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Abstract

Usher syndrome (USH) is the most common form of hereditary deaf-blindness in humans. USH is a complex genetic disorder, assigned
to three clinical subtypes differing in onset, course and severity, with USH1 being the most severe. Rodent USH1 models do not reflect
the ocular phenotype observed in human patients to date; hence, little is known about the pathophysiology of USH1 in the human eye.
One of the USH1 genes, USH1C, exhibits extensive alternative splicing and encodes numerous harmonin protein isoforms that function
as scaffolds for organizing the USH interactome. RNA-seq analysis of human retinae uncovered harmonin_a1 as the most abundant
transcript of USH1C. Bulk RNA-seq analysis and immunoblotting showed abundant expression of harmonin in Müller glia cells (MGCs)
and retinal neurons. Furthermore, harmonin was localized in the terminal endfeet and apical microvilli of MGCs, presynaptic region
(pedicle) of cones and outer segments (OS) of rods as well as at adhesive junctions between MGCs and photoreceptor cells (PRCs)
in the outer limiting membrane (OLM). Our data provide evidence for the interaction of harmonin with OLM molecules in PRCs and
MGCs and rhodopsin in PRCs. Subcellular expression and colocalization of harmonin correlate with the clinical phenotype observed in
USH1C patients. We also demonstrate that primary cilia defects in USH1C patient-derived fibroblasts could be reverted by the delivery of
harmonin_a1 transcript isoform. Our studies thus provide novel insights into PRC cell biology, USH1C pathophysiology and development
of gene therapy treatment(s).

Introduction
Usher syndrome (USH) is a clinically and genetically heteroge-
neous disease that is the most frequent cause of hereditary deaf-
blindness in humans affecting one in 6000–10 000 individuals,
because of regional differences (1,2). USH is considered a retinal
ciliopathy because of defects in photoreceptor cilia as well as
other primary cilia (3–5). Among the three clinical subtypes of
USH (USH1, USH2 and USH3), USH1 is the most severe form, char-
acterized by profound congenital hearing impairment or deaf-

ness, vestibular dysfunction and prepuberal onset of progres-
sive retinal degeneration in form of autosomal-recessive retinitis
pigmentosa (6).

As of now, six genes have been identified for USH1 namely
MYO7A (USH1B), USH1C, CDH23 (USH1D), PCDH15 (USH1F), USH1G
and CIB2 (USH1J) (6). These USH1 genes encode proteins of
divergent protein families that collectively function in dynamic
networks at distinct subcellular locations in the eye and the
inner ear (7). The human USH1C gene (ENSG00000006611; OMIM
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276904) is located on chromosome 11 (chr 11:17493895-17 544 416
on GRCh38.p10) and encodes the harmonin protein. The gene
consists of 28 exons spanning over 50 kb of the genomic region
(Fig. 1A), with 11 distinct transcripts (splice variants) annotated
in humans, so far (Ensembl ENSG00000006611) (8).

Ush1c transcripts in murine retinae exhibit extensive alterna-
tive splicing (9), with at least nine different isoforms of three
different classes (a, b and c) based on their domain contents in
the expressed harmonin protein (Fig. 1) (8,10) (www.ensembl.org).
Characteristic sequences in all harmonin isoforms include 90–
100 amino acid long PDZ domains, named for the three scaf-
fold proteins originally recognized to contain these sequences:
PSD-95, DLG and ZO-1 (11). PDZs contain a hydrophobic pocket
that mainly associates with PDZ-binding motifs (PBM), present
mostly at the C-terminus of target proteins. A majority of the
interacting partners of harmonin bind to as many as three PDZ
domains, making it a potent scaffold protein with a central posi-
tion in the USH interactome (8,12). In addition to myosin VIIa
(USH1B), cadherin 23 (USH1D) and SANS (USH1G), the USH2
proteins USH2A and VLGR1 (USH2C) bind to the PDZ1 domain in
harmonin, whereas cadherin 23 (USH1D) and protocadherin 15
(USH1F) bind to the PDZ2 (8). SANS additionally interacts with
PDZ3. Notably, all harmonin isoforms contain a CC (coiled-coil)
domain and a conserved globular N-terminal domain, also named
as the harmonin homology domain (HHD) (13), which increases
the affinity of proteins binding to PDZ1, such as SANS, VLGR1 or
USH2A (14–16). Harmonin_b, the longest isoform, is characterized
by a second CC domain that is followed by a PST (proline–serine–
threonine rich) domain that facilitates actin filament bundling
(17). In addition, harmonin can interact with non-USH proteins
in specific cellular compartments; e.g. the subunits of voltage-
gated Ca2+-channels at ribbon synapses (18,19), and the GTPase
regulator DOCK4 in stereocilia (20).

Alternative splicing of USH1C transcripts further augments
functional properties of the harmonin scaffold protein, providing
functional diversity to harmonin’s interaction profile in relevant
cells. USH1C/harmonin isoforms are expressed in a wide range
of tissues, yet studies on expression and subcellular localization
of harmonin in rodent retinae have not been definitive (10,15,21–
23). Based on the subcellular localization of harmonin isoforms in
murine photoreceptor cells (PRCs), we and others have suggested
differential scaffold functions of harmonin especially in the OS
and at the synapses (8,15,21,24,25). A putative synaptic function
has also been indicated in the murine retina (22), confirmed by
zebrafish morpholino knockdowns (26) and recently by the USH1C
pig model (27).

In the human retina, harmonin has been also been detected,
along with other USH proteins, in the calyceal processes of cone
and rod PRCs (23). These extensions of the PRC inner segment (IS)
are suggested to stabilize the light-sensitive OS of the cell against
mechanical forces (4,28). Interestingly, the PRCs of most verte-
brates, except for rodents, reportedly possess calyceal processes.
The absence of calyceal processes in mice is thought to be the
reason why USH1 mouse models do not have a retinal phenotype
observed in human USH1 patients (23,28).

Previous studies on the retina have indicated that USH1C/
harmonin is mainly expressed in PRCs and to a lesser degree in
secondary retinal neurons (RN) (8,21–23). However, harmonin was
also shown to be expressed in Müller glia cells (MGCs) (26). More
recent single-cell RNA-seq studies of human retinal cells even
indicated the expression of USH1C almost exclusively in MGCs
(29,30). MGCs are the radial glial cells of the retina extending from
the outer limiting membrane (OLM) through all retinal layers to

the extracellular inner limiting membrane (ILM) that separates
the neural retina from the vitreous body of the eye. Functionally,
MGCs not only maintain the structural integrity of the retina
but are also essential for retinal homeostasis and physiology
(31,32). However, nothing is known currently about the subcellular
localization and function of harmonin in the MGCs.

Development of ocular gene augmentation therapies requires
a detailed understanding of the expression profile of USH1C/
harmonin to delineate which isoform and into what retinal cell
types the treatment has to be introduced (33). In this study,
we investigated the expression of USH1C/harmonin at both the
transcript and the protein level in the human retina, by RNA-seq
and western blotting as well as correlative and in situ imaging
techniques. We describe extensive splicing of USH1C and identify
harmonin_a1 as the most prominent isoform in the human retina.
We demonstrate USH1C/harmonin expression and subcellular
localization in MGCs as well as in the retinal rod and cone PRCs.
In addition, we provide evidence for novel interacting proteins
of harmonin in distinct subcellular compartments. Finally, we
identify the altered cilia length in fibroblasts from USH1C patients
and demonstrate the reversal of this pathogenic phenotype by
addition of harmonin_a1 to patient-derived cells.

Results
USH1C is frequently spliced in the human retina
To elaborate the transcriptomic profile of USH1C in the human
retina, we first validated the expression of all three reported
classes of USH1C/harmonin isoforms by reverse transcription
polymerase chain reaction (RT-PCR) in five healthy human donor
retinae (Fig. 1B–D, Supplementary Material, Tables S1–S3). RT-PCR
demonstrated amplicons specific for all three isoform classes:
a, b and c (Fig. 1B). Subsequent quantitative RT-PCRs (qRT-PCRs)
of human donor retinas revealed the proportional presence of
∼83% USH1C/harmonin_a and ∼ 2% USH1C/harmonin_b splice
variants of total USH1C/harmonin expression in human retina
(Fig. 1C and D). The remaining isoform classes (c and d) are likely
to account for ∼15% of USH1C transcripts.

Next, we analyzed the local splicing events of USH1C in a
human retina using RNA-seq. We generated an RNA-seq library of
the human retina with ∼90 million reads and 151 bp paired-end
read-length and analyzed aligned RNA-seq data using Sashimi
plots (34) (Fig. 1E). We observed extensive alternative splicing of
USH1C in the human retina. For the analysis of the splicing events
that are occurring on USH1C, we grouped the splicing events
into four regions, namely exons 1–5 (region 1), 10–12 (region 2),
14–22 (region 3) and 25–28 (region 4), which were separated by
canonically spliced exon–exon junctions (Fig. 1E). For the quan-
tification of the observed local splice variants (LSV), we utilized
50 additional published RNA-seq samples (35). In order to increase
the coverage for the detection and quantitation of rarely occurring
LSVs, we consolidated the 50 samples into 10 fused samples
with homogeneous numbers of reads. We then quantified each
observed LSV in the merged samples. Only LSVs with a minimum
of 20 raw counted reads in at least half of the merged samples
were used for any further subsequent downstream analysis.

The LSV ex (1–5) is the most frequent LSV in region 1 of USH1C
with a ∼82% read coverage within region 1 (Fig. 1F). A novel LSV
ex (1, 3–5), in which exon 2 is skipped (∼9% read coverage), leads
to a frameshift and a premature stop codon in exon 3. LSV ex (2–5)
is characterized by an alternative start and had an abundance of
∼ 8% among all LSVs in region 1.
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Figure 1. Expression of USH1C/harmonin a, b and c transcripts in the human retina. (A) Exon and intron structure of human USH1C. Exons are shown
in boxes and denoted by the numbers 1–28. The different domains of the harmonin protein, namely N-terminal or HHD, PDZ (PSD-95, DLG, ZO-1)
domains, PST (proline–serine–threonine rich) domain, CC (coiled-coil) domains, are marked by brackets below the gene structure. Colors indicate regions
of LSV analyses. (B–D) RT-PCR analyses of USH1C/harmonin transcripts using isoform-specific primers in adult human retina. (B) RT-PCR analysis of
USH1C/harmonin transcripts using isoform-specific primers in human retina. Transcripts of USH1C/harmonin isoforms a, b and c were detected. Equal
amounts of amplified cDNA were loaded. (C) Quantitative RT-PCR of USH1C/harmonin isoforms. Primers detect either all USH1C/harmonin transcripts
(a, b and c) or are specific for USH1C/harmonin_a or USH1C/harmonin_b transcripts, respectively. USH1C/harmonin_a isoforms are most prominent,
whereas USH1C/harmonin_b isoforms are rarely expressed. (D) Percentages of transcripts in three different donors are shown. USH1C/harmonin_a-
transcripts were most abundant (83.15%), USH1C/harmonin_b-transcripts were barely detected (2.1%). (E) Representative Sashimi plot of RNA-seq
analysis of human retina. Splicing events were grouped into four regions (region 1–4). (F) Quantification of LSVs. LSVs of the same region are depicted
by the same color. (G) Predicted domain structures of the USH1C/harmonin transcripts. Percentage of transcripts is based on the copy number of LSVs
in regions 1–4. USH1C/harmonin class a is the most abundant class, with USH1C/harmonin_a1 being the most expressed isoform.
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In region 2 (exons 10–12), we observed two LSV that differ in
the presence or absence of exon 11. Exon 11 was present in about
two thirds of the reads. LSV ex (10, 12) does not shift the open
reading frame and can be translated into a USH1C/harmonin
isoform with a slightly shortened PDZ2 domain. Both LSVs
are known and annotated transcripts for USH1C/harmonin_a1
(ENST00000318024) and a4 (ENST00000527020), respectively.

The alternative splicing in region 3 (exons 14–22) was very com-
plex. At the protein level, this region encodes for the CC2 and PST
domains, only present in USH1C/harmonin class_b isoforms. The
most frequent LSV in region 3 was LSV ex (14, 15, 22) with a ∼72%
read coverage (Fig. 1F). This LSV lacks the CC2 and PST domains
and therefore encodes for USH1C/harmonin class_a or _c. LSV ex
(14, 16–22) was only covered with a very low number of reads in
the RNA-seq samples. However, this LSV encodes for the CC2 and
PST domains indicating a low expression of USH1C/harmonin iso-
form_b in the human retina. Thus, these RNA-seq data confirmed
the qRT-PCR results (Fig. 1B–D). We further found two potentially
new exons (16′ and 21′) located between exons 16 and 17, and
21 and 22, respectively, and a putative alternative 5′ splice site of
exon 22.

Detailed analysis in region 4 revealed three LSVs; of these,
LSV ex (25, 26, 28) is the most frequent splicing event with a
read coverage of ∼ 90%. Two novel exons (exons 25′ and 26′) that
have not been previously described for USH1C were also observed
(Fig. 1F). Exon 25′ was part of LSV ex (25,25′,26,28) and exon 26′

was part of LSV ex (25,26′,28), both with a read coverage of ∼5%.
To translate our computational analyses, we combined the

most abundant LSVs of regions 1, 2 and 4 with each LSV found
in region 3 and subsequently used these in the online tool SMART
(http://SMART.embl-heidelberg.de) to predict the domain struc-
ture (Fig. 1G). Most LSVs were assigned to the USH1C/harmonin
classes a, b and c (8,10). In addition, we found a putative novel
class for harmonin, which we named USH1C/harmonin_d that
is similar to harmonin_a, but additionally carries a CC2 domain
(Fig. 1G). Approximately 78% of all LSVs in region 3 were pre-
dicted to result in USH1C/harmonin_a isoforms, of which approx-
imately two-thirds are USH1C/harmonin_a1 and the remaining
harmonin_a4, depending on the splicing of exon 11 (region 2). This
quantification indicated that ∼50% of all harmonin expressed in
the human retina is USH1C/harmonin_a1.

USH1C is highly expressed in both MGCs and RNs
To assign USH1C transcripts to specific cell types of the human
retina, we performed bulk RNA-seq from sorted MGCs and RNs
from human donor retinae (Supplementary Material, Tables S1
and S2). In bulk RNA-seq analyses, cross-contamination of
sorted cell populations may occur because of biochromic
magnetic-activated cell sorting (MACS) fractionation of MGCs
and RNs. In the protocol applied <10% of cross-contamination
was observed by immunofluorescence labeling and transcript
analyses via quantitative PCR for cell-specific markers (see
Materials and Methods and Supplementary Material, Fig. S1). As
described above, we grouped the splicing events into four regions
and set a cut-off of 5% for each LSV per region (Fig. 2A). In all four
regions, UHS1C/harmonin transcripts were identified in RNs and
MGCs (Supplementary Material, Table S2). In region 1, LSV ex (1–5)
was the most frequent LSV, for both RNs and MGCs. Interestingly,
the expression of LSV ex (1–5) was increased in MGCs compared
with RNs. In addition to LSV ex (1, 3–5) and LSV ex (2–5), which
were both expressed in the two cell types, we identified LSV ex (1,
5) in RNs only. In region 2, we observed the two LSVs (ex (10–12;
ex (10, 12) having no differences in the number of LSV between

RNs and MGCs. In region 3, our bulk RNA-seq revealed three LSVs,
namely the most frequent transcript LSV ex (14, 15, 22), being
slightly higher expressed in MGCs compared with RNs. LSV ex
(14, 15, 20–22) and LSV ex (14, 15, 21, 22), encoding for the C-
terminal part of the PST domain, were also detected. However,
in contrast to the RNA-seq of the total retina, no LSV ex (18, 19)
encoding the entire PST domain was detected, probably because
of lower sequencing depth. In region 4, LSV ex (25, 26, 28) was the
most abundant LSV and was expressed in both RNs and MGCs.

In summary, our data demonstrate USH1C transcripts in both
MGCs and RNs. The relative transcript levels of the different LSVs
in RNs and MGCs appeared to be quite similar and comparable
with the quantification of the whole retinal samples.

Harmonin protein expression and localization in
human retinae
To assess harmonin protein expression in the human retina, we
performed immunoblotting of protein lysates from human donor
retinae using a harmonin antibody (H3), which was generated
against a conserved N-terminal epitope (amino acids 1–89) of
harmonin (21) to detect all five isoform groups of harmonin.
Western blots demonstrated two major bands at a molecular
mass close to 70 kDa, namely 70 and 64 kDa (Fig. 2B). The
reference harmonin_a1 recombinantly expressed in HEK293T
cells identified these bands as harmonin_a isoforms (Fig. 2C),
consistent with our RNA-seq data (Fig. 1). These two bands can
be either the two splice variants of USH1C/harmonin a1 and a4,
which lacks exon 11 encoding for an calculated molecular weight
of ∼ 2.2 kDa or may represent posttranslational modifications
of the same variant, such as phosphorylation, described in
PhosphoSitePlus (https://www.phosphosite.org/proteinAction.
action?id=5327601&showAllSites=true). Because (i) the intensities
of both bands are almost equal, (ii) the RNAseq analysis revealed
that USH1C/harmonin a1 transcripts are more abundant and (iii)
the differences in molecular weight between the two bands are
∼6 kDa, almost 3-fold compared with the calculated differences
between the two splice variants USH1C/harmonin a1 and a4, we
propose that both bands are posttranslational modifications of
harmonin_a1. In addition, we observed much less prominent
higher molecular mass isoforms (∼130, ∼150 kDa) and two
prominent lower molecular mass proteins of ∼ 45 and ∼ 38 kDa.
The higher bands may represent harmonin homodimers (8),
whereas the lower bands either group c splice variants of
harmonin (21,36) or protein degradation products, respectively.
The absence of any harmonin band in the immunoblots of the
harmonin-deficient tissue of a USH1C pig model (27) or siRNA-
mediated knockdowns of USH1C/harmonin in HEK293T cells
further validated the specificity of our H3 antibody (Fig. 2D).

Immunoblots of fractions enriched for different cell types
revealed harmonin protein variants in fractions of both MGCs
and RNs with an overall higher expression in MGCs (Fig. 2E).
Nevertheless, differences in the band pattern in the western
blots were striking: while the lower molecular weight band of
harmonin_a ∼64 kDa was much more prominent in the MGC,
the higher molecular weight band at ∼70 kDa was more intense
in RNs. Accordingly, MGCs and RNs most probably express the
same splice variant, but in RNs, it is likely to be additionally
post translationally modified by phosphorylation. Additional low-
molecular-weight bands specifically in MGCs probably represent
harmonin_c and/or protein degradation products.

To localize harmonin protein in the human and non-human
primate (NHP) retina, we performed immunostaining of harmonin
in retinal cryosections (Fig. 2F). Fluorescence microscopy revealed
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Figure 2. USH1C/harmonin expression in retinal cells. (A) Bulk RNA-seq of human RNs and MGCs. In RNs (filled bars) and MGCs (empty bars),
USH1C/harmonin transcripts are detectable. (B) Western blot analysis of harmonin protein expression in human retina with affinity-purified polyclonal
antibodies against harmonin (H3) showed two major bands at 64 and 70 kDa, which comigrate with harmonin_a1 in C. Lower bands may represent
harmonin_c isoforms. (C) His-tagged harmonin a1 and SF-tagged harmonin b3 were transiently expressed in HEK293T cells. Pan antiharmonin H3
detected bands that co-migrate at the molecular weights of recombinant harmonin_a1 and harmonin_b3. Lower bands represent degraded products of
harmonin_a and/or b. (D) Western blot analysis to validate the specificity of the harmonin antibody. A strong harmonin band is detected in HEK293T
cells transfected with HA-tagged harmonin (Harm_a1_HA) or co-transfected with Harm_a1_HA and control siRNA (NTC). Harmonin is not detected in
cells co-transfected with HA-tagged harmonin_a1 (Harm_a1_HA) and siHarm, indicating the specificity of the harmonin antibody. ∗∗∗P-value < 0.001.
(E) Antiharmonin (H3) western blot of MGCs and neurons including photoreceptors cells (RNs) isolated from human retina. Overall harmonin is higher
expressed in MGCs, but a more prominent band is found at 70 kDa in RNs. Western blot verification with antiglutamate synthetase (Glul), a common
marker for MGCs, indicated <10% contamination of the RN fraction with MGCs when quantified. Western blot for pyruvate dehydrogenase E1-β (Pdhb)
served as the loading control, indicating that 1.5-fold more protein was loaded of the RN fraction when quantified. (F) Localization of harmonin in retina
sections. Indirect immunofluorescence labeling of harmonin in a longitudinal section through the retina, the OS, the IS and the nuclei in the ONL and
MGC of a NHP and human retina, respectively. In addition to the prominent labeling of the OLM (arrowhead), patchy harmonin staining was present in
the layer of the photoreceptor OS. Faint staining was present in the IS, the OPL, the IPL and GCL. Scale bars: 10 μm.
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intense harmonin immunofluorescence in the PRC OS layer and
in the OLM of human and NHP retinae. In addition, we observed
less intense immunostaining in the PRC IS, the outer plexiform
layers (OPLs) and inner plexiform layers (IPLs) as well as the
ganglion cell layer of human and NHP retinae.

Localization of harmonin at the OLM junction
complexes
OLM is characterized by heterotypic cell–cell adhesions between
photoreceptor and MGC membranes and consists of proteins
from both adherens and tight junctions (37). Immunofluores-
cence double staining of harmonin with β-catenin, a compo-
nent of adherens junctions (38), with the tight junction molecule
JAM-B (39) and the actin-binding protein filamin A (40), respec-
tively, showed partial co-localization with harmonin (Fig. 3A). GST-
pull downs of the GST-tagged β-catenin, JAM-B and filamin A
from HEK293T cell lysates demonstrated that the interaction
of the C-terminal tails of all three OLM junction proteins with
His-tagged harmonin_a1 (Fig. 3B–D). Reciprocal interaction pull-
downs of GST-tagged PDZ domains revealed the binding of the
C-terminal tail of β-catenin to the PDZ1 and PDZ3 domains of
harmonin (Supplementary Material, Fig. S2A). Furthermore, yeast
two-hybrid assays demonstrated the direct interactions of β-
catenin, JAM-B and filamin A with harmonin (data not shown).
β-catenin presumably bind to the PDZ1 and PDZ3 domains of
harmonin via a C-terminal type-I PBM (DTDL) (41). In contrast,
JAM-B contains a canonical type II PDZ targeting motif (FLV) at
position 298–300 of its C-terminus, which is likely responsible for
binding to harmonin (42).

Immunoelectron microscopy of ultrathin sections through the
OLM of the human retina localized harmonin to both sides of the
OLM junctions in the PRCs and MGCs (Fig. 3E and F). In addition,
harmonin was labeled at the tips of microvilli (Fig. 3E and F) and
abundantly in the endfeet of the MGCs at the ILM (Fig. 3G).

Differential expression of harmonin in rod and
cone photoreceptor synapses
Next, we determined the localization of harmonin in photorecep-
tor synapses of the OPL. We extended our analyses to NHP retinas
because synaptic regions turned out not to be well preserved in
human donor retinas, possibly because of postmortem changes.
Immunofluorescence double staining revealed a partial overlap
of harmonin and RIBEYE, a marker of the synaptic ribbon (43)
in photoreceptor synapses in both human and NHP sections
(Fig. 4A). Immunoelectron microscopy of NHP retinae allowed us
to confirm the localization of harmonin at the photoreceptor
synapses and uncovered dense harmonin labeling in pedicles of
cones, whereas the labeling in rod spherules was much weaker
(Fig. 4B and C).

Differential expression of harmonin in the OS of
the rod and cone PRCs
Immunofluorescence microscopy showed the presence of har-
monin in the OS layer of the human retina (Figs 2F and 5A). To
discriminate between the rod OS (ROS) and cone OS (COS), we
stained longitudinal cryosections through the human retina for
harmonin and FITC-conjugated peanut agglutinin (PNA), a com-
mon marker for cones (44). Confocal analyses did not demon-
strate a co-localization of harmonin and PNA (Fig. 5B). This was
confirmed by maximum projections of confocal planes of flu-
orescence images and z-sections of maximum projections. Fur-
thermore, the overlay of fluorescent intensity plots of harmonin
and FITC-PNA staining revealed apparent dissimilarities in their

peaks (Fig. 5C; low Pearson correlation coefficient values: Rr:0.18;
and low Mander’s overlap coefficient values: M1:0.18; M2:0.19). In
contrast, fluorescent intensity plots of harmonin and rod-specific
arrestin-1 immunofluorescence staining showed apparent signal
convergences (Fig. 6C; high Pearson correlation coefficient values:
Rr:0.59; and Mander’s overlap coefficient M1:0.57; M2:0.42), sug-
gesting harmonin expression in rod, but not in COS.

Immunoelectron microscopy of human PRCs confirmed our
confocal data: harmonin labeling was detected in the ROS but
not of COS (Fig. 5E–G). In the ROS, harmonin immunostaining
was observed at the base where OS discs are formed de novo
and throughout the OS along the cytoplasmic side of the disc
membranes (Fig. 5G). In addition, harmonin labeling was evident
in the calyceal processes of PRCs, as previously described (23)
(Fig. 5G, asterisk). Western blots of purified OS fractions of porcine
retinae confirmed the expression of harmonin in PRC OS (Fig. 6A).
Thus, our results show that harmonin is associated specifically
with the disc membranes of ROS.

Harmonin interacts with rhodopsin
In the microvilli of the rhabdomes of Drosophila photoreceptors,
functionally homologous to the OS discs of vertebrate PRCs,
rhodopsin binds to the PDZ domain-containing scaffold protein
INAD (45). To test whether the PDZ-protein harmonin also
interacts with human rhodopsin, we performed in vitro co-
immunoprecipitations assays with protein lysates from HEK293T
cells expressing GFP-rhodopsin and HA-tagged harmonin or
RFP-harmonin, respectively. Western blots of the recovered
proteins revealed that harmonin_a1 co-immunoprecipitated
with GFP-rhodopsin, but not in controls with GFP alone (Fig. 6B;
Supplementary Material, Fig. S2B).

To examine a putative interaction of harmonin and rhodopsin
in the human retina, we performed in situ proximity ligation
assays (PLAs) applying anti-harmonin (H3) and monoclonal anti-
bodies to rhodopsin in retinal cryosections (Fig. 6C). We observed
positive PLA signals in the photoreceptor layer, predominately in
the OS layer and a significant smaller numbers of signals in the
IS (Fig. 6C and D). In contrast, almost no positive PLA signals were
found in the negative controls (Fig. 6C).

In silico modeling of molecular interaction of harmonin and
rhodopsin applying AlphaFold2/Multimer (46,47) predicted a com-
plex of harmonin_PDZ2 and cytoplasmic C-terminus of rhodopsin
with high confidence of the predicted alignment error (PAE)
(Fig. 6E). In contrast, other domains of harmonin were not pre-
dicted to bind to rhodopsin (Supplementary Material, Fig. S3B–G).
Moreover, modeling of the harmonin_PDZ2 of with the adrenergic
receptor α-A1 did also not predict confident complex formation
(Supplementary Material, Fig. S3H), further supporting the speci-
ficity of the harmonin_PDZ2-rhodopsin binding.

In summary, harmonin localization in ROS shown by comple-
mentary methods of light and electron microscopy, paired with
the interaction of harmonin and rhodopsin in vitro, the close
proximity of both proteins in the OS layer demonstrated by in situ
PLAs as well as AlphaFold2 in silico predictions provide the first
evidence for the interaction of rhodopsin and harmonin in ROS.

Retinal phenotype of USH1C patients
Two male siblings with confirmed mutations in USH1C (c.91C >

T;p.(R31∗), c.238dupC;p.(Arg80Profs∗69)) were clinically exam-
ined at the age of 35 and 47 years, respectively (Fig. 7A–E;
Supplementary Material, Fig. S4). Optical coherence tomography
(OCT) analysis of the retina of a 35-year-old male patient revealed
atrophy and thinning of the photoreceptor OS/IS and of the
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Figure 3. Subcellular harmonin localization at the outer limiting membrane of the human retina. (A) Indirect immunofluorescence double staining
of harmonin and the adhesion junction molecule β-catenin, the tight junction molecule JAM-B, or the actin-binding protein filamin A. Merged images
demonstrate an overlap of harmonin staining with β-catenin, JAM-B and filamin A staining at the outer limiting membrane (OLM). (B–D) GST-pulldown
demonstrates the interaction of harmonin_a1 (harm_a1) with the C- terminal tails of β-catenin, JAM-B, and filamin A, respectively. (E–G) Immunoelectron
microscopy analysis of harmonin labelling in a longitudinal section through the OLM of a human retina. Harmonin labelling concentrated in the electron
dense adhesion junctions between Müller glia cells (MGCs) and photoreceptor cells (PRC) in the OLM (black arrows), microvilli of MGCs (white arrows)
and MGC endfeet at the inner limiting membrane (ILM) which contacts the vitreous (asterisk). OS, outer segment; IS, inner segment; ONL, outer limiting
membrane; AX, axon; Scale bars: Harmonin/β-catenin: 5 μm; Harmonin/JAM-B, Harmonin/Filamin_A: 15 μm; D, E: 0.5 μm; F: 1 μm.
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Figure 4. Harmonin localization at primate photoreceptor synapses. (A)
Double immunofluorescence labeling of harmonin (red) and pre-synaptic
protein RIBEYE (green) in human (upper panel) and NHP (lower panel)
OPL synapses. Merged images revealed co-localization of harmonin and
RIBEYE (yellow). (B) Immunoelectron microscopy analysis of harmonin in
NHP photoreceptor synapses. Dense harmonin labeling was present in CP,
but only weak harmonin labeling (arrows) was observed in rod spherule
(RS). (C) Schematic representation of presynaptic harmonin labeling in RS
and CP. Scale bars: A, B: 1 μm; E: 12 μm.

outer nuclear layer (ONL) up to the fovea. Outer retinal atrophy
progressed to constriction of the visual field at around 5 degrees
and a hyperfluorescent perifoveal ring on the fundus autofluo-
rescence imaging (Fig. 7B). Additionally, epiretinal gliosis observed
in OCT is a common complication of PRC degeneration, which
also was a hallmark in the USH1C pig model (27). The posterior
eye pole showed typical bone spicules in the mid periphery and
periphery (Fig. 7A). Still, despite progressive peripheral retinal
degeneration at 35 years, the central vision of the patient was
relatively well preserved with visual acuity of 20/25 in both eyes
and normal color perception (Fig. 7E). Electrophysiological tests
showed much reduced amplitudes of the a and b waves in the
full-field electro retinograms (ERGs) (recordings based on the
international standards), or no measurable responses for both
dark- and light-adapted protocols (data not shown).

Rescue of the ciliary phenotype in
patient-derived fibroblasts
The photoreceptor OS resembles a highly modified primary
sensory cilium that has been shown to be impaired in retinal
ciliopathies such as USH (4,5,48). We analyzed primary cilia
of dermal fibroblasts from one of the clinically characterized
USH1CR80Pfs∗69/R31∗ patients. After induction of ciliogenesis (3)

primary cilia of USH1C patient fibroblasts were significantly
longer compared with the primary cilia of healthy donor fibrob-
lasts (Fig. 7F–I). Strikingly, this ciliary phenotype of
USH1CR80Pfs∗69/R31∗ patient fibroblasts was rescued by the re-
expression of the harmonin_a1 (Fig. 7F and I). These data
demonstrated that USH1C patient cells can serve potential
cellular models for evaluating therapies for USH1C and that
the harmonin_a1 isoform is a therapeutic active isoform, able
to revert the USH1C phenotype to normal.

Discussion
Alternative splicing enhances the diversity of the transcriptome
and proteome. Tissue- and cell-specific alternative splicing occurs
frequently in mammals, and has previously been predicted for
USH1C (36,49). In comparison with other tissues, the neural retina
displays the highest level of alternative splicing events (50,51).
Splicing programs are essential for retinal function and main-
tenance, and are regulated in an extremely complex manner by
retina-enriched splicing factors (52–54). Here, we demonstrate
extensive alternative splicing of USH1C in the human retina. We
do not expect all variants observed to be translated into protein
because of pre-translational processing of mRNAs (55). Never-
theless, we propose that several USH1C/harmonin isoforms are
expressed, potentially with distinct patterns in the various human
retinal cell types providing cell-specific functions ,as indicated in
the cochlear and vestibular hair cells of the inner ear (49).

Harmonin is a scaffold protein that is modularly composed of
well-defined domains and motifs, such as the N-terminal HHD,
PDZs, CCs and a PBM (Fig. 1A,G) that all participate in protein–
protein interactions (8,16). Identification of LSVs that include
specific domains suggests that alternative splicing may affect
binding of harmonin to target molecules in human retinal cells.
For example, alternative splicing of exon 2 in region 1 is pre-
dicted to alter the globular N-domain, termed HHD, and influence
the binding affinity of harmonin PDZ1 to target proteins, such
as VLGR1/ADGRV1 (USH2C), USH2A and SANS (USH1G) (14,15).
This hypothesis is supported by our recent results, indicating the
reduced binding affinity of target proteins to harmonin lacking
parts of the N-terminal HHD (Daniel Sturm and Kerstin Nagel-
Wolfrum, unpublished). Furthermore, splicing out of exons 16–21
in region 3 would lead to the loss of CC2 and PST domains, which
should impact the oligomerization of harmonin molecules and
loss of actin filament bundling properties, respectively (17).

Differential binding of proteins to the numerous harmonin
splice variants may imply differences in harmonin function in
various retinal cell types. Accordingly, the regulation of alter-
native splicing of USH1C/harmonin in the retina is of impor-
tance. Previous studies have identified Musashi proteins (MSI1
and MSI2) as important regulators of alternative splicing in the
retina (53,54,56). However, USH1C/harmonin has not been iden-
tified as a target for the splicing control machinery of Musashi
proteins. Recently, we were able to show that the USHG1 protein
SANS interacts with core components of the spliceosome and
regulates splicing including constitutive and alternative splicing
of USH1C/harmonin (57). In particular, the latter study shows
that SANS causes the retention of exon 11, thereby leading to
alternative expression of the human harmonin_a1 and _a4 tran-
scripts. Further studies are needed to understand the interplay
and interference of the two USH1 proteins, SANS and harmonin,
in the retina at two different levels: in protein complexes (SANS-
SAM/PBM binding to the N-terminal HHD/PDZ1 and PDZ3 of
harmonin), possibly related to transport processes (14,16,58), and
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Figure 5. Harmonin in the OS of human PRCs. (A) Merged image of harmonin immunofluorescence (red) and fluorescent peanut agglutinin (PNA, green),
a specific marker for the extracellular matrix sheath of cone photoreceptors in a longitudinal section through the photoreceptor layer, the OS, the IS and
the nuclei in the ONL of a human retina. In addition to the prominent labeling of the OLM (arrowhead) patchy harmonin staining was present in the layer
of the photoreceptor OS. (B, B ´ ) Magnification of the OS region demonstrates no co-localization of harmonin and PNA. (B ´ ) Confocal x,y scan image of
harmonin and PNA labeling in the photoreceptor layer of a human retina. y, z scan at the dotted line in B at higher magnification. (C, D) Double labeling
of harmonin (red) with PNA (green) (C) and rod-specific arrestin (green) (D) in the photoreceptor layer of human retina. Corresponding fluorescence
intensity profiles of regions of interest (white lines) at the right panel demonstrated no co-localization of harmonin and PNA, but co-localization of
harmonin and arrestin indicating the localization of harmonin in human rod OS but not cone OS. DAPI (blue): nuclear DNA. (E–G) Immunoelectron
microscopy labeling of harmonin in a longitudinal section through human retinae. (E) In human rod PRCs, harmonin was labeled in ROS and was barely
detected in rod inner segments. (F) Harmonin was labeled in ROS, but not in COS. (G) Harmonin is detected in ROS and calyceal processes (arrowhead).
CC: connecting cilium. Scale bars: A: 10 μm, B: 2.5 μm, B’C, D: 5 μm, E, G: 0.5 μm, F: 1 μm
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Figure 6. Harmonin is expressed in ROS and interacts with rhodopsin. (A) Harmonin is expressed in porcine photoreceptor OS. Left panel: western blot
analysis of the isolated porcine ROS enriched fraction from density gradients revealed harmonin expression. Right panel: phase contrast picture of
material used for the western blot. (B) GFP-Trap® demonstrates interaction between harmonin a1 (Harm_a1) and opsin-GFP (Rho_GFP) in transfected
HEK293T cells. Harmonin_a1 was precipitated by immobilized opsin-GFP and not by GFP alone (replicates, n = 3). (C) PLA of harmonin (Harm) and
rhodopsin in longitudinal cryosections through a human retina. PLA signals (red dots) indicate the interaction of harmonin (Harm) and rhodopsin in OS
of human PRCs in situ. For a quantitative analysis, the IS/OS borders were defined based on differential interference contrast (DIC) microscopy image.
Nuclear DAPI staining (blue) was used to define the ONL. ImageJ was adopted to define the different retina layers: OS and IS of PRCs, and ONL (white
dashed lines). As the control, PLA was performed antiopsin antibodies and oligonucleotide-labeled antibodies, where almost no PLA signals were found.
(D) Quantification of PLA signals in the OS and IS of PRCs. PLA signals were counted automatically in the different compartments and signals in controls
were subtracted in three different samples. The number of PLA signals in OS were also significantly higher when compared with signals in IS. Scale bar:
10 μm. (E–G) Structure of the human rhodopsin-harmonin_a1_PDZ2 protein complex predicted by AlphaFold2. (E) Structure of full-length rhodopsin
(Rho) (green) and harmonin (Harm)_PDZ2 (aa 211–293, blue). AlphaFold2 predicts binding of Harm_PDZ2 to intracellular C-terminus of Rho (aa323-348),
enlarged in (F). (G) PAE for the modeled structure is very low for the predicted complex Harm_PDZ2-Rho (lower left and upper right rectangle), indicating
high confidence of the protein complex. The heat map illustrates amino acid distances in Å (further explanation, see Supplementary Material, Figure S3).
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Figure 7. Retinal phenotype of an USH1C patient and ciliary phenotype of USH1C patient-derived cells. (A–E) Clinical findings of the retinal phenotype of
a 35-year-old male with confirmed mutations in USH1C (c.91C > T;p.(R31∗), c.238dupC;p.(Arg80Profs∗69)). (A) Fundus photography showed bone spiculas
in the mid-peripheral and peripheral retina (arrowheads), attenuated retinal vessels, waxy pallor optic disc and white spots of retinal pigment epithelium
atrophy. (B) Fundus autofluorescence imaging displayed a hyperfluorescence ring around the fovea (arrow) and a disrupted hypofluorescence in the
mid- and far periphery of the retina (arrowheads) corresponding to the outer retinal atrophy. (C) Kinetic visual field (90◦): Concentric constriction
for III4e and I4e markers with a central preserved area. (D) OCT showed epiretinal gliosis (marked as black vertical arrows), as well as gradual
IS/OS loss up to the fovea. Only the foveal region displays a normal retinal structure with preserved photoreceptors and a central macula thickness
of 269 μm. (E) Lanthony color test showed normal color perception. (F–I) Primary ciliary phenotype of USH1C patient-derived cells and rescue by
harmonin_a1. (F, G) Immunofluorescence of harmonin (green) and ciliary marker Arl13b (red) in fibroblasts from a healthy donor (healthy), the clinically
examined USH1CR80Pfs∗69/R31∗-patient (USH1C) and USH1C-fibroblasts transfected with harmonin_a1 (USH1C + harm_a1). (F) In healthy donor cells
and harmonin_a1-transfected USH1CR80Pfs∗69/R31∗ cells, harmonin is detectable. In untransfected USH1CR80Pfs∗69/R31∗ cells, harmonin staining is barely
visible. (G–I) Ciliary length measurements revealed longer cilia in USH1C patient-derived cells compared with control (healthy) and harmonin_a1-
transfected USH1C cells. (H) Quantitative analysis of primary ciliary length reveals a significant decrease in the ciliary length in USH1C + harm_a1
fibroblasts towards the ciliary length of healthy donors. (I) Cumulative analysis of ciliary length and number of ciliated cells in fibroblasts of healthy
donors (healthy), USH1CR80Pfs∗69/R31∗ (USH1C) and USH1CR80Pfs∗69/R31∗ fibroblasts transfected with harmonin a1 (USH1C + harm_a1) using R. Two-tailed
Student’s t-test, ∗P ≤ 0.05, ∗∗P ≤ 0.01. Cells analyzed: healthy: n = 96; USH1C: n = 105; USH1C + harm_a1: 58, in three independent experiments. Scale bar:
F: 10 μm, G: 2.5 μm.
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during splicing where SANS presumably modulate USH1C/ har-
monin pre-mRNA (57).

The assignment of LSVs to USH1C/harmonin domains allowed
us to quantify the expression of the harmonin classes in
the human retina (Fig. 1G). This analysis demonstrates that
harmonin_a is by far the most abundant class expressed in the
human retina in concordance with our results by semi- and
quantitative RT-PCR (Fig. 1B–C) and immunoblotting analyses
(Fig. 2B–E) of donor retinae. Our data also indicate that the
USH1C/harmonin_a1 transcript is more frequently expressed
than USH1C/harmonin_a4 in the retina. Based on these findings,
we concluded that harmonin_a1 is the most promising variant
for gene replacement therapies. The rescue of the pathogenic
phenotype in primary cilia of fibroblasts of USH1C patient after
addition of harmonin_a1 further supports this conclusion (Fig. 7).

In contrast to the prevailing hypothesis of USH1C/harmonin
expression in PRCs (21,23), our results demonstrate USH1C/
harmonin expression in RNs (mainly PRCs) as well as MGCs
of the human retina. Based on donor retina bulk RNA-seq,
comparatively equal levels of USH1C RNA isoforms were evident
in RNs and MGCs (Fig. 2A), which is also concordant with
quantitative levels of transcripts. Notably, we did not observe
substantial differences in LSV expression levels in RNs and MGCs.
Our findings don’t support a recently published scRNA-seq study
indicating USH1C expression almost exclusively restricted to
MGCs in the human retina (29). The limited sequencing depth
in scRNA-seq likely accounts for this discrepancy. In addition,
scRNA-seq requires the dissociation of retinal cells prior to RNA-
seq library preparation, which can have a huge impact on the
gene expression profile (59). Although sorted MGCs and RNs
contain to a certain degree (∼10%) cross-contaminating cell
types, our results from bulk RNA-seq profiling are validated by
immunoblotting showing distinct band patterns of MGCs and
RNs (with differently sized stronger bands in each fraction). Both
findings are confirmed by our immunohistochemical studies
using light and electron microscopy that demonstrate expression
and subcellular localization of USH1C/harmonin in MGCs as well
as PRCs.

Western blot analyses of the human retina and retinal cell
fractions consistently demonstrate two major harmonin protein
bands close to 70 kDa. As already outlined in the results, these
are probably not different splice variants, but posttranslational
modifications by phosphorylation of the same variant, namely
USH1C/harmonin_a1. Which phosphorylation sites found in the
harmonin molecule are phosphorylated in the human retina and
which kinases are involved should be the subject of further inves-
tigation. Our data show that harmonin is overall higher expressed
in MGCs than in RNs; however, the higher molecular weight band
of ‘phosphorylated’ harmonin at 70 kDa is nevertheless much
more conspicuous in the RNs fraction, which consists mainly of
PRCs. It will be of great interest to find out in future studies what
consequences the possible phosphorylation of harmonin has on
its function in PRCs of the human retina.

The localization of harmonin in distinct subcellular compart-
ments of human MGCs may provide insights into harmonin func-
tion. Immunoelectron microscopy revealed the localization of
harmonin to the tips of the microvillar processes formed by their
apical membrane of MGCs that project into the subretinal space
surrounding the PRC IS (Fig. 3E and F), consistent with localization
of harmonin in both the tip-link complex of stereocilia (which
resemble modified microvilli) of auditory hair cells (60,61) and
the very similar tip-link complex of the brush border microvilli of
intestinal enterocytes (62). In contrast to the tip-link complex of

stereocilia, in which harmonin interacts with other USH proteins,
in the brush border microvilli tip-link, harmonin forms a stable
ternary complex with ANKS4B and MYO7B for anchoring specific
cadherins (62,63). A morphologic similarity between the microvilli
of MGCs and the brush border microvilli is evident. Given that the
absence of tip-link molecules in brush border microvilli leads to
structural perturbations linked to ineffective epithelial transport
(64), we suggest that harmonin may contribute to the structural
arrangement of the microvilli populating the apical MGC mem-
brane, being essential for their physiological function (31). Here,
we provide first evidence for a tip-link complex in the microvilli
of MGCs with a possible scaffolding function of harmonin. Addi-
tionally, we identified abundant harmonin expression in conical
endfeet at the other pole of the MGCs adjacent to the ILM and vit-
reous humor (Fig. 3G). Harmonin is likely integrated into protein
networks that mechanically stabilize the endfeet at the MGC base
and can support anchoring of MGCs at the ILM.

Furthermore, we show a prominent submembranous localiza-
tion of harmonin in MGCs and PRCs associated with the special-
ized heterotypic adhesion junctions of the OLM (Fig. 3). Partial co-
localization of harmonin and β-catenin, a linker of cadherins to
actin filaments, and the transmembrane protein JAM-B, together
with the binding of the cytoplasmic tails of both proteins to
harmonin strongly suggest that harmonin provides the molecular
scaffold to anchor both proteins in the submembranous cyto-
plasm at the OLM junctions. Harmonin perhaps contributes to the
linkage of the OLM junction complexes to the actin cytoskeleton.
This is supported by the observed co-localization and binding
of harmonin to the actin-binding protein filamin A, which has
been described as an important component of the actin cytoskele-
ton in barrier-forming cell–cell adhesion complexes (40). Since
harmonin is present in both adhesion and tight junction com-
plexes, its deficiency may disrupt the structural integrity of the
retina (adhesion component) and/or increase the permeability
(tight junctional component) of the retinal barrier. In patholog-
ical conditions, the disruption of the retinal barrier function of
the OLM would contribute to fluid accumulation in the macula,
clinically manifesting as macular edema, which can be detected
in many hereditary retinal degenerative diseases, including USH
(65). In concordance, OCT of the two USH1C patients, reported
here, not only show thinning of the PRC layer but also reveal
macular alterations (Fig. 7A–E, Supplementary Material, Fig. S4).
Further studies are required to elucidate whether macular lesions
are caused by impaired leaky OLM adhesion junctions or by other
processes, e.g. MGC gliosis or inflammation.

As in MGCs, we also observed the localization of harmonin in
distinct subcellular compartments of cone and rod PRCs, namely
in submembranous cytoplasm of the basal IS at the heterotypic
OLM junctions, OS, calyceal processes and ribbon synapses.
Previous studies indicate a multifaceted presynaptic role of
harmonin in ribbon synapses, regulating L-type Ca2+ channels
and neurotransmitter exocytosis in inner ear hair cells (18,19,66).
Though harmonin is detected in the ribbon synapses of both PRC
types, our immunoelectron microscopy data show that harmonin
is more abundant in the synaptic pedicles of cones than in rod
presynaptic terminals. This is consistent with the previously
reported role of harmonin in synaptic maturation in cone pedicles
of zebrafish (26) and with recent findings in our USH1C knock-
in pig model indicating that the harmonin deficiency alters the
width of cone synaptic pedicles (27). Notably, earlier studies
have suggested selective modulation of pre-synaptic L-type
calcium currents in cones to broaden the dynamic range of
synaptic transfer by controlling transmitter release (67). Our data
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therefore support a putative role of harmonin contributing to this
process.

The localization of harmonin in the calyceal processes of PRCs
is consistent with previous reports (23). There is evidence that
cadherin 23 (USH1D) and protocadherin 15 (USH1F) link the mem-
brane of the calyceal processes to the plasma membrane of the
OS via their long extracellular domains (28,68,69). In this scenario,
harmonin is thought to anchor both cadherins in the cytoplasm
of the calyceal processes mediated by binding of their C-terminal
PBMs to harmonin’s PDZ2. More strikingly, we consistently found
abundant harmonin expression in the OS of rod PRCs, whereas
no harmonin is present in COS. There are obvious differences in
disc morphogenesis and disc stacking between rod and cone PRCs.
In contrast to cones, rod coin-roll-like stacked disc membranes
become rimmed by the plasma membrane during disc neogenesis
at the base of the OS (70,71). The localization of harmonin at the
base of the OS and its ability to bind actin are consistent with
its involvement in disc biogenesis, with the actin cytoskeleton
playing a key role (72,73).

Harmonin lines up along the disc membranes of the entire
rod outer segment (ROS) indicating a role in disc stacking. There
is evidence for a network of cytoplasmic membrane–membrane
tethers and/or spacers localized between the OS discs, but their
molecular identity remains to be elusive (71). Interestingly, har-
monin fulfills the criteria of such spacers: as a scaffold protein,
harmonin facilitates protein networks, forms homomers, binds to
membranes, directly to phospholipids and interacts with trans-
membrane proteins (8,74) such as rhodopsin, as shown herein.
Our data on the interaction between harmonin and rhodopsin
also suggest a role for harmonin in anchoring rhodopsin in disks
by binding to its cytoplasmic C-terminus. Such roles of harmonin
in disc morphogenesis and stacking are in line with our recent
findings on the altered disc architecture of ROS in the USH1C
pig model, revealing vertically oriented membrane discs, disk
stacks interrupted by interstitial gaps and vesicle-like structures
present at the OS base of rods in the absence of harmonin (27).
Nevertheless, further studies are necessary to test and validate
harmonin functions in the ROS.

The human retinal phenotype in the USH1C siblings included
in this work confirms the retinal phenotype of retinitis pigmen-
tosa with both morphological and impaired functions of both rod
and cone PRC characteristics for USH1 patients (6). Our findings
also agree with previous published findings on unrelated USH1C
patients (22). With decreased functionality of the PRCs, we are not
able to distinguish in which extent the reduction of the b-wave
of the ERG—representing the signaling of the layer of the bipolar
and MGCs—is caused by the lowered PRCs input or a dysfunction
of MGCs or inner RNs. Thus, unfortunately, based on b-waves of
the patients, we are not able to judge the actual functionality of
the synaptic phenotype in humans.

In conclusion, we show that the scaffold protein harmonin
is expressed in the human retina in form of numerous splice
variants that localize in different subcellular compartments of
PRCs and in MGCs. Defects in USH1C/harmonin would likely
impair its various functions in distinct subcellular compartments
of PRCs and MGCs. We hypothesize that these cellular dysfunc-
tions have a cumulative effect, leading to progressive though
slow retinal degeneration and vision impairment characteristic
of USH1C patients. Understanding how these cellular defects
interfere, potentially amplify and accumulate will provide new
clues to cellular pathophysiology, elucidating potential targets for
treatment and cure of USH1C patients. Although we cannot pro-
vide a fully elaborated therapeutic concept, we provide evidence

that harmonin_a1 is the most promising splice variant for gene
supplementation therapy and also identify both PRCs and MGCs
as targets to treat vision loss in USH1C-patients.

Materials and Methods
Human subjects
Procedures adhered to the Declaration of Helsinki and were
approved by the institutional review boards. Written informed
consent was obtained from patients and probands.

All analyses of human retinae were performed using post-
mortem anonymized samples (Supplementary Material, Table S1).
Donors had no known history of retinal disease and were either
obtained from the Department of Ophthalmology, University Med-
ical Center Mainz, Germany, the Department of Ophthalmology,
Friedrich-Alexander-Universität, Erlangen-Nürnberg, Germany,
the University of Utah, USA or from the National Disease Research
Interchange (NDRI, Philadelphia, USA) and conformed to the
tenets of the Declaration of Helsinki.

Clinical examination
Two sibling patients genetically diagnosed for USH1 with biallelic
USH1C mutations (c.91C > T;p.(R31∗), c.238dupC;p.(Arg80Profs∗69)
were examined clinically at the Center for Ophthalmology,
University of Tübingen, including high-resolution retinal imaging
and multimodal functional diagnostics. The clinical examination
included a detailed medical history, best-corrected visual
acuity testing, color perception evaluation using the Lanthony
test, kinetic perimetry (Octopus 900; Haag-Streit International,
Germany), slit-lamp examination, fundus examination in mydri-
asis with color fundus photography and 30 degrees fundus
autofluorescence, as well as spectral domain OCT (Heidelberg
Engineering GmbH, Germany).

Non-human primates
Eyes from three adult unaffected macaques (Macaque mulatta)
were obtained from the German Primate Center (DPZ) where they
were sacrificed as controls in other unrelated experiments.

Transcriptome analysis
RNA isolation from donor retinae was performed with ‘RNeasy
Mini Kit’ (Qiagen, Hilden, Germany), according to company’s
instruction. To increase the RNA yield, elution was performed
twice. Libraries were generated with Illumina’s TruSeq Stranded
mRNA Library Prep Kit and sequenced using Illumina HiSeq2500
sequencing platform as stranded, paired-end with a length of 151
nucleotides (mRNA datasets) (IMSB, Mainz, Germany). Using the
‘best practice’ pipeline from NEI commons using Trimmomatic
(75), STAR (76) and Kallisto (77) (https://neicommons.nei.nih.
gov/#/howDataAnalyzed), we aligned our sample to the Ensembl
transcriptome version 89. In total, 81.4% of the 89.2 million reads
derived from Donor 269-09 (Supplementary Material, Table S1)
were aligned to the respective genome reference, out of which
∼ 96% aligned uniquely. The mapped paired-end read length was
289.4 bp (of 302 bp) with a mismatch rate of 0.2%. Previously
published RNA-seq samples (35) were downloaded as BAM-files
from EBI’s ArrayExpress (E-MTAB-4377), converted into FASTQ
files using SAMTOOLS (78). Sample converted files were processed
using the same pipeline previously mentioned to investigate
how many reads per sample were aligned to the genome. For
LSV quantitation, samples were randomly assigned to 10 pools
to create fused samples of ∼165 million aligned fragments per
pool. Individual sample files were processed using Kallisto with
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a FASTA file generated to the USH1C LSVs being investigated.
Resulting estimated counts for the LSVs were summed according
to the pooling strategy previously determined. For visualization,
we used the Integrative Genomic Viewer (IGV; https://www.
broadinstitute.org/igv/) (79,80). .

Reverse transcription, polymerase chain
reactions, subcloning and identification of LSVs
The RNA isolation was performed using ‘TRIzol’ (Invitrogen, USA)
according to the company instructions. The RT-PCR was per-
formed with ‘Superscript II Reverse Transcriptase’ (Invitrogen),
according to company instructions. The PCR was performed with
‘Taq DNA Polymerase with Standard Taq Buffer’ (NEB) according
to company’s instructions. qPCR was performed on CFX96 real-
time system (Bio-Rad) using the SYBRGreen iTAQ according to
manufacturer’s instructions. Primers based on human USH1C
sequences (http://www.ncbi.nlm.nih.gov/gene/10083) are listed in
Supplementary Material, Table S3.

MACS of human MGCs and RNs
Retinal cell types were enriched using MACS as described
previously (81,82). In brief, punches of 6 mm in the diameter
of donor retinas were treated with a papain solution, washed
and incubated with DNase I. Subsequently samples were
triturated in extracellular solution. The resulting retinal cell
suspensions were purified on antimouse/human ITGAM (alias
CD11B) and antihuman CD31 microbeads (Miltenyi Biotec).
Binding cells (microglia, vascular cells) were depleted from the
retinal suspension using large cell (LS)-columns. For purification
of MGCs, they were surface-labeled for CD29 (ITGB1) and CD29+
MGCs were separated using LS columns. Cells in the flow through
the last sorting step, which were depleted of microglia, vascular
cells and MGCs,were considered as the neuronal population.
Sorted MGCs and RNs may suffer from cross-contaminating
cell types, thus the purity of the fractions was determined by
immunostaining and western blots with MGC markers such as
antibodies against glutamine synthetase (Glul, MAB302, Merck
Millipore) and drop sample analysis analyses demonstrating
>90% purity of the fractions (Supplementary Material, Fig. S1).
In previous studies, marker gene and protein expression profiles
were analyzed in the fractions by RNAseq and mass spectrometry.
While in MGC fractions established MGC markers such as
glutamine synthetase (GLUL) and vimentin (VIM) were strongly
enriched, neuronal markers including the vesicular glutamate
transporter 1 (VGLUT1) or rhodopsin (RHO) were highest expressed
in the neuronal cell populations (82).

Bulk RNA-sequencing on purified retinal cell
populations
Total RNA was isolated from cell pellets after immunoseparation
using the PureLink

®
RNA Micro Scale Kit (Thermo Fisher Sci-

entific, Schwerte, Germany). RNA integrity validation and quan-
tification was performed using the Agilent RNA 6000 Pico chip
analysis according to the manufacturer’s instructions (Agilent
Technologies). Enrichment of mRNA and library preparation (Nex-
tera XT, Clontech), library quantification (KAPA Library Quan-
tification Kit Illumina, Kapa Biosystems, Inc., USA) as well as
sequencing on an Illumina platform (NextSeq 500 High Output
Kit v2; 150 cycles) were performed at the service facility of the
KFB Center of Excellence for Fluorescent Bioanalytics (Regens-
burg, Germany; www.kfb-regensburg.de). After de-multiplexing,
at least 20 million reads per sample were detected. Quality control
(QC) of the reads and quantification of transcript abundance

was performed applying STAR (76), cutadapt was used to remove
adapter sequences and several QC measures were queried with
fastqc. Trimmed reads were aligned to the reference genome/tran-
scriptome (mm10) applying STAR and transcript abundance was
estimated with RSEM (83) expressed as Transcripts Per kilobase
Million.

Western blot analyses
The immunoblots were performed as previously described (84).
Briefly, one-fourth of a human retinae was placed in 125 μL HGNT-
buffer, sonicated three times for 5 s and mixed with SDS-PAGE
sample buffer (62.5 Mm Tris–HCL, pH 6.8; 10% glycerol, 2% SDS,
5% mercaptoethanol, 1 Mm EDTA and 0.025% bromphenol blue).
As a molecular marker, PageRuler™ Prestained Protein Ladder
ranging from 11 to 170 kDa was used (Fermentas). A total of 30 μg
retina protein extracts were separated on 8% polyacrylamide gels
and blotted onto PVDF transfer membranes (Millipore) followed
by blocking with non-fat dried milk (Applichem). Cell pellets of
enriched cell populations from retinal punches (6 Mm) were dis-
solved in reducing the Laemmli sample buffer, and denatured and
sonicated. Samples were separated using a 12% SDS-PAGE. Detec-
tion was performed either by a chemiluminescence detection
system (WesternSure PREMIUM Chemiluminescent Substrate, LI-
COR) or using the Odyssey infra-red imaging system (LI-COR
Biosciences).

Antibodies and fluorescent dyes
Primary antibodies used were as follows: anti-Arl13b (ab136648,
Abcam), anti-JAM-B (SAB2501282, Sigma-Aldrich), anti-β-catenin
(cs-7963, Santa Cruz), anti-filamin A (67133-1-ig, Proteintech)
and anti-arrestin (SCT128, Santa Cruz Biotechnology), anti-
his (27-4710-01, Amersham™), anti-actin (MA5-11869, Thermo
Fisher Scientific), anti-GFP (gift from Clay Smith), anti-pyruvate
dehydrogenase E1-β (Pdhb) (ab155996, Abcam), anti-glutamine
synthetase (Glul) (MAB302, Merck Millipore) and anti-RFP (6G6,
Chromotek). The antibody against harmonin (H3) was previously
described (21). Monoclonal antibodies (mAbs) against bovine rod
opsin B6-30a1, K16-155 and R2-15 were applied as previously
described (85,86). Subcellular markers were RIBEYE (612 044, BD
Bioscience), fluorescein-labeled lectin peanut agglutinin (FITC-
PNA) and 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).
Secondary antibodies for immunofluorescence and western blot
analysis were conjugated to Alexa 568 and Alexa 488 (Molecular
Probes) or coupled to horseradish peroxidase (ECL Plus Western
Blotting Detection System, GE Healthcare), respectively.

Immunofluorescence microscopy
After dissection human retinae and NHP retinae were cryofixed
11.5 to 31 h postmortem or directly, respectively, cryofixed in melt-
ing isopentane, cryosectioned and stained immunofluorescence
as previously described (87,88). Immunofluorescence microscopy
was performed with a Leica SP5 confocal laser scanning micro-
scope (Leica microsystems) or a Leica DM6000B deconvolution
microscope (Leica). Images were processed with Adobe Photoshop
CS (Adobe Systems). Colocalization analysis were performed with
the ImageJ (http://rsbweb.nih.gov/ij/) plugin JACoP (http://rsbweb.
nih.gov/ij/plugins/track/jacop.html).

Immunoelectron microscopy
Human donor retina samples 199-09 and 121-10 were processed
for pre-embedding immunolabeling as previously described (89).
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Ultrathin sections were analyzed with an FEI Tecnai 12 transmis-
sion electron microscope. Images were obtained with a charge-
coupled device camera (SIS Megaview3; Surface Imaging Systems)
acquired by AnalSIS (Soft Imaging System) and processed with
Photoshop CS (Adobe Systems).

HEK293T cell culture
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal calf serum (FCS, Invitrogen) and
1% penicillin/streptomycin (Invitrogen) at 37◦C and 5% CO2.

Transfections of plasmids were performed with Lipofectamine®

LTX and Plus Reagent (Invitrogen), siRNAs were transfected
using Lipofectamin RNAiMAX, according to the manufacturer’s
protocols, respectively.

Human primary fibroblast cultures
Dermal primary fibroblast lines were expanded from skin
biopsies of human subjects (ethics volume: Landesärztekammer
Rhineland-Palatinate to K.N.W.). Primary fibroblast lines were
mycoplasma negative and cultured in DMEM, 10% FCS and 1%
penicillin–streptomycin at 37◦C and 5% CO2. For ciliogenesis,
fibroblasts were starved in OPTIMEM reduced-serum medium
(Invitrogen by Thermo Fisher Scientific) for 48 h and processed
for immunocytochemistry as previously described (3). The length
of Arl13b-positive primary ciliary axonemes were measured
directly in images taken with a 63-x objective with a Leica
DM6000B deconvolution microscope. For statistical analysis of
ciliary length R was applied (https://www.rstudio.com/products/
rstudio/download/).

siRNA knock-down
siRNAs against human USH1C/harmonin (siHarm1 and siHarm2)
and non-targeting control siRNA (NTC) were purchased from
IDT (TriFECTa

®
Kit, DsiRNA Duplex, IDT). For knock-downs,

HEK293T cells were transfected with harmonin_a1-HA (pBI-
CMV4-harm_a1-HA), and 20 nM non-targeted control. After
24 h, cells were lysed in Triton X-100 lysis buffer and protein
concentrations were determined using Bicinchoninic acid (BCA)
protein assay. Equal amounts of protein lysates were subjected
to SDS-PAGE, followed by western blotting. Actin was used as
a loading control. For quantification, the optical densities of
harmonin_a1 (∼ 80 kDa) bands were ascertained and normalized
to the appropriate loading control. The percentage (%) of
harmonin_a1 expression is shown in relation to harmonin a1-
HA-transfected cells.

GST-pull downs
Constructs encoding harmonin domains were cloned in the
pDEST17-vector (Gateway cloning system, Invitrogen, USA). The
cDNAs encoding C-terminal tails of Mm JAM-B tail (amino acids
257-299), Mm β-catenin tail (amino acids 734-782) and filamin A
tail (amino acids 2264-2648) were cloned in the vectors pDEST17
and pDEST15 and proteins were bacterially expressed. GST-pull
down assays were performed as previously described (15).

GFP-Trap®

HEK293T cells were transfected with harmonin_a1-HA (pBI-
CMV4-harm_a1-HA), GFP-Rhodopsin (pMT3-Rhodopsin-GFP) or
GFP (pMT3-Rhodopsin-GFP), respectively, and lysed in Triton X-100
lysis buffer. Protein lysates of transfected cells were precleared
using agarose beads. Equal amounts of precleared lysates were
made in dilution buffer (10 Mm Tris/Cl pH 7.5, 150 Mm NaCl,
0.5 Mm EDTA). In total, 10% of the diluted amount was used

as the input. GFP-fused polypeptides were immobilized at BSA
blocked-Trap® agarose beads and used for co-precipitation
assays according to the manufacturer’s protocol (ChromoTek).
Precipitated protein complexes were eluted with an SDS-sample
buffer at 65◦C. Protein complexes were then subjected to SDS-
PAGE and western blot.

Proximity ligation assay
For in situ PLA, the Duolink PLA probes anti-rabbitPLUS and anti-
mouseMINUS, and the Detection Reagent Red was purchased from
Sigma-Aldrich. PLAs were performed as previously described
(90,91) according to the manufacturer’s protocol and adapted
to our immunohistochemistry protocol for human retinae. As
primary antibodies, anti-harmonin (H3) and a cocktail of three
mAb opsin clones B6-30a1, K16-155 and R2-15) were applied.
Negative control was were probed with anti-opsin antibodies and
paired with the rabbit- and mouse-IgG-specific oligonucleotide-
labeled antibodies. Mounted sections were analyzed on a Leica
DM6000B microscope. For quantification, signals from controls
were subtracted from signals of antibody combinations in four
sections, each.

ROS enrichment
ROS were purified from five pig retinae using a method adapted
from (92). Harvested pellets with the ROS were stored at −80◦C
before use in immunoblot analyses.

AlphaFold2 modeling
Modeling was done using the hetero-oligomer options of Colab-
Fold (46,47). FASTA sequence of the respective protein was used
from UniProt (UniProt 2020) and a colon between the respective
sequences simulated complexes. The following sequences were
used: Human USH1C/Harmonin_a1: Gene accession number:
Q9Y6N9 harmonin_N-term aa 1-86, harmonin_PDZ1 aa 87-169;
harmonin_PDZ2 aa 211-293, harmonin_CC-domain aa 310-377,
harmonin_PDZ3 aa 452-537; rhodopsin: Gene accession number:
P08100; Adrenergic receptor α-A1: Gene accession number:
P35348. Alphafold2 notebook was used in the ColabFold version
(https://colab.research.google.com/github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb#scrollTo=G4yBrceuFbf3, accessed
last on 15 March 2022), default options were used but included
a template mode. Structures were visualized, inspected and
superimposed using PyMOL (Schrödinger, LLC), which was also
used to make all figures.

Statistics
The statistical methods and the significance criteria for gene
expression analysis and protein level analysis are listed in cor-
responding individual legends. Results are shown as the mean
± SEM of data from at least three separate experiments. Two-
tailed Student’s t-test was used, significance was determined as:
∗P ≤ 0.05, ∗∗P ≤ 0.01.

Supplementary Material
Supplementary Material is available at HMG online.
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