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Abstract
Myopia	 (short-	sightedness),	 usually	 caused	 by	 excessive	 elongation	 of	 the	 eye	
during	 development,	 has	 reached	 epidemic	 proportions	 worldwide.	 In	 animal	
systems	 including	 the	 chicken	 model,	 several	 treatments	 have	 been	 shown	 to	
inhibit	ocular	elongation	and	experimental	myopia.	Although	diverse	in	their	ap-
parent	mechanism	of	action,	each	one	leads	to	a	reduction	in	the	rate	of	ocular	
growth.	We	hypothesize	that	a	defined	set	of	retinal	molecular	changes	may	un-
derlie	growth	inhibition,	irrespective	of	the	treatment	agent	used.	Accordingly,	
across	five	well-	established	but	diverse	methods	of	inhibiting	myopia,	significant	
overlap	is	seen	in	the	retinal	transcriptome	profile	(transcript	levels	and	alterna-
tive	splicing	events)	in	chicks	when	analyzed	by	RNA-	seq.	Within	the	two	major	
pathway	networks	enriched	during	growth	inhibition,	that	of	cell	signaling	and	
circadian	entrainment,	 transcription	 factors	 form	 the	 largest	 functional	group-
ing.	Importantly,	a	 large	percentage	of	 those	genes	 forming	the	defined	retinal	
response	are	downstream	 targets	of	 the	 transcription	 factor	EGR1	which	 itself	
shows	 a	 universal	 response	 to	 all	 five	 growth-	inhibitory	 treatments.	 This	 sup-
ports	EGR1's	previously	implicated	role	in	ocular	growth	regulation.	Finally,	by	
contrasting	our	data	with	human	linkage	and	GWAS	studies	on	refractive	error,	
we	confirm	the	applicability	of	our	study	to	the	human	condition.	Together,	these	
findings	suggest	that	a	universal	set	of	transcriptome	changes,	which	sit	within	a	
well-	defined	retinal	network	that	cannot	be	bypassed,	is	fundamental	to	growth	
regulation,	thus	paving	a	way	for	designing	novel	targets	for	myopia	therapies.
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1 	 | 	 INTRODUCTION

Myopia	 (short-	sightedness)	 is	 a	 visual	 disorder	 arising	
from	excessive	elongation	of	the	eye	during	development	
and	 is	 the	 leading	 cause	 of	 visual	 impairment	 world-
wide.1	Due	to	its	associated	sight-	threatening	pathological	
changes,2	 the	 odds	 of	 which	 increase	 dramatically	 with	
the	 severity	 of	 myopia,3	 treatments	 to	 prevent	 the	 onset	
and	progression	of	myopia	are	urgently	needed.	To	accel-
erate	progress,	what	is	now	required	is	a	convergence	of	
the	 human	 situation	 with	 the	 molecular,	 physiological,	
and	 pharmacological	 data	 in	 tractable	 animal	 models.	
Through	such	models,	it	has	been	demonstrated	that	eye	
growth	 is	 actively	 regulated,	 in	 response	 to	 visual	 stim-
uli,	 by	 pathways	 emanating	 from	 the	 retina	 (for	 review	
see	Ref.	[4]).	Such	visual	guidance	can	be	used	to	manip-
ulate	 the	 rate	of	growth	 in	animal	models	 to	 investigate	
the	 biochemical	 and	 physiological	 changes	 underlying	
myopia	development.	For	example,	a	 loss	of	higher	spa-
tial	 frequencies	 (form-	vision),	 through	 the	 attachment	
of	a	 translucent	diffuser,	 induces	 form-	deprivation	myo-
pia	 (FDM).	 In	 turn,	 the	 eye	 increases	 its	 rate	 of	 growth	
in	what	 is	presumed	 to	be	an	attempt	 to	 restore	normal	
vision.	In	contrast,	once	FDM	has	developed,	removal	of	
the	diffusers	will	induce	myopic	defocus	due	to	the	image	
plane	falling	in	front	of	the	retina.	To	compensate	for	this	
new	image	plane,	 the	rate	of	ocular	growth	is	decreased	
until	compensation	for	the	defocus	is	achieved.

Such	animal	models	have	also	been	critical	in	provid-
ing	a	powerful	evidence	base	for	potential	treatments	that	
can	 inhibit	 excessive	 ocular	 growth,	 informing	 current	
clinical	interventions	for	human	myopia.	A	diverse	array	
of	pharmacological	agents,	targeting	a	wide	variety	of	ret-
inal	 pathways,	 has	 been	 shown	 to	 inhibit	 experimental	
myopia	 (for	 review	see	Ref.	 [4]).	These	pathways	are	as-
sociated	with	the	following	neuromodulators:	acetylcho-
line,	dopamine,	gamma-	aminobutyric	acid	(GABA),	nitric	
oxide,	adenosine,	glucagon,	retinoic	acid,	melatonin,	sero-
tonin,	neuropeptides	such	as	vasoactive	intestinal	peptide	
(VIP),	and	prostaglandins.	Despite	the	diversity	of	targets,	
each	of	these	pharmacological	agents	ultimately	leads	to	
the	 same	 physiological	 outcomes,	 namely	 choroidal	 ex-
pansion,	 and	 a	 decrease	 in	 ocular	 (scleral)	 growth	 rates	
(for	review	see	Ref.	[4]).

Such	a	well-	defined	set	of	physiological	changes	sug-
gests	that,	irrespective	of	the	method	by	which	growth	is	
manipulated,	 all	 perturbations	 converge	 on	 a	 common	
regulatory	 network	 in	 the	 retina.	 Via	 interactions	 with	
processes	 in	 the	 retinal	 pigment	 epithelium	 (RPE)	 and/
or	choroid,	this	defined	retinal	network	leads	to	changes	
in	eye	(scleral)	growth.	To	test	this	hypothesis,	this	study	
investigates	 whether	 a	 common	 set	 of	 transcriptional	
changes,	 indicative	 of	 a	 well-	defined	 retinal	 pathway,	 is	

observed	 across	 five	 growth-	inhibitory	 paradigms	 in	 the	
chick.	 Specifically,	 this	 study	 examined	 the	 transcrip-
tional	 changes	 seen	 in	 response	 to	 recovery	 from	 FDM	
or	the	administration	of	one	of	the	following	pharmaco-
logical	agents	into	FDM	eyes:	the	muscarinic-	cholinergic	
antagonist	 atropine,	 the	 muscarinic-	cholinergic	 antag-
onist	 pirenzepine,	 the	 dopamine	 agonist	 ADTN,	 or	 the	
GABAAOr	receptor	antagonist	TPMPA	(for	review	see	Ref.	
[4]).	 Using	 RNA	 sequencing	 (RNA-	seq),	 changes	 in	 the	
retinal	 transcriptome	 (transcript	 levels	 and	 alternative	
splicing	events)	were	investigated	at	two	timepoints.	This	
allowed	 the	 characterization	 of	 the	 defined	 retinal	 re-
sponse	to	growth	inhibition	at	both	an	early	(4 h)	and	late	
(24 h)	stage	of	treatment.	Finally,	based	on	its	consistently	
altered	 expression	 during	 growth	 modulation,5-	14	 this	
study	examined	the	downstream	targets	of	the	transcrip-
tion	 factor	 early	 growth	 response	 1	 (EGR1)	 as	 a	 further	
means	of	defining	the	retinal	pathway	underlying	ocular	
growth.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals and housing

One-	day-	old	male	White	Leghorn	chickens	(Gallus gallus)	
were	 obtained	 from	 Barter	 and	 Sons	 hatchery	 (Horsley	
Park,	NSW,	Australia).	Male	chickens	were	sexed	by	the	
hatchery,	with	their	sex	confirmed	by	genetic	testing	prior	
to	 transcriptome	 analysis	 (see	 below).	 Chickens	 were	
housed	in	temperature-	controlled	rooms	and	kept	under	
normal	 laboratory	 lighting	 (~500	 lux)	 on	 a	 12:12  hour	
light:dark	cycle,	with	lights	on	at	7	AM	and	off	at	7 PM.	
Chickens	 had	 access	 to	 unlimited	 amounts	 of	 food	 and	
water	 and	 were	 given	 6  days	 to	 become	 accustomed	 to	
their	 environment	 before	 the	 initiation	 of	 experiments	
on	 post-	hatching	 day	 7	 (P7).	 Authorization	 to	 conduct	
experiments	 using	 animals	 was	 given	 by	 the	 University	
of	 Canberra	 Animal	 Ethics	 Committee	 under	 the	 ACT	
Animal	Welfare	Act	1992	(Project	Number:	CEAE	16-	05)	
and	 conformed	 to	 the	 ARVO	 Resolution	 for	 the	 Use	 of	
Animals	in	Ophthalmic	and	Vision	Research.

2.2	 |	 Myopia induction

Form-	deprivation	 myopia	 (FDM)	 was	 induced	 monocu-
larly	by	 fitting	a	 translucent	diffuser	over	 the	 left	eye	of	
chickens	 as	 previously	 described.15-	17	 To	 do	 this,	 on	 the	
day	prior	to	the	fitting	of	a	diffuser,	a	Velcro	mount	was	
glued	 around	 the	 experimental	 eye	 using	 Loctite	 super	
glue	 (Henkel,	Kilsyth,	VIC,	Australia).	On	the	 following	
day,	 the	 translucent	 diffuser	 was	 fitted	 on	 a	 matching	
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Velcro	 ring	 and	 placed	 onto	 the	 mount,	 with	 the	 right	
eye	left	untreated	and	serving	as	an	internal	contralateral	
control.

2.3	 |	 Experimental design

To	study	 the	changes	 in	 the	 retinal	 transcriptome	 in	 re-
sponse	to	different	forms	of	myopia	inhibition,	chicks	were	
split	into	one	of	the	following	six	experimental	groups:

1.	 Age- matched untreated controls	 (Figure  1A);
2.	 Myopia induction:	chicks	were	 fitted	with	 translucent	

diffusers	(Figure 1B);
3.	 Optical prevention of myopia (recovery from experimen-

tal myopia):	translucent	diffusers	were	removed	follow-
ing	3 days	of	wear	(Figure 1D).

4.	 Pharmacological prevention of myopia induction 
through the use of muscarinic- cholinergic receptor an-
tagonists:	 immediately	 prior	 to	 fitting	 translucent	 dif-
fusers,	 an	 intravitreal	 injection	 of	 either	 atropine	 or	
pirenzepine	was	given	(Figure 1C);

5.	 Pharmacological prevention of myopia induction 
through the use of a dopaminergic receptor agonist:	im-
mediately	prior	to	fitting	translucent	diffusers,	an	intra-
vitreal	injection	of	2-	amino-	6,7-	dihydroxy-	1,2,3,4-	tetra
hydronaphthalene	 hydrobromide	 (ADTN)	 was	 given	
(Figure 1C);

6.	 Pharmacological prevention of myopia induction through 
the use of a GABAAOr receptor antagonist:	immediately	
prior	to	fitting	translucent	diffusers,	an	intravitreal	in-
jection	of	(1,2,5,6-	Tetrahydropyridin-	4-	yl)	methylphos-
phinic	acid	(TPMPA)	was	given	(Figure 1C).

For	each	of	 the	six	experimental	groups,	retinal	sam-
ples	 were	 collected	 4  hours	 (n  =  4	 per	 condition)	 and	
24 hours	(n = 4	per	condition)	after	the	commencement	
of	treatment	on	P7.	The	totality	of	the	experimental	period	
is	28 hours,	with	the	24-	hour	timepoint	representing	the	
time	since	the	last	collection	(Figure 1).

2.4	 |	 Drug preparation and 
administration

For	pharmacological	 treatment	(groups	4-	6),	an	intravit-
real	injection	was	made	into	the	form-	deprived	(left)	eye	
immediately	prior	to	the	attachment	of	a	translucent	dif-
fuser.	 For	 the	 24-	hour	 timepoint,	 a	 second	 intravitreal	
injection	 was	 given	 the	 following	 day,	 4  hours	 prior	 to	
retinal	tissue	collection.	Injections	were	performed	under	
light	 isoflurane	 anesthesia	 (5%	 in	 1L	 of	 medical	 grade	
oxygen	 per	 minute,	 Veterinary	 Companies	 of	 Australia,	

Kings	 Park,	 NSW,	 Australia)	 using	 a	 vaporizer	 gas	 sys-
tem	 (Stinger	 Research	 Anesthetic	 Gas	 Machine	 (2848),	
Advanced	Anesthesia	Specialists,	Payson,	Arizona,	USA).

For	all	drug	administration,	a	10 µL	intravitreal	injec-
tion	was	given,	using	a	30-	gauge	needle	(Terumo)	fitted	to	
a	Hamilton	syringe,	at	the	following	concentrations:

•	 Atropine	sulfate	monohydrate—	25 mM	solution	(174 µg;	
250	nmoles)	(Alfa	Aesar,	A10236,	694.84 g/mol);

•	 Pirenzepine	dihydrochloride—	170 mM	solution	(721 µg;	
1700	nmoles)	(Sigma-	Aldrich,	P7412,	424.32 g/mol);

•	 ADTN	 hydrobromide—	10  mM	 solution	 (26  µg;	 100	
nmoles)	(Abcam,	ab120150,	260.13 g/mol);

•	 TPMPA	hydrate—	18.6 mM	solution	(29 µg;	186	nmoles)	
(Sigma-	Aldrich,	T200,	161.14 g/mol).

Drug	concentrations	were	chosen	based	on	previously	
reported	data	on	 their	 effectiveness	against	 the	develop-
ment	of	experimental	myopia	in	chickens.5,14,18,19

2.5	 |	 Measurements of ocular parameters

To	determine	the	effects	of	the	above	paradigms	on	ocu-
lar	growth,	biometric	eye	measures	were	made	on	an	ad-
ditional	set	of	chicks	(n = 5	per	condition).	For	the	effect	
of	each	compound	on	ocular	growth,	chicks	were	fitted	
with	 translucent	 diffusers	 on	 P7	 for	 a	 period	 of	 3  days	
with	each	compound	administered	daily	(Figure 1E).	For	
recovery	from	FDM,	chicks	were	fitted	with	translucent	
diffusers	on	P7	for	a	period	of	3 days	to	induce	myopia,	
with	diffusers	removed	for	2 days	prior	to	measurements	
(Figure 1F).

Refractive	 measurements	 were	 taken	 from	 both	 the	
treated	(left)	and	contralateral	control	(right)	eyes	without	
cycloplegia	 using	 automated	 infrared	 photoretinoscopy	
(system	 provided	 courtesy	 of	 Professor	 Frank	 Schaeffel,	
University	 of	 Tuebingen,	 Germany).20	 Refractive	 values,	
in	 diopters,	 represent	 the	 mean	 spherical	 equivalent	 of	
10	measurements	per	eye.	For	a	correct	refractive	value	to	
be	obtained,	the	Purkinje	image	was	centered	within	the	
pupil	(correct	refractive	axis).

Anterior	chamber	depth,	lens	thickness,	vitreal	cham-
ber	depth,	and	axial	length	(anterior	surface	of	the	cornea	
to	the	vitreal	surface	of	the	retina)	were	measured	on	anes-
thetized	chicks,	as	described	above,	by	A-	scan	ultrasonog-
raphy	 (Biometer	 AL-	100	 [resolution:	 0.01  mm],	 Tomey	
Corporation,	Nagoya,	Japan)	following	3 days	of	treatment.	
An	 immersion	 attachment	 probe	 (Tomey	 Corporation,	
Nagoya,	 Japan)	 filled	 with	 medical	 grade	 ultrasound	 gel	
(Conductive	 gel,	 Medical	 Equipment	 Services,	 Keilor	
Park,	VIC,	 Australia)	 was	 used	 to	 allow	 optimal	 contact	
with	the	eye.	Ten	measurements	were	made	for	each	eye	
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(both	treated	and	contralateral	control	eyes)	and	were	av-
eraged	to	determine	the	ocular	parameters	listed	above.20

A	 power	 calculation	 was	 undertaken	 to	 determine	 the	
numbers	of	animals	required	per	group	to	detect	a	minimum	

treatment	effect	of	1	diopter	with	a	standard	deviation	of	0.5	
diopters.	To	observe	such	a	refractive	change,	the	following	
test	of	statistical	power	indicates	that	a	minimum	group	size	
of	four	is	required	to	prevent	type	two	errors	(with	an	80%	
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confidence	interval	and	average	standard	deviation	of	0.5	di-
opters	based	on	previous	data	from	our	laboratory20,21):

Refractive	 and	 axial	 length	 measurements	 are	 pre-
sented	 as	 means  ±  standard	 deviation	 of	 the	 means,	
with	 the	 data	 representing	 the	 difference	 between	 the	
treated	 (left)	 eye	 and	 the	 contralateral	 control	 (right)	
eye	 following	 treatment.	 Prior	 to	 statistical	 analysis,	
biometry	data	were	first	tested	for	normality	and	homo-
geneity	of	variance	(Shapiro-	Wilk	test).	Once	normality	
and	 homogeneity	 were	 confirmed,	 statistical	 analy-
sis	 for	 the	 effect	 of	 treatment	 was	 undertaken	 using	 a	
one-	way	 univariate	 analysis	 of	 variance	 (ANOVA)	 fol-
lowed	by	post-	hoc	Student's	t-	test	with	Bonferroni	cor-
rection	for	multiple	testing.	Analyses	were	undertaken	
in	the	statistical	software	program	SPSS	(IBM,	Armonk,	
NY,	 USA)	 with	 a	 cutoff	 of	 0.05	 for	 statistical	 signifi-
cance.	 No	 significant	 differences	 in	 refraction	 (Wilks'	
Lambda = 0.761,	F	[1,59] = 0.157,	P = .973;	Table S1)	or	
axial	length	(Wilks'	Lambda = 0.900,	F	[1,59] = 0.056,	
P  =  .998;	 Tables  S2	 and	 S3)	 were	 observed	 between	
groups	or	between	left	and	right	eyes	prior	to	the	com-
mencement	of	treatment.

2.6	 |	 RNA isolation and library 
preparation for next- generation sequencing

For	collection	of	retinal	tissue	following	4	or	24 hours	
of	 treatment,	 chicks	 were	 heavily	 anesthetized	 using	
isoflurane	 and	 sacrificed	 by	 decapitation.	 As	 previ-
ously	 described,5	 each	 eye	 was	 rapidly	 removed	 and	

hemisected	 equatorially,	 with	 the	 vitreous	 body	 re-
moved	 and	 the	 anterior	 portion	 of	 the	 eye	 discarded.	
The	posterior	eye	cup	was	floated	in	chilled	phosphate-	
buffered	 saline	 (PBS	 [NaCl,	 137  mM;	 KCl,	 2.7  mM;	
Na2HPO4,	11.3 mM;	KH2PO4,	1.5 mM;	pH	7.4])	(Sigma-	
Aldrich,	 Castle	 Hill,	 NSW,	 Australia),	 allowing	 re-
moval	 and	 collection	 of	 retinal	 tissue,	 free	 of	 RPE,	
scleral	 and	 choroidal	 tissue.	 Upon	 collection,	 retinal	
tissue	was	immediately	frozen	on	dry	ice	and	stored	at	
−80℃	until	use.

Total	 RNA	 was	 extracted	 from	 retinal	 tissue	 using	 a	
Trizol/chloroform	 protocol	 as	 previously	 described.5,22	
Total	 RNA	 quality	 and	 quantity	 were	 assessed	 using	 a	
Nano-	Drop	spectrophotometer	followed	by	a	comprehen-
sive	analysis	using	a	2100	Bioanalyzer,	using	an	RNA	6000	
Nano	 LabChip	 (Agilent	 Technologies,	 Australia).	 Only	
samples	 with	 an	 RNA	 Integrity	 Number	 (RIN)	 greater	
than	7.0	were	used	for	library	construction.

Prior	 to	 library	 construction,	 to	 ensure	 all	 tissue	 to	
be	 sequenced	 originated	 from	 male	 chickens,	 semi-	
quantitative	 real-	time	 PCR	 (sqRT-	PCR)	 was	 undertaken	
against	 the	 Ubiquitin	 associated	 protein	 2	 (UBAP2)	
gene	 (NM_001277104.1;	 Forward	 primer	 sequence:	
5′-	TGTAATGGGGATGTGAACAG-	3′	 and	 reverse	 primer	
sequence	 5′-	GATCTGTCCACTCCATTCTC-	3′).	 As	 de-
termined	 by	 RNA-	seq	 data	 obtained	 from	 the	 National	
Center	for	Biotechnology	Information	(NCBI)	gene	data-
base,	UBAP2	 is	consistently	expressed	by	all	 tissue	types	
in	 female	 chickens,	 but	 not	 males	 and	 therefore	 should	
not	be	detected.	Retinal	tissue	from	female	chickens	was	
included	to	serve	as	a	positive	control.

For	 Illumina	 high-	throughput	 next-	generation	 se-
quencing,	 RNA	 libraries	 were	 prepared	 following	 the	
manufacturer's	instructions	(NEBNext	Ultra	Directional	
RNA	 Library	 Kit	 for	 Illumina	 (E7420L),	 New	 England	
BioLabs).	 Libraries	 were	 prepared	 from	 total	 RNA	 ex-
tracted	 from	 each	 of	 the	 four	 biological	 replicates	 per	
timepoint	 per	 condition.	 Libraries	 were	 validated	 on	 a	
2100	Bioanalyzer	(Agilent	Technologies,	Australia),	using	
a	DNA	1000	LabChip.	Sequencing	was	carried	out	at	the	
Ramaciotti	 Centre	 for	 Genomics	 (Faculty	 of	 Science,	
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F I G U R E  1  Experimental	timeline.	Chicks	were	given	6 days	post-	hatching	(P6)	to	become	accustomed	to	their	surrounding	(white	
bars)	prior	to	the	commencement	of	experiments.	(A)	For	age-	matched	untreated	controls,	retinal	tissue	was	collected	4	or	24 h	from	the	
beginning	of	the	light	phase	on	P7	(dashed	arrows);	(B)	for	the	development	of	form-	deprivation	myopia	(FDM),	chicks	were	fitted	with	
translucent	diffusers	at	the	commencement	of	the	light	phase	on	P7,	with	retinal	tissue	collected	4	or	24 h	following	diffuser	attachment	
(dashed	arrows);	(C)	for	the	intravitreal	administration	of	atropine,	pirenzepine,	ADTN,	or	TPMPA,	each	compound	was	administered	
immediately	prior	to	the	fitment	of	translucent	diffusers	on	P7.	For	the	24-	hour	timepoint,	a	second	intravitreal	injection	was	given	on	P8,	
4 h	prior	to	retinal	tissue	collection	(dashed	arrows);	(D)	for	recovery	from	FDM,	chicks	were	fitted	with	translucent	diffusers,	on	P7,	for	a	
period	of	3 days	to	induce	myopia.	Following	this,	diffusers	were	removed	for	a	period	of	4	or	24 h	at	which	point	retinal	tissue	was	collected	
(dashed	arrows);	(E)	for	measurements	of	ocular	parameters	following	pharmacological	intervention,	chicks	were	fitted	with	translucent	
diffusers	on	P7	with	each	compound	administered	daily	for	a	period	of	3 days	prior	to	measurements	(refraction	and	axial	length);	(F)	for	
measurements	of	ocular	parameters	following	diffuser	removal	(recovery	from	FDM),	chicks	were	fitted	with	translucent	diffusers	on	P7	for	
a	period	of	3 days	to	induce	myopia,	with	diffusers	removed	for	2 days	prior	to	measurements
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University	 of	 New	 South	 Wales,	 Sydney,	 Australia)	 on	
an	Illumina	NextSeq	500	platform.	Sequencing	data	have	
been	 submitted	 to	 NCBI's	 Gene	 Expression	 Omnibus	
(GEO)	database	(accession	number	GSE16	1497).

2.7	 |	 Mapping of sequencing reads and 
transcriptome analysis

Although	 four	 replicates	 per	 condition	 were	 sequenced,	
after	removing	libraries	with	low-	read	counts,	two	condi-
tions	 (4  h	 recovery	 from	 FDM	 and	 24  h	 untreated	 con-
trol)	were	left	with	three	biological	replicates.	Reads	were	
adapter-	stripped	 using	 the	 Trimmomatic	 software	 v0.36	
(ILLUMINACLIP:TruSeq3-	PE.fa:2:30:10	 LEADING:3	
TRAILING:3	 MINLEN:37)	 and	 mapped	 onto	 the	
ENSEMBL	chicken	genome	(GalGal5)	using	the	program	
HISAT2	 (v2.1)	 with	 the	 following	 parameters:	 -	no-	unal	
-	rna-	strandness	RF	 -	no-	mixed.	Between	79	and	88.5%	of	
reads	were	successfully	mapped	to	the	chicken	genome.	A	
list	of	all	genes	(per	condition,	per	timepoint)	detected	in	
this	study	can	be	found	in	Dataset	S1.

Counts	 for	 ENSEMBL	 transcripts	 (GTFv5.0.91)	 were	
obtained	 using	 analyzeRNA.pl	 (HOMER	 package)	 with	
the	following	parameters:	-	noadj	-	pc	3	-	count	exons	-	strand	
+,	and	raw	counts	were	used	for	differential	gene	expres-
sion	after	normalization	(EdgeR)	and	the	removal	of	batch	
effect	as	a	factor	(Limma)	(Bioconductor	release	3.6).	For	
differential	expression	analysis,	genes	with	multiple	tran-
scripts	 were	 limited	 to	 the	 one	 with	 the	 highest	 counts.	
Only	 transcripts	 with	 five	 or	 more	 counts	 per	 million	
(CPM)	in	at	least	three	biological	replicates	per	condition	
were	 included	 in	 this	analysis.	To	visualize	 the	outcome	
of	each	treatment	on	gene	expression,	a	principal	compo-
nent	analysis	 (PCA)	was	undertaken	 for	4	and	24 hours	
of	treatment	(Figure	S1).	Each	PCA	was	performed	on	ex-
pression	data	that	were	normalized,	batch-	corrected,	and	
converted	to	log	CPM	for	each	treatment.

Differentially	 expressed	 genes	 were	 defined	 using	 a	
false	 discovery	 rate	 (FDR)	 of	 15%	 and	 a	 fold	 change	 of	
±0.5,	 with	 a	 fold	 change	 of	 zero	 indicating	 no	 change.	
Volcano	 (scatter)	plots,	displaying	statistical	 significance	
(y-	axis,	−log10	FDR)	versus	the	magnitude	of	expression	
change	seen	for	each	gene	(x-	axis,	fold	change),	are	shown	
in	 Figures  S2	 and	 S3	 for	 4	 and	 24  hours	 of	 treatment,	
respectively.

For	the	ease	of	analysis,	differentially	expressed	genes	
were	categorized	according	 to	Figure	S4.	For	myopia	 in-
duction	 (FDM),	 differential	 expression	 was	 determined	
relative	 to	 age-	matched	 untreated	 control	 values,	 while	
for	 the	 five	 growth-	inhibiting	 treatments,	 differential	
expression	 was	 determined	 relative	 to	 FDM	 values.	 For	
analyzing	 the	 overlap	 in	 the	 gene	 expression	 profile	

between	 growth-	inhibitory	 treatments,	 a	 gene	 found	 to	
be	 differentially	 expressed	 in	 the	 same	 direction	 within	
the	 majority	 of	 treatments	 (≥3	 out	 of	 5	 treatments)	 was	
classed	as	the	“common	state,”	while	differential	changes	
that	were	observed	in	all	five	treatments	were	classed	as	
the	“universal	state.”

Heatmaps,	 produced	 from	 all	 differentially	 expressed	
genes	(fold	change),	were	generated	using	the	heatmap.2	
function	from	the	R	gplots	package	with	non-	default	argu-
ments.	For	distance	matrix	calculations,	R	amap	package	
Dist	function	and	Pearson	distance	measure	were	used.	To	
determine	how	the	gene	expression	profiles	from	each	of	
the	 five	growth-	inhibitory	 treatments	 clustered	 together,	
the	hclust	function	with	the	Ward	agglomeration	method	
was	used.

To	determine	which	biological	pathways	are	associated	
with	those	genes	found	to	be	differentially	expressed,	gene	
set	enrichment	analyses	in	GO	terms	and	KEGG	pathways	
were	obtained	using	 findMotifs.pl	 script	 (HOMER	pack-
age)	 with	 a	 human	 promoter	 set	 as	 the	 organism	 argu-
ment.	 Enriched	 human	 pathways	 were	 calculated	 using	
cumulative	 hypergeometric	 distribution	 against	 a	 back-
ground	file	containing	all	genes,	with	a	P	value	cutoff	of	
less	than	0.05.

2.8	 |	 Validation of RNA- seq data by 
sqRT- PCR

Total	 RNA	 (1.5  µg),	 extracted	 from	 the	 retinal	 sam-
ples	 used	 for	 the	 transcriptome	 analysis,	 was	 reverse-	
transcribed	to	first	strand	cDNA	in	a	20	µL	reaction	using	
Maxima	 First	 Strand	 cDNA	 Synthesis	 Kit	 for	 sqRT-	PCR	
(Invitrogen	Life	Technologies,	Mulgrave,	VIC,	Australia).	
One-	and-	a-	half	 microliters	 of	 first	 strand	 cDNA	 tem-
plate	were	used	in	a	15 µL	sqRT-	PCR	reaction.	sqRT-	PCR	
was	 undertaken	 using	 a	 Fast	 SYBR	 green	 kit	 following	
the	 manufacturer's	 instructions	 (Applied	 Biosystems,	
Invitrogen	Life	Technologies,	Mulgrave,	VIC,	Australia).	
All	reactions	were	run	on	a	Stratagene	Mx	3005P	RT-	PCR	
system	(Agilent	Technologies,	Mulgrave,	VIC,	Australia).	
The	PCR	cycling	conditions	 included	an	 initial	denatur-
ing	 phase	 at	 95℃	 for	 10  minutes,	 followed	 by	 35	 cycles	
of	denaturation	at	95℃	 for	20 seconds	and	annealing	at	
60℃	 for	1 minute,	 finishing	with	a	 standard	melt	 curve	
analysis.	For	determination	of	 changes	 in	mRNA	 levels,	
the	 mean	 normalized	 expression	 (MNE)	 of	 each	 target	
gene	was	calculated	separately	for	each	condition	(treated	
and	contralateral	control).	The	MNE	was	calculated	from	
the	efficiency	of	the	target	gene	to	the	power	of	its	aver-
age	threshold	cycle	value,	divided	by	the	efficiency	of	the	
reference	gene	(β-	Actin	[ACTB])	to	the	power	of	its	aver-
age	Ct	value.	The	calculated	MNE	was	converted	 into	a	

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE161497
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fold	change	value	for	ease	of	representation.	The	primers	
used	for	sqRT-	PCR	to	investigate	the	expression	of	genes	
of	interest	are	shown	in	Table S4	and	their	products	were	
validated	by	melt-	curve	analysis	and	gel	electrophoresis.5	
Primer	efficiency	(E)	was	determined	from	the	slope	of	the	
curve	generated	through	a	cDNA	dilution	series,	using	the	
formula	E = 10(−1/slope)23	(Table S5).

Analysis	of	 the	effect	of	 treatment	over	 time	was	an-
alyzed,	 in	 SPSS,	 by	 an	 ANOVA	 followed	 by	 post-	hoc	
Student's	 t-	test	 with	 Bonferroni	 correction	 for	 multiple	
testing.

2.9	 |	 Analysis of alternative splicing 
events in transcriptome data

An	area	not	heavily	studied	within	the	field	is	the	role	of	
alternative	splicing	events	during	periods	of	altered	ocular	
growth.	Such	events	can	have	diverse	functional	outcomes,	
irrespective	of	changes	 in	transcript	 levels.	Therefore,	 to	
expand	on	the	differential	expression	analysis,	this	study	
looks	at	the	occurrence	of	alternative	splicing	events	dur-
ing	 myopia	 induction	 and	 prevention.	 Splicing	 variant	
counts	 were	 obtained	 from	 transcriptome	 mapping	 files	
(with	no	removal	of	multiple	transcripts)	in	BAM	format	
using	the	SGSeq	package.24	Statistical	analysis	of	the	dif-
ferential	 representation	 of	 alternate	 splice	 variants	 was	
performed	 using	 the	 DEXSeq	 package25	 and	 per	 SGSeq	
documentation,	with	a	cutoff	of	0.01	for	statistical	signifi-
cance	(p	values	were	corrected	for	multiple	testing	using	
the	Benjamini	and	Hochberg	method).	Alternative	splic-
ing	 events	 were	 broken	 down	 into	 10	 event	 definitions:	
skipped	exon	(SE),	two	consecutive	exons	skipped	(S2E),	
retained	 intron	 (RI),	 mutually	 exclusive	 exons	 (MXE),	
alternative	 5'	 splice	 site	 (A5SS),	 alternative	 3'	 splice	 site	
(A3SS),	alternative	first	exon	(AFE),	alternative	last	exon	
(ALE),	alternative	start	other	than	AFE	(AS),	and	alterna-
tive	end	other	than	ALE	(AE).	Several	of	those	splice	vari-
ants	which	showed	a	common	change	 in	representation	
across	growth-	inhibitory	paradigms	were	validated	using	
sqRT-	PCR.	The	primers	used	for	this	validation	are	shown	
in	Table S6.

3 	 | 	 RESULTS

3.1	 |	 Ocular growth is suppressed by 
each of the five paradigms

Prior	 to	 the	 transcriptome	 analysis,	 we	 confirmed	 that	
diffuser-	wear	 induces	 experimental	 myopia,	 while	 the	
five	preventive	treatments	inhibit	this	myopic	growth.	As	

expected,	FDM	induced	a	significant	myopic	shift	 in	re-
fraction	 (P  <  .001;	 Figure	 S5A;	 Table  S7)	 and	 excessive	
axial	elongation	(P < .001;	Figure	S5B;	Tables S8	and	S9)	
when	compared	to	untreated	contralateral	control	values.	
In	contrast,	the	development	of	FDM	is	suppressed	by	the	
removal	of	diffusers	as	well	as	by	intravitreal	injection	of	
atropine,	 pirenzepine,	 ADTN,	 or	 TPMPA	 (refraction—	
ANOVA	[F	(5,25) = 23.49,	P < .01];	axial	length—	ANOVA	
[F	(5,25) = 9.55,	P < .001];	Figure	S5;	Tables S7–	S9).

3.2	 |	 Retinal gene expression profile 
during myopia inhibition

The	development	of	FDM	led	to	a	small	number	of	mo-
lecular	 changes	 within	 the	 chick	 retina	 relative	 to	 the	
total	 number	 of	 transcripts	 detected	 at	 both	 timepoints.	
Specifically,	 following	 4  and	 24  hours	 of	 diffuser-	wear	
(myopia	induction),	136	genes	of	a	detected	10 301	(1.3%),	
and	 142	 genes	 of	 a	 detected	 10  098	 (1.4%),	 respectively,	
were	 differentially	 expressed	 within	 the	 retina	 relative	
to	age-	matched	untreated	control	birds	(Table 1).	This	is	
consistent	with	previous	screening	studies	across	several	
species	(Dataset	S2).	Most	differential	changes	were	also	
small	in	magnitude	(Table S10),	again	similar	to	previous	
findings	(Dataset	S2).

Of	 the	differential	changes	seen	following	4 hours,	 the	
vast	majority	were	associated	with	a	downregulation	in	gene	
expression	(110	genes,	~81%),	while	a	roughly	even	split	in	
the	direction	of	change	was	observed	at	24 hours	(Table 1).

Limited	overlap	was	seen	in	the	expression	profile	be-
tween	timepoints	(~19%)	during	the	development	of	FDM	
(Table 1),	a	trend	also	observed	for	the	growth-	inhibitory	
paradigms	(see	below).	However,	as	detailed	later,	consid-
erable	overlap	in	the	expression	profile	was	seen	between	
timepoints	at	the	pathway	level.

3.3	 |	 Distinct commonalities in the 
expression profile are seen across growth- 
inhibitory treatments

For	ease	of	analysis	and	description,	a	gene	 found	 to	be	
differentially	 expressed	 in	 the	 same	 direction	 across	 the	
majority	(≥3	out	of	5)	of	the	growth-	inhibitory	treatments	
tested	was	classed	as	the	“common	state.”	If	this	differen-
tial	change	was	observed	 in	all	 five	 treatments,	 this	was	
classed	as	the	“universal	state.”

Like	 FDM,	 growth	 inhibition	 was	 associated	 with	 a	
limited	number	of	molecular	changes	(4 h	5.9%,	24 h	7.5%)	
of	 small	 magnitude	 (Table  S10).	 The	 breakdown	 of	 the	
total	 number	 of	 genes	 whose	 expression	 was	 associated	
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with	 one	 or	 more	 inhibitory	 growth	 conditions	 is	 found	
in	Table 2.

Following	 4  hours	 of	 treatment,	 significant	 overlap	
was	seen	in	the	expression	profile	across	all	five	growth-	
inhibitory	 treatments	 (Figure  2A),	 as	 evident	 by	 the	
hierarchical	clustering	analysis	(Figure	S6A).	At	this	time-
point,	of	the	607	genes	that	showed	differential	expression	
in	response	to	one	or	more	growth-	inhibitory	treatments	
(relative	to	FDM),	201	genes	(33%)	were	common	to	three	
or	more	treatments	(Table 2;	Figure 3A;	and	Dataset	S3).	
Of	these,	31	genes	showed	a	universal	expression	profile	
across	all	five	treatments	(15%)	(Tables 2	and	3).

We	had	hypothesized	that	each	of	the	growth-	inhibitory	
treatments	 would	 predominantly	 act	 to	 reverse	 or	 block	
changes	 in	 gene	 expression	 seen	 in	 response	 to	 myopia	
induction,	 as	 each	 acts	 to	 block	 the	 retinal	 response	 to	
diffuser-	wear.	 Instead,	 most	 of	 the	 genes	 which	 showed	
a	 change	 in	 expression	 common	 to	 three	 or	 more	 treat-
ments	 were	 unaffected	 during	 FDM	 (148	 of	 201	 genes,	
74%),	and	therefore	represented	a	unique	response	to	the	
growth-	inhibitory	paradigms	(Figures 3A	and	4A;	Figure	
S7A).	Most	of	these	unique	genes	showed	an	increase	in	
their	 expression	 levels	 during	 growth	 inhibition	 (112	 of	
148	genes,	76%).

In	contrast	to	the	effects	seen	at	4 hours,	substantially	
less	 overlap	 was	 seen	 in	 the	 expression	 profile	 across	

growth-	inhibitory	paradigms	following	24 hours	of	treat-
ment	 (Figure  2B).	This	 is	 evident	 by	 the	 weaker	 hierar-
chical	 clustering	 seen	 relative	 to	 4  hours	 (Figure	 S6B).	
Specifically,	 only	 80	 of	 761	 genes	 that	 were	 found	 to	 be	
differentially	 expressed	 showed	 a	 consistent	 profile	 in	
three	or	more	inhibitory	treatments,	representing	a	com-
mon	gene	set	of	only	8%	at	24 hours	compared	to	33%	at	
4 hours	(Table 2;	Dataset	S3).	Importantly,	the	expression	
profile	of	only	6	genes	was	universal	across	all	five	treat-
ments	compared	to	31	genes	at	4 hours	(Tables 2	and	4).	
As	was	observed	at	4 hours,	the	vast	majority	of	the	genes	
common	 to	 growth	 inhibition	 at	 24  hours	 represented	
a	 unique	 response	 (58	 of	 80	 genes,	 73%),	 with	 their	 ex-
pression	unaltered	during	myopia	 induction	(Figures 3B	
and	4B;	Figure	S7B).	Again,	of	these	genes,	the	majority	
showed	an	upregulation	in	their	expression	during	growth	
inhibition	(39	of	58	genes,	67%).

3.3.1	 |	 The	transcriptional	profile	observed	
during	growth	inhibition	was	distinctly	
different	across	timepoints

Of	the	201	genes	observed	to	show	a	common	differential	
expression	profile	following	4 hours	of	growth	inhibition,	
only	29	of	these	genes	remained	common	after	24 hours,	

T A B L E  1 	 The	number	and	direction	of	differentially	expressed	genes	observed	per	condition	per	timepoint

Treatment
Compared 
against

No. of 
downregulated 
genes

No. of 
upregulated 
genes Fold change range

Overlap 
between 
timepoints

4 h 24 h 4 h 24 h 4 h 24 h

FDM Control 110 63 26 79 −3.53	to	+1.65 −1.26	to	+9.29 26	(9%)

Atropine FDM 96 139 278 113 −1.99	to	+5.63 −2.48	to	+2.36 67	(11%)

Pirenzepine FDM 128 58 217 157 −1.71	to	+2.94 −2.27	to	+2.62 108	(19%)

ADTN FDM 44 27 130 43 −1.34	to	+2.84 −2.06	to	+1.63 23	(9%)

TPMPA FDM 29 145 196 133 −1.18	to	+3.16 −5.39	to	+1.76 41	(8%)

Recovery	from	
FDM

FDM 35 95 137 155 −0.96	to	+3.20 −2.14	to	+2.10 42	(10%)

Note: Parameters:	false	discovery	rate	(FDR)	of	≤15%	and	a	minimum	fold	change	±0.5.	A	fold	change	of	zero	indicates	no	change	in	expression	levels,	with	
a	negative	value	indicating	a	decrease	and	a	positive	value	indicating	an	increase	in	expression.	The	column	titled	“overlap	between	timepoints”	presents	the	
number	of	genes	that	were	differentially	expressed	across	both	timepoints.	FDM	(form-	deprivation	myopia).	n = 4	per	treatment	per	timepoint.

T A B L E  2 	 Breakdown	of	the	number	of	genes	associated	with	each	grouping	of	inhibitory	growth	conditions

Timepoint

Number of differentially expressed genes per category during growth inhibition

No. of genes differentially 
expressed

5 of 5 
conditions

4 of 5 
conditions

3 of 5 
conditions

2 of 5 
conditions

1 of 5 
conditions

4 h 607 31	(5%) 63	(10%) 107	(18%) 156	(26%) 250	(41%)

24 h 761 6	(1%) 10	(1%) 64	(8%) 122	(16%) 559	(74%)

Note: Values	given	in	brackets	represent	the	percentage	of	genes	found	in	that	category	relative	to	the	total	number	of	differentially	expressed	genes	observed.
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F I G U R E  2  Venn	diagrams	of	differentially	expressed	genes	at	4-		and	24-	h	treatment.	Each	Venn	diagram	displays	the	overlap	in	the	
expression	profile	for	all	five	growth-	inhibitory	treatments	following	(A)	4 h	or	(B)	24 h.	Numbers	in	gray	represent	those	genes	found	
to	be	differentially	expressed	in	only	one	or	two	of	the	conditions,	therefore	not	representative	of	the	common	state.	Those	numbers	in	
bold	indicate	differentially	expressed	genes	that	are	common	to	three	or	more	inhibitory	treatments	(common	state)	while	the	underlined	
numbers	in	the	center	of	the	diagram	represent	genes	that	are	differentially	expressed	in	all	five	conditions	and	therefore	represent	a	
universal	change	(universal	state).	FDM	(form-	deprivation	myopia)

F I G U R E  3  Flowchart	of	differentially	expressed	genes	in	response	to	treatment.	The	figure	is	divided	into	flowcharts	representing	the	results	
following	(A)	4 h	and	(B)	24 h	of	treatment.	The	first	number	at	the	end	of	each	arrow	represents	the	total	number	of	genes	found	to	be	differentially	
expressed	in	response	to	one	or	more	of	the	growth-	inhibitory	treatments.	Differential	expression	was	calculated	relative	to	their	values	in	myopic	
eyes	(form-	deprivation	myopia	[FDM]).	The	second	number,	displayed	in	brackets,	represents	the	number	of	these	genes	in	the	common	state	(genes	
differentially	expressed	in	the	same	direction	in	three	or	more	of	the	five	inhibitory	treatments).	The	final	numbers,	given	after	the	dash,	indicate	the	
number	of	genes	universal	to	all	five	inhibitory	treatments	(universal	state).	Blue	and	red	boxes	indicate	statistically	significant	increases	or	decreases	
in	gene	expression,	respectively,	relative	to	control	(column	1)	or	FDM	(column	2).	Gray	boxes	indicate	no	change	in	gene	expression
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representing	 a	 14%	 overlap.	 As	 noted,	 this	 limited	 over-
lap	 in	 expression	 between	 timepoints	 was	 also	 seen	 in	
response	to	myopia	induction,	and	in	response	to	each	of	
the	 growth-	inhibitory	 treatments	 individually	 (Table  1).	

This	 is	 suggestive	 of	 distinct	 differences	 in	 the	 retinal	
pathways	 responsive	 at	 the	 earlier	 (4  h)	 and	 later	 stage	
(24 h)	of	growth	regulation.	However,	as	noted	later,	at	a	
pathway	level,	significant	overlap	was	seen.

T A B L E  3 	 Genes	that	show	a	universal	differential	expression	across	all	five	growth-	inhibitory	treatments	(4 h)

Transcript ID
Gene 
name Gene description

FDM relative 
to control

Treatment 
relative to FDM

Previously 
implicated

ENSGALT00000057421 CNGA3 Cyclic	nucleotide-	gated	channel	cone	
photoreceptor	subunit	alpha

Unchanged Downregulated 65,74

ENSGALT00000078589 CPLX4 Complexin	4 Unchanged Downregulated 96

ENSGALT00000043589 Uncharacterized	protein Unchanged Downregulated

ENSGALT00000078497 ARNTL Aryl	hydrocarbon	receptor	nuclear	
translocator	like

Downregulated Upregulated 97

ENSGALT00000003543 CISH Cytokine-	inducible	SH2-	containing	
protein

Downregulated Upregulated 65

ENSGALT00000060338 CNGB1 Cyclic	nucleotide-	gated	channel	beta	1 Downregulated Upregulated 98

ENSGALT00000055028 EEPD1 Endonuclease/exonuclease/
phosphatase	family	domain	
containing	1

Downregulated Upregulated

ENSGALT00000065042 EGR1	* Early	growth	response	1 Downregulated Upregulated 5-	7,13

ENSGALT00000043488 FOS	* Proto-	oncogene	c-	Fos Downregulated Upregulated 6,10

ENSGALT00000040292 G0S2 G0/G1	switch	2 Downregulated Upregulated 56

ENSGALT00000078277 GLI1 GLI	family	zinc	finger	1	(GLI1) Downregulated Upregulated

ENSGALT00000040572 MYCL MYCL	proto-	oncogene,	bHLH	
transcription	factor

Downregulated Upregulated

ENSGALT00000054494 NAB2	* NGFI-	A-	binding	protein	2 Downregulated Upregulated

ENSGALT00000024541 NFIL3 Nuclear	factor,	interleukin	3	regulated Downregulated Upregulated 65

ENSGALT00000066852 NPAS2 Neuronal	PAS	domain	protein	2 Downregulated Upregulated 97

ENSGALT00000024824 PRDM1 PR/SET	domain	1 Downregulated Upregulated

ENSGALT00000063785 PXDNL Peroxidasin-	like Downregulated Upregulated

ENSGALT00000004154 SRRL Serine	racemase-	like Downregulated Upregulated

ENSGALT00000031945 TGFB2 Transforming	growth	factor	beta	2 Downregulated Upregulated 10,51,99-	103

ENSGALT00000055651 TNS1 Tensin	1 Downregulated Upregulated

ENSGALT00000089849 TPH1 Tryptophan	hydroxylase	1 Downregulated Upregulated

ENSGALT00000085844 Uncharacterized	protein Downregulated Upregulated

ENSGALT00000005611 BAIAP2L1 BAI1-	associated	protein	2-	like	1 Unchanged Upregulated

ENSGALT00000009017 F3 Coagulation	factor	III Unchanged Upregulated

ENSGALT00000005663 FN1 Fibronectin	1 Unchanged Upregulated

ENSGALT00000011730 PLEKHO2* Pleckstrin	homology	domain	containing	
O2

Unchanged Upregulated

ENSGALT00000056620 SHC1 SHC	adaptor	protein	1 Unchanged Upregulated

ENSGALT00000031579 WDCP WD	repeat	and	coiled	coil	containing Unchanged Upregulated

ENSGALT00000058315 Uncharacterized	protein Unchanged Upregulated

ENSGALT00000076912 Uncharacterized	protein Unchanged Upregulated

ENSGALT00000084719 Uncharacterized	protein Unchanged Upregulated

Note: Parameters:	false	discovery	rate	(FDR)	of	≤15%	and	a	minimum	fold	change	±0.5.	Gene	names	followed	by	an	asterisk	(*)	are	those	that	show	a	preserved	
differential	expression	pattern	across	both	timepoints.	Gene	names	that	are	bold	and	underlined	represent	transcription	factors,	the	largest	functional	group	
within	the	universal	changes.	The	column	titled	“previously	implicated”	contains	references	from	studies	previously	implicating	these	genes	in	the	regulation	
of	ocular	growth.
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With	 respect	 to	 the	 universal	 changes	 observed,	 only	
four	genes	showed	a	preserved	differential	expression	pat-
tern	at	both	timepoints	(EGR1,	FOS,	NAB2,	and	PLEKHO2;	
Tables 3	and	4).	Each	of	these	genes	displayed	increased	
retinal	expression	at	4	and	24 hours	in	response	to	treat-
ment.	In	myopic	eyes,	three	of	these	genes	were	downreg-
ulated	 at	 4  hours	 relative	 to	 control	 values	 (EGR1,	 FOS,	
and	 NAB2),	 with	 PLEKHO2	 remaining	 unchanged.	 At	
24 hours,	 EGR1	 and	 FOS	 both	 remained	downregulated	
in	myopic	eyes,	whereas	NAB2	and	PLEKHO2	showed	no	
difference	in	their	expression	relative	to	control	values.

3.3.2	 |	 Transcriptome	data	were	validated	by	
sqRT-	PCR

The	expression	profile	of	three	of	the	four	genes	found	to	
be	universal	across	all	conditions	and	timepoints	(EGR1,	
FOS,	and	PLEKHO2)	was	further	validated	by	sqRT-	PCR.	
Gene	 expression	 was	 validated	 using	 the	 original	 four	
samples	that	were	sequenced	(Table S11).	As	appropriate	
primers	could	not	be	designed	for	the	fourth	of	the	highly	
universal	 genes,	 that	 of	 NAB2,	 it	 was	 not	 validated	 by	
sqRT-	PCR.

F I G U R E  4  Heatmap	plotting	fold	change	of	differentially	expressed	genes.	Genes	differentially	expressed	in	response	to	myopia	
induction	or	inhibition	through	one	of	five	treatment	conditions	following	(A)	4 h	and	(B)	24 h	of	treatment.	Differential	gene	expression	in	
diffuser-	wear	(form-	deprivation	myopia	[FDM])	is	calculated	relative	to	untreated	controls	while	all	five	growth-	inhibitory	treatments	are	
relative	to	FDM

T A B L E  4 	 Genes	that	show	a	universal	differential	expression	across	all	five	growth-	inhibitory	treatments	(24 h)

Transcript ID
Gene 
name Gene description

FDM relative to 
control

Treatment relative 
to FDM

Previously 
implicated

ENSGALT00000060767 SYNPO2L Synaptopodin	2-	like Unchanged Downregulated

ENSGALT00000016132 COCH Cochlin Upregulated Downregulated 65,104

ENSGALT00000065042 EGR1	* Early	growth	response	1 Downregulated Upregulated 5-	7,13

ENSGALT00000043488 FOS	* Proto-	oncogene	c-	Fos Downregulated Upregulated 6,10

ENSGALT00000054494 NAB2	* NGFI-	A-	binding	protein	2 Unchanged Upregulated

ENSGALT00000011730 PLEKHO2* Pleckstrin	homology	domain	
containing	O2

Unchanged Upregulated

Note: Parameters:	false	discovery	rate	(FDR)	of	≤15%	and	a	minimum	fold	change	±0.5.	Gene	names	followed	by	an	asterisk	(*)	are	those	that	show	a	preserved	
differential	expression	pattern	across	both	timepoints.	Gene	names	that	are	bold	and	underlined	represent	transcription	factors,	the	largest	functional	group	
within	the	universal	changes.	The	column	titled	“previously	implicated”	contains	references	from	studies	previously	implicating	these	genes	in	the	regulation	
of	ocular	growth.
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A	 strong	 correlation	 was	 seen	 in	 the	 direction	 and	
strength	 of	 change	 observed	 for	 each	 of	 the	 validated	
genes	across	the	two	technologies	(Table S11).	Specifically,	
as	 seen	during	 the	 transcriptome	analysis,	mRNA	 levels	
of	 EGR1,	 FOS,	 and	 PLEKHO2	 were	 observed	 to	 be	 ele-
vated	in	the	retina	across	all	five	growth-	inhibitory	condi-
tions,	and	at	both	timepoints,	when	assessed	by	sqRT-	PCR	
(4  h,	 MANOVA	 (F	 (5,18)  =  2.60,	 P  <  .01);	 Table  S11A,	
and	 24  hours,	 MANOVA	 (F	 (5,19)  =  4.08,	 P  <  .001);	
Table  S11B).	 Furthermore,	 the	 downregulation	 of	 EGR1	
and	FOS	mRNA	levels	in	response	to	FDM	was	also	con-
firmed	following	4 hours	(P < .001)	and	24 hours	(P < .05	
and	 P  <  .01,	 respectively)	 of	 treatment,	 illustrating	 a	
bi-	directional	response	to	opposing	growth	stimuli.

3.4	 |	 Pathway analysis

To	 determine	 the	 biological	 function	 of	 the	 genes	 that	
showed	 a	 common	 expression	 profile	 during	 growth	 in-
hibition,	and	to	determine	the	potential	retinal	pathways	
they	 sit	 within,	 an	 enrichment	 analysis	 was	 under-
taken	 using	 Gene	 Ontology	 (GO)	 terms	 and	 the	 Kyoto	
Encyclopedia	 of	 Genes	 and	 Genomes	 (KEGG)	 database.	
Although	the	pathway	terms	generated	by	these	analyses	
are	of	importance	to	start	elucidating	the	biological	func-
tion	of	differentially	expressed	genes,	 it	 should	be	noted	
that	they	are	generalized	and	human	oriented.	Therefore,	
GO	 and	 KEGG	 terms	 may	 not	 capture	 the	 function	 of	
these	genes	within	the	retina.

3.4.1	 |	 GO	analysis

At	4 hours,	the	top	20	GO	terms	for	FDM	indicated	enrich-
ment	in	genes	involved	in	developmental	processes,	kinase	
and	phosphatase	activity,	and	amino	acid	metabolism	and	
transport	(Figure	S8A).	By	24 hours,	enrichment	was	still	
seen	in	developmental	processes,	with	the	remaining	top	
20	 categories	 representing	 receptor	 binding,	 visual	 per-
ception,	and	photoreceptor	activity	(Figure	S8B).

The	 common	 gene	 set	 associated	 with	 growth-	
inhibitory	 treatments	 also	 showed	 enrichment	 in	 genes	
involved	in	developmental	processes	and	visual	function	
at	4 hours.	The	remaining	top	20	GO	terms	were	associ-
ated	with	transcription	factor	binding	and	activity,	as	well	
as	insulin-	like	growth	factor	binding,	which	has	been	pre-
viously	 implicated	 in	 myopia	 development26-	29	 (Figure	
S8C).	After	24 hours	of	growth-	inhibitory	treatment,	tran-
scription	factor	binding	and	activity	were	still	within	the	
top	20	enriched	GO	terms,	with	the	remaining	categories	
representing	metabolic	processes	and	guanylate	and	ade-
nylate	cyclase	activity	(Figure	S8D).	Overall,	the	GO	terms	

associated	with	growth	suppression	 further	 support	 that	
seen	 at	 the	 transcriptome	 level	 (outlined	 earlier),	 which	
was	indicative	of	transcription	factor	binding	and	activity,	
specifically	that	of	EGR1.

3.4.2	 |	 KEGG	pathway	analysis

Like	that	for	GO	terms,	KEGG	pathway	analysis	following	
4 hours	of	myopia	induction	illustrated	significant	enrich-
ment	 in	 genes	 involved	 in	 cell	 signaling	 pathways,	 with	
the	 majority	 of	 pathways	 showing	 strong	 interlinking	
with	 phototransduction,	 steroid	 and	 amino	 acid	 biosyn-
thesis,	and	circadian	entrainment/rhythm	(Figure 5A).	At	
24  hours,	 enrichment	 remained	 within	 these	 pathways,	
with	the	addition	of	focal	adhesion,	metabolic	processes,	
and	actin	cytoskeleton	regulation	(Figure 5B).

With	respect	to	growth	inhibition,	KEGG	analysis	in-
dicated	that	the	common	gene	set	sat	within	similar	path-
ways	to	those	seen	during	myopia	induction	(70%	overlap	
at	4 h	[Figure 5C]	and	45%	overlap	at	24 h	[Figure 5D]).	
That	 is,	 enrichment	 was	 primarily	 seen	 in	 pathways	 as-
sociated	 with	 cell	 signaling	 and	 circadian	 entrainment,	
examples	of	which	are	detailed	in	the	next	section.	Thus,	
KEGG	analysis	again	supports	the	observation	that	growth	
inhibition	is	associated	with	transcription	factor	binding	
and	activity.

The	primary	difference	between	myopia	induction	and	
prevention	was	the	direction	of	change,	with	FDM	leading	
to	a	general	downregulation	in	gene	expression	while	the	
opposite	was	observed	during	myopia	inhibition.

3.4.3	 |	 The	JAK-	STAT	and	circadian	
entrainment	pathways	showed	significant	gene	
enrichment	through	KEGG	analysis

One	of	the	strongest	KEGG	outputs	associated	with	both	
FDM	and	its	prevention	was	the	regulation	of	JAK-	STAT	
and	its	associated	cell	signaling	pathways	(cAMP,	HIF-	1,	
PI3K-	Akt,	 and	 MAPK).	 Following	 4  hours	 of	 FDM,	 26	
genes	 were	 differentially	 expressed	 within	 this	 pathway	
network,	with	most	of	these	genes	(23	genes)	being	down-
regulated	(Figure 6A).	In	contrast,	4 hours	of	growth	in-
hibition	saw	the	differential	expression	of	39	genes	within	
the	same	pathway	network,	but	this	time,	the	majority	(29	
genes)	were	upregulated	(Figure 6B).	A	similar	trend	was	
seen	at	24 hours	for	both	FDM	(Figure	S9A)	and	its	pre-
vention	 (Figure	 S9B),	 although	 a	 more	 even	 split	 in	 the	
direction	of	differential	expression	was	observed.

Although	 different	 subsets	 of	 genes	 were	 enriched	
during	myopia	induction	and	prevention	within	the	JAK-	
STAT	pathway,	with	the	potential	to	drive	numerous	and	
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dissimilar	cellular	functions,	each	subset	was	instead	cen-
tered	around	the	same	functional	element,	that	of	recep-
tor	binding	and	interaction.

Circadian	 entrainment,	 an	 area	 implicated	 in	 ocular	
growth	 regulation,30-	34	 also	 showed	 significant	 pathway	
enrichment.	This	was	particularly	evident	during	myopia	

F I G U R E  5  Histograms	from	KEGG	pathway	analysis.	For	myopia	inhibition,	KEGG	analysis	was	undertaken	on	those	genes	that	are	
common	to	three	or	more	of	the	treatments	following	4 h	(A—	myopia	induction	and	C—	myopia	inhibition)	and	24 h	(B—	myopia	induction	
and	D—	myopia	inhibition)	of	treatment.	Vertical	white	lines	indicate	the	significance	cutoff	(P < .05),	while	the	pathway	names	underlined	
are	those	that	overlap	between	myopia	induction	(form-	deprivation	myopia	[FDM])	and	myopia	inhibition.	The	data	are	plotted	as	the	
negative	logarithm	of	the	p	value	(−log10(P))
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F I G U R E  6  Regulation	of	the	JAK-	STAT	pathway	following	4 h	of	growth-	inhibitory	treatment.	KEGG	analysis	of	gene	enrichment	in	
JAK-	STAT	and	interconnected	pathways	following	4 h	of	(A)	myopia	induction	(form-	deprivation	myopia	[FDM])	or	(B)	myopia	inhibition.	
Adapted	from	KEGG	map04630	(https://www.genome.jp/kegg/pathw	ay/hsa/hsa04	630.html).	The	vertical	double	lines	represent	the	cell	
membrane,	whereas	the	vertical	dashed	line	represents	the	nuclear	membrane.	The	functional	outcomes	listed	on	the	right-	hand	side	
represent	general	terms	that	are	not	cell/tissue	specific.	In	the	context	of	retinal	signaling,	such	functional	outcomes	are	unlikely	to	be	
involved	in	myopia	development

https://www.genome.jp/kegg/pathway/hsa/hsa04630.html


   | 15 of 23KAROUTA et al.

inhibition	(Figure	S10).	Specifically,	following	4 hours	of	
growth	inhibition,	of	the	201	genes	that	showed	a	common	
response,	21	were	associated	with	circadian	entrainment,	
the	majority	of	which	(71%)	showed	increased	expression	
(Figure	S10A).	Similarly,	at	24 hours	of	growth	inhibition,	
of	the	80	genes	that	showed	a	common	response,	14	were	
associated	with	this	pathway	network.	Again,	the	major-
ity	of	these	genes	(79%)	showed	an	increase	in	expression	
(Figure	S10B).

3.5	 |	 Alternative splicing events 
show commonality across growth- 
inhibitory treatments

To	expand	on	the	analysis	of	transcriptional	changes	com-
mon	across	growth-	inhibitory	paradigms,	we	investigated	
the	occurrence	of	alternative	splicing	events.	Such	events	
can	 have	 diverse	 functional	 outcomes,	 irrespective	 of	
changes	in	transcript	levels	and	is	an	area	not	previously	
examined	to	any	great	extent	within	the	field.	Again,	dif-
ferential	splice	variants	were	classed	as	a	“common	state”	
when	 found	 in	 the	 majority	 of	 growth-	inhibitory	 treat-
ments	(≥3	out	of	5	treatments)	and	as	a	“universal	state”	
when	observed	in	all	five	treatments.

For	both	myopia	induction	and	inhibition,	most	differ-
ential	splice	variants	observed	were	associated	with	exon	
skipping	 (Dataset	 S4).	 Myopia	 induction	 was	 associated	
with	24	and	135	alternative	splicing	events	across	the	two	
timepoints,	 respectively.	 In	 response	 to	 growth	 inhibi-
tion,	 alternative	 splicing	 events	 were	 seen	 for	 504	 genes	
at	the	earlier	timepoint	(4 h,	Table 5).	Twenty-	two	of	these	
events	 (4%)	 were	 common	 to	 three	 or	 more	 conditions	
(Dataset	S4;	Figure	S11),	with	one	universal	across	all	five	
treatments	(formin-	like	2	[FMNL2]).	By	24 hours,	alterna-
tive	splicing	was	seen	for	680	genes	(Table 5),	with	31	of	
these	genes	(4.5%)	showing	a	common	alternative	splicing	
event	across	treatments	(Figure	S12).	No	universal	splic-
ing	events	were	seen	following	24 hours	of	treatment.	As	
was	observed	at	the	transcript	level,	for	those	splice	vari-
ants	 common	 across	 the	 five	 inhibitory	 treatments,	 the	
majority	 were	 unique	 to	 treatment	 alone	 and	 were	 not	
observed	in	FDM	(4 h:	17	of	22	genes,	77%;	24 h:	24	of	31	
genes,	77%).

Interestingly,	 KEGG	 analysis	 indicated	 that	 those	
genes	which	showed	a	common	splice	variant	during	my-
opia	inhibition	sat	within	the	same	pathways	enriched	at	
the	expression	 level	 (cell	 signaling	 [MAPK,	AGE-	RAGE,	
PI3K-	Akt,	 HIF-	1,	 Apelin,	 cGMP-	PKG,	 oxytocin,	 chemo-
kine	and	Rap1],	metabolic	processes,	amino	acid	biosyn-
thesis,	and	circadian	entrainment/rhythm).

The	findings	of	this	analysis	were	validated	by	sqRT-	
PCR	 for	 two	 genes	 that	 showed	 a	 common	 alternative	
splicing	 event	 across	 treatments	 (phosphorylase	 ki-
nase	 regulatory	 subunit	 alpha	 2	 [PHKA2]	 and	 insulin	
growth	 factor	 binding	 protein	 7	 [IGFBP7];	 Figure	 S13;	
Table S12).	As	appropriate	primers	could	not	be	designed	
for	FMNL2,	 the	one	event	 that	was	universal	across	all	
five	growth-	inhibitory	treatments,	it	was	not	validated	by	
sqRT-	PCR.

3.6	 |	 Numerous downstream targets of 
EGR1 are differentially expressed

One	of	the	striking	findings	of	the	transcriptome	analy-
sis	was	the	number	of	transcription	factors	that	showed	a	
universal	change	in	expression	across	growth-	inhibitory	
paradigms,	 representing	 9	 of	 the	 33	 universal	 genes	
observed	(Tables 3	and	4).	Based	on	its	previously	sug-
gested	role	in	growth	regulation,5-	14,35	the	universal	ex-
pression	 of	 the	 transcription	 factor	 EGR1	 was	 of	 most	
interest.	 Therefore,	 as	 a	 further	 means	 of	 defining	 the	
retinal	pathway	underlying	ocular	growth,	we	examined	
the	 potential	 downstream	 retinal	 targets	 of	 EGR1.	 To	
this	end,	 those	genes	 found	 to	have	a	common	expres-
sion	 profile	 across	 the	 five	 inhibitory	 conditions	 were	
screened	against	published	ChIP-	seq	data	for	EGR1.36,37	
Following	4 hours	of	 treatment,	71	of	 the	136	differen-
tially	 expressed	 genes	 associated	 with	 FDM,	 and	 96	 of	
the	 201	 differentially	 expressed	 genes	 common	 across	
growth-	inhibitory	 paradigms	 have	 been	 reported	 to	 be	
bound	by	EGR1	 (Dataset	S5).	A	 similar	 story	was	 seen	
at	24 hours,	with	58	of	the	142	genes	showing	differen-
tial	 expression	 during	 myopia	 induction	 and	 40	 of	 the	
80	 common	 genes	 that	 showed	 differential	 expression	
during	growth	inhibition,	reported	to	be	bound	by	EGR1	
(Dataset	S5).

T A B L E  5 	 Breakdown	of	the	number	of	genes	showing	an	alternative	splicing	event

Timepoint

Number of genes showing alternative splicing events per category during myopia prevention

5 of 5 
conditions 4 of 5 conditions 3 of 5 conditions 2 of 5 conditions 1 of 5 conditions

4 h 1 4 17 85 397

24 h 0 9 22 113 536
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4 	 | 	 DISCUSSION

This	 paper	 reports	 four	 major	 findings.	 First,	 no	 matter	
the	method	by	which	myopic	growth	is	inhibited,	a	com-
mon	 set	 of	 molecular	 changes	 is	 observed	 in	 the	 retina.	
This	supports	the	notion	that	eye	growth	is	modulated	by	
a	 well-	defined	 retinal	 network	 (that	 cannot	 be	 bypassed	
or	 complemented	 by	 another	 pathway).	 Second,	 tran-
scription	factors	make	up	the	largest	functional	group	of	
this	common	response.	Third,	a	large	percentage	of	those	
genes	that	form	part	of	the	common	response	are	targets	
of	 the	transcription	factor	EGR1,	which	itself	shows	one	
of	the	most	universal	responses.	Finally,	this	well-	defined	
retinal	 response	 is	 associated	 with	 two	 major	 pathway	
networks	 previously	 implicated	 in	 ocular	 growth	 (circa-
dian	entrainment	and	cell	signaling).

4.1	 |	 A universal set of molecular 
changes, centered around key 
transcription factors, is seen in response to 
growth inhibition

This	study	found	that	a	large	percentage	of	the	molecular	
profile	seen	in	response	to	growth	inhibition	was	common	
(≥3)	 across	 the	 five	 paradigms	 investigated	 (252	 of	 1109	
genes,	23%).	Importantly,	33	of	these	genes	showed	a	uni-
versal	response	across	growth-	inhibitory	treatments,	with	
12	 of	 these	 genes	 having	 been	 previously	 implicated	 in	
growth	regulation	(Tables 3	and	4).	Of	note,	transcription	
factors	represented	the	largest	functional	grouping	within	
this	universal	response,	accounting	for	9	of	the	33	genes	
(Tables 3	and	4).

Of	 particular	 interest	 when	 attempting	 to	 define	 this	
retinal	network	are	the	four	genes	that	showed	a	universal	
response	across	time	(EGR1, FOS,	NAB2,	and	PLEKHO2).	
What	 role	 pleckstrin	 homology	 domain	 containing	 O2	
(PLEKHO2)	plays	 in	ocular	growth	is	unclear,	as	 little	 is	
known	 about	 its	 function	 within	 the	 visual	 system38	 or	
more	broadly.39,40	In	contrast,	EGR1, FOS,	and	NAB2	have	
previously	been	implicated,	directly	or	indirectly,	in	ocu-
lar	growth	regulation	(detailed	below).

EGR1,	 a	 member	 of	 the	 immediate	 early	 gene	 (IEG)	
family,	is	a	transcription	factor	that	encodes	a	short-	lived	
nuclear	protein	with	a	zinc	finger-	binding	domain.	Its	ex-
pression	 is	 normally	 rapidly	 and	 transiently	 induced	 by	
extracellular	stimuli.41	Importantly,	the	altered	expression	
of	EGR1	 is	one	of	 the	most	consistent	 findings	observed	
during	periods	of	experimentally	induced	changes	in	oc-
ular	growth	rates.	It	was	the	first	molecule	shown	to	have	
a	 bi-	directional	 response	 to	 opposing	 growth	 stimuli.5-	14	
Specifically,	its	expression	(mRNA	and	protein)	has	been	
found	 to	 be	 reduced	 during	 periods	 of	 increased	 ocular	

growth	(experimental	myopia)	and	elevated	during	peri-
ods	of	reduced	ocular	growth	(recovery	from	experimen-
tal	 myopia).	 Furthermore,	 EGR1	 mRNA	 expression	 is	
elevated	 by	 several	 pharmacological	 agents	 which	 block	
the	 development	 of	 experimental	 myopia,	 including	 at-
ropine	and	ADTN.5,14	The	current	results	have	expanded	
on	 this,	with	 injections	of	pirenzepine	and	TPMPA	now	
also	 shown	 to	 induce	 an	 upregulation	 in	 EGR1	 levels.	
Additionally,	 a	 putative	 link	 between	 EGR1	 and	 growth	
regulation	 is	 supported	by	work	 in	mice	 in	which	a	 sig-
nificant	transient	myopic	shift	is	seen	in	EGR1	knockout	
animals.35

The	proto-	oncogene	FOS	is	a	light-	driven	IEG	that	be-
longs	to	the	same	family	of	nuclear	transcription	factors	
as	EGR1.	At	 the	mRNA	level,	 the	expression	of	FOS	 is	
significantly	downregulated	during	the	development	of	
experimental	 myopia	 in	 those	 species	 investigated.10,42	
In	contrast,	during	growth	inhibition	following	recovery	
from	 FDM,	 FOS-	immunoreactivity	 has	 been	 observed	
to	be	elevated	in	the	chicken	retina.6	This	suggests	that,	
like	EGR1,	the	expression	of	FOS	shows	a	bi-	directional	
response	to	opposing	growth	stimuli,	a	finding	expanded	
on	in	this	study,	with	four	pharmacological	 treatments	
shown	 to	 stimulate	 FOS	 expression.	 Functional	 inves-
tigations	 of	 FOS	 have	 suggested	 that	 it	 plays	 a	 causal	
role	 in	 growth	 regulation.	 Specifically,	 a	 small	 study	
in	 guinea	 pigs	 has	 reported	 that	 intravitreal	 injection	
of	a	FOS	antisense	oligonucleotide	proposedly	 induces	
myopia.43

A	role	for	NGFI-	A-	binding	protein	2	(NAB2)	in	the	reg-
ulation	of	ocular	growth	has	not	been	previously	postu-
lated.	 However,	 based	 on	 its	 regulatory	 association	 with	
EGR1,	 a	 plausible	 link	 exists.	 This	 family	 of	 NGFI-	A-	
binding	proteins	functions	within	the	nucleus	to	repress	
transcription	 induced	 by	 several	 members	 of	 the	 early	
growth	 response	 (EGR)	 trans-	activator	 family,	 including	
EGR1.44	 Although	 NAB2	 was	 originally	 defined	 as	 a	 co-	
repressor	of	the	EGR	family,45	it	has	also	been	reported	to	
act	as	a	co-	activator.46,47	In	alignment	with	this,	the	simi-
lar	direction	and	magnitude	of	change	seen	within	the	ret-
ina	is	suggestive	of	NAB2	acting	as	a	co-	activator	of	EGR1	
during	growth	modulation.

4.2	 |	 Many of the genes that formed 
part of the well- defined retinal response to 
growth inhibition are targets of EGR1

One	of	the	striking	findings	of	this	study	was	that	the	reti-
nal	 profile	 during	 growth	 induction	 and	 inhibition	 was	
indicative	of	changes	in	EGR1	activity.	Specifically,	gene	
enrichment	was	seen	in	a	number	of	cell	signaling	path-
ways	 (discussed	 below)	 that	 regulate	 EGR1	 expression,	
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including	MAPK,	PI3K,	ERK,	and	p38.36,48	Many	of	these	
pathways	are	themselves	regulated	by	EGR1	binding.36,48	
Additionally,	several	well-	characterized	growth	and	tran-
scription	 factors	 that	 modulate	 EGR1's	 expression	 were	
presently	 found	 to	 be	 differentially	 expressed,	 including	
cAMP	response	element	binding	protein	(CREB)	and	nu-
clear	factor	kappa	B	(NFKB).48,49

Furthermore,	 using	 published	 ChIP-	seq	 data	 for	
EGR1,36,37	 we	 observed	 that	 the	 transcriptome	 profile	
during	 myopia	 induction	 and	 prevention	 is	 significantly	
enriched	 in	 genes	 (41%-	52%)	 which	 can	 be	 bound	 and	
therefore	targeted	by	EGR1	(Dataset	S5).	This	list	included	
several	genes	that	are	common	targets	of	EGR1,	irrespec-
tive	of	the	organ	type,	such	as	insulin-	like	growth	factor	2	
(IGF2),	platelet-	derived	growth	factor	(PDGF),	and	trans-
forming	 growth	 factor	 beta	 (TGFB).	 Interestingly,	 each	
of	 these	 three	 genes	 have	 themselves	 been	 implicated,	
directly	 or	 indirectly,	 in	 ocular	 growth	 regulation.10,50-	53	
As	expected,	EGR1	bound	genes	primarily	sat	within	the	
same	 cell	 signaling	 pathways	 noted	 above	 but	 also	 sat	
within	 pathways	 associated	 with	 circadian	 entrainment	
and	phototransduction.	Together,	 these	findings	 indicate	
that	EGR1	plays	a	central	role	in	the	retinal	response	that	
drives	ocular	growth.

4.3	 |	 Although limited overlap is seen 
in the expression profiles between myopia 
induction and prevention, or across 
time, significant overlap is seen at a 
pathway level

During	growth	 inhibition,	 the	 limited	overlap	 in	 the	ex-
pression	 profiles	 seen	 between	 timepoints	 suggests	 dis-
crete	 stages	 in	 the	 retinal	 response	 that	 may	 involve	
separate	 regulatory	 networks	 (nodes).	 However,	 the	 sig-
nificant	 overlap	 observed	 at	 the	 pathway	 level	 indicates	
these	dissimilarities	may	in	fact	represent	different	phases	
or	maturation	states	of	the	same	gene	networks.	This	pat-
tern	 of	 changes	 suggests	 that	 growth	 inhibition	 can	 be	
achieved	by	diverse	inputs	using	regulatory	inter-	modules	
specific	 to	 a	 given	 condition.	 These	 context-	dependent	
inter-	modules	 provide	 connectivity	 between	 partners	 in	
different	 downstream	 nodes	 converging	 on	 the	 overlap-
ping	 pathways.	 In	 this	 model,	 growth	 inhibition	 is	 seen	
as	a	 flexible	process,	progressing	through	several	phases	
and	converging	on	a	precise	mechanism	controlling	eye	
growth	that	requires	more	dynamic	stability.	For	example,	
in	 the	PI3K-	AKT	pathway,	although	different	 subsets	of	
genes	are	enriched	at	each	timepoint,	with	the	potential	to	
drive	 numerous	 biological	 and	 cellular	 functions	 within	
this	 complex	 pathway	 network,	 each	 subset	 of	 genes	 is	

instead	 centered	 around	 the	 same	 functional	 element,	
that	of	receptor	binding	and	interaction.	Therefore,	these	
presumably	 unrelated	 expression	 profiles	 may	 instead	
represent	different	phases	 in	 the	modulation	of	receptor	
binding	and	interactions	within	the	PI3K-	AKT	pathway,	
as	suggested	by	the	output	of	the	KEGG	analysis.	It	should	
also	be	noted	that	such	molecular	changes	are	not	occur-
ring	in	isolation	but	as	part	of	the	processing	of	visual	in-
formation	 through	synaptic	 interactions	between	 retinal	
cells.

This	 lack	 of	 overlap	 is	 also	 observed	 when	 compar-
ing	 myopia	 induction	 and	 prevention.	 Their	 distinctly	
different	expression	profiles	are	also	indicative	of	sepa-
rate	regulatory	networks	in	the	retina	being	involved	in	
increasing	and	decreasing	ocular	growth	rates.	This	was	
unexpected,	as	it	was	assumed	that	each	of	the	growth-	
inhibitory	 treatments	 would	 primarily	 reverse	 changes	
in	 gene	 expression	 observed	 during	 myopia	 induction,	
as	each	act	to	block	the	retinal	response	to	diffuser-	wear.	
However,	again,	at	a	pathway	 level,	 there	 is	 significant	
overlap	 in	 the	 gene	 networks	 modulated.	 Thus,	 the	
primary	difference	between	myopia	 induction	and	pre-
vention	appears	to	be	in	the	activity	state	of	these	over-
lapping	networks,	outlined	in	the	next	paragraph,	with	
the	direction	of	individual	gene	changes	being	in	the	op-
posite	direction.

For	both	induction	and	prevention	of	myopia,	gene	en-
richment	is	primarily	seen	within	cell	signaling	pathways.	
Several	 of	 these	 pathways	 have	 previously	 been	 impli-
cated	in	the	regulation	of	ocular	growth	(PI3K-	AKT,27,54,55	
MAPK,27,56	 TGFβ,57	 and	 Hedgehog58-	61)	 or	 postulated	 to	
play	 a	 role	 in	 normal	 visual	 function	 (cGMP-	PKG62	 and	
JAK-	STAT63,64).	 The	 other	 major	 KEGG	 category	 that	
showed	 enrichment	 was	 that	 of	 circadian	 entrainment,	
a	process	implicated	in	ocular	growth.	Specifically,	alter-
ations	in	circadian	and/or	diurnal	entrainment	by	modify-
ing	the	duration,	phase,	rhythmicity,	intensity,	or	spectral	
composition	of	the	light	presented	to	animals	is	well	doc-
umented	to	affect	normal	postnatal	ocular	growth	while	
also	 altering	 the	 degree	 to	 which	 experimental	 myopia	
develops.30-	34

4.4	 |	 Alternative splicing events appear 
to form a critical component of the retinal 
pathway driving ocular growth

Myopia	 induction	 and	 prevention	 were	 associated	 with	
several	 splicing	 events,	 which	 primarily	 involved	 exon	
skipping.	 Importantly,	 53	 of	 these	 splicing	 events	 were	
observed	 to	 be	 common	 across	 the	 five	 inhibitory	 para-
digms	 and	 sat	 within	 the	 same	 pathways	 that	 showed	
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enrichment	at	the	transcriptome	level	(cell	signaling	and	
circadian	entrainment).	This	is	further	evidence	of	a	criti-
cal	 role	 for	 these	 pathways	 in	 ocular	 growth	 regulation	
and	is	suggestive	of	an	essential	set	of	alternative	splicing	
events	in	this	well-	defined	retinal	network.

Of	those	genes	linked	to	an	alternative	splicing	event	
during	 growth	 inhibition,	 several	 have	 already	 been	
broadly	 implicated	 in	 myopia	 development,	 including	
PER3	(period	circadian	clock	3)65,66	and	TDRD9	(tudor	do-
main	 containing	 9).66	 Several	 others	 are	 associated	 with	
neuromodulators	implicated	in	ocular	growth	regulation	
(for	 review	 see	 Ref.	 [4]),	 including	 GABA	 (GABRB2)	 as	
well	 as	 the	 dopamine	 and	 glutamate	 systems	 (phospho-
lipase	C	beta	4	 [PLCB4]).	Finally,	 five	of	 the	genes	have	
also	been	reported	to	show	an	association	with	high	my-
opia	 in	 humans	 (GABRB2,67	 PPP1R3B,68	 COL11A1,69,70	
GALNT11,71	and	PLCB472).

Many	of	these	alternative	events	lead	to	putative	func-
tional	consequences	 (Dataset	S4).	For	example,	a	 loss	of	
the	C-	terminal	 transmembrane	anchor	 in	the	syntaxin	1	
gene	causes	its	translocation	to	the	nucleus	where	it	then	
functions	as	a	transcriptional	regulator.73	This	splice	vari-
ant	is	elevated	during	growth	inhibition,	consistent	with	
the	central	role	of	transcription	factors	in	the	prevention	
of	myopia.

4.5	 |	 RNA- seq data from chickens show 
overlap with data from human refractive 
error studies

To	evaluate	the	translatability	of	our	findings	to	the	human	
condition,	we	screened	the	current	transcriptome	findings	
against	published	data	from	linkage	studies	and	genome-	
wide	 association	 studies	 (GWAS)	 on	 human	 refractive	
error	(Dataset	S6).	This	dataset	has	been	expanded	from	
that	generated	by	Tkatchenko	and	colleagues.74

This	analysis	reveals	that	15	of	the	genes	found	to	be	
differentially	 expressed	 during	 myopia	 induction	 have	
also	been	implicated	by	human	studies	(Dataset	S6).	Two	
of	these	genes,	BMP210,56,66,75	and	NOG,66	have	also	been	
implicated	 in	 the	 regulation	 of	 ocular	 growth	 in	 animal	
models,	 making	 them	 prime	 candidates	 for	 functional	
analyses.

In	all,	12	genes	 implicated	 in	refractive	error	devel-
opment	by	GWAS	analyses	are	also	among	those	shown	
to	 be	 common	 across	 growth-	inhibitory	 treatments	
(Dataset	 S6).	 Two	 of	 these	 genes,	 FLT1	 and	 ZWILCH,	
show	a	graded	 response	 to	opposing	growth	 stimuli	 in	
this	current	study.	FLT1,	also	known	as	vascular	endo-
thelial	growth	factor	(VEGF)	receptor-	1,	is	of	particular	
interest	based	on	the	suggested	role	of	VEGF	in	ocular	
growth	regulation.76

4.6	 |	 A potential pathway model of 
ocular growth regulation

The	 current	 results	 support	 the	 hypothesis	 that	 ocular	
growth	 is	 regulated	 by	 a	 well-	defined	 retinal	 pathway.	
A	potential	model	of	 this	pathway,	which	 is	outlined	 in	
Figure  7,	 attempts	 to	 incorporate	 the	 current	 findings	
within	the	greater	body	of	literature.

Based	on	findings	across	several	species,	visual	cues	as-
sociated	with	eye	growth	are	transmitted	through	the	ON	
bipolar	cell	pathway,77-	80	modulating	the	activity	of	dopa-
minergic	amacrine	cells	 (Figure 7,	Step	1).4,81,82	We	pro-
pose	that	changes	in	extracellular	dopamine	levels	alter	the	
activity	of	key	cell	signaling	pathways	within	a	secondary	
population	of	amacrine	cells	(Figure 7,	Step	3).	As	shown	
in	this	study,	changes	in	the	activity	of	these	pathways	are	
orientated	around	the	expression	of	three	transcriptional	
regulators	(EGR1,	FOS,	and	NAB2).	We	postulate	that	the	
downstream	outcome	of	this	altered	transcriptional	profile	
is	the	release	of	signaling	molecules	from	this	secondary	
amacrine	 cell	 population.	 Such	 molecules	 may	 include,	
but	are	not	limited	to,	retinoic	acid,	nitric	oxide,	and	glu-
cagon	(chicken	specific).	This	is	due	to	the	suggested	role	
of	these	molecules	in	myopia	development	(for	review	see	
Ref.	[4])	and	their	reported	interactions	with	dopamine	re-
lease	or	EGR1	expression.6,11,83-	87	The	final	step	in	the	ret-
inal	component	of	this	growth	pathway	is	the	binding	of	
such	signaling	molecules	at	distal	receptor	targets	within	
the	RPE	and/or	choroid.	This	ultimately	leads	to	either	an	
increase	or	decrease	in	scleral	growth	and/or	remodeling	
(for	review	see	Ref.	[4])	(Figure 7,	Step	6).

A	 critical	 component	 in	 the	 growth	 pathway	 is	 the	
interlink	 with	 circadian	 entrainment,	 a	 network	 that	
showed	 significant	 gene	 enrichment	 within	 this	 study	
(Figure  7,	 Step	 5).	 Circadian	 entrainment	 is	 presum-
ably	 influenced	 by	 changes	 in	 retinal	 dopamine	 levels,	
as	well	as	the	proposed	downstream	release	of	signaling	
molecules.	 Importantly,	 circadian	 entrainment	 appears	
to	 reciprocally	 influence	 the	 retinal	 pathway	 underlying	
growth,	as	alterations	in	entrainment	are	known	to	alter	
ocular	growth	rates.30-	34

Using	 this	model,	we	postulate	 that	upon	receiving	a	
myopigenic	 cue	 (ie,	 loss	 of	 higher	 spatial	 frequencies),	
reduced	ON-	bipolar	 cell	 activity	decreases	dopamine	 re-
lease.	 This	 inhibits	 the	 expression	 of	 EGR1,	 FOS,	 and	
NAB2,	 leading	 to	 reduced	 activity	 in	 the	 identified	 cell	
signaling	pathways	that	showed	enrichment	in	this	study.	
This	 leads	 to	 the	 release	 of	 signaling	 molecules	 that,	
through	targets	within	the	RPE/choroid,	ultimately	bring	
about	an	increase	in	the	rate	of	scleral	expansion	through	
remodeling.	In	contrast,	the	removal	of	translucent	diffus-
ers,	which	exposes	the	retina	to	myopic	defocus,	reverses	
the	above	process.
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In	contrast	to	diffuser	removal,	we	postulate	that	phar-
macological	 inhibition	 of	 FDM	 occurs	 downstream	 of	
the	dopaminergic	amacrine	cells	and	thus	does	not	affect	
dopamine	 release.	 Rather,	 such	 compounds	 modify	 the	
downstream	cell	signaling	pathways	in	a	similar	manner	
to	 that	 seen	 in	 response	 to	 increased	 dopamine	 binding	
(ie,	the	upregulated	expression	of	EGR1,	FOS,	and	NAB2).	
Supporting	 this	 hypothesis,	 administration	 of	 the	 do-
paminergic	 antagonist	 spiperone,	 which	 blocks	 the	 pro-
tection	afforded	by	diffuser	removal,88	does	not	alter	 the	
anti-	myopic	effects	of	atropine,	pirenzepine,	or	TPMPA.89	
This	 supports	 the	 hypothesis	 that	 they	 act	 downstream	
of	 dopaminergic	 amacrine	 cells.	 Furthermore,	 retinal	

dopamine	release	is	unaffected	by	myopia-	inhibiting	doses	
of	 atropine,90	 again	 supporting	 a	 non-	dopaminergic	 cell	
target.	However,	 it	 should	be	noted	 that	at	higher	doses	
of	atropine,	retinal	dopamine	release	can	be	affected,90-	92	
but	this	may	be	due	to	a	loss	of	specificity	associated	with	
increased	off-	target	binding.90

To	 validate	 this	 proposed	 model,	 several	 predic-
tions	 should	 hold	 true.	 First,	 the	 current	 transcriptional	
changes	 should	 be	 observed	 within	 a	 non-	dopaminergic	
subpopulation	of	amacrine	cells.	Second,	pirenzepine	and	
TPMPA	 should	 not	 alter	 dopamine	 levels	 while	 still	 in-
ducing	an	anti-	myopic	effect.	Third,	inhibiting	the	retinal	
expression	of	EGR1,	FOS,	and	NAB2	using	gene-	silencing	

F I G U R E  7  A	generalized	schematic	diagram	of	the	potential	pathway	underlying	ocular	growth	regulation.	Each	diagram	represents	
the	proposed	model	for	(A)	form-	deprivation	myopia	(FDM);	(B)	optical	prevention	of	FDM	(recovery	from	FDM);	and	(C)	pharmacological	
prevention	of	FDM.	This	model	proposes	that	①	a	change	in	the	visual	field	is	recognized	by	cone	photoreceptors	and	transmitted	to	ON	
bipolar	cells	synapsing	on	dopaminergic	amacrine	cells.	②	Dopamine	synthesis	and	release	are	altered	which	influence	the	activity	of	target	
amacrine	cell	populations.	③	Within	these	amacrine	cell	populations,	growth	regulation	involves	the	modulation	of	several	key	cell	signaling	
pathways,	including	JAK-	STAT,	AGE-	RAGE,	MAPK,	and	PI3K-	Akt.	④	Changes	in	the	activity	of	these	pathways	are	orientated	around	the	
expression	of	the	transcription	factors	EGR1	and	FOS,	as	well	as	the	transcriptional	coregulator	NAB2.	The	altered	transcriptional	profile	
induced	by	these	nuclear	transactivators	leads	to	the	increased	or	decreased	release	of	specific	signaling	molecules.	Through	interactions	
with	the	pathways	underlying	circadian	entrainment	⑤,	which	are	also	influenced	by	dopamine	levels,	these	signaling	molecules	modulate	
distal	receptor	targets	within	the	retinal	pigment	epithelium	(RPE)	and/or	choroid	⑥.	This	signaling	cascade	ultimately	leads	to	changes	in	
axial	elongation	by	inhibiting	or	promoting	scleral	growth	and/or	remodeling.	Key:	 	ligand-	gated	ion	channels;	 	G-	protein	coupled	
receptors;	 	receptor	type/family	unknown;	 	glutamate;	 	ligand	(drug);	 	extracellular	dopamine;	 	signaling	molecule;?	pathway	
response	unknown
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techniques	 should	 prevent	 the	 effectiveness	 of	 all	 five	
growth-	inhibitory	treatments	tested	in	this	study.	Finally,	
by	 manipulating	 the	 expression	 of	 these	 transcriptional	
modulators,	we	should	observe	changes	in	the	release	of	
the	above-	mentioned	signaling	molecules.

4.7	 |	 Limitations in whole 
retinal analysis

A	limitation	of	the	current	analysis	is	that	we	are	unable	
to	distinguish	which	retinal	cell	populations	are	showing	
the	 observed	 transcriptional	 changes.	 Furthermore,	 due	
to	the	highly	heterogeneous	nature	of	the	retina,	changes	
in	 gene	 expression	 within	 small	 subpopulations	 of	 cells	
may	be	masked.7	Specifically,	if	the	expression	of	a	gene	is	
downregulated	in	one	population,	but	upregulated	in	an-
other,	when	examined	at	the	whole	retinal	level,	the	two	
may	cancel	each	other	out,	with	gene	expression	appear-
ing	unchanged.	However,	although	plausible,	it	should	be	
noted	that	to	the	best	of	our	knowledge,	such	a	phenom-
enon	 has	 not	 been	 directly	 investigated	 in	 retinal	 tissue	
during	growth	modulation.

This	 study	 is	 also	 unable	 to	 assess	 changes	 in	 the	 ac-
tivity	state	of	molecules	not	coded	for	by	the	genome	(ie,	
lipid	 and	 carbohydrate-	based	 signaling	 molecules),	 or	
whose	 activity	 state	 is	 driven	 by	 post-	translational	 modi-
fications	 (ie,	 cleavage,	 phosphorylation,	 acetylation,	 and	
ubiquitination).	For	example,	a	reduction	in	dopaminergic	
activity	during	the	development	of	experimental	myopia	is	
well	established	(for	review	see	Ref.	[4]).	However,	when	
examined	at	the	transcript	level,	little	change	is	seen	in	the	
expression	 of	 dopamine's	 rate	 limiting	 enzyme	 (tyrosine	
hydroxylase)	or	its	receptors	(Dataset	S2).	Instead,	dopami-
nergic	activity	is	regulated	by	changes	in	retinal	dopamine	
synthesis	 which	 is	 driven	 by	 post-	translational	 modifica-
tions	in	tyrosine	hydroxylase.93-	95	Such	changes	would	not	
be	 captured	 by	 transcriptome	 analyses.	 It	 should	 also	 be	
noted	that	the	molecular	changes	reported	in	this	study	are	
not	occurring	in	isolation	but	as	part	of	the	processing	of	
visual	information	through	synaptic	interactions	between	
retinal	cells.	Again,	we	can	make	no	comment	on	possible	
changes	in	synaptic	communication	within	neuronal	net-
works	during	modulation	of	ocular	growth,	but	rather	any	
transcriptional	changes	such	communication	may	lead	to.

5 	 | 	 CONCLUSIONS

Inhibition	 of	 ocular	 growth	 is	 associated	 with	 a	 defined	
set	of	 transcriptome	changes,	 irrespective	of	 the	method	
by	which	growth	is	inhibited,	including	both	modulation	
of	 transcript	 levels	 and	 alternative	 splicing	 events.	 Our	

findings	suggest	that	a	universal	set	of	molecular	changes	
is	 fundamental	 to	 growth	 regulation.	 Within	 two	 major	
pathways	highlighted	by	this	study,	that	of	cell	signaling	
and	circadian	entrainment,	transcription	factors	form	the	
largest	functional	grouping.	The	key	challenge	in	the	field	
is	 to	 determine	 which	 of	 these	 transcriptional	 perturba-
tions	are	causal,	as	well	as	their	retinal	localization,	and	
which	are	irrelevant	to	myopia	development.	With	the	in-
sights	from	this	study,	we	are	confident	that	this	goal	can	
be	promptly	achieved.	This	will	provide	not	only	a	pow-
erful	 set	 of	 biomarkers	 for	 screening	 myopia	 treatments	
but	also	provides	the	opportunity	to	realistically	identify	
which	 retinal	 targets	 may	 be	 the	 focus	 of	 new	 myopia	
therapies.
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