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Abstract

We aimed to compare anterior lens capsule microRNA (miRNA) expression across the
primary angle-closure disease (PACD) spectrum and a control group, and to examine
associations between differentially expressed miRNAs and anterior segment biometric
parameters. In this cross-sectional study, anterior lens capsule specimens were collected
during cataract surgery from 27 eyes (seven controls, nine primary angle-closure suspect
(PACS) eyes, six primary angle-closure (PAC) eyes, and five primary angle-closure glau-
coma (PACG) eyes). The expression of 84 miRNAs was profiled, and the ACt values were
compared across groups and correlated with anterior segment biometric parameters. Exper-
imentally validated target genes of significant miRNAs were retrieved from miRTargetLink
2.0. miR-188-5p was the only miRNA that differed significantly between control and PACD
eyes (control 11.27 + 2.29 vs. PACD 8.21 + 2.09; p = 0.003), with higher expression in PACS
(p = 0.022) and PAC (p = 0.006). Higher miR-188-5p expression correlated with greater
LV (r = —0.64, p = 0.033), narrower AOD500 (r = 0.50, p = 0.015), and shorter AXL (r =
0.41, p = 0.032). miR-146b-5p and miR-335-5p showed subgroup-specific differences and
correlated with LV and AXL/AODS500, respectively, though these findings were exploratory.
However, these findings did not remain significant after correction for multiple testing.
Network analysis identified four experimentally validated targets of miR-188-5p (GREM2,
ITGA7, CEMIP, FGF5) relevant to extracellular matrix turnover, hypoxia and inflammation.
miR-188-5p was upregulated in the anterior lens capsule across the PACD spectrum and
was associated with biometric hallmarks of a crowded anterior segment, suggesting its
potential as a diagnostic or therapeutic candidate for PACD, pending validation in larger,
functional studies.

Keywords: primary angle closure disease; microRNA; anterior lens capsule; anterior seg-
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1. Introduction

Primary angle-closure disease (PACD) is a spectrum in which appositional or synechial
iridotrabecular contact obstructs aqueous outflow, raising intraocular pressure (IOP) and
threatening the optic nerve. Following the International Society of Geographical and
Epidemiological Ophthalmology (ISGEO) scheme, it is staged as primary angle-closure
suspect (PACS; >180° of iridotrabecular contact with normal IOP and a healthy disc),
primary angle closure (PAC; contact with raised IOP or peripheral anterior synechiae), and
primary angle-closure glaucoma (PACG; with glaucomatous optic neuropathy) [1]. PACGis
a leading cause of irreversible blindness and is concentrated in Asian populations [2,3]. The
disease spectrum is of particular interest because it often progresses to bilateral blindness
and is frequently detected late [4].

Its anatomical basis is well described: affected eyes show a crowded anterior segment,
with a shallow anterior chamber, short axial length, and a thicker, more anteriorly positioned
crystalline lens, and so on [5]. Yet, these biometric descriptions do not explain the molecular
processes that operate within the lens and its surrounding tissues. Accumulating evidence
suggests that the crowded anterior segment is also a site of inflammation and oxidative
stress [6,7]. Previously, the aqueous humor of angle-closure eyes was reported to show
elevated chemokines (CXCL8, CXCL9) in chronic PACG and pro-inflammatory cytokines
(IL-6, IL-12, IL-15, IL-27, TNF-«) in acute attacks, together with higher VEGF, MCP-1, MMP-
2 and TIMP-1 [7-10]. Aqueous TGF-B2 was also reported to be elevated with sustained
IOP elevation [11]. Molecular markers, such as COL1A1, VEGEF-B, VEGF-C and VEGFR2,
were also differentially expressed in iris tissues of PACG eyes compared to those of POAG
eyes [12]. Since the lens epithelium is also constantly exposed to this aqueous humor and
vulnerable to oxidative damage, its fibrotic or inflammatory behavior may, therefore, serve
as a window into that of the adjacent anterior segment [8].

The anterior lens capsule is removed during cataract surgery, and is a quite read-
ily accessible tissue lined by lens epithelial cells (LECs). MicroRNAs (miRNAs)—small
non-coding RNAs that post-transcriptionally regulate proliferation, extracellular matrix
remodeling, epithelial-mesenchymal transition (EMT), and stress responses—are stable in
ocular tissues and have emerged as candidate biomarkers of many eye diseases. miRNA
expressions in the aqueous humor and lens capsules of glaucoma patients have been re-
ported, and let-7 family members were suggested to regulate TGF-p2/Smad-driven fibrosis
and EMT of LECs [13-15]. However, miRNAs in lens capsules have not been compared
across the PACD spectrum, nor linked to the biometric features that characterize it.

Therefore, we compared anterior lens capsule miRNA expression patterns across the
PACD spectrum (PACS, PAC and PACG) and a control group, and examined how differ-
entially expressed miRNAs were associated with anterior segment biometric parameters.
Candidate miRNAs were interpreted in light of their known biology to generate hypotheses
about the pathophysiological and structural processes that may underlie PACD.

2. Results
2.1. Baseline Characteristics of the Study Group

A total of 27 eyes were analyzed: seven control eyes, nine with PACS, six with PAC, and
five with PACG (Table 1). The four groups did not differ significantly in sex, age, cataract
grade, spherical equivalent and CCT (all p > 0.05). However, AXL differed significantly
among the four groups (p = 0.040), being shortest in the PACS group (21.96 £ 0.81 mm)
and longest in controls (23.62 £ 1.15 mm).
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Table 1. Baseline characteristics of the study groups.
Characteristic Control PACS PAC PACG .
(n="7) (n=9) (1= 6) (n = 5)

Sex, male, n (%) 4 (57.1) 1(11.1) 2 (33.3) 0 (0.0) 0.090
Age, years 71.7 £ 8.2 71.2+77 68.2 + 3.8 76.8 £ 5.8 0.251
Cataract grade 3.29 £ 1.50 1.78 £ 1.79 1.67 £1.97 2.50 +2.29 0.352
Spherical equivalent (D) 0.64 + 0.57 1.36 +£ 2.70 013+ 041 0.85 £ 1.65 0.613
AXL (mm) 23.62 +1.15 21.96 + 0.81 2248 +1.12 23.08 + 0.57 0.040 *
CCT (um) 537.3 £ 34.5 541.1 £21.8 554.2 + 289 509.2 + 33.5 0.177

Data are presented as mean + SD for continuous variables or n (%) for continuous variables.
* Significant at p < 0.05. PACS, primary angle-closure suspect; PAC, primary angle closure; PACG,
primary angle-closure glaucoma; D, diopters; AXL, axial length; CCT, central corneal thickness.

2.2. Differential miRNA Expression Across Primary Angle-Closure Disease

Of the 84 miRNAs analyzed, only miR-188-5p differed significantly between controls
and the PACD group (control 11.27 £ 2.29 vs. PACD 8.21 + 2.09; p = 0.003), with a lower
ACt (i.e., higher expression) in the PACD group. (Table 2) On post hoc pairwise testing,
miR-188-5p expression was significantly higher in PACS (p = 0.022) and PAC (p = 0.006)
than in controls, while a similar but non-significant trend was observed in PACG (p =
0.116).

In addition, five miRNAs—Ilet-7b-5p, miR-146b-5p, miR-215-5p, miR-335-5p, and miR-
504-5p—showed a significant difference in at least one pairwise subgroup comparison
without reaching significance in the control-versus-PACD comparison. miR-146b-5p differed
between control and PACS eyes, whereas miR-335-5p differed between PACS and PACG
eyes. However, these pairwise findings were not supported by significant overall four-group
or control-versus-PACD comparisons and should, therefore, be interpreted as exploratory
findings requiring validation in larger cohorts. The full 84-miRNA dataset is provided in
Supplementary Table S1.

Because miR-188-5p was the only miRNA differing significantly both across the four
groups and between the control and PACD groups, it was included for further analysis.
Additionally, miR-335-5p and 146b-5p were also retained together with miR-188-5p for the
subsequent correlation analysis, because they showed significant differences in sub-group
comparisons (PACS vs. PACG, and control vs. PACS, respectively). Because differences
limited to certain disease stages may not appear when all PACD eyes are combined, these
two miRNAs were also included in the correlation analysis as exploratory candidates.
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Table 2. Differential expression (ACt) of selected miRNAs between control and PAC spectrum groups (PACS, PAC, PACG), and inter-group comparisons.

miRNA Control PACS PAC PACG PACD Among Groups Groups Groups Groups Groups Groups Groups
(Group 1) (Group 2) (Group 3) (Group 4) (Group 2-4)  Groups 1vs.2~4 1vs.2 1vs. 3 1vs. 4 2vs. 3 2vs. 4 3vs. 4
let-7b-5p -034+129 -144+071 -134+048 -087%+052 —-127%0.62 0.074 0.109 0.046 * 0.093 0.412 0.770 0.141 0.149
miR-146b-5p 6.91 + 1.88 5.03 £ 1.03 5.59 £ 0.97 5.88 = 0.85 541 £0.99 0.056 0.083 0.023 * 0.150 0.285 0.317 0.145 0.608
miR-188-5p 11.27 +2.29 8.34 £2.23 744 +1.63 891 +2.42 8.21 +£2.09 0.022 * 0.003 * 0.022 * 0.006 * 0.116 0.414 0.664 0.259
miR-215-5p 572 +£2.43 4.51 £1.00 5.49 + 0.54 540 +1.27 5.03 £ 1.04 0.397 0.487 0.251 0.816 0.791 0.048 * 0.174 0.868
miR-335-5p 715+ 3.16 442 +1.06 5.55 £ 1.09 6.03 £1.48 516 £1.32 0.065 0.151 0.064 0.245 0.478 0.068 0.036 * 0.555
miR-504-5p 7.36 £ 1.73 6.12 £ 1.15 8.22 +£2.02 7.12 £0.99 7.00 £ 1.64 0.091 0.626 0.107 0.423 0.787 0.023 * 0.129 0.296

Data are presented as mean + SD of ACt; a lower ACt indicates higher miRNA expression. * Significant at p < 0.05. PACS, primary angle-closure suspect; PAC,
primary angle closure; PACG, primary angle-closure glaucoma; PACD, primary angle-closure disease.
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2.3. Correlation Between miRNA Expression and Anterior Segment Biometry

Correlations between the three miRNAs and anterior segment biometric parameters
are shown in Table 3. miR-188-5p ACt correlated positively with axial length (r = 0.41,
p = 0.032) and AOD500 (r = 0.50, p = 0.015), and negatively with lens vault (r = —0.64,
p = 0.033). miR-335-5p ACt correlated positively with axial length (r = 0.52, p = 0.005)
and AOD500 (r = 0.43, p = 0.042). miR-146b-5p ACt correlated negatively with lens vault
(r =—-0.75, p = 0.008). No significant correlations were observed between any of the three
miRNAs and maximum IOP, CCT, ACD, or lens thickness. After FDR correction, none of
these correlations remained significant.

Table 3. Correlation between miRNA expression (ACt) and anterior segment parameters.

Parameter miR-146b-5p miR-188-5p miR-335-5p
max IOP 0.12 (0.561/0.678) —0.22 (0.274/0.508) 0.14 (0.493/0.678)
AXL 0.10 (0.613/0.678) 0.41 (0.032/0.139) *  0.52 (0.005/0.084) *
CCT —0.26 (0.190/0.443) —0.08 (0.705/0.725)  —0.29 (0.140/0.368)
ACD 0.34 (0.085/0.255) 0.23 (0.251/0.508) 0.07 (0.725/0.725)
AOD500 0.11 (0.602/0.678) 0.50 (0.015/0.105) *  0.43 (0.042/0.147) *
Lens thickness —0.16 (0.414/0.621) —0.17 (0.395/0.621)  —0.12 (0.550/0.678)
lens vault —0.75 (0.008/0.084) * —0.64 (0.033/0.139) *  —0.35 (0.290/0.508)

Data are presented as Spearman correlation coefficient r (raw p-value/Benjamin—-Hochberg FDR-
adjusted p-value). ACt is inversely related to expression, so the sign of r is opposite to that for
expression level. * Significant at p < 0.05. IOP, intraocular pressure; AXL, axial length; CCT, central
corneal thickness; ACD, anterior chamber depth; AOD500, angle opening distance at 500 um.

Because ACt is inversely related to expression, these findings indicate that higher
expression of miR-188-5p was associated with a shorter axial length and lower AOD500
(i-e., narrower angle), as well as with greater lens vault. Lower expression of miR-335-5p
was associated with a longer axial length and wider AOD500 (i.e., a more open angle). In
contrast, higher expression of miR-146b-5p was associated with a greater lens vault.

2.4. Differential Expression of miRNA Between Acute Angle-Closure Attack and No Attack Within
PACD Group

A total of 20 PACD eyes were analyzed, of which 10 eyes had a history of acute attack
and 10 eyes did not. No miRNA showed a statistically significant difference in expression
between the attack versus non-attack groups (all p > 0.05) (Supplementary Table S2).

2.5. Target Gene Network of miR-188-5p

Experimentally validated target genes of hsa-miR-188-5p—the miRNA that differed
significantly across the PACD spectrum—were retrieved from miRTargetLink 2.0, yielding
111 target genes (Figure 1). Of these, four were classified as strongly validated interactions:
GREM2, ITGA7, CEMIP, and FGF5. These four targets encode, respectively, a gremlin-
family bone morphogenetic protein antagonist (GREM?2), the «7B1 laminin-binding integrin
(ITGA7), a hyaluronan-degrading enzyme (CEMIP; also known as KIAA1199/HYBID),
and a fibroblast growth factor family ligand (FGF5).
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Figure 1. Target gene network of has-miR-188-5p. The 111 experimentally validated target genes were
retrieved from miRTargetLink 2.0 using strong-evidence interactions only. 4 strongly validated target
genes discussed in the text are highlighted: CEMIP, GREM2, ITGA7 and FGF5.

3. Discussion

Among the 84 miRNAs studied, miR-188-5p was the only one that differed significantly
between the control and PACD groups (p = 0.003), and was consistently upregulated in
PACD compared to the control group. On post hoc pairwise testing, this upregulation
reached significance for controls versus PACS (p = 0.022) and controls versus PAC (p =
0.006), with a concordant but non-significant trend for PACG (p = 0.116), most plausibly
reflecting the small PACG subgroup (n = 5). Interestingly, the miRNA showed correlations
with biometric hallmarks of the crowded anterior segment: higher expression of miR-188-
5p was associated with a greater lens vault (r = —0.64 for ACt, p = 0.033), a narrower
angle (AOD500; r = 0.50, p = 0.015) and a shorter axial length (r = 0.41, p = 0.032),
recalling that a lower ACt denotes higher expression [5,16]. These associations suggest
that miR-188-5p expression is related to anatomical features of PACD; however, because
of the cross-sectional design and small sample size, the overexpressed miR-188-5p and its
hypothetical associations with PACD should be regarded as speculative.

One proposed mechanism of PACD is that the crystalline lens becomes bulky and
anteriorly positioned via age-related growth of lens fibers and, together with age-related
zonular laxity, forward vaulting that shallows the anterior chamber [17]. In its pathogenesis,
genome-wide studies have implicated contributions of ECM-related genes such as COL11A1
(collagen X1) and apical cell-junction genes such as PLEKHA7 as the most likely candidate
susceptibility genes for PACG [18]. The study also reported that these genes were expressed
in tissues that form the iridocorneal angle, including the iris, the zonule that suspends the
lens, and the elastic fiber network of the trabecular meshwork (TM) [18]. In this context,
miR-188-5p may be of interest because its principal reported role is to slow the breakdown
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of ECM and push cells toward growth and fibrosis. Previously, it was reported to directly
repress matrix-degrading enzymes such as MMP-2 and MMP-13, so when miR-188-5p is
highly expressed, ECM is cleared slower and accumulates in the tissue [19,20]. In hepatic
stellate cells, it was also reported to restrain matrix breakdown while promoting fibroblast
activation [19,21]. Our pathway analysis of miR-188-5p also corroborates these prior studies.

Network analysis identified four strongly experimentally validated targets of miR-188-
5p—GREM2, ITGA7, CEMIP, and FGF5—whose functions map closely to the physiology
of angle closure. GREM2 encodes a gremlin-family antagonist of morphogenetic proteins
(BMPs); in TM, gremlin-mediated BMP antagonism removes the physiological brake on
TGF-B2 signaling, thereby increasing extracellular-matrix deposition and elevating intraoc-
ular pressure [22]. CEMIP (also termed KIAA1199 or HYBID) is a principal hyaluronan-
degrading enzyme that drives matrix remodeling and fibrosis [23]. Because hyaluronan
is a major constituent of juxtacanalicular outflow matrix, its turnover influences outflow
resistance [24]. ITGA7 encodes the major laminin binding integrin of muscle, which anchors
cells to the basement membrane and transduces mechanical signals—a function pertinent
to the ciliary muscle and to the mechano-sensing of mechanical load in anterior segment
tissues [25-27]. In addition, FGF5 is a member of the fibroblast growth factor family, and
FGF signaling is the principal driver of lens epithelial proliferation and fiber differentiation,
and, hence, of lens growth; miR-188-5p is reported to directly repress FGF5 [28,29]. There-
fore, the target genes of miR-188-5p (GREM2, CEMIP, ITGA7 and FGF5) are relevant in the
composition, turnover or mechano-sensing of the outflow tract and angle matrix, as well as
the growth of the crystalline lens, the structures important in PACD and acute angle-closure
physiology.

In our cohort, higher miR-188-5p expression was associated with greater lens vault
and shorter axial length, but not with lens thickness. This finding is consistent with the
long-recognized anatomic configuration where lens vault rises as axial length shortens,
which results in a large lens relative to a small eye [5,30,31]. Throughout life, equatorial
lens epithelium adds secondary fibers via FGF signaling. Previous experimental studies
reported that the epithelium proliferates at low FGF concentrations and differentiates at
high concentrations [28,32]. The same epithelium is co-regulated by TGF-p/Smad sig-
naling; in the normal lens, it is reported to control proliferation and differentiation, but
when left unchecked, it drives the epithelial-mesenchymal transition (EMT) of lens ep-
ithelial cells that produces fibrotic cataract [33]. The FGF and TGF-p/Smad signals act
interdependently, as they act on the same cells and their balance decides cell fate. Because
FGEFE-driven ERK signaling was reported to be able to oppose TGF-p/Smad activity and
steer epithelial cells toward orderly fiber differentiation instead of EMT [33,34], miR-188-5p
may be relevant in this context via its validated target, FGF5 [29]. At the same time, these
FGF and TGF-p signals are previously reported regulators of scleral re-modeling and axial
growth of the globe [35,36]. Although speculative, these observations raise the hypothesis
that miR-188-5p-related signaling may be associated with a short axial length and lens-
globe disproportion; our data, however, cannot establish any causal role. However, this
postulation remains tentative, as FGF5 is one of several lens FGFs and most references for
the above hypothesis are derived chiefly from FGF1 or FGF2. However, as FGF5 is one
variant of the FGF family, miR-188-5p may have at least a partial influence on the above-
described pathways regarding lens growth, cataract development and axial length, which
all contribute to the lens—globe disproportion that underlies angle-closure pathophysiology.

Zonular weakness—which destabilizes the lens and predisposes to pupillary block
and angle crowding—is another well-established mechanism in PACD [5,37]. However, this
is difficult to reconcile with miR-188-5p’s validated targets as zonular weakening reflects
proteolytic degradation of the fibrillin-1 microfibrillar scaffold, implying increased matrix
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turnover [37], whereas miR-188-5p represses the matrix-degrading enzymes MMP-2 and
MMP-13, which would instead slow such degradation [20]. Therefore, the lens—-globe
disproportion mechanism described above is a more plausible explanation for the high lens
vault of this study cohort and for the function of miR-188-5p in the context of PACD.

A more coherent—though still speculative—link would be with the trabecular mesh-
work. By repressing MMP-2 and MMP-13 and the hyaluronidase CEMIP, miR-188-5p could
slow juxtacanalicular matrix turnover, which might, in turn, favor matrix accumulation and
stiffening of the TM [20,23]. This would raise outflow resistance, along with the reduced
MMP that would also lower outflow facility [24,38]. Loss of mechano-sensing integrin
ITGA and gremlin family BMP antagonism (GREM2) may also contribute to this process via
further impairing pressure-homeostatic remodeling of the TM [22,25-27]. Although this
hypothesis cannot fully be supported by the current results, it might have some relevance
to the observation that relieving mechanical angle crowding or PACD with controlled IOP
does not always equate to ‘no progression’ [5,39,40].

Beyond matrix remodeling, miR-188-5p and its targets are also linked to hypoxic and in-
flammatory signaling. miR-188-5p is reported to be upregulated under ischemic conditions,
where its silencing attenuates TNF- «, IL-1B and IL-6 production, and its repression of PTEN
activates PI3K/AKT signaling, which increases HIF-1 « levels under hypoxia [21,41,42].
Among its targets, CEMIP is reported to be induced by hypoxia and inflammatory cytokines
and generate pro-inflammatory hyaluronan fragments, whereas GREM2 and FGF 5 limit
inflammation and ischemic injury in non-ocular diseases. This implies that miR-188-5p
may modulate anterior segment responses to hypoxic and inflammatory stress in both
directions [43-46]. As several targets of miR-188-5p are also reported to participate in
retinal ganglion cell (RGC) survival—via pathways such as PI3K/AKT and MAPK/JNK
kinases—and amelioration of synaptic dysfunction in the central nervous system, it may
also contribute to glaucomatous progression that is independent of IOP [47-49]. However,
this hypothesis should be validated with future studies, and should be interpreted as a
mere assumption based on previous study results.

The above-proposed pathophysiologic mechanisms require further validation; however,
if confirmed in larger cohorts, miR-188-5p may be further explored as a candidate molecular
marker associated with PACD. As lens extraction is an established treatment for PACD,
capsular miR-188-5p collected at surgery could complement anterior segment biometry in
identifying those at risk of PACD, persistent IOP elevation, or progression despite relief
of angle crowding. Detection of similar signatures in more accessible samples, such as
aqueous humor, would also aid in earlier identification of anatomically predisposed eyes or
disease monitoring. Any therapeutic implication remains highly speculative at this stage,
and would first require confirmation that the proposed pathways are operative in relevant
ocular tissues [22,24,26,38,47-50].

Beyond miR-188-5p, miR-146-5p and miR335-5p also showed subgroup-specific dif-
ferences (control vs. PACS; PACS vs. PACG, respectively), each correlating with distinct
biometric parameters: lens vault for miR-146b-5p and axial length/AOD500 for miR-335-5p.
The findings regarding miR-146-5p and miR335-5p, small subgroup sizes and a lack of
significance in the overall comparisons should be regarded as exploratory rather than mark-
ers of disease stage. Nonetheless, the fact that the subgroup differences reached statistical
significance despite small sample sizes implies that miR-146b-5p and miR-335-5p may still
merit further investigation as candidate markers, independent of the specific correlation
directions reported here.

This study has several limitations. The sample was small, particularly the PACG sub-
group (n =5), which limited statistical power and generalizability. Second, given the limited
sample size, none of the associations remained statistically significant after correction for
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multiple testing. Although the observed correlations were moderate to strong in magnitude
and directionally consistent with the anatomical features of PACD, they should be inter-
preted as hypothesis-generating. The effect sizes reported here may inform sample size
calculations for future validation studies. The design was cross-sectional, retrospective, and
single-center, including a single ethnicity, and, therefore, cannot establish causal, temporal,
or progression-related relationships. miRNA expression was surveyed with a targeted
84-miRNA hypoxia panel rather than by genome-wide profiling; therefore, disease-relevant
miRNAs outside this panel may have been missed, and our findings may not represent the
entire capsule’s miRNome. In addition, the anterior lens capsule—though accessible and
disease-relevant—is only a surrogate for the anterior-segment tissues (trabecular meshwork,
zonule, retina) in which the proposed mechanisms would operate, so tissue-level inferences
remain indirect. Finally, the target and pathway analyses were derived from interaction
databases without functional validation with ocular cells or tissues. Furthermore, several
of these associations—most notably the FGF5-related lens pathway—rest largely on studies
of FGF1/FGF2; the proposed hypotheses should, therefore, be regarded as speculative,
particularly since some of miR-188-5p’s predicted target effects are not concordant. Finally,
as the anterior lens capsule can only be obtained during cataract surgery, it is, therefore,
not suitable for routine screening or monitoring. Future studies should examine whether
miR-188-5p and related miRNAs are similarly altered in more accessible samples, such as
aqueous humor, or minimally invasive samples, such as tears or plasma, and whether their
levels correspond to those of the lens capsule.

4. Methods
4.1. Study Design and Participants

This cross-sectional study included glaucoma patients and control patients who visited
the Department of Ophthalmology of Hanyang University Seoul Hospital between April
2023 and December 2024. The institutional review board (IRB) of Hanyang University Seoul
Hospital reviewed and approved the study protocol (IRB file No.: HYUH 2018-10-013-003,
Approval date: 18 December 2018), and the protocol of this study adhered to the tenets of
the Declaration of Helsinki. All study participants provided written informed consent to
participate in this study.

This study recruited 29 patients who were scheduled for a routine cataract surgery:
9 PACS, 6 PAC, 7 PACG and 7 control patients were recruited and their medical charts were
retrospectively reviewed. Two PACG patients were excluded from the final analysis due
to erroneous miRNA analysis results. The inclusion criteria for the control group were
an eye scheduled for cataract surgery with no previous history of intraocular surgery, no
ocular disease other than cataract and no use of topical ocular medication. The inclusion
criterion for the PACD group was a diagnosis of PACD in an eye scheduled for cataract
surgery. The exclusion criteria for both groups were secondary angle closure of any cause,
including neovascular, uveitic, traumatic or lens-induced glaucoma. Corneal or other ocular
disorders precluding accurate anterior segment measurement or prior intraocular surgery
other than glaucoma related procedures were also excluded. In addition, those with poor
anterior segment data imaging quality or erroneous miRNA analysis results were not
included in the final analysis. Furthermore, only one eye per participant was included in the
final analysis.

Diagnosis of PACD was based on the International Society of Geographical and Epi-
demiological Ophthalmology (ISGEO) [1]. An occludable angle was defined as one in
which the posterior trabecular meshwork was not visible on non-indentation gonioscopy
for at least two quadrants in the primary position. PACS was defined as an occludable angle
with a normal intraocular pressure (IOP) and no peripheral anterior synechiae (PAS) or
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glaucomatous optic neuropathy; PAC as an occludable angle with features of trabecular
obstruction such as elevated IOP or PAS but without glaucomatous optic neuropathy; and
PACG as the presence of glaucomatous optic neuropathy with a compatible visual field
defect in an eye with an occludable angle. All gonioscopic examinations and diagnoses
were performed by a single glaucoma specialist (W.J.L.) using non-indentation gonioscopy.

4.2. Ophthalmic Examination and Anterior Segment Biometry

All participants underwent a complete ophthalmic examination, including measure-
ment of best-corrected visual acuity (BCVA), manifest refraction, slit-lamp biomicroscopy,
IOP measurement by Goldmann applanation tonometry, gonioscopy, dilated fundus ex-
amination, and SS-OCT (DRI-OCT Triton; Topcon, Tokyo, Japan). Cataract severity was
graded using the lens opacities classification system III (LOCS III) by 2 experienced oph-
thalmologists (Y.J. K and W.J.L) [51]. As posterior subcapsular opacity was rarely observed
in this cohort, cataract grade was defined as the sum of the nuclear opalescence (NO) and
cortical (C) scores. Additionally, participants in the PACD group also underwent stereo disc
photography, red-free photography (EIDON confocal scanner; CenterVue, Pauda, Italy),
and 30-2 perimetry using the Swedish interactive thresholding algorithm (Humphrey Field
Analyzer II; Carl Zeiss Meditec, Jena, Germany). Maximum IOP (max IOP) was defined as
the highest IOP recorded during the follow-up period.

Ocular biometry, including axial length (AXL) and lens thickness, was measured (AN-
TERION, Heidelberg Engineering Inc., Heidelberg, Germany). Central corneal thickness
(CCT) was measured using an ultrasound pachymeter (Tomey SP-3000; Tomey Corpora-
tion, Nagoya, Japan) by the same technician, recording a mean of ten consecutive readings.
Anterior segment parameters, including anterior chamber depth (ACD), angle opening
distance at 500 pm from the scleral spur (AOD500), lens thickness (LT), and lens vault
(LV), were obtained using anterior segment optical coherence tomography (ANTERION,
Heidelberg Engineering Inc., Heidelberg, Germany). AOD500 was measured at the 0° and
180° meridians, and the mean of the two values was used for analysis. In cases where auto-
mated segmentation of the scleral spur or angle recess failed, the corresponding landmarks
were manually identified and adjusted by two experienced examiners (H.M.P and W.J.L)
using the device’s built-in caliper tool.

4.3. Lens Capsule Sample Collection

The anterior lens capsule was obtained as the central continuous curvilinear capsu-
lorhexis specimen (approximately 5-6 mm in diameter) at the beginning of cataract surgery.
An intact capsulorhexis was performed under a surgical microscope, avoiding contact with
or damage to the iris and other intraocular structures. Each specimen was transferred to
an RNase-free tube and immediately frozen at —80 °C until further processing. The lens
capsule samples were collected by glaucoma (W.J.L.) and corneal specialists (Y.J.K).

4.4. Total RNA Extraction, Complementary DNA (cDNA) Synthesis, and Real-Time Polymerase
Chain Reaction

Anterior lens capsule specimens were homogenized in QIAzol Lysis Reagent (Qiagen,
Hilden, Germany), and total RNA, including small RNAs and miRNAs, was extracted
using the miRNeasy Micro Kit (Qiagen) according to the manufacturer’s instructiosn.
Extracted RNA samples were stored at —80 °C until further analysis. The quality of the
extracted RNA was evaluated by measuring the OD260/280 ratio using a spectrophotometer
(NanoDrop ND-2000; Thermo Fisher Scientific, Waltham, MA, USA). Complementary
DNA (cDNA) was synthesized using the miRNCURY LNA RT Kit (Qiagen) according
to the manufacturer’s protocol. miRNA expression was profiled using the miRCURY
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LNA miRNA Focus PCR Panel: Human Hypoxia Signaling (Qiagen), which contains
assays for 84 miRNAs. This panel was selected a priori because IOP elevation in angle
closure has been associated with ocular hypoxia. In addition, as hypoxia signaling is
closely linked to inflammation and fibrosis, this panel also included miRNAs involved in
inflammatory and extracellular matrix pathways. Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed using a QuantStudio 3 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA) with SYBR Green-based detection according to the
manufacturer’s instructions.

4.5. Normalization and Quantification of miRNA Expression

Normalization of miRNA expression, particularly in the absence of stable miRNA, was
performed in reference to previously described research [52]. First, raw cycle threshold
(Ct) values were obtained for each miRNA assay. Then, miRNA expression levels were nor-
malized using U6, SNORD44, and SNORD49A as endogenous reference controls. miRNA
expression levels were normalized using the geNorm algorithm with U6 snRNA (v2),
SNORD#44, and SNORD49A as predefined reference controls. Relative miRNA expression
was quantified using the comparative 2724t method, where ACt = Ct (target gene) — Ct
(reference gene) and fold changes were calculated relative to the control group [53,54].

4.6. Bioinformatics Analysis

Bioinformatics analysis was performed for miRNAs showing significant differential
expression among the study groups. Experimentally validated target genes were retrieved
from miRTargetLink 2.0 [55]. In this platform, interaction networks between miRNAs and
target genes integrate experimentally validated targets curated from databases including
miRTarBase and miRATBase. Interactions are stratified by the level of experimental support:
“strong evidence” requires direct validation via low-throughput functional assays (such
as dual-luciferase reporter assays, Western blotting, or gPCR), whereas “weak evidence”
comprises high-throughput screening data (such as CLIP-seq or microarray profiling). To
identify high-confidence functional effectors among the 111 experimentally supported tar-
gets, targets backed by strong experimental evidence were prioritized for detailed molecular
mapping and mechanism formulation, while the full target set was mapped to illustrate the
broader interactome.

4.7. Statistical Analysis

Continuous variables are presented as mean + SD and categorical variables as 1 (%).
Baseline homogeneity among the control, PACS, PAC, and PACG groups was assessed using
the Kruskal-Wallis test for continuous variables and Fischer’s exact test for categorical
variables. miRNA ACt values were compared across the four groups using the Kruskal-
Wallis test, with Dunn’s test for post hoc pairwise comparisons, and between the control
group and the pooled PAC spectrum group (PACS + PAC + PACG) using the Mann—
Whitney U test. Correlations between differentially expressed miRNAs and anterior segment
biometric parameters were evaluated using the Spearman correlation coefficient. To account
for multiple comparisons, p-values were adjusted using the Benjamini-Hochberg false
discovery rate (FDR) method for correlation analyses. Given the exploratory nature of
this study, both raw and FDR-adjusted p values are reported. All statistical analyses were
performed using R version 4.6.1 (R Foundation for Statistical Computing, Vienna, Austria),
and a two-sided p-value < 0.05 was considered statistically significant.

https://doi.org/10.3390/ijms27219556


https://doi.org/10.3390/ijms27219556

Int. J. Mol. Sci. 2026, 27, 9556 12 of 14

5. Conclusions

In this exploratory, cross-sectional study, miR-188-5p was upregulated in the anterior
lens capsule of eyes across the PACD spectrum and was associated with crowded-angle
biometry, including greater lens vault, narrower angle and shorter axial length. These find-
ings are hypothesis-generating and insufficient to establish a causal relationship; validation
in larger, longitudinal studies is warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27219556/s1.

Author Contributions: Conceptualization, Y.J.K. and W.J.L.; validation, M.-].C.,].S.L., SR, J.Y,, Y.J.K.
and WJ.L.; formal analysis, H-M.P,, H.S.C., Y.Y. and S.R.; investigation, M.-].C., ].S.L., S.R. and ].Y.;
data curation, HM.P, HS.C,, Y.Y,, M.-].C,, ].S.L., S.R. and ].Y.; writing—original draft preparation,
H.M.P, HS.C. and Y.Y.; writing—review and editing, HM.P,, H.S.C. and Y.Y,; supervision, Y.J.K. and
W.J.L.; project administration, Y.J.LK. and W.J.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (RS-2026-25605489). This work was supported by the 2023
Cheil-Nammyung Foundation Research Funds.

Institutional Review Board Statement: The institutional review board (IRB) of Hanyang University
Seoul Hospital reviewed and approved the study protocol (IRB file No.: HYUH 2018-10-013-003,
approved on 18" December 2018) and the protocol of this study adhered to the tenets of the Declaration
of Helsinki. All study participants provided written informed consent to participate in this study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data supporting the findings of this study are not publicly avail-
able and cannot be shared due to privacy and ethical restrictions imposed by the institutional
review board.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Foster, PJ.; Buhrmann, R.; Quigley, H.A_; Johnson, G.J. The definition and classification of glaucoma in prevalence surveys. Br. |.
Ophthalmol. 2002, 86, 238-242. [CrossRef] [PubMed ]

2. Cheng, ] W.; Zong, Y.; Zeng, Y.Y.; Wei, R.L. The prevalence of primary angle closure glaucoma in adult Asians: A systematic
review and meta-analysis. PLoS ONE 2014, 9, €103222. [CrossRef] [PubMed]

3. Tham, Y.C,; Li, X.; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.Y. Global prevalence of glaucoma and projections of glaucoma
burden through 2040: A systematic review and meta-analysis. Ophthalmology 2014, 121, 2081-2090. [CrossRef] [PubMed ]

4. Quigley, H.A,; Broman, A.T. The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 2006, 90,
262-267. [CrossRef] [PubMed ]

5. Sun, X.; Dai, Y.; Chen, Y.; Yu, D.Y,; Cringle, S.J.; Chen, J.; Kong, X.; Wang, X; Jiang, C. Primary angle closure glaucoma: What we
know and what we don’t know. Prog. Retin. Eye Res. 2017, 57, 26-45. [CrossRef] [PubMed ]

6. Chang, D.; Sha, Q.; Zhang, X,; Liu, P; Rong, S.; Han, T.; Liu, P; Pan, H. The evaluation of the oxidative stress parameters in
patients with primary angle-closure glaucoma. PLoS ONE 2011, 6, e27218. [CrossRef] [PubMed |

7. Huang, W.; Chen, S.; Gao, X.; Yang, M.; Zhang, |.; Li, X.; Wang, W.; Zhou, M.; Zhang, X.; Zhang, X. Inflammation-related cytokines
of aqueous humor in acute primary angle-closure eyes. Investig. Ophthalmol. Vis. Sci. 2014, 55, 1088-1094. [CrossRef] [PubMed ]

8. Huang, R.S.; Mihalache, A.; Balas, M.; Mathew, D.]. Aqueous humour biomarker profiles in angle-closure glaucoma: Systematic
review and meta-analysis. Can. J. Ophthalmol. 2026, 61, 319-328. [CrossRef] [PubMed ]

9. Liu, YM,; Chen, S.D.; Li, X.Y.; Huang, W.B; Li, F.; Wang, ].W.; Li, Y.Q.; Zhang, X.L. Aqueous proinflammatory cytokines in acute

primary angle-closure eyes. Int. J. Ophthalmol. 2017, 10, 733-737. [ CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219556


https://www.mdpi.com/article/10.3390/ijms27219556/s1
https://www.mdpi.com/article/10.3390/ijms27219556/s1
https://doi.org/10.1136/bjo.86.2.238
https://www.ncbi.nlm.nih.gov/pubmed/11815354
https://doi.org/10.1371/journal.pone.0103222
https://www.ncbi.nlm.nih.gov/pubmed/25057993
https://doi.org/10.1016/j.ophtha.2014.11.030
https://www.ncbi.nlm.nih.gov/pubmed/26111782
https://doi.org/10.1136/bjo.2005.081224
https://www.ncbi.nlm.nih.gov/pubmed/16488940
https://doi.org/10.1016/j.preteyeres.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/28039061
https://doi.org/10.1371/journal.pone.0027218
https://www.ncbi.nlm.nih.gov/pubmed/22096540
https://doi.org/10.1167/iovs.13-13591
https://www.ncbi.nlm.nih.gov/pubmed/24474267
https://doi.org/10.1016/j.jcjo.2025.09.021
https://www.ncbi.nlm.nih.gov/pubmed/41236033
https://doi.org/10.18240/ijo.2017.05.12
https://www.ncbi.nlm.nih.gov/pubmed/28546929
https://doi.org/10.3390/ijms27219556

Int. J. Mol. Sci. 2026, 27, 9556 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Chua, J.; Vania, M.; Cheung, CM.G.; Ang, M.; Chee, S.P; Yang, H.; Li, ].; Wong, T.T. Expression profile of inflammatory cytokines
in aqueous from glaucomatous eyes. Mol. Vis. 2012, 18, 431-438. [PubMed ]

Guo, T;; Guo, L.; Fan, Y,; Fang, L.; Wei, J.; Tan, Y.; Chen, Y.; Fan, X. Aqueous humor levels of TGFbeta2 and SFRP1 in different
types of glaucoma. BMC Ophthalmol. 2019, 19, 170. [CrossRef] [PubMed ]

Seet, L.F.; Narayanaswamy, A.; Finger, S.N.; Htoon, H.M.; Nongpiur, M.E.; Toh, L.Z.; Ho, H.; Perera, S.A.; Wong, T.T. Distinct iris
gene expression profiles of primary angle closure glaucoma and primary open angle glaucoma and their interaction with ocular
biometric parameters. Clin. Exp. Ophthalmol. 2016, 44, 684-692. [CrossRef] [PubMed ]

Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215-233. [CrossRef] [PubMed]

Liu, H.; Jiang, B. Let-7a-5p represses proliferation, migration, invasion and epithelial-mesenchymal transition by targeting Smad2
in TGF-B2-induced human lens epithelial cells. J. Biosci. 2020, 45, 59. [CrossRef]

Yu, H.S.; Hong, E.H.; Kang, ].H.; Lee, YW.; Lee, W.].; Kang, M.H.; Cho, H.; Shin, Y.U.; Seong, M. Expression of microRNAs
related to apoptosis in the aqueous humor and lens capsule of patients with glaucoma. Front. Med. 2024, 11, 1288854. [CrossRef]
[PubMed]

Gedde, S.J.; Chopra, V.; Vinod, K.; Bowden, E.C.; Kolomeyer, N.N.; Challa, P.; Budenz, D.L. Primary Angle-Closure Disease
Preferred Practice Pattern(R). Ophthalmology 2026, 133, 153-201. [CrossRef] [PubMed ]

Ng, W.T.; Morgan, W. Mechanisms and treatment of primary angle closure: A review. Clin. Exp. Ophthalmol. 2012, 40, e218—e228.
[CrossRef] [PubMed]

Vithana, E.N.; Khor, C.C.; Qiao, C.; Nongpiur, M.E.; George, R.; Chen, L.J.; Do, T.; Abu-Amero, K.; Huang, C.K.; Low, S.; et al.
Genome-wide association analyses identify three new susceptibility loci for primary angle closure glaucoma. Nat. Genet. 2012,
44,1142-1146. [CrossRef] [PubMed ]

Ruedel, A.; Dietrich, P; Schubert, T.; Hofmeister, S.; Hellerbrand, C.; Bosserhoff, A K. Expression and function of microRNA-188-5p
in activated rheumatoid arthritis synovial fibroblasts. Int. J. Clin. Exp. Pathol. 2015, 8, 4953-4962. [PubMed ]

Hou, H.; Gao, F; Liang, H.; Lv, Y.; Li, M.; Yao, L.; Zhang, J.; Dou, G.; Wang, Y. MicroRNA-188-5p regulates contribution of bone
marrow-derived cells to choroidal neovascularization development by targeting MMP-2/13. Exp. Eye Res. 2018, 175, 115-123.
[CrossRef] [PubMed |

Riaz, F; Chen, Q.; Lu, K,; Osoro, EK.; Wu, L.; Feng, L.; Zhao, R.; Yang, L.; Zhou, Y.; He, Y.; et al. Inhibition of miR-188-5p alleviates
hepatic fibrosis by significantly reducing the activation and proliferation of HSCs through PTEN/PI3K/AKT pathway. J. Cell.
Mol. Med. 2021, 25, 4073-4087. [CrossRef] [PubMed ]

Wordinger, R.J.; Fleenor, D.L.; Hellberg, PE.; Pang, L. H.; Tovar, T.O.; Zode, G.S.; Fuller, J.A.; Clark, A.F. Effects of TGF-beta2,
BMP-4, and gremlin in the trabecular meshwork: Implications for glaucoma. Investig. Ophthalmol. Vis. Sci. 2007, 48, 1191-1200.
[CrossRef] [PubMed ]

Deroyer, C.; Charlier, E.; Neuville, S.; Malaise, O.; Gillet, P.; Kurth, W.; Chariot, A.; Malaise, M.; de Seny, D. CEMIP (KIAA1199)
induces a fibrosis-like process in osteoarthritic chondrocytes. Cell Death Dis. 2019, 10, 103. [CrossRef] [PubMed ]

Vranka, J.A.; Kelley, M.].; Acott, T.S.; Keller, K.E. Extracellular matrix in the trabecular meshwork: Intraocular pressure regulation
and dysregulation in glaucoma. Exp. Eye Res. 2015, 133, 112-125. [CrossRef] [PubMed |

Mayer, U,; Saher, G.; Fissler, R.; Bornemann, A.; Echtermeyer, F.; Mark, H.V.D.; Miosge, N.; Posch, E.; Mark, K.V.D. Absence of
integrin alpha 7 causes a novel form of muscular dystrophy. Nat. Genet. 1997, 17, 318-323. [CrossRef] [PubMed ]

Boppart, M.D.; Burkin, D.J.; Kaufman, S.J. Alpha7betal-integrin regulates mechanotransduction and prevents skeletal muscle
injury. Am. J. Physiol. Cell Physiol. 2006, 290, C1660-C1665. [CrossRef] [PubMed ]

WuDunn, D. Mechanobiology of trabecular meshwork cells. Exp. Eye Res. 2009, 88, 718-723. [CrossRef] [PubMed ]

McAvoy, ].W.; Chamberlain, C.G. Fibroblast growth factor (FGF) induces different responses in lens epithelial cells depending on
its concentration. Development 1989, 107, 221-228. [CrossRef] [PubMed ]

Fang, F.; Chang, RM.; Yu, L.; Lei, X,; Xiao, S.; Yang, H.; Yang, L.Y. MicroRNA-188-5p suppresses tumor cell proliferation and
metastasis by directly targeting FGF5 in hepatocellular carcinoma. J. Hepatol. 2015, 63, 874-885. [CrossRef] [PubMed ]

Kim, Y.K.; Yoo, B.W,; Kim, H.C.; Aung, T,; Park, K.H. Relative lens vault in subjects with angle closure. BMC Ophthalmol. 2014,
14, 93. [CrossRef] [PubMed ]

Nongpiur, M.E.; He, M.; Amerasinghe, N.; Friedman, D.S.; Tay, W.T.; Baskaran, M.; Smith, S.D.; Wong, T.Y.; Aung, T. Lens vault,
thickness, and position in Chinese subjects with angle closure. Ophthalmology 2011, 118, 474-479. [CrossRef] [PubMed]
Huang, ] X.; Feldmeier, M.; Shui, Y.B.; Beebe, D.C. Evaluation of fibroblast growth factor signaling during lens fiber cell differenti-
ation. Investig. Ophthalmol. Vis. Sci. 2003, 44, 680-690. [CrossRef] [PubMed ]

Wang, D.; Wang, E.; Liu, K,; Xia, C.H.; Li, S.; Gong, X. Roles of TGFbeta and FGF signals during growth and differentiation of
mouse lens epithelial cell in vitro. Sci. Rep. 2017, 7, 7274. [CrossRef] [PubMed]

Flokis, M.; Lovicu, EJ. FGF-2 Differentially Regulates Lens Epithelial Cell Behaviour during TGF-beta-Induced EMT. Cells 2023,
12, 827. [CrossRef] [PubMed ]

https://doi.org/10.3390/ijms27219556


https://www.ncbi.nlm.nih.gov/pubmed/22355254
https://doi.org/10.1186/s12886-019-1183-1
https://www.ncbi.nlm.nih.gov/pubmed/31382918
https://doi.org/10.1111/ceo.12743
https://www.ncbi.nlm.nih.gov/pubmed/26988898
https://doi.org/10.1016/j.cell.2009.01.002
https://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.1007/s12038-020-0001-5
https://doi.org/10.3389/fmed.2024.1288854
https://www.ncbi.nlm.nih.gov/pubmed/38449883
https://doi.org/10.1016/j.ophtha.2025.12.030
https://www.ncbi.nlm.nih.gov/pubmed/41665581
https://doi.org/10.1111/j.1442-9071.2011.02604.x
https://www.ncbi.nlm.nih.gov/pubmed/21575128
https://doi.org/10.1038/ng.2390
https://www.ncbi.nlm.nih.gov/pubmed/22922875
https://www.ncbi.nlm.nih.gov/pubmed/26191188
https://doi.org/10.1016/j.exer.2018.06.010
https://www.ncbi.nlm.nih.gov/pubmed/29908885
https://doi.org/10.1111/jcmm.16376
https://www.ncbi.nlm.nih.gov/pubmed/33689215
https://doi.org/10.1167/iovs.06-0296
https://www.ncbi.nlm.nih.gov/pubmed/17325163
https://doi.org/10.1038/s41419-019-1377-8
https://www.ncbi.nlm.nih.gov/pubmed/30718510
https://doi.org/10.1016/j.exer.2014.07.014
https://www.ncbi.nlm.nih.gov/pubmed/25819459
https://doi.org/10.1038/ng1197-318
https://www.ncbi.nlm.nih.gov/pubmed/9354797
https://doi.org/10.1152/ajpcell.00317.2005
https://www.ncbi.nlm.nih.gov/pubmed/16421207
https://doi.org/10.1016/j.exer.2008.11.008
https://www.ncbi.nlm.nih.gov/pubmed/19071113
https://doi.org/10.1242/dev.107.2.221
https://www.ncbi.nlm.nih.gov/pubmed/2632221
https://doi.org/10.1016/j.jhep.2015.05.008
https://www.ncbi.nlm.nih.gov/pubmed/25998163
https://doi.org/10.1186/1471-2415-14-93
https://www.ncbi.nlm.nih.gov/pubmed/25042297
https://doi.org/10.1016/j.ophtha.2010.07.025
https://www.ncbi.nlm.nih.gov/pubmed/21035864
https://doi.org/10.1167/iovs.01-1177
https://www.ncbi.nlm.nih.gov/pubmed/12556399
https://doi.org/10.1038/s41598-017-07619-5
https://www.ncbi.nlm.nih.gov/pubmed/28779082
https://doi.org/10.3390/cells12060827
https://www.ncbi.nlm.nih.gov/pubmed/36980168
https://doi.org/10.3390/ijms27219556

Int. J. Mol. Sci. 2026, 27, 9556 14 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Rohrer, B.; Stell, W.K. Basic fibroblast growth factor (bFGF) and transforming growth factor beta (TGF-beta) act as stop and go
signals to modulate postnatal ocular growth in the chick. Exp. Eye Res. 1994, 58, 553-561. [CrossRef] [PubMed]

Jobling, A.I; Nguyen, M.; Gentle, A.; McBrien, N.A. Isoform-specific changes in scleral transforming growth factor-beta expression
and the regulation of collagen synthesis during myopia progression. J. Biol. Chem. 2004, 279, 18121-18126. [CrossRef] [PubMed ]
Schlotzer-Schrehardt, U.; Naumann, G.O. Ocular and systemic pseudoexfoliation syndrome. Am. . Ophthalmol. 2006, 141,
921-937. [CrossRef] [PubMed ]

Bradley, ].M.; Vranka, ].; Colvis, C.M.; Conger, D.M.; Alexander, J.P.; Fisk, A.S.; Samples, J.R.; Acott, T.S. Effect of matrix
metalloproteinases activity on outflow in perfused human organ culture. Investig. Ophthalmol. Vis. Sci. 1998, 39, 2649-2658.
[PubMed ]

Sihota, R.; Rao, A.; Gupta, V.; Srinivasan, G.; Sharma, A. Progression in primary angle closure eyes. J. Glaucoma 2010, 19, 632-636.
[CrossRef] [PubMed ]

Shen, R.; Chan, PP; Ling, A.; Chan, N.C.; Wong, M.O.M,; Lai, I.; Cheung, C.Y.; Tham, C.C. Risk Factors for Visual Field Progression
in Primary Angle Closure Disease Over 10 Years: The CUPAL Study. Investig. Ophthalmol. Vis. Sci. 2025, 66, 59. [CrossRef]
[PubMed ]

Hou, D,; Pei, C.; Yu, D.; Yang, G. MiR-188-5p silencing improves cerebral ischemia/reperfusion injury by targeting Lin28a. Metab.
Brain Dis. 2023, 38, 2327-2338. [CrossRef] [PubMed ]

Zhang, Z.; Yao, L.; Yang, ].; Wang, Z.; Du, G. PI3K/Akt and HIF-1 signaling pathway in hypoxia-ischemia (Review). Mol. Med.
Rep. 2018, 18, 3547-3554. [CrossRef] [PubMed ]

Sanders, L.N.; Schoenhard, J.A.; Saleh, M.A.; Mukherjee, A.; Ryzhov, S.; McMaster, W.G., Jr.; Nolan, K.; Gumina, R.].; Thompson,
T.B.; Magnuson, M.A; et al. BMP Antagonist Gremlin 2 Limits Inflammation After Myocardial Infarction. Circ. Res. 2016, 119,
434-449. [CrossRef] [PubMed ]

Lin, D.; Wu, T.; Huang, H.; Hong, X. FGF5 alleviates ferroptosis in renal tubular epithelial cells by inducing mitophagy under
in vitro ischemia-reperfusion-like injury. J. Mol. Histol. 2025, 56, 299. [CrossRef] [PubMed ]

Oba, T,; Sato, N.; Adachi, Y.; Amaike, T.; Kudo, Y.; Koga, A.; Kohi, S.; Hirata, K. Hypoxia increases KIAA1199/CEMIP expression
and enhances cell migration in pancreatic cancer. Sci. Rep. 2021, 11, 18193. [CrossRef] [PubMed ]

Yoshida, H.; Inoue, S.; Okada, Y. New molecules indispensable for hyaluronan degradation, HYBID (CEMIP/KIAA1199) and
TMEM2 (CEMIP2): Differential roles in physiological and pathological non-neoplastic conditions. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 2025, 101, 317-338. [CrossRef] [PubMed ]

Zhao, W.].; Fan, C.L.; Hu, X.M.,; Ban, X.X.; Wan, H.; He, Y.; Zhang, Q.; Xiong, K. Regulated Cell Death of Retinal Ganglion Cells in
Glaucoma: Molecular Insights and Therapeutic Potentials. Cell Mol. Neurobiol. 2023, 43, 3161-3178. [CrossRef] [PubMed ]

Lee, K.; Kim, J.H.; Kwon, O.B.; An, K,; Ryu, J.; Cho, K,; Suh, YH.; Kim, H.S. An activity-regulated microRNA, miR-188, controls
dendritic plasticity and synaptic transmission by downregulating neuropilin-2. J. Neurosci. 2012, 32, 5678-5687. [CrossRef]
[PubMed]

Lee, K.; Kim, H.; An, K.; Kwon, O.B.; Park, S.; Cha, ]. H.; Kim, M.H.; Lee, Y.; Kim, ].H.; Cho, K,; et al. Replenishment of
microRNA-188-5p restores the synaptic and cognitive deficits in 5XFAD Mouse Model of Alzheimer’s Disease. Sci. Rep. 2016,
6, 34433. [CrossRef] [PubMed ]

Rong, R.; Wang, M.; You, M.; Li, H.; Xia, X.; Ji, D. Pathogenesis and prospects for therapeutic clinical application of noncoding
RNAs in glaucoma: Systematic perspectives. J. Cell Physiol. 2021, 236, 7097-7116. [CrossRef] [PubMed]

Gali, H.E,; Sella, R.; Afshari, N.A. Cataract grading systems: A review of past and present. Curr. Opin. Ophthalmol. 2019, 30,
13-18. [PubMed ]

Mestdagh, P.; Van Vlierberghe, P.; De Weer, A.; Muth, D.; Westermann, F.; Speleman, E.; Vandesompele, J. A novel and universal
method for microRNA RT-qPCR data normalization. Genome Biol. 2009, 10, R64. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [PubMed ]

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [ CrossRef]
[PubMed ]

Kern, E; Aparicio-Puerta, E.; Li, Y.; Fehlmann, T.; Kehl, T.; Wagner, V.; Ray, K.; Ludwig, N.; Lenhof, H.P.; Meese, E.; et al.
MiRTargetLink 2.0-interactive miRNA target gene and target pathway networks. Nucleic Acids Res. 2021, 49, W409-W416.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27219556


https://doi.org/10.1006/exer.1994.1049
https://www.ncbi.nlm.nih.gov/pubmed/7925692
https://doi.org/10.1074/jbc.m400381200
https://www.ncbi.nlm.nih.gov/pubmed/14752095
https://doi.org/10.1016/j.ajo.2006.01.047
https://www.ncbi.nlm.nih.gov/pubmed/16678509
https://www.ncbi.nlm.nih.gov/pubmed/9856774
https://doi.org/10.1097/ijg.0b013e3181ca7de9
https://www.ncbi.nlm.nih.gov/pubmed/20164791
https://doi.org/10.1167/iovs.66.9.59
https://www.ncbi.nlm.nih.gov/pubmed/40693712
https://doi.org/10.1007/s11011-023-01273-9
https://www.ncbi.nlm.nih.gov/pubmed/37572229
https://doi.org/10.3892/mmr.2018.9375
https://www.ncbi.nlm.nih.gov/pubmed/30106145
https://doi.org/10.1161/circresaha.116.308700
https://www.ncbi.nlm.nih.gov/pubmed/27283840
https://doi.org/10.1007/s10735-025-10594-1
https://www.ncbi.nlm.nih.gov/pubmed/40913740
https://doi.org/10.1038/s41598-021-97752-z
https://www.ncbi.nlm.nih.gov/pubmed/34521918
https://doi.org/10.2183/pjab.101.021
https://www.ncbi.nlm.nih.gov/pubmed/40500182
https://doi.org/10.1007/s10571-023-01373-1
https://www.ncbi.nlm.nih.gov/pubmed/37338781
https://doi.org/10.1523/jneurosci.6471-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22514329
https://doi.org/10.1038/srep34433
https://www.ncbi.nlm.nih.gov/pubmed/27708404
https://doi.org/10.1002/jcp.30347
https://www.ncbi.nlm.nih.gov/pubmed/33634475
https://www.ncbi.nlm.nih.gov/pubmed/30489359
https://doi.org/10.1186/gb-2009-10-6-r64
https://www.ncbi.nlm.nih.gov/pubmed/19531210
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/nar/29.9.e45
https://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1093/nar/gkab297
https://www.ncbi.nlm.nih.gov/pubmed/34009375
https://doi.org/10.3390/ijms27219556

	Introduction 
	Results 
	Baseline Characteristics of the Study Group 
	Differential miRNA Expression Across Primary Angle-Closure Disease 
	Correlation Between miRNA Expression and Anterior Segment Biometry 
	Differential Expression of miRNA Between Acute Angle-Closure Attack and No Attack Within PACD Group 
	Target Gene Network of miR-188-5p 

	Discussion 
	Methods 
	Study Design and Participants 
	Ophthalmic Examination and Anterior Segment Biometry 
	Lens Capsule Sample Collection 
	Total RNA Extraction, Complementary DNA (cDNA) Synthesis, and Real-Time Polymerase Chain Reaction 
	Normalization and Quantification of miRNA Expression 
	Bioinformatics Analysis 
	Statistical Analysis 

	Conclusions 
	References



