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Refractive errors are common eye disorders characterized by a mismatch between the
focal power of the eye and its axial length. An increased axial length is a common cause of
the refractive error myopia (nearsightedness). The substantial increase in myopia preva-
lence over the last decades has raised public health concerns because myopia can lead
to severe ocular complications later in life. Genomewide association studies (GWAS)
have made considerable contributions to the understanding of the genetic architecture
of refractive errors. Among the hundreds of genetic variants identified, common vari-
ants near the gap junction delta-2 (G/D2) gene have consistently been reported as one
of the top hits. G/D2 encodes the connexin 36 (Cx36) protein, which forms gap junc-
tion channels and is highly expressed in the neural retina. In this review, we provide
current evidence that links G/D2(Cx36) to the development of myopia. We summarize
the gap junctional communication in the eye and the specific role of G/D2(Cx30) in reti-
nal processing of visual signals. Finally, we discuss the pathways involving dopamine and
gap junction phosphorylation and coupling as potential mechanisms that may explain
the role of GJD2(Cx36) in refractive error development.
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yopia (nearsightedness) is the refractive error in which

light focuses in front of the retina, resulting in blurred
distant vision. This mismatch of the refractive power of the
eyes is predominantly caused by an increase in ocular axial
length. The prevalence of myopia has increased rapidly in
the past few decades, up to 90% in East Asia and up to 42% in
Europe at the age of 13 to 19 years.! Although optical devices
can correct myopic refractions, myopia can cause severe
ocular complications, such as myopic macular degeneration,
retinal detachment, and glaucoma.? Particularly high myopia
increases the risk of visual loss as one-third of those with
severe myopic refractive errors develop irreversible visual
impairment or blindness.>*

Refractive errors, including myopia, originate from
complex interactions between environmental and genetic
risk factors. Low outdoor exposure levels and a high amount
of near work are associated with myopia development.’
Genomewide association studies (GWAS) identified many
common genetic variants for refractive error. In 2018, a
meta-analysis of GWAS for refractive error included 160,420
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participants and identified 161 independent genetic loci
annotated to 233 candidate genes. Pathway analyses of these
genomic hits suggested that, in particular, light process-
ing in the retina is important for the development of
refractive errors.® The most recent meta-analysis of GWAS
included even more participants (z = 542,934) and found
an additional 336 loci. These findings elucidated the involve-
ment of virtually all anatomic tissues of the eyes in refrac-
tive error development; and suggested a wide range of
potential mechanisms (e.g. eye structure, ocular develop-
ment, eye physiology, intraocular pressure, and circadian
rhythm).”

The gap junction delta-2 (G/D2) gene is located in
one of the first and most replicated myopia-associated
loci found in independent study cohorts and ethnici-
ties.>"'® SNPs near the GJ/D2 gene have been associated
with other myopia-related phenotypes, including ocular
axial length, axial length/corneal radius ratio, and age of
onset of myopia.'!'!>20:21 Even though the identified single-
nucleotide polymorphisms (SNPs) are not located inside the
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actual gene, GJ/D2 is hypothesized to be the most biologi-
cally plausible gene in the locus.'>'

GJD2 encodes connexin 36 (Cx36), a transmembrane
protein that forms gap junction channels that play a role in
intra- and intercellular communication by enabling the diffu-
sion of ions and small molecules.?’ Two different systems are
in use for the nomenclature of this multigene family. G/D2
is a combination of gap junction (GJ), its subclass based on
sequence homology (D) and an Arabic numeral according
to its order of discovery (2). Cx36 is based on its molecular
weight predicted from the cDNA: approximately 36 kDa.??
Because both nomenclature systems are alternately used in
the literature, we here refer to the gene/protein as a combi-
nation of both systems: G/D2(Cx30).

According to the human protein atlas, GJD2(Cx36)
expression is enhanced (i.e. expressed at least 4 times
the mean of other tissues) in the adrenal gland, pancreas,
pituitary gland, and retina.®> GJD2(Cx36) containing gap
junctions in the central nervous system facilitate electri-
cal coupling between neurons and are present in vari-
ous regions in the brain, predominantly in the inferior
olive, olfactory bulb, and hippocampus.?#?> In the retina,
GJD2(Cx306) containing gap junctions are present in photore-
ceptors (predominantly in cones), bipolar cells, amacrine
cells, and ganglion cells.?0-32

In the retina, GJ/D2(Cx36) plays an essential role in
visual processing as it modulates signal-to-noise ratio by
averaging noise through photoreceptor coupling and also
contributes to night vision by transmitting rod-mediated
visual signals.3>-3° However, its role in emmetropization
is still unresolved. Understanding the role of the myopia-
associated SNPs found close to GJD2(Cx36), the function of
GJD2(Cx36) and its role in visual processing is a starting
point for disentangling the putative role of GJD2(Cx36) in
refractive error development. In this review, we (1) summa-
rize the genetic evidence for a role of G/D2(Cx306) in refrac-
tive error; (2) provide an overview about its structure, func-
tion, expression, and role in visual processing; (3) explore
its conservation across species and discuss animal models
which study GJD2(Cx36) in the context of myopia; (4) elab-
orate on the potential mechanisms by which GJD2(Cx36)
might contribute to the pathogenesis of myopia; and (5)
suggest future research directions.

GJD2(Cx36) — LEssONS LEARNED FROM STUDIES
IN HumANS

In 2010, the first genetic locus identified in GWAS associ-
ated with refractive error was found at chromosome 15q14
(rs634990). This intergenic SNP is located 39 kb away from
the 3’ end of GJD2(Cx36). Even though this SNP is also close
to the ACTC1 gene (74 kb from its 3’ end) and the GOLGASB
gene (180 kb from its 5’ end), G/D2(Cx36) was considered
the most plausible candidate gene due to its expression in
eye tissue (Table 1) and its role in the visual pathway (in
the section: Expression of G/D2(Cx36) in the retina and the
various functions in visual processing).!%:!>

After this first finding, another SNP in the same locus was
identified; rs524952 (minor allele frequency [MAF] 0.46).7
Both 15634990 and rs524952 are in high linkage disequilib-
rium (2 and D’ = 1) and have been consistently replicated
in multiple GWAS of refractive error (Table 2, Supplemen-
tary Table §1).07:9-11,13,15-19,21,57,38 R557405) was reported
as the most significant SNP in the latest meta-analysis of
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refractive error GWAS.” Until now, all SNPs identified at the
15q14 locus are intergenic, whereas coding variants in the
GJD2(Cx36) gene itself have not been associated with refrac-
tive error. This suggests that regulatory variants rather than
coding variants in GJD2(Cx36) play a role.”> This notion
is further supported by data from the Genotype-Tissue
Expression (GTEx) database, a public resource that exam-
ines human tissue-specific gene expression and regulation,
which reports that both rs634990 and rs524952 influence the
expression of GJD2(Cx36) in the pancreas and pituitary.®
The minor alleles rs634990 C and rs524952_A are associ-
ated with lower expression levels of GJ/D2(Cx36) in these
tissues. Following this line of thought, one can hypothesize
that downregulation of GJD2(Cx36) leads to an increased
risk of myopia. However, it is worth noting that the GTEx
database does not include eye tissue, therefore, limiting
the interpretation of the results described in pancreas and
pituitary.

To further explore the potential regulatory role of the
SNPs identified at 15q14, we examined whether variants
in moderate linkage disequilibrium (LD; R* > 0.2) with
the first associated SNP, rs634990, overlapped with regula-
tory elements of the ENCODE data. Moreover, we retrieved
their RegulomeDB score, which is a score that assesses the
evidence of a SNP for regulatory potential. We assessed
a total of 102 SNPs (see Supplementary Table S1) of
which 15 have been identified in refractive error GWAS
and 14 of them were replicated in at least one other
study.07-9-11,13-21,37,38,40 Tyelve SNPs out of 102 showed
moderate evidence of a location in a regulatory region
(Table 3). These 12 SNPs have a RegulomeDB score of 3a,
which provides evidence for a localization of the SNP in a
transcription factor binding site, in any motif, or a DNase
peak; none of the SNPs showed high evidence to be a regu-
latory variant (i.e. RegulomeDB score la—f and 2a-c). In
total, 44% (45/102) of the SNPs overlapped with at least
three regulatory elements of the ENCODE database (i.e.
promoter or enhancer histone marks, DNase I hypersensi-
tive sites, transcription factor, or other protein-binding sites,
and expression quantitative trait loci [eQTLs]; see Supple-
mentary Table S1). This finding supports the hypothesis
that SNPs associated with refractive error at the GJ/D2(Cx36)
locus may influence the phenotype through gene regulation.
However, as described for the GTEx database, the ENCODE
data does not include eye tissues or retinal cells, therefore,
we are cautious in drawing strong conclusions from this
dataset.

Besides refractive error, the 15q14 locus, including the
GJD2(Cx36) gene, has been associated with other myopia-
related proxies, including axial length and “age of first spec-
tacle wear.” The Blue Mountain Eye study reported an asso-
ciation with axial length.!> Subsequently, GJ/D2(Cx36) was
replicated in a GWAS of axial length, including both Euro-
pean and Asian populations?® and in a Japanese study.
Refractive error GWAS generally use spherical equivalent
as the outcome, a calculated value in which the spherical
value and half the cylindrical value are summed. Both spher-
ical equivalent and ocular axial length are highly correlated,
explaining the shared genetic association with the 15q14
locus for these traits.*! In another study, GJD2(Cx36) was
identified using the survival analysis parameter “age of first
spectacle wear” as a proxy for myopia.!! Because a younger
age of onset generally leads to higher degrees of myopia, it
is not surprising that G/D2(Cx36) was also identified in this
study.11’46‘49
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TasLe 1. Expression of G/D2(Cx36) in Human Tissue
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Based
Database Tissue GJD2 Expression Mean (std) Unit On (N) Method
GTEx Pituitary 10.51 TPM 283 RNA seq
Brain-frontal cortex 2.75 209
IOWA Retina 49.11 PLIER score 6 RNA expression chip
Trabecular meshwork 44.15 6
Giliary body 41.50 6
Optic nerve 39.05 6
Choroid RPE 32.54 6
Sclera 31.18 6
Lens 24.77 6
Iris 22.60 6
Optic nerve head 20.99 6
Cornea 11.54 6
Fantom5 Pituitary 33.20 Scaled tags per million 1 RNA seq
Retina 12.50 Mixed
HPA Atlas Adrenal gland 9.90 pTPM 3 RNA seq
Cerebral cortex 2.40 3
Pancreas 1.00 2
Booij et al. 2009%? RPE 30.00 (9.30) percentiles 6 RNA expression chip
Photoreceptors 29.60 (3.40) 6
Choroid 35.80 (10.30) 6
Young et al. 2013%3 Adults optic nerve —0.57 Avg signal 6 RNA expression chip
Fetal optic nerve —2.05 15
Adult cornea —0.82 6
Fetal cornea —0.40 15
Adult retina 8.42 6
24 week retina/RPE 11.10 15
12 week Ret/ RPE/Chr 13.84 15
Li et al. 2014% Macular retina 22.54 FPKM 8 RNA expression chip
Macular retinal pigment epithelium/choroid/sclera 0.00 8
Peripheral retina 22.17 8
Peripheral RPE/Chr/sclera 0.00 8
Cowan et al. 2020%° Rods per = 0.00513%, fov = 0.00353% NTP 3 single cell RNA seq
Cones per = 0.02973%, fov = 0.01649% 3
Horizontal cells per = 0.00047%, fov = 0.00020% 3
On BCs per = 0.00165%, fov = 0.00219% 3
OFF BCs per = 0.00321%, fov = 0.00139% 3
Acs per = 0.01546%, fov = 0.02133% 3
GCs per = 0.00094%, fov = 0.00023% 3
Glycinergic Acs per = 0.00046%, fov = 0.00014% 3
RPE per = 0.00010%, fov = 0.00005% 3

RNA expression data from expression chips (IOWA, Bergen et al., Young et al., and Stambolian et al.) and RNAseq data (GTEx, Fantom5,
HPA atlas, and Cowan et al.). Data from Bergen AAB et al., is shown in percentiles. In Young TL et al., a strong signal is defined as >40.
These data include microarray data from gene expression chips. Data from Stambolian DE et al., presents fragments per kilobase of gene
per million mapped reads. In Cowan et al., gene expression is shown as a percentage of normalized transcripts.

Abbreviations: GTEX, Genotype-Tissue Expression; IOWA, the ocular tissue database; accessed via https://genome.uiowa.edu/otdb/; HPA,
Human Protein Atlas; TPM, transcripts per million; pTPM, protein-coding transcripts per million; Avg signal, average values for each tissue
type from raw, un-normalized data; FPKM, fragments per kilobase of gene per million mapped reads; NTP, normalized transcript percentages;
Ret, retina; RPE, retinal pigment epithelium; Chr, choroid; BCs, bipolar cells; Acs, amacrine cells; GCs, ganglion cells; per, peripheral; fov,

foveal.

Contrary to several other candidate genes associated
with refractive error, mutations in GJD2(Cx36) have not
been reported to cause a human Mendelian disorder. One
could speculate that GJD2(Cx36) is either a crucial gene
for embryogenesis, or, on the other side of the spectrum,
a gene tolerant to genetic variation (low constraint). Genes
involved in dominant Mendelian disorders are known to be
highly intolerant to variation (high constraint). Databases,
such as gnomAD, facilitate the interpretation of variants
and indicate how intolerant a gene is to variation by
providing constraint metrics.’® These metrics include the
probability of loss-of-function intolerance (pLI) and the
loss-of-function o/e upper bound fraction (LOEUF). A pLI
of 1 and a LOEUF <0.35 have been widely used as a
threshold to indicate high intolerance to variation. Accord-
ing to gnomAD, GJD2(Cx36) shows a pLI = 2 and a
LOEUF = 0.7, this indicates that G/D2(Cx306) is moderately
tolerant.

GJD2(Cx30)
Physical Structure of the GJD2(Cx30)

Cx36 is a membrane protein containing one cytoplasmic
N-terminus, four transmembrane helices, two extracellu-
lar loops, one cytoplasmic loop, and one C-terminal tail
(Fig. 1A). To date, 21 genes in the human genome have been
identified to encode distinct but structurally related isoforms
of gap junction proteins.>!

Six gap junction proteins assemble into hexameric chan-
nels, called connexons or hemichannels. At the plasma
membrane, two hemichannels from two adjacent cells
connect and form a gap junction. Distinct gap junc-
tion proteins can be co-expressed in the same cell.
If the hemichannel consists of only one subtype of
gap junction protein (e.g. 6 GJD2(Cx30)), it is called
a homomeric hemichannel, contrary to a heteromeric
hemichannel, which contains different gap junction proteins.


https://genome.uiowa.edu/otdb/;

IOVS | March 2022 | Vol. 63 | No.3 | Article 5 | 4

GJD2(Cx36) and Refractive Error Development

‘3uI8y pue yieay NPV uo yoreasay ASoorwoprdyg onsusn ‘Yo ‘ones sniper
[e2uI00 YIBUS [BIXE “YD/TV ‘ApmS 247 surelunoq an[g ‘SHING ‘erdoAw pue JOIId ANOLIJOI JOJ WNNIOSUOD) ‘WVHID ‘BUB[EL-NIEd O1OUSD BNSELI[SO ) ‘BUB[EL-dDO ‘ApmS 247 weyIurwer]
‘SHd ‘8ings3ny Jo uorday oy} ur yoreasay YIeoH 2aneradoo) ‘YOI {ApniS oseasiq 24 paie[oy-o8V ‘SqAYV ‘dusreambo reomoyds ueow ‘SN ‘Apni§ wepronoy ‘SY SUOHEIAIqQY

F€6'T¥S)
S9IPNIS WNIOSUOD) WVHID
puE DWPUECT VYD Yurqorg 3N
(€0<‘s6 uonedrdas pue
0ZH09T AIOA0DSIP) SINPULET WOIJ
OM) PUE WVHYD WOIJ SAAPMIS ¢

(IS€°0S) WVHID WOy SAIPMIS H¢
(Z1LE) Apmis vweyeSeN oYL

(F9L97) WVHYD WOIj $11040d 8T
([Ayieay] 626
J0 [10BIEIRD] 99¢ "SA SZTT) asauede(

(ILL'SY) SNPUECT
(8SL'SH) INVHYD WOIj S2IPNIS 7¢
(0002) SAAAV
(1LST) SANA
([uoneordar
€66°97] 08T°L) SISOID[OSOIYPY

dSIN

dSIN

dSIN
dSIN

OneI ¥YDO/Iv

erdodAw ySryg
(W pue ¢7)

Jeam opoeldads

181 Jo 28y
S
JOIID DATRIJOY
JOIID DATDEIJY

sIsA[euE-E10W SYMD

SVAD
judwiurene
[eUOIIEDNPD puE
ASIN UOISS2IZDI Jedul]
JO sisA[eue-eloWw gxX0
SVAD
uorssar3ar
JedUl[ JO SISA[euB-BIoIN

uSISop [0NU0d-2SBD

SISA[eue [BAIAING
SISA[EUE-BIOW SYMD
SVAD
Apnis UONEIDOSSE D1AUID

,(0202) 'Te 19 1SAH

o(8102) ¥ 12 BlpaL

16(9107) Te 30 UBg
a(F10D) T¢ 10 eAENIYSOX

12(9T02) ‘Te 12 urWLpIL,
(IT02) Te 19 IyseAeHq
11(€102) 'Te 39 1951y

¢1(€T07) 'Te 19 UDAS0YIA

4c(€107) 'Te 32 uosduurg
1 (€102) T 19 2ydEYds

Jo Apmg dSruyenmp (€9¢6%) sisA[eue 1(T10D) T8
oy} ‘BUBRL-dDO ‘SHd ‘VIOM ‘SATAV ASW SISA[EUB-E)OW SYAD o1(€102) 'Te 12 ueroquielg VYD WOIj SaIpmis ¢ ASIN  -B1W SYAD 19 USAOUIDA VL S89STLFE  TSGHTSST
(ILST) SANd ySud] [erxy SVAD (€100 Te 319 2ydrYdS
(1LST) SANG JOIID 2ATDRIRY  APNIS UONEBIDOSSE DNIUID ¢1(€102) T 32 aydeyds
(£9€6%) WVAYD WOy Sa1pmis T¢ ASW sIsA[eUE-E1OW SYAD 1(TTOT) Te 19 U2ADOYIIA
OLZY) MNUIML J0119 2ANDEI Y SVAD or(0T02) Te 32 1SAH
([uoneordax *(08Z°01 ‘uoneordar)
€56°02] 08T°L) SISOIISOIYPY 3N suim], ue Apmg
Jo Apmg Sruyenniy Aprweg uadyony snwseryg (0102)
oY) ‘BUB[EL-dDO ‘SAA VYOI ‘SAIYV IS SisA[eue-e1oWw SYMO or(€107) 'Te 19 UefOquBlg  ‘C PUE Z-§¥ PUE (87€°C) I-.SY  ASIW SVA\D P BMoOS D L TL8CTLYE 066%£9s¥
(N) s1r0yo) Apmg Jrexy, uSisaq Apmis ur payesridoy (N) 30yo) awodnQ  udisaq Apmig AV 32U (8€38Y) sod JueLIeA
Apmg AxaA0081Q

sadAjoudyd pareay 10 erdoAIN YIIA PRIBIDOSSY Uddg 9ABH 7S6HTSST PUE 066HS9OST UDIYA UL USISa Apnig pue SaIpmg oyl Jo AJewwing ‘g a1avy,

20udI0g |ensiA ¥ Abojoweyydo annebiisau)



IOVS | March 2022 | Vol.63 | No.3 | Article5 | 5

GJD2(Cx36) and Refractive Error Development

CI6LTTHT
‘BILICTST
zam ‘SI8FLFECT
L ou sak JruaSINUL  JO £ QYOS SUY T LANH sak €80 850 V O S06TOLYS ‘8€15997T 88L6198X
CI6LTTHT
ONVd ‘BILICTST
zam LVLVD LYH ‘SI8FLFECT
¥ sak sak SruadIduUr JOo £ PFYy SNy T T-XSI 01D senssn GI  sanssp L ‘N¥d $8°0 90 V. O TIPL80LYS ‘8E15997T 99L095S¥
CI6LTTHT
‘BILICTST
zam ‘SI8YLEECT
S ou sak oruaSiour Jo ¢ Q9% SNy g Nyg‘atd ¥8°0 90 V. O PL990L¥E ‘8E1S99TT 0778895+
CI6LTTHT
SO ‘BILICTST
zam syowr ONVd ‘SISYLYCT
124 sak sak OIUAZINUT JO £ P9S SHY T  PIIdIE ¢ ‘AI'T 660 980 O V FEIIILKES ‘8E1S997T 7SES89ST
8LTIETTS
‘L708086C
‘TLYOTOLT
‘8L6SECST
‘T8II19LT
‘6929¢¥1C
‘TH989%¢T
HET96£€T
‘C16LTTHT
‘BILICTST
zam SXIS ‘SI8YLYCT
L sah sak SrudgIoyur  Jo ¢ QY6E  SHY T ‘TddV J¥H I I V L S89CILVE  ‘8€15997T TSGHTSST
SILISIST
‘8€15997T
‘9€75€80T
zam sypows ‘SI8FLHECT
S sak sak JTUISINUL  JO £ QI6E SUY T PIIdIE 9 ant 1dH sak VN VN O L TLSSILEE  ‘6£TS€80T 066%£9s¥
21008  F(SIUd  F(SHud uon souon symsoy poSuey) punog IS VNA (dewr (dewp suod (066 (066 MV U (8¢8Y) (AINA) Ut JueLIepA
g -woE ¢ -woE g -eouuy  bagyou  TLOS  SImow  sumoad -peoy) -eoyd) dYAD -HEYSI -HECOSI sod paynuapy
dwo] <) ey <) eie [euonpunyg SYIBN  SYIeIW 0} 0}
-nSoy 4dO 4dO ANSqp SUO)SIH SUOISIH uon uon
‘A dd -ONA -ONA JDU J310 -e[oyY  -B[9Y
awof ynm yIm -eyuyg  -woid ur‘ @ ur‘cy
-n3oy sde sdef a1 a1
-I9A0 -IAQ
dNS dNS
Arond  Arnd
uonejouuy ['¥ UOISIdA “SoyordeH sjuerrep Aroyen3oy

2q 03 2oudpIAY SUIMOYS 066H€9ST YIM AT VI SINS

066HE9ST UNA ('] UT STUBLIEA  °€ F1av],

20udI0g |ensiA ¥ Abojoweyydo annebiisau)



IOVS | March 2022 | Vol. 63 | No.3 | Article5 | 6

GJD2(Cx36) and Refractive Error Development

CI6LTTHT
SoueN ‘SILISTIET
zam ‘TOVAH ‘SISYLYET
S ou sak oL Jo £ qpS WYL ‘qSpuy 780 ¥S0 VD €LE8GOYS  ‘GETS997T  TO0E9TLSY
CI6LTTHT
‘BILICTST
zam syrowr aid ‘SISYLYET
9 sak sak SrudgIoyur  Jo ¢ qNSS WY T PardIe O ‘OSdI 180 %S0 V. O  0S9L69%E  ‘8€1S99ZT  090SLOTTSI
CI6LTTHT
aida ‘BILICTST
zam DSdI ‘SI8YLYET
L sah sak Srudgroyur  Jo ¢ qYSS MY 4o ‘Osd 180 $S0 VL €LVLO9%E ‘8C1S99TT  GSOSLOTISI
0LS€T8ST
‘96TFYIHT
‘C16LTTHT
aida ‘BILICTST
zam OSdI ‘SI8YLYET
L sak sak Srudgroyur  Jo ¢ qYSS MY [ ZAHD ‘Osd 180 $S0 L D  STHLOE9KE ‘8E1S99TT  8SOSLOTISI
CI6LTTHT
‘BILISTST
zam syowr ‘SI8YLYET
S sak sak SruddIuUL  JOo £ QYOS WY T pardNe g Ny €80 950 O V  $9¢T0LPS  ‘8EIS997T  HEIHTGHST
CTI6LTTHT
‘BILICIET
zam syowr ‘SI8YLYET
S ou sak SruRdIUL  JOo £ Sy WY T paIdle 07 €80 LSO L O 8LTLOLYS ‘8EIS99TT  OLSOLILSI
zam syowr
g sak sak SrudSIoNUL  JO € QYIS WY T PpasdleH  ddddDd  SINSSI G sanssn g €80 LSO L O €TITOLYS 660026651
CTI6LTTHT
‘BILICIET
zam ‘SI8YLECT
S sak sak SruaSiur  Jo ¢ 9% SUY T YO'AOVD N¥d‘atd 80 850 V. O 87990LF¢ ‘8C1$99TT 6£8086ST
2J00§  F(SIUd  F(SHd uon souan s)msay poSuey) punog s VNA (dewr (dewrp suod (066 (066 ANV J2U (8¢3Y) (AINd) ur JueLIBA
da  -wog ¢ -uog g -ejouny  bogyoy  TLOS Sypol  surdjoxrd -peoy) -eoy) dUAD -HEIYSI -HECOSK sod paynuapl
Qwo| <) eieq <) ele [eUOIDUNg SYIEN SYIeIN (03] (03]
-n3oy 10O 1O dNSqP SUO)SIH SUOISIH uony  uopn
‘A gd -ONA -ONH 10U 1930 “ePyY  -ePy
OEO— —H-T—P Gﬁmb? n&ém— -woxdq ur ..Qv ur «th
-nSoy sdef sdef al a1
~-JOAO -JAQ
dNS dNS
Arnd Arpnd
UONEBIOUUY ['¥ UOISIdA “SoyordeH sjuerrep Arojeyn3oy

3q 01 20USPIAY SUIMOYS 066HCIST YIM AT UE SANS

peonunpuo) ¢ ATIAV],

20udI0g |ensiA ¥ Abojoweyydo annebiisau)



IOVS | March 2022 | Vol.63 | No.3 | Article5 | 7

GJD2(Cx36) and Refractive Error Development

(Z10T Te 312 qneyds) A[snoraard paquidsap se ‘9duanbasuod
[euonouny [enusjod IIDY) SSISSE 0} PISN SEM 2I00S g owo[nSay “erep FAODNH oY) Jo sjuowa[o A103e[nSo1 yiim de[IoA0 JOJ PIUIUEXD PUE PIIOLIIXD 2I9M SJUBLIEA [[E '} uoIsIoA Sogodey Sursn
(9€XD)ZA[D 01 PaIeIoUUE SINS JOIID 9ANDLIDI U YIm (0D sawoudsd 00T ‘T°0 < X)) 1 Ul SIUBLIEA JOJ suonejouue £101e[n3a1 pajeSnsaAul om ‘(Z10g ‘[¢ 19 d[4og) T'T UOISIdA gawonday
PUe (Z10Z SHIPY pue piep) (1'% uoisioa) SoyojdeH aiemijos oyl Suis) "Apnis urelrod Ul PIUYLUSPE 919M UOIYM JO SJUBLIBA AJOJB[NSDI 9 0] 90UIPIAD SUIMOYS 066HC9ST YIim T Ul SINS

zam sjpow
124 ou ou Jra3IdUE  JO £ QY0¥ paIae 01 €90 120 DO V. L9STIL¥S T8L6Y9ST
za™
S sak soA  orwaSInnur Jo £ qyo9 WY I ¢-xed atg L90  TT0 O O T8ITEIVE  €LECETST  9STOLETST
zam X0g
129 ou sak oruadIaur  Jjo ¢ q09 ‘SoueN aid 80 ¥E0 O O 6THIE9¥E T00LETLIST
zam geddey
¢ ou sak Jrua3IdUE  JO £ qY09 -AN 94O aida 7280 ¥¢0 O L ¥6£T69VE LSST9095ST
za™ UAA
¢ sak sak sruadioyur  Jo £ Q19 ‘cpewis CIVIS  sanssn [T sanssp 9 7280 ¥¢0 V. D LOII69¥E LOLSGH9SE
zam synowr
ee ou ou JruadIdur  Jo £ QS paiae ¥ S8°0 %0 O V. 66ST0LYE SCIHTOYST
zam synowr
g ou ou sraSIdur  Jo £ QF paxd1e 9 98'0 ¥o O L 0%080L¥¢ YHeTeoesy
€16LTT%T
‘BILICIET
zam sypow ‘SI8YLYCT
q¢ ou ou JIUa3IdUE  JO € QIS paide ¢1 S80 FH0 O V  68T669%¢  ‘8CTS99TT  6I0TL08SX
zam synowr
{2 S9A S9A SruadIdur Jo C qY¢H WY T PpRide O sanssn 8 660 9%°0 D L SY960L¥E L8SCTSST
zaMm Z140L
129 sak sak Sruagidur Jo ¢ g9¢ sy JAN YD ao sonssn 9 sanssn 9 SN 660 L¥0 O O TI6Y9ILYE ¥LEH89ST
zam sypow XAYD
eg so4 $oA  JrURSIAIUI JO £ QEE SNYT PIINE R ‘At \LdH  sanssn 0T 6L0 650 O V 6STOILFE 8GTTSYST
VIVL
zam ‘VIVO
e¢ sak sok  omweSmur jo £ qYIF SWYZ  ‘TINDD ¥asd 660 IS0 O L SOTLLL¥E 0158L9s1
2100§  F(S)ud  F(SHUd uon soudn symsoy poSuey) punog IS VNA (dew (dewp suo) (066 (066 NV U (8€8Y)  (AINd) ur JUBLIEA
Tg@ -wo@E ¢ -woE g -wouuy  bog oy LLOP  SJHOW  suload Peoy) -BOY¥) JdUAD -HEIYST -HCOSK sod pPaynuapI
swol <) eje@ <) eled [euvopdounyg SYIEW  SYIeW 0} 0}
nssy IO 4dO ANSqP SUOISIH SUOISIH uopn uopn
‘A dda -ONA -ONA JdU J210 |~w~0~m |~w~0~m
swol  Yyum  ymm -equy  -woid ur @) ur‘zI
-nSoy  sdeg sdey at at
-JOAO -IRAQ
dNS dNS
Arond  Arnd
uoneouuy % UOISIoA "SoyordeH sjuerrep Aroyen3oy

3q 03 20USPIAT SUIMOYS 066¥C9ST YIM AT UI SINS

panunuo) ¢ I19V],

20udI0g |ensiA ¥ Abojoweyydo annebiisau)



Investigative Ophthalmology & Visual Science

GJD2(Cx36) and Refractive Error Development IOVS | March 2022 | Vol.63 | No.3 | Article5 | 8

Lamprey Cx34 (gjd1/2)
Hagfish Cx34 (gjd1/2)
Duck Cx34 (GJD1)
Chicken Cx34 (GJD1)
Lizard Cx34 (gjd1)
Zebrafish Cx34.7 (gjd1b)
Zebrafish Cx34.1 (gjd71a)
Zebrafish Cx35.1 (gjd2b)
Zebrafish Cx35.5 (gjd2a)
Lizard Cx35 (gjd2)
Duck Cx35 (GJD2)
Chicken Cx35 (GJD2)
Rabbit Cx36 (Gjd2)
Human Cx36 (GJD2)

EL1 EL2

P
Ser110

NH2 IL COOH Rhesus Monkey Cx36 (GJD2)
Guinea pig Cx36 (Gjd2)
Mouse Cx36 (Gjd2)
0.05 Rat Cx36 (Gjd2)

c
Identity NH2

100% Homo Sapiens
100% Rhesus Monkey
98% Guinea Pig

98% Mouse

98% Rat

98% Rabbit

83% Zf Cx35.1 (gjd2b)
81% Zf Cx35.5 (gjd2a)
75% Zf Cx34.7 (gjd1b)
70% Zf Cx34.1 (gjd1a)

Conservation

12|0 13]0 14Iﬂ 150 160 170 180 190 200 210 220
Homo Sapiens s RDPPE IGGPGGTGGGGSGGGKREDK KE| LRTASK|

Zf Cx35.1 (gjd2b) -~ KDPDTMRR - -~ - -+~ - -
ZfCx35.5 (gjd2a)  TA

Zf Cx34.7 (gjd1b)  ----EHY-PIMEKD------
Zf Cx34.1 (gjdfa) -~ -LHHGPYIDHG- - - oo

-EnsT VKE P - - -NSAMRTTK
M NSTKEA - -8SNTKPAK
- ING 1 BvaHSESGGGKD I !LLHGKS
- ING By -Bs- - -

'

A -ENTSKET:
Rhesus Monkey - - [ RDPPES IGGPGGTGGGGSGGGKREDK| A -ENTSKET LRTASK
Guinea Pig - -MVE RDAPESMGGPGGTGGGGSGGGKREDK A -ENTSKET LRTAAR|
Mouse - - RDPAES |GGPGGTGGGGSGGSKREDK A -ETTSKET: VKEL LRTAAR|
Rat - -y RDPAES IGGPGGTGGGGSGGSKREDK| A -ETTSKET: L LRTAAR|
Rabbit - - TVE RDPPDSMGGPGGTGGGGSGGGKREDK| A -ENPSKET

T S

T

L
L
L
L
L
MRTAAKSKL
M
M
\
|

VTYSKSA

Conservation i ._
©+327°316033242100------u--. 1430021 +7 228 653-°81117595 5°9+5112485456458 8 8

COOH

250 260

~

Il < < < <> > > > > >-8

*P o300

Homo Sapiens
Rhesus Monkey
Guinea Pig
Mouse

Rat

Rabbit

Zf Cx35.1 (gjd2b)
Zf Cx35.5 (gjd2a)
Zf Cx34.7 (gjd1b)
Zf Cx34.1 (gjd1a)

©C 000 ======-

Conservation | | J_

|
-

N
|

o
|

T

Ficure 1. Structure and conservation of GJD2(Cx36). Panel (A) shows the GJD2(Cx36) protein consisting of four transmembrane domains
(TMD1-4), alternated by two extracellular loops (EL1-2), with the phosphorylation sites on the intracellular loop (IL; Ser110) and on the
C-terminus (COOH; Ser293, Ser276 for zebrafish). Panel (B) shows the conservation of G/D2(Cx36) throughout commonly used species for
myopia research. The phylogenetic tree in vertebrate lineages of reptiles and birds shows two subfamilies, GID2(Cx35/Cx36) and GJD1(Cx34).
The latter paralog is not present in mammals, whereas in teleost fish four functional orthologs have been identified (gjdla(Cx34.1),
gjd1b(Cx34.7), gjd2b(Cx35.1), and gjd2a(Cx35.5)). Panel (C) shows that for mammalian species 98% to 100% and for zebrafish 70% to
83% of the GJ/D2(Cx35/Cx30) protein is conserved relative to the human protein. Intergenic variation is mainly located in the intracellular
loop (red trace) and in the C-terminus (final black trace), whereas the two phosphorylation sites are conserved throughout all species *P).

Similarly, if two adjacent cells have a distinct composi- hemichannel in an ON cone bipolar cell.”> Moreover, gap
tion of the hemichannels, then the cell-to-cell gap junc- junctional plaques, containing multiple gap junction chan-
tion channel is referred to as heterotypic. An example nels, can be composed of a random mixture of homo-
of this is the GJD2(Cx36)-containing hemichannel in an meric channels, heteromeric channels, or a combination of

AIl amacrine cell together with GJA7(Cx45)-containing both.>!
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Functions of Gap Junction Proteins

Functions of the gap junction proteins can be divided into
three categories.’> The first and most well-known is gap
junction intercellular communication, which can be either
ionic or biochemical. Ionic communication refers to the
passive diffusion of cytoplasmic (cat)ions (e.g. Na+, K+, and
Ca2+), contributing to essential functions ranging from the
contraction of cardiac myocytes to the propagation of action
potentials via electrical synapses.>* In contrast, the exchange
of small molecules and metabolites (e.g. cAMP) up to 1000
Dalton in size, referred to as biochemical transport, play a
role in cellular homeostatic processes.”

Second, gap junction proteins perform essential roles as
hemichannels. After oligomerization of the six gap junction
proteins, hemichannels are transported to and inserted into
the plasma membrane, where they may remain uncoupled.
They are involved in various functions during cell life (i.e.
proliferation, development, survival, and death), controlled
all by both intracellular and extracellular factors.’®>” In
the retina, feedback from horizontal cells to photoreceptors
depends strongly on gap junction hemichannels.>®> There
is evidence that GJD2(Cx36) forms functional hemichannels
in the pancreas and neuronal cell cultures. However, it is
unclear whether G/D2(Cx36) hemichannels play a role in
visual processing in the retina.%%-%!

Third, various studies have shown that connexins
can function independent of their gap junction- and
hemichannel-forming properties. Although their mechanis-
tic aspects remain largely unknown, recent findings suggest
that connexins interact with other proteins, including tight
junction proteins, ZO-1, occludin, claudins, N-cadherin, and
the cytoskeletons, microtubules, actin, and catenins.®>-% In
this way, they are capable to modulate gene expression indi-
rectly by inducing secondary effects.%”-7°

It is worth noting that modulation of gap junction perme-
ability is essential for normal physiological processes. Gap
junction permeability is determined by multiple factors,
including channel composition (i.e. heterotypic versus
heteromeric), modulation of gap junction protein expres-
sion and post-translational modifications (i.e. phosphory-
lation).?*71=7> Phosphorylation of GJD2(Cx36) is further
discussed in the section: Regulation of expression and phos-
phorylation of GJ/D2(Cx306).

Expression of GJD2(Cx36) in the Retina and the
Various Functions in Visual Processing

GJD2(Cx306) is expressed in a number of retinal cell types
and plays a role in signal transmission in the retina. Here, we
discuss the current evidence of expression of connexins per
cell type (see Table 1) and the specific roles of GJD2(Cx36)
in visual processing.

Before elaborating on the role of GJD2(Cx36), we first
summarize the successive steps in visual processing. Light is
converted into a neuronal signal by photoreceptors, which
can be classified into two types; rods for scotopic vision
and cones for photopic vision. The photoreceptor synapses
onto bipolar cells, which are interneurons classified based
upon the source of the signal: rod bipolar cells receive input
from rods and cone bipolar cells from cones. Cone bipo-
lar cells can be distinguished in ON and OFF types. ON
bipolar cells depolarize upon increasing light stimulation,
whereas OFF bipolar cells respond with a hyperpolariza-
tion and vice versa. Subsequently, the signal is transmit-

IOVS | March 2022 | Vol. 63 | No. 3 | Article5 | 9

ted from cone bipolar cells to the retinal ganglion cells. In
addition, horizontal cells and amacrine cells provide lateral
connections between neurons (e.g. connecting one bipolar
cell to another bipolar cell), modulating the signal. Rod bipo-
lar cells do not synapse directly to ganglion cells. Instead,
they synapse to AIl amacrine cells, which in turn signal to
ganglion cells and cone bipolar cells (primary rod pathway).
The signal exits the retina via the axons of the ganglion cells,
the retinal nerve fiber layer, and the optic nerve for further
processing in the brain.

Figure 2 provides an overview of the current evidence
of the expression of GJD2(Cx36) and other gap junction
proteins in the retina (see Fig. 2A) and the localization
of homo- and heterotypic G/D2(Cx36)-containing gap junc-
tions between various cell types in the retina (see Figs. 2B,
20).

GJD2 in Pbhotoreceptors and Bipolar Cells.
GJD2(Cx36) is present between cones and between rods
and cones, predominantly identified on the cone side (see
Fig. 2).27:30.74-76 However, one study reported GJD2(Cx36)
expression in rod photoreceptors.?® In addition, Gjd2(Cx36)-
containing gap junctions are located between the dendrites
of (ON/OFF) cone bipolar cells, close to the cone pedi-
cles.?”>7%77 This finding has been confirmed in human tissue
(see Table 1).32:42-45,78 gJD2(Cx36)-containing gap junctions
between cones are considered to improve signal-to-noise-
ratio by averaging out noise generated by sources intrinsic to
the photoreceptors, whereas the signal evoked by a uniform
stimulus is not affected 343

GJD2 in Ganglion Cells and Amacrine Cells.
GJD2(Cx36) forms homotypic dendrodendritic gap junctions
between alpha ganglion cells and between AIl amacrine
cells (see Fig. 2).>172-81 Additionally, alpha ganglion cells
and AII amacrine cells are also connected to each other by
GJD2(Cx36) gap junctions®' 82 (not depicted in Fig. 2).

AII amacrine cells are the central nodes in the primary
rod pathway. They relay the input received from rod bipolar
cells to ON cone bipolar cells via GJD2(Cx36) gap junctions
and to OFF cone bipolar cells via glycinergic inhibition. The
secondary rod pathway, which depends on G/D2(Cx36) gap
junctions between rods and cones, also relays rod signals to
the cone pathway.?0:27:33:35.37 The known rod pathways differ
in light sensitivity, with the primary rod pathway being the
most sensitive, followed by the secondary rod pathway.?*:%
As such, GJD2(CX36) has an important role in rod signal-
ing under dim light conditions. In line with this, scotopic
electroretinograms (ERGs) of Gjd2(Cx36) knockout mice
showed a reduction of the b-wave, which represents the
ON cone bipolar response.?®-#%-87 The presence of a residual
b-wave indicates that night vision’s ON component is not
entirely dependent on G/D2(Cx306), as was further substan-
tiated by the finding that optokinetic reflexes could still be
elicited in Cx36 knockout mice.®

GJD2(Cx36) dependent rod-pathways also contribute to
dopamine release from dopaminergic amacrine cells (DACs)
through excitatory ON cone bipolar cell input.® DACs
provide negative feedback via inhibitory projections to ON
cone bipolar cells”® and synapse onto AIl as well as Al7
amacrine cells in the rod pathway. Light-evoked responses
of DACs are modulated by inhibitory synaptic input from
glycinergic and GABAergic amacrine cells,®*°> which are
driven by OFF cone bipolar cells that receive glycinergic
inhibition from AII amacrine cells. Although DACs receive
excitatory ON inputs from all photoreceptor types, the
GJD2(Cx36) dependent rod-pathway dominates the input
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FIGURE 2. Gap junction proteins in the human retina and their coupling with GJD2(Cx36). Panel (A) shows the gap junction proteins
present in the different retinal layers. Panels (B) and (C) show the gap junction coupling that contains G/D2(Cx306). Dot colors define the
different gap junction proteins. Numbers represent the species for which the gap junction locations have been described. Gap junctions are
detected at the protein level, when additionally detected on RNA (including cDNA) level, color dots are marked with an asterisk. Homotypic
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G)D2(Cx306)-containing gap junctions are present between dendrites of alpha ganglion cells, between dendrites of AIl amacrine cells, between
(ON/OFF) cone bipolar cells, between cones, and between rods and cones. For the latter homotypic configuration, most evidence localizes
GJD2(Cx36) on the cone side. GJA7(Cx45) is the only gap junction protein forming channels with GJ/D2(Cx36). Heterotypic channels are
present between subtypes of amacrine cells (providing G/D2(Cx36)) and (ON/OFF) cone bipolar cells (providing GJA 7(Cx45)). GJA1(Cx43),
GJA4(Cx37), and GJA10 (hCx62, mCx57, and pCx60) are the remaining gap junction proteins in the retina, localized between horizontal cells,
but these do not colocalize with G/D2(Cx36). In addition to the gap junctions visualized in the figure, G/D2(Cx36) gap junctions have been
reported between amacrine cells and alpha ganglion cells. Abbreviations: A, amacrine cell; BC, bipolar cells; C, cone photoreceptor cell; GC,
ganglion cell; GCL, ganglion cell layer; H, horizontal cell; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer;
IS, inner segment; NFL, optic nerve fiber layer; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; OS,
outer segment; R, rod photoreceptor cell; RPE, retinal pigmented epithelium.

during dim light conditions.®® Underscoring the tight convo-
lution of the rod pathways with the dopaminergic system,
rod pathway deficiency negatively affects DAC numbers and
retinal dopamine/DOPAC levels, as well as the myopic shift
in response to form deprivation in mice.?3-%

The rod pathway and dopaminergic system are closely
involved in the regulation of circadian clocks in the
eyes, which have a probable role in myopia develop-
ment.”’~1%! Remarkably, rod photoreceptors can drive circa-
dian photoentrainment across a wide range of light intensi-
ties.'92 GJD2(Cx36) dependent rod pathways play a partic-
ular role in entrainment of the retinal circadian clock,
enabling the induction of phase-shifts of the retinal clock
by short-duration light pulses in the visible part of the spec-
trum.'

Type of GJD2(Cx36) Gap Junction Connec-
tions. In the retina, G/D2(Cx36) forms homotypic as well
as heterotypic gap junctions, the latter exclusively with
GJA7(Cx45). These heterotypic gap junctions are formed by
amacrine cells expressing G/D2(Cx36) and by ON cone bipo-
lar cells expressing GJA 7(Cx45) (see Fig. 2C).28-31,82,87,104-106
Besides AIl amacrine cells, also subtype A8 amacrine cells
appear to be connected through heteromeric junctions.'%’
Although some reports contradict a heterotypic connection
between amacrine and bipolar cells, the general notion is
that the type of connection depends on the specific function
of the bipolar subtype.20-87-105

Other Connexins in the Eyes

Aside from GJD2(Cx36), many other connexins are present
in the retina. Apart from its ability to form heterotypic
connection, GJA7(Cx45) also forms homotypic gap junc-
tions between ganglion cells5%'% GJ410(Cx62, mCx57),
GJA1(Cx43), and GJA4(Cx37) are other connexins expressed
in the retina 328619113 G14 710(hCx62) has been detected in
the human retina and its mouse homolog, Gja10(mCx57),
has been exclusively localized in homomeric gap junctions
between horizontal cells in adult mice (see Fig. 2).32111,114,115
GJA1(Cx43) may occur around Muller glia in the nerve
fiber layer, partly around blood vessels in the ganglion cell
layer and as hemichannels in the retinal pigmented epithe-
lium.%-86,116-118 G744(Cx37) has been identified in endothe-
lial cells of blood vessels in the ganglion cell layer.?

Even more gap junction proteins than mentioned above
are present in other parts of the eyes (Fig. 3). Of all the
connexins, GJA1(Cx43) is most widely expressed in all
ocular components. In the cornea of humans and other
species, at least nine gap junction proteins are expressed,
mediating intercellular communication to maintain corneal
homeostasis.!?? 12 Within both the ciliary body and trabec-
ular meshwork a variety of gap junction proteins are iden-
tified, which seem to be essential for the regulation of the

intraocular pressure.'?!-12> Gap junction proteins in the lens
are required for its transparency, as has been demonstrated
in multiple species.'?*132 Although Gja8(Cx50) has been
implicated in ocular growth, no evidence points toward
a potential contribution to refractive error.!?® Interestingly,
GJA1(Cx43) is the only gap junction protein present in the
choroid, optic nerve, and sclera.!'%112 GID2(Cx36) is exclu-
sively identified in the retina.

Regulation of Expression and Phosphorylation of
GJD2(Cx30)

The phosphorylation state of the gap junction protein Cx36
determines its coupling strength. Two phosphorylation sites
have been identified: Ser110, on the intracellular loop,
and Ser276 (Ser293 in mammals), on the carboxyl termi-
nus.'34-13¢ Regulation of phosphorylation is complex, differs
between neuronal subtypes, and often depends on a cascade
of signaling proteins. In photoreceptors (zebrafish), protein
kinase A (PKA) activity can directly act on the two regu-
latory phosphorylation sites. PKA activation leads to phos-
phorylation of both residues on GJD2(Cx36) and subse-
quently causes increased gap junction coupling.!¥” In All
amacrine cells (rabbits), PKA has an indirect and oppo-
site effect; PKA activates protein phosphatase 2A (PP2A)
and ultimately dephosphorylates Ser293 on GJD2(Cx30).
Protein phosphatase 1 can subsequently counteract this
phosphorylation by inhibiting PP2A.13® Despite the differ-
ence in initiation, phosphorylation of G/D2(Cx36) is strongly
correlated to intercellular coupling thereby increasing gap
junction function in both photoreceptors and AIl amacrine
cells.137-139

GJD2(Cx36)-mediated coupling is influenced by the circa-
dian rhythm and light exposure and is modulated by
dopaminergic signaling. Again, this differs between neuronal
subtypes; in AIl amacrine cells, dopamine D1-like recep-
tor (includes subtypes DIR and D5R) activation reduces
coupling by increased PKA activity, via the before mentioned
cascade.!3%140.141 The AIl amacrine network in mice is rela-
tively uncoupled under scotopic illumination but is increas-
ingly coupled by shifting to mesopic illumination and then
uncoupled again under photopic conditions.”® 142143 This
coupling modulation affects the size of receptive fields
and improves the signal-to-noise ratio of the AIl amacrine
network by averaging the uncorrelated noise.*®'42:143 In both
ganglion and photoreceptor cells, dopamine D2-like recep-
tor (includes subtypes D2R and D4R) activation uncouples
the cells.”>'% 1% During the day and under light expo-
sure, increased dopamine release activates D2-like recep-
tors, which subsequently suppresses activity of adenylyl
cyclase, lowers cAMP levels, and PKA activity, ultimately
uncoupling the photoreceptors.”®® During the night,
decreased D2-like receptor activation results in increased
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Ficure 3. Gap junction proteins (connexins) in the eye. Color dots define the different gap junction proteins. Numbers represent the
species for which the gap junction locations have been described. Gap junctions are detected at the protein level, when additionally detected
on RNA (including cDNA) level color dots are marked with an asterisk. G/D2(Cx30) is expressed in the retina exclusively. GJA1(Cx43) is
widely expressed throughout the eyes and is identified in all ocular segments.

photoreceptor coupling, allowing cones to receive dim light
signals from rods, which facilitates the detection of large dim
objects. %

Apart from dopamine, adenosine is also an important
modulator of coupling but works opposite from dopamine.
Adenosine achieves high levels during night under scotopic
conditions and achieves low levels during day under
photopic conditions.'¥ Elevated adenosine levels activate
adenosine A2a receptors, which highly increases photore-
ceptor coupling during this phase. Additionally, A1 recep-
tors with a higher affinity for adenosine activated by low day
levels, suppress adenylyl cyclase and reinforce D4 receptors
to uncouple photoreceptors during the day.'3%139,145,147

In addition to phosphorylation, GJ/D2(Cx36) transcript
and protein expression are also affecting coupling strength
and are under circadian control. Circadian control of
GJD2(Cx306) protein expression is dependent on melatonin,
whereas the circadian regulation of GJD2(Cx36) transcript
expression may be controlled directly by the circadian
clock.'® Because the SNPs associated with refractive error
at the GJD2(Cx36) locus are intergenic and most likely
influencing regulation of expression (section: GJD2(Cx36)
- Lessons learned from studies in Humans), it could be
possible that these SNPs affect the regulation of G/D2(Cx36)
expression and transcription, which in turn could influence
visual processing during different times of the day.

GJD2(Cx36) N ANIMAL MODELS

To uncover the biological mechanisms that lie at the basis
of the GWAS findings, functional studies are warranted. In
order to assess a functional role of G/D2(Cx36) in myopia
in animal models, it is relevant to investigate the degree
of conservation across species. In this section, we selected
the most commonly used species for myopia research and
performed a phylogenetic and conservation assessment of
GJD2(Cx36) (see Fig. 1). In this section, we particularly
focus on mice and zebrafish because of their amenability to
genetic manipulation and discuss the advantages and limi-
tations of these models.

Conservation of GJD2(Cx36) Across Species

The phylogenetic tree in vertebrate lineages of reptiles and
birds (see Fig. 1B) shows two subfamilies, G/D2(Cx35/Cx36)
and GJD1(Cx34), as a result of a partial genome duplication.
In mammals, the G/D1(Cx34) family is not present, whereas
in teleost fish (e.g. zebrafish [Danio rerio]) up to four func-
tional orthologs have been identified, caused by an addi-
tional duplication event.'#-151

The GJD2(Cx35/Cx36) protein, relative to the human
protein, is conserved for 98% to 100% in mammalian species
and for 70% to 83% in zebrafish (see Fig. 1C). Most varia-
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FiGure 4. Overview of potential mechanisms for GJD2(Cx36) (marked red) causing myopia. Green arrows indicate a positive (i.e.
stimulatory) effect; red arrows a negative (i.e. inhibiting) effect. Dotted lines indicate hypothesized mechanisms not fully advocated yet by the
literature but mentioned in the current manuscript as possible mechanisms. Conditions highlighted with black triangles are frequently linked
in the literature with decreased myopia/axial elongation, whereas white triangles are associated with increased myopia/axial elongation.

tion is found in the intracellular loop and in the C-terminus, animals will provide an indication of the relation between
whereas the two phosphorylation sites are conserved in all axial length changes and refractive error. Therefore, assess-
investigated species (see Figs. 1A, 1C). We explored the ment of ocular biometry (i.e. axial length and vitreous
conservation of the region in which the two most repli- chamber depth) could be considered as the most relevant
cated SNPs, 15634990 and rs524952, were identified. Rela- outcome when studying myopia in these models. Mice are
tive to the human region, we found an identity score of nocturnal animals, which complicates translation of findings
81.1% for the rs524952 region in mice, but no match for regarding circadian rhythm to humans. In contrast, zebrafish
rs524952. We found no conservation of the two SNP regions are diurnal species with cone-dominant vision, similar to
in zebrafish. Higher conservation levels were only identi- humans.'5>1% As a sequel of this research, we have recently
fied in monkeys (up to 94.8%), limiting the external validity explored the role of GJD2(Cx30) in zebrafish. Depletion of
of lower mammals and vertebrates as a model for studying gjd2a(cx35.5) leads to hyperopia and electrophysiological
the functionality of these SNPs (Supplementary Table S2). changes in the retina and a lack of gjd2b(cx35.1) leads to
Tissue- and cell-type specific G/D2(Cx36) knockout models, nuclear cataract and triggered axial elongation.!>

on the other hand, can be used to study entire gene effects
at the cell-cell interaction level.

POTENTIAL MECHANISMS BY WHICH GJD2(Cx306)

Why use Mouse and Zebrafish Models? CONTRIBUTES TO MYOPIA

Both mouse and zebrafish models can help unravel  various lines of reasoning, as discussed in the section
the effect of functional proteins on postnatal ocular GJD2(Cx36), suggest that the association of the G/D2 locus
development. These species have highly conserved in refractive error development points toward altered regula-

Gjd2(Cx36)/gjd1a(cx34.1)/gjd1b(cx34.7)/gjd2a(cx35.5)/gjd  tion of GID2(Cx36) expression (see Table 3, Supplementary
2b(cx35.1) proteins (mou§e 98%, .zebraﬁsh 70-83%; Sffe TableS1). In this section, we discuss and describe potential
Fig. 1) and are well-established animal models for genetic mechanisms by which G/D2(Cx36) may contribute to the

diseases. Apart from the availability of complete gene pathogenesis of refractive error (see Fig. 4 for an overview
knockouts, mice and zebrafish exhibit some practical of the potential mechanisms).

advantages, such as rapid breeding, easy housing, and an
extensive toolbox for manipulating their genome.!>*-12

Compared to mice, zebrafish are able to produce a large GID2(Cx36) Coupling and Myopia
number of offspring multiple times a week and their func- JD2( ) plng yop

tional visual system develops fast. Nevertheless, given the A limited number of studies have directly linked phosphory-
additional duplication of the zebrafish genome and the exis- lation of GJD2(Cx36) and thus, GJ/D2(cx36)-mediated inter-
tence of various orthologs for some genes, it may be required cellular coupling with myopia. A study investigating form-
to investigate multiple knockout models. Challenges appli- deprivation myopia (FDM) in chicks found that a nonspe-
cable to both animal models include absence of a fovea, cific gap junction blocker (meclofenamic acid) diminished
the limited visual acuity, the lack of accommodative reflex, myopia.l>” An FDM study in mice demonstrated increased

and the small eye size. Even though hyperopic refractions phosphorylation of GJD2(Cx36)-containing gap junctions
have been reported for both mice and zebrafish,'>1>4 study- between AII amacrine cells after myopia induction. The
ing the relative differences between wildtype and knockout authors suggested that the increase of phosphorylation is a
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compensatory effect of the defocused image. Although this
fits the hypothesis, more verification is needed.'”®

Above, we mentioned the opposite coupling effects of
dopamine and adenosine in response to light conditions
(section: Regulation of expression and phosphorylation of
GJD2(Cx3()).76:132,138,140,141,144,145 Apy  established environ-
mental risk factor is time spent outdoors, which offers
protection against childhood myopia most likely because
of increased light intensities of broad spectrum.’ This rela-
tion is supported by animal experiments which showed
that high intensity lighting can reduce FDM in chicks and
monkeys!*-1°! and LIM in mice.'®? Proof that dopamine can
be a mediator in this relationship comes from experiments
in chickens showing that dopamine blockers abolish the
protection by light.163-164

Correspondingly, pharmacological stimulation of
dopamine signaling (via e.g. nonspecific dopamine receptor
agonist apomorphine) protects against FDM in a wide range
of species including mice,'®>"1%7 primates,'®® chicks,'%-17°
guinea pigs,'”"17? and rabbits.'”? Conversely, dopamine
receptor antagonists facilitate myopia development induced
by FDM. Antagonists, per se, are not sufficient to induce
myopia without external triggers.'”#17> The FDM-protective
effect of dopamine agonist (apomorphine) is nullified
by simultaneous administration of D2R antagonist in
chickens.'® Interestingly, adenosine antagonists appear
to be protective against childhood and experimental
myopia.!’®"17? Taken together, these findings strongly
suggest that the protective effect of outdoor exposure
against myopia arises from increased dopamine levels and
decreased adenosine levels, which may lead to G/D2(Cx36)
dephosphorylation and subsequent uncoupling of retinal
neurons.

When elucidating the role of dopamine in myopia, it
is essential to make a distinction between dopamine D1-
like (subtypes D1R and D5R) and D2-like receptor (D2R
and D4R) activation. Zhou et al. described opposing results
on myopia development when activating and inactivating
D1-like and D2-like receptors separately.'® They propose
that emmetropization is a homeostatic process controlled
by opposing effects of DI1-like and D2-like receptors;
pharmacological activation of D1-like receptors results in
hyperopia, whereas pharmacological activation of D2-like
receptors results in myopia.'® Interestingly, D1-like recep-
tor activation uncouples AIl amacrine cells, whereas D2-like
receptor activation uncouples ganglion cells and photore-
ceptors (section: Regulation of expression and phosphory-
lation of G/D2(Cx36)). The disbalance between coupled AIl
amacrine cells versus coupled ganglion cells and photore-
ceptors and their relation to myopia is intriguing and may
be solved by future studies.

Receptive Field

The size of the receptive field of photoreceptors can
be changed by altering the extent of the gap junction
coupling.'¥>18! In line with the mechanism described earlier,
GJD2(Cx36) mediated coupling between photoreceptors
increases during the night, thus leading to larger receptive
fields.'>-'8! In myopes, an increased receptive field size has
also been demonstrated.!? Although this finding needs to be
proven, this increase is likely the result of increased coupling
between photoreceptors, linking coupling to myopiagene-

sis.182
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ON and OFF Signaling Pathway

GJD2(Cx36)-containing gap junctions connect AIl amacrine
cells to ON cone bipolar cells and thereby provide a signal-
ing pathway from rods feeding into the cone pathway via
rod bipolar cells (section: Expression of GJD2(Cx36) in
the retina and the various functions in visual processing)
and AII amacrine cells to ON/OFF cone bipolar cells. This
GJD2(Cx36)-connection enables the ON pathway to cross-
inhibit the OFF pathway, involving OFF bipolar and OFF
ganglion cells,'®®> which could improve the efficiency of
contrast encoding.'4

Experimental settings in which elements of this path-
way are disrupted provide further insights into the role of
GJD2(Cx36) in myopia development. ERG of GJD2(Cx36)
knockout mice showed a reduced scotopic b-wave, suggest-
ing deficits of the rod signal pathway.?*#%8 In addition,
patients with congenital stationary night blindness (CSNB1),
who also develop high myopia, exhibit defects in the ON
pathway. Imbalance of the ON and OFF pathway in causing
myopia is confirmed by studies showing that ON pathway
deficiency triggers myopia in mice and chickens and OFF
pathway deficiency inhibits myopia in chickens, whereas a
mouse study did not support this converse effect of OFF-
pathway deficiency.!>3185-187

In human subjects, overstimulated OFF pathways (1 hour
of either reading black text on a white background or expos-
ing to dynamic OFF stimuli) results in a thinner choroid
and overstimulated ON pathways (1 hour of either reading
white text on a black background or exposing to dynamic
ON stimuli) leads to a thicker choroid.'®®1% Chicken exper-
iments showed similar results and demonstrated increased
dopamine release during ON stimulation.!®® Because thin-
ner choroids are associated with myopia development and
thicker choroids are associated with myopia inhibition,!0-1%4
dopamine, G/D2(Cx36), ON and OFF pathway, and choroidal
thickening seem to be tightly linked in myopia develop-
ment.'”

Insulin and Glucagon

GJD2(Cx36) is expressed in the islets of Langerhans in
the pancreas (as shown in Table 1) and provides elec-
trical and metabolic coupling between beta-cells in these
islets. When glucose levels are high, G/D2(Cx36) coordi-
nates the synchronization of electrical activity throughout
the islet, which results in pulsed secretion of insulin from
beta-cells and conversely for low glucose levels.'”® Insulin
release is in anti-phase with glucagon secretion from pancre-
atic alpha-cells.'”” A human exonic variant of GJD2(Cx36)
exhibits postnatal reduction of GJ/D2(Cx36) islet levels and
beta cell survival, resulting in glucose intolerance in trans-
genic mice.!®

Several studies have identified an association between
metabolic control of glucose (insulin/glucagon pathways)
and myopia in humans.'”-20? Interestingly, insulin and
glucagon show opposing effects on eye growth in chickens,
with glucagon mostly increasing choroidal thickness (asso-
ciated with myopia inhibition) and insulin mostly increasing
ocular elongation, proposed to be controlled by glucagon-
positive amacrine cells.293-200

Together, these findings indicate a link between
GJD2(Cx36) and metabolic control of glucose levels via
insulin and glucagon, which have a causal effect on eye
growth in chickens. Future studies exploring the effect
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of common variants annotated to GJD2(Cx36) on insulin/
glucagon levels and the subsequent potential impact on
myopia development may help to elucidate this potential
mechanism. Furthermore, given that the glucagon-positive
amacrine cells are up to now only found in the avian retina,
there might be an equivalent cellular mechanism present
in humans that is closely related to the glucagon sensitive
system found in chickens.

FuUturRE DIRECTIONS AND CONCLUSIONS

GWASs have provided insights into the genetic architecture
of refractive error. However, to further elucidate the biology
underlying GWAS results, follow-up studies are required.
These studies should include exploring the effect of the asso-
ciated variants at the 15q14 locus on gene expression levels
in the retina and other regulatory mechanisms like methy-
lation. The variants may not be directly causally involved
but could also change the function of an intergenic regu-
latory region. It is worth noting that current insights (see
Fig. 4) point to an upregulation (either at protein level or
phosphorylation state) of G/D2(Cx36) or an effect on the
circadian regulation of GJ/D2(Cx36) expression as potential
mechanisms contributing to myopia.

Another next step is to functionally explore the role
of GJD2(Cx36) in myopia development. As outlined in the
section Why use mouse and zebrafish models?, mice and
zebrafish are suitable models due to the availability of an
extensive toolbox that allows genetic manipulation and their
suitability to study the visual system. In addition to the
study of GJD2(Cx36) knockout on the phenotype, single
cell-RNA sequencing can help dissect the differential tran-
scriptomic profile of retinal cells and thereby allow a better
understanding of the visual pathway and of myopia. Limita-
tions of animal models include the low conservation of the
regulatory sequence (section: Conservation of GJD2(Cx36)
across species). However, cell culture models or the upcom-
ing organoids of human tissue may be useful tools to test
the regulatory function of the identified variants.

In conclusion, GJD2(Cx36) is a major candidate gene for
non-syndromic myopia. As summarized and discussed in this
review, it is involved in various processes that could poten-
tially influence the risk of myopia. Future studies focusing
on disentangling the myriad functions of GJ/D2(Cx36) in the
described systems might be challenging, but at the same
time they are critical to shed light on the mechanisms lead-
ing to myopia. Unraveling these mechanisms may potentially
generate new targets for intervention and stop the global
myopia boom.

LITERATURE SEARCH

We searched the PubMed database for articles without any
date restrictions using the following search terms separately
or in combination: “gap junction delta-2,” “connexin30,”
“gap junctions,” “connexins,” “myopia,” “refractive error,”
“emmetropization,” “retina,” and “ocular tissue.” In addition,
a manual search was based on references from retrieved arti-
cles. Articles were excluded if they were not peer-reviewed.
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