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Structured Abstract: words 246

Purpose: To quantify changes in axial and retinal biometry in aging hyperopic mouse
models.

Methods: Fundus photographs and ocular biometric measurements from Mfrp™s,
Prss569°¢#, Adipor1tmibgen  C1qtnf5tm1-1(KOMP)Vieg gand  Prss56°m2(MPC)Y homozygotes and
C57BL/6J control mice were ascertained longitudinally up to one year of age. Parameters
including axial length (AL), central corneal thickness (CCT), anterior chamber depth
(ACD), lens thickness (LT), outer nuclear layer thickness (ONLT), retinal thickness (RT),
vitreous chamber depth (VCD) and posterior length (PL) were measured using Spectral
Domain-Optical Coherence Tomography imaging. Mixed-model analysis of variance and
factorial analysis of covariance, using body size as a covariate, followed by post-hoc
analysis was performed to identify significant strain differences.

Results: Strain specific changes in axial and retinal biometry along with significant effects
of age, sex and body size on AL were noted. Mfrp™@, Prss569°, Adipor1tmPsen and
Prss56°m2(MPC)J homozygotes had significantly shorter AL than controls. While a
comparable decrease in PL was observed in Mfrp™, Prss569° and Adipor1tm?bgen
homozygotes, the decrease was attributed to changes in different posterior components
from each mutant. Mfrp™ and Adipor1t™'P9e" homozygotes developed regularly sized
fundus spots across the ocular globe, which differed from the large bright spots seen in
aged Prss569° and Prss56°m2(IMPC)J) homozygotes. While ONLT of C1qtnf5tm?-1(KOMP)Vieg

mice was less than controls, AL and fundus images appeared normal.
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Conclusions: This study highlights differences in contributions of ocular components to
AL among hyperopic mouse models with decreased AL. Understanding the mechanisms
through which these proteins function, will help to elucidate their role in controlling ocular

growth.
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Introduction:

Uncorrected refractive error (RE) is one of the leading causes of vision impairment and
blindness in the United States and throughout the world("2l. Hyperopia (farsightedness),
a common form of RE, is a condition where light rays from a nearby object get focused
by the lens and converge behind the retina. Patients with hyperopia are unable to focus
on nearby objects while seeing distant objects clearly. Biometric studies have shown that
axial length (AL) is a significant determinant of hyperopial®41.

A number of factors including racel®, ethnicity®’], sex, age and height!®'2l, time
spent outdoors!®, educationl®, and maternal smoking during pregnancy®® are associated
with the onset and severity of hyperopia and/or changes in AL. Twin studies suggest that
genetic factors account for as much as 86% of the variability seen in hyperopic cases!'l.
In the Beaver Dam Study, 78% of the variability in hyperopic cases was attributed to
genetic factors!'#l. Genes associated with RE or AL in hyperopic patients have been found
in familial linkage, candidate gene association and genome-wide association (GWA)
studies('>'8l. Thus far, in humans, six genes: MFRP, PRSS56, MYRF, TMEM98, CRB1,
and BEST1 have been implicated in high hyperopial'”'® (=+550 D) and
nanophthalmos!'®:17:20-261 (+8.00 to +25.00 D), a severe form of this condition!'6l.

Considering the many confounding variables outlined above, genetic models that
can be studied in controlled settings are essential to uncover mechanisms and pathways
underlying RE. The identification of the molecular players involved in hyperopia may offer
new therapeutic targets to delay or ameliorate disease phenotypes. The genetic similarity
to humans, the ability to control environment and genetic background, and the fast

reproduction and maturation rates, altogether make mice valuable research models to
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94  study disease processes in the eye and other organ systems!?’l. Since retinal structure,
95 physiology and biochemistry are closely related in the mouse and human, murine
96 disruption of human ocular disease genes often recapitulates disease phenotypes
97 observed in affected patients. Finally, sensitized phenotypic screens in mice provide a
98  powerful approach to identify gene interactions that contribute to ocular diseasel?8-331.
99  Accordingly, mice are well-positioned for advancing our understanding of hyperopia,
100  particularly regarding the genetic and molecular networks that contribute to this condition.
101 A number of murine genetic models for human hyperopia have been described**
102 38 In 2011, Nair et. al.*¥l described Prss569™4 (also referred as Prss569'4), a chemically-
103  induced strain with a splice donor mutation in Prss56. Homozygous Prss569¢* mice have
104  anincreased anterior chamber depth, shortened AL, decreased posterior segment length,
105 and angle-closure glaucoma. Paylakhi et. al.%l have recently shown that in addition to
106  decreased AL, these mice are hyperopic and have an increased anterior chamber depth,
107  decreased vitreous chamber depth, and increased retinal thickness. Similar to MFRP
108  mutations in humans, mouse models with a disruption in Mfrp present with a shorter AL
109 compared to controlsi?829361 Mfrp™® mice also have white fundus spots, progressive
110  photoreceptor degeneration, and abnormal electroretinogram (ERG) responsest®’-38l,
111  Interestingly, Soundararjan et. al.*l showed that Prss56 mRNA levels are increased by
112 17-fold and 70-fold in Mfrp™® eyes at P14 and in adult mice, respectively, suggesting an
113 interaction between these two genes. Mfrp occurs as a dicistronic message with C1qtnf5;
114 in prokaryotes, dicistronic genes share function and regulation#2431. Although the late-
115 onset retinal degeneration (L-ORD) phenotype in C7qtnf5 Ser163Arg knock-in[4445]

116 models has been studied extensively, the effect of disrupting C71qtnf5 on AL has not
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117  previously been examined. Notably, yeast two hybrid, co-immunoprecipitation and
118  antibody localization studies have shown that Mfrp and C7qtn5 interact“6471 which raises
119  the possibility that models with C71qtnf5 disruption might result in similar phenotypes as
120  those with Mfrp mutations. Rice and coworkers!“®! described Adipor1- (also referred as
121 Adipor1tmPgen) mice which exhibit fundus spotting, photoreceptor degeneration, and
122 abnormal ERGs, retinal phenotypes similar to those observed in Mfrp™@ mutants. Recent
123 studies by Gogna et al have shown that Adipor1t™P9e" mice have a shortened AL similar
124 to Mfrp™® mutants!?®l.

125 Here, as a first step in establishing whether prospective hyperopic mouse models
126  recapitulate human hyperopic features, we used optical coherence tomography to assess
127  axial and retinal biometric parameters. In addition to established models of hyperopia,
128  Mfrp™, Prss569¢* and Adipor1™’Psen we extended our analysis to two novel models
129  generated by the Knockout Mouse Phenotyping Program (KOMP?) at The Jackson
130  Laboratory (JAX), C1qtnf5im1-1(KOMP)Vieg gnd Prss56°m2(MPC)J \We also examined the
131 effects of age, sex, body weight and body length on AL measurements and performed a
132 comparative analysis of select axial and retinal components. Our study highlights the
133 complexity of the contributions to components of AL and suggests that the models
134  described here may be used to elucidate the mechanisms that govern them.

135 Materials and methods:

136  Animals: Mice used in this study were B6.C3Ga- Mfrp¢/J (JAX® mice, stock 00368437]),
137  B6(CQ)-Prss569c/SjPjn*%,  C57BL/6NJ-Prss56°m2(MPCIMmjax  (MMRRC,  stock
138 043778), B6.129P2-Adlipor1tser/Mmnc (MMRRC, stock 011599-UNCH9l), C57BL/6NJ -

139 C1qtnfsim1-1(KOMP)VicgiMMucd (JAX® KOMP mice, stock JR185621°0)and C57BL/6J (JAX®
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140  mice, stock 000664), and are herein referred to as Mfrp™®, Prss569°™, Prss56m2(IMPC)J,
141  Adipor1tmibgen  C1qtnf5im!-1(KOMP)Vicg and B6J, respectively. Unless otherwise indicated,
142  mice used for characterization were homozygous for mutant alleles. Mice were bred and
143  maintained under standardized conditions of 12:12 light:dark in the Research Animal
144  Facility at The Jackson Laboratory (JAX). Mice were provided with LabDiet® 5K52 and
145  HCl-acidified water (pH 2.8-3.2) ad libitum and maintained in pressurized individual
146  ventilation caging. Mice were regularly monitored to ensure a pathogen-free environment.
147  All strains were either already on B6J genetic background or were backcrossed to B6J
148  for at least five generations and did not carry the rd8 mutation. Animal protocols were
149  approved by the JAX Institutional Animal Care and Use Committee (IACUC, AUS99089)
150 and complied with guidelines set forth by the ARVO Animal Statement for the Use of
151  Animals in Ophthalmic and Vision Research.

152  Genotyping: DNA was extracted from tail and ear notch tissue specimens using a
153  standard NaOH extraction protocoll?8. Mfrp™@6, Adipor1t™m'Psen and C1qtnf5im?-1(KOMP)Vieg
154  mice were genotyped by the JAX Transgenic Genotyping Service while Prss56943° and
155  Prss56°m(MPC)) mice were genotyped using an allele-specific PCR assay. PCR primers
156 are listed in Supplemental Table ST1.

157 RNA isolation and quantitative real-time (QRT) PCR: RNA isolation from posterior eye
158  cups including retina was performed as described previously®'l using the RNeasy Micro
159  Kit (QIAGEN). cDNA was synthesized by reverse transcription of RNA using Superscript
160 IV First Strand cDNA Synthesis kit (Thermofisher) according to manufacturer’s protocol.
161  Subsequently, qRT-PCR was performed using a previously established protocol®'], using

162 iTaq Universal SYBR Green SuperMix (Bio-Rad), gene-specific primers (Supplementary
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163 Table ST1) and CFX96 Real-Time PCR Detection system (Bio-Rad). The comparative
164  CT method (AACT) was applied to calculate a relative fold change in gene transcripts and
165 was quantified using 2-AACT with Actb as an internal calibrator.

166 Spectral Domain-Optical Coherence Tomography (SD-OCT) imaging of ocular
167 parameters: Ocular biometric measurements were performed using a Bioptigen
168  UltraHigh-resolution (UHR) Envisu R2210 SD-OCT imaging system (Leica
169  microsystems). The principle of OCT[?7%2l and the method used to obtain images have
170  been previously described®3%4, Briefly, animals were anesthetized using ketamine (80
171  mg/kg)/xylazine (16 mg/kg), eyes were dilated with 1% cyclopentolate (Akorn, Inc) and
172 kept hydrated using Systane and GenTeal eye drops. Eyes were kept in focus using the
173 reference arm and focus dial, and aligned by positioning the Purkinje image at the center
174  of the pupil. Cross-sectional images were obtained using A-scans (single depth profile
175 composed of time-gated reflections) and B-scans (frame composed of array of A-scans).
176  According to the manufacturer, our SD-OCT system captures an image depth of 1.653
177  mm in an A-scan of 1024 pixels, providing an axial resolution of 1.614um/pixel.

178  Ocular_measurements: A number of ocular biometric parameters were measured

179  including AL, central anterior chamber depth (ACD), central corneal thickness (CCT), lens
180  thickness (LT), vitreous chamber depth (VCD), outer nuclear layer thickness (ONLT), and
181  retinal thickness (RT) and posterior length (PL) as shown in Figure 1A-B. While most of
182 the ocular parameters could be measured using a single measurement, for the
183  measurement of AL, the size limitations of the instrument’s image window limited our
184  ability to capture the entire AL in a single measurement. We used the previously published

185 approach of image inversion such that both the anterior and posterior segments of eye
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186  can be overlapped and seen within the same image window®? as shown in Figure 1C.
187 AL was measured by taking a sum of three measurements — from the cornea to the image
188  fold (bottom end), from the RPE/BM to image fold (top end), and one full length of the
189 image (calibrated at refractive index of 1.653). For the measurement of LT, the sum of
190 ACD, CT and PL was subtracted from AL. Previous studies have alternately used the
191  term VCD to define the region from the back of the lens to the vitreal surface of retina®
192  or to the RPE/BMP®l, Since differences in RT can affect overall thickness of the region
193  from back of the lens to the RPE/BM, particularly in small eyes, we preferred to refer to
194  VCD as the distance to the vitreal surface of retina. We also wanted to examine if and
195 how individual components i.e., vitreous chamber depth, retinal thickness and ONL
196 thickness, contributed to the overall change in the posterior region of the eye in each of
197 the mutant strains. Since the term posterior chamber has been used to describe the
198  region between iris and lens®’], we used the term ‘posterior length’ to describe the region
199  from the back of the lens to RPE/BM. OCT images were randomized with anonymity, and
200 age and strain identifiers were removed before analysis. Subsequently, images were
201 evaluated using the Fiji open-source platform[®8l,

202  Statistical Analysis: Data analysis was performed using JMP (SAS Institute, Cary, NC,
203 USA) and GraphPad Prism (GraphPad Software, San Deigo, CA, USA) statistical
204  analysis software. Mixed model analysis of variance (ANOVA), followed by Tukey’s
205  multiple comparison post-hoc test was performed to identify significant differences in AL
206  and other ocular parameters between different mouse strains at 1, 4, 8 and 12-months of
207 age using GraphPad Prism. The results were validated by performing factorial ANOVA

208 and three-way factorial analysis of covariance (ANCOVA) using the fit model function in
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209 JMP. AL was selected as a dependent variable, and main and interactive effects of three
210 independent, categorical variables of mouse strains, age and gender were studied. Body
211  size was used as a covariate. ANCOVA assumptions were tested before including body
212 size as a covariate. A linear relationship between body size (covariate) and AL
213  (dependent variable) as well as no interaction between the covariate and independent
214 variables were confirmed. The data was also tested for normal distribution and equal
215 variance. The F Ratio (ratio of the variation explained by the model and the unexplained
216 variation; prob > F = < 0.05) and adjusted R? (goodness-of-fit measure between the model
217  and the dependent variable) and RMSE (Root Mean Square Error; measures the error of
218 a model in predicting quantitative data and tells how accurately the model predicts the
219 response; has the same unit as the quantity being measured) were obtained for the

220  analysis and compared with and without the inclusion of covariate.

Central Cornea
Thickness

RPE/BM +=AL
Reflection

Central Anterior
Chamber Depth Vitreous
Chamber
Depth

Retinal ONL
Thickness Thickness

Bottom

221

222 Figure 1: Representative in vivo OCT image of a C57BL/6J mouse. A. Ocular biometric parameters
223 measured in the front of the eye including central anterior chamber depth (ACD) and central corneal
224 thickness (CT) B. Ocular biometric parameters measured at the back of the eye including retinal thickness
225 (RT), ONL thickness (ONLT), vitreous chamber depth (VCD), and posterior length (PL) C. Schematic
226  diagram for the measurement of axial length, using the image inversion approachf®?, where the back of the
227  eye can be seen as an inverted image in the same imaging window as the front of the eye. The axial length
228  is measured as a sum of three measures — 1. measure from the front of the cornea to its inverting edge of
229  the imaging window, 2. one full measure of the imaging window and 3. measure from the RPE/BM reflection
230  toits inverting edge of the image window.

231
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232  Fundus imaging: Fundus photodocumentation was performed as previously
233 described®¥, using a Micron IV fundus camera (Phoenix Research Laboratories,
234  Pleasanton, CA, USA), with the exception that 1% cyclopentolate or 1% atropine was
235 used as the dilating agent, and mice were anesthetized with isoflurane (isoflurane
236  vaporizer from Kent Scientific, Torrington, CT, USA) during imaging.

237

238  Results:

239  Strain selection for candidate models of hyperopia:

240 To perform a detailed and comparative analysis of temporal changes in AL and retinal
241  biometry, we selected aged Mfrp™, Prss569°# and Adipor1tm'b9e" murine models of
242  genes which had previously been implicated in hyperopia and/or decreased AL[?836:401 |n
243  addition, we selected two uncharacterized JAX-KOMP? strains; Prss56°m2(MPC)J
244  harboring a novel allele produced using Cas9-mediated genome editing®? and
245  C1qtnfstm1-1(KOMP)Vieg which harbors a reporter disruption in exons 2 and 3 of C1qtnf5.
246  Given that C1qitnf5 and Mfrp are expressed as dicistronic genes and are known to
247 interact, we questioned whether this new knockout model would have phenotypic
248  similarities with Mfrp™®.

249  To assess the mutation effects on transcription levels in the two new KOMP-derived
250 alleles, we performed quantitative RT-PCR on ocular cDNA specimens. C71qinf6 mRNA
251 expression was significantly reduced in C1qtnf51(KOMP)Vicg mytants compared to B6J
252 controls (Supplementary Figure S1). The loss of mMRNA may be attributed to nonsense
253 mediated decay. Interestingly, Prss66 mRNA expression was upregulated in

254  Prss56°m(MPC)) homozygotes, as previously observed in Prss569¢43°  mice
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(Supplementary Figure S2). The alleles and mutational effects on transcription and

subsequent translated protein products are shown in Table 1.

Gene Allele Mutation RNA Protein

Adipor1 tm1Dgen Targeted  deletion  of | Reduced :
¢.107-198 in exon 219 expression/®” Loss of protein'®"
Reporter-tagged deletion | Reduced

C1qtnf5 tm1.1(KOMP)Vicg allele (1090 bp, part of | expression* nd

exons 2 and 3) (MGI))®162
4-bp deletion in intron 4
splice donor sequence | Increased
resulting in a cryptic splice | expression at
site  causing in-frame | P28
skipping of exon 442

T to A transversion in exon
11 splice donor sequence
Prss56 glcrd resulting in transcription of | Increased nd
an additional 54 bp in | expressiont
intron 11 leading to a
premature stop codont>?!
Cas9-guided excision of
845 bp sequence
removing exons 3 and 4
Prss56 em2(IMPC)J and 601 bp of flanking | Increased nd
intron predicted to result in | expression*
early termination due to
loss of splice
acceptor/donor(MGI) [6162]
Table 1. Candidate hyperopia models studied in this paper. *This paper; nd, not determined.

Mfrp rd6 Loss of protein(®!

Comparative longitudinal analysis of AL:

To determine the nature of axial changes in candidate mouse models of hyperopia
(Mfrp™@, Prss569° and Adipor1tmibgen  prss56°m2(IMPC)) and C1qtnfsi™m!-1(KOMP)Vicg) = AL
measurements were ascertained and compared to B6J controls. Since AL changes with
agel®, comparative analysis was performed longitudinally over a period of one year to
determine the onset and progression of axial changes. Initially, mixed-model ANOVA,
followed by Tukey’'s multiple comparison post-hoc analysis was used to compare AL
values from different mouse strains at four timepoints (Figure 2). Significant main effects

of mouse strain (F(DFn, DFd) = F(4, 100 = 70.03); p-value < 0.0001) and age (F(DFn,
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268 DFd) = F(2.769, 200.3 = 2560); p-value < 0.0001) were observed, confirming that AL
269  differed significantly among mouse strains as well as across their range of ages.
270  Significant interaction effects between strain and age (F(DFn, DFd) = F(12, 217 = 9.633);
271  p-value < 0.0001) were also observed, suggesting that the axial differences between
272  mouse strains were influenced by the age and vice versa. Adjusted p values obtained
273 from Tukey’s multiple comparisons test for comparisons between multiple strains, at all

274  ages, are listed in Supplementary Table ST2.

Factorial ANOVA Factorial ANCOVA
Source F Ratio Prob >F Source F Ratio Prob >F
Strain 123.9277 <0.0001 Strain 127.0379 <0.0001
Age 2673.467 <0.0001 Age 368.2881 <0.0001
Strain*Age 10.7070 <0.0001 Strain*Age 10.7204 <0.0001
Sex 55.4749 <0.0001 Sex 10.4014 0.0014
Strain*Sex 2.8913 0.0226 Strain*Sex 2.1440 0.0755
Age*Sex 0.8803 0.4517 Age*Sex 1.2268 0.3002
Strain*Age*Sex 1.8044 0.0469 Strain*Age*Sex 1.1228 0.3409
Covariate (body size) 22.7274 <0.0001

276  Table 2: Effect tests showing main and interaction effects of strain, age and sex, with and without controlling
277  for body size covariate. Significant F Ratios (Prob>F = <0.0001) are marked in red. After adjusting for
278  covariate, the F Ratio for the sex term decreases and interaction terms involving sex become insignificant.
279  The covariate significantly adjusted the dependent variable AL as determined from significant F Ratio
280  (Prob>F =<0.0001).

283  Effect of sex and body size on AL:

284  To determine sex-based differences on AL, data was analyzed in JMP, where main and
285 interaction effects of strain, age and sex were studied. An initial factorial ANOVA
286  confirmed significant main and interaction effects for all three categorical variables (Table
287  2), suggesting that AL differed significantly among strains, between males and females,
288 and at different ages. There was a significant main effect of sex, where AL was longer in
289  males than females. Because males generally have larger body sizes than females, we
290 performed ANCOVA and included body size as a covariate (Table 2) to establish whether

291 the differences in AL may be due to variations in body size. Given that both body weight
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292  and body length are indicators of body size and are positively correlated to each other,
293  we performed the dimension reduction method of principal component analysis (PCA) to
294  obtain a single component representing body size. The ANCOVA analysis had a slightly
295  better fit than the ANOVA analysis (ANOVA: adj R? = 0.95, RMSE = 0.034 and F Ratio =
296  241.83 (Prob>F = <0.0001 vs ANCOVA: adj R? = 0.97, RMSE = 0.031 and F Ratio =
297  253.84 (Prob>F = <0.0001). Thus, when controlling for body size, a significant but
298 decreased effect of sex was observed, suggesting that body size contributed to the sex-
299 based differences. The interaction terms involving sex were no longer significant after
300 adjusting for body size, indicating that sex-based AL variations do not influence the
301 differences due to strain and/or age. The main and interactive effects of strain and age
302 were still significant, confirming that both strain and age were important factors leading to
303 significant AL changes. Least squared means (LSMeans) differences, based on Tukey’s
304 honestly significant differences (HSD) post-hoc analysis lists the significant differences
305 between both the sexes of different mouse models at all four ages (Supplementary Table
306 ST3).

307 Longitudinal analysis of anterior axial measures:

308 AL comprises several axial parameters. To determine how individual axial parameters
309 vary among different mutant strains, we performed a comparative analysis for all the axial
310  and retinal parameters, as shown in Figures 3 and 4 using mixed-model ANOVA followed
311 by Tukey’s multiple comparison post-hoc test (Supplementary tables ST4-ST10). As seen
312 in Figure 3, central corneal thickness (CT) did not differ significantly between mutants and
313 control. While lens thickness (LT) increased longitudinally in all the strains, it did not differ

314  significantly between most mutants and control. The anterior chamber depth (ACD)
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315 increased longitudinally in all the strains but differed with age such that all mutant strains,

316  except C1qtnf5im1-1(KOMP)Vieg ‘had longer ACD than B6J controls.

" ® C57BL/6J ® PrsshHedlrd Mf/p’ds Adipor1tm1Dgen C1qtnf51m1.1(KOMP)V/cg
ns
= %5 _ddokok K —— =
E .§.
£ _dokokk Ee
< 3.6 ? “% {_ % _?E_ ‘%
o
5 a:&‘i{*
= 3.4+ sk dkokkk NS Kk
& .
| g tfee
3.2 '; ? e e
30 T T T T
1 4 8 12
317 Age (months)

318 Figure 2: Comparative longitudinal analysis of AL in B6J control and prospective hyperopic mutant strains
319 at1,4, 8 and 12 months of age. A progressive and significant decrease in AL was observed in Prss569™,
320  Mfrp® and Adipor1™'P9e" homozygotes, whereas no change was detected in C1qtnf5m! (KOMP)Vieg
321  homozygotes when compared to B6J controls, using mixed-model ANOVA, followed by Tukey’s multiple
322  comparison test. B6J, Prss569°#, Mfrp™, Adipor1imPsen and C1qtnf5im!-1(KOMP)Vieg mice are represented with
323 gray, blue, red, green, and orange circles, respectively. Significant differences are indicated with asterisk
324  (*) above each mutant with respect to B6J control animals. ** p < 0.01; **** p < 0.0001 and ns = not
325  significant. n = 10-27 per strain per age, both sexes included.

326

327

328 Longitudinal analysis of posterior axial measures:

329  All posterior measurements including outer nuclear layer thickness (ONLT), retinal
330 thickness (RT), vitreous chamber depth (VCD) and overall posterior length (PL) showed
331 significant but different directions of change among the strains. The PL and VCD
332  decreased both longitudinally and to a greater degree in the mutants as compared to
333 control. The ONLT and RT decreased longitudinally and more significantly in Mfrp"@® and
334  Adipor1t™mPgen mice but not in Prss569° mice. Instead, there was an increase in ONLT
335 and RT in Prss569¢ mice as the animals aged. Homozygous C1qtnf5™?1(KOMP)Vicg mice
336  exhibited a slight increase in PL and VCD and a slight decrease in ONLT and RT

337 compared to B6J controls.
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Time-course of fundus pathology by ophthalmoscopic imaging:

Mfrp™@® and Adipor1tmP9en homozygotes share multiple disease phenotypes, including an
early development of fundus spots?®l. To evaluate whether other strains present with
abnormal fundus features, we compared strains longitudinally up to 12 months of age
using ophthalmoscopic photodocumentation. (Figure 5). At one month, regularly sized,
white fundus spots were detected in both Mfrp™@ and Adipor1tmP9e" homozygotes and by
four months, these spots became uniformly distributed across the ocular globe. In the
fundus of Prss569°* mice aged eight months and older, large, bright spots were found
distributed along the central fundus and surrounded the optic nerve. Fundus phenotypes
in Prss56°m2(IMPC)J homozygotes recapitulated those observed in Prss569¢# mice
(Supplementary Figure S2). C1qtnf5m'-1(KOMP)Vieg mutants had a normal fundus

appearance throughout the 12-month time course.
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353 Figure 3: Comparative longitudinal analysis of ocular parameters in the anterior of the eye, for B6J control
354 and mutant mice at 1, 4, 8 and 12 months of age. B6J, Prss569° Mfrp™@, Adipor1i™'been and
355  C1qtnf5m-1KOMP)Vieg mice are represented in gray, blue, red, green and orange circles, respectively.
356  Significant differences are indicated with asterisk (*) above each mutant with respect to B6J control animals.
357 *p<0.05* p<0.01;*** p<0.001; *** p < 0.0001 and ns = not significant. n = 10-27 per strain per age,
358  both sexes included.

359


https://doi.org/10.1101/2022.05.07.491049
http://creativecommons.org/licenses/by-nc-nd/4.0/

360

361
362
363
364
365
366

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491049; this version posted May 7, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

® C57BLI6J) @ prsss5e9c  ®  Mfp™  ®  Adipor1tmibgen C1qtnf5tm?.1(KOMF)Vicg
0.08- ns * Fkkok Fokkok ns ns KKKk
£ - KRk 3 St :
50-06-53‘-% o A #%- -
$ -y o o * s —E— 0 _}
Q e el e
£0.041 % R .
'-E %% é °
2 0.02- : &
° hd k3
0.00 T T T T =
0.3+
£ Kokkok Kok Fokokok ns Kook * Fokokok ns
S |, & - =
@ > I
i L% g ¥ -~ - o -
4 ]
s v 2 o .
g &
s ¢ of
g E 2 ‘
0.1+ :g:
T T T T
0.8+ KKKk ns
& EE R 12 e M Frokk NS kKK

0.6 %" - *gé *{—*—*%
0.4- 5;*5 & e 3

Vitreous Chamber Depth (mm)

0.2 T T T T

1.2+
= Aok *
£
= 1.0+
g -~ == Aok ns Hokokk ok -
: = T -
5 0.8 % - el 3 o -
E ‘ o oa * -
2 6 éﬁr-s 2 %o ék*

: 112

T
1 4 8
Age (months)

Figure 4: Comparative longitudinal analysis of ocular parameters in the posterior eye, for B6J control and
mutant mice at 1, 4, 8 and 12 months of age. B6J, Prss569°“ Mfrp®, Adipor1imbsen and
C1qtnf5im1-1(KOMP)Vieg mice are represented with gray, blue, red, green, and orange circles, respectively.
Significant differences are indicated with asterisk (*) above each mutant with respect to B6J control animals.
*p <0.05; ** p<0.01; ** p<0.001; **** p <0.0001 and ns = not significant. n = 10-27 per strain per age,
both sexes included.
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C1 qtnf5tm1. 1(KOMP)Vicg

Figure 5: Fundus photographs of Prss569°, Mfrp'®, Adipor1™m'Psen and C1qtnf5m!1(KOMP)Vieg homozygotes
and B6J controls, at 1, 4, 8 and 12 months of age, showing a progressive change in fundus appearance
with age. While the uniformly sized spots in Mfrp™@ and Adipor1™'P%" mutants are similar in appearance
and distribution, aged Prss569°* mice develop large bright central fundus spots surrounding the optic nerve.
C1qtnf5im1-1(KOMP)Vieg mice do not develop spots and appear normal at all ages studied (n = 6-10, both sexes
included/strain).
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376  Discussion:

377 The World Health Organization estimates that greater than 2.2 billion people around the
378 world are visually impaired, many of whom have uncorrected refractive errors such as
379  hyperopia (WHO, accessed 10/14/2021). While AL contributes most significantly to
380 hyperopial®l, a few studies have implicated the contribution of other axial components in
381 the development of hyperopial®®l. For example, a clinical study reported significantly lower
382  ACD values in hyperopic patients®®l. In another correlation study, AL, ACD and VCD were
383  strongly correlated with RE in hyperopic eyesl®’l. A detailed understanding of how various
384 compartments of the eye contribute to AL may help unravel the mechanisms that underlie
385 the pathologic and molecular changes that result in hyperopia.

386 In order to understand how different hyperopic gene mutations affect the natural
387  course of axial length changes, we examined the trajectory of AL and axial components
388 longitudinally over 12 months. During this time course, we noted an early period of rapid
389 AL growth, followed by a later period of slow growth (Figure 2). While some studies
390  suggest that the mouse eye stops growing around postnatal day (P)40[8, others suggest
391 atwo-phase growth pattern, with a period of rapid growth lasting until P40-P60, followed
392 by a period of slow growth that continues up to P300[¢46%-71 The latter agrees with our
393 findings; in all mutant strains studied, we observed an early period of rapid AL growth,
394 followed by a slow growth stage. Moreover, our study confirmed mutant strain specific
395 changes in AL and axial component’s growth trajectory in the mouse models Mfrp™,
396  Prss569°c#, Adipor1imPsen and C1qtnf5im?-1(KOMP)Vicg (Figure 2-4). While an earlier and
397  more significant AL change was observed in Mfrp™ and Prss569°4 homozygotes, the

398 change progressed slower in Adipor1t™'P9e" homozygotes. In our previous study, no
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399  change in AL was observed in heterozygous Adipor1t™mP9en mice at 4 months of agel?8l. It
400 is noteworthy that while heterozygous Adipor1+/- mice develop ocular phenotypes such
401 as fundus spotting and PR degeneration, their progression is much slower than in
402  homozygous Adipor1-/- mice. In our current study, we extended the analysis to 12 months
403  of age to determine whether heterozygous animals develop a late AL phenotype. We did
404 not observe any change in AL in heterozygous Adipor1 mice at any of the timepoints
405 examined (Supplementary Figure S3), indicating that decreased Adipor1 levels affect
406  disease phenotypes differently. Interestingly, while C7qtnf5™m'1(KOMP)Vieg homozygotes
407  had significantly shorter AL than controls at 1 month of age, the AL became comparable
408 and insignificantly longer than the controls as the animals aged. Our results confirmed
409 that although AL progressively increased with age in all the mice, the ALs of mutant
410  strains were significantly shorter than the controls. Similar to previous reports!'72l, we
411 also observed significant differences between sexes for AL, which could be accounted
412 for by including sex-based body size differences in the analysis.

413 In our comparative longitudinal analysis of axial components, we found that both
414 PL and ACD contributed to overall changes in axial length. Mfrp™@, Prss569¢,
415  Adipor1tmbgen mice showed a similar direction of change in AL and PL such that both
416 decreased compared to control. On the other hand, we observed an opposite trend with
417 ACD where mutants had increased size compared to controls. A shortening of the
418  posterior segment is consistent with some human patients with disruptions in MFRP and
419  PRSS56, which have been associated with posterior microphthalmial'®22.2326.39.73-75] |n
420  mice, upon closer examination of the parameters that comprise PL, we noted that the

421  reduction in PL results from decrease in different components of the eye in different
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422  mutants. For Mfrp™ mice, the decrease in PL could be attributed to a reduction in VCD,
423  ONLT and RT. In the case of Adipor1t™Pgen mice, VCD did not show a dramatic change,
424  and therefore, the smaller PL appeared to be due mainly to the decrease in RT and ONLT
425  of the retina. For Prss569°#, the change in PL appeared to be mainly due to a smaller
426  VCD. The RT and ONLT increased in Prss569°¢™, |t is conceivable that the increase in RT
427  and ONLT observed in Prss569¢* mice may be due to the fact that the amount of retina
428 remains the same as in B6J but the area encompassing it decreases, leading to a
429  compression of the retina in a smaller space. Interestingly, Prss569°# homozygotes also
430 present with retinal folds (Supplementary Figure 2), similar to the papillomacular folds
431  observed in human PRSS56 mutations that results from normal retinal development but
432  arrested scleral growth('82339731 The null C1qtnf5™m7-1(KOMP)Vieg mouse model showed
433  decreased AL only at an early age of 1 month, and progressed towards increased AL
434  thereafter. This increase in AL is accompanied by an increase in PL and VCD. However,
435 it is important to note that ONLT was reduced in C7qtnf5™"1(KOMP)Vicg homozygotes,
436  suggesting a slow degeneration phenotype in these mice.

437 Our comparative analysis of the fundus phenotype longitudinally at 1, 4, 8 and 12
438  months of age demonstrates key differences in ocular phenotypes between these disease
439  models. While there was a progressive accumulation of fundus spots in Mfrp™, Prss569¢
440  and Adipor1im’Psen mice with age, the spots differed in appearance and onset. Mfrp@ and
441  Adipor1tmPgen mutants developed uniformly sized and evenly distributed white spots
442  across the fundus by 1-month of age, typical of the white flecks observed in human MFRP
443  patients and in human flecked retinal disorder such as retinitis punctata albescens®"42l,

444  Our previous gene interaction study confirmed that Mfrp and Adipor1 interact to affect the
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445  fundus spotting phenotype, suggesting a functional association between these genes!?8l.
446  The Prss569°* mice on the other hand developed fundus spots that were bigger and
447  Dbrighter and appeared later (at 4 months) than the other two models. The retinal folds
448  observed in Prss569°* homozygotes appear to correspond to these fundus spots. AL
449  measurements and fundus phenotypes of both the Prss56¢m2(MPC) and Prss569° strains
450 were comparable at the timepoints examined.

451 Throughout the twelve-month time course, C7qtnf5!m!-1(KOMP)Vicg mice did not
452  develop a fundus phenotype and appeared normal. This contradicts previous reports
453  where a C1qtnf5 S163R knock-in mouse model (C71qtnf5™" 1) for late onset retinal
454  degeneration (LORD), shows a fundus spotting phenotype®®. However, the differences
455  may be due to the fact that our model is a knock-out, confirmed by the lack of expression
456 in gqRT-PCR, whereas C17qitnf5 knock-in mice expresses C1QTNF5 S163R protein. It is
457  possible that the presence of an altered C7qtnf5 results in disease whereas its complete
458 absence does not. Additionally, the fundus phenotype reported for the S163R knock-in
459  C1qtnf5heterozygotes was observed at 20-21 months of age*®!, a timepoint not assessed
460  here. It remains possible that C7qtnf5im’-1(KOMP)Vicg may have a late phenotype as well.
461 Our study highlights the underlying differences that contribute to decreased AL
462  among different hyperopic models which share a smaller AL phenotype. Our study also
463  prompts an interest to investigate the complex associations between Mfrp and related
464  genes. It is conceivable for Mfrp to be associated with Prss56 to affect the growth of
465  vitreous chamber, and to be associated with Adipor7 to control ONL and retinal growth,
466  with both associations leading to alterations in posterior length. Unraveling the underlying

467 mechanisms by which MFRP and other proteins act, will ultimately lead to a better


https://doi.org/10.1101/2022.05.07.491049
http://creativecommons.org/licenses/by-nc-nd/4.0/

468

469

470

471

472

473

474

475

476

477

478

479

480

481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491049; this version posted May 7, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

understanding of how the proteins, when disrupted, results in RE and other ocular

phenotypes.
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