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Splicing variants in MYRF cause partial
loss of function in the retinal pigment
epithelium leading to nanophthalmos
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Improper light focus on the retina, refractive error, is primarily caused by eye size differences and

is the leading cause of vision loss worldwide. C-terminal variants in the Myelin regulatory factor
(MYRF) gene, a retinal pigment epithelium-derived (RPE-derived) transcription factor, lead to
isolated nanophthalmos characterized by a small, though structurally sound eye. However, other
MYRF loss-of-function variants cause syndromic disease. To address this discrepancy, in vitro

and animal studies were performed on a pathogenic C-terminal variant dG-MYRF (p.Gly1126fs30%,
¢€.3376-1G>A). Human RPE cells or primary RPE transduced with dG-MYRF showed reduced

target gene expression, with decreased steady-state levels of the C-terminal cleavage product,

but normal cleavage and localization. A homozygous humanized MYRF C-terminal mouse model
(Myrfhumdc/humdC) \was embryonic lethal by E18.5, while WT (MyrfumW7/humWT) mice were viable.
Single-cell RNA-seq from E17.5 Myrfumdc/humdc and KO RxCre;Myrf"f (E15.5 and P0) mice revealed
shared differentially expressed genes, with decreased effect size in the Myrfrmdc/uimdc ayes, These
findings support dG-MYRF as a hypomorphic allele. Additionally, 2 MYRF splicing variants creating
nonfunctional isoforms were found in families with isolated nanophthalmos. Overall, hypomorphic
MYRF alleles underlie isolated nanophthalmos, supporting a tissue-specific threshold effect and
highlighting unique roles for the MYRF C-terminus in the RPE.

Introduction

Myelin regulatory factor (MYRF) is a membrane-associated transcription factor initially identified for its
role in oligodendrocyte maturation and myelination (1). It is a type II transmembrane protein that homo-
trimerizes in the endoplasmic reticulum (ER) lumen and autocleaves to release an N-terminal fragment
that translocates to the nucleus and acts as a transcriptional activator (2). More recently, pathogenic vari-
ants in MYRF have been associated with an ocular-cardiac-urogenital syndrome featuring congenital heart
defects, diaphragmatic hernias, pulmonary hypoplasia, genital abnormalities, and high hyperopia (3-7).
MYRF variants have also been described in isolated nanophthalmos, an ocular disease featuring a small but
structurally normal eye, with resulting extreme farsightedness (hyperopia). C-terminal frameshift variants
have been identified in multiple large pedigrees with predominantly isolated nanophthalmos, suggesting a
unique role for the MYRF C-terminus in the eye (8, 9). However, it is not clear why some variants in MYRF
result in isolated ocular disease while others produce syndromic phenotypes.

In the eye, MYRF is predominantly and highly expressed in the developing and mature retinal pigment
epithelium (RPE) (8, 10). Conditional loss of mouse Myrfin the eye leads to defects in RPE development
and retinal degeneration in mice, with perturbations in TGF-B/BMP signaling, pigmentation, cell struc-
ture, and cell viability (10). Although the mouse models of Myrfshow disparate phenotypes compared with
patients, they are invaluable for understanding retinal disease pathogenesis in vivo (8, 11, 12).
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Two large nanophthalmos families have been reported with genetic changes that lead to the same
C-terminal frameshift mutation in MYRF causing a 31-amino acid extension in the last exon (8, 9).
Interestingly, a cluster of patients with pathogenic variants located in the conserved C2 domain manifest
with predominantly ocular diseases (Figure 1) (13). While the functional consequences of variants in the
DNA binding domain (DBD) and intramolecular chaperone autocleavage (ICA) domain have been well
studied (14, 15), there has been little to no progress on understanding the function or importance of the
ER-resident, conserved C2 domain.

Toward that end, we generated a humanized mouse model of the C-terminal Myrf variant and
performed in vitro functional assays in RPE cell lines and primary human RPE cultures to better under-
stand the molecular mechanism by which C-terminal extension alleles cause disease. Furthermore, we
identified 2 additional rare splice site variants in MYRF in families with isolated nanophthalmos, sup-
porting this as a more common mechanism for disease pathogenesis. Together, our studies support that
partial loss-of-function alleles in MYRF contribute to isolated nanophthalmos and provide mechanistic
insights into the role of the MYRF C2 domain.

Results

C-terminal MYRF variant is processed normally but shows decreased stability and transcriptional activity.
C-terminal MYRF variants and splicing variants are associated with predominantly ocular phenotypes
and have familial inheritance, while early truncating and ICA and DBD variants are associated with
syndromic phenotypes and predominantly occur de novo (9, 13, 15-17). Given this discrepancy, the
C-terminal frameshift alleles could act as dominant negative or hypomorphic alleles. To distinguish these
models, we evaluated localization, cleavage, and protein stability of the C-terminal variant in vitro in the
ARPE-19 human RPE-like cells. When overexpressed with lentiviral vectors, both WT MYRF and C-ter-
minal frameshift MYRF (dG-MYRF) (p.Gly1126fs30*) showed nuclear localization, while a known
cleavage-deficient mutant V679A-MYRF (14) displayed only cytoplasmic localization and was excluded
from the nucleus (Figure 1, A and B). Since homotrimerization at the ER lumen is necessary for cleavage
of the N-terminal MYRF fragment and its subsequent translocation to the nucleus (1, 2, 18, 19), our
results support a model in which dG-MYRF can homotrimerize and cleave.

To further evaluate this, we used Western blotting to systematically define the cleavage dynamics
(ratio of full length/cleaved) of the dG-MYRF variant compared with WT-MYRF in ARPE-19 cells. We
observed faint bands for full-length FLAG-MYRF (160 kDa) in both WT-MYRF and dG-MYRF and
strong transcriptionally active N-MYRF cleavage products (~70 kDa). In contrast, the cleavage-deficient
mutant, V679A-MYRF, shows 1 strong full-length MYRF band (Figure 1C). Given normal cleavage and
localization, we next evaluated protein stability through computational tools examining degree of disorder
Predictor of Natural Disordered Regions (PONDR) and protein folding (AlphaFold2) (20-23). PONDR
uses neural networks trained on ordered and disordered regions of short and/or long regions of amino acid
sequences from NMR or x-ray crystallography data to predict intrinsic disordered regions. PONDR analysis
predicted that dG-MYRF alters the C-terminus from a highly ordered to a highly disordered structure (Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.194681DS1). De novo structural modeling using AlphaFold2 predicted the loss of a B-sheet and
alpha-helix structure in the conserved C2 domain of the C-terminal frameshift variant of MYRF (Supple-
mental Figure 1, B and C). To experimentally validate this, cycloheximide pulse-chase experiments were
conducted in ARPE-19 cells transduced with WT-MYRF and dG-MYREF. Protein extracts were analyzed
by Western blotting using antibodies to the N-terminus or C-terminus of MYRF. The rates of decay of the
C-terminal and N-terminal MYRF cleavage product were unchanged in the dG-MYRF variant following a
24-hour chase (Supplemental Figure 2A). However, steady state levels of C-terminal cleavage product for
dG-MYRF were reduced compared with WT (Supplemental Figure 2, B and C). This was unlikely due to
reduced epitope detection because the antibody was raised to an epitope present in both forms of MYRF
(anti-MYRF?*376644) (1), and the C2 domain is predicted to fold independently.

To evaluate the functional effect of the dG-MYRF variant on transcriptional activity, we tested the
ability of dG-MYREF to autoregulate MYRF transcription and its downstream target TMEM98 using qPCR,
as compared with an internal transduction GFP control, present in each of the constructs. ARPE-19 cells
transduced with dG-MYRF showed decreased levels of endogenous MYRF and TMEM98 mRNA expres-
sion (relative to GFP) as compared with WT-MYRF (Figure 1D).
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Figure 1. Processing of C-terminal MYRF variant in vitro. (A) Diagram of amino acid changes in WT-MYRF, dG-MYRF, and cleavage deficient variant
V679A-MYRF. ProRich, proline rich; DBD, DNA binding domain; ICA, intramolecular chaperone auto-processing; TM, transmembrane; C2, C-termi-
nal. (B) Localization of FLAG-tagged MYRF constructs in ARPE-19 cells show normal nuclear localization of dG-MYRF (n = 3). Scale bar: 50 um. (C)
Western blot of transfected ARPE-19 cells shows no change in cleavage of N-terminal fragment (n = 3). (D) gPCR analysis of RNA from ARPE-19 cells
transduced with dG-MYRF, compared with WT-MYRF show decreased levels of transcripts for total Myrf and endogenous Tmem98 mRNA (n = 3) by
Student’s t test. *P < 0.05, **P < 0.01.

To evaluate whether RPE differentiation state and polarization alter cleavage dynamics of MYREF,
we repeated key ARPE-19 experiments in primary human RPE cultures grown on microporous supports,
as described previously (24). We again observed normal localization and cleavage of virally transduced
WT-MYRF and dG-MYRF primary RPE cultures (Figure 2, A-D). Additionally, transepithelial electri-
cal resistance (TEER) was measured as a proxy for barrier function and overall cell health since we have
previously demonstrated the close relationship between assays for cell toxicity and declines in TEER in
primary RPE cultures (25). We observed no difference in TEER in primary RPE transduced with Empty
Vector, WT-MYRF, or dG-MYRF 1 week after transduction compared with the same well before trans-
duction (Figure 2E). Overall, the results obtained in the ARPE-19 cell line were consistent with results
seen in mature and polarized human primary RPE cultures, demonstrating the dG-MYRF variant does
not affect localization, processing, barrier function, or overall cell health but seems to reduce transcrip-
tional activation function of MYRF.

Mouse model of human C-terminal MYRF is prenatal lethal. In vitro analysis of the dG-MYRF vari-
ant (Figures 1 and 2) provided insight into the potential molecular mechanism of the patient variant
MYRF p.Gly1126fs30*. To understand the pathogenesis of nanophthalmos in patients with the MYRF
p-Gly1126fs30* variant, we used CRISPR/Cas9 homology—directed repair to generate a humanized mouse
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Figure 2. Processing and functional studies of C-terminal MYRF variant in human primary RPE. (A-C) Localization of
FLAG-tagged MYRF constructs in mature human primary RPE show normal nuclear localization of dG-MYRF. Scale bar:
5 pum. (D) Western blot of transduced human primary RPE cells shows no change in cleavage of N-terminal fragment.
(E) Functional assessment of barrier function via TEER (normalized to pretransduction TEER value for each replicate)
shows no significant difference in TEER 1 week after transduction with Empty Vector, WT-MYRF, or dG-MYRF by 1-way
ANOVA (all experiments are 3 reps from n = 2 donors).

model that mimics the frameshift variant detected in patients, as well as a matched humanized WT control
(Figure 3A). In this model, we replaced mouse exon 26 with either the human WT or human C-terminal
frameshift exon 27 DNA sequence, including the endogenous-3'UTR sequence, and fused this with mouse
exon 25 (Supplemental Figure 3). We previously showed that Myrf is highly expressed in RPE via qPCR
of RNA from optic cups and RNAscope in situ hybridization (8, 10). To confirm proper cell specificity and
expression of the humanized alleles of Myrf, we used a validated Myrf RNAscope probe to evaluate Myrf
expression in MyrfrmdG/humdG and MyrfrumWT/humWT eyes at E15.5. These studies showed consistent Myrfexpres-
sion pattern and levels among MyrfWT/humWT and MyyfrumdG/humiG eyes within the RPE (Figure 3B). To fur-
ther define the function of the dG allele, we first evaluated survival of Myz/d¢/humiG embryos. We observed
that homozygous Myrftm¢/miG embryos were never detected after birth, while MyrfrnWT/hmWT mice were
viable and fertile. Myzf*mi¢/lumi% embryos were present in normal Mendelian ratios at E12.5-E17.5 but
underrepresented at E18.5 (y? prob = 0.015) and at birth (PO) (2 prob = 0.042) (Figure 3C).
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Figure 3. Homozygous Myrf humdG mice are embryonic lethal. (A) Schematic showing the (humdG) fusion allele amino acid sequence changes in the
humanized mouse model. (B) In situ hybridization using RNAscope detected Myrf mRNA in humanized humWT and humdG mouse RPE (n = 4-5 per gen-
otype). Scale bar: 100 pm. (C) Progeny from intercrossing MyrfhumWi/humdt mice exhibit skewed Mendelian ratios at E18.5 (x* P = 0.015) and PO (y? P = 0.002).
E12.5-E14.5 (n = 35 mice from 4 litters), E15.5 (n = 24 mice from 3 litters), E16.5 (n = 26 mice from 3 litters), E17.5 (n = 44 mice from 5 litters), E18.5 (n = 24
mice from 3 litters), and PO (n = 56 mice from 5 litters).

Analysis of ocular histology in E16.5 homozygous Myrf“mi¢/humi¢ mice revealed normal pigmen-
tation, which differed from the severe and early-onset depigmentation phenotype we observed in our
RxCre;Myrf"" mice (Supplemental Figure 4) (8). Tmem98, a direct target of MYREF, is expressed at simi-
lar levels in control eyes (MyrfrunWT/humWTy and MyyrfrumdG/humiG eyes at the RNA and protein level (Supple-
mental Figure 5) (8, 26). We cannot rule out the possibility that there are small expression differences
not detected by the mRNA and immunostaining assays. However, the RxCre; Myrf"* eyes had profound-
ly reduced expression of Tmem98 (10). The lethality of Myrf*md¢/mmiG mice confirm the pathogenicity of
the C-terminal Myrf mutant allele, and the lack of obvious ocular defects suggest that it likely functions
as a hypomorphic (partial loss-of-function allele) rather than null allele.

Myrf"46'* have normal eye size, retinal and RPE morphology, and retinal function. The RxCre;Myrf"* mice had
white spots in the retina and RxCre;Myrf"" mice had severe retinal degeneration, though no measurable eye size
phenotype was observed in either genotype into early adulthood (8). We systematically profiled Mys/"""*/* and
Myrfrm46/+ mice over the course of 1 year to determine whether changes ocular dimensions, retinal structure,
or function would emerge over time. Noninvasive imaging (SD-OCT and fundus photography) and electro-
retinography (ERG) were carried out on the same mice over the course of 1-year at 3-month intervals. After
1 year, Myrf*6/+ show no significant difference in eye size, axial length, corneal diameter, anterior chamber
depth, or retinal thickness and only a modest decline in vitreous chamber depth compared with controls (0.53
+ 0.03 mm versus 0.50 + 0.01 mm, P = 0.0342) (Figure 4, A—G). Additionally, scotopic and photopic ERGs
showed no decrease in visual function, consistent with the SD-OCT findings of normal retinal thickness and
morphology (Figure 4, H-J). Fundus photography showed little to no signs of atrophy after 1 year (Figure
4, B and C). To investigate for more subtle changes to RPE morphology similar to those that were evident in
RxCre;Myrf"" eyes (8), RPE flatmounts were stained with phalloidin, segmented using REShAPE software
(27), and evaluated for morphometric features (Supplemental Figure 6). These analyses reveal no differences in
the median cell area (P = 0.899), aspect ratio (P = 0.847), or hexagonality (P = 0.7568) of 1-year-old Myzfn4c/*
eyes compared with My#™""1’+ controls. There was also no change in the median number of neighboring RPE
cells between genotypes.
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Figure 4. Heterozygous Myr™m/+ mice show no gross morphological or retinal eye phenotype after 1year. (A) Images of enucleated eyes showing
similar eye size. Scale bar: 1 mm. (B) Spectral domain optical coherence tomography (SD-OCT) images showing no change in overall thickness or individual
retinal layers with white lines representing measurements for vitreous chamber depth (VCD) and retinal thickness. (C) Fundus photographs showing no
signs of retinal white spots in Myrf"mé/+ (pink) compared with controls (black). (D-G) Quantitative assessment of eye size (D), VCD (E), anterior chamber
depth (F), and retinal thickness (G) by Student’s t test. (H-J) Retinal function measured by scotopic electroretinogram (ERG) (H and I) and photopic ERG (J)
showed no differences (n = 6-8 per genotype). Scale bar: 1 mm.
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To evaluate for more subtle transcriptomic changes in My#/*"“¢/* compared with WT mice, we performed
gPCR in P21 adult mouse optic cups including the retina and RPE (n = 4-9 pairs of eyes per genotype). In
agreement with the lack of phenotypic changes in these mice, we found no significant differences in gene
expression between Myzf*'* and My#/*"**/+ mice in key RPE genes and previously defined MYRF target genes
(10) including Mitf, Ermn, Myrf, Sox10, or Tmem98 (Supplemental Figure 7). Together, these results suggest
that, at both histologic and the molecular level, Myr/"4“/+ mice are similar to their matched controls.

To determine the contribution to disease pathogenesis of the Myrf "¢ allele, we generated
RxCre; MyrfrmWT/humWT - Ry Cre; Myrf" "7 and RxCre;Myrf"""4C mice for observational studies over a 6-month
period to see the effect of the humdG allele on a sensitized background with 1 allele of Myrf missing (Sup-
plemental Figure 8), but the numbers were limited due to poor breeding and survival (z = 4 eyes, 2 mice per
genotype). Despite limited sample size, the effect was so severe that it was clear that RxCre; Myrf"""46 showed
signs of RPE degeneration compared with RxCre; Mysf"T/hunWT and RxCre; Myrf"" 7T controls as early as
2 months and more strikingly by 6 months (Supplemental Figure 8A). In addition, RxCre;Myrf"""4G mice
showed significant reduction in vitreous chamber depth at 4 months (0.4 £ 0.2 mm) versus RxCre; Myrf"/"»WT
(0.54 £ 0.01 mm, P=0.0163) and RxCre; Myzfr""T/mmWT(().525 £ 0.008 mm, P=0.0106), and 6 months (0.38
1 0.03 mm) versus RxCre; Myrf""»"T(0.486 = 0.005 mm, P = 0.0130) and RxCre; Myzfr"T/humWT () 54 + .01
mm, P = 0.0013) (Supplemental Figure 8, B and D). No differences were observed between genotypes in
total retinal thickness or overall eye size (Supplemental Figure 8, E and F). In addition to anatomical chang-
es, we observed molecular changes such as mislocalization of a partner protein TMEM98 in 6-month-old
RPE flat mounts from RxCre;MyrfV™m4¢ mice, which was not seen in controls (Supplemental Figure 8C).
These data support the Myrf "79C allele as a partial loss-of-function allele.

Single-cell RNA-seq shows altered RPE gene regulatory networks in Myrf*46/mmdG gyes To better understand
how the C-terminal MYRF variant affects eye development, we performed single-cell RNA-seq (scRNA-
seq) on E17.5 optic cups of MyrfrunWT/humWT and MygfrumdG/umdG mice using the 10X genomics platform (Fig-
ure 5A). We chose E17.5, as it is occurs after our RPE pigmentation phenotype (E15.5) is observed in
RxCre;Myrf"? mice (10) and just before Mendelian ratios become skewed at E18.5. We collected 11,281
and 11,322 cells for MyrpfrumWT/humWT and Mygfrumdc/mumdG ' respectively. The median genes per cell were com-
parable in WT (2,429) and variant (2,415) samples. Quality control filtering was performed to filter out
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dead cells, doublets, and poor-quality cells (10). After integration with previously published datasets from
conditional KO Myrf eyes (RxCre;Myrf"”! and Myrf"") at E15.5 and PO, we performed unsupervised clus-
tering and were able to identify 19 clusters, including all the major cell types within the optic cup using
previously established cell type—specific markers (Supplemental Figure 9) (10). All clusters were present in
both the MypfunWT/humWT and Myzfrumdc/lumiG mice (Figure 5B), but there was a slight reduction in the RPE cell
proportions in Myyfrumdc/lumiG mice (5.0%) compared with control (6.4%) (Supplemental Figure 9, C and D).

Myrf expression was detected exclusively in the RPE cluster (Figure 5C), consistent with previous
results, leading us to focus our downstream analysis on the RPE cluster. We performed differential gene
expression (DEG) analysis between MyzfrunWT/umWT and Mygfrumdc/mmic RPE clusters. We found 735 upreg-
ulated and 170 downregulated differentially DEGs with avg_log FC > * 0.25 and P, 5 <01 (Figure 5D),
MyrfrumdG/humdG relative to MyrfrmWT/hmWT controls. Downregulated genes included extracellular matrix-relat-
ed (ECM-related) genes Col3al, Col2al, Collal, and Colla2 produced by the RPE that play an important
role in structure and barrier maintenance (28). Interestingly, some of the most downregulated genes in
the variant mice are related to eye size disorders including Serpine3 (avg_log,FC = —1.11, P= 2.76E-
14), Ankfnl (avg_log FC = -1.138, P, = 2.72 x 107), and Keng5 (avg_log FC = -0.81, P, =6.39 x 107)
(29-33). Upregulated genes included cell cycle genes Ccndl and Cdk$, histone variant components H3f3b
(avg logFC = 0.71, P, = 3.69 x 107*) and H3f3a (avg_log,FC = 0.56, P, = 3.30 x 10%), and ubiquitin
protein ligase binding genes Tubb5, Ubb (avg_log FC =0.59, P, ;= 2.32 x 107%), Tubala (avg_log,FC = 0.32,
P,= 0.03). We used overrepresentation analysis (ORA) to identify the top 10 gene ontology terms for Biolog-
ical Processes and molecular function pathways in humanized variant mice (Myzfnd¢/tmiG) and conditional
KO (RxCre; Myrf"") relative to their matched controls (Myrf“"T/tunWT and Myrf"!). We looked for overlap in
top GO terms enriched in Myrftd6/mumiG and condition KO compared with controls and found shared down-
regulation of ECM organization (GO:0030198) and extracellular structural organization (G0O:0043062).
In addition, shared upregulated pathways included structural constituent of ribosome (GO:0003735),
structural molecule activity (GO:0005198), rRNA binding (GO:0019843), and translation (GO:0006412)
(Figure 5E). Furthermore, GO analysis identified many upregulated pathways in both humanized and
KO mice related to metabolism, mitochondrial, and ribosomal function. Thus, the humanized C-termi-
nal variant mutant (Myr/m?¢/kmiG) resulted in RPE transcriptome changes similar to the conditional KO
(RxCre;Myrf""), including key pathways involved in RPE maintenance and development.

We extended the DEG analysis of the humanized C-terminal variant allele (Myzf“m¢/kmiG) and con-
ditional KO (RxCre; Myrf"") by examining individual genes that were affected, including the direction and
magnitude of the effect. After integration, we performed DEG analysis on these 2 conditions and looked
for genes that had an avg_log,FC > abs(0.25) and P, 4 <01 in both the C-terminal variant and condi-
tional KO mice compared with controls. We found a total of 55 shared DEGs, with 27 downregulated
and 28 upregulated genes respectively (Figure 6A and Supplemental Table 1). Key genes important for
RPE development and maintenance were concordant, but the magnitude of the change was decreased
in Mygfrumdc/humiG a5 compared with RxCre; Myrf”? mice (Supplemental Figure 10). Some of the concor-
dant downregulated genes and pathways included ECM matrix (Upk3b, Upklb, Cdh3), Wnt signaling
(Ttf4), TGF-B inhibition (Wfkkin2), and Myrf. The concordance of upregulated genes included increases
in TGF-p signaling (/d! and 1d3) and glucose metabolism (Gapdh, Ldha, Enol) (Figure 6B). To validate
our findings from that scRNA-seq dataset, we performed qPCR on E16.5 whole eyes (Supplemental
Figure 11). We were able to confirm statistically significant increases in expression of Gapdh (1.16 £
0.26 versus 0.93 +0.31 fold change, P = 0.0481) and Ldha (1.33 £ 0.19 versus 0.939 * 0.19 fold change,
P =0.0267) in MyrftumdS/bumdS mjce compared with controls (n = 7-8 pairs of eyes per genotype). Gene
set enrichment analysis (GSEA) was performed separately on both Myrfrumdc/humiG and RxCre;Myrf""
paired with matched controls, Myrf“nWT/umWT and Myrf"?, respectively. GSEA results from MypfrumdG/humdG
RPE emphasized downregulation of ECM and bone development/differentiation pathways, consistent
with our prior reports, which showed similar gene enrichment in RxCre;Myrf"” RPE. Notably, pathways
related to eye and sensory organ development were absent in the top GSEA results for Myjzfiumdc/humdG
while they dominated the top results for RxCre; Myrf"" (Figure 6, C and D).

Finally, to assess the retained function of the humdG allele relative to conditional KO, we performed
pseudobulk analysis on the RPE clusters and compared expression of select downregulated (Figure 6E)
or upregulated (Figure 6F) genes between Myrfumi¢/tumiG (E17.5) and RxCre;Myrf'" (E15.5 and P0). We
observed that the Myzfumdc/umi¢ RPE retained 46%-90% expression across various downregulated genes
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Figure 5. scRNA-seq reveals molecular changes in RPE of mice carrying C-terminal Myrf Allele (Myrfrmdc/humdc) (A) Schematic depicting optic cups and
samples used for scRNA-seq including control and variant mouse optic cups (n = 3 pooled per genotype). (B) UMAPs of control versus Myrf C-terminal
variant mouse optic cups demonstrating cell type distributions. (C) Feature plot demonstrating expression of Myrf mRNA in both control and variant mice
within the RPE cluster. (D) Volcano plot of differentially expressed genes in Myrfrumdé/iumdc mice compared with control (MyrfrumWi/humWT) ‘DEGs were defined
by a Bonferroni P, < 0.1. (E) Top 10 Gene Ontology (GO) Biological Pathway terms for upregulated and downregulated genes.

as compared with PO RxCre;My#f"* mice, which only retains 1%-66% expression as compared with their
respective controls. Interestingly, for select upregulated genes, we observed no differences in expression
between the genotypes, suggesting these are less likely to be direct targets and may be buffered. Together,
these data support shared pathogenic mechanisms between the KO model and the C-terminal variant,
stemming from hypomorphic MYRF effects at the level of RPE.

Deep intronic variants in MYRF in nanophthalmos patients alter splicing. As our in vitro and tran-
scriptomic findings suggest a hypomorphic effect for the dG-MYRF variant, we reasoned that other
MYRF splicing variants may also cause ocular only phenotypes, either by affecting only the C-terminal
domain exons or by causing a partial reduction in functional RNA or protein products. To validate
this hypothesis, panel-based or whole genome sequencing (WGS) was carried out on a cohort of 53
families with nanophthalmos/high hyperopia that did not have identified genetic diagnoses (34). From
this cohort, 2 families were identified with deep intronic variants in MYRF (NM_001127392.3 MYRF
c.460+167G>A in P01965 from Family 1 and ¢.3194+122A>G in P04818 and P04825 from Family
2) (Figure 7, A and B). No other rare deleterious genetic variants in nanophthalmos-associated genes
(MYRF, PRS§S56, MFRP, CRBI, BEST1) were identified in either family.

Clinical examination of family members revealed very short axial lengths in both families and classic
features of nanophthalmos including choroidal folds and retinal detachment (Supplemental Figure 9 and
Supplemental Table 2). Proband P01965 demonstrated no family history of nanophthalmos (Figure 7A),
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while Family 2 exhibited a pattern of autosomal dominant inheritance, with demonstrated segregation in 2
generations. No systemic features of MYRF cardiac-urogenital syndrome were noted in any of the affected

individuals or other family members.

The high spliceAl (35) scores for the variants in Family 1 and 2 (c.460+167G>A, score = 0.992
and ¢.3194+122A>G, score = 0.8, respectively) indicate that the variants have a high probability of
altering splicing (Supplemental Table 3). The first variant was predicted to cause gain of a cryptic
acceptor site (c.460+167G>A), leading to pseudoexon insertion of 91 bp (Figure 7C) and a frameshift
causing either early protein truncation or RNA degradation via nonsense mediated decay. An exon
trap minigene splicing assay confirmed that the ¢.460+167G>A variant altered splicing compared with
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from sample from Family 1, suggesting a ~19% usage overall (n = 18 colonies). (D) cDNA and predicted splicing of

€.3194+122A>G (B) variant amplified from MYRF RNA in patient blood from Family 2. PCR amplification of cDNA shows altered splicing at the mRNA
level for 15% of transcripts (30% for the allele) (n = 20 colonies).

WT MYRF, producing a 374 bp fragment corresponding to the predicted pseudoexon inclusion in
addition to the normal splicing product (283 bp WT exon 5 amplicon) (Figure 7C). To quantify the
fraction of transcripts that have aberrant splicing, PCR fragments were TA cloned, and individual col-
onies were sequenced (n = 18). Seven of 18 (38.9%) contained RNA produced from the cryptic splice
site usage, while the remaining used the normal splice acceptor.

For Family 2, we confirmed cosegregation of the variant in 2 generations, yet we did not detect
pseudoexon inclusion using the exon trap vector system (Supplemental Figure 13, A—C). The variant
may have a cell type—specific or contextual effect on splicing not detected by our assay or affect MYRF
function through a different mechanism. To support this possibility, we extracted RNA from freshly
collected patient blood and performed RT-PCR to look for evidence of altered transcript splicing. We
observed an additional ~300 bp band matching the expected size of an alternatively spliced transcript
for this variant (Figure 7D). To quantify the fraction of transcripts that have aberrant splicing, PCR frag-
ments were TA cloned, and individual colonies were sequenced, showing 3 of 20 colonies (15%) using
the cryptic splice site usage, and suggesting ~30% usage of the cryptic splice site from that allele overall
(Figure 7D and Supplemental Figure 13D). The predicted protein product based on cDNA sequencing
would cause a frameshift leading to early truncation after exon 24 (Supplemental Figure 13E).
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Together, these data suggest that intronic splice variants in MYRF may be another mechanism
leading to the pathogenesis of nanophthalmos. Isolated ocular phenotypes may be driven by partial
loss-of-function alleles with incomplete alternative splice site compensation or altered function of the
alternative transcript’s protein product.

Discussion

Though originally identified as a master regulator of oligodendrocyte maturation, growing evidence sup-
ports a role for MYRF in regulating RPE development, differentiation, and maturation (8, 10). Our pre-
vious studies underscore the importance of MYRF in the developing RPE, showing that conditional loss
of Myrfin mice can be disastrous for RPE development and lead to retinal degeneration (8). Interestingly,
there are a cluster of variants located in the conserved C2 domain that manifest as isolated ocular diseases
(13). Combined with other partial loss-of-function alleles, including splicing variants we further identify in
this study, our data support that the C2 domain variants and other hypomorphic alleles may manifest as
isolated ocular disease (Figure 8).

C-terminal MYRF variant acts as a loss-of-function allele. We show 4 lines of evidence supporting that the
C-terminal MYRF variant is a partial loss-of-function allele. First, embryonic lethality is observed in mice
harboring a homozygous C-terminal truncating allele in Myrf, in line with the autosomal dominant inheri-
tance pattern and lack of homozygous mutant individuals in humans. Embryonic lethality is observed later
in gestation than constitutional KO of Myrf, with skewed Mendelian ratios starting at E17.5, rather than
lethality during cardiac development midgestation (36). Second, there are many shared disrupted transcrip-
tional targets and pathways, in our Myzf*“m¢/mmié mouse model and the RxCre; Myrf"" conditional KO mice,
including ECM, TGF-p signaling, Wnt signaling, structural regulation, and RPE maturation pathways,
and regulation of Myrfitself, arguing against neomorphic function.

Third, transcriptional and phenotypic effects in Myrfrndc/humiG \yere milder than in comparable
RxCre; Myrf"" mice. Myrf#md¢/mmiG had normal-appearing RPE pigmentation, modest reduction in Tmem98
expression, and lower magnitude of DEGs among shared pathways with the RxCre;Myrf"” eyes. Addi-
tionally, no phenotypic changes in the heterozygous Myrf""#’* eyes were apparent over 1 year. The direct
comparison of scRNA-seq datasets with the conditional KO suggests that the C-terminal MYRF variant
allele retains some partial function. Although molecular changes are picked up on scRNA-seq data, the
phenotypic changes in the Myzfumdc/mmiG are more modest in comparison with the RxCre; Myrf"/ mice. For
example, genes in the pigmentation pathway are present in the downregulated DEGs of MyyfiumndG/humdG
such as Oca2 at E17.5, but these mice show no signs of depigmentation at embryonic stages. Fourth, the
C-terminal frameshift MYRF allele exhibits only subtle processing defects, with decreased steady state
stability and transcriptional activity in vitro, but no differences in protein, localization, or cleavage in the
context of an overexpression assay.

A previous study developed a mouse model to investigate a similar variant, MYRF c.3260delG/p.(Gly-
1087Valfs*151) mutation, which corresponds to the human MYRF ¢.3377delG/p.(Gly1126Valsf*31) muta-
tion (9). This mutation causes the same C-terminal frameshift in humans as the ¢.3776-1G>A discovered by
our lab. While there was support for loss-of-function for this allele, with lower mRNA and protein expression
of MYREF (9), the mouse allele did not mimic the human allele, given the difference in the frameshift amino
acid sequence and the-3'UTR sequence. Furthermore, comparison of embryonic lethality of the Gly1087Va-
Ifs*151 variant allele to our current study is not possible, as the prior study only evaluated heterozygous mice.
Therefore, our humanized mouse has more fidelity to model the human disease by replacing the last exon
with human WT or variant DNA sequence and recapitulates the 31 amino acid frameshift in patients. Some
discrepancies remain between our model and the previously published one (9), as we did not find evidence
to support changes in thickness of GCL or INL layers (measured by SD-OCT), phenotypic/morphological
changes in heterozygous mice, or signs of primary angle closure glaucoma. These may be related to the
different nature of the allele, CRISPR off-target effects, or strain/background specific effects. Our human-
ized mice and WT mice exhibit mRNA expression exclusively within the RPE cluster; therefore, antibody
detection of MYRF in other eye structures may represent cross-reactivity or background (8, 10). Our data,
together with these previous models, support the assertion that C-terminal Myrfvariant is acting as a partial
loss-of-function allele. However, future studies are necessary to completely rule out the possibility of the
C-terminal variant acting via dominant negative interactions with the WT MYREF, as these mechanisms
could not be assessed easily in our animal model or overexpression cell culture models.
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Figure 8. Working model of MYRF splice variant functional and phenotypic effects contributing to isolated ocular and syndromic disease pathogenesis.
WT MYRF retains transcription factor function resulting in no phenotypic effects. A C-terminal frameshift splice variant results in a 31 amino acid frame-
shift leading to decreased C-terminus stability and transcriptional activation, leading to reduced transcription factor function and isolated ocular disease.
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leading to modest decrease in MYRF transcription factor function and isolated ocular disease. In contrast, complete loss of function alleles either lead to
early truncation/nonsense-mediated decay or alter critical functional domains (i.e., DNA binding, cleavage) and lead to severe, syndromic symptoms.

Eye size and the dG-MYRF mouse model. In both our animal model of the human allele and our prior devel-
opmental KO model (8, 10), axial lengths were comparable with those of the control, suggesting either that
the mouse may not recapitulate all the features of human nanophthalmos or that more efficient KO or longer
follow-up is necessary to see this phenotype. The 2 mouse models of recessive nanophthalmos genes, MFRP
and PRSS56, with the most severe axial length reductions in humans (34, 37, 38) have produced only modest
reductions in axial length (<0.15-0.2 mm) (39—41). Mouse models in other nanophthalmos-associated genes,
including BEST1, CRBI, and TMEM?98 do not show reductions in axial length (42—46) but do show various
degrees of reduced retinal function and/or retinal degeneration, consistent with our models of Myrf(40). Fur-
thermore, all 3 of the RPE-derived genes (Bestl, Tmem98, and Myrf) are expressed in adult RPE, suggesting
a potential maintenance role in RPE. Complex molecular signaling between the RPE and retina may lead to
compensation in ocular dimensions, leading to no observable changes in eye size. For example, upregulation
of Prss56 is observed in Mfrp rd6-KO mice and AAV2 mediated overexpression of Prss56 alone in adult mouse
eyes can increase axial length (41). Thus, Prss56 upregulation may temper any reduction in eye size in the
Mfip-KO mouse. Interestingly, in our cohort of RxCre; Myrf""*/¢ mice we saw limited effects on retinal thick-
ness but observed a significant decrease in VCD after 4 and 6 months compared with either RxCre; Myzf//" "™
or RxCre; MyrfrnWT/mmWT Changes in VCD are correlated to eye size and refractive error in humans and mice
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(47-50). Measurements of overall eye size may be complicated by the technique and variability, and future
studies will be necessary to fully evaluate the contribution of MYRF to eye size phenotypes in mice. Finally,
our data suggest that eye size defects may precede retinal degeneration, which was seen more robustly in our
RxCre;Myrf"—conditional KO model. Further work to explore the compensatory mechanisms buffering eye
growth will be informative to address the discrepancies between human disease and mouse models.

Consequences of functional loss of C-terminal domain. Our results show that the C-terminal MYRF variant
can cleave and localize properly to the nucleus like the WT protein. This is consistent with previous work
that demonstrated a truncated version of MYRF lacking the C-terminal domain (MYRF-1:756) main-
tains proper homotrimerization and processing in oligodendrocytes (2). Previous work has also shown
that homotrimerization is necessary for MYRF self-cleavage (1). This implies that the C-terminal variant
is also able to form the homotrimer structure necessary to facilitate cleavage of MYRF. As the C-terminal
MYREF variant homotrimerizes and cleaves, we might expect it to be capable of activating transcription of
its downstream targets. However, our scRNA-seq and qPCR data show downregulation of key target genes
and pathways involved in RPE development including the Wnt signaling, TGF-f signaling, pigmentation,
cytoskeletal organization, and epithelial cell development. The changes in these pathways are consistent
with many changes detected in our conditional KO model. For example, top downregulated hits in MYRF
C-terminal variant RPE included known eye size disorder genes. Serpine3 encodes a serine protease inhib-
itor, which has been shown to be significantly upregulated in induced myopia models in zebrafish and
chicks (30, 31). In contrast, it is significantly reduced in our model, suggesting that it may play a bidirec-
tional role in eye size regulation like Prss56. Additionally, other top downregulated genes Ankfinl and Kcng5
are known GWAS hits for refractive error and/or myopia (51-53). Downregulated Ankfnl mRNA expres-
sion has recently been discovered as a defining feature of healthy versus dedifferentiated RPE in mouse
models that are aged or exposed to cigarette smoke (29). Keng5 encodes a voltage-gated potassium channel
expressed in the RPE (human, primate, and bovine) and involved in active transport of K* from the retina
to the choroid (32, 33). These data suggest that the C-terminal variant is likely influencing expression of
genes involved in eye size regulation in the RPE and demonstrates how leveraging scRNA-seq technology
can help to uncover early changes in gene expression, which are challenging to detect via bulk RNA-seq or
gPCR in complex tissues like the developing embryonic eye.

Interestingly, although dG-MYRF maintains normal protein processing, at steady state, the full-length
and C-terminal fragments are less stable. It is possible that the instability observed at steady state levels
may be a driving factor behind decreased transcriptional activation of downstream target genes. Further-
more, with in vitro overexpression, we see loss of MYRF autoregulation and inability to upregulate the
TMEM?98 downstream target in the dG-MYRF mutant. These results are consistent with other studies
supporting a role for the C-terminus of MYRF in regulation of its function, as removal of the ER-resident
portion in vitro results in decreased levels of target gene transcription (2, 54). Furthermore, overexpres-
sion of a mouse Myrfplasmid missing the ER portion results in decreased expression of genetic mark-
ers of differentiation in maturing oligodendrocytes (2). Together, these data suggest that the C-terminal
MYREF variant and removal of the ER portion may decrease target gene expression, even though the pro-
tein appears to maintain normal cleavage and localization dynamics in cell culture, suggesting that other
important protein-protein interactions may be at play.

Presence of splice-altering variants in nanophthalmos. In addition to variants in well-characterized domains
such as the DBD and the ICA cleavage domain, which fundamentally alter MYRF’s function to act as a
transcription factor, we found predicted splice variants in MYRF that are associated with nanophthalmos.
We discovered what we believe to be two novel, deep intronic variants in MYRF that are predicted to alter
splicing; one of these was confirmed by a minigene splicing assay and the other by directly assessing patient
blood RNA for alternatively spliced transcripts. The splicing variant from Family 1 is expected to result in
an early frameshift and produce a nonfunctional protein product. The minigene splicing assay suggests that
pseudoexon inclusion occurs in ~40% of the transcripts from that allele. The splicing variant from Family
2 is expected to create a stop codon after exon 24 and predicted to create a truncated protein product with
reduced function. Splicing from patient blood suggests that the pseudoexon inclusion occurs in ~30% of the
transcripts from that allele. These data, together with our animal and cell culture evidence from the C-ter-
minal frameshift variant, support a tissue-specific, dosage-sensitivity threshold for MYRF, whereby partial
loss-of-function variants may lead to ocular disease only, while complete loss-of-function or dominant neg-
ative alleles may lead to syndromic disease. Dosage sensitivity of MYRF is supported by previous studies
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showing intrafamilial phenotypic variability (8, 17, 55). Indeed, most individuals with cardiac-urogenital
syndrome that are evaluated for ocular phenotypes do have high hyperopia (3). Since WGS is applied more
often in clinical settings, deep intronic variants in MYRF and other nanophthalmos-associated genes may be
found. Furthermore, WGS may improve our ability to capture DNA variants in highly conserved noncod-
ing regions such as promoters or enhancers that may be regulated by MYRF. One limitation is that MYRF
variants are a rare cause of nanophthalmos and, therefore, we may not observe the exact same variants in
multiple families. However, we expect WGS to reveal similar splicing alternations that lead to production
of nonfunctional transcripts. Additionally, future studies could benefit from implementation of long-read
sequencing to resolve additional splice isoforms (at the RNA level) or any changes in RNA modifications in
MYRF (56) and allow for haplotype resolution and assessment of epigenetic marks (56, 57) at the DNA level.

Conclusions. In this study, we have investigated mechanisms by which MYRF alleles may cause isolat-
ed ocular disease. Our results emphasize the role of the protein’s C2 domain in regulating of the activity
of MYREF in the RPE, as its alteration leads to decreased steady-state stability, transcriptome-wide dys-
regulation, and downregulation of pathways important for RPE development. We also demonstrate that
the C-terminus of MYRF is important and necessary to produce viable offspring in mice. These results
build upon the previously existing limited knowledge of the function and importance of the conserved
C-terminal domain of MYRF and offer steppingstones to further understand how C-terminal variants
of MYRF contribute to disease pathogenesis. Furthermore, our identification of variant alleles that alter
splicing, while maintaining some appropriate splicing, supports the conclusion that the eye is particularly
sensitive to reduced MYRF function.

Methods
Sex as a biological variable. Our study examined male and female animals, and similar findings are reported
for both sexes.

Plasmid generation and lentiviral transduction of ARPE-19 cells. Human FLAG-tagged WT-MYRF DNA
constructs were generated (Twist Bioscience, South San Francisco, CA) in a pLentiLox-IRES-GFP back-
bone vector (58). The C-terminal MYRF mutant and the V679A cleavage deficient were generated by
site-directed mutagenesis of the pLentiLox-FLAG-MYRF-IRES-GFP plasmid using partially overlapping
primers (Forward: 5-GCACTGCTGGTCAGGCCAACTGCAGTTCAGAGG-3', Reverse: 5-TGGCCT-
GACCAGCAGTGCCACCCGAAAGTGGTA-3") and the Quik Change IT Kit (Agilent Technologies,
Santa Clara, CA, #200517) (Supplemental Table 5) and verified by junctional Sanger sequencing, and
whole plasmid sequencing (Plasmidsaurus, South San Francisco, CA). Lentiviral constructs were packaged
by the University of Michigan Vector Core (10X concentrated virus) using standard methods. Viral titers
were assessed by flow cytometry for GFP on subconfluent ARPE-19 cells with assistance from the Univer-
sity of Michigan Flow Cytometry Core.

ARPE-19 cell culture. ARPE-19 cells (CRL-2302,American Type Culture Collection Manassas, VA)
were grown according to established protocols (59, 60) on DMEM/F-12 HEPES media (Thermo Fish-
er Scientific, Waltham, MA, #11330032) supplemented with 10% fetal bovine serum (FBS) (Corning,
Glendale, AZ, #35-010-CV), 10 mM nicotinamide (Sigma Aldrich, Burlington, MA, #N0636), and 1%
penicillin/streptomycin (Gibco, Waltham, MA, #15140-122), and passaged 1:4 on P100 plates.

Human primary RPE cultures and TEER. Primary human RPE cultures (hRPE) were grown according to
established protocols (24, 61-64). Cells for localization studies were seeded on passage 1 and grown on microp-
orous inserts (Transwells [Corning, Glendale, AZ, USA], product 3470) for at least 2 months. All primary cells
were genotyped for Age Related Macular Degeneration risk SNPs: CFH (Y402H, rs1061170), C3 (R102G,
1s2230199), C2 (1s9332739), and HTRA1/ARMS?2 (rs3750846) using PCR amplification with primers in Sup-
plemental Table 4 followed by ExoSAP-IT PCR Product Cleanup (Thermo Fisher Scientific, Waltham, MA,
#78200.200.UL) and Sanger sequencing (Eurofin, Louisville, KY). No high-risk SNPs were detected.

Protein localization studies. ARPE-19 cells were seeded at 40,000 cells/well on Nunc Lab-Tek II 4-well
chamber slides (Thermo Fisher Scientific, Waltham, MA). After 24 hours, cells were transduced with
1 x 102 dilution of WT-MYRF, C-terminal mutant MYRF, or V679A (10X concentrated) vectors in the pres-
ence of 100 mg/mL LentiBoost (Mayflower Biosciences, St. Louis, MO, #SB-P-LV-101-11). Cells were fixed
with 4% PFA (paraformaldehyde) in 1X PBS (phosphate buffered saline) for 10 min, incubated with rab-
bit anti-FLAG 1:1,000 (Cell Signaling Technology, Danvers, MA, #14793) and mouse anti-Calnexin 1:200
(Sigma Aldrich, Burlington, MA, #C4731) primary antibodies overnight at 4°C followed by incubation with
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anti-goat rabbit Alexa Fluor 488 1:500 (Jackson ImmunoResearch Labs, WestGrove, PA, #111-545-144)
and goat anti-mouse Alexa Fluor 555 1:1,000 (Invitrogen, Carlsbad, CA, A-21422) secondary antibodies for
2 hours at room temperature (RT). Cells were washed 3% 5 min with 1XPBS stained with DAPI (Thermo
Fisher Scientific, Waltham,MA), mounted with gold anti-fade media (Thermo Fisher Scientific, Waltham,
MA, P36930), and imaged at 63X using Leica SP8 confocal microscope (Leica, Wetzlar, Germany).

Confluent and mature hRPE were transduced at an MOI of 5 with either an Empty, WT-MYREF, or C-ter-
minal mutant MYRF (10X concentrated) vectors in the presence of 100 mg/mL LentiBoost. After 1 week, cells
were fixed with a 4% PFA + 4% sucrose solution for 15 min. Pigment was removed from cells by photochemical
bleaching in a bleaching solution (250 puLL deionized formamide, 4 mL water, 250 pL of 20X Saline Sodium
Citrate (SSC) (1x final), 817 pL. 30% hydrogen peroxide) for 15 minutes under a stadium light (Yanycn, power:
400W LED, color: 5000k daylight white light), and then washed 5 times with 1XPBS. The reaction was then
quenched with 50 mM NH,Cl for 10 minutes and washed 2-3 times with 1xXPBS (62).

After bleaching, fixed cells were permeabilized with 0.25% TritonX-100 in 1XPBS for 10 minutes,
blocked for 1 hour at RT, and then incubated with rabbit anti-FLAG 1:1,000 or mouse anti-Calnexin 1:200
primary antibodies for 1 hour at RT. Fixed cells were then incubated with anti-goat rabbit Alexa Fluor 647
1:1,000 (Invitrogen, Carlsbad, CA, #A-21446) and goat anti-mouse Alexa Fluor 594 1:1,000 (Invitrogen,
Carlsbad, CA, #A-11005) secondary antibodies for 1 hours at RT. Z stacks were obtained using the Leica
STELLARIS 8 FALCON Confocal (Leica, Wetzlar, Germany). Microscope and image analysis was per-
formed using IMARIS 10.2 software (Oxford Instruments, Abingdon, England).

Protein stability and cleavage studies. ARPE-19 cells were seeded at 40,000 cells in 24-well tissue culture
plates. After 24 hours, subconfluent cells were transduced with lentiviral vectors carrying WT-MYREF, C-ter-
minal mutant MYRF, or V679A (MOI 3 from 10X concentrated stocks) vectors in the presence of 1 mg/mL
LentiBoost. Cells were treated with 300 pg/mL cycloheximide (Sigma Aldrich, #C4859-1ML) and lysates
collected in Pierce RIPA Buffer (Thermo Fisher Scientific, #89900) following 2 cell rinses in PBS at the fol-
lowing time points: 0, 12,16, 20, 24 hours. Protein concentration of cell lysates was quantified using Pierce
BCA Protein Assay Kit (Thermo, #2325). Samples were denatured using 4X Laemmli Sample Buffer (Bio-
Rad Laboratories, Hercules, CA) supplemented with 2-Mercaptoethanol and boiled at 95°C for 5 min. Upon
SDS-page, samples were transferred onto Immobilon-FL. PVDF membrane (Millipore Sigma, Burlington,
MA) and probed chicken anti-GFP 1:5,000 (Abcam, Cambridge, England, #13970) or rabbit anti-GAPDH
1:1,000 (Millipore Sigma, #ABS16), as well as rabbit anti-FLAG 1:1,000 or mouse anti-MYRF**7¢¢ (1)
(gifted from Ben Emery, Oregon Health & Science University, Oregon, USA) primary antibodies. IRDye
800CW goat anti-rabbit IgG 1:20,000 (LICOR, Lincoln, NE, 926-32211) and IRDye 680RD donkey
anti-chicken IgG 1:20,000 (LICOR, Lincoln, NE, #925-68075) were used as secondary antibodies. Blots
were imaged using the Odyssey CLx and quantified using ImageStudio (LICOR).

gPCR. For ARPE-19 experiments, cells were seeded at 50,000 cells/well on 24-well plates. After 24
hours, cells were transduced with 1 x 10?2 dilution of WT-MYRF, C-terminal mutant MYRF, or V679A
(10X concentrated) vectors in the presence of 100 mg/mL LentiBoost. After 72 hours, RNA was isolated
from cells using the RNAqueous-Micro Total RNA Isolation Kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. cDNA was generated using the SuperScript III system (Thermo Fisher Scientific,
Waltham, MA) following the recommended protocol. gPCR was performed on the Applied Biosystems
7500 Real Time PCR System (Applied Biosystems, Foster City, CA) using the TagMan Assay system with
inventoried probes for MYRF, TMEM9S8, B-ACTIN (Thermo Fisher Scientific, Waltham,MA). For animal
experiments, eye tissues were harvested from E15.5 or E18.5 mouse embryos or 8-month-old mice. The
lens, cornea, and optic nerve were dissected, RNA was isolated and cDNA generated, and TagMan Assays
conducted with inventoried probes for Myrf and Tmem98 (Thermo Fisher Scientific, Waltham, MA). Crit-
ical cycle threshold levels of each sample were normalized to levels of B-actin for human cells and Hprt for
animal experiments. Fold activity was calculated using the AACt method and reported relative to controls.

In silico modeling. PONDR (23) and AlphaFold2 (22) were used for in silico modeling of the
WT-MYRF and dG-MYRF conserved C2 domain amino acid sequence. PONDR was used to predict
differences in intrinsically ordered and disordered regions. VXLT combines 3 previous neural network
models (VL1, XN, and XC) trained on NMR and x-ray crystallography data with varying lengths of
disordered regions. VSL2 combines 2 predictors optimized for long (>30 residues) and short (<30 res-
idues) disordered regions (20, 21, 23, 65). Alphafold2 was used for de novo prediction of 3D structure
of the C2 domain in the presence or absence of the C-terminal frameshift variant amino acid sequence.
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Generation of humanized Myrf alleles in mice. Mice were genetically engineered using CRISPR-Cas9 to
replace mouse Myrf exon 26 with the homologous human MYRF exon 27 and fused it with mouse exon 25,
including the C-terminal coding region the human-3'UTR sequence (Supplemental Figure 3). This human-
ized Myrf allele (Myrf""T) was generated by injecting fertilized eggs from C57BL/6J matings with a pair of
spCas9 guide RNAs (25 ng/pL each) (gRNA, protospacer adjacent motif=NGGQG) that are 253 bps apart in
outward orientation together with the spCas9 protein (NEB, 30 ng/uL). Sequences of the gRNAs are listed
below: the upstream gRNA 5'-GCTCACCAGCAATGTCACC-3' and the downstream gRNA 5'-GGCAGT-
GCCACAGCCGGGAC-3'. A single stranded oligo of 327 bps IDT Megamer) carrying the human Exon27
sequence and homology arms of 100 bp each is also included in the injection mixture as the repair template
for single strand DNA mediated homologous recombination (HR). The sequence of this HR template is
5"TAGGACAAGGCTGCCCTGACCTCTGTCTTCCCTGTCTCTCTAGGGCACCTCTCATCAGT-
GGCCAGTAACCATCCTGTCCTTCCGTGAATTCACATACCACTTtCGGGTGACATTGCTGgGT-
CAGGCCAACTGCAGTTCAGAGGCTCTCGCCCAGCCAGCCACAGACTACCACTTCCACTTC-
TACCGCCTGTGTGACTGAGCTGCCCTCCTGACAGTGCCACAGCCGcGACTGGAGTCCCT-
GGGCCCTCAACACTGGATGCAAATGTGTTACACTGGAGCCTGCTGCAGGCCAGCTCTCT-
GCTCTTCACTGCTTCCCTTGACTGGGGA-3' (327 bps). Founder mice were genotyped using primers
(Forward: 5-GTGGCTACCCTTGCTCTCAA-3', Reverse: 5-GGCGAGAGCCTCTGAACTG-3)).

We generated a matched My#™*° mouse that recapitulates the splice site mutation found in our previously
described large familial cohort with nanophthalmos, starting with heterozygous Myrf*=VT/* and using the
following guide RNA (5'-CACTTCCGGGTGACATTGCT-3") and ssDNA repair template: 5-TGGCCAG-
TAACCATCCTGTCCTTCCGTGAATTCACATACCACTTCCGGGTGACATTGCTGGTCAGGC-
CAACTGCAGTTCAGAGGCTCTCGCCCAGCCAGCCACAGACTACCACTTCCACT-3'. RxCre;Myrf"?
mice have been previously described (8). Mice were genotyped using standard methods (66) and primers listed
above, followed by restriction digest with the Bse YT restriction enzyme site to distinguish between the Myzf»¢
and Myr/“""T alleles. Animals were also initially genotyped for rd1, rd8, and rd10 according to established meth-
ods, to eliminate retinal degeneration alleles common in C57BL/6J mouse strains (67).

RNAscope in situ hybridization. Heads were harvested from E15.5 embryos. Samples were fixed in 4%
buffered PFA (0.1M NaPO,, pH 7.3) overnight at 4°C, dehydrated through increasing concentrations of
ethanol up to 70%. Samples were dehydrated, processed and sectioned as previously described (8, 10).
RNAscope was performed using reagents from the RNAscope Multiplex Fluorescent Detect V2 kit
(Advanced Cell Diagnostics [ACD], Newark, CA, #323110) as previously described (8, 10).

Retinal layer measurements, whole eye measurements, and cell counting. Eyes from 12-month animals were
enucleated and aligned to capture optic nerve and central cornea in the same plane, and images were cap-
tured on the Leica MX10F dissecting microscope (Leica, Wetzlar, Germany). Ocular axial length was mea-
sured at 12 months using ImageJ (NIH) 1.51m9 software (68), by marking a line from the central cornea to
the base of the optic nerve. For the analysis, the following number of animals/eyes were used: Myrf“"#T/+
control, n = 4 animals, 8 eyes; Myr/""#/* n = 5 animals, 9 eyes.

Mouse ocular imaging and electrophysiology. Eyes from 3-, 6-, 9-, and 12-month old control (Myz/""T’+;
n = 8 eyes, 4 mice) and heterozygous mutant mice (My#f“"’*; n = 9 eyes, 10 mice) were evaluated
sequentially in vivo by fundus photography, spectral domain OCT, and ERG as previously described
(8). Data from Myrf*i¢/* and controls were evaluated for statistical significance with 1-way ANOVA
in GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA). If significant, subsequent pairwise
comparisons were done with 2-tailed Student’s ¢ test. A-wave and B-wave amplitudes from Myrftmdc/+
eyes and control littermates were evaluated using 2-tailed Student’s ¢ test in GraphPad Prism 10.

RPE flat mounts. Eyes were enucleated from 12-month mice, and cornea, lens, optic nerve, and retina tis-
sues were removed. At least 3 animals/eyes per genotype/age were used. Optic cups were fixed, washed, and
blocked as previously described (8). Primary antibody incubation occurred overnight at 4°C: TMEM98 (1:500,
14731-1-AP, Proteintech, Rosemont, IL), Phalloidin (1:400, #A12380, Thermo Fisher, Scientific, Waltham,
MA). RPE samples were washed in PBS, incubated with Alexa-conjugated fluorescent secondary antibodies,
and mounted as previously described (8). Images were taken on a Lecia DM6000 compound microscope.

REShAPE RPE morphometric analysis. RPE flat mounts (see above) were prepared from 12-month-old
control (MypfrumWT/mWT, 3 = 4 eyes, 4 mice), heterozygous (MyfrnWT/humiG; =5 eyes, 10 mice) from a
single cohort. RPE flat mounts were stained as above with phalloidin to outline RPE cell borders. They
were imaged using the LASX Navigator tiling software on a Lecia DM6000 compound microscope at 20X.
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Tiled images were fed into the REShAPE software (27), processed, and analyzed by the REShAPE software
to look at morphometrics such as cell size, aspect ratio, hexagonality, and number of neighboring cells. Data
points for RPE morphometrics from each tile were combined per biological replicate. Control and heterozy-
gous RPE morphometrics were analyzed by performing a Student’s ¢ test on the median value.

SscRNA-seq analysis. Eyes from E17.5 MyyfumWT/hmWT (n = 3 mice, 6 eyes) and Myyfrundc/humdG ( = 3
mice, 6 eyes) were dissected removing the lens and optic nerve and leaving only the optic cup (retina/
RPE/sclera/cornea) and dissociated as previously described (10). Eyes were processed for scRNA-seq
at the University of Michigan Advanced Genomics Core as previously described using the CellRanger
7.1.0 pipeline (10, 69). SEURAT 3.1.2 package (70, 71) was used to performed integration, unsupervised
clustering, and cell type identification on scRNA-seq of E17.5 optic cups from this study with previously
published scRNA-seq datasets from E15.5 and PO RxCre;Myrf"! mouse optic cups and paired controls
(10). Quality control thresholds were set to nFeature_ RNA > 200 and percent.mt < 15. SEURAT 5.1.0
package was used to generate up- and downregulated differentially expressed genes in the RPE cluster.
The ClusterProfiler 4.14.6 (72) package was used to look for enriched GO terms and GSEA (73). UCell
was used to assign “scores” to enriched GO term and GSEA pathways in Myzfrn"T/umWT (3 = 3 mice, 6
eyes) and Myzfumdc/lmiG mice on a per cell basis (74).

Patient collection, sequencing, and analysis. The patient cohort consisting of individuals with axial length
< 21 mm or high hyperopia > +5.50 spherical equivalent was previously described (34). Clinical and
biometric data were reviewed for patients. DNA from whole blood or saliva was extracted according to
standard procedures as before. Patient samples were sequenced at the National Intramural Sequencing
Center (Rockville, MD) by Illumina short-read WGS using the Illumina NovaSeq platform (Illumina,
San Diego, CA). Reads were aligned and variants were called and annotated via a customized pipeline
(https://github.com/Bin-Guan/NGS_genotype_calling; commit ID 32a0371, and https://github.com/
Bin-Guan/variant_prioritization; commit ID 5cfb4f8).

Minigene splicing assays and patient blood RNA analysis. P04825 and P01965 WT and variant sequences
were cloned into the pSLP3 exon trap vector. HEK293T (ATCC, #CRL-2316, American Type Culture
Collection Manassas, VA) cells were seeded in 6-well plates at a density of 75,000 cells per well. Plasmid
DNA (970 ng) and 30 ng GFP plasmid were transfected into HEK293T cells using FuGENE 6 transfection
reagent (Promega, Madison, WI) at a 3:1 ratio. Cells were incubated overnight and then harvested the next
day for RNA isolation using the QIAGEN Mini RNA Isolation Kit (Qiagen, Germantown, MD). cDNA
was generated using SuperScript IIT and random primers following manufacturer’s protocols. Splicing with-
in the exon trap vector was analyzed by amplifying across the exon trap with for V1 primer 5-TCTGAGT-
CACCTGGACAACC-3' and rev V2 primer 5-ATCTCAGTGGTATTTGTGAGC-3'. PCR products were
confirmed by Sanger sequencing. The PCR products were cloned into the TOPO TA cloning vector (Ther-
mo Fisher Scientific, Waltham, MA). Eighteen colonies were picked and sequenced to test the frequency of
splicing into the cryptic splice acceptor site.

Blood was collected from subject P04818 and stored in PAXgene tubes at —80°C until RNA prepara-
tion (Qiagen, Germantown, MD). Prior to isolating the RNA, the blood sample was equilibrated to RT for
2 hours. RNA was isolated using the protocol provided with the PAXgene Blood RNA Kit, PreAnalytix
(Qiagen, Germantown, MD). RNA was treated with DNasel (Invitrogen, Carlsbad, CA) and transcribed
into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Foster City,
CA). cDNA was amplified using a forward oligo (MYRF exon 23; 5-ATCACCTCCCAGTACTGT-
GC-3") and a reverse oligo (MYRF exon 25; 5'-GGTGTGGAGACTCTGTGGAA-3") with standard PCR
cycling and 55°C annealing. Normal splicing was represented by a 203 bp band and splicing including the
pseudoexon was represented by a 324 bp band. A gel fragment corresponding to 150-350 bp was isolated
from the amplified patient cDNA and control. DNA was isolated using the QIAEX gel extraction kit
(Qiagen, Germantown, MD) and cloned into a TA vector using the TOPO TA Cloning for Sequencing
Kit (Invitrogen, Carlsbad, CA). Twenty colonies were collected and analyzed by PCR and sequenced to
calculate the occurrence of splicing into the cryptic splice site.

Statistics. A ? test was used to detect significant skewing of expected Mendelian ratios of genotypes
at E12.5-P0. A Wilcoxon Rank Sum test was used to identify DEGs between 2 groups of cells in the
scRNA-seq dataset. For DEG analysis, an P, value was calculated based on Bonferroni correction using
all genes in the dataset. DEGs were considered significant with a P-adjusted value less than 0.1. One-way
ANOVA was used when comparing the means of 3 or more groups. A 2-way ANOVA with multiple

JCl Insight 2026;11(6):e194681 https://doi.org/10.1172/jci.insight.194681 17


https://doi.org/10.1172/jci.insight.194681
https://github.com/Bin-Guan/NGS_genotype_calling
https://github.com/Bin-Guan/variant_prioritization
https://github.com/Bin-Guan/variant_prioritization

. RESEARCH ARTICLE

comparisons was used when comparing the means of 3 or more groups across genotypes and timepoints.
A Student’s ¢ test was used when comparing the means of only 2 groups. Unless otherwise noted, in the
figure legend data represent mean * SD.

Study approval. Patient work was approved by the IRB at the University of Michigan under protocol
no. HUMO00046159. All patients provided written informed consent for their inclusion. Mouse studies were
approved by the TACUC at the University of Michigan under protocol nos. PRO00010115 and PRO00011748.
This study was carried out in accordance with the Tenets of the Declaration of Helsinki.

Data availability. scRNA-seq data are available at the Gene Expression Omnibus (GEO, National
Center for Biotechnology Information, National Library of Medicine; GSE310659). Genomic data are
accessible at dbGAP (accession no. phs004462.v1.p1). The code used to process scRNA-sequencing data
as well as analyze REShAPE morphometric and scRNA-sequencing differential gene expression has been
uploaded as supplemental.txt files. Primary data are provided for all the experiments in the Supporting
Data Values file. All additional relevant data can be found within the article, and its supplementary infor-
mation and primary data are available upon request from the corresponding author.
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