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Rapamycin relieves the cataract caused by ablation of Gja8b through stimulating 
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ABSTRACT
Macroautophagy/autophagy is known to be important for intracellular quality control in the lens. GJA8 
is a major gap junction protein in vertebrate lenses. Mutations in GJA8 cause cataracts in humans. The 
well-known cataractogenesis mechanism is that mutated GJA8 leads to abnormal assembly of gap 
junctions, resulting in defects in intercellular communication among lens cells. In this study, we 
observed that ablation of Gja8b (a homolog of mammalian GJA8) in zebrafish led to severe defects in 
organelle degradation, an important cause of cataractogenesis in developing lens. The role of autopha-
gy in organelle degradation in lens remains disputable. Intriguingly, we also observed that ablation of 
Gja8b induced deficient autophagy in the lens. More importantly, in vivo treatment of zebrafish with 
rapamycin, an autophagy activator that inhibits MAPK/JNK and MTORC1 signaling, stimulated autopha-
gy in the lens and relieved the defects in organelle degradation, resulting in the mitigation of cataracts 
in gja8b mutant zebrafish. Conversely, inhibition of autophagy by treatment with the chemical reagent 
3-MA blocked these recovery effects, suggesting the important roles of autophagy in organelle degra-
dation in the lens in gja8b mutant zebrafish. Further studies in HLE cells revealed that GJA8 interacted 
with ATG proteins. Overexpression of GJA8 stimulated autophagy in HLE cells. These data suggest an 
unrecognized cataractogenesis mechanism caused by ablation of Gja8b and a potential treatment for 
cataracts by stimulating autophagy in the lens.

Abbreviations: 3-MA: 3-methyladenine; ATG: autophagy related; AV: autophagic vacuoles; Dpf: days 
post fertilization; GJA1: gap junction protein alpha 1; GJA3: gap junction protein alpha 3; GJA8: gap 
junction protein alpha 8; Hpf: hours post fertilization; MAP1LC3/LC3: microtubule associated protein 1 
light chain 3; MTOR: mechanistic target of rapamycin kinase; PtdIns3K: class III phosphatidylinositol 
3-kinase; WT: wild type.
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Introduction
Autophagy plays an essential role in tissue development and 
cellular homeostasis maintenance [1,2]. Dysregulation of au-
tophagy is implicated in many diseases, including cancer, 
neurodegeneration and ocular diseases such as cataracts, 
which is a leading cause of blindness worldwide [2–5]. 
A cataract is an opacity in the lens. During the vertebrate 
lens placode formation, lens primary fibers and epithelial cells 
differentiated from lens anlage at the same time [6,7]. When 
the lens become mature (after 28 hours post fertilization 
[hpf]), the lens consists of epithelial and fiber cells. The 
epithelial cells are anterior and the fiber cells are arcuate 
with attachments at the anterior epithelia, posterior capsule, 
and sutures. During lens growth, after the proliferation in the 
lens proliferation zone, the lens epithelial cells go through 
epithelial-to-mesenchymal transition, the cells differentiate 
into lens fiber cells and migrate into inner lens [6,7]. The 
fiber cells become transparent after programmed degradation 
of most of the cellular organelles, including the nuclei, 

endoplasmic reticulum, and mitochondria [6,8]. Degradation 
of organelles in differentiating lens fiber cells contributes to 
optical transparency [9]. Defects in cellular proliferation, dif-
ferentiation and organelle degradation during lens develop-
ment may cause congenital cataract diseases [10]. In contrast, 
dysregulation of homeostasis in mature lenses may cause age- 
related cataract diseases [11].

Currently, how autophagy plays roles in the lens is still 
a seemingly controversial question. Autophagy is an intracellular 
process that allows for the degradation of proteins and organelles 
[1]. Lens-specific ablation of ATG5 (autophagy related 5) induces 
cataracts in mice older than six months, indicating an important 
role in cataractogenesis [12]. Numerous autophagosomes are con-
stitutively detected in lens epithelial cells, differentiating primary 
fiber cells and secondary fiber cells [13,14], implying a potential 
function of autophagy in programmed organelle degradation dur-
ing lens development. However, organelles in lens fiber cells were 
degraded as normal during embryonic periods in lens-specific atg5 
or rb1cc1/fip200 knockout mice [12,15]. Given that ATG5 and 
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RB1CC1 are evolutionarily conserved factors that are essential for 
autophagosome maturation and function [16–18], these studies 
indicate that autophagy is not indispensable for organelle degrada-
tion in lens. Nevertheless, rapamycin, a chemical inhibitor of 
MAPK/JNK and MTORC1 signaling and an activator of autopha-
gy, can stimulate premature organelle degradation by forced upre-
gulation of autophagy in an ex vivo culture system of chick 
embryonic lens [19], suggesting a potential role of enhanced 
autophagy signaling in organelle degradation of lens fiber cells. 
In addition, mutations in autophagy-related genes in humans, 
such as FYCO1, EPG5 and CHMP4B, have been reported in 
patients with congenital cataracts [20–22]. Autophagic defects in 
lens have also been reported in animal models with cataracts 
[23,24]. These observations suggest a vital role of autophagy in 
cataractogenesis. Thus, it is interesting to investigate how autopha-
gy affects lens development and whether cataracts can be treated 
by stimulating autophagy.

Gap junction proteins (also known as connexins) assemble into 
gap junction channels, which play an essential role in lens by 
facilitating intercellular communication among lens cells [25,26]. 
Three conserved gap junction proteins have been identified in 
vertebrate lenses, including GJA1/connexin 43 (gap junction pro-
tein alpha 1), GJA3/connexin 46 (gap junction protein alpha 3) 
and GJA8/connexin 50 (gap junction protein alpha 8) [27–29]. 
GJA3 and GJA8 are the two most abundant gap junction proteins 
in lens fiber cells, while GJA1 is mainly expressed in lens epithelial 
cells [30,31]. Another gap junction protein, GJE1/connexin 23 
(gap junction protein epsilon 1), has also been identified in lens 
fiber cells in mice and zebrafish [32,33]. Among these genes, 
mutations in GJA3 and GJA8 have been identified in humans 
with inherited recessive cataracts of various different phenotypes. 
Ablation of either GJA3 or GJA8, but not GJA1, in the lens results 
in the development of cataracts in mice [34–36]. In addition to 
assembling gap junction channels, gap junction proteins are also 
involved in the regulation of other signaling pathways, such as 
autophagy signaling [37,38]. GJA1 constitutively downregulates 
autophagy through direct interaction with several ATG proteins 
[37]. Meanwhile, autophagy is suggested to contribute to the turn-
over of GJA1 and GJA8 [39].

A few cataractogenesis mechanisms have been invoked to 
explain how dysfunction of gap junction proteins leads to 
cataracts [30]. One well-known reason is dysfunction of gap 
junction proteins reducing intercellular communication of 
gap junction permeant molecules (including water, ions, and 
metabolites) between lens cells [40]. Mutant gap junction 
proteins also contribute to cataracts by altering the trafficking 
or function of other proteins (non-gap junction proteins) 
[41]. Nevertheless, given that mutations of gap junction pro-
teins lead to various cataracts, we speculate that other 
mechanism(s) may be involved in cataractogenesis caused by 
the dysfunction of gap junction proteins.

In this study, we demonstrated that ablation of Gja8b/connexin 
44.1 (a homolog of mammalian GJA8/connexin 50) led to defects 
in organelle degradation and cataract formation in zebrafish 
lenses. Intriguingly, we revealed a previously unknown function 
of GJA8 in modulating autophagy during lens development. GJA8 
protein participated in the process of autophagy by interacting 
with ATG proteins. Ablation of GJA8 downregulated the level of 
autophagy in lens fiber cells. More importantly, rapamycin 

treatment stimulated autophagy in zebrafish lenses and conse-
quently relieved the defects in organelle degradation and the 
cataract phenotype caused by ablation of Gja8b.

Results

Ablation of Gja8b induces cataract/lens defects in 
zebrafish lenses

Mutations in human and knockout in mice of GJA8 cause 
cataracts [30,35]. Thus, we first examined whether ablation of 
Gja8b induces cataracts in zebrafish lenses. Consistent with its 
lens-specific expression [28], the ablation of Gja8b (Figure 
1A-1C) did not significantly affect the general development 
of the zebrafish (Figures 1E and 1F), whereas we indeed 
observed significant lens defects in gja8b mutant zebrafish 
(Figure 1D). The lens defects in gja8b mutants displayed 
various severities (Figure 1G). Specifically, the lens appeared 
transparent and similar to the wild type (WT) in 1.2% of gja8b 
mutants, which is accordingly defined as the WT-like group 
in this study. In 98.8% of gja8b mutants, an opacity of differ-
ent sizes was observed in the lens (Figure 1H). The lenses with 
an opacity smaller than 5% of the whole lens areas were 
defined as the minor defect group (31.4% of gja8b mutants), 
and the lenses with an opacity larger than 5% of the whole 
lens areas were defined as the major defect group (67.4% of 
gja8b mutants). As controls, only 2.2% of WT and 3.2% of 
gja8b heterozygous zebrafish displayed light defects in the lens 
(Figure 1H). These results indicated that similar to humans 
and mice, Gja8b plays an essential role in improving trans-
parency during zebrafish lens development.

Ablation of Gja8b induces severe defects in organelle 
degradation in lens fiber cells during lens development

Defects in multiple events, such as cell differentiation, organization 
and organelle degradation, may lead to congenital cataracts during 
lens development [10,11]. To examine which events are affected by 
ablation of Gja8b, we performed a series of immunohistochemis-
try experiments. Gja8b is not expressed in lens epithelial cells in 
zebrafish [28]. Expectedly, immunohistochemistry for Tjp1a/Zo- 
1, a tight junction marker, and Prkci/aPKC, an epithelial polarity 
marker [42], appeared normal in gja8b mutant lens, suggesting 
that the polarity and organization of lens epithelial cells are normal 
(Fig. S1). It has been reported that GJA8 is essential for lens cell 
proliferation in postnatal mice lens [43]. We did not observe 
a significant difference in total lens cell number or the cell number 
of lens fiber between WT and mutant zebrafish at 36 hpf and 50 
hpf, suggesting that Gja8b did not have a significant effect on the 
lens cell proliferation at this stage (Fig. S2). One possible reason 
that caused the difference between the zebrafish and the mice may 
be the mitotic index in WT mice lenses undergoes a large transient 
increase on P2 and P3 [43]. We did not observe a similar transient 
increase in zebrafish between 36 hpf to 50 hpf. Furthermore, we 
observed that the expression of Zl-1 and Mip/Aqp0, markers of 
differentiating lens primary fiber cells [44,45], appeared normal in 
gja8b mutant lens at 36 hpf (Fig. S3).

Intriguingly, we observed that ablation of Gja8b induced 
severe defects in the organelle degradation in lens fiber cells. 
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Figure 1. Ablation of Gja8b induces cataracts in zebrafish. (A) Schematic illustration of the position (amino acid 136) of the gja8b gene edited by sgRNA. (B) Sanger sequencing 
results showed that 1 base pair (bp) was substituted and 4 bp were inserted in gja8b mutant zebrafish, causing the loss of the recognition site for the restriction enzyme StyI. The 
genome editing led to a truncated Gja8b proteins (amino acid 1–136 followed by 22 mistranslated amino acids). (C) The gja8b mutant zebrafish were genotyped with PCR, which 
was followed by StyI digestion. The undigested WT PCR products was loaded as a control. The PCR products of WT fish (386 bp) could be digested with StyI to generate two 
fragments (236 bp and 150 bp). The PCR products of homozygous gja8b mutants could not be digested with StyI. (D) Ablation of Gja8b induced cataracts in zebrafish at 72 hpf. (E 
and F) Ablation of Gja8b did not affect the overall development of zebrafish. (E) Shows the WT and gja8b mutant larvae at 72 hpf. (F) Statistical analysis of length of larvae at 72 hpf 
(n ≥ 160 zebrafish for each group). (G and H) The cataract phenotypes displayed various severities in individual gja8b mutant zebrafish at 72 hpf. (H) Shows the statistical analysis 
of (G). In total, 1.2% of gja8b mutants did not display defects, 31.4% displayed light defects (Minor group), and 67.4% displayed severe defects in lenses (Major group). Yellow 
circles mark the opacity area in gja8b mutant lens, red circles mark the whole lens. The gja8b mutant embryos with an opaque ratio between the opaque area and the whole lens 
area is smaller than 5% was designated as minor group. The gja8b mutant embryos with an opaque ratio is larger than 5% was designated as major group. (n ≥ 185 zebrafish for 
each group). Scale bars: 50 μm (D), 500 μm (E) and 10 μm (G). mean ± SEM, N.S., p > 0.05.
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Specifically, in zebrafish, programmed organelle degradation 
begins at ~ 48 hpf in the cells in the center of the lens and 
spreads outward [8]. By 72 hpf, WT fiber cells, with the 
exception of the newly differentiating secondary fiber cells at 
the outermost layers, lacked organelles, including nuclei 
(labeled by DAPI staining), endoplasmic reticulum (labeled 
by Kdel staining), and certain cellular proteins (labeled by Zl- 
1 and Mip staining) (Figure 2A-2C) [8]. The cytoskeleton 
(labeled by F-actin staining) was also degraded in the center 
of the lens (Figure 2C). However, all these organelles were 
significantly retained in lens fiber cells in gja8b mutant zebra-
fish at 72 hpf (Figure 2A-2C). More importantly, we observed 
that the nuclei number of lens fiber cells in the WT-like and 
minor defect group was significantly less than the number in 
the major defect group (Figure 2D), indicating the tight asso-
ciation between organelle degradation and the severity of the 
cataract phenotype in gja8b mutant zebrafish. The organelle 
degradation defects were observed by 4 d post fertilization 
(dpf) and 5 dpf in gja8b mutant zebrafish (Figures 2E and 2F). 
Organelle degradation in differentiating lens cells contributes 
to optical transparency [8,9]. The above data suggested that 
defect in organelle degradation is a novel cataractogenesis 
mechanism caused by Gja8b dysfunction.

GJA8 promotes autophagy

Given that autophagy is constitutively active in lens and may play 
important roles in organelle degradation during lens development 
[2,13], we then examined whether ablation of Gja8b inhibited 
autophagy during lens development. Gja8b is only expressed in 
lens fiber cells in zebrafish [28]. Consistent with this expression 
pattern, we observed that the number of autophagic vacuoles (AV) 
was significantly decreased in fiber cells but not in epithelial cells in 
gja8b mutant zebrafish lenses (Figures 3A and 3B). MAP1LC3/ 
LC3 (microtubule associated protein 1 light chain 3) is a key 
protein in the phagophore and autophagosome, and it is consid-
ered the most specific autophagosomal marker [46,47]. LC3-II 
accumulates during lysosomal proteolysis inhibition, and the 
increase in LC3-II results from autophagosome synthesis [46,48]. 
Consistently, we observed a decrease in Map1lc3b-II levels in gja8b 
mutant zebrafish (Figures 3C and 3D). The above data suggested 
that ablation of Gja8b induces the downregulation of autophagy in 
lens fiber cells.

Next, we further examined the relevance of GJA8 with auto-
phagy in human HLE cells. Interestingly, we observed that the level 
of GJA8 protein in HLE cells significantly increased when auto-
phagy was activated in starvation medium (Figures 4A and 4B). 
We further observed that the level of LC3-II increased in HLE cells 
overexpressing GJA8 in nutrient-rich media, suggesting that over-
expression of GJA8 promotes autophagy in HLE cells (Figures 4C 
and 4D). Furthermore, we observed that GJA8 colocalized with 
ATG16L1, a marker for phagophore assembly sites and 
a contributor of plasma membrane proteins participating in auto-
phagy [49], and with LC3 puncta in HLE cells in nutrient-rich 
medium (Figures 4E and 4F). Activation of autophagy by starva-
tion promoted the number of puncta co-stained with GJA8 and 
LC3 (Figures 4F and 4H). Consistently, overexpression of GJA8 
significantly promoted the number of LC3-positive puncta in HLE 
cells in nutrient-rich media (Figures 4I and 4J). Taken together, 

these data suggested that the presence of GJA8 promotes 
autophagy.

Given the colocalization of GJA8 and ATG16L1, we specu-
lated that GJA8 might interact with the ATG12–ATG5- 
ATG16L1 complex that is involved in the early autophago-
some formation [49–51]. Indeed, co-immunoprecipitation 
results revealed that GJA8 interacts with ATG16L1 and 
ATG12, but it did not interact with ATG5 (Figure 5A-5C). 
Domain mapping results revealed that the amino acid 1–229 
of GJA8 binds with these ATG proteins (Figure 5D).

Overall, the above results support a previously unknown 
role for GJA8 as an endogenous positive regulator of autop-
hagosome formation. Downregulation of autophagy induced 
by ablation of Gja8b could be a vital pathogenic mechanism 
for cataracts in GJA8 mutants.

Rapamycin stimulates autophagy in the lens and 
relieves cataract/lens defects in gja8b mutant zebrafish.

The pharmacological agent rapamycin is well known to activate 
autophagy by blocking MAPK/JNK-MTORC1 signaling [52]. 
Rapamycin treatment in ex vivo chicken lens cultures induces 
premature loss of organelles by upregulated autophagy via sup-
pressing MAPK/JNK-MTORC1 signaling in lens fiber cells [19]. It 
is very important to determine whether rapamycin treatment can 
boost autophagy in animals and rescue cataracts. Thus, we treated 
gja8b mutant zebrafish with different concentrations of rapamy-
cin. We first examined whether rapamycin promoted autophagy 
in lens cells. Indeed, we observed that rapamycin treatment sig-
nificantly promoted both the AV number and the AV area in lens 
epithelial and fiber cells in gja8b mutant zebrafish (Figure 6A-6C). 
Immunoblots results consistently revealed that autophagy was 
promoted in rapamycin-treated zebrafish, which was indicated 
by the upregulation of Map1lc3b-II levels (Figures 6D and 6E). 
Furthermore, we observed that the expression of GJA8 increased 
in rapamycin-treated HLE cells (Figures 6F and 6G). However, the 
co-localization of GJA8 with ATG16L1 did not increase in rapa-
mycin-treated HLE cells (Figures 6H and 6I).

Intriguingly, we observed that rapamycin treatment effectively 
relieved lens defects in gja8b mutant zebrafish. The higher con-
centration of the treatments of this reagent retrieved the better 
effects (Figure 7A). Consistently, immunohistochemistry results 
revealed that rapamycin treatment promoted organelle degrada-
tion, including denucleation (Figures 7B and 7C), loss of the 
endoplasmic reticulum and cytoskeleton and decreased expression 
of markers of primary fiber cells (Figure 7D) in gja8b mutant 
zebrafish. In summary, the data demonstrated that in vivo rapa-
mycin treatment promotes autophagy in zebrafish lenses and 
relieves cataracts caused by ablation of Gja8b.

3-Methyladenine (3-MA) treatment blocks the recovery 
of cataracts induced by rapamycin in gja8b mutant 
zebrafish lenses.

To further validate the mechanism through which rapamycin 
relieves cataracts by promoting autophagy in the lens, we treated 
zebrafish with 4 mM 3-MA. 3-MA is widely used as an autophagy 
inhibitor due to its inhibitory effect on class III phosphatidylino-
sitol 3-kinase (PtdIns3K) [53], which is known to be essential for 
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the induction of autophagy. We observed that 3-MA treatment in 
WT zebrafish induced defects similar to those observed following 
the ablation of Gja8b, including degradation defects in the endo-
plasmic reticulum, cytoskeleton and nuclei of lens fiber cells 

(Figure 8A-8C). More importantly, 3-MA treatment in gja8b 
mutant zebrafish significantly blocked the recovery effects induced 
by rapamycin, including the severity of cataract, and organelle 
degradation (Figure 8D-8G). Taken together, these data suggested 

Figure 2. Ablation of Gja8b induces severe defects in organelle degradation of lens fiber cells. (A-C) Immunohistochemistry results showed that lens primary fiber cell 
markers (A, labeled by Zl-1 and Mip staining), endoplasmic reticulum (B, labeled by Kdel staining), cytoskeleton (C, labeled by F-actin staining), and nuclei (C, labeled 
by DAPI staining) remained in lens second fiber cells in gja8b mutants at 72 hpf. (D) The quantitative analysis of the average number of lens fiber cell nuclei shown in 
different gja8b mutants groups (WT-like group, minor group and major group) (mean ± SEM, n ≥ 30 zebrafish for each group, ****p < 0.0001). (E and F) 
Immunohistochemistry results showed that cytoskeleton (labeled by F-actin staining), and nuclei (labeled by DAPI staining) remained in the center of lens in gja8b 
mutants at 4 dpf (E) and 5 dpf (F). Scale bars: 50 μm.
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that rapamycin treatment relieves cataracts caused by ablation of 
Gja8b via stimulating autophagy in zebrafish lenses, and 
3-MA inhibits this recovery effect via inhibiting autophagy 
(Figures 8H and 8I).

Discussion

Although it is well known that mutations in GJA8 are 
related to cataract formation [10,30,31], few cataractogenesis 
mechanisms have been revealed other than abnormal assem-
bly of gap junctions. In this study, we revealed a previously 
unknown function of GJA8 in the regulation of autophagy 
that is based on its interaction with ATG proteins. We also 
proposed that defect in organelle degradation is a novel 
cataractogenesis mechanism caused by dysfunction of 
Gja8b. Lens fiber cells in the inner lens, known as the 
organelle-free zone, lack all organelles and nuclei. Organelle- 
free fiber cells minimize light scattering and ensure lens 
transparency [9,54,55]. Our data indicated that GJA8 is 
required for organelle-free zone formation. Ablation of 
Gja8b induced severe defects in organelle degradation in 
zebrafish lens fiber cells. Interestingly, organelle degradation 
was promoted by stimulating autophagy. Along with the 

improved organelle degradation, the severity of lens opacity 
was relieved in gja8b mutant zebrafish.

Unlike many other integral membrane proteins, most gap 
junction proteins have short half-lives, maybe suiting to the altera-
tions in intercellular communication and cell contacts [56]. Several 
pathways, including the autophagy pathway, have been reported to 
be implicated in the rapid turnover of gap junction proteins 
[39,56]. In HeLa cells stably expressing GJA8, autophagy can 
regulate the level of GJA8. The cytoplasmic accumulation of 
a mutant cataract-associated gap junction protein, GJA8P88S that 
exhibits impaired degradation and forms abnormal accumula-
tions, results from an insufficient degradation capacity of consti-
tutive autophagy [39]. Here, our data demonstrated that GJA8 
stimulates autophagy both in zebrafish lenses and in HLE cells. 
Interestingly, we observed that starve stimulation simultaneously 
promoted autophagy and increased levels of GJA8 in HLE cells. 
Taken together, these observations implied that there might be 
positive feedback between GJA8 and autophagy.

Albeit all gap junction proteins share conservative membrane- 
spanning structures, it appears that different gap junction proteins 
may play specific roles [28,57]. In contrast to the specific expres-
sion of GJA8 in the lens, GJA1 is the most commonly expressed 
gap junction protein in multiple tissues [25,57,58]. Interestingly, 
unlike cataractogenesis due to GJA8 dysfunction in humans and 

Figure 3. Autophagy is downregulated in lens fiber cells in gja8b mutant zebrafish. (A and B) Electron micrographs of lens fiber cells (LFC) and lens epithelial cells 
(LEC) in 36 hpf WT and gja8b mutants. Yellow arrowheads: autophagic vacuoles (AV). Scale bar: 100 nm. B is the number of AVs per area (40 μm2) in the lens of WT 
and gja8b mutants (n ≥ 60 cells from 6 lenses). (C and D) Immunoblot for endogenous Map1lc3b from WT and gja8b mutant zebrafish. (D) The quantitative analysis 
of the relative intensity of Map1lc3b-II compared to the Tubg1 (tubulin, gamma 1) control (n = 3 independent experiments). Mean ± SEM, N.S., p > 0.05, *p < 0.05, 
****p < 0.0001.
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Figure 4. GJA8 promotes autophagy in HLE cells. (A and B) A shows immunoblot for LC3, and GJA8 from HLE cells in normal complete (NC) media and 
nutrient starvation media for 4 h (Sta4h). B shows the quantitative analysis of the relative intensity of GJA8 and LC3-II normalized to the TUBG control 
(n = 3 independent experiments). (C and D) Immunoblot for LC3 from HLE cells in NC media transfected with the different doses of GJA8-Flag. (D) Shows 
the quantitative analysis of the relative intensity of LC3-II compared to the TUBG control (n = 3 independent experiments). (E-H) E shows representative 
images for endogenous ATG16L1 and GJA8 in the NC group. (F) shows representative images for endogenous LC3 and GJA8 in NC and Sta4h groups. (G) is 
the quantitative analysis of the average number of endogenous LC3 puncta per cell. H is the quantitative analysis of the average number of colocalized 
GJA8 and LC3 puncta per cell (n = 3 wells, 3 independent experiments, > 50 cells per experiment). (I and J) I is representative images of LC3 and GJA8-GFP 
or GFP in HLE cells transfected with GJA8-GFP or GFP-vector. (J) The quantitative analysis of the average number of LC3 puncta per cell (n = 3 wells, 3 
independent experiments, > 50 cells per experiment). Scale bars: 10 μm. Mean ± SEM, N.S., p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
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multiple animal species [29], the lenses of mice with a conditional 
deletion of GJA1 are transparent and develop normally through at 
least 6 months of age, even though intercellular communication 
among epithelial cells may be impaired [59]. Mutations in GJA1 
have been associated with oculodentodigital dysplasia, a disease 
that is only rarely accompanied by cataracts [60]. Distinct from the 
observation that GJA8 stimulated autophagy in the lens in this 
study, the presence of GJA1 on the plasma membrane negatively 
modulates autophagosome biogenesis in mouse osteoblasts. 
Internalization or degradation of GJA1 promotes activation of 
autophagy in response to nutritional stress [37]. Being involved 
in autophagy, GJA1 interacts with ATG16L1 via its C terminus, 
while GJA8 was found to interact with ATG16L1 and ATG12 via 
its N terminus. More experiments are expected to elucidate the 
differences between GJA1 and GJA8, including the mechanisms in 
the regulation of autophagy.

The role of autophagy in organelles degradation in develop-
ing lens is still a controversial question. Genetic studies in atg5 
knockout mice have demonstrated that autophagy is important 
for intracellular quality control in the lens but can be 

dispensable for lens organelle degradation during lens develop-
ment [12,16]. Similarly, we did not observe defects in organelle 
degradation and cataract phenotype in the lenses of atg5 mutant 
zebrafish before the fish died at approximately 10 dpf (data not 
provided). Nevertheless, in this study, we actually observed 
a tight association between defects in organelle degradation 
and downregulation of autophagy in gja8b mutant zebrafish. 
Importantly, treatment of gja8b mutant zebrafish with rapamy-
cin significantly relieved the defects in organelle degradation 
and the severity of cataracts. Conversely, 3-MA treatment 
blocked this recovery effect. A well-known fact that the early 
initiation of autophagy is negatively regulated by MTOR 
(mechanistic target of rapamycin kinase) and positively regu-
lated by PtdIns3K pathways [61–63]. Rapamycin, 
a pharmacological inhibitor of MTOR, functions by reducing 
MTORC1 phosphorylation and decreasing MTORC2 activity, 
therefore activating autophagy [64,65], whereas 3-MA treat-
ment inhibits autophagy by suppressing PtdIns3K [66]. 
Supporting our observation, ex vivo treatment with rapamycin 
stimulates premature organelle degradation in cultured chick 

Figure 5. GJA8 interacts with Atg proteins. (A) Diagram of the GJA8 protein that contains 2 extracellular domains, 4 transmembrane domains and 3 intracellular 
domains. aa: amino acid. (B) Diagram of the different forms of GJA8 (GJA8-Flag, GJA81−229-Flag, GJA8196−433-Flag) tagged with Flag. (C) Immunoblot for 
immunoprecipitates from GJA8-Flag with Atg16L1-HA, ATG12-HA, or ATG9-HA in HEK293T cells. (D) Immunoblot for immunoprecipitates from ATG16L1 with GJA8- 
Flag, GJA81−229-Flag, GJA8196−433-Flag in HEK293T cells. WCL: whole cell lysis. WCL is used as a negative control for immunoprecipitates.
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Figure 6. Rapamycin treatment promotes autophagy in gja8b mutant zebrafish lenses. (A-C) Electron micrographs of lens fiber cells (LFC) and lens epithelial cells 
(LEC) in 72 hpf WT, gja8b mutants, and gja8b mutants treated with 25 μM rapamycin. Yellow arrowheads show AV. (B) The number of AVs per area (40 μm2), and (C) 
is the average area of AVs in the lens epithelial and fiber cells in WT, gja8b mutants and gja8b mutants treated with 25 μM rapamycin (n ≥ 60 cells from 6 lenses). (D) 
Shows the concentration of endogenous Map1lc3b-I and Map1lc3b-II in the zebrafish eyes of WT, gja8b mutants, WT treated with 25 μM rapamycin and gja8b 
mutants treated with 25 μM rapamycin. Short exp and long exp: short exposure and long exposure. (E) shows the quantitative analysis of relative intensity of 
Map1lc3b-II normalized to the Tubg1 loading control (n = 3 independent experiments). (F) Shows the concentration of endogenous GJA8 and LC3 in NC or 
rapamycin-treated HLE cells. (G) Shows the quantitative analysis of relative intensity of GJA8 and LC3-II normalized to the TUBG loading control (n = 3 independent 
experiments). (H) Shows representative images for endogenous ATG16L1 and GJA8 in NC and rapamycin treated HLE cells. (I) Quantitative analysis of the average 
number of colocalized GJA8 and ATG16L1 puncta per cell. (n = 3 wells, 3 independent experiments, > 50 cells per experiment). Scale bar: 100 nm (A) and 10 μm (H). 
Mean ± SEM, N.S., p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. Rapamycin treatment relieves cataract/lens defects in gja8b mutant zebrafish. (A) Statistical analysis of the severity of lens defects in 72 hpf gja8b mutants 
treated with rapamycin. Horizontal axis labeling shows the final concentration of rapamycin (n > 100 zebrafish for each group). (B) Shows representative images of 
the nuclei of lens fiber cells in WT, gja8b mutants, gja8b mutants treated with DMSO, and WT and gja8b mutants treated with 25 μM rapamycin at 72 hpf. (C) Shows 
the quantitative analysis of the average number of lens fiber cell nuclei shown in B (n > 20 zebrafish for each group). (D) Representative images to show the 
distribution of Kdel, Mip and F-actin in the lens of WT, gja8b mutants, and gja8b mutants treated with 25 μM rapamycin. Scale bars: 50 μm. Mean ± SEM, N.S., 
p > 0.05, ****p < 0.0001.

3332 X. PING ET AL.



Figure 8. 3-MA treatment blocks the rescue effects of rapamycin in gja8b mutant zebrafish lenses. (A) Shows representative images of the distribution of Kdel and 
Mip, and (B) shows representative images of nuclei and F-actin in the lens of WT and WT zebrafish treated with 4 mM 3-MA at 72 hpf. (C) Average number of lens 
fiber cell nuclei per lens (n > 30 zebrafish for each group). (D) Statistical analysis of the severity of lens defects in 72 hpf WT, gja8b mutants, gja8b mutants treated 
with rapamycin, and gja8b mutants treated with 25 μM rapamycin and 4 mM 3-MA (n > 120 zebrafish for each group). (E) Shows representative images of the 
distribution of Kdel and Mip, and (F) shows representative images of nuclei and F-actin in the lens of gja8b mutants treated with 25 μM rapamycin and gja8b mutants 
treated with 25 μM rapamycin plus 4 mM 3-MA at 72 hpf. (G) Average number of lens fiber cell nuclei per lens (n > 30 zebrafish for each group). (H) Shows the 
concentration of endogenous Map1lc3b-I and Map1lc3b-II in WT, WT treated with 4 mM 3-MA, gja8b mutants treated with 4 mM 3-MA, WT treated with 25 μM 
rapamycin and 4 mM 3-MA, and gja8b mutants treated with 25 μM rapamycin and 4 mM 3-MA. Short exp and long exp: short exposure and long exposure. (I) Shows 
the quantitative analysis of relative intensity of Map1lc3b-II normalized to the Tubg1 control (n = 3 independent experiments). Scale bars: 50 μm. Mean ± SEM, 
*p < 0.05, **p < 0.01, ****p < 0.0001.
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embryonic lenses [19]. Taken together, we speculated that, 
although autophagy is not necessary for organelle degradation 
in the lens in the normal physiological state, deficient autophagy 
might play a critical role in organelle degradation in the patho-
logical state of cataracts.

Despite the clinical success of cataract surgery, patients are 
still suffering from disturbances in vision quality and have 
poor performance in functional visual acuity testing [67]. 
Thus, it is of great significance to screen drugs that can 
effectively control the development of cataracts. The zebrafish 
has become an important vertebrate model for in vivo chemi-
cal screening in drug development for human diseases [68,69]. 
Interestingly, in vivo rapamycin treatment significantly 
relieved the cataract phenotype in gja8b mutant zebrafish. 
Autophagy plays an essential role in lens development and 
intracellular quality control to maintain lens transparency. 
Given the similarities in structure, optical function and meta-
bolism among vertebrate lenses, our study did imply that 
stimulation of autophagy may be a potential clinical treatment 
for cataracts caused by GJA8 mutations.

Materials and methods

Zebrafish genotyping, maintenance and breeding

AB WT and gja8b (Ensembl ID: ENSDARG00000015076) mutant 
zebrafish were used in this study. The gja8b mutant zebrafish was 
generated in China Zebrafish Resource Center by CRISPR-Cas9 
technology. The sgRNA sequence is GGGAAGCGTCCGTACG 
GCCAagg. The gja8b mutant zebrafish were genotyped by PCR 
(forward primers, 5ʹ-CCGGGTTGCGAGAACGTTTG-3ʹ, reverse 
primers, 5ʹ-GAGTGGCAAGATTCGGAAGC-3ʹ) followed by the 
digestion of StyI restriction enzyme (New England Biolabs, 
R3500S). In this study, we mated homozygous with WT to obtain 
heterozygous embryos, and mated homozygous adult zebrafish to 
obtain homozygous embryos for the phenotype analysis. Zebrafish 
embryos were raised at 28.5°C in E3 media (5 mM NaCl, 0.33 mM 
MgSO4, 0.33 mM CaCl2, 0.17 mM KCl, and 0.1% methylene blue). 
Further, 0.003% PTU (w:v; Sigma-Aldrich, P7629) was added into 
E3 media to inhibit melanogenesis. Zebrafish were bred in accor-
dance with Zhejiang University Animal Care and Use Committee 
protocols.

Cell culture, transfections, co-immunoprecipitations and 
immunoblots

HLE cells (SRA 01–04) [70] were obtained from the RIKEN Cell 
Bank (RCB1591), and HEK293T cells were obtained from ATCC 
(CRL-3216). Cells were cultured in DMEM (Corning, 10–090- 
CV) with 10% fetal bovine serum (FBS; Gibco, 26,140–079) at 37° 
C in 5% CO2 (v:v). Nutrient starvation was performed by thor-
oughly washing the cells with prewarmed 1X phosphate-buffered 
saline (PBS; Gibco, 10,010–023) and incubating them in starvation 
medium (1% BSA [w:v; Sigma-Aldrich, A9418], 140 mM NaCl, 
1 mM CaCl2, 1 mM MgCl2, 5 mM glucose [Sigma-Aldrich, 
G5500], 20 mM HEPES [Gibco, 15,630–080], pH 7.4) for 4 h at 
37°C with 5% CO2 [71]. For the GJA8-Flag overexpression immu-
noblots, HLE cells were transfected with indicated plasmid using 
Lipofectamine 2000 (Invitrogen, 11,668,019) according to the 

manufacturer’s instructions. For the co-immunoprecipitation 
assays, HEK293T cells were transfected with indicated plasmids 
using Lipofectamine 2000. Cells transfected for 24 h with specific 
plasmids were lysed in modified MYC lysis buffer (MLB) (20 mM 
Tris-Cl, 200 mM NaCl, 10 mM NaF, 1 mM Na3V2O4 [Sigma- 
Aldrich, 450,243], 1% NP-40 [Thermo Fisher Scientific, 85,124], 
20 mM beta-glycerophosphate [Sigma-Aldrich, G9422], and pro-
tease inhibitor [Complete Protease Inhibitor Cocktail, Roche, 
04693116001], pH 7.5). Cell lysates were then subjected to immu-
noprecipitation using specific antibodies for the transfected pro-
teins. After 2 ~ 3 washes with MLB, proteins adsorbed on the beads 
(Repligen, CA-PRI-0100) were resolved in 1X SDS loading buffer 
and were analyzed by SDS-PAGE and immunoblots with the 
indicated antibodies. Cell lysates were also analyzed by SDS- 
PAGE and immunoblots to control for protein abundance. 
Zebrafish were anesthetized with 1 mM Tricane (Sigma-Aldrich, 
E10521), then eyeballs were removed, lysed in TBST (1% Triton 
X-100 [Thermo Fisher Scientific, 28,313]), resolved in 1X SDS 
loading buffer and analyzed by SDS-PAGE and immunoblots 
with the indicated antibodies. A serial dilution of the amount of 
all proteins was firstly used as a scale for creating standard curves 
for comparative protein quantification. The blots were stained 
with ECL reagent (Thermo Fisher Scientific, 32,106) and detected 
with the ChemiDoc Touch Imaging System from Bio-Rad 
(1,708,371). The densitometry of each band was performed using 
ImageJ software (https://imagej.nih.gov/ij/). The linear ranges for 
proteins, including TUBG/γ-tubulin, were determined by creating 
a standard curve based on the diluted volumes of each protein. The 
relative level of all proteins was normalized with the level of the 
TUBG proteins. Three independent experiments were performed 
for all immunoblots. The following antibodies were used for 
immunoblots (1:1000): anti-Flag (Millipore, SAB4301135), anti- 
HA (Cell Signaling Technology, 3724), anti-LC3 (Cell Signaling 
Technology, 2775), anti-GJA8 (Thermo Fisher Scientific, 334,300) 
and anti-TUBG (Sigma-Aldrich, T3559).

Expression plasmids

Expression plasmids for FLAG- or hemagglutinin (HA)- 
tagged pRK5F were kind gifts from Prof. Pinglong Xu 
(Zhejiang University, Hangzhou, China). The cDNAs of 
human ATG16L1, ATG12, and ATG5 were provided by Prof. 
Han jiahuai (Xiamen University, Xiamen, China). Human 
GJA8 and human GJA8 domains, including GJA8 amino 
acids 1–229, 196–433, were subcloned into pRK5F-flag. 
Human ATG16L1, ATG12, and ATG5 were amplified by 
PCR and cloned into the plasmid pRK5F-HA. All coding 
sequences were verified by DNA sequencing and detailed 
information of plasmids is provided in Table S1.

Immunofluorescence and antibodies

The following antibodies were used: anti-GJA8 (1:200; Santa Cruz 
Biotechnology, sc-20,876), anti-Zl-1/ZL-1 (1:200; Abcam, 
ab185979), anti-Kdel/KDEL (1:200; Santa Cruz Biotechnology, 
sc-58,774), anti-ATG16L1 (1:200; MBL, PM040), anti-Mip/Aqp0 
(1:200; Millipore, AB3071), anti-LC3 (1:300; Cell Signaling 
Technology, 2775), anti-Tjp1a/ZO1 (1:200; Thermo Fisher 
Scientific, 33–9100), anti-Prkci/aPKC (1:200; Santa Cruz 
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Biotechnology, sc-216). Alexa Fluor 488 Phalloidin (1:300; 
Thermo Fisher Scientific, A12379) was used to visualize F-actin. 
DAPI (Thermo Fisher Scientific, D3571) was used to stain nuclei. 
Zebrafish were fixed at the desired developmental stage with 4% 
paraformaldehyde (Sigma-Aldrich, P6148) for 2 h at room tem-
perature. Immunohistochemistry was performed following the 
procedure described previously [72]. HLE cell immunofluores-
cence was performed as previously described [31]. Confocal 
microscopy was performed using a Nikon A1 confocal micro-
scope. Adobe Photoshop 7.0 was used for subsequent image 
processing and colocalization calculation.

Severity of cataract/lens defects

Live zebrafish were photographed with a Nikon SMZ18 micro-
scope. The area of the cloudy region in the lens was analyzed 
with ImageJ. Accordingly, in gja8b mutant zebrafish, the sever-
ity of cataract/lens defects caused by the ablation of Gja8b could 
be classified into three groups (WT-like, minor defect group, 
and major defect group). We did not select the zebrafish based 
on the severity of cataract/lens defects for the subsequent 
experiments, expect the experiments shown in Figure 2D.

Transmission electron microscopy

The embryos at the desired developmental stage were fixed in 
2% transmission electron microscopy (TEM) grade glutaral-
dehyde (SPI Chem, 02608-BA) plus 2% paraformaldehyde 
(Sigma-Aldrich, P6148) in 0.1 M PBS at 4°C; then, they 
were rinsed in PBS, postfixed with 1% OsO4 (SPI Chem, 
02595-BA) and 0.1% K3Fe(CN)6 (Sigma-Aldrich, 702,587), 
dehydrated through a graded series of ethanol and absolute 
acetone, then embedded in Spurr resin (SPI Chem, 02680-AB) 
. The 65-nm ultrathin tissue sections were stained with 2% 
uranyl acetate (SPI Chem, 02624-AB) and alkaline lead citrate 
(Sinopharm Chemical Reagent limited corporation, 
200,964,701), then examined with a Hitachi Model 
H-7650 TEM.

Chemical treatments

At 24 hpf, zebrafish were transferred to 10-mm2 plates with 
E3 media with 0.003% PTU. Chemicals or vehicle controls 
(DMSO [Sigma-Aldrich, 472,301]) were then added to make 
a total volume of 10 ml. In the culture media, rapamycin 
(MedChemExpress, HY-10,219) was dissolved to 25 µM, 
3-MA (MedChemExpress, HY-19,312) was dissolved to 
4 mM for treatment. All culture media were replaced every 
12 h. Then embryos were analyzed by DIC (Nikon SMZ18) or 
immunofluorescence at 72 hpf.

Nuclei counting and statistical analysis

Number of lens fiber cell nuclei in zebrafish lens shown in Fig. 
2D, 7C, 8C, 8G and S2C was counted by cell counter in 
ImageJ software. The counting area is the center area of 
lens, including the primary and secondary lens fiber cells, 
except the outermost layer of the newly differentiating sec-
ondary fibers and the epithelium. The total number of lens in 

different groups was listed on the top of the according bars. 
Number of whole nuclei in lens (including epithelial and fiber 
cells) shown in Fig. S2D was counted by the same procedure. 
Data are expressed as the mean ± SEM. Differences were 
analyzed by two-tailed Student’s t tests using Prism 6 
(GraphPad), and p values < 0.05 were considered significant. 
No statistical method was used to predetermine sample size. 
All analyses were performed following a minimum of 3 
(n = 3) independent experiments.
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