (AOASM1RQW?2); Xenopus
laevis SANS (AOAS8JOTLE4); H. sapiens ANKS4B (Q8N8V4). NLSs were predicted with
a given amino acid sequence by NLStradamus [24]. NESs were predicted with a given
amino acid sequence by LocNES [25]. The homology of SANS NLS/NES was aligned
with Blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE =Proteins, accessed on 2 April
2024). The homology of SANS and ANKS4B was calculated from the alignment of Blastp
(https:/ /blast.ncbinlm.nih.gov/Blast.cgi?PAGE =Proteins, accessed on 1 March 2024).

Missense3D or Missense3D-PPI was used as a web-based version (http:/ /missense3
d.bc.ic.ac.uk/, accessed on 30 September 2024). For Missense3D, the AlphaFold2-based
structure of SANS was used (AF-Q495M9-F1-v4). For Missense3D-PP]I, the previously
described structures of SANS-PRPF31 and SANS-harmonin were used [4]. The predicted
SANS-harmonin is in line with the previously described complex structure [15].

2.12. CellProfiler-Based Nuclear/Cytoplasmic Ratio Quantification

Images were preanalyzed with Fiji and then analyzed automatically with CellPro-
filer [26]. For analysis, we used the pipeline “Human cells” (https:/ /cellprofiler-examples.
s3.amazonaws.com/ExampleHuman.zip, accessed on 1 January 2023) with adjustments
available on Supplementary Materials (Github: https://github.com/LabWolfrum/Fritze
et_al_2024_SANS_Nuclear_localization).

In short, three tif files (protein of interest, DAPI, Brightfield) were used as input.
Primary and secondary structures were identified with CellProfiler, and the mean intensity
of the eYFP channel of the nucleus and cytoplasm was used for further statistical analysis.

2.13. Cell Fractionation Assay

Cells were seeded in 6-well plates with a density of 250,000 cells/well. Cells were
transfected with LipofectamineTM LTX as described by the manufacturer (ThermoFisher,
Darmstadt, Germany, #15338100) and incubated for 24 h. Cells were harvested and lysed
into nuclear and cytoplasmic fractions with the commercial kit NE-PER™ (ThermoFisher,
Darmstadt, Germany, #78833). Protein amount was measured with a BCA assay, and
proteins were eluted with 5x Laemmli buffer and separated by SDS-PAGE, followed by
total protein measurement (Revert™ 700 Total Protein Staining) (LI-COR, Lincoln, NE,
USA, #926-11010) and Western blotting. Relative intensity was calculated with Fiji for the
GFP (cross-reaction for eYFP) band and normalized to total protein and the HistoneH3
band.

2.14. Fluorescence Resonance Energy Transfer (FRET) Acceptor Photobleaching Assay

HelLa cells were seeded in 6-well plates with a density of 250,000 cells/well. Cells
were transfected with Lipofectamine™ LTX as described by the manufacturer (Ther-
moFisher, Darmstadt, Germany, #15338100). Fixed HeLa cells were analyzed with a
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Leica TCS SP8, and FRET acceptor photobleaching was performed following the Leica
protocol (https:/ /downloads.leica-microsystems.com/TCS%20SP8/ Application%20Note/
FRET_AB_with%20SP8-AppLetter_EN.pdf, accessed 1 September 2022). eCFP was used
as a donor (D), and eYFP as an acceptor (A). The acceptor was bleached at 100% laser
D 05! 7D re
( PDfPOStP ) - To
exclude the cellular structure, the mean of six regions of interest (ROIs) in the bleached
area was calculated, and the FRET efficiency of an unbleached region (>3 um away from
bleached ROI) was subtracted from the mean. Bleach efficiency was calculated via the

formula Bleach.s = (%};&(’St) % 100. Only ROIs with > 60% bleach efficiency were used

for analysis. Data were normalized to 1 by the positive control eCFP-c-eYFP.

intensity for 10 repeats. FRET efficiency was calculated via FRETo¢s =

2.15. SANS Nuclear Interactome Analysis

SANS nuclear interactome analysis in HEK293T cells [12] was used as input for the
Cytoscape plugin ClueGO according to gene names based on HGNC. Gene Ontology (GO)
term enrichment analysis was performed by ClueGO v2.3.3.

2.16. Statistics

Statistical analysis was performed with R-Studio [27]. The statistical methods are
listed in corresponding individual legends. Results are shown from at least 3 separate
experiments. Significance was determined as follows: * p < 0.05, ** p < 0.009, ** p < 0.0009.

3. Results
3.1. Subcellular Localization of SANS

Recent work indicated that SANS shuttles from the cytoplasm into the nucleus [7,12,14].
We confirmed cytoplasmic and nuclear localization of endogenous SANS in HeLa cells by
immunocytochemistry using anti-SANS antibodies (Figure 1B) and in HeLa cells transfected
with eYFP-SANS and 3xFLAG-SANS monitoring eYFP fluorescence and indirect anti-FLAG
immunofluorescence, respectively (Figure 1C). Confocal microscopy also showed that en-
dogenous SANS and both transfected SANS constructs are not homogeneously distributed
in the cytoplasm and the nucleus but appear as speckles of different sizes (Figure 1B,C). To
verify the nature of these SANS speckles, we performed FRAP (fluorescence recovery after
photobleaching) experiments, live cell imaging, and cytochemical staining for aggresomes
in eYFP-SANS-expressing HeLa cells (Figures 52 and S3). FRAP analysis revealed that
eYFP-SANS fluorescence recovered in a fast manner; after less than ~39 sec, almost 50%
of its original intensity was recovered, indicating a high mobile fraction (Figure S2A). In
live cell imaging experiments, we observed fission and fusion of eYFP-SANS speckles on
the order of a few seconds (Figure S2B). Both the high mobile fraction in FRAP and the
fission—fusion properties of eYFP-SANS speckles indicate liquid-liquid phase separation
(LLPS) behavior [28].

In addition, we stained eYFP-SANS speckles for aggresomes by applying a cytochemi-
cal aggresome staining kit (Figure S3). We did not observe fluorescent aggresome staining
of the eYFP-SANS speckles (Figure S3A), which contrasted with aggresome-positive con-
trols (Figure S3B). Taken together, our analyses indicate that the eYFP-SANS speckles do
not represent aggresomes, but rather are formed by LLPS, which is consistent with previous
observations for Venus-SANS in HeLa cells [14].

In addition, we noticed a high variance in the subcellular localization of eYFP-SANS
in the transfected HeLa cells. While in most cells, eYFP-SANS was mainly found in the
nucleus (Figure 1C), there were also cells in which it was rather localized in the cyto-
plasm (Figure S4). Quantification of eYFP-SANS fluorescence in cytoplasmic and nuclear
compartments of over 225 cells by CellProfiler revealed that approximately 30% of SANS
was present in the cytoplasm and 70% in the nucleus in HeLa cells (Figure 1D). Quan-
titative analysis of the compartmental distribution in eYFP-SANS-expressing HEK293T
cells confirmed that most SANS (77%) was localized in the nucleus (Figure S5A). Next, we
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biochemically validated the compartmental distribution of SANS by cytoplasmic—nuclear
cell fractionations in eYFP-SANS-transfected HeLa cells (Figure 1E,F). Western blot analysis
of the nuclear and cytoplasmic fractions showed that approximately 70% of SANS was
present in the nucleus, confirming the obtained in situ data.

Taken together our experimental data consistently demonstrated that SANS is pre-
dominantly localized in the nucleus.

3.2. Identification of Karyopherins in the Nuclear Interactome of SANS

To identify potential karyopherins that bind to SANS, we screened the previously
published nuclear interactome of SANS in HEK293T cells [12] for importins and ex-
portins. In the GO-term gene clusters “nuclear import” (GO:0051170) and “nuclear export”
(GO:0051168) (Cytoscape plugin ClueGO, https:/ /apps.cytoscape.org/apps/cluego, ac-
cessed on 6 June 2024; Table S1), we identified eight nuclear importins and three exportins
including exportin-1/CRM]1, the main nuclear protein exporter (Table 4).

Table 4. Nuclear exportins and importins identified as potential SANS-interacting proteins in the
nucleus [12].

Gene Protein Export/Import NLS/N]?S.
Recognition
. .. classic NLS [20]
KPNB1 Importin-3 Protein importer non-classic NLS [20]
. .. classic NLS [29]
IPO4 Importin-4 Protein importer non-classic NLS [20]
. .. classic NLS [30]
IPO5 Importin-5 Protein importer non-classic NLS [20]
. - classic NLS [31]
PO7 Importin-7 Protein importer non-classic NLS [20]
. .. classic NLS [31]
IPO8 Importin-8 Protein importer non-classic NLS [20]
1PO9 Importin-9 Protein importer non-classic NLS [20]
1IPO11 Importin-11 Protein importer non-classic NLS [20]
1PO13 Importin-13 Protein importer classic NLS [32]
P P non-classic NLS [32]
XPO1 CRM1/Exportin-1 Protein exporter NES
XPO5 Exportin-5 dsRNA exporter -
XPOT Exportin-T amino-acylated tRNAs export -

Subsequently, we investigated their role by applying commercially available importin
and exportin inhibitors to eYFP-SANS-transfected HeLa cells followed by confocal mi-
croscopy analysis and quantification with CellProfiler [26]. Applying the importin-f3
inhibitor Importazole (IPZ) to transfected HeLa had no effect on eYFP-SANS subcellular
localization (Figure S6A,B). Further, we investigated the role of the exportin CRM1 in SANS
nuclear export by treating eYFP-SANS HeLa cells with the CRM1 inhibitor Leptomycin-B
(LMB) [33]. Confocal microscopy and CellProfiler-based quantification of the subcellular
localization of SANS revealed that applications of LMB to the cells resulted in a signifi-
cant increase in the nuclear localization of SANS when compared to the untreated control
(Figure 2A,B). In contrast, treatments with the LMB solvent DMSO had no effect on the
nuclear localization. Combined, the treatment revealed that the core export of SANS is
mediated by CRM1.
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Figure 2. Nuclear localization of SANS in HeLa after treatment with the exportin CRM1 inhibitor
Leptomycin-B. (A) Confocal microscopy of HeLa cells transfected with eYFP-SANS (red) and treated
with 5 nM CRM1 inhibitor Leptomycin-B (LMB) or its solvent DMSO. (B) Quantification of (A)
by CellProfiler. eYFP-SANS was significantly enriched in the nucleus after LMB treatment. Black
arrows: position of Z-projections. Scale bars: horizontal = 10 pm; vertical = 2 um. Data show mean

values + standard deviation from three independent experiments. Student’s ¢-test was performed
for three independent experiments with a minimum of 75 cells; ns = not significant; *** = p < 0.0009.

3.3. In Silico Prediction and Evolutionary Conservation of Nuclear Localization Sequences (NLSs)
and Nuclear Export Sequences (NESs) in SANS

For nuclear transport, karyopherins bind to nuclear localization sequences (NLSs) and
nuclear export sequences (NESs) present in the cargo molecules [20]. To identify NLSs and
NESs in the human SANS sequence, we used the prediction tools NLStradamus [24] and
LocNES [25], respectively (Table 5). In addition, the predicted consensus sequences were
scored from 0 to 1.

Table 5. Nuclear localization (NLSs) and export sequences (NESs) of SANS predicted by LocNES and
NLStradamus.

NLS/NES Sequence Score CRM1-Class NLS/NES Mutations
NLS_1213-224 213-KTKMQKKLERRK-224 0.733 - K213E: ETKMQKKLERRK
NLS_2436-447 436-RKKILGAVRRRR-447 0.679 - R447W: RKKILGAVRRRW
NES_1181-195 181-LTSSTLSRRLQHLAL-195 0.262 la L195E: LTSSTLSRRLQHLAE
NES_2235-249 235-EDGRKSARSLSGLQL-249 0.250 1b L249E: EDGRKSARSLSGLQE
NES_3406-420 406-ALLRQEKIDLEALML-420 0.462 2 na.

NLStradamus predicted two NLSs within SANS, located in the CENTn2 (NLS_1213-224)
and SAM domains (NLS_2436-447) with scores of 0.733 and 0.679, respectively, both above
the NLS threshold of 0.6 [24] (Figure 3A). LocNES identified three NESs within SANS,
two in the CENTn2 domain (NES_1 181-195 and NES_2235‘249) and one in the SAM domain
(NES_3%90420) 'with scores ranging from 0.250 to 0.462, all above the NES threshold of
0.1 [25] (Figure 3A). In addition, we classified the predicted NESs into distinct classes of
NES motifs binding to the exportin CRM1 (Table 2).

Sequence alignments of the identified NLS and NES motifs of SANS across five diverse
vertebrates from humans to frogs, namely H. sapiens, M. nemestrina, M. musculus, D. rerio,
and X. laevis revealed high to medium conservation of the motifs (Figure 3B-F). Notably, D.
rerio and X. laevis have two and three Ush1g genes encoding SANS, respectively. However,
all sequences of the predicted NLSs and NESs in the multiple genes of the respective species
are identical.
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Figure 3. Prediction of nuclear localization sequences (NLSs) and nuclear export sequences (NESs) of
SANS. (A) Three NESs ($; NES_1181-195 NES_2235-249 NES_3406-420) and two NLSs (#; NLS_1213-224,
NLS_2436-447) wyere predicted for SANS by NLStradamus and LocNES. (B-F) Conservation of SANS
NLS_1213-224 (B), NLS_2%3647 (C), NES_1181-195 (D), NES_2235-249 (E), and NES_3406-420 (F) with
blastp in comparison to human SANS for five model organisms. In (B,C), positively charged residues
(red), arginine-to-lysine exchanges (purple), and charge changes (green) are indicated in NLSs. In
(D-F), in the first line, the position of consensus amino acid residues in the CRM1 motif is indicated
in red. Valid (purple) and invalid (green) residue changes in the consensus sequence of the CRM1
motif are indicated. ** and *** indicate that the genomes of D. rerio and X. laevis possess two and
three Ush1g genes encoding for SANS orthologs, respectively, which do not differ in the NLS and
NES sequences.

Both NLSs are 100% conserved throughout all the three mammals. In NLS_1213-224
of D. rerio and X. laevis, we observed exchanges of two positively charged amino acids,
namely arginine to lysine. However, in NLS_243¢47 of both species, exchanges between
charged and uncharged amino acids were found.

The CRM1-consensus motif of NES_3%0420 js 100% conserved throughout all verte-
brate species tested. In contrast, NES_1181-195 wag conserved in all vertebrates except for
X. laevis. NES_22%52% was also conserved in all tested species but differed in its starting
residue in M. musculus, D. rerio, and X. laevis. Taken together, in silico analyses predicted
two NLSs and three NES/CRM1 motifs in SANS that differ in their probabilities and
evolutionary conservation in vertebrates.

3.4. Analysis of the Nuclear Localization Efficiency of Predicted NLSs in SANS in the Cell

Next, we examined the efficiency of the two predicted NLSs of SANS in cells. Using
site-specific mutagenesis, we mutated positively charged residues to uncharged or neg-
atively charged residues in the NLSs of human SANS that should prevent karyopherin
binding to the mutated NLS (Table 5, Figure 4A). eYFP-tagged wild-type SANS and SANS
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NLS mutants (SANSK213E JANLS_1213-224 SANSR#7W / ANLS_2436-447) were transfected
into HeLa cells (Figure 4B) and HEK293T cells (Figure S5A), and the subcellular distribution
of the SANS variants was then assessed by confocal microscopy. Confocal images and their
z-projections of eYFP-tagged SANSK?13F and SANSR4”W indicated an increase in SANS in
the cytoplasm of HeLa and HEK293T cells. The speckles formed by the SANS-NLS mutants
were not stained with the commercial aggresome staining kit (Figure S3C), indicating that
they are not aggresomes.
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Figure 4. Subcellular localization of SANS NLS mutants. (A) Domain structure of SANS; the two
NLS (#) mutants K213E (ANLS_1213-224) and R447W (ANLS_2%36-447) are indicated above the cartoon.
(B) Confocal microscopy of HeLa cells transfected with eYFP-SANS (red) or SANS NLS mutants,
counterstained with DAPI. (C) Quantification of (B) by CellProfiler. eYFP-SANSK2L3E (iffered sig-
nificantly from eYFP-SANS. Black arrows: position of Z-projections. Scale bars: horizontal = 10 um;
vertical = 2 um. Data show mean values + standard deviation from three independent experiments.
Student’s t-test was performed for three independent experiments with a minimum of 75 cells.
ns = not significant; *** = p < 0.0009.

CellProfiler-based quantification of the SANS localization showed a significant de-
crease in nuclear localization of SANSK?13E (ANLS_1213-224) compared to wild-type SANS in
both HeLa and HEK293T cells (Figures 4C and S5B). Analysis of SANSRH7W (ANLS_2436-447)
showed a decrease in its nuclear localization that was not significant in HeLa cells but was
significant in HEK293T cells (Figures 4C and S5B). In summary, our findings indicate that
NLS_1213-224 hag 4 stronger role in the nuclear localization of SANS than NLS_2436-447

3.5. Analysis of the Nuclear Export Efficiency of Predicted NESs in SANS in the Cell

We examined the nuclear export efficiency of the predicted NESs of SANS in the
cell. We designed and generated SANS NES mutants by exchanging hydrophobic residue
leucine (L) for glutamic acid (E) by site-specific mutagenesis for SANS NES_1'81-19 and
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SANS NES_223-24 (Table 5, Figure 5A). This resulted in SANSM?°E (ANES_1181-19) and
SANSL2#E (ANES_223>-24%) which were no longer predicted as NESs by LocNES.
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Figure 5. Localization of SANS NES mutants. (A) Domain structure of SANS; the two NES ($) mutants
L195E (ANES_1'81-19) and L249E (ANES_2%35-249) are indicated below the cartoon. (B) Confocal mi-
croscopy of HeLa cells transfected with eYFP-SANS (red) or NES mutants, counterstained with DAPI.
(C) Quantification of (B) by CellProfiler. eYFP-SANSMPE was significantly enriched in the nucleus
compared to eYFP-SANS. Black arrows: position of Z-projections. Scale bars: horizontal = 10 um;
vertical = 2 um. Data show mean values =+ standard deviation from three independent experiments.
Student’s t-test was performed for three independent experiments with a minimum of 75 cells.
ns = not significant; *** = p < 0.0009.

The two NES mutants were tagged with eYFP, transfected into HeLa and HEK293T
cells, and examined by confocal microscopy (Figures 5B and S7A). Unexpectedly, eYFP-
SANSM#F formed prominent cytoplasmic speckles, while eYFP-SANSH%E predominantly
localized in small nuclear droplets, as shown by z-projection. The speckles formed by
the SANS-NES mutants were not stained with the commercial aggresome staining kit
(Figure S3D), indicating that they are also not aggresomes. CellProfiler-based quantifica-
tions showed no significant difference in the nuclear—cytoplasmic ratio of eYFP-SANS-24%E
(ANES_2235-249) compared with eYFP-SANS (Figures 5C and S7B). In contrast, the quantifi-
cation for eYFP-SANSM95E (ANES_1181-19) exhibited a significant increase in the nuclear
localization compared to eYFP-SANS. These findings suggest that NES_1'81-1% but not
NES_2232% plays a role in SANS nuclear export.

Unfortunately, we failed to design any synthetic mutant for SANS NES_3%06-420 since
all genetic modifications introduced by site-specific mutagenesis in this region led to the
emergence of a new NES in near proximity. Therefore, we decided to evaluate the role of
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SANS NES_3406-420 iy deletion constructs lacking the domains containing NES_3406-420 The
confirmed pathogenic frameshift variants of the human USHIG gene, SANS>?78P%"71 and
SANS#" (www.LOVD.nl/USH1G, accessed on 4 January 2023), which result in a prema-
ture stop at the end of CENTn2 or CENTc domain of SANS, respectively, fulfill this criterion
(Figure 6A). Confocal microscopy of eYFP-tagged SANSS?78P71 and SANSS243" expressed
in HeLa and HEK293T cells revealed enrichments of the pathogenic variants in the nucleus
when compared to wild-type SANS, as indicated by z-projection (Figures 6B and S8A).
CellProfiler-based quantifications confirmed the significant enrichment of both pathogenic
variants in the nucleus compared to eYFP-SANS (Figures 6C and S8B). The retention of
SANSS278PES71 and SANSS?4%" in the nucleus indicates that NES_340-420 plays an additional
pivotal role in SANS nuclear export.
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Figure 6. Localization of pathogenic variant of SANS in HeLa cells. (A) The pathogenic variant
SANSSZ78PIS71 and SANSV132GES™ are frameshift mutations which lead to missense extension (red
boxes and amino acid sequences below) and a premature stop in CENTc or CENTnl1, respectively. The
pathogenic variant SANSS?43" has a premature stop codon after the CENTn2 domain. (B) Confocal
microscopy of HeLa cells transfected with eYFP-SANS (red), eYFP-SANSS278Pfs'71 oy EP-G ANGS243*
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and eYFP-SANSVY132Gfs3 «qunterstained with DAPL (C) Quantification of (B) with CellProfiler. All
pathogenic variants were significantly enriched in the nucleus. Black arrows: position of z-projections.
Scale bars: horizontal = 10 um; vertical = 2 pm. Data show mean values + standard deviation from
three independent experiments. Student’s t-test was performed for three independent experiments
with a minimum of 75 cells. *** = p < 0.0009.

In addition, we investigated the cellular localization of the frameshift mutation
SANSVBZGfS%, which lacks almost the entire CENTn1 and all following C-terminal do-
mains including all NLSs and NESs (Figure 6A). eYFP-tagged SANSV132Gf™3 ocalized
predominantly in the nucleus of HeLa and HEK293T cells, as indicated by z-projection
(Figures 6B and S8A). CellProfiler-based quantifications confirmed the significant enrich-
ment of SANSY132Gf5'3 in the nucleus compared to eYFP-SANS (Figures 6C and S8B).

Taken together, our findings suggest that NES_181719 and NES_3%00-420 but not
NES_223-2% play a role in SANS nuclear export. Furthermore, the present results on SANS
pathogenic variants also suggest that alterations in nuclear shuttling may be part of the
pathomechanisms leading to USH1G.

3.6. Effcts of NLS and NES Mutations of SANS on the Binding to Compartment-Specific
Interaction Partners

To fulfill its diverse functions specific for the different compartments in the cell, SANS
interacts with compartment-specific interaction partners; for example, in the cytoplasm with
scaffold protein harmonin and in the nucleus with splicing factor PRPF31 [4,6,12,34]. Both
interacting partners bind to different domains in SANS. While harmonin binds to the SAM-
PBM domain, PRPF31 binds to the CENTn1 domain [4,12,15] (Figure 7A). Both SANSK213E
(ANLS_1) and SANSM%E (ANES_1) are located within the CENTn2 domain and should
not directly affect the binding of harmonin or PRPF31. However, these mutations may
potentially alter the overall structure of SANS, which may influence these interactions. To
investigate this, we used the in silico prediction tool Missense3D [35]. Missense3D predicted
no structural changes upon mutation of SANSK?13E nor SANSM9E (Table S2). In addition,
Missense3D-PPI, a pipeline for structural changes in protein—protein interfaces [36], did
not predict any structural surface alterations to the previously modeled SANS-PRPF31 and
SANS-harmonin complexes (Table S2) [4].

Next, we tested the effects of the SANSK?13E (ANLS_1) and SANSME (ANES_1)
mutants on their binary interactions with harmonin and PRPF31 in the nucleus of the
cell by using fluorescence resonance energy transfer (FRET) acceptor photobleaching
assays (Figure 7B) [4]. We co-transfected HeLa cells with eYFP-SANS, eYFP-SANSK?13E,
or eYFP-SANSHM%E and harmonin-eCFP or eCFP-PRPF31, respectively, and determined
FRET signals in the nucleus, normalized to 1 by the positive control eCFP-c-eYFP. The
FRET pairs eYFP-SANS-harmonin-eCFP and eYFP-SANSK?!3E-harmonin-eCFP generated
normalized FRET signals of the same height, significantly higher than those of the pair
eYFP-SANSME_harmonin-eCFP (Figure 7C). In contrast, the FRET pairs eYFP-SANS-
eCFP-PRPF31 and eYFP-SANSH%E-eCFP-PRPF31 generated normalized FRET signals of
the same height, significantly higher than those of eYFP-SANSK?!3E_eCFP-PRPF31.

Taken together, the ANES and ANLS SANS mutants still have the potential to bind to
SANS binding partners. However, in the cell, ANES SANS sticks in the nucleus and is no
longer available together with harmonin for its cytoplasmic functions, and ANLS_1 SANS
cannot interact with PRPF31 in the nucleus for a spliceosome function because it is not
targeted into the nucleus.
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Figure 7. Validation of the interaction of SANS NLS/NES mutants with SANS binding partners
fluorescence resonance energy transfer (FRET) in the nuclear compartment. (A) Schematic of the
SANS domain structure indicating NES1 and NLS1 and the regions for harmonin and PRPF31 binding,
black lines in SANS SAM-PBM and CENTn1, respectively. (B) Illustration of the FRET acceptor
bleach assay. Interaction of two proteins, either eCFP (blue)- or eYFP (yellow)-tagged, leads to FRET
(upper). If the acceptor (eYFP) is bleached (flash) (middle), increased emission of the donor (eCFP)
can be measured (lower). (C) FRET acceptor bleach assay in the nucleus of co-transfected HeLa cells.
FRET efficiencies were normalized to 1 by the fused eCFP-c-eYFP FRET pair (positive control). FRET
pairs eYFP-SANSHE-harmonin-eCFP and eYFP-SANSK?!3E-eCFP-PRPF31 showed a significant
decrease in interaction compared to eYFP-SANS. Outliers are shown as dots above the boxplots.
Wilcoxon signed-rank test was performed for three independent experiments. ns = not significant;
= p < 0.0009; ** =p < 0.009.

3.7. SANS and Its Paralog ANKS4B Are Localized to Different Subcellular Compartments

SANS and its paralog ANKS4B have nearly the same principal domain structure
(Figure 1A), possess a homology of up to 80% in their amino acid sequences, and share
common binding partners, such as USH1C/harmonin [5,14-16]. Since the differences in
cellular function of closely related proteins often depend on the different spatial arrange-
ments in the cell, we tested whether SANS and ANKS4B differ in their cytoplasmic/nuclear
localization.

To determine the subcellular localization of ANKS4B, we analyzed eYFP-tagged
ANKS4B in comparison to eYFP-SANS-expressing HeLa cells (Figure 8). Confocal mi-
croscopy showed that eYFP-ANKS4B was mainly found in the cytoplasm (Figure 8A), but
also occasionally to a lesser extent in the nucleus (Figure 8B). CellProfiler-based quantifica-
tion demonstrated significantly lower nuclear localization of eYFP-ANKS4B compared to
eYFP-SANS (Figure 8C).

NLStradamus predicted no NLS for ANKS4B. However, LocNES predicted six distinct
NESs of various CRM1-binding motif classes for ANKS4B spanning its SAM-domain
(Table S3) and predicted scores higher than 0.1, the threshold of LocNES [24].

To test whether these motifs are relevant for the subcellular localization, we treated
eYFP-ANKS4B-transfected HeLa cells with the CRM1 inhibitor LMB (Figure 8D). CellProfiler-
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based quantification demonstrated that the LMB treatment resulted in a significant increase
in eYFP-ANKS4B in the nucleus, which was not observed in DMSO-treated control cells
(Figure 8E).

Taken together, in contrast to SANS, the SANS paralog ANKS4B is predominantly
localized in the cytoplasm guaranteed by nuclear export based on CRM1 exportins.
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Figure 8. Comparison of the nuclear—cytoplasmic localization of SANS and its paralog ANKS4B
in HeLa cells. (A,B) Confocal microscopy of HeLa cells transfected with eYFP-ANKS4B (red),
counterstained with DAPI. (C) Quantification with CellProfiler for eYFP-SANS- and eYFP-ANKS4B-
transfected cells. eYFP-ANKS4B was highly enriched in the cytoplasm compared to eYFP-SANS.
(D) Confocal microscopy of HeLa cells transfected with eYFP-ANKS4B (red), counterstained with
DAPIL Cells were treated with DMSO or 5 nM Leptomycin-B (LMB), an established inhibitor for
CRM1. (E) Quantification of (D) with CellProfiler. eYFP-ANKS4B was highly enriched in the nucleus
after treatment with LMB. Black arrows: position of Z-projections. Scale bars: horizontal = 10 um;
vertical = 2 um. Data show mean values + standard deviation from three independent experiments.
Student’s t-test was performed for 3 independent experiments with a minimum of 75 cells. ns = not
significant; *** = p < 0.0009.

3.8. SANS and Its Paralog ANKS4B Differentially Interact with PRPF31

Next, we tested whether SANS and ANKS4B also differ in their binary interaction
with the splicing molecule PRPF31 by FRET acceptor photobleaching assays. For this we co-
transfected HeLa cells with eYFP-SANS or eYFP-ANKS4B, respectively, and eCFP-PRPF31.
As controls, we used eYFP alone and harmonin-eCFP, which was previously shown to bind
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to ANKS4B and SANS [5,17]. FRET signals were normalized to 1 by the positive control
eCFP-c-eYFP. The FRET pair eYFP-SANS-eCFP-PRPF31 generated significantly higher
normalized FRET signals than the control pair eYFP-eCFP-PRPF31, confirming the binary
binding of SANS and PRPF31 (Figure 9A) [4,12]. In contrast, the eYFP-ANKS4B-eCFP-
PRPF31 FRET pair showed no increase in normalized FRET efficiencies when compared
to the control eYFP-eCFP-PRPF31 pair. The height of the normalized FRET signals of
eYFP-ANKS4B-harmonin-eCFP was in the range of the FRET signals of the FRET pair
eYFP-SANS-eCFP-PRPF31 and significantly higher than the signals of the eYFP-eCFP-
PRPF31 control pair, confirming the interaction of ANKS4B with harmonin as previously
reported [17].

>

* k%
' * k% '
ns
E 1.5 *k %k
& —
B
3101 —
5
go0s5{ . .
o e I
0.0 4 = —
eCFP-
PRPF31 e’ =
harmonin  _ } s _
-eCFP
eYFP- eYFP- eYFP
SANS ANKS4B
B eYFP- harmonin- Merge C eYFP- mRFP- Merge
SANS mCherry DAPI R: 0.96 SANS PRPF31 DAPI R:0.92

z-projection n

D eYFP- harmonin- Merge E eYFP- mRFP- Merge

ANKS4B mCherry

R:0.49 ANKS4B PRPF31 DAPI R:-0.14
- . X
z-projection ! z-projection !

Figure 9. ANKS4B binary interaction in the nucleus. (A) FRET assay in co-transfected HeLa cells.
FRET efficiencies were normalized to 1 by the fused eCFP-c-eYFP FRET pair (positive control).
FRET pair eYFP-ANKS4B-eCFP-PRPF31 does not show a significant increase in the normalized
FRET efficiencies when compared to eYFP FRET pair negative controls. Outliers are shown as
dots above/below the boxplots. Dunn’s test after a Kruskal-Wallis test was performed for three
independent experiments. (B—E) Confocal microscopy of HeLa cells co-transfected with eYFP-SANS
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(red, (B,C)) or eYFP-ANKS4B (red, (D,E)) and harmonin-mCherry (green) or mRFP-PRPF31 (green),
counterstained with DAPI. eYFP-ANKS4B only co-localized with harmonin-mCherry but not
with mRFP-PRPE31. Black arrows: position of Z-projections. Scale bars: horizontal = 10 um;
vertical =2 um. Pearson coefficient R values indicate co-localization. ns = not significant;
*** = p < 0.0009.

Next, we co-expressed eYFP-SANS or eYFP-ANKS4B with mRFP-PRPF31 or harmonin-
mCherry, respectively, in HeLa cells for subsequent confocal microscopy analyses (Figure 9B-E).
Our analyses revealed that ANKS4B co-localized with harmonin in small droplets in the
cytoplasm as observed before (Figure 9D) [14], but did not colocalize with PRPF31 in the
nucleus, strengthened by the negative Pearson coefficient (R = —0.14) (Figure 9E). In con-
trast, SANS co-localized with both harmonin and PRPF31, but in different compartments,
namely in large speckles in the cytoplasm and in the nucleus, respectively (Figure 9B,C).
Both co-localizations were supported by high positive Pearson coefficients (R = 0.96 and
0.92, respectively). This finding suggested that SANS nuclear—cytoplasmic shuttling is
additionally controlled by the interaction with partner proteins. However, siRNA-based
knockdown of endogenous PRPF31 showed no alteration of eYFP-SANS in HeLa cells
(Figure S9), which might be due to the low expression of the endogenous PRPF31.

We also like to note that there are differences in the size of the speckles of eYFP-
SANS/harmonin-mCherry and eYFP-ANKS4B/harmonin-mCherry in the cytoplasm
(Figure 9B,D). This is probably since the two eYFP-tagged proteins are differentially
expressed (Figure S1): the more highly expressed eYFP-SANS possibly recruits more
harmonin-mCherry molecules, and correspondingly larger speckles are formed.

In summary, our findings underscore the divergent nuclear localization/export se-
quences between SANS and the ANKS4B paralog resulting in differential subcellular
localization patterns and cellular functions.

4. Discussion

The protein traffic across the nuclear pores is mostly mediated by members of the
karyopherin-f (or Kap) family commonly known as importins and exportins which specifi-
cally recognize NLSs and NESs of the cargo molecules [20]. In the present study, we provide
several lines of evidence that the nuclear localization of SANS is regulated by an interplay
of importins and exportins. We identified several importins and exportins in the previously
described nuclear interactome of SANS [12]. In addition, confocal microscopy showed
that Leptomycin-B, a specific inhibitor of CRM1 export, blocks the nuclear export of SANS.
Mechanistically, Leptomycin-B binds covalently to the NES binding cleft of CRM1 and
thereby competes with the cargo, in this case, SANS, for binding to CRM1 [37]. This also
confirms the molecular interaction of SANS with CRM1 as we expected from our SANS
interactome data. In silico predictions revealed evolutionary conserved NLSs and NESs in
the SANS sequences allowing the binding of importins and exportins. We experimentally
confirmed the function of in silico predicted NLSs and NESs by quantifying the subcellular
localization of SANS mutants in situ.

Multiple NLSs and NESs have been previously described for nuclear proteins, such
as Fanconi anemia group A protein (FANCA) and enzyme 5-lipoxygenase (5-LO), respec-
tively [38,39]. Our data on the two NLSs suggest that NLS_1213-224 Jocalized in the central
domain of SANS is the major NLS for the nuclear localization of SANS. In comparison to
the C-terminal NLS_2%36447 NLS_1213-224 5cored higher in the predictions [24]. In addi-
tion, sequence alignments across vertebrates suggest that NLS_243447 jg less conserved.
In NLS_243647 charged amino acids are exchanged for uncharged in lower vertebrates,
probably affecting the interaction with importins. Importin binding is based on interactions
with positively charged amino acids in NLSs of nuclear proteins [20], and exchanges to
uncharged residues have been shown to alter NLS binding to importins [40]. In our study,
we also experimentally induced such modifications by site-specific mutations of the NLSs
in SANS. The quantitative data obtained showed that the decrease in nuclear localization
of SANS with a mutated NLS_1%13-224 was highly significant in both HeLa and HEK293T
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cells. In contrast, mutated NLS_2%36-%47 did not lead to a significant decrease in the nuclear
localization of SANS in HeLa cells and only to a decrease in lower significance in HEK293T
cells. The observed differences between the cell lines in the distribution of proteins between
the nucleus and cytoplasm are consistent with previous studies relating them to differences
in metabolism between the cell lines [41-43].

Based on these data, we hypothesize that importins preferentially bind to NLS_
of SANS for the import into the nucleus, e.g., to accomplish SANS’s nuclear role in pre-
mRNA splicing. Interestingly, NLS_1213-224 is present in the central domain of SANS,
which represents the major binding site for numerous SANS-interacting proteins [7,10,12].
Thus, the binding of cytoplasmic proteins such as myomegalin and whirlin to the central
domain [7,10] is likely to compete with the binding of importins to the NLS_1213-224,
The competition in binding between importins and other cytoplasmic binding partners
as a mechanism controlling the nuclear—cytoplasmic shuttling of nuclear proteins has
been described previously [44,45]. Accordingly, the binding competition of cytoplasmic
interaction partners of SANS and importins to the NLS sites could guarantee its cytoplasmic
localization and thus ensure its cytoplasmic functions, e.g., in intracellular transport or
ciliogenesis [7,9,11].

In addition, the binding of nuclear proteins may also facilitate nuclear import in a
process known as “piggybacking” [46,47]. Since SANS was not completely removed from
the nucleus when NLS_1213-224 wags mutated, and the overexpression of PRPF31 resulted
in almost complete nuclear localization of co-expressed eYFP-SANS, we speculated that
PRPF31 may play a piggyback role for SANS during nuclear import. However, since
siRNA-mediated silencing of endogenous PRPF31 did not alter the nuclear—cytoplasmic
shuttling of SANS, we rejected this hypothesis. Alternatively, binding of importins to
NLS_2%36-%7 or binding of the identified importins, found in the SANS interactome, to
non-classical NLSs, which are not predictable by prediction tools, may compensate for an
absence of NLS_1213-224

Inhibition of the nuclear export by LMB suggests CRM1-dependent nuclear export
of SANS. The analysis of the three predicted NESs of SANS suggests NES_18171% of the
CENTnN2 domain and NES_3%06-420 of the SAM domain as the major NESs for the nuclear—
cytoplasmic shuttling of SANS. All three predicted NESs are above the threshold for
qualifying NESs and are highly conserved, except for NES_223>-249 which differs in three of
five vertebrates in the first residue. As expected for potent NESs, the site-specific mutations
resulting in a non-functional NES_1'811% and the deletion variants of SANS lacking the
NES_3%0-420 Jed to a highly significant increase in their nuclear localization in HeLa and
HEK293T cells. In contrast, mutated NES_22324° did not lead to a significant increase in
its nuclear localization. Interestingly, NES_1'81-19 and NES_3406420 of SANS belong to
different classes of CRM1 motifs that can differ in the binding affinity of CRM1 [48] and,
thereby, probably also in the nuclear export efficiency.

In comparison to SANS, its paralog ANSK4B was far less abundantly localized in the
nucleus, which correlates with the lack of any known nuclear function of ANKS4B [14,17].
At first glance, the absence of ANKS4B might be caused because its sequence does not
contain an NLS since none of the predicted tools applied predicted an NLS for importin
binding in ANKS4B, but several NESs suitable for CRM1 exportin binding. The equivalent
region of ANKS4B to SANS CENTn2, where the potent NLS_1213-224 j5 |ocalized, lacks any
NLS but shows a cryptic apical targeting sequence that directs ANKS4B to the microvilli at
the apical membrane of epithelial cells [18]. This is further evidence that the two scaffolds
have partially diverged in their molecular composition to form unique properties for the
cell.

1213-224

Interestingly, after inhibition of CRM1, more than 80% of the ANKS4B was located in
the nucleus. This raises the question of how ANKS4B shuttles into the nucleus. In compari-
son to SANS (~51.5 kDa https:/ /www.uniprot.org/uniprotkb/Q495M9/entry, accessed 1
October 2023), ANKS4B (~46 kDa https:/ /www.uniprot.org/uniprotkb/Q8N8V4/entry,
accesses 15 February 2024) is smaller, in the range of size for passive transfer through the
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nuclear pore complex commonly reported as between 40 and 50 kDa [19]. However, we
also found that the much larger eYFP-tagged ANKS4B ~75 kDa, which we monitored in our
experiments, localized in the nucleus. A possible reason for this is that this size exclusion
for free diffusion through the NPC is not as effective as assumed. Indeed, more recent
findings indicate that larger macromolecules of >100 kDa can also diffuse through the
NPC [49]. Alternatively, as known for other proteins and already discussed above for SANS
the nuclear import of ANKS4B may also be mediated by non-canonical NLSs, nonlinear
sequences, which cannot be predicted by prediction tools [20,50]. Although we could not
fully elucidate the regulation of ANKS4B import into the nucleus, our results confirm the
previously shown predominantly cytoplasmic localization of ANKS4B. However, once
ANKS4B enters the nucleus, it is immediately exported back into the cytoplasm mediated
by the CRM1 exportin. This mechanism ensures that ANKS4B is available for its primary
functions in the cytoplasm.

In our present study, we found evidence that the shuttling of SANS and ANSK4B
between the nucleus and cytoplasm is coordinated by the selective binding of karyo-
pherins to NLSs and NESs and determines their compartment-specific function. In the
cell, protein functions and their regulations are commonly fine-tuned by post-translational
modifications such as site-specific reversible phosphorylation [43,51,52]. Therefore, it is not
surprising that reversible phosphorylation also emerges as an important process for regu-
lating the nuclear availability of proteins [53]. Interestingly, we previously demonstrated
that the kinase inhibitor D-ribofuranosylbenzimidazole (DRB) increases the abundance
of SANS in the nucleus due to the inhibition of the phosphorylation at 5422 (see Figure
S5 in [9]). S422 is a CK2 (casein kinase 2) phosphosite near NES_3%06420 Therefore, it is
tempting to speculate that CK2-mediated phosphorylation not only inhibits MAGI2 from
binding to the internal PDZ-binding motif (PBM) in SANS-SAM [9] but may also regulate
the binding of CRM1 to the NES.

Present confocal microscopy revealed that endogenous SANS and overexpressed
tagged SANS form speckles in both the cytoplasm and the nucleus. In our study, we
demonstrated that SANS speckles are not insoluble protein aggregates like aggresomes,
but rather show features of protein condensates that arise through LLPS: the condensates
are not stained for aggresomes; unlike stable aggregates, they are dynamic, and their SANS
fraction is highly mobile; furthermore, the overexpression of interacting proteins of SANS,
namely of harmonin and PRPF31, increases the size of SANS condensates. These results
all suggest that the SANS speckles are formed by LLPS [54,55], which is consistent with
previously reported findings [10,12,14]. In these condensates, SANS is probably serving
as a scaffold through its multivalent interactions that drive LLPS and organize SANS-
containing membrane-less organelles such as Cajal bodies and nuclear speckles or at the
base of primary cilia in LLPS [6-12,34]. LLPS-driven condensates are in a dynamic exchange
with their environment, and their components can easily be released and re-integrated [55].
Accordingly, SANS monomers or dimers in the cell could, for example, be easily released
from the speckles into the cytoplasm to be transported into the nucleus and reintegrated
into nuclear membrane-less organelles and vice versa.

While for the SANS-encoding USH1G gene, more than 70 pathogenic variants have
been identified thus far as leading to deaf-blindness in patients [56] (www.LOVD.nl/
USHIG, accessed on 4 January 2023), to our knowledge, defects in ANKS4B have not
been associated with a disease [18]. We have previously demonstrated that pathogenic
variants of USH1G/SANS variants can lead to the disruption of fundamental cellular
processes in both the cytoplasm and the nucleus: while USH1G/SANS variants lead to
altered ciliogenesis and intracellular transport in the cytoplasm [10,11], they cause defects
in pre-mRNA splicing in the nucleus [12]. Here, we show that these SANS variants are
highly enriched in the nucleus due to the defect in nuclear—cytoplasmic shuttling. It is
probable that the lack of NESs leads to defects in nuclear export.

Although the SANS variants are targeted into the nucleus, they cannot fulfill their
functions in the splicing process there, as we have previously demonstrated [12]. It is
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possible that not all interaction partners that interact with SANS during proper activation
of the spliceosome can interact with the mutated, truncated versions of the scaffold protein.
Probably more importantly, due to its pathogenic mutations, SANS is no longer available for
its functions in the cytoplasm. A combination of defects in possibly unbalanced cytoplasmic
trafficking and ciliogenesis as well as in pre-RNA splicing in the nucleus may underlie the
pathology leading to USH1G. This complex scenario may be present in the retinal cells in
the eye. In the inner ear, USH1G-associated deafness is more likely caused by defects in the
assembly of mechanosensitive tip-link complex in the stereocilia of auditory hair cells [13].

5. Conclusions

USH1G/SANS is a multifunctional scaffold protein that participates in various cellular
processes executed in different compartments of the cell, namely in the cytoplasm or
nucleus. To fulfill its specific tasks, efficient and controlled nuclear—cytoplasmic shuttling
of the SANS protein is mediated by karyopherins binding to NLSs and NESs in the SANS.
This is very different from its strict cytoplasmic paralog ANKS4B, in which several NESs
guarantee its localization and function in the cytoplasm. Finally, we provide evidence that
the dysregulation and disruption of SANS’s nuclear-cytoplasmic shuttling can be relevant
for the development of the USH disease in USH1G patients.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cells13221855/s1: Supplementary_Figure_File.docx: all Figures
S1-S9 referred to in this work; Table_S1.xIsx: GO-term analysis of SANS nuclear interactome from [12];
Table_S2.xlsx: Missense3D prediction of SANSK213E and SANSL195E; Table S3: Predicted nuclear
export sequences (NES) of ANKS4B; CellProfiler workflow available on GitHub: https://github.
com/LabWolfrum/Fritze_et_al_2024_SANS_Nuclear_localization.

Author Contributions: J.S.F. set up and carried out most of the experiments. EES. carried out some
cloning and experiments. J.5.F. and U.W. designed the studies and wrote the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by funds from the FAUN-Stiftung, Nuremberg, The Foundation
Fighting Blindness (FFB) [PPA-0717-0719-RAD], and DFG (Project-No.: 521147274) to U.W.

Data Availability Statement: All raw data are available through contacting the corresponding author.

Acknowledgments: We thank Ronald Roepman (Human Genetics, Nijmegen) and Katja Luck (IMB,
Mainz) for the contribution of several plasmids and constructs used in this study. We thank Christof
Rickert (LMCE, JGU), the Microscopy Core Facility IMB, Mark Zorin (IMP, Mainz), Ulrike Maas (IMP,
Mainz), Michelle Bremser (IMP, Mainz), and Joshua Linnert (IMP, Mainz) for their technical support.
J.S.F. was enrolled in the International PhD Programme (IPP) Mainz.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

Weil, D.; El-Amraoui, A.; Masmoudi, S.; Mustapha, M.; Kikkawa, Y.; Laine, S.; Delmaghani, S.; Adato, A.; Nadifi, S.; Zina, Z.B,;
et al. Usher Syndrome Type I G (USH1G) Is Caused by Mutations in the Gene Encoding SANS, a Protein That Associates with the
USHI1C Protein, Harmonin. Hum. Mol. Genet. 2003, 12, 463—-471. [CrossRef]

Fuster-Garcia, C.; Garcia-Bohorquez, B.; Rodriguez-Munoz, A.; Aller, E.; Jaijo, T.; Millan, ].M.; Garcia-Garcia, G. Usher Syndrome:
Genetics of a Human Ciliopathy. Int. . Mol. Sci. 2021, 22, 6723. [CrossRef] [PubMed]

Delmaghani, S.; El-Amraoui, A. The Genetic and Phenotypic Landscapes of Usher Syndrome: From Disease Mechanisms to a
New Classification. Hum. Genet. 2022, 141, 709-735. [CrossRef] [PubMed]

Fritze, ].S.; Stiehler, EF.; Wolfrum, U. Pathogenic Variants in USH1G/SANS Alter Protein Interaction with Pre-RNA Processing
Factors PRPF6 and PRPF31 of the Spliceosome. Int. . Mol. Sci. 2023, 24, 17608. [CrossRef] [PubMed]

Adato, A.; Lefevre, G.; Delprat, B.; Michel, V.; Michalski, N.; Chardenoux, S.; Weil, D.; El-Amraoui, A.; Petit, C. Usherin, the
Defective Protein in Usher Syndrome Type IIA, Is Likely to Be a Component of Interstereocilia Ankle Links in the Inner Ear
Sensory Cells. Hum. Mol. Genet. 2005, 14, 3921-3932. [CrossRef]


https://www.mdpi.com/article/10.3390/cells13221855/s1
https://www.mdpi.com/article/10.3390/cells13221855/s1
https://github.com/LabWolfrum/Fritze_et_al_2024_SANS_Nuclear_localization
https://github.com/LabWolfrum/Fritze_et_al_2024_SANS_Nuclear_localization
https://doi.org/10.1093/hmg/ddg051
https://doi.org/10.3390/ijms22136723
https://www.ncbi.nlm.nih.gov/pubmed/34201633
https://doi.org/10.1007/s00439-022-02448-7
https://www.ncbi.nlm.nih.gov/pubmed/35353227
https://doi.org/10.3390/ijms242417608
https://www.ncbi.nlm.nih.gov/pubmed/38139438
https://doi.org/10.1093/hmg/ddi416

Cells 2024, 13, 1855 22 0f24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Maerker, T.; van Wijk, E.; Overlack, N.; Kersten, EE]J.; Mcgee, J.; Goldmann, T.; Sehn, E.; Roepman, R.; Walsh, E.J.; Kremer, H,;
et al. A Novel Usher Protein Network at the Periciliary Reloading Point between Molecular Transport Machineries in Vertebrate
Photoreceptor Cells. Hum. Mol. Genet. 2008, 17, 71-86. [CrossRef] [PubMed]

Overlack, N.; Kilic, D.; Bauss, K.; Marker, T.; Kremer, H.; van Wijk, E.; Wolfrum, U.; Baufs, K.; Mérker, T.; Kremer, H.; et al. Direct
Interaction of the Usher Syndrome 1G Protein SANS and Myomegalin in the Retina. Biochim. Biophys. Acta 2011, 1813, 1883-1892.
[CrossRef]

Papal, S.; Cortese, M.; Legendre, K.; Sorusch, N.; Dragavon, J.; Sahly, I.; Shorte, S.; Wolfrum, U.; Petit, C.; El-Amraoui, A. The
Giant Spectrin BetaV Couples the Molecular Motors to Phototransduction and Usher Syndrome Type I Proteins along Their
Trafficking Route. Hum. Mol. Genet. 2013, 22, 3773-3788. [CrossRef]

Bauss, K.; Knapp, B.; Jores, P.; Roepman, R.; Kremer, H.; Wijk, E.V,; Marker, T.; Wolfrum, U. Phosphorylation of the Usher
Syndrome 1G Protein SANS Controls Magi2-Mediated Endocytosis. Hum. Mol. Genet. 2014, 23, 3923-3942. [CrossRef]

Sorusch, N.; Baub, K.; Plutniok, J.; Samanta, A.; Knapp, B.; Nagel-Wolfrum, K.; Wolfrum, U. Characterization of the Ternary
Usher Syndrome SANS/Ush2a/Whirlin Protein Complex. Hum. Mol. Genet. 2017, 26, 1157-1172. [CrossRef]

Sorusch, N.; Yildirim, A.; Knapp, B.; Janson, J.; Fleck, W.; Scharf, C.; Wolfrum, U. SANS (USH1G) Molecularly Links the Human
Usher Syndrome Protein Network to the Intraflagellar Transport Module by Direct Binding to IFT-B Proteins. Front. Cell Dev. Biol.
2019, 7, 216. [CrossRef] [PubMed]

Yildirim, A.; Mozaffari-Jovin, S.; Wallisch, A.K.; Schéfer, J.; Ludwig, S.E.J.; Urlaub, H.; Lithrmann, R.; Wolfrum, U. SANS (USH1G)
Regulates Pre-MRNA Splicing by Mediating the Intra-Nuclear Transfer of Tri-SnRNP Complexes. Nucleic Acids Res. 2021, 49,
5845-5866. [CrossRef] [PubMed]

Caberlotto, E.; Michel, V.; Foucher, I.; Bahloul, A.; Goodyear, R.J.; Pepermans, E.; Michalski, N.; Perfettini, I.; Alegria-Prévot, O.;
Chardenoux, S; et al. Usher Type 1G Protein sans Is a Critical Component of the Tip-Link CompleXx, a Structure Controlling Actin
Polymerization in Stereocilia. Proc. Natl. Acad. Sci. USA 2011, 108, 5825-5830. [CrossRef] [PubMed]

He, Y,; Li, J.; Zhang, M. Myosin VII, USH1C, and ANKS4B or USH1G Together Form Condensed Molecular Assembly via
Liquid-Liquid Phase Separation. Cell Rep. 2019, 29, 974-986.e4. [CrossRef]

Yan, J.; Pan, L.; Chen, X.; Wu, L.; Zhang, M. The Structure of the Harmonin/sans Complex Reveals an Unexpected Interaction
Mode of the Two Usher Syndrome Proteins. Proc. Natl. Acad. Sci. USA 2010, 107, 4040-4045. [CrossRef]

Li, J.; He, Y;; Lu, Q.; Zhang, M. Mechanistic Basis of Organization of the Harmonin/USH1C-Mediated Brush Border Microvilli
Tip-Link Complex. Dev. Cell 2016, 36, 179-189. [CrossRef]

Crawley, S.W.; Weck, M.L.; Grega-Larson, N.E.; Shifrin, D.A.; Tyska, M.]. ANKS4B Is Essential for Intermicrovillar Adhesion
Complex Formation. Dev. Cell 2016, 36, 190-200. [CrossRef] [PubMed]

Graves, M.].; Matoo, S.; Choi, M.S.; Storad, Z.A.; El Sheikh Idris, R.A.; Pickles, B.K.; Acharya, P.; Shinder, PE.; Arvay, T.O.;
Crawley, S.W. A Cryptic Sequence Targets the Adhesion Complex Scaffold ANKS4B to Apical Microvilli to Promote Enterocyte
Brush Border Assembly. J. Biol. Chem. 2020, 295, 12588-12604. [CrossRef]

Yang, Y.; Guo, L.; Chen, L.; Gong, B.; Jia, D.; Sun, Q. Nuclear Transport Proteins: Structure, Function, and Disease Relevance.
Signal Transduct. Target. Ther. 2023, 8, 425. [CrossRef]

Wing, C.E; Fung, H.Y.J.; Chook, Y.M. Karyopherin-Mediated Nucleocytoplasmic Transport. Nat. Rev. Mol. Cell Biol. 2022, 23,
307-328. [CrossRef]

Wiemann, S.; Pennacchio, C.; Hu, Y.; Hunter, P.; Harbers, M.; Amiet, A.; Bethel, G.; Busse, M.; Carninci, P.; Diekhans, M.; et al.
The ORFeome Collaboration: A Genome-Scale Human ORF-Clone Resource. Nat. Methods 2016, 13, 191-192. [CrossRef]
Koulouras, G.; Panagopoulos, A.; Rapsomaniki, M. A.; Giakoumakis, N.N.; Taraviras, S.; Lygerou, Z. EasyFRAP-Web: A Web-
Based Tool for the Analysis of Fluorescence Recovery after Photobleaching Data. Nucleic Acids Res. 2018, 46, W467-W472.
[CrossRef] [PubMed]

Schindelin, J.; Rueden, C.T.; Hiner, M.C; Eliceiri, K.W. The Image] Ecosystem: An Open Platform for Biomedical Image Analysis.
Mol. Reprod. Dev. 2015, 82, 518-529. [CrossRef] [PubMed]

Ba, A.N.N.; Pogoutse, A.; Provart, N.; Moses, A.M. NLStradamus: A Simple Hidden Markov Model for Nuclear Localization
Signal Prediction. BMC Bioinform. 2009, 10, 202. [CrossRef]

Xu, D.; Marquis, K,; Pei, J.; Fu, S.C.; Cagatay, T.; Grishin, N.V.; Chook, Y.M. LocNES: A Computational Tool for Locating Classical
NESs in CRM1 Cargo Proteins. Bioinformatics 2015, 31, 1357-1365. [CrossRef]

Stirling, D.R.; Swain-Bowden, M.].; Lucas, A.M.; Carpenter, A.E.; Cimini, B.A.; Goodman, A. CellProfiler 4: Improvements in
Speed, Utility and Usability. BMC Bioinform. 2021, 22, 433. [CrossRef]

Positteam Download RStudio-Posit. Available online: https://posit.co/downloads/ (accessed on 24 July 2023).

Alberti, S.; Gladfelter, A.; Mittag, T. Considerations and Challenges in Studying Liquid-Liquid Phase Separation and Biomolecular
Condensates. Cell 2019, 176, 419-434. [CrossRef]

Zhou, Y,; Liu, E; Xu, Q.; Yang, B; Li, X;; Jiang, S.; Hu, L.; Zhang, X.; Zhu, L.; Li, Q.; et al. Inhibiting Importin 4-Mediated
Nuclear Import of CEBPD Enhances Chemosensitivity by Repression of PRKDC-Driven DNA Damage Repair in Cervical Cancer.
Oncogene 2020, 39, 5633-5648. [CrossRef]

Levin, A.; Neufeldt, C.J.; Pang, D.; Wilson, K.; Loewen-Dobler, D.; Joyce, M.A.; Wozniak, R.W.; Tyrrell, D.L.J. Functional
Characterization of Nuclear Localization and Export Signals in Hepatitis C Virus Proteins and Their Role in the Membranous
Web. PLoS ONE 2014, 9, e114629. [CrossRef]


https://doi.org/10.1093/hmg/ddm285
https://www.ncbi.nlm.nih.gov/pubmed/17906286
https://doi.org/10.1016/j.bbamcr.2011.05.015
https://doi.org/10.1093/hmg/ddt228
https://doi.org/10.1093/hmg/ddu104
https://doi.org/10.1093/hmg/ddx027
https://doi.org/10.3389/fcell.2019.00216
https://www.ncbi.nlm.nih.gov/pubmed/31637240
https://doi.org/10.1093/nar/gkab386
https://www.ncbi.nlm.nih.gov/pubmed/34023904
https://doi.org/10.1073/pnas.1017114108
https://www.ncbi.nlm.nih.gov/pubmed/21436032
https://doi.org/10.1016/j.celrep.2019.09.027
https://doi.org/10.1073/pnas.0911385107
https://doi.org/10.1016/j.devcel.2015.12.020
https://doi.org/10.1016/j.devcel.2015.12.022
https://www.ncbi.nlm.nih.gov/pubmed/26812018
https://doi.org/10.1074/jbc.RA120.013790
https://doi.org/10.1038/s41392-023-01649-4
https://doi.org/10.1038/s41580-021-00446-7
https://doi.org/10.1038/NMETH.3776
https://doi.org/10.1093/nar/gky508
https://www.ncbi.nlm.nih.gov/pubmed/29901776
https://doi.org/10.1002/mrd.22489
https://www.ncbi.nlm.nih.gov/pubmed/26153368
https://doi.org/10.1186/1471-2105-10-202
https://doi.org/10.1093/bioinformatics/btu826
https://doi.org/10.1186/s12859-021-04344-9
https://posit.co/downloads/
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1038/s41388-020-1384-3
https://doi.org/10.1371/journal.pone.0114629

Cells 2024, 13, 1855 23 of 24

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

Pemberton, L.F.; Paschal, B.M. Mechanisms of Receptor-Mediated Nuclear Import and Nuclear Export. Traffic 2005, 6, 187-198.
[CrossRef]

Shoubridge, C.; Tan, M.; Fullston, T.; Cloosterman, D.; Coman, D.; McGillivray, G.; Mancini, G.; Kleefstra, T.; Gécz, J. Mutations
in the Nuclear Localization Sequence of the Aristaless Related Homeobox; Sequestration of Mutant ARX with IPO13 Disrupts
Normal Subcellular Distribution of the Transcription Factor and Retards Cell Division. Pathogenetics 2010, 3, 1. [CrossRef]
[PubMed]

Jans, D.A.; Martin, A.J.; Wagstaff, K.M. Inhibitors of Nuclear Transport. Curr. Opin. Cell. Biol. 2019, 58, 50—-60. [CrossRef]
[PubMed]

Adato, A.; Michel, V.; Kikkawa, Y.; Reiners, J.; Alagramam, K.N.; Weil, D.; Yonekawa, H.; Wolfrum, U.; El-Amraoui, A.; Petit, C.
Interactions in the Network of Usher Syndrome Type 1 Proteins. Hum. Mol. Genet. 2005, 14, 347-356. [CrossRef]

Ittisoponpisan, S.; Islam, S.A.; Khanna, T.; Alhuzimi, E.; David, A.; Sternberg, M.J.E. Can Predicted Protein 3D Structures Provide
Reliable Insights into Whether Missense Variants Are Disease Associated? J. Mol. Biol. 2019, 431, 2197-2212. [CrossRef] [PubMed]
Pennica, C.; Hanna, G.; Islam, S.A.; Sternberg, M.].E.; David, A. Missense3D-PPI: A Web Resource to Predict the Impact of
Missense Variants at Protein Interfaces Using 3D Structural Data. J. Mol. Biol. 2023, 435, 168060. [CrossRef]

Dickmanns, A.; Monecke, T.; Ficner, R. Structural Basis of Targeting the Exportin CRM1 in Cancer. Cells 2015, 4, 538-568.
[CrossRef]

Lou, M,; Pang, C.W.M.; Gerken, A.E.; Brock, T.G. Multiple Nuclear Localization Sequences Allow Modulation of 5-Lipoxygenase
Nuclear Import. Traffic 2004, 5, 847-854. [CrossRef]

Ferrer, M.; Rodriguez, J.A.; Spierings, E.A.; de Winter, J.P.; Giaccone, G.; Kruyt, FA.E. Identification of Multiple Nuclear Export
Sequences in Fanconi Anemia Group A Protein That Contribute to CRM1-Dependent Nuclear Export. Hum. Mol. Genet. 2005, 14,
1271-1281. [CrossRef] [PubMed]

Smith, K.M.; Di Antonio, V.; Bellucci, L.; Thomas, D.R.; Caporuscio, F.; Ciccarese, F.; Ghassabian, H.; Wagstaff, K.M.; Forwood,
J.K.; Jans, D.A,; et al. Contribution of the Residue at Position 4 within Classical Nuclear Localization Signals to Modulating
Interaction with Importins and Nuclear Targeting. Biochim. Biophys. Acta Mol. Cell. Res. 2018, 1865, 1114-1129. [CrossRef]

De Ganck, A.; Hubert, T.; Van Impe, K.; Geelen, D.; Vandekerckhove, J.; De Corte, V.; Gettemans, J. A Monopartite Nuclear
Localization Sequence Regulates Nuclear Targeting of the Actin Binding Protein Myopodin. FEBS Lett. 2005, 579, 6673-6680.
[CrossRef]

Kopp, M.; Rotan, O.; Papadopoulos, C.; Schulze, N.; Meyer, H.; Epple, M. Delivery of the Autofluorescent Protein R-Phycoerythrin
by Calcium Phosphate Nanoparticles into Four Different Eukaryotic Cell Lines (HeLa, HEK293T, MG-63, MC3T3): Highly Efficient,
but Leading to Endolysosomal Proteolysis in HeLa and MC3T3 Cells. PLoS ONE 2017, 12, €0178260. [CrossRef]

Napolitano, G.; Esposito, A.; Choi, H.; Matarese, M.; Benedetti, V.; Di Malta, C.; Monfregola, J.; Medina, D.L.; Lippincott-Schwartz,
J.; Ballabio, A. MTOR-Dependent Phosphorylation Controls TFEB Nuclear Export. Nat. Commun. 2018, 9, 3312. [CrossRef]
Kumagai, A.; Dunphy, W.G. Binding of 14-3-3 Proteins and Nuclear Export Control the Intracellular Localization of the Mitotic
Inducer Cdc25. Genes Dev. 1999, 13, 1067-1072. [CrossRef]

Eberhard, D.A.; Karns, L.R.; VandenBerg, S.R.; Creutz, C.E. Control of the Nuclear-Cytoplasmic Partitioning of Annexin Il by a
Nuclear Export Signal and by P11 Binding. J. Cell. Sci. 2001, 114, 3155-3166. [CrossRef]

Macara, I.G. Transport into and out of the Nucleus. Microbiol. Mol. Biol. Rev. 2001, 65, 570-594. [CrossRef]

Tessier, T.M.; Macneil, KM.; Mymryk, J.S. Piggybacking on Classical Import and Other Non-Classical Mechanisms of Nuclear
Import Appear Highly Prevalent within the Human Proteome. Biology 2020, 9, 188. [CrossRef]

Fung, H.Y].; Fu, S.C.; Chook, Y.M. Nuclear Export Receptor CRM1 Recognizes Diverse Conformations in Nuclear Export Signals.
eLife 2017, 6, €23961. [CrossRef]

Timney, B.L.; Raveh, B.; Mironska, R.; Trivedi, ] M.; Kim, S.J.; Russel, D.; Wente, S.R.; Sali, A.; Rout, M.P. Simple Rules for Passive
Diffusion through the Nuclear Pore Complex. J. Cell. Biol. 2016, 215, 57-76. [CrossRef]

Bourgeois, B.; Hutten, S.; Gottschalk, B.; Hofweber, M.; Richter, G.; Sternat, J.; Abou-Ajram, C.; Gobl, C.; Leitinger, G.; Graier, W.E;
et al. Nonclassical Nuclear Localization Signals Mediate Nuclear Import of CIRBP. Proc. Natl. Acad. Sci. USA 2020, 117, 8503-8514.
[CrossRef] [PubMed]

Sakiyama, H.; Wynn, RM.; Lee, WR,; Fukasawa, M.; Mizuguchi, H.; Gardner, K.H.; Repa, ].].; Uyeda, K. Regulation of Nuclear
Import/Export of Carbohydrate Response Element-Binding Protein (ChREBP): Interaction of Ana-Helix of ChREBP with the
14-3-3 Proteins and Regulation by Phosphorylation. . Biol. Chem. 2008, 283, 24899-24908. [CrossRef] [PubMed]

Wang, L.; Liu, X.; Guseyv, E.; Wang, C.; Fagotto, F. Regulation of the Phosphorylation and Nuclear Import and Export of 3-Catenin
by APC and Its Cancer-Related Truncated Form. J. Cell. Sci. 2014, 127, 1647-1659. [CrossRef] [PubMed]

Nardozzi, ].D.; Lott, K.; Cingolani, G. Phosphorylation Meets Nuclear Import: A Review. Cell. Commun. Signal 2010, 8, 32.
[CrossRef] [PubMed]

Alberti, S.; Dormann, D. Liquid-Liquid Phase Separation in Disease. Annu. Rev. Genet. 2019, 53, 171-194. [CrossRef]


https://doi.org/10.1111/j.1600-0854.2005.00270.x
https://doi.org/10.1186/1755-8417-3-1
https://www.ncbi.nlm.nih.gov/pubmed/20148114
https://doi.org/10.1016/j.ceb.2019.01.001
https://www.ncbi.nlm.nih.gov/pubmed/30826604
https://doi.org/10.1093/hmg/ddi031
https://doi.org/10.1016/j.jmb.2019.04.009
https://www.ncbi.nlm.nih.gov/pubmed/30995449
https://doi.org/10.1016/j.jmb.2023.168060
https://doi.org/10.3390/cells4030538
https://doi.org/10.1111/J.1600-0854.2004.00227.X
https://doi.org/10.1093/hmg/ddi138
https://www.ncbi.nlm.nih.gov/pubmed/15790592
https://doi.org/10.1016/j.bbamcr.2018.05.006
https://doi.org/10.1016/j.febslet.2005.10.054
https://doi.org/10.1371/journal.pone.0178260
https://doi.org/10.1038/s41467-018-05862-6
https://doi.org/10.1101/gad.13.9.1067
https://doi.org/10.1242/jcs.114.17.3155
https://doi.org/10.1128/MMBR.65.4.570-594.2001
https://doi.org/10.3390/biology9080188
https://doi.org/10.7554/eLife.23961
https://doi.org/10.1083/jcb.201601004
https://doi.org/10.1073/pnas.1918944117
https://www.ncbi.nlm.nih.gov/pubmed/32234784
https://doi.org/10.1074/jbc.M804308200
https://www.ncbi.nlm.nih.gov/pubmed/18606808
https://doi.org/10.1242/jcs.131045
https://www.ncbi.nlm.nih.gov/pubmed/24496450
https://doi.org/10.1186/1478-811X-8-32
https://www.ncbi.nlm.nih.gov/pubmed/21182795
https://doi.org/10.1146/annurev-genet-112618-043527

Cells 2024, 13, 1855 24 of 24

55. Alberti, S.; Hyman, A.A. Biomolecular Condensates at the Nexus of Cellular Stress, Protein Aggregation Disease and Ageing. Nat.
Rev. Mol. Cell Biol. 2021, 22, 196-213. [CrossRef]

56. Fokkema, .LE.A.C.; Taschner, PE.M.; Schaafsma, G.C.P; Celli, J.; Laros, J.E].; den Dunnen, J.T. LOVD v.2.0: The Next Generation in
Gene Variant Databases. Hum. Mutat. 2011, 32, 557-563. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41580-020-00326-6
https://doi.org/10.1002/humu.21438

	Introduction 
	Materials and Methods 
	DNA Constructs and Antibodies 
	Cloning 
	Cell Lines and Culture 
	Cell Transfections 
	siRNA-Mediated Knockdown 
	Live Cell Imaging and Fluorescence Recovery After Photobleaching (FRAP) 
	Immunocytochemistry 
	Cytochemical Staining of Aggresomes 
	Fluorescence Microscopy Analysis 
	Western Blot Analysis 
	In Silico Prediction 
	CellProfiler-Based Nuclear/Cytoplasmic Ratio Quantification 
	Cell Fractionation Assay 
	Fluorescence Resonance Energy Transfer (FRET) Acceptor Photobleaching Assay 
	SANS Nuclear Interactome Analysis 
	Statistics 

	Results 
	Subcellular Localization of SANS 
	Identification of Karyopherins in the Nuclear Interactome of SANS 
	In Silico Prediction and Evolutionary Conservation of Nuclear Localization Sequences (NLSs) and Nuclear Export Sequences (NESs) in SANS 
	Analysis of the Nuclear Localization Efficiency of Predicted NLSs in SANS in the Cell 
	Analysis of the Nuclear Export Efficiency of Predicted NESs in SANS in the Cell 
	Effcts of NLS and NES Mutations of SANS on the Binding to Compartment-Specific Interaction Partners 
	SANS and Its Paralog ANKS4B Are Localized to Different Subcellular Compartments 
	SANS and Its Paralog ANKS4B Differentially Interact with PRPF31 

	Discussion 
	Conclusions 
	References

