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Scleral gene expression during recovery from myopia compared

with expression during myopia development in tree shrew
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Purpose: During postnatal refractive development, the sclera receives retinally generated signals that regulate its bio-
chemical properties. Hyperopic refractive error causes the retina to produce “GO” signals that, through the direct emme-
tropization pathway, cause scleral remodeling that increases the axial elongation rate of the eye, reducing the hyperopia.
Myopia causes the retina to generate “STOP” signals that produce scleral remodeling, slowing the axial elongation rate
and reducing the myopia. Our aim was to compare the pattern of gene expression produced in the sclera by the STOP
signals with the GO gene expression signature we described previously.

Methods: The GO gene expression signature was produced by monocular —5 diopter (D) lens wear for 2 days (ML-2) or
4 days (ML-4); an additional “STAY” condition was examined after eyes had fully compensated for a—5 D lens after 11
days of lens wear (ML-11). After 11 days of =5 D lens wear had produced full refractive compensation, gene expression
in the STOP condition was examined during recovery (without the lens) for 2 days (REC-2) or 4 days (REC-4). The
untreated contralateral eyes served as a control in all groups. Two age-matched normal groups provided a comparison
with the treated groups. Quantitative real-time PCR was used to measure mRNA levels for 55 candidate genes.
Results: The STAY group compensated fully for the lens (treated eye versus control eye, —5.1+0.2 D). Wearing the lens,
the hyperopic signal for elongation had dissipated (—0.3+0.3 D). In the STOP groups, the refraction in the recovering
eyes became less myopic relative to the control eyes (REC-2, +1.3+£0.3 D; REC-4, +2.6+0.4 D). In the STAY group, three
genes showed significant downregulation. However, many genes that were significantly altered in GO showed smaller,
nonsignificant, expression differences in the same direction in STAY, suggesting the gene expression signature in STAY
is a greatly weakened form of the GO signature. In the STOP groups, a different gene expression pattern was observed,
characterized by mostly upregulation with larger fold differences after 4 days than after 2 days of recovery. Eleven of the
55 genes examined showed significant bidirectional GO/STOP regulation in the ML-2 and REC-2 groups, and 13 genes
showed bidirectional regulation in the ML-4 and REC-4 groups. Eight of these genes (NPR3, CAPNSI, NGEF, TGFBI,
CTGF, NOV, TIMPI1, and HS6STI) were bidirectionally regulated at both time points in the GO and STOP conditions.
An additional 15 genes showed significant regulation in either GO or STOP conditions but not in both.

Conclusions: Many genes are involved in scleral remodeling and the control of axial length. The STOP (recovery)
gene expression signature in the sclera involves some of the same genes, bidirectionally regulated, as the GO signature.
However, other genes, regulated in GO, are not differentially regulated in STOP, and others show differential regulation
only in STOP.

Refractive error occurs when there is a mismatch
between the focal plane where images are in focus and the
location of the retina, which is controlled by the axial length
of the eye. When distant objects are in focus on the retina
without accommodation, the eye is emmetropic. If the axial
length (front of the cornea to the retina) is shorter than the
focal plane, the eye is hyperopic. If the axial elongation of
the globe moves the retina behind the focal plane, the eye
becomes myopic. Myopia is the most prevalent type of refrac-
tive error worldwide, affecting 25-42% of the population in
the US and in European countries [1-6]. In East Asia, the
prevalence reaches as high as 85-96.5% [7-12]. Myopia is
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not only a refractive problem but also an important risk factor
for blinding conditions, such as glaucoma, cataract, retinal
detachment, choroidal degeneration, and other conditions
[13-16]. Myopia prevalence also is increasing, forecasting
an increase in these conditions over time [17]. Uncorrected
myopia is surprisingly common worldwide and after cataracts
is the leading cause of correctable visual impairment [18].
Thus, it is important to try to determine the causes of human
myopia and in particular the mechanisms that regulate the
axial length of the eye.

Studies of postnatal refractive development in both
children and animal models (fish, chicks, monkeys, guinea
pigs, tree shrews, and other species) have found that there
is a visually guided emmetropization mechanism that uses
visual cues to modulate the elongation of the globe so that
the retina comes to be located at the focal plane [19-31].
The emmetropization mechanism can be stimulated to
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produce increased axial elongation and myopia in animal
models by placing a concave (minus-power) lens in front
of an emmetropizing eye. This moves the focal plane away
from the cornea, producing a hyperopic mismatch between
the focal plane and the retina. In response, neurons in the
retina generate what has been characterized as GO signals
[32,33]. Over a period of a few days, the retina is moved to
the shifted focal plane, restoring age-normal emmetropia
[30,34,35]. Increased axial elongation can be detected in tree
shrews after as little as 2 days of wearing a —5 diopter (D)
lens [30]. After 11 days of continuous —5 D lens wear, the
axial length of the eye has matched the new focal plane so the
eye’s refraction, while wearing the lens, matches that of the
untreated fellow control eye [30]. Although at this point the
refractive hyperopia that triggered the retinal GO signals has
dissipated, the eye remains elongated as long as minus-lens
wear is continued [30]. This has been referred to as a STAY
condition [36].

When lens wear is discontinued after an eye has compen-
sated refractively to the minus lens, the eye experiences
myopia due to the elongated globe. The retina then produces
STOP signals that slow the axial elongation rate of the eye
below normal while the eye’s optical power continues to move
the focal plane away from the cornea, producing refractive
recovery. Recovery continues until the axial length and the
refractive state of the recovering eye match those of the
control eye and of age-matched normal eyes [30,37].

These changes in the location of the retina are controlled
by the sclera, which is an extracellular matrix (ECM).
In mammals, the sclera is comprised primarily of layers
(lamellae) of fibrillar type I collagen [38], along with many
other components (e.g., proteoglycans, elastin, matricellular
proteins) that are typically associated with fibrous connective
tissue [39]. The retinally generated GO and STOP signals
travel to the sclera through a “direct emmetropization
pathway” that involves a signaling cascade through the RPE
and the choroid that produces biochemical and biomechanical
changes in the sclera. These control the viscoelasticity of the
sclera and in turn the axial elongation rate [40].

To understand how scleral remodeling is accomplished,
we have examined gene expression and protein level changes
in the sclera [41-44]. Recently, we expanded our studies to
examine changes in mRNA levels for 55 candidate genes in
GO conditions. We found that three different stimulus condi-
tions that produce a GO situation (minus-lens wear, form
deprivation, and dark treatment) all produce similar patterns
of gene expression that we described as a scleral GO signa-
ture [45]. In the present study, we compare that GO signature
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with the gene expression for the same 55 genes in STAY and
STOP conditions.

Our objective was to learn, using this enlarged group of
candidate genes examined at adjusted time points, whether
the remodeling that slows axial elongation (STOP) involves
altered expression in the same genes whose expression is
altered in the remodeling that increases axial elongation (GO).
In particular, are there genes that show changes in expression
in a bidirectional manner, such as downregulation in STOP
and upregulation in GO? To compare the early alterations
in gene expression with those occurring later, we examined
groups after 2 and 4 days of recovery to compare with groups
that we had examined after 2 and 4 days of minus-lens wear.
Further, because a recent study found evidence for a STAY
gene expression signature in tree shrew choroid in animals
that had fully compensated for a minus lens but were still
wearing the lens [36], we examined scleral gene expression
in a group that also had compensated fully for the lens after
11 days of treatment.

METHODS

Experimental groups: The methods used in this study were
similar to those employed in previous studies from this
laboratory [36,45]. We used juvenile tree shrews (Tupaia
glis belangeri) that were raised in our breeding colony by
their mothers on a 14 h:10 h light-dark cycle. All procedures
complied with the ARVO Statement for the Use of Animals
in Ophthalmic and Visual Research and were approved by the
Institutional Animal Care and Use Committee of the Univer-
sity of Alabama at Birmingham. The first day both eyes are
open, which occurs about 3 weeks after birth, was considered
to be the first day of visual experience (DVE). Experimental
groups were balanced to include both males and females and
avoided pups from the same parents wherever possible. Right
and left eyes were balanced as treated and control eyes in
each group.

Seven groups of animals (n=7 per group) were used in
this study (Figure 1). The two minus-lens wear groups (ML-2
and ML-4; GO) reported previously [45] wore a monocular
—5 D (spherical power) lens for either 2 or 4 days, starting at
24+1 DVE. The gene expression in these animals is presented
here to allow direct comparison of the STAY and STOP
responses with the GO signature. A third minus-lens wear
group (ML-11; STAY) wore a monocular —5 D lens for 11
days and fully compensated for the lens. At this point the
refractive hyperopia that produced the retinal GO signal had
dissipated and the eyes were emmetropic while wearing the
lens. Two STOP groups began recovery at 35+1 DVE after
11 days of monocular minus-lens wear. They experienced
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Figure 1. Experimental groups
and duration of treatments. The
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when a dental acrylic pedestal

| REC | was installed under anesthesia.

Filled regions indicate the type
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The right end of each bar indicates

| the time point when mRNA levels

were measured. Abbreviations: VE

28N :I Normal VE |
ML-2 [ | [ ML ]
M4 | [ ML |
ML-11 | [ ML
REC2 || [ ML
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Days of visual experience (DVE)

represents visual experience, ML
represents minus lens, REC repre-
sents recovery.

unrestricted vision for 2 (REC-2) or 4 (REC-4) days. In all
ML and REC groups, the untreated fellow eye served as a
control. Two age-matched normal groups were used, one at
28 DVE (28N; reported previously [45]) for comparison with
the ML-2 and ML-4 groups, the other at 38 DVE (38N) for
comparison with the ML-11, REC-2, and REC-4 groups.

In both the GO and STOP conditions, the 2-day treatment
duration was used to examine gene expression soon after
the start of treatment or recovery because a previous study
found that after only 1 day, few changes in gene expression
occurred in the sclera [43]. The 4-day duration was chosen
to examine gene expression when the sclera would be under-
going maximal remodeling in both conditions [40].

Goggle installation: At 21+1 DVE, animals in all groups were
anesthetized (17.5 mg ketamine, 1.2 mg xylazine injected
intramuscularly; supplemented with 0.5-2.0% isoflurane as
needed) in order for a dental acrylic pedestal to be attached
to the skull [46] (Figure 1). After pedestal installation, all
animals were placed in individual cages with standard colony
fluorescent lighting, 100—300 lux on the floor of the cage.
Three days later, in the ML and REC groups, a goggle frame
holding a =5 D lens (12-mm diameter Poly(methyl methac-
rylate) (PMMA) contact lens; Conforma Contact Lenses,
Norfolk, VA) was clipped to the pedestal, firmly holding the
lens in front of the treated eye. The untreated contralateral
control eye had unrestricted vision through an open goggle
frame. Twice daily (approximately 9:30 AM and 4:30 PM),
the goggles were briefly (<3 min) removed for lens cleaning
under dim illumination while the animals were kept in a

darkened nest box to minimize exposure to visual stimuli.
The normal groups did not wear a goggle.

Refractive and axial measures: At the start and end of the
treatments, non-cycloplegic refractive measures were taken in
awake animals with a Nidek ARK-700A infrared autorefractor
(Marco Ophthalmic, Jacksonville, FL) [47]. Measures were
made at intermediate time points in some animals. Normal
animals were measured just before euthanasia. Since atropine
may interfere with retinoscleral signaling, cycloplegic refrac-
tive measures were omitted [48]. However, previous studies
have shown that non-cycloplegic measures provide a valid
estimate of the refractive state and of induced myopia in tree
shrews [49,50]. All refractive values were corrected for the
small eye artifact [S1], previously shown to be approximately
+4 D in tree shrews [47].

Ocular component dimensions were measured by A-scan
ultrasound under anesthesia (15 MHz transducer focused at
20 mm, coupled with 0.9% saline-filled 14 mm Plexiglass
standoff) at the time the pedestal was installed, as previously
described [52], to ensure that experimental eyes did not differ
significantly in axial length before treatment began. Post-
treatment A-scan measures were avoided to eliminate any
possibility that the anesthesia required for the A-scan proce-
dure might alter gene expression. A Lenstar LS-900 optical
biometer (Haag-Streit USA, Mason, OH) was used to make
posttreatment axial component measures in the ML-2 group
only. This instrument was placed into service after the other
groups were completed and allowed measures to be quickly
made in awake animals before euthanasia. Comparison of
A-scan and Lenstar measures of the vitreous chamber in
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animals in this laboratory showed that the axial differences
measured with the Lenstar were similar to those measured
with A-scan ultrasound (data not shown).

Tissue preparation: After completion of the final refractive
measures, approximately 2—4 h into the light phase, animals
were terminally anesthetized (17.5 mg ketamine and 1.2 mg
xylazine, followed by 50 mg xylazine, intramuscular injec-
tion); both eyes were enucleated and placed into RNAlater
solution (Life Technologies, Carlsbad, CA). Extraocular
muscles, conjunctiva, and orbital fat were trimmed from the
exterior surface of the eye, and the cornea was dissected away
just behind the corneoscleral junction. After removing the
lens, vitreous humor, and optic nerve head, both surfaces of
the sclera were gently “scraped” to remove the retina, RPE,
choroid, and any residual extraocular tissue before freezing
the tissue in liquid nitrogen.

Gene expression analysis: Individual frozen scleras were
pulverized to a fine powder in a chilled Teflon freezer mill
(Sartorius Stedim, Bohemia, NY') from which total RNA was
isolated using a RiboPure kit (Life Technologies) according
to the manufacturer’s instructions, with the addition of an
on-filter DNase treatment. The purified RNA was quantified
(NanoDrop Technologies, Wilmington, DE) with an average
yield per sclera of 6.841.6 pg (mean + standard deviation
[SD]). RNA quality was confirmed by denaturing gel electro-
phoresis (RNA FlashGel; Lonza, Rockland, ME). cDNA was
synthesized from 1 pg of total RNA in a final reaction volume
of 20 pul using a Superscript III RT kit (Life Technologies)
with minor modifications (2.5-uM anchored oligo (dT)20
primers and dithiothreitol [DTT] omitted). The resultant
cDNA was diluted fivefold and stored at —20 °C until use.

Tree shrew-specific quantitative PCR (qPCR) primers
were designed for 55 genes of interest (Table 1) and the
reference gene RNA polymerase I (POLR2A) using Beacon
Designer v7.7 (Premier Biosoft International, Palo Alto, CA).
None of the treatment conditions affected the expression of
the reference gene. Primer sequences, amplicon size, and effi-
ciencies are listed in Appendix 1. All primers were designed
to work under the same cycling conditions. All amplicons
were located within the coding region and most spanned at
least one intron; amplicon identity was verified by gel elec-
trophoresis and sequencing.

Because there are no commercial gene arrays for tree
shrews, we examined expression in 55 candidate genes. These
included representatives of three major groupings: signaling,
metallopeptidases and tissue inhibitors of metallopeptidases
(TIMPs), and extracellular matrix (ECM) proteins. They
were selected from genes that were found to change in
previous studies of tree shrew sclera during minus-lens wear
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[43,53,54], along with additional genes whose expression
seemed likely to change based on studies in other species
and by a preliminary whole-transcriptome analysis of three
of the ML-4 animals. While recognizing that this would not
comprehensively identify all involved genes, the sample was
large enough to fulfil the purpose of this study—to compare
the expression of these representative genes in the GO, STAY,
and STOP conditions.

Relative gene expression was measured by qPCR on a
StepOnePlus Real-Time PCR System using Power SYBR
Green PCR Master Mix (both, Life Technologies). Reactions
were performed in triplicate in a 15-pl volume containing
300 nM of each primer and 0.4 pl of cDNA template. Cycling
parameters were the same for all assays: initial denaturation
at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s,
62 °C for 60 s. Single gene-products were obtained for all
reactions as assessed by melt curve analysis. Relative gene
expression was calculated using the “*Ct method [55] to first
normalize the expression level of the target gene to that of the
reference gene and then to compare the relative expression of
the target gene for treated versus control eyes, treated versus
normal eyes (mean of right and left eyes), and right versus
left eyes of normal animals. The geometric group mean (for
the seven biologic replicates) of these expression ratios was
used to calculate the fold change in gene expression for each
of the target genes.

Statistical analysis: One-way analysis of variance (ANOVA)
(STATISTICA; Statsoft, Tulsa, OK) was used to compare
control and normal eye refractive data across groups of
animals; paired ¢ tests were used to determine if significant
myopia (treated eye versus control eye) or recovery had
occurred. For gene expression data, paired ¢ tests were used
to assess treated eye versus control eye differences; unpaired
t tests were used to test for gene expression differences
between all independent groups. In all cases, p<0.05 was
considered significant, and no adjustment was applied for
a possible false discovery rate. Linear regressions between
expression differences were made in SigmaPlot (Systat Soft-
ware, San Jose, CA).

RESULTS

Refraction: As shown in Figure 2A, the refractive differences
between right and left eyes of the two normal groups were
negligible (mean+standard error of the mean [SEM] of the
right-eye refraction — the left-eye refraction: 28N, 0.01+0.2
D; 38N, —0.02+0.2 D). As reported previously [45], the
ML-2 treated eyes (Figure 2B) showed a small, statistically
significant, myopic shift (—1.0+0.2 D) relative to the control
eyes. The myopic shift in the ML-4 group was —2.8+0.3 D.
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The myopia in the ML-11 group was —5.1+0.2 D; measured
with the lens in place, the treated eyes were slightly myopic
(=0.3+0.3 D) compared with their fellow control eyes, and all
treated eyes were within 1 D of the control eyes. Thus, the
lens-induced hyperopia present at the start of lens wear had
dissipated. After fully compensating for the minus lens, the
REC-2 treated eyes became less myopic by 1.3+0.3 D (Figure
2C). The REC-4 group recovered by 2.6+0.4 D. The control
eyes in the ML and REC groups did not differ significantly
from the normal eyes in the 28N and 38N groups (one-way
ANOVA, p=0.17).

Posttreatment ocular component dimensions of the eyes
in the ML-2 group confirmed that the vitreous chamber of
the treated eyes had elongated slightly relative to the control
eyes by 0.016+0.004 mm [45]. Although the axial changes
were not measured in the other groups, the results of previous
studies of tree shrews [40-42,49,56-58] make it reasonable
to assume that the myopic shifts after 4 days and 11 days of
ML were due to an increase in vitreous chamber depth of

© 2014 Molecular Vision

approximately 0.060 to 0.075 mm and that the differences in
the recovery groups were smaller than they had been after
compensation to the minus lens.

Gene expression:

Normal animals—Figure 3 compares gene expression
in the right and left eyes of the two groups of normal animals,
measured at 28 DVE and 38 DVE. Fold differences (listed
in Figure 4) were small without regard to sign (mean+SD,
1.11+0.08 in the 28N group and 1.1240.15 in the 38N group).
Only one of the genes in our sample at 28N, the alpha chain
of type 1 collagen (COLIAI), was slightly, but significantly,
higher in the right eyes (mean+SEM,1.17+0.05, p=0.0208).
None of the genes in the 38N group differed significantly.

GO: 2-day and 4-day minus lens treatment: The fold differ-
ences in gene expression between the treated and control eyes
in the GO groups (ML-2 and ML-4) are shown in Figure
5A,B; expression values are also listed in Figure 4. The

A Normal B4 GO stay ©  stoP
; : 4
28N 38N ML-2 ML-4 : ML-11 With REC-2 REC-4
3 3 - : lens 3
T
- 2 - 8 2 - 2
1 a -
@ 4 =1 =1
3 3 9
c 0 L 0 >0
1 [

o o T'| §
g -1 qqc':-) -1 4 O _q
o © o)
c -2 A c -2 A -2 -
8 O %
g -3 - g -3 % -3
e y— D:
O 4 D .4
m 4 D: 4 _4 .

-5 -5 - 5

-6 -6 -6

Figure 2. Refractive differences. Refractive differences of the (A) normal and (B) minus-lens wear groups. C: Refractive recovery from full
compensation. Values are the mean refractive differencestSEM for the right — left eyes of the normal groups, and treated — control eyes for
the ML and REC groups. The with-lens values in (B) show the treated eye — control eye difference while the —5 D lens was in place. Treated
eyes in all groups were significantly myopic relative to their fellow control eyes. The upward bars in (C) indicate the amount of recovery

(decrease in myopia) between the start and end of recovery.
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Figure 3. Gene expression differences. Comparison of gene expression fold differences in normal eyes (right versus left). A: 28 days of
visual experience (DVE) normal group. B: 38 DVE normal group. Filled bars represent statistically significant differences between the
right and left eyes (p<0.05). A positive bar indicates that expression was higher in the right eyes. Error bars=SEM. The data in panel (A)

are reproduced with permission from [45].

variability in expression across animals within each group
was low, as evidenced by the small SEM values. The GO
patterns were reported previously as part of a larger study
[45] and are presented here to allow comparison with the
STAY and STOP expression patterns. Most but not all of the
sampled genes were downregulated in the treated eyes rela-
tive to the control eyes.

It is evident in Figure 5A,B that the gene expression
pattern of the ML-2 group was similar to the pattern of the
ML-4 group [45]. The correlation between the fold differ-
ences in the ML-2 group versus those in the ML-4 group was
high (r*=0.76, p<0.001) with no outliers, suggesting that there
was a consistent GO signature. The slope of the correlation
(0.88) indicated that the signature was stronger after 4 days.

STAY: 11-day minus lens treatment: Figure 5C shows the
fold differences in gene expression between the treated and
control eyes in the STAY (ML-11) group; expression values
are also listed in Figure 4. Three genes showed significant
downregulation (PENK, TGFBI, and ACAN). Comparing the
patterns in Figure 5B and Figure 5C, the (nonsignificant) fold

differences for most of the genes in the ML-11 group were
similar to those of the ML-4 group, except they were smaller
and not statistically significant in this group of seven animals.
This similarity is shown in Figure 6, which compares the
ML-4 group GO pattern (Figure 5B) with that of the STAY
(ML-11) group (Figure 5C). The correlation between the two
(r’=0.46) was statistically significant (p<0.001). The low
slope (0.27) reflected the finding that the magnitude of the
fold differences was smaller in the STAY group.

STOP: 2-day and 4-day recovery: As shown in Figure 5D,E,
the gene expression patterns of both the REC-2 and REC-4
groups were very different from those of the GO and STAY
groups and similar to each other. Few genes were downregu-
lated (two in the REC-2 group, three in the REC-4 group) and
many were upregulated (REC-2, 12; REC-4, 17). The down-
regulated genes included members of the signaling group (cell
surface receptors and secreted signal proteins) and the extra-
cellular matrix group (proteoglycans). The upregulated genes
included ones for signaling molecules (cell surface receptors,
cytoskeletal-related proteins, secreted signal proteins, and
matricellular proteins), TIMPs, collagens, and proteoglycans.
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Normals GO STAY STOP
28N 38N ML-2 ML-4 ML-11 REC-2 RECH4
Signaling — Cell surface
ACVRLI -1.96 1.81 1.83
FGFR2
NPR3 -7.66 -5.71 3.42 4.50
SDC2 -1.26
TGFBR3 -1.79
TRPV4 -1.44 1.47 1.37
UNCSB -1.79 1.58 1.51
EFNAI
Signaling — Cytoskeleton related
ANXAL -1.53 -1.70
ANXA2 -1.94 -2.09 1.20
CAPN2 -1.36
CAPNSI -1.26 -1.46 1.28 1.18
GJA1
ACTA2
NGEF -4.71 -3.95 2.64 1.91
Signaling — Transcription regulators
HIFIA -1.56 -1.43
RARB -1.49
RXRB
VDR
Signaling — Secreted
ANGPTL7
IGF1 -1.29
IGF2
IL18 -2.59 -3.06 2.03
PENK -1.74 -3.67 -3.24 -2.05
TGFB1 -1.18 -1.39 -1.16 1.22 1.23
TGFB2 -2.41 -1.87
TGFBI 1.59
Signaling — Matricellular
CTGF -3.54 -3.02 2.76 2.45
CYR61 -2.96 -3.34
FBLN1 1.69
NOV -1.81 -1.93 1.58 1.48
SPARC -1.43
SPP1 -1.52 -1.58
THBSI -2.90 -2.67
THBS2
TNC -2.13
WISP1 1.25 1.40
MPs / TIMPs
ADAMTS5
MMP2
MMP14 2.11
TIMP1 -1.26 -1.54 1.20 1.23
TIMP2
TIMP3 -2.63 -3.33 1.75
Extracellular matrix — Collagens
COLIALI 1.17 -1.15 -1.40 1.48
COLI2A1 -2.26 -1.98
COLI14A1
Extracellular matrix — Proteoglycans
ACAN -2.08 -2.53 -1.42 1.70
DCN -1.53
FMOD -1.73
KERA -1.59
NYX -1.36 -1.36 -1.29
OGN -2.00 -3.05
PRELP
Extracellular matrix — Other
HS6ST1 -1.72 -1.77 1.96 2.36
SERPINH1 -1.75 -1.69

© 2014 Molecular Vision

Figure 4. Numerical gene expres-
sion differences. Gene expression
differences comparing right vs.
left eyes (Normals) or treated vs.
control eyes (ML and REC). Red
text indicates significant down-
regulation, blue text indicates
significant up-regulation and grey
text indicates that the expression
difference was not statistically
significant (t-test, alpha = 0.05).
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é%g%%ig% g%%%%%g §§§§ Eggi%g%% gg%é%g%%g% é%é%g% §§§ gééggé% é% reproduced with permission from
gr=?6r5u 235z < % FEE O0L GURE 2 é sFFF 8§§ o %% [45] and are presented here for

comparison.

The similar recovery patterns seen in Figure 5D (REC-2)
and Figure 5E (REC-4) are compared in Figure 7. The gene
expression patterns were highly correlated (1=0.76, p<0.001).
The fold differences for all genes in both groups were in the
same direction but differed in that fewer of the differences in
the REC-2 group were statistically significant. mnRNA levels
of 13 genes were significantly different in both the REC-2
and REC-4 groups (Figure 8), and an additional seven genes
were significant only in REC-4. One gene (PENK) was
significantly affected in the REC-2 group but not the REC-4

group. The slope of the correlation (0.80) suggested that the
overall magnitude of the fold differences in the REC-4 group
was somewhat greater than in the REC-2 group.

Comparison of the GO and STOP patterns: An aim of this
study was to learn how the STOP gene expression pattern
differed from the GO pattern. The two GO groups and the two
STOP groups are compared in Figure 9A, which compares the
REC-2 pattern (Figure 5D) with the ML-2 pattern (Figure
5A); Figure 9B compares the REC-4 pattern (Figure SE) with
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GO vs. STAY

W
I

% Both significant
A ML-4 significant
O Not significant

N

r2 = 0.46
p <0.001
slope = 0.27

Figure 6. Gene expression differ-
ences. Comparison of the gene
expression differences (treated eye
versus control eye) in Figure 5C
(ML-11) with the differences in
Figure 5B (ML-4). The patterns
of differential expression in both
conditions were similar. Stars

ML-11 fold difference (T vs. C)

—7 T T T T
-f 6 -5 4 -3

-2
ML-4 fold difference (T vs. C)

represent significant fold differ-
1 2 3 ences for both ML-11 and ML-4;
triangles represent significant fold
differences only for ML-4; circles
show fold differences not signifi-
cant in either treatment.

the ML-4 pattern (Figure 5B). As expected from Figure 5, the
GO and STOP patterns differed from each other and differed
in a similar way at both time points. The correlation between
GO and STOP in each case was highly significant (2-day,
p<0.001, 1’=0.62; 4-day, p<0.001, r*=0.57) with a negative
slope (—0.40 and —0.46, respectively), indicating that the
STOP pattern was, in general, opposite to the GO pattern
and that the overall fold-difference magnitude was lower in
STOP than in GO.

At both time points, there were genes (indicated by stars)
that showed significant expression differences in both GO
and STOP. All were downregulated in GO and all but two
(PENK and NYX) were significantly upregulated in STOP,
indicating that they were bidirectionally regulated. Eleven
genes were bidirectionally regulated after 2 days, and 13

genes were bidirectionally regulated after 4 days; eight of
these (NPR3, CAPNSI, NGEF, TGFBI, CTGF, NOV, TIMPI,
and HS6STI) showed bidirectional regulation at both time
points (Figure 8). Additional genes at both time points
(triangles) showed significant expression differences in GO
but not in STOP. All were downregulated after 2 days, and
all but three were downregulated after 4 days. Expression
of other genes (squares) was not significantly altered during
GO but showed significant expression differences in STOP.
There were two such genes in the 2-day GO versus STOP
comparison and six in the 4-day comparison. TGFBI, FBLNI,
and MMPI4 showed significant upregulation in the ML-4
group but not in the ML-2 group. PENK was downregulated
significantly in both GO groups, in the STAY group, and in
the REC-2 group but was not differentially regulated in the
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STOP: 4 days vs. 2 days
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REC-2 fold difference (T vs. C)

Both significant
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REC-2 significant
Not significant
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REC-4 fold difference (T vs. C)
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Figure 7. Gene expression differ-
ences. Comparison of the gene
expression differences (treated eye
[T] versus control eye [C]) in Figure
5E (REC-4) with the differences in
Figure 5D (REC-2). The amount
of differential expression in both
conditions was similar. Stars repre-
sent significant fold differences for
both REC-4 and REC-2; triangles
represent significant fold differ-
ences only for REC-4; squares
represent significant fold differ-
ences only for REC-2; circles show
fold differences not significant in
either treatment.

Signaling MPs / TIMPs ECM
Celisurjoee Cyiosieleion ™ Transcrigion Secreted Matricellular Collagens  Proteoglycans Other
receptors related regulators
GO (ML) NPR3 ANXA1 HIF1A IL18 CTGF TIMPI COL1Al ACAN HS6ST1
ANXA2 PENK CYR61 TIMP3 COLI12A1 OGN SERPINHI
CAPNSI TGFBI NOV
NGEF TGFB2 SPP1
I'HBS1
STOP (REC) ACVRLI CAPNSI TGFBI CTGF TIMPI NYX HS6STI
NPR3 NGEF NOV
TRPV4 WISP1
UNC3B

Figure 8. Genes showing significant regulation at both time-points in GO and STOP. Red text indicates significant down-regulation, blue
text indicates significant up-regulation, bold italic font indicates bi-directional regulation.
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Figure 9. Comparison of treated
versus control eye gene expres-
sion differences in Figure 5. Panel
A compares the REC-2 pattern
(Figure 5D) with the ML-2 pattern
(Figure 5A); panel B compares the
REC-4 pattern (Figure 5E) with
the ML-4 pattern (Figure 5B). As
expected from Figure 5, the GO and
STOP patterns differed from each
other and differed in a similar way

4 days

r2=0.57
p < 0.001
slope =-0.46

at both time points. Stars represent
significant fold differences for both
treatments; triangles represent
significant fold differences only for
ML,; squares represent significant

6 5 4 3 21 2 3 4 5
ML-2 fold difference (T vs. C)

6 5 4 3 2 1 2 3 4 5
ML-4 fold difference (T vs. C)

fold differences only for REC,
represent fold differences not
significant for either treatment.

REC-4 group. Significant downregulation of 7TGFBR3 and
IGFI occurred in the REC-4 group but not in any other group.
NYX was significantly downregulated after 4 days of GO and
remained downregulated in both STOP groups.

Comparison with normal eyes: As in previous studies of gene
expression differences during minus-lens wear and recovery,
genes in the control eyes of the treated groups showed
significant expression differences from the normal eyes
even though, refractively, they did not differ from normal
eyes. This raised the question of how the treated eye gene
expression values compare with normal eye values—is the
differential gene expression due mostly to a change in the
treated eyes? This comparison in the two GO groups (ML-2
and ML-4) with the 28N group was reported in our previous
paper [45] where we showed that the treated versus normal
pattern in GO was very similar to the treated eye versus
control eye pattern. When the GO versus STOP patterns at 2
days and 4 days were re-plotted using treated eye expression
values compared with normal eye values (data not shown), a
pattern similar to that shown in Figure 9 was found. Most of
the genes whose expression was significantly downregulated
relative to the control eyes in the GO condition at 2 and 4 days
were also downregulated when compared with the normal
eyes; during both STOP conditions, most were upregulated.

DISCUSSION

The STOP signature: Differential gene expression patterns,
in which the treated eyes differ from the control eyes, are
of interest because it is the treated eyes that increase their
creep rate and axial elongation rate during lens compensation

and decrease them during recovery, whereas they remain
relatively normal in the control eyes [30,40]. The purpose
of the present study was to investigate if there is a scleral
fibroblast mRNA expression STOP signature for the same
55 genes examined during GO [45] and if so, to compare it
with the GO signature. The sampled genes clearly show that
after two days of recovery from lens-induced myopia, a time
point when refractive recovery has begun (Figure 2), a STOP
response pattern has developed that is similar to the response
pattern found after 4 days when refractive recovery is well
underway.

As shown in Figure 5 and Figure 7, the gene expression
patterns in the two STOP (REC-2 and REC-4) groups were
similar in terms of which genes were affected as well as the
direction and relative magnitude of each gene’s response.
The regulation of mRNA expression was selective; there
was a consistent group of genes whose expression was
not significantly affected at either time point. The gene
expression pattern appeared to become stronger over time.
We previously found that there was little differential gene
expression after 1 day of recovery [43]. After 2 days, 14 genes
were differentially expressed, of which 12 were upregulated.
After 4 days, all but one of the same genes were differentially
expressed in the same direction and seven additional genes
were differentially regulated, five of them upregulated. The
expression differences for these additional genes were in the
same direction after 4 days as they had been after 2 days but
did not reach statistical significance at the earlier time point.
This pattern of mRNA expression differences, and absence
of expression differences, between the treated and control
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eyes may be considered to be a STOP signature for the 55
genes that we examined. It appears that scleral fibroblast gene
expression and its timing are controlled with some precision
when the emmetropization mechanism calls for a slowing of
the axial elongation rate.

The general pattern of mRNA upregulation is consistent
with prior reports that, during recovery from induced myopia,
the viscoelasticity of the sclera, measured as the creep rate,
rapidly decreases. There is a small gain in scleral ECM, and
many protein levels return to normal, as does hyaluronan
[42,44,59,60]. Those of the genes that had been examined in
previous studies of tree shrew sclera generally responded in
this study as previously reported [41,43,53].

STOP versus GO gene expression signatures: The presence
of both GO and STOP gene expression signatures for the
55 candidate genes used in this study allows us to compare
the two to learn if gene expression in STOP is the opposite
(inverse) of that in GO. Although the general pattern in GO
was for downregulation of most of the genes examined and
the general pattern in STOP was for upregulation, the STOP
signature was not an exact inverse of the GO signature. This
is reasonable; the scleral remodeling needed to reduce the
creep rate and slow axial elongation during recovery need
not be the opposite of that required to increase the creep rate
during myopia development. As summarized with bold italic
font in Figure 8 there was a subset of sampled genes whose
expression in STOP (after both 2 and 4 days) was the opposite
of their expression in GO—they were bidirectionally regu-
lated. However, there were additional genes whose mRNA
expression was affected only in GO and still others whose
expression was affected only in STOP. Thus, there is a “core”
of bidirectionally regulated genes along with many additional
genes whose expression is altered in only GO or STOP but
not both and others in our sample not significantly altered in
either condition.

It is clear from examination of Figure 4 , Figure 5, and
Figure 8 that genes belonging to many functional categories
are included in the GO and/or STOP signatures. The three
main categories in our sample were genes whose protein prod-
ucts are involved in signaling, metallopeptidases and tissue
inhibitors of metallopeptidases, and the ECM. The signaling
category was subdivided into genes whose protein products
serve as cell surface receptors, are related to cytoskeleton and
cell-cell contacts, nuclear transcription regulators, secreted
signaling proteins, and matricellular proteins. The ECM
category was subdivided into collagens, proteoglycans, and
other proteins. As shown in Figure 8, genes whose mRNA
levels were differentially affected during GO or STOP
included representatives from all of these nine categories.

© 2014 Molecular Vision

Examples from all categories, except transcriptional regula-
tion, showed differential expression in both STOP and GO.
The eight bidirectionally regulated genes at both time points
in GO and STOP were distributed across six of the categories.
It is not known if the bidirectionally regulated genes are more
important in producing the scleral remodeling that controls
axial elongation than are genes that were affected only in GO
or STOP, but they are naturally of interest because the effect
on axial elongation, and on scleral viscoelasticity is opposite.

The 55 genes examined in this study presumably are a
subset of a much larger group of genes that show differen-
tial expression in GO and STOP conditions. A preliminary
whole-transcriptome (RNA-Seq) analysis of treated and
control eyes from three of the ML-4 animals and three of the
REC-4 animals suggested that perhaps almost 500 genes in
ML and 400 in REC (from the nearly 15,000 genes found to
be expressed in tree shrew sclera) may be up- or downregu-
lated by at least 1.20-fold (data not shown). Thus, our sampled
genes were not intended to represent the whole expression
profile of GO and STAY conditions. The 55 candidate genes
were selected to enable us to learn if the expression differ-
ences are different during GO and STOP and to provide strong
evidence that alterations in the expression of many genes with
a wide range of functions are involved. The sclera clearly
is a tissue in which complex biologic processes interact;
examining these changes in intact eyes in their “native” state
allows us to learn more about these interactions. The GO
and STAY signatures may resemble an orchestra playing a
concerto. At different points in the score, some instruments
play loudly, others play softly, and still others remain silent.
The interaction of the notes produced by the individual
instruments produces the unique orchestral sound. Although
this study did not examine the protein products of these genes
or whether their protein levels are altered, these genes reflect
altered fibroblast responses to the emmetropization-related
signals from the choroid that are involved in regulating axial
elongation of the sclera.

A STAY signature: As noted in Figure 2, after 11 days of
minus-lens wear, the refractive hyperopia initially produced
by the lens at the start of lens wear had dissipated; the refrac-
tions of the treated eyes, while wearing the —5 D lens were
similar to the refractions of the control eyes. Yet, from studies
in other groups of tree shrews, we assume that the axial
length of the treated eyes continued to be elongated, keeping
the retina located at the shifted focal plane [30,40,42]. That
something (the STAY signal) actively maintained the with-
the-lens emmetropia is demonstrated by the rapid recovery
that developed soon after minus-lens wear is stopped. If
the GO condition is one of an accelerated axial elongation
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rate and STOP one where the elongation rate decelerated,
then STAY is a condition of maintained axial elongation
rate. A STAY signal would be analogous to the pressure on
the accelerator pedal of a car needed to maintain highway
speed. Clear evidence for a STAY signature in the choroid
was found in a previous study of mRNA expression from this
laboratory [36]. This led us to examine the gene expression
pattern in the ML-11 group to learn if there was evidence for
a STAY signature in the responses of the scleral fibroblasts.
Although our prior study that examined fewer genes did not
find significant regulation of gene expression after 11 days
of minus lens wear [43], our expanded sample of genes found
three (PENK, TGFBI, and ACAN) that showed statistically
significant differential expression in the ML-11 group. These
three also showed significant differential regulation in the
same direction (downregulation) in both the ML-2 and ML-4
groups. Significant expression of these few genes would not
seem to constitute a “signature”. However, when comparing
the differential expression of all 55 genes at ML-11 and ML-4
(Figure 6), we noted that there were also small differences
in the expression of numerous other genes that were signifi-
cantly affected in ML-4 but whose expression did not reach
statistical significance at ML-11. These nonsignificant fold
differences included 29 genes regulated in the same direction
(26 downregulated) as they were at ML-4 when the differ-
ences were statistically significant. Only two genes did not
follow this pattern. Whether or not to give weight to these
consistent but nonsignificant differences is an issue of interest
considering the relatively low statistical power that can be
achieved with groups of seven animals. We suggest here that
there may be evidence of a STAY signature in the sclera. If so,
it appears to be weaker than the choroidal STAY signature.

Summary: This study examined differential mRNA expres-
sion by mammalian scleral fibroblasts during refractive
recovery from lens-induced myopia, a STOP condition, and
compared it with expression of the same genes during minus-
lens wear, a GO condition, and after the completion of minus-
lens compensation, a STAY condition. Based on this sample
of 55 genes, we found that the scleral fibroblasts respond
with distinctly different mRNA expression signatures to the
different emmetropization conditions. The signature for this
sample of genes is mostly, but not entirely, upregulation in the
STOP condition in contrast with the mostly downregulation
in the GO and STAY conditions. In both GO and STOP, the
4-day time points showed stronger alterations in gene expres-
sion level and a greater number of significantly affected genes
than the 2-day treatment. This corresponds to the times at
which the eye’s refractions are also changing most rapidly.
We also found evidence in sclera for the presence of a STAY
response in eyes that had completed compensation for a

© 2014 Molecular Vision

minus lens. The STAY signature appeared as a weakened
form of the GO signature, and both were very distinct from
the STOP signature. The many genes in our sample whose
expression is altered suggest that the emmetropization-related
responses in sclera are complex and unlikely to depend on the
regulation of a single gene or even a small number of genes

APPENDIX 1. PRIMERS USED: SEQUENCES,
AMPLICON SIZES, AND EFFICIENCIES.

To access the data, click or select the words “Appendix 1.”
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