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Retinitis pigmentosa (RP) is an inherited retinal degenerative
disease with severe vision impairment leading to blindness. About
10-15% of RP cases are caused by mutations in the RPGR gene,
with RPGR mutations accounting for 70% of X-linked RP cases. The
mechanism by which RPGR mutations cause photoreceptor cell
dysfunction is not well understood. In this study, we show that
the two isoforms of RPGR (RPGR'~'? and RPGRORF'%) interact with
endogenous PDE6D, INPP5E, and RPGRIP1L. The RPGR'~'? isoform
contains two PDE6D binding sites with the C-terminal prenylation
site being the predominant PDE6D binding site. The C terminus of
RPGR'~'? that contains the prenylation site regulates its interac-
tion with PDE6D, INPPSE, and RPGRIP1L. Only the RPGR'™"? iso-
form localizes to cilia in cultured RPE1 cells. Missense variations
found in RPGR patients disrupt the interaction between RPGR iso-
forms and their endogenous interactors INPPSE, PDE6D, and
RPGRIP1L. We evaluated a RPGR missense variation (M58K) found
in a family with X-linked retinitis pigmentosa (XLRP) and show
that this missense variation disrupts the interaction of RPGR iso-
forms with their endogenous interactors. The M58K variation also
disrupts the ciliary localization of the RPGR'~'? isoform. Using this
assay, we also show that some of the RPGR missense variants
reported in the literature might not actually be disease causing.
Our data establishes an in vitro assay that can be used to validate
the potential pathogenicity of RPGR missense variants.

RPGR | cilia | retinal degeneration | PDE6D | INPPSE

etinitis pigmentosa (RP) is an inherited retinal degenerative

disease that results in the primary loss of rod photoreceptor
cells followed by the secondary loss of cone photoreceptor cells
(1). The disorder may be nonsyndromic occurring with retina
dysfunction alone (1), or syndromic with other neurosensory dis-
orders, developmental abnormalities, or complex clinical findings
such as in Bardet-Biedl syndrome and Usher syndrome (2-4).

Mutations in any of dozens of different genes can cause the
clinical phenotypes of retinitis pigmentosa, and these mutations
can be inherited in an autosomal dominant, autosomal recessive,
X-linked dominant, X-linked recessive, mitochondrial, or digenic
fashion (5-9). Approximately 15% of all RP is X-linked, and
more than 80% of these patients (i.e., more than 12% of the
total) have mutations in the gene RPGR (10). About 60% of all
RP-causing mutations in RPGR occur in exon 15 of the gene, and
two-thirds of these (more than 5% of all RP) occur in a highly
repetitive region between codons 801 and 1070 (10).

There are multiple isoforms of RPGR. Two major isoforms of
RPGR were detected in the retina (11, 12): RPGR'™", which
has 19 exons encoding an 815-aa protein, and RPGRORF!,
which has 15 exons plus part of intron 15 encoding a 1,152-aa
protein. Both isoforms share exons 1-14. The N-terminal half of
RPGR protein contains a tandem repeat structure highly similar
to the regulator of chromosome condensation (RCC1) named
RCCl-like domain (RLD), which regulates the RAN GTPase.
The RPGR®®™ protein has a Glu-Gly-rich low complexity re-

WWww.pnas.org/cgi/doi/10.1073/pnas. 1817639116

gion in the C-terminal domain. The C terminus of the RPGR!™%
protein contains a cluster of basic residues and a consensus prenylation
site. Rescue experiments in Rpgr knockout mice demonstrate that the
RPGRORF! jsoform is functionally sufficient to rescue photore-
ceptor degeneration (13, 14).

RPGR localizes to connecting cilia of rod and cone photore-
ceptors, the transitional zone of motile cilia, and primary cilia both
in vivo and in vitro (15-18). RPGR has been shown to be involved
in microtubule organization or regulation of transport in primary
cilia and actin stability (19-23). Likewise, RPGR is known to in-
teract with numerous proteins including Whirlin (24), Gelsolin (20),
SMC, IFTS8S, KIF3A, KAP3, NPM1, RABSA, CEP290, RPGRIP]1,
RPGRIPIL, NPHP4, PDE6D, and INPPSE (17, 21, 22, 25-34).
However, the importance of these interactions relative to the
pathophysiology of RPGR is not known. Numerous mutations in
RPGR associated with X-linked retinitis pigmentosa (XLRP) have
been identified (35-41). These variants are found across the entire
gene, with the majority of mutations occurring in the low complexity
region of RPGRO®F'>, How these variants cause XLRP is not well
understood. Here, we show that RPGR missense variations that
cause XLRP disrupt the interaction of RPGR with its interactors
and prevent ciliary localization of RPGR'™". Our study establishes
a practical in vitro assay to evaluate RPGR missense variations in
the RLD region in a cell culture system.

Significance

Due to its severity and early onset, X-linked retinitis pigmen-
tosa (XLRP) is a particularly devastating form of retinal de-
generation. Most males with XLRP come to medical attention
before the age of 20. Approximately 15% of all RP is X-linked,
and more than 70% of these cases are caused by mutations in
the RPGR gene. Currently, there is no known assay to evaluate
the nature of RPGR missense variants functionally. In this
study, we developed an in vitro assay to examine how differ-
ent missense variations in RPGR cause XLRP. Our assay is based
on the RPGR protein interaction network. Our method provides
a cost-effective test for RPGR functional mutation analysis.
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Results

Both Isoforms of RPGR Interact with Endogenous PDE6D, INPP5E, and
RPGRIP1L, but only RPGR'~"? Localizes to Cilia. Two major RPGR
isoforms are present in tissues and cells that arise through dif-
ferential splicing (SI Appendix, Fig. S1): RPGR'™" and the
retina-specific isoform RPGROR™ (11, 12). It has been shown
that the RPGR'~"? isoform interacts with PDE6D, INPPSE, and
RPGRIPIL and localizes to primary cilia including connecting
cilia of the retina (17, 27, 41). However, it is not known whether
the RPGRORF' isoform also binds to these interactors. We first
examined ciliary localization of RPGR®RF!5 by transfecting
GFP-tagged RPGR®F'5 into human retinal pigmented epithe-
lial (RPE1) cells. In contrast to the RPGR' ™" isoform (Fig. 1 A-
C), the RPGRO®F'? isoform (Fig. 1 D-F) did not localize to cilia,
instead, it was detected in the cytoplasm. Similar results were
obtained in mouse IMCD3 cells (SI Appendix, Fig. S2 A-C). To
determine if the RPGRO®F!> can interact with endogenous
PDE6D, INPPSE, and RPGRIPIL, we generated a Flag-S-tag—
tagged construct and expressed it in HEK293T cells. Using
pulldown with anti-Flag beads, we show that RPGRORF also
interacts with endogenous PDE6D, INPPSE, and RPGRIP1L
(Fig. 1K). Since both isoforms of RPGR share the RLD region
(8I Appendix, Fig. S3), these data suggest that the binding do-
main for PDE6D, INPP5SE, and RPGRIP1L resides in the RLD
region. To test this, we generated a RPGR construct that con-
tains the shared region of the two isoforms (RPGR-shared) and
tested its interaction with PDE6D, INPP5SE, and RPGRIP1L.
The results demonstrate that the shared region of the two RPGR
isoforms contain the binding domains for endogenous PDE6D,
INPPSE, and RPGRIP1L (Fig. 1K). However, the shared region
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cannot be targeted to primary cilia (Fig. 1 G-I, also see SI Ap-
pendix, Fig. S2C).

The C-Terminal of the RPGR'~"? Isoform That Contains the Prenylation
Site Regulates Its Interaction with Endogenous PDE6D, INPP5SE, and
RPGRIP1L. The RPGR'™" isoform interacts with PDE6D much
more strongly than the RPGRORFY jsoform, indicating that the
RPGR!™" isoform has additional binding sites for PDE6D.
Altering the prenylation site of cysteine 812 to alanine (Fig. 2 D-
F) or deleting cysteine 812 (Fig. 2 G-I) abolish RPGR'~"? iso-
form ciliary localization, indicating that prenylation of cysteine
812 is required for RPGR'™" ciliary localization. Similar results
were obtained in mouse IMCD3 cells (SI Appendix, Fig. S2).
Changing the prenylation site of cysteine 812 to alanine or de-
leting cysteine 812 also greatly decreases but does not fully
abolish RPGR'™" binding to PDE6D (Fig. 2K), indicating that
the C-terminal of the RPGR' ™" is the stronger binding site for
PDEG6D and that there is another binding site for PDE6D, likely
in the RLD region. Interestingly, mutating the prenylation site of
cysteine 812 to alanine or deleting cysteine 812 increases RPGR' ™
isoform binding to endogenous INPPSE and RPGRIP1L (Fig. 2K).
This finding suggests that prenylation of RPGR!™!® modulates its
protein structure, which in turn affects the RLD region of the protein,
the binding region for INPPSE and RPGRIPIL, which leads to
stronger binding of the RPGR'™"? to INPPSE and RPGRIP1L.

The Ciliary Localization of RPGR''® Is Regulated by PDE6D and
RPGRIP1L, but Not by INPP5SE. Although both isoforms of RPGR
bind to endogenous PDE6D, INPPSE, and RPGRIP1L, only the
RPGR!™" isoform localizes to primary cilia in cultured cells
(Fig. 1, also see SI Appendix, Fig. S2), although the RPGRORFS
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Fig. 1. Both isoforms of RPGR interact with endogenous PDE6D, INPP5E, and RPGRIP1L, but only RPGR'~"? localizes to cilia. (A-/) GFP-tagged RPGR isoforms
were transfected into RPE1 cells, the cells were stained with anti-GFP antibody to enhance and visualize GFP signal, and anti-polyglutamylated tubulin
antibody GT335 was used as the cilia marker. Only GFP-tagged RPGR'~'? isoform localizes to the primary cilia (A-C), while RPGRO®*'* isoform (D-F) and RPGR-
shared region (G-/) do not localize to cilia. (J) Quantification of percentage of cells with GFP* cilia in transfected RPE1 cells. (K) Flag-S-tag—conjugated RPGR
isoforms were transfected into HEK293T cells and RPGR was pulled down by Flag beads. Western blots were used to detect endogenous RPGR interaction
proteins using antibodies against PDE6D, RPGRIP1L, and INPP5E. RPGR'~'® M58K and vector only transfected cells were used as negative controls. Detailed
analysis of RPGR M58K variant can be found in Fig. 5. To avoid oversaturation of PDE6D by RPGR'~'? IP, we loaded 15% of RPGR'~'® IP at one end of the gel
and 85% of RPGR'~'° IP at another end of the gel. The anti-INPP5E antibody nonspecifically binds to the Precision Plus Protein Dual Color Stardards from Bio-
Rad at 75 kDa. Arrows indicate Flag-tagged RPGR isoforms. Each transfection was done three times. (Scale bar: 10 um.)
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Fig. 2. Prenylation of the C terminus of RPGR'~'® regulates its interaction with endogenous PDE6D, INPP5E, and RPGRIP1L. The C terminus of RPGR'~"°
contains a cysteine residue for prenylation. Mutation (D-F) or deletion (G-I) of the cysteine residue abolish the ability of the RPGR'~'® isoform to localize to
cilia compared with WT control (A-C). (J) Quantification of percentage of cells with GFP* cilia in transfected RPE1 cells. (K) Disruption of RPGR prenylation
affects its interaction with endogenous PDE6D, INPP5E, and RPGRIP1L. Flag-S-tag—conjugated WT and mutant RPGR'~'° were transfected into HEK293T cells,
and RPGR was pulled down by Flag beads. Western blots were used to detect RPGR'™'? interaction proteins using antibodies against PDE6D, INPPSE, and
RPGRIP1L. (L) The ratio of mutants to WT was calculated after quantifying each band using ImageJ and normalized to Flag and GAPDH. Each transfection was

done three times. *P < 0.05. (Scale bar: 10 pm.)

isoform was also shown to localize to connecting cilia in the
mouse retina. To determine the importance of RPGR binding
with PDE6D, INPP5SE, and RPGRIP1L, mutations in all of which
cause retinal degeneration, we knocked out PDE6D, INPPSE, and
RPGRIPIL in RPEI1 cells using the CRISPR-Cas9 genome edit-
ing system. We confirmed the knockout of these genes by direct
sequencing, Western blotting, and/or immunofluorescent staining
(Fig. 3 D and J' and SI Appendix, Fig. S4). While knockout of
RPGRIP1L and PDEG6D affect cilia number, knockout of RPGR
and INPPSE do not have apparent effects on ciliogenesis (Fig.
3Q). It is known that PDE6D is required for the ciliary localiza-
tion of prenylated proteins (42). In the absence of PDE6D, RPGR
(Fig. 3 N-P) and INPPSE (Fig. 3 N'-P’), two proteins containing
prenylation sites, cannot localize to cilia. In contrast to a previous
report, our data indicate that RPGR is not required for INPPSE
ciliary localization (Fig. 3 D’=F’). To confirm this result, we also
used siRNA to knock down RPGR expression. Treating RPE1
cells with RPGR siRNA greatly decreases RPGR protein levels
(SI Appendix, Fig. SSN) and effectively abolishes ciliary locali-
zation of RPGR (87 Appendix, Fig. S5 D-F). To rule out the pos-
sibility that there might be unknown RPGR isoforms that may not
be targeted by the CRISPR guides, we treated RPGR knockout
RPE1 cells or WT RPEL1 cells with RPGR siRNA. siRNA against
RPGR does not affect INPP5SE ciliary localization (SI Appendix,
Fig. S5 J-M). Similarly, loss of INPPSE does not affect ciliary lo-
calization of RPGR (Fig. 3 /-M). To further confirm these findings,
we knocked down INPPSE expression using siRNA. Treating
RPEI1 cells with INPPSE siRNA effectively abolishes ciliary local-
ization of INPP5E (SI Appendix, Fig. S6 D-F). However, knocking
down INPPSE with siRNA does not affect RPGR ciliary localiza-
tion (SI Appendix, Fig. S6 J-M). Of note, ciliary localization of
RPGR and INPPSE do not absolutely require, but are regulated by,

Zhang et al.

RPGRIPIL (Fig. 3 R and S), suggesting that the integrity of the
cilia transition zone regulates RPGR and INPPSE cilia localization.
However, the transition zone localization of RPGRIP1L is not af-
fected by loss of RPGR (SI Appendix, Fig. S7).

Most RP-Causing Missense Variations in the RLD Region Disrupt the
Interaction Between RPGR Isoforms and Endogenous PDE6D, INPP5E,
and RPGRIP1L. About 200 mutations in RPGR have been reported
to cause XLRP. Most of them are deletions or insertions leading
to premature stops in the low complexity region of the RPGRORF!
isoform. Several RPGR missense variations have also been identi-
fied, the majority of which are located within the shared RLD
region. These missense variants are rarely found in the gnomAD
database (SI Appendix, Table S1). How these missense variations
cause XLRP is not well understood. Since these variations locate
to the RLD domain, a region that interacts with endogenous
PDEG6D, INPPSE, and RPGRIPIL, we hypothesized that these
missense mutations disrupt the interaction of RPGR with these
interactors. To test this hypothesis, we chose to evaluate G43R,
F130C, G215V, and G275S variants, which are predicted to be
damaging to RPGR protein function by Polyphen-2, SIFT, and
Provean (SI Afpendix, Tables S2-S4). To test if these variations
affect RPGR'™" isoform ciliary localization, we transfected
GFP-tagged WT and mutant RPGR!™'? into RPE1 cells. In
contrast to WT RPGR'™" (Fig. 4 A-C), mutant RPGR'~" (Fig.
4 D-0) cannot localize to the primary cilia. Similar results were
obtained in mouse IMCD3 cells (SI Appendix, Fig. S2 F-I). To
test if these variations affect the interaction between RPGR
isoforms and their interactors, we transfected Flag-S-tag—tagged
WT and mutant RPGR and RPGR-shared region into HEK293T
cells and pulled down RPGR isoforms by Flag beads. Indeed,
known mutations G43R, F130C, G215V, and G275S disrupt the
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Fig. 3. Ciliary localization of the RPGR'~'® isoform is regulated by PDE6D and RPGRIP1L, but not by INPPSE. RPGR, INPPSE, PDE6D, and RPGRIP1L knockout
RPE1 cells were generated by CRISPR-Cas9 and stained with RPGR (A-P) and INPP5E (A’-P’) antibodies. All RPE1 knockout cell lines have normal cilia (stained
by anti-polyglutamylated tubulin GT335) except for PDE6D and RPGRIP1L, which have fewer ciliated cells. PDE6D (N-P and N'-P’) is required for ciliary lo-
calization of RPGR and INPP5E, while RPGRIP1L (G-I and G'-I') is not absolutely required for ciliary localization of RPGR and INPP5E, but regulate ciliary
localization of RPGR and INPP5E compared with WT (A-C and A’-C'). Cilia localization of RPGR is not affected by loss of INPP5E (J-M) and ciliary localization of
INNPP5E is not affected by loss of RPGR (D'-F'). (Q) Quantification of cilia frequency in CRISPR knockout cells. (R) Quantification ciliary RPGR frequency in
CRISPR knockout cells. (S) Quantification ciliary INPP5E frequency in CRISPR knockout cells. Three different clone lines for each gene knockout were analyzed.

*P < 0.05. (Scale bar: 10 pm.)

interaction between RPGR isoforms (RPGR'™ and RPGRORF)
and their endogenous interactors PDE6D, INPPSE, and RPGRIP1L
(Fig. 4 0-S). Our data indicate that disruption of the RPGR
protein network is probably a common feature for most RPGR
missense variations in the RLD region that cause XLRP.

An RPGR M58K Variation Identified in a Family with XLRP Disrupts the
Interaction of RPGR Isoforms with Their Interactors and Ciliary Localization
of RPGR'" Isoform. We recently identified an M58K RPGR variation
in a family with XLRP (10). The M58K variation is located in the
first RCC1 domain of the RLD region (SI Appendix, Fig. S3) and is
predicted to be damaging to RPGR protein function by Polyphen-2,
SIFT, and Provean (SI Appendix, Tables S2-S4). To determine how
this missense variation causes XLRP, we performed a pulldown assay
as described above. The M58K variation disrupts the interaction
between RPGR isoforms (RPGR'™ and RPGR®®*") and their
endogenous interactors PDE6D, INPPSE, and RPGRIPIL (Fig. 5
A-C). The M58K variation also disrupts ciliary localization of the
RPGR'" isoform (Fig. 5 G-I). Analysis of skin fibroblast cells from

1356. | www.pnas.org/cgi/doi/10.1073/pnas. 1817639116

one of the patients with M58K variation confirms the lack of ciliary
localization of mutant RPGR (Fig. 5 N-P). The M58K mutant
RPGR protein level is also decreased (SI Appendix, Fig. S8), in-
dicating the mutant RPGR protein is not stable. Skin fibroblast cells
from the patient still have normal ciliary localization of INPPSE
(SI Appendix, Fig. S9), consistent with data from CRISPR-Cas9
knockout RPEL1 cells. Collectively, these data indicate that the
MS58K variation is the causative mutation in this XLRP family.

The RPGR Variation V36F That Causes Stationary Night Blindness Decreases
the RPGR'~" Isoform, but Not RPGR%F'> Isoform, Interaction with
Endogenous INPP5E. Three additional RPGR missense variations were
investigated: G436D that causes XLRP, G566E that is likely a
nondisease-causing polymorphism (36, 37, 40, 43, 44), and V36F that
causes X-linked congenital stationary night blindness (CSNB) (44, 45).
These variations locate outside of the RLD region (SI Appendix, Fig.
S3). Polyphen-2, SIFT, and Provean analysis (SI Appendix, Tables S2—
S4) indicates that the V36F mutation is predicted to be damaging, but
to a lesser degree compared with other missense variations in the
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Fig. 4. Most RP causing missense mutations in the RLD region disrupt the interaction between RPGR and PDE6D, INPP5E, and RPGRIP1L. GFP-tagged WT (A-
C), G43R (D-F), F130C (G-I), G215V (J-L), and G275S (M-0) mutated RPGR'~"° transfected RPE1 cells show that these mutations disrupt the RPGR'~"° ciliary
localization. (P) Quantification of percentage of cells with GFP* cilia in transfected RPE1 cells. Flag-S-tag conjugated WT and mutant RPGR isoforms, and
RPGR-shared region were transfected into HEK293T cells, and RPGR was pulled down by Flag beads. Western blots were used to detect RPGR interacting
proteins. These mutations disrupt the interaction between the RPGR'~"° (Q), RPGRORF'> (R), and RPGR-shared region (S) with endogenous PDE6D, INPPSE, and
RPGRIP1L. Each transfection was done three times. (Scale bar: 10 pm.)
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RLD region. The G566E variation is predicted to be damaging by
Polyphen-2 but are predicted to be likely benign by SIFT and Pro-
vean, while the G436D variation is listed as benign (SI Appendix,
Tables S2-S4). To determine the nature of these three missense
variations, we first examined whether these missense variations affect
RPGR'™" isoform ciliary localization. None of the three variations
affects RPGR' ™ ciliary localization (Fig. 6 D-L). Similar results were
obtained in mouse IMCD3 cells (S Appendix, Fig. S2 J-M). To de-
termine if these missense variations affect the interaction between
RPGR isoforms and their endogenous interactors PDE6D, INPPSE,

and RPGRIPIL, we performed pulldown assays. Of note, these mis-
sense variations do not fully disrupt the interaction between RPGR
isoforms and their endogenous interactors PDE6D, INPPSE, and
RPGRIPIL, unlike missense variations located in the RLD region
(Fig. 6 N-P). Further analysis revealed that the V36F missense vari-
ation decreases the interaction of the RPGR'™" isoform with INPPSE
and RPGRIPIL, while the interaction between the RPGRORF'3
isoform with PDE6D, INPP5SE, and RPGRIPI1L is not affected
(Fig. 60). The decreased interaction of the RPGR V36F variant
with PDE6D, INPPSE, and RPGRIP1L is more evident when using
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Fig. 5. An M58K variation found in RP patients disrupts the interaction of RPGR with its interactors and ciliary localization of RPGR'~"°. Flag-S-tag—conju-
gated WT and mutant RPGR isoforms and RPGR-shared region were transfected into HEK293T cells, and RPGR was pulled down by Flag beads. Western blots
were used to detect RPGR interacting proteins. M58K variation disrupts the interaction between RPGR'~"? (A), RPGRORF'® (B), and RPGR-shared region (C) with
endogenous PDE6D, INPP5E, and RPGRIP1L. GFP-tagged WT (D-F) and M58K (G-/) mutated RPGR'~"? transfected RPE1 cells show that M58K variation disrupts
the RPGR'~'° ciliary localization. (J) Quantification of percentage of cells with GFP* cilia in transfected RPE1 cells. Skin fibroblast cells from a patient with the
M58K mutation lack RPGR cilia localization (N-P) compared with control skin fibroblast cells (K-M). (Q) Quantification of RPGR frequency of skin fibroblast
cells. Each transfection was done three times. (Scale bars: 10 um.)
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Fig. 6. RPGR V36F variation that causes stationary night blindness decreases the RPGR'~"® isoform and RPGR-shared region, but not RPGRORF'® isoform
interaction with INPP5E, PDE6D, and RPGRIP1L. Similar to WT GFP-tagged RPGR'~"? (A-C), the V36F (D-F), G436D (G-/), and G566E (J-L) variants localize to
cilia. (M) Quantification of percentage of cells with GFP* cilia in transfected RPE1 cells. (N-P) Flag-S-tag conjugated WT and mutant RPGR isoforms and RPGR-
shared region were transfected into HEK293T cells and RPGR was pulled down by Flag beads. Western blots were used to detect RPGR interaction proteins.
Compared with WT controls, V36F mutation greatly decreases RPGR'~"? (N) and RPGR-shared region (P) interaction with endogenous INPP5E and RPGRIP1L. It
also greatly decreases RPGR-shared interaction with endogenous PDE6D (P). V36F variation does not affect RPGRORF'® isoform interaction with endogenous
PDE6D, INPP5E, or RPGRIP1L (O). Reported RP-causing RPGR variation G436D and a polymorphism variation G566E have mild effect on the interaction between
RPGR-shared region and PDE6D, INPPSE, or RPGRIP1L, but have no effects on RPGR'~'® and RPGRORF'> isoforms interaction with endogenous INPP5E, PDE6D, and
RPGRIP1L. (Q-S) The ratio of mutants to WT was calculated after quantifying each band using ImageJ and normalized to Flag and GAPDH. Each transfection was
done three times. *P < 0.05. (Scale bar: 10 pm.)

the RPGR-shared region (Fig. 60). The mild effects on the in- ever before. However, identified variants are not necessarily
teraction with endogenous interactors PDE6D, INPPSE, and disease causing and functional predictive algorithms are not fully
RPGRIPIL by the V36F missense variation may explain the less  accurate. Verification of the causative nature of identified gene
severe CSNB phenotypes caused by this variation. The interaction  variants is important for appropriate genetic counseling and re-
between the RPGR! ™ isoform and RPGROR™ isoform with their ~ currence risk assessment for patients and families. In addition,
endogenous interactors PDE6D, INPPSE, and RPGRIPIL is not  development of gene-specific treatments such as gene and cell
affected by the G436D and G566E missense variations. The G436D  therapy requires accurate diagnoses and understanding of dis-
and G566E missense variations mildly affect the interaction between  ease mechanisms. Therefore, there is a need to develop rapid,
the RPGR-shared and endogenous PDE6D and INPP5E. Our data  cost-effective functional assays to verify or refute the causative
suggest that the GS566E missense variation is probably a poly- mnature of identified gene variations.

morphism and the G436D missense variation is not a RP causative Due to its severity and early onset, XLRP is a particularly dev-
mutation. It is possible that there is another mutation residing within  astating form of retinal degeneration. Most males with XLRP come
the RPGR genome region, considering the difficulty of sequencing  to medical attention before the age of 20. Approximately 15% of all

exon 15 of RPGR due to the high GC content of this region. RP is X-linked, and more than 70% of these cases are caused by
. . mutations in the RPGR gene (10). There are estimated to be about
Discussion 9,000 RPGR-associated RP patients in the United States, with just

With the development of next generation sequencing, it is more  over 100 new cases identified each year (10). As the majority of
cost-effective and easier to identify gene variants in patients than ~ RPGR mutations fall within the difficult-to-sequence low complexity
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region of the gene, to accurately diagnose and treat the disease, it
is important to develop a practical assay to accurately evaluate the
pathogenicity of RPGR variants.

In this study, we developed an in vitro assay to examine how
different missense variations in RPGR cause XLRP. Our assay is
based on the RPGR protein interaction network. We demonstrated
that XLRP causative missense mutations disrupt the interaction
between RPGR isoforms and their endogenous interactors PDE6D,
INPPSE, and RPGRIP1L. Using this assay, we can distinguish
variants that cause XLRP, CSNB, and nondisease-causing poly-
morphisms. Furthermore, we also developed an assay based on the
cilia localization of the RPGR'™ isoform to distinguish among
variants that cause XLRP, which disrupt cilia localization, and
CSNB or nondisease-causing lpo(l)ymorphisms, which have normal
cilia localization of the RPGR'™" isoform. These methods provide
a cost-effective test for RPGR functional mutation analysis.

The existence of multiple isoforms in cells and tissues makes the
study of RPGR function challenging. While the RPGRO®> jsoform
is mainly expressed in the retina, the RPGR'™ isoform has a broader
expression pattern (12, 16, 46). The shared N-terminal RLD region
suggests that these isoforms have some functions in common, whereas
the unique C termini of these isoforms suggest each isoform may also
have different functional properties. Several lines of evidence support
this hypothesis. First, the RPGR!™' isoform, which has a C-terminal
prenylation site, localizes to primary cilia both in human RPEI cells
and mouse IMCD3 cells (17, 27, 41). In contrast, the RPGRORF
isoform does not localize to cilia in cultured cells. Second, rescue ex-
periments in Rpgr knockout mice demonstrated that the RPGRORF'
isoform, but not the RPGR ™ isoform, is the functionally significant
isoform in photoreceptor cells (13, 14, 47). Third, some RPGR pa-
tients have other phenotypes including respiratory tract infections,
hearing loss, and primary ciliary dyskinesia in addition to XLRP (15,
46, 48). Given the broader expression of the RPGR'™'? isoform, this
might reflect the function of RPGR'™" in nonretinal tissues.

The functional importance of RPGR isoforms in the retina is
not fully understood. It has been shown that the level of the
RPGR'™" isoform is gradually decreased while the level of the
RPGRORF jsoform is gradually increased during eye develop-
ment, implying the RPGR'™"? isoform plays a role during the
early stage of eye development, while the RPGRO®F'3 isoform
has an important function in the mature retina (14). The fact that
both RPGR isoforms interact with the same endogenous inter-
actors suggests that they may compete with each other for the
availability of endogenous binding partners, therefore fine tuning
each isoforms’ function. Consistent with this notion, truncated
RPGR has been shown to have dominant effects on endogenous
RPGR proteins (39, 49). This may explain why overexpression of
the RPGR'™? isoform in mice causes retinal degeneration.

The discrepancy between our data and published data re-
garding the effect of RPGR on INPPSE ciliary localization may
be due to species and cell-type differences. We used human
RPET1 cells in our study, while data in the literature was gener-
ated using mouse fibroblast cells (27). Another possibility is the
existence of modifying genes, which, in combination with loss of
RPGR, regulates INPPSE ciliary localization. When we generate
stable RPGR knockout cell lines in RPE1 cells using CRISPR-
Cas9, we selected two gRNAs targeting RPGR. Ten stable cell
lines from one guide all show ciliary localization of INPP5SE.
Interestingly, four of eight stable cell lines generated using a
second guide show the lack of ciliary localization of INPPSE,
suggesting there may be genes whose functions are disturbed by
the guide. Interestingly, it has been shown that variations in
RPGRIP1L and NPHP5 serve as modifiers for RPGR (32).

Although our in vitro assay raises questions about the nature
of some known RPGR missense variations, we cannot com-
pletely rule out the possibility that these missense variations are
causative mutations. These missense variations could affect the

Zhang et al.

protein stability of RPGR. We cannot distinguish this possibility
with our assay.

Materials and Methods

Study Approval. All experiments involving human skin biopsy specimens were
conducted with the approval of and under the supervision of the University of
lowa's Internal Review Board (IRB, application no. 200202022).

Reagents and Antibodies. The following antibodies were used in this study:
RPGR rabbit polyclonal antibody (HPA001593, 1:200 for IF; Sigma), mouse
monoclonal anti-polyglutamylated tubulin [clone GT335, AG-20B-0020,
1:1,000 for immunofluorescence (IF), 1:1,000 for Western blot (WB); AdipoGen],
PDE6D rabbit polyclonal antibody (MBS7005086, 1:1,000 for WB; MyBiosources),
INPP5SE rabbit polyclonal antibody (17797-1-AP, 1:500 for IF, 1:500 for WB;
Proteintech), RPGRIP1L rabbit polyclonal antibody (55160-1-AP, 1:300 for
IF, 1:500 for WB; Proteintech), RPGRIP1L rabbit polyclonal antibody (HPA039405,
1:300 for WB; Sigma), ARL13B mouse monoclonal antibody (N295B/66,
1:500 for IF; NeuroMab), FLAG mouse monoclonal antibody (F1804, 1:200 for
IF; Sigma), HRP-conjugated FLAG mouse monoclonal antibody (A8592,
1:20,000 for WB; Sigma), GAPDH mouse monoclonal antibody (MA5-15738,
1:10,000 for WB; Invitrogen), and GFP rabbit monoclonal antibody (G10362,
1:500 for IF; Invitrogen). Blasticidin was from InvivoGen. SMARTpool siRNA
against human RPGR and INPP5E were from Dharmacon.

Cell Cultures. hTERT-RPE1 cells and mouse IMCD3 cells were maintained in
DMEM/F12 (Invitrogen) with 10% FBS (Gibco) and penicillin/streptomycin.
Human HEK293T cells were maintained in DMEM (Invitrogen) with 10% FBS
and penicillin/streptomycin. Skin fibroblasts were maintained in MEM alpha
(Invitrogen) with 10% FBS and primocin (InvivoGen).

Generation of RPE1 Knockout Cell Lines Using CRISPR-Cas9. We generated
RPGR, PDE6D, INPP5SE, and RPGRIP1L knockout cell lines in RPE1 cells using
CRISPR-Cas9. The guide sequences for RPGR is as follows: guide 1 GAAGT-
GAAATTAGCTGCCTG. Guide 2 GTCCCTGTACATCTTTCATG. The guide se-
quence for PDE6D is as follows: GGACCTGTCTGTCCCTGGTG. The guide
sequence for INPP5E is as follows: GAGGGTTACCCCCCGAGGAC. The guide
sequence for RPGRIPIL is as follows: GGTGTCACGTGTCAGTCGTG. Stable
clones were selected with blasticidine and indels were identified by Sanger
sequencing. Stable clones were also verified by immunofluorescent staining
or Western blotting whenever antibodies were available.

Generation of Human RPGR Missense Variations and RPGR Shared Region. RPGR
missense variations were generated by site-directed mutagenesis (Stratagene)
using N-terminal Flag-S-tagged or GFP-S-tagged wild-type RPGR as template
and mutations were verified by Sanger sequencing. RPGR shared region was
generated by PCR and verified by Sanger sequencing.

Immunoprecipitation. RPGR WT and missense variations were transfected into
HEK293T cells in a six-well plate. Forty-eight hours after transfection, the cells
were lysed in lysis buffer (1x PBS, 1% Triton X-100, and protease inhibitor;
Roche) and spun at 20,000 x g for 15 min at 4 °C. Cleared lysates were in-
cubated with anti-Flag beads (Biotool) for 4 h. The beads were washed four
times with lysis buffer, and the interactions were detected by Western blotting.

Immunofluorescence Microscopy. Cells were fixed in 4% paraformaldyhyde
in PBS for 10 min and permeabilized with 0.2% Triton X-100 at room
temperature for 7 min or fixed with cold methanol for 5 min (for y-tubulin
stain). Cells were washed three times with PBS and blocked with blocking
buffer (1% BSA in PBS). Primary antibodies were diluted in blocking buffer
and incubated at room temperature for 1 h. Cells were washed 3x PBS,
blocked with blocking buffer, then incubated with Alexa 488- or Alexa 568-
labeled secondary antibodies (1:1,500 for IF; Invitrogen). Slides were mounted
with VectaShield mounting medium with DAPI (Vector Laboratories).

Image Quantification and Statistical Analysis. To quantify GFP* cilia in GFP-
tagged RPGR WT and mutant-transfected RPE1 cells and IMCD3 cells, 10—
15 random fields (10 fields for IMCD3 cells and 12-15 fields for RPE1 cells)
under 60x objective were chosen to count GFP™ cilia and DAPI to count for
total cells. To quantify cilia number frequency, 5-10 random fields (10 fields
for RPGRIP1L knockout cells, 5 fields for the rest gene knockout cells) under
60x objective were chosen to count cilia number and DAPI to count for total
cells. To quantify RPGRIP1L stain, 10 random pictures were taken under
100x objective, anti-polyglutamyalted tubulin was used to count cilia,
and y-tubulin was used to count basal body. To quantify RPGR and
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INPP5E frequency, about 100 cells under 100x objective were counted
and anti-polyglutamyalted tubulin was used to count cilia. For Western blots
quantification, images were quantified using NIH Imagel. We performed
statistical analysis using unpaired t tests. Mean values + SEM are reported.
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