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ABSTRACT
FYCO1 (FYVE and coiled-coil domain containing 1) is an adaptor protein, expressed ubiquitously and 
required for microtubule-dependent, plus-end-directed transport of macroautophagic/autophagic 
vesicles. We have previously shown that loss-of-function mutations in FYCO1 cause cataracts with 
no other ocular and/or extra-ocular phenotype. Here, we show fyco1 homozygous knockout (fyco1−/−) 
mice recapitulate the cataract phenotype consistent with a critical role of FYCO1 and autophagy in 
lens morphogenesis. Transcriptome coupled with proteome and metabolome profiling identified 
many autophagy-associated genes, proteins, and lipids respectively perturbed in fyco1−/− mice 
lenses. Flow cytometry of FYCO1 (c.2206C>T) knock-in (KI) human lens epithelial cells revealed a 
decrease in autophagic flux and autophagic vesicles resulting from the loss of FYCO1. Transmission 
electron microscopy showed cellular organelles accumulated in FYCO1 (c.2206C>T) KI lens-like 
organoid structures and in fyco1−/− mice lenses. In summary, our data confirm the loss of FYCO1 
function results in a diminished autophagic flux, impaired organelle removal, and cataractogenesis.

Abbreviations: CC: congenital cataracts; DE: differentially expressed; ER: endoplasmic reticulum; 
FYCO1: FYVE and coiled-coil domain containing 1; hESC: human embryonic stem cell; KI: knock-in; 
OFZ: organelle-free zone; qRT-PCR: quantitative real-time PCR; PE: phosphatidylethanolamine; RNA- 
Seq: RNA sequencing; SD: standard deviation; sgRNA: single guide RNA; shRNA: shorthairpin RNA; 
TEM: transmission electron microscopy; WT: wild type
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Introduction

The ocular lens is an excellent tissue to investigate intricate 
details of development. The lens develops from the head 
ectoderm that thickens to form the lens placode and invagi-
nates together with the optic vesicle to form the lens pit [1,2]. 
The lens pit separates from the ectoderm to form the lens 
vesicle that gives rise to anterior and posterior single layers of 
cells [1,2]. The cells of the anterior layer differentiate into the 
epithelium while cells forming the posterior layer differentiate 
into primary fiber cells forming the lens nucleus [1,2].

The lens epithelial cells at the anterior pole differentiate 
into fiber cells at the transition zones [2]. The lens fiber cells 
are generated throughout life from lens epithelial cells that 
elongate and differentiate into secondary fiber cells [2]. 
During differentiation, the lens fiber cells degrade their cellu-
lar organelles (hereafter referred to as organelles) through 
multiple processes [3,4], to create the organelle-free zone 
(OFZ), which is critical for the transparency and the physio-
logical functioning of the lens.

Disruption of the processes during lens fiber cell differen-
tiation can lead to persistent organelles in lens fiber cells that 
impede creation of the OFZ ultimately resulting in the 

development of cataracts [5–7], the leading cause of blindness 
worldwide. Cataract is a clouding or opacity of an otherwise 
transparent lens of the eye. It interferes with the focusing of 
the incoming light on the retina, and if left untreated during 
infancy, it can affect visual development eventually leading to 
blindness [8].

Macroautophagy/autophagy is an important cellular 
mechanism responsible for the recycling of damaged orga-
nelles and protein aggregates in many tissues [9]. The role of 
autophagy during lens fiber cell differentiation is still contro-
versial since organelles are not retained in lens fiber cells of 
lens-specific atg5 knockout mice [10,11]. However, multiple 
studies have reported the expression of autophagy-associated 
genes in the lens [12,13] and autophagosomes are detected in 
lens epithelial cells, and differentiating lens fiber cells [14,15].

The FYVE zinc finger domain is named after the four 
cysteine-rich proteins: Fab1 (yeast ortholog of PIKfyve), 
YOTB, Vac1 (vesicle transport protein), and EEA1 [16]. 
FYCO1 (FYVE and coiled-coil domain containing 1) is an 
adaptor protein required for microtubule-dependent, plus- 
end-directed transport of autophagic vesicles, delivering auto-
phagosomes to the lysosomes for degradation [17,18]. We 
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have previously shown that loss-of-function mutations in 
FYCO1 cause cataracts [19,20].

Here, we recapitulated the cataract phenotype in fyco1 knock-
out mice and examined the loss of FYCO1 function in multiple in 
vitro and in vivo experimental systems as means of exploring the 
physiological significance of FYCO1 in lens morphogenesis. Our 
results confirm an essential role of FYCO1-dependent autophagy 
in lens fiber cell differentiation where the loss of FYCO1 function 
results in diminished autophagic flux, impaired organelle removal, 
and cataractogenesis.

Results

fyco1 homozygous knockout (fyco1−/−) mice develop 
bilateral cataracts

We previously reported multiple families with loss-of- 
function mutations in FYCO1 responsible for autosomal 
recessive congenital cataracts (arCC) with no other ocular 

and/or extra-ocular anomalies [19,20]. Taken together, muta-
tions identified in FYCO1 contribute nearly 15% of the total 
genetic load of cataractogenesis in our cohort of Pakistani 
families with arCC.

We developed fyco1−/− mice to investigate the physiological 
significance of FYCO1 in lens morphogenesis in a system that 
closely mimics the human eye. The quantitative real-time 
PCR (qRT-PCR) identified only residual expression of Fyco1 
in fyco1−/− mice lenses (Fig. S1A). We performed a detailed 
phenotypic assessment of fyco1−/− mice lenses (Figure 1A-D). 
The fyco1−/− mice exhibited initial signs of lens opacities at 
four weeks that developed into mild cataracts around eight 
weeks and mature cataracts by 16 weeks of age (Figure 1A, C). 
While the extent of the lens opacities varied among fyco1−/− 

mice, both EIIa-Cre-mediated fyco1−/− and Prm1-Cre- 
mediated fyco1−/− mice developed cataracts, bilaterally. No 
cataracts were detected in Fyco1 heterozygous knockout 
(Fyco1+/−) mice (Figure 1B, D), or Fyco1 LoxP floxed 
(Fyco1+/+) mice (Fig. S1B).

Figure 1. Phenotypic assessment of fyco1 homozygous knockout (fyco1−/−) mice lenses revealed bilateral cataracts and abnormal morphology of lens epithelial and 
fiber cells. (A–D) Assessment of lens opacities in the knockout mice lenses. The examination identified cataracts in (A) 16-weeks old Ella-Cre-mediated fyco1−/− and 
(C) 16-weeks old Prm1-Cre-mediated fyco1−/− mice lenses. No cataracts were observed in age-matched (B) Ella-Cre-mediated fyco1+/− and (D) Prm1-Cre-mediated 
fyco1+/−. (E–H) Transmission electron microscopy (TEM) of wild type (WT) and fyco1−/− mouse lens at postnatal day 60 (P60). The analysis of WT mouse lens revealed 
a normal morphology of lens epithelial and fiber cells (E, G). In contrast, fyco1−/− mouse lens epithelial cells show extensive vacuolization while fiber cells are large 
and exhibit irregular shapes (F, H). Note: Image magnifications: 1,850x (E, F), and 3,400x (G, H); Scale bars: 5 µm (E, F), and 2 µm (G, H). Panels G and H are enlarged 
images of the boxed areas in panels E and F, respectively.
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Transmission electron microscopy (TEM) was performed 
on postnatal day 60 (P60) wild type (WT) and fyco1−/− mice 
lenses (Figure 1E-H). Electron micrographs of WT mice 
revealed normal morphology of lens epithelial and fiber cells 
(Figure 1E, G) while age-matched fyco1−/− mice lens epithelial 
and fiber cells show extensive vacuolization and irregular 
shape (Figure 1F, H).

Transcriptome profiling identified differentially expressed 
(DE) genes in fyco1−/− mice lenses

We first examined the transcriptome profile of P0 WT and 
fyco1−/− mice lenses to identify DE genes resulting from the 
loss of FYCO1. Since the first signs of cataracts appear around 
four weeks in fyco1−/− mice, we used P0 mice lenses for OMIC 
(transcriptome, proteome, and metabolome) profiling to sepa-
rate cause (loss of FYCO1) and effect (cataractogenesis), 
which otherwise, would have complicated the downstream 
analysis. RNA sequencing (RNA-Seq) detected expression of 
10,442 and 10,296 genes (≥1.0 FPKM, fragments per kilobase 
of transcript per million) in the WT and fyco1−/− P0 mice 
lenses, respectively (Table S1). A comparative analysis of 
genes expressed in the mice lenses identified 2,665 DE 
(p < 0.05) genes including 1,415 with elevated expression 
and 1,250 with lower transcript counts in fyco1−/− mice lenses 
compared with WT mice lenses (Table S1).

Among DE genes, Bfsp1, Gja3, Tdrd7, Hsf4, and Gja1 
showed higher expression in fyco1−/− mice lenses (Table S1). 
Furthermore, we identified elevated expression of Capn3, 
Caprin2, and Casp7 in fyco1−/− mice lenses (Table S1). 
Multiple autophagy-associated genes showed higher expres-
sion in fyco1−/− mice lenses including Atg101, Atg3, Atg9a, 
Becn1, Lamp2, and Sqstm1/p62 (Table S1). Finally, Bfsp2, 
Pax6, and Pxdn exhibited lower transcript counts in fyco1−/− 

mice lenses (Table S1).

Proteome profiling identified differential abundance or 
deficiency of proteins in fyco1−/− mice lenses

We next examined the proteome profile of P0 WT and fyco1−/− 

mice lenses to identify differential abundance or deficiency of 
proteins resulting from the loss of FYCO1. A threshold of >2 
standard deviation (SD) was set to establish differential protein 
abundance or deficiency, which yielded 160 proteins, including 
19 exhibiting abundance and 141 with diminished quantities in 
fyco1−/− mice lenses compared with WT mice lenses (Table S2). 
BFSP1, BFSP2, GJA3, MIP, BIRC7, TDRD7, and HSF4 exhibited 
abundance in fyco1−/− mice lenses (Table S2). In contrast, 
diminished counts of GJA1, PAX6, and PXDN were identified 
in fyco1−/− mice lenses (Table S2).

Importantly, multiple autophagy-associated proteins 
including ATG7, ATG12, SQSTM1/p62, WIPI2, and BAG3 
exhibited abundance in fyco1−/− mice lenses while LAMP2 
levels were diminished in fyco1−/− mice lenses compared to 
WT mice lenses (Table S2). We also identified differential 
abundance or deficiency of many proteases including 
CAPN3, CAPRIN2, and CASP7 accumulated and CAPRIN1 
diminished in fyco1−/− mice lenses (Table S2). It should be 
noted that CAPN3, a calcium-dependent, non-lysosomal 

cysteine calpain protease exhibited a 1.81-fold abundance in 
fyco1−/− mice lenses (Table S2).

Among the autophagy-associated proteins accumulated in 
fyco1−/− mice lens proteome was SQSTM1/p62 (Figure 2A) 
exhibiting a 1.61-fold higher level (Figure 2B). Importantly, 
SQSTM1/p62 exhibited increased levels in both transcriptome 
and proteome analyses of P0 fyco1−/− mice lenses (Tables S1- 
2). It is noteworthy that the concentration of SQSTM1/p62 
inversely correlates with autophagic flux i.e., higher levels of 
SQSTM1/p62 suggest a decrease in autophagic flux. To 
further validate the levels of SQSTM1/p62, we performed 
Western blot that revealed a 1.48-fold higher level of 
SQSTM1/p62 in fyco1−/− mice lenses (Figure 2C–D) suggest-
ing that loss of FYCO1 results in diminished autophagy in the 
mice lenses.

Metabolome profiling identified elevated levels of 
phosphatidylethanolamine (PE)- associated metabolites 
in fyco1−/− mice lenses

FYCO1 has been implicated in autophagosome trafficking 
through binding to the PE-lipidated form of MAP1LC3B 
(microtubule-associated protein 1 light chain 3 beta), LC3B- 
II, critical for the formation of autophagosomes [17,18]. Since 
the loss of FYCO1 results in diminished autophagy in fyco1−/− 

mice lenses, we reasoned that a relatively lower number of 
autophagosomes will be degraded in autolysosomes, which in 
turn, would result in a modest accumulation of PE or PE- 
associated metabolites in fyco1−/− mice lenses. We, therefore, 
examined the metabolome profile of P0 WT and fyco1−/− mice 
lenses.

The metabolome profiling identified 353 metabolites in the 
P0 mice lenses (Table S3). Of these, 75 metabolites exhibited 
differential counts (p < 0.05), including 66 exhibiting abun-
dance and nine with diminished quantities in fyco1−/− mice 
lenses compared with WT mice lenses (Table S3). We identi-
fied 13 PE-associated metabolites, PE phospholipids having 
the same base structure but different acyl chains. Among 
these, 12 PE metabolites exhibited elevated levels including 
six metabolites exhibiting significantly (p < 0.05) higher levels 
in fyco1−/− mice lenses compared with WT mice lenses 
(Table S3).

PE is the second-most abundant phospholipid in mamma-
lian membranes and can be generated through four different 
enzymatic pathways [21]. While we only focused on the PE 
phospholipids, the data suggest that the absence of FYCO1 is 
responsible for a modest accumulation of PE phospholipids, 
in line with the notion of diminished autophagy suggested by 
elevated levels of SQSTM1/p62 in the transcriptome and 
proteome datasets. Taken together, the OMIC datasets 
strongly suggest that the loss of FYCO1 function results in 
diminished autophagic flux in fyco1−/− mice lenses.

Multiphoton laser scanning microscopy validated a 
decrease in autophagic flux in fyco1−/− mice lenses

To further examine the loss of FYCO1 dependent decrease in 
autophagic flux in fyco1−/− mice lenses, we took advantage of 
commercially available CAG-RFP-EGFP-Map1lc3b mice. We 
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crossed fyco1−/− mice with CAG-RFP-EGFP-Map1lc3b trans-
genic mice. The progeny of this cross was bred to homozyg-
osity to generate CAG-RFP-EGFP-Map1lc3b-fyco1−/− mice. 
The autophagic flux in CAG-RFP-EGFP-Map1lc3b-fyco1−/− 

mice lenses were examined using the sensitivity of GFP fluor-
escence i.e., quenching in an acidic environment of lysosomes 
or autolysosomes. To eliminate concerns that the intrinsic 
fluorescence of the retina might interfere with the analysis 
of the lens, an ex-vivo strategy was adopted to measure RFP 
and GFP fluorescence intensities.

The mice eyes were enucleated, WT and fyco1−/− mice 
lenses expressing RFP-EGFP-MAP1LC3B were isolated, fixed 
in 3.7% paraformaldehyde, and RFP and GFP fluorescence 
intensities were measured in 10 µm Z-stacks using a multi-
photon laser scanning microscope (Fig. S1C-D). Analysis of 
fyco1−/− mice lenses revealed a 1.3- and 1.6-fold higher GFP 
fluorescence intensity (p < 0.05) in the whole lens and the 
anterior lens including lens epithelium, respectively (Figure 
2E–F). These results validated the findings of OMIC profil-
ing experiments of diminished autophagic flux in fyco1−/− 

mice lenses. It is worth noting that 1.3- and 1.6-fold increase 
in GFP fluorescence, while statistically significant, is modest 
overall, and is consistent with the notion that loss of FYCO1 
results in diminished autophagy rather than an overall abla-
tion of autophagy.

Diminished autophagic flux in FYCO1 (c.2206C>T) knock- 
in (KI) human lens epithelial (HLE) cells

To further investigate the loss of FYCO1-dependent 
decrease in autophagic flux, we engineered HLE cells har-
boring a cataract causing mutation in FYCO1 (c.2206C>T; 
p.Q736*) that has been identified in multiple individuals 
with congenital cataracts [19]. HLE-B3 cells were trans-
fected with a single guide RNA (gRNA) and a donor DNA 
homozygous for the mutation in FYCO1 (c.2206C>T). The 
successful targeting of the FYCO1 (c.2206C>T) allele was 
confirmed through bi-directional Sanger sequencing (Fig. 
S2A). The qRT-PCR revealed only residual expression of 
FYCO1 mRNA in the KI HLE cells while the short-hairpin 

Figure 2. Functional assessment of fyco1 homozygous knockout (fyco1−/−) mice lenses revealed impaired autophagy. (A) Volcano plot illustrating the differential 
abundance or deficiency of proteins in fyco1−/− mice lenses at postnatal day 0 (P0). A comparative analysis identified 160 proteins (>2 standard deviation (SD)) 
including 19 proteins exhibiting abundance and 141 with diminished quantities in fyco1−/− mice lenses compared to wild type (WT) mice lenses. Proteins exhibiting 
abundance are shown in light red (SD > 2) and dark red (SD ≥ 6), and diminished counts are shown in light blue (SD > -2) and dark blue (SD ≥ -6) in fyco1−/− mice 
lenses. Note: the fold change is represented in log2 scale, depicted on the x-axis and the statistical significance is represented in −log10 scale, depicted on the y-axis. 
The use of −log10 values means that proteins having greater statistical significance are higher in the plot. (B) The proteome analysis detected a 1.61-fold higher 
concentration of SQSTM1/p62 in fyco1−/− mice lenses at P0 compared to age-matched WT mice lenses. Asterisks: p < 0.05. (C) Capillary electrophoresis-based 
Western blot analysis revealed an accumulation of SQSTM1/p62 in fyco1−/− mice lenses at P0. (D) Quantification of Western blot revealed 1.48-fold higher levels of 
SQSTM1/p62 in fyco1−/− mice lenses at P0 compared to age-matched WT mice lenses. The SQSTM1/p62 levels were normalized against ACTB/β-Actin. Asterisks: p 
< 0.05. (E,F) Multiphoton laser-scanning microscopy was performed on CAG-RFP-GFP-Map1lc3b WT and CAG-RFP-GFP-Map1lc3b-fyco1−/− mice lenses. The analysis 
revealed (E) 1.3- and (F) 1.6-fold higher GFP intensity in the whole lens and the anterior lens including lens epithelium, respectively. Asterisks: p < 0.05.
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RNA (shRNA)-mediated silencing of FYCO1 reduced endo-
genous expression of FYCO1 mRNA in WT HLE cells by 
about 60% (p < 0.05) (Fig. S2B). The CRISPR-Cas9- 
engineered HLE cells harboring the FYCO1 (c.2206C>T) 
allele were used in multiple assays to investigate the effect 
of the loss of FYCO1 and hereafter referred to as FYCO1 KI 
HLE cells.

First, we investigated the endogenous level of SQSTM1/ 
p62 in FYCO1 KI HLE cells. The flow cytometry-based 
quantification identified an accumulation of cellular 
SQSTM1/p62 (p < 0.0005) in FYCO1 KI HLE cells (Figure 
3A), in agreement with the accumulation of SQSTM1/p62 
in fyco1−/− mice lenses (Figure 2A–D) and providing 
further evidence of a decrease in autophagy resulting from 
the loss of FYCO1.

Second, we used tandem fluorescently tagged MAP1LC3B 
to monitor autophagic flux in FYCO1 KI HLE cells. We 
transfected WT and FYCO1 KI HLE cells with a mRFP- 
GFP-LC3 plasmid followed by treatment with rapamycin 
and two lysosomal protease inhibitors (E64d and pepstatin 
A). The mean relative fluorescence intensity of GFP and RFP 
was analyzed by flow cytometry that revealed a 1.87-fold 
higher green-to-red fluorescence ratio (p < 0.05) in FYCO1 
KI HLE cells compared with WT HLE cells (Figure 3B). These 
findings are consistent with the higher GFP fluorescence 
intensity identified in the CAG-RFP-EGFP-Map1lc3b-fyco1−/− 

mice lenses (Figure 2E–F).
Third, we investigated LC3B-II in FYCO1 KI HLE cells 

using flow cytometry-based quantification. Upon induction 
of autophagy, LC3B-I is converted to a membrane-bound 

Figure 3. Functional analysis of FYCO1 (c.2206C>T) knock-in (KI) human lens epithelial (HLE) cells revealed impaired autophagy. (A) Flow cytometry-based 
quantification of endogenous SQSTM1/p62 in FYCO1 KI HLE cells. The analysis revealed accumulation of SQSTM1/p62 in FYCO1 KI HLE cells compared to wild 
type (WT) cells. Asterisks: p < 0.0005. (B) Flow cytometry-based quantification of autophagic flux in FYCO1 KI HLE cells using a tandem fluorescent-tagged LC3B 
plasmid (mRFP-GFP-LC3). The analysis revealed a higher GFP to RFP ratio in FYCO1 KI HLE cells compared to WT cells. Asterisk: p < 0.05. (C) Flow cytometry-based 
quantification of exogenously expressed GFP labeled LC3B in FYCO1 KI HLE cells. The analysis revealed a 69% reduced GFP fluorescence intensity in FYCO1 KI HLE 
cells compared with WT HLE cells. Asterisks: p = 9.068e−12. (D) Flow cytometry-based quantification of CYTO-ID labeled autophagic vesicles in FYCO1 KI HLE cells. The 
analysis revealed a reduced green fluorescence intensity in FYCO1 KI HLE cells compared with WT HLE cells. Asterisks: p = 3.475e−5.
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lipidated form (LC3B-II) that is sequestered into autophago-
some membranes, and therefore the membrane-bound LC3B- 
II can be used to estimate the autophagic flux [22,23]. We 
transfected WT and FYCO1 KI HLE cells with the EGFP- 
LC3B plasmid followed by treatment with chloroquine for 4 h 
to block the autophagic flux. The WT and FYCO1 KI HLE 
cells were harvested 24-h post-transfection and briefly treated 
with saponin to allow the non-membrane-bound, EGFP- 
LC3B-I to leave the cells through pores in the cell membrane 
while the membrane-bound, EGFP-LC3B-II remained within 
the HLE cells. The levels of bound EGFP were estimated by 
flow cytometry [23]. The analysis identified a 69% decrease in 
EGFP-LC3B-II fluorescence signal (p = 9.068e−12) in FYCO1 
KI HLE cells compared to WT HLE cells (Figure 3C) suggest-
ing a decrease in autophagic flux in FYCO1 KI HLE cells.

Fourth, we examined the overall count of autophagic vesi-
cles in FYCO1 KI HLE cells using CYTO-ID, an autophagy 
detection dye that preferably stains autophagic vacuoles in live 
cells. WT and FYCO1 KI HLE cells were treated with chlor-
oquine for 4 h followed by staining with CYTO-ID and 
analyzed by flow cytometry. Flow cytometry-based quantifica-
tion of chloroquine-treated, CYTO-ID-stained cells revealed a 
22% reduction in the signal (p = 3.475e−5) in FYCO1 KI HLE 
cells compared to WT HLE cells (Figure 3D) suggesting a 
decrease in autophagic flux in FYCO1 KI HLE cells.

Taken together, analyses of FYCO1 KI HLE cells show 
accumulation of SQSTM1/p62, pH-sensitive spatial localiza-
tion of fluorescent-tagged-LC3 in the cytoplasm, a saponin- 
treatment dependent decrease in EGFP-LC3B-II signal, and 
reduction in the CYTO-ID-stained autophagic vacuoles, all 
confirming a decrease in autophagic flux resulting from the 
loss of FYCO1 consistent with the OMIC profiling and in vivo 
analysis of fyco1−/− mice lenses.

Opaque central zones in FYCO1 (c.2206C>T) KI human 
embryonic stem cell (hESC)-derived lentoid bodies

While cultured lens epithelial cells provide an excellent system 
to investigate many characteristics of lens-associated genes 
and proteins, it is a static system in which the lens epithelial 
cells do not differentiate into fiber cells. Therefore, we sought 
a dynamic system to investigate the impact of the loss of 
FYCO1 function and a decrease in autophagy on lens fiber 
cell differentiation. We exploited the inherent property of 
pluripotent stem cells to differentiate into many kinds of 
cells in the human body including lens-like organoid struc-
tures termed lentoid bodies. We first engineered hESCs by 
introducing a cataract causing mutation in FYCO1 
(c.2206C>T; p.Q736*) through a method similar to the one 
adopted for developing the FYCO1 KI HLE cells. The success-
ful targeting of FYCO1 (c.2206C>T) allele was confirmed 
through bi-directional Sanger sequencing and qRT-PCR 
revealed residual levels of FYCO1 mRNA in FYCO1 KI 
hESCs (Fig. S2C-D). The CRISPR-Cas9-engineered hESCs 
harboring the FYCO1 (c.2206C>T) allele were differentiated 
to lentoid bodies to investigate the effect of the loss of FYCO1 
and hereafter referred to as FYCO1 KI hESCs.

We adopted the “fried-egg” method that was published 
initially by Fu et al [24] and later by Ali et al [25,26] with a 
few modifications. On differentiation day 6, epithelial-like 
lens-fated cells present at the periphery of both WT and 
FYCO1 KI hESC colonies were isolated and transferred into 
a new Matrigel-coated plate (Fig. S3A). The fried egg-like 
differentiated colonies started to appear around differentia-
tion day 8 in both the WT and FYCO1 KI hESCs that trans-
formed into compact structures by day 11 (Fig. S3A). Up till 
day 11, no morphological differences were observed between 
WT and FYCO1 KI hESC-derived presumptive lentoid bodies. 
The effect of the KI allele started to become apparent around 
differentiation day 25 and become more evident on day 35 
with opaque zones present in the FYCO1 KI hESC-derived 
lentoid bodies, in sharp contrast to the WT hESC-derived 
lentoid bodies that displayed extensive transparent zones 
(Figure 4). We reasoned that the opaque zones in FYCO1 KI 
hESC-derived lentoid bodies are due to the loss of FYCO1 
function and therefore, we next asked if the loss of FYCO1 
function results in diminished autophagy in differentiating 
lentoid bodies.

Accumulation of SQSTM1/p62 in FYCO1 KI hESC-derived 
lentoid bodies

We next performed a comparative proteome analysis of WT 
and FYCO1 KI hESC-derived lentoid bodies on differentiation 
day 25 to identify differential abundance or deficiency of 
proteins in the FYCO1 KI lentoid bodies. A threshold of >2 
SD was set to establish differential protein abundance or 
deficiency, which yielded 311 proteins including 170 exhibit-
ing abundance and 141 with diminished quantities in FYCO1 
KI hESC-derived lentoid bodies compared to WT hESC- 
derived lentoid bodies (Fig. S3B-C and Table S4). Among 
the proteins exhibiting differential abundance, we identified 
accumulation of SQSTM1/p62 in FYCO1 KI hESC-derived 
lentoid bodies (Fig. S3B and Table S4), consistent with the 
results of proteome profiling of fyco1−/− mice lenses (Figure 
2B), Western blot analysis of fyco1−/− mice lenses (Figure 2D), 
and flow cytometry-based analysis of FYCO1 KI HLE cells 
(Figure 3A). Accumulation of SQSTM1/p62 in FYCO1 KI 
hESC-derived lentoid bodies further established a decrease 
in autophagy resulting from the loss of FYCO1.

TEM reveals retention of organelles in FYCO1 KI hESC- 
derived lentoid bodies

To determine the effect of the loss of FYCO1 dependent 
decrease in autophagy on the removal of organelles during 
differentiation of hESCs to lentoid bodies, we performed TEM 
on WT and FYCO1 KI hESC-derived lentoid bodies on differ-
entiation day 25. Fu et al have reported a comprehensive 
characterization of lentoid bodies identifying lens epithelial- 
like cells and lens fiber-like cells in lentoid bodies [24]. The 
ultrastructural analysis of WT and FYCO1 KI hESC-derived 
lentoid bodies on differentiation day 25 revealed a mixture of 
lens epithelial-like cells (Figure 5) near the periphery and 
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fiber-like cells (Figure 6) in the central portion of lentoid 
bodies. TEM revealed fewer cytoplasmic structures or orga-
nelles in both epithelial-like cells (Figure 5A, B, D, E) and 
fiber-like cells (Figure 6A, B, D, E) in WT hESC-derived 
lentoid bodies compared to FYCO1 KI hESC-derived lentoid 
bodies. High-resolution TEM images confirmed the increased 
mass of ER (blue arrow), mitochondria (red arrow), and Golgi 
apparatus (GA; green arrow) in lens epithelial-like cells 
(Figure 5C, F) and fiber-like cells (Figure 6C, F) in FYCO1 
KI lentoid bodies compared to WT lentoid bodies.

TEM reveals retention of organelles in fyco1−/− mice 
lenses at early postnatal time points

Although lentoid bodies mimic the ocular lens, they are not 
an absolute replica of the lens, in part, because they lack 
the surrounding tissues including the cornea and retina. 
We, therefore, performed TEM analysis of WT and fyco1-
−/− mice lenses at P0 to identify changes in intracellular 
structure resulting from loss of FYCO1. The ultrastructural 
analysis of differentiating fiber cells in the transition zone 
of the WT P0 mice lenses revealed a few organelles i.e., 
mitochondria, GA, and ER (Figure 7A-B). In contrast to 
the P0 WT mice lenses, differentiating fiber cells in the 
transition zone of fyco1−/− mice lenses showed retention 
of organelles including ER, GA, and mitochondria, suggest-
ing impaired organelle removal (Figure 7C-D) compared to 
age-matched WT mice lenses.

We next completed TEM analysis of WT and fyco1−/− 

mice lenses at P7, and P14 and consistent with the TEM 
results of P0 lenses, we observed retention of organelles in 
fyco1−/− mice lenses at P7 (Fig. S4) and P14 (Fig. S5). These 
data are in agreement with the increased mass of organelles 
seen in the TEM analysis of FYCO1 KI lentoid bodies 
(Figures 5-6).

Western blot analysis reveals increased intracellular 
organelle mass in fyco1−/− mice lenses at early postnatal 
time points

The TEM analysis of fyco1−/− mice lenses revealed retention of 
organelles in fyco1−/− mice lenses. We next performed Western 
blot analysis to validate the increased organelle mass in fyco1−/− 

mice lenses. We used HSPA5/BiP, an ER marker, to quantify 
the ER mass in fyco1−/− mice lenses at P0, P7, P14, and P21. 
Western blot analysis revealed an increased ER mass in fyco1−/− 

mice lenses at P0, P7, P14, and P21, respectively, compared to 
age-matched WT mice lenses (Fig. S6A-B), suggesting retention 
of ER in fyco1−/− mice lenses. We further examined PDIA4/ 
ERp72, another ER marker, and GOLGA1/Golgin-97, a GA 
marker to quantitate levels of ER and GA in fyco1−/− mice 
lenses. The analysis suggested a higher mass of ER and GA in 
fyco1−/− mice lenses at P7, and P14 compared to age-matched 
WT mice lenses (Fig. S6C-F) consistent with results shown in 
figures S4-5. These data also suggest that the difference in the 
concentration of organelles in WT and fyco1−/− mice lenses 
decreases as the lenses age.

Figure 4. FYCO1 (c.2206C>T) knock-in (KI) human embryonic stem cell (hESC)-derived lentoid bodies revealed opaque central zones. Phase-contrast microscopy was 
performed on differentiation days 25 and 35 during lentoid body formation. On differentiation day 25, FYCO1 KI hESC-derived lentoid bodies show reduced 
transparency in the central zones compared with wild type (WT) hESC-derived lentoid bodies. The effect of the KI allele becomes more evident on day 35 with 
opaque zones present in the FYCO1 KI hESC-derived lentoid bodies, in sharp contrast to the WT hESC-derived lentoid bodies that displayed extensive transparent 
zones. Note: Image magnification: 5x; Scale bars: 100 μm.
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Discussion

We previously reported multiple mutant alleles of FYCO1 
responsible for arCC [19,20]. Here, we used FYCO1 as an 
entry point to investigate the role of autophagy in lens 

morphogenesis using multiple approaches including a 
knockout mouse model, CRISPR-Cas9-engineered KI 
HLE cells, and KI H9 hESC-derived lentoid bodies. The 
fyco1−/− mice recapitulated the cataract phenotype and the 

Figure 5. Transmission electron microscopy (TEM) of lens epithelial-like cells revealed retention of cellular organelles in FYCO1 (c.2206C>T) knock-in (KI) human 
embryonic stem cell (hESC)-derived lentoid bodies on differentiation day 25. (A–C) Wild type (WT) lentoid bodies show relatively fewer endoplasmic reticulum (ER; 
blue arrow), Golgi apparatus (GA; green arrow), and mitochondria (red arrow), in lens epithelial-like cells. (D–F) In contrast to WT, lens epithelial-like cells in FYCO1 KI 
hESC-derived lentoid bodies revealed an increased mass of ER, mitochondria, and GA. Note: Image magnifications: 6,000x (A, D), 12,000x (B, E), and 25,000x (C, F); 
Scale bars: 2 µm (A, D), 1 µm (B, E) and 500 nm (C, F). Panels B and C and panels E and F are enlarged images of the boxed areas (B and E: solid lines; C and F: broken 
lines) in panels A and D, respectively.

AUTOPHAGY 2205



transcriptome coupled with proteome and metabolome 
profiling identified many perturbed autophagy-related 
genes, proteins, and lipids, respectively suggestive of 
diminished autophagy in fyco1−/− mice lenses. The 
FYCO1 KI HLE cells revealed a decrease in autophagic 
flux resulting from the loss of FYCO1 and TEM showed 
accumulation of organelles in FYCO1 KI lentoid bodies 
and fyco1−/− mice lenses. Taken together, our data confirm 
the loss of FYCO1 results in a diminished autophagic flux, 
impaired organelle removal, and cataractogenesis.

The lens fiber cell differentiation and creation of the OFZ are 
complex processes with potentially multiple pathways essential for 
the transparency of the lens [4]. The role of autophagy in lens fiber 
cell differentiation is a topic of some controversy, with supporting 
data available for different viewpoints. There have been at least 
two reports where the authors based on their respective datasets 
have suggested that organelle removal during lens fiber cell 

differentiation is independent of autophagy [10,11]. In both 
these studies, the authors investigated the role of autophagy dur-
ing lens fiber cell differentiation by examining the lenses of knock-
out mice that were developed by the deletion of autophagy-related 
genes i.e., Atg5 [10,11] and Pik3c3/Vps34 [11]. The authors 
observed organelle degradation in the lens requires neither Atg5, 
nor Pik3c3/Vps34, and concluded that the organelle removal dur-
ing lens fiber cell differentiation is independent of autophagy and 
that an autophagy-independent mechanism plays a primary role 
in the creation of the OFZ [10,11]. As also noted previously by 
Costello et al [14], neither of the two above-mentioned studies 
conclusively rule out the role of autophagy in organelle removal 
during lens fiber cell differentiation provided that autophagy can 
occur independently of ATG5 [27] and PIK3C3/VPS34 [28,29].

In contrast to the above-mentioned, there have been stu-
dies that support the role of autophagy in organelle removal 
during lens fiber cell differentiation. Basu et al reported the 

Figure 6. Transmission electron microscopy (TEM) of lens fiber-like cells revealed retention of cellular organelles in FYCO1 (c.2206C>T) knock-in (KI) human embryonic 
stem cell (hESC)-derived lentoid bodies on differentiation day 25. (A–C) Wild type (WT) lentoid bodies show relatively fewer endoplasmic reticulum (ER; blue arrow), Golgi 
apparatus (GA; green arrow), and mitochondria (red arrow) in fiber-like cells. (D–F) In contrast to WT, FYCO1 KI hESC-derived lentoid bodies revealed an increased mass of 
ER, mitochondria, and GA. Note: Image magnifications: 6,000x (A, D), 12,000x (B, E), and 25,000x (C, F); Scale bars: 2 µm (A, D), 1 µm (B, E) and 500 nm (C, F). Panels B 
and C and panels E and F are enlarged images of the boxed areas (B and E: solid lines; C and F: broken lines) in panels A and D, respectively.
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role of autophagy in organelle removal especially in differen-
tiating fiber cells [30]. The authors determined that suppres-
sion of MAPK/JNK-MTORC1 signaling leads to premature 
loss of organelles by autophagy during terminal differentia-
tion of lens fiber cells [30]. Sidjanin et al showed that auto-
phagosome maturation maintains lens transparency by 
mediating the removal of organelles from lens fiber 
cells [31]. The authors showed accumulation of SQSTM1/ 
p62 in cortical and primary lens fiber cells in tbc1d20 knock-
out mice [31], consistent with the higher level of SQSTM1/ 
p62 in fyco1−/− mice lenses. Costello et al identified mitochon-
dria within autophagic vesicles in lens epithelial cells and early 
differentiating lens fiber cells through electron microscopy 
and dual-label confocal imaging [14]. Brennan et al showed 
retention of mitochondria, ER, and GA in differentiating fiber 
cells of Bnip3l knockout mice lenses [32]. TDRD7, a gene 
previously implicated in the pathogenies of cataracts and 
glaucoma [33], was recently reported to be involved in auto-
phagosome maturation [34]. In the report, Tu et al established 
that loss of TDRD7 function results in eye defects and testi-
cular abnormalities in mice, implicating autophagy in the lens 
morphogenesis and spermiogenesis [34].

Recently, two additional studies related to the role of 
autophagy in organelle removal during lens fiber cell differ-
entiation were published [35,36]. In the first study by Ping et 
al, the authors used co-immunoprecipitation to show that 
GJA8 interacts with ATG16L1 and ATG12 [35]. The authors 
further determined that the number of autophagic vesicles 
was significantly decreased in lens fiber cells but not in 
epithelial cells in gja8b mutant zebrafish lenses [35] suggesting 

that ablation of Gja8b results in downregulation of autophagy 
in lens fiber cells. Importantly, the authors demonstrated that 
downregulation of autophagy in lens fiber cells was accom-
panied by organelle degradation defects including retention of 
ER [35]. Intriguingly, the authors present convincing evidence 
that rapamycin treatment effectively relieved lens defects in 
gja8b mutant zebrafish, and the immunohistochemistry 
revealed that rapamycin treatment promoted organelle degra-
dation, including loss of the ER and cytoskeleton in gja8b 
mutant zebrafish [35].

In the second study, Satoh et al reported that disrupting 
Fyco1 in mice results in cataract formation accompanied by a 
decrease in LC3 conversion and accumulation of SQSTM1/p62 
in lenses of fyco1 knockout mice [36], consistent with the 
results shown in Figures 1–2. The authors further performed 
immunostaining of paraffin-embedded lenses from 12-week- 
old fyco1 knockout mice and showed that nuclei, mitochondria, 
and ER were present in the cortical region but not in the OFZ 
[36]. Based on these immunostaining analyses, the authors 
suggest that FYCO1 is not required for organelle degradation 
in the OFZ [36]. While the results presented by Satoh et al 
show that the OFZ of 12-week-old fyco1 knockout mice is 
devoid of nuclei, mitochondria and ER, these results do not 
rule out the role of autophagy in organelle removal during lens 
fiber cell differentiation at early postnatal time points.

To understand the role of FYCO1 in the lens, it is impera-
tive to consider the genetic studies of FYCO1 in patients with 
congenital cataracts [19,20]. In these studies, we reported 16 
familial cases with multiple individuals in these families har-
boring loss-of-function mutations in FYCO1. All individuals 

Figure 7. Transmission electron microscopy (TEM) of fyco1 homozygous knockout (fyco1−/−) mice lenses showed increased cellular organelles at postnatal day 0 (P0). (A, 
B) Wild type (WT) mice lenses at P0 exhibit differentiating fiber cells with few endoplasmic reticulum (ER; blue arrow), Golgi apparatus (GA; green arrow), and 
mitochondria (red arrow). (C,D) In contrast to WT, fyco1−/− mice differentiating lens fiber cells showed retention of ER, mitochondria, and GA. Note: Image magnifications: 
9700x (A, C), and 19,400x (B, D); Scale bars: 500 nm (A, C), and 250 nm (B, D). Panels B and D are enlarged images of the boxed areas in panels A and C, respectively.
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were examined thoroughly for both ocular and extra-ocular 
phenotypes and notably, none of the individuals homozygous 
for the loss-of-function mutations in FYCO1 had any clinical 
diagnosis except bilateral cataracts. Given that autophagy is 
indispensable for the physiological functioning of many ocu-
lar and extra-ocular tissues including the retina and that 
FYCO1 is expressed in multiple tissues of the human body, 
these genetic data strongly suggest that loss of FYCO1 does 
not affect basal autophagy. If the loss of FYCO1 had affected 
the basal autophagy, individuals homozygous for null alleles 
(and fyco1−/− mice) would be expected to show many systemic 
anomalies since mutations affecting autophagy result in severe 
phenotypes [37,38].

We propose a model for the role of FYCO1-dependent 
autophagy in organelle removal during lens fiber cell differ-
entiation, presented in Figure 8 based on the following: 1) the 
results of the human genetic studies where no phenotypes 
except bilateral cataracts have been identified in individuals 
homozygous for the loss-of-function mutations in FYCO1, 2) 
the reported role of FYCO1 to reside close to the membranes 
of the perinuclear ER, and binds to lipidated LC3 to deliver 
membranous structures to the sites of autophagosome forma-
tion [17], 3) the results shown in Figures 2-3 of loss of 
FYCO1-dependent decrease in autophagy and 4) the data 
presented in Figures 5-7 and figures S4-6 of impaired or 

delayed organelle removal. As shown in Figure 8, the baseline 
level of macroautophagy in the lens can occur independently 
of FYCO1, while FYCO1-dependent autophagy is required for 
cellular activities demanding high levels of autophagy, such as 
the removal of organelles during the creation of the OFZ. In 
baseline autophagy, as in any other cell type, organelles des-
tined for degradation are sequestered by the expanding pha-
gophore, leading to the formation of autophagosome. The 
autophagosome subsequently fuses with lysosomes, and the 
sequestered cargos are degraded or processed by hydrolases. 
FYCO1-dependent autophagy supplements basal autophagy 
in the lens by delivering pre-autophagosome membranes 
(Figure 8A), an established function of FYCO1 [17]. In the 
absence of FYCO1, the basal autophagy in the lens (of patients 
with loss-of-function mutations in FYCO1 and fyco1−/− mice 
lenses) remains uninterrupted. However, the absence of 
FYCO1 results in a decrease in autophagosome formation to 
meet the physiological requirement of elevated levels of auto-
phagy for organelle removal during the creation of the OFZ, 
which in turn, results in impaired organelle removal accom-
panied by altered expression of many proteases and catarac-
togenesis (Figure 8B).

Kuhn et al recently presented an analogous model in which 
FYCO1 is essential for adaptation to cardiac stress, and 
although the loss of FYCO1 does not affect basal autophagy 

Figure 8. The proposed model for the role of FYCO1-dependent autophagy in organelle removal during lens fiber cell differentiation. (A) The baseline level of 
macroautophagy can occur independent of FYCO1, while FYCO1 helps with delivering extra autophagosome membranous structures to meet the physiological 
requirement of elevated levels of autophagy during creation of the organelle-free zone (OFZ). The cellular organelles are sequestered by the expanding phagophore, 
leading to the formation of the autophagosome. The autophagosome subsequently fuses with lysosomes, and the sequestered cargos are degraded or processed by 
hydrolases. (B) In the absence of FYCO1, the basal autophagy in the lens remains uninterrupted. However, the absence of FYCO1 results in a decrease in 
autophagosome formation to meet the physiological requirement of elevated levels of autophagy for organelle removal during the creation of the OFZ, which in 
turn, results in impaired organelle removal accompanied by altered expression of many proteases and cataractogenesis.
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in isolated cardiomyocytes, it abolishes the induction of auto-
phagy after glucose deprivation [39]. The authors further 
demonstrated that fyco1-deficient mice, when subjected to 
starvation, were unable to respond to induction of autophagy 
and developed impaired cardiac function [39]. A similar role of 
FYCO1 has been reported by Da et al in which RNP granule 
homeostasis in the chromatoid body is regulated by FYCO1- 
mediated autophagy [40]. The authors determined that induc-
tion of autophagy results in the recruitment of lysosomal vesi-
cles onto the chromatoid body in FYCO1-dependent manner 
[40]. The authors observed that the cellular defects in fyco1 
conditional knockout mice germ cells were enhanced after 
challenging the cells in tubule culture conditions by autophagy 
inducers and inhibitors [40]. In light of their observations, the 
authors suggested that FYCO1-dependent processes are not 
required for spermatogenesis under physiological conditions 
but become critical when challenged by adverse conditions 
[40]. The results of the above-mentioned studies in two differ-
ent tissues, i.e., heart and testis, are similar to the model shown 
in Figure 8 in which FYCO1 is needed to meet the physiolo-
gical requirement for elevated levels of autophagy during lens 
fiber cell differentiation.

It is worth noting that our model does not suggest that 
autophagy is the sole cellular process responsible for organelle 
removal during lens fiber cell differentiation. Our model is in 
line with the concept that multiple, parallel and redundant 
pathways are involved in lens fiber cell differentiation and 
creation of the OFZ, and these pathways form interacting 
networks, and possibly these pathways can functionally com-
pensate for each other [4]. Morishita et al recently reported 
organelle degradation by PLAAT (phospholipase A/acyltrans-
ferase)-family phospholipases in zebrafish and mice [41], 
which is in line with the notion that multiple pathways are 
essential for organelle removal during lens fiber cell differen-
tiation and creation of the OFZ.

Finally, the question of whether the loss of FYCO1- 
dependent impaired organelle removal is directly responsible 
for cataracts or if cataractogenesis is a secondary effect 
remains unanswered. We observed altered expression of pro-
teases in response to the loss of FYCO1-dependent decrease in 
autophagy, particularly CAPN3 (calpain 3), which showed 
nearly a two-fold increase in the fyco1−/− mice lens proteome 
(Table S2). Liu et al reported hyperactivation of calpain in the 
lens associated with fragmentation of critical lens proteins 
including SPTAN1/fodrin, BFSP1, VIM, TDRD7, and 
CAPRIN2 [42]. Since the loss of FYCO1 function only results 
in diminished autophagy and not a complete cessation, we 
speculate that it is not the impaired organelle removal directly 
but rather the increased expression of proteases in fyco1−/− 

mice lenses, perhaps as an attempt to compensate for the 
diminished levels of autophagy, that damages proteins essen-
tial for lens cell transparency and in turn result in cataracts. 
However, future studies examining the altered expression of 
proteases, and their respective substrates in fyco1−/− mice 
lenses will elucidate the role of proteases in the loss of 
FYCO1-dependent cataractogenesis.

Taken together, our data confirm an essential role of 
FYCO1-dependent autophagy in lens morphogenesis where 
FYCO1 is not required for basal autophagy but rather 

supplements autophagy for organelle removal during the 
creation of the OFZ. Importantly, these data strengthen the 
evidence supporting the notion that autophagy contributes 
to the removal of organelles during creation of the OFZ.

Materials and methods

Generation of fyco1−/− mice and examining the lens 
phenotype

A conditional knockout mouse with LoxP sites flanking 
exon 4 and 5 of Fyco1 was obtained from Taconic 
Biosciences (Cologne, Germany). The Fyco1 homozygous 
floxed LoxP male mice were crossed to C57BL/6 J female 
mice (The Jackson Laboratory, 000664). The Fyco1 hetero-
zygous floxed LoxP (Fyco1+/−) mice were backcrossed to 
generate Fyco1 homozygous floxed LoxP (Fyco1+/+) mice. 
The fyco1−/− mice were generated by crossing Fyco1+/+ 

mice with EIIa-Cre (The Jackson Laboratory, 003724), 
and Prm1-Cre (The Jackson Laboratory, 003328) transgenic 
mice. During the development of fyco1−/− mice and at 
regular intervals during the study, the genotype of mice 
were validated by examining the genomic DNA isolated 
from the tail of pups or mice. Briefly, mouse tail biopsies 
were digested overnight at 37°C with gentle shaking by 
adding 500 µl DNA digestion buffer (50 mM Tris-HCl, 
pH 8.0, 100 mM EDTA, pH 8.0, 1% SDS, 100 mM NaCl) 
with 0.5 mg/ml proteinase K (New England Biolabs Inc., 
P8107S). Approximately, 700 µl of phenol:chloroform:iso-
amyl alcohol (25:24:1; MilliporeSigma, P3803) was added 
and mixed vigorously and centrifuged at 16,200 x g for 
5 min, and the aqueous layer containing genomic DNA was 
collected into a microcentrifuge tube. Genomic DNA was 
precipitated with a one-tenth volume of 3 M sodium acet-
ate, pH 5.2 (MilliporeSigma, S7899), and 2.5 volumes of 
200 proof ethanol (Pharmco, 111000200) and pelleted by 
centrifugation at 16,200 x g for 5 min. The DNA pellets 
were washed with 70% cold ethanol and dissolved in TE 
buffer (MilliporeSigma, 93283).

Genomic DNA was PCR amplified to determine mice 
genotypes (WT, heterozygous, and homozygous) using for-
ward (5ʹ-GCGGTCTGGCAGTAAAAACTATC-3ʹ) and 
reverse (5ʹ-GTGAAACAGCATTGCTGTCACTT-3ʹ) primers. 
The genotyping PCR reactions were completed in 10 μl reac-
tion volume containing 20 ng of genomic DNA, 1 μl of each 
forward (10 μM) and reverse primer (10 μM), 1 μl of 10 x 
PCR buffer (100 mM Tris-HCl, pH 8.4, 400 mM NaCl, 15 mM 
MgCl2, 2.5 mM spermidine [MilliporeSigma, S2626]), 250 μM 
dNTP mix (New England Biolabs Inc., N0447L), and 0.2 U of 
OneTaq DNA polymerase (New England Biolabs Inc., 
M0480L). PCR amplification consisted of an initial denatura-
tion step at 95°C for 3 min followed by 35 cycles consisting of 
denaturation at 95°C for 30s, annealing at 52°C for 30s and 
elongation at 72°C for 60s, followed by a final elongation at 
72°C for 2 min.

The expression of Fyco1 (or lack thereof) in fyco1−/− mice 
lenses was determined by qRT-PCR. To extract the lenses, 
mice were anesthetized with isoflurane (MilliporeSigma, 
26675–46-7) and euthanized through cervical dislocation. 
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The eyes were enucleated, and the lenses were isolated using 
forceps under a microscope. The lenses were dissolved in 
TRIzol reagent (Invitrogen, 15596026), and RNA was 
extracted as per the manufacturer’s instructions. The quantity 
of the RNA was determined on a NanoDrop Lite 
Spectrophotometer (ThermoFisher Scientific) and was used 
to prepare first-strand cDNA using the Superscript III kit 
(Invitrogen, 18080051) as per the manufacturer’s instructions. 
The qRT-PCR was performed on STEP ONE Real-Time PCR 
System (Applied Biosystems) using a pre-designed Fyco1 
TaqMan probe (Applied Biosystems, Mm00530503_m1). The 
Delta–delta CT method was used to determine relative expres-
sion [43], with Gapdh TaqMan probe (Applied Biosystems, 
Mm99999915_g1) as an internal control to normalize the 
expression.

The opacities in the lens and the development of catar-
acts were examined at multiple postnatal time points. The 
eyes of age-matched WT and fyco1−/− mice were dilated 
using topical administration of 1% cyclopentolate (Bausch 
+Lomb Inc., NDC 24208–735-06) and 2.5% phenylephrine 
(Paragon BioTeck Inc., NDC 42702–102-15) solution. The 
mice were anesthetized by subcutaneous injection of keta-
mine-xylazine [100 mg/kg body weight for ketamine 
(MilliporeSigma, 1867–66-9) and 16 mg/kg body weight 
for xylazine (MilliporeSigma, 7361–61-7)] and cataracts 
were photographed by Micron III Imaging Microscope 
(Phoenix Research Labs).

Transcriptome profiling of fyco1−/− mice lenses

Next-generation RNA-Seq-based transcriptome profiling 
of WT and fyco1−/− mice lenses at P0 was performed to 
identify DE genes in fyco1−/− mice lenses. Three biological 
replicates of WT and fyco1−/− mice, each consisting of 10 
lenses were used for RNA-Seq. The lenses of WT and 
fyco1−/− P0 mice were extracted as described above for 
generation of fyco1−/− mice. The lenses were frozen imme-
diately after extraction at −80°C until further processing. 
RNA was extracted from WT and fyco1−/− mice lenses 
using TRIzol reagent (Invitrogen, 15596018) as per the 
manufacturer’s instructions. The extracted RNA was 
examined by a NanoDrop Lite spectrophotometer and 
using the RNA 6000 Pico kit (Agilent, 5067–1513) on an 
Agilent 2100 Bioanalyzer (Agilent).

The RNA-Seq bar-coded library preparation, next- 
generation RNA-Seq, and raw data analysis were per-
formed commercially by Novogene Inc. (Sacramento, 
CA). RNA-Seq raw reads and processed data have 
been deposited in the NCBI Gene Expression Omnibus 
and are accessible through the GEO accession number 
GSE143251.

The expression data were normalized by calculating the 
FPKM values for each gene [44]. Differential gene expression 
analysis was performed using the DESeq2 (Ver. 2_1.6.3) [45]. 
The statistical significance was estimated by a two-tailed, one- 
sample t-test statistical procedure, assuming a hypothesized 
mean of 0 change.

Proteome profiling of fyco1−/− mice lenses

Mass spectrometry-based proteome profiling of WT and 
fyco1−/− mice lenses at P0 was completed to identify proteins 
exhibiting differential concentrations (abundance or defi-
ciency) in fyco1−/− mice lenses. Three biological replicates 
of WT and fyco1−/− mice lenses, each consisting of eight 
lenses were investigated in separate tandem mass 
tags (TMT) runs as described [46]. The lenses of WT and 
fyco1−/− P0 mice were extracted as described above for gen-
eration of fyco1−/− mice. The protein extraction, digestion, 
and labeling with TMT reagent, and mass spectrometry were 
performed as described [46]. The mass spectrometry data 
have been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository and are accessible through 
the dataset identifier PXD006381.

All three TMT runs were processed in a single Proteome 
Discoverer analysis using the TMT sets as replicates. The 
Proteome Discoverer summed all the reporter ion intensi-
ties of peptide spectrum matches (PSMs) for the corre-
sponding proteins in each of the TMT runs, separately. 
After protein identification and quantification, the protein 
table was exported to Perseus software (ver. 1.5.2.6) for 
normalization of the reporter ion intensities [47]. The 
reporter ion intensities in each of the three replicates 
were divided by the reporter ion intensity of the WT 
mice lenses in each TMT set, separately. Finally, each 
column was divided by the median value of the corre-
sponding column to remove systematic deviation as 
described [46].

The reporter ion intensities from each TMT set were 
imported into Partek Genomics Suite (Ver. 6.6; Partek 
Inc.) to examine proteins exhibiting differential concentra-
tions in fyco1−/− mice lenses. The normalized reporter ion 
intensities (normalized against WT P0 mice lenses in each 
TMT set, independently) were examined for SD to identify 
proteins exhibiting higher levels (i.e., accumulated) and 
displaying lower levels (i.e., diminished) in fyco1−/− mice 
lenses. The statistical significance was estimated by a two- 
tailed, one-sample t-test statistical procedure, assuming a 
hypothesized mean of 0 change.

Metabolome profiling of fyco1−/− mice lenses

Mass spectrometry-based metabolome profiling of WT and 
fyco1−/− mice lenses at P0 was performed to identify meta-
bolites exhibiting differential concentrations (abundance or 
deficiency) in fyco1−/− mice lenses. The lenses of WT and 
fyco1−/− P0 mice were extracted as described above for 
generation of fyco1−/− mice. Four biological replicates of 
WT and fyco1−/− mice, each consisting of 25 mg lens 
mass were used for metabolome profiling as described [48].

The sample preparation, mass spectrometry, and raw 
data analysis were completed commercially by Metabolon, 
Inc. (Morrisville, NC). Data extraction, quantification of 
peaks, and quality control were performed as described 
[49,50]. The metabolome data of WT and fyco1−/− mice 
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lenses have been deposited in the MetaboLights repository 
and are accessible through the study identifier MTBLS206.

The data of each sample was normalized to account for 
differences in metabolite levels due to differences in the 
amount of material present in each sample. The 
ArrayStudio, R programs (http://cran.r-project.org/) and 
JMP (https://www.jmp.com) was used for statistical ana-
lyses. After normalization and imputation of missing 
values, if any, Welch’s two-sample t-test was used to iden-
tify metabolites that exhibited a significant differential in 
fyco1−/− mice lenses.

TEM of P60 fyco1 −/− mice lenses

The lenses of WT and fyco1−/− P60 mice were extracted as 
described above for generation of fyco1−/− mice and were 
immediately fixed in freshly prepared primary fixative solu-
tion (2% paraformaldehyde, 2% glutaraldehyde, 0.08 M PO4, 
3 mM MgCl2, pH 7.2) overnight at 4°C. Samples were then 
rinsed in cold 100 mM maleate buffer, pH 6.2 containing 3% 
sucrose (336 mOsmols; MilliporeSigma, M9009) for 30 min 
and en-bloc stained with filtered 2% uranyl acetate in maleate 
containing sucrose, in the dark at 4°C. Culture dishes were 
then dehydrated at 4°C up to 70% ethanol, transferred to 
room temperature, and further dehydrated to 100% ethanol. 
Plates were then infiltrated with pure resin (PolyBed 812; 
Polysciences, 08792) and cured for three days at 37°C, and 
one day at 60°C. Hardened blocks were removed from the 
plastic plates and the blocks were trimmed and sectioned. 
Sections (80nm) were cut on a Reichert Ultracut E microtome 
with a Diatome diamond knife (45 degrees), were picked up 
on formvar-coated 1 × 2 mm copper slot grids (EMS, FF 
2010-Cu) and stained with methanolic uranyl acetate followed 
by lead citrate. Grids were viewed on a Hitachi H 7600 TEM 
operating at 80 kV and digital images were captured with an 
XR50 CCD camera by Advanced Microscopy Techniques 
(Woburn, MA).

Western blot analysis of SQSTM1/p62 at P0

The Western blot analysis was performed using WT and 
fyco1−/− mice lenses to examine SQSTM1/p62 at P0. Three 
biological replicates of WT and fyco1−/− mice, each consisting 
of 10 pups were used for Western blot analysis. The lenses of 
WT and fyco1−/− P0 mice were extracted as described above 
for generation of fyco1−/− mice and were immediately stored 
at −80°C until further use for protein extraction and Western 
blot analysis.

The Western blot was performed using an automated 
capillary electrophoresis immunoassay machine (WES 
ProteinSimple), commercially. Each sample consisting of 0.2 
mg/ml of total protein was used for capillary electrophoresis. 
Proteins were separated based on their respective size and 
probed by the SQSTM1/p62 antibody (R&D Systems; 
MAB8028). An anti-Mouse Detection Module 
(ProteinSimple, DM-002) was employed for detection of the 
target protein and creation of a digitized Western blot image. 
The intensity of each sample was normalized using the ACTB/ 
β-actin antibody (MilliporeSigma, A5441).

Multiphoton laser-scanning imaging of fyco1−/− mice 
lenses

The CAG-RFP-EGFP-Map1lc3b transgenic mice (The Jackson 
Laboratory, 027139) were bred with fyco1−/− mice to generate 
a transgenic line expressing RFP-EGFP-MAP1LC3B. The 
CAG-RFP-EGFP-Map1lc3b WT and CAG-RFP-EGFP 
-Map1lc3b-fyco1−/− mice lenses were examined under a multi-
photon laser-scanning microscope (Olympus, FV1000MPE) 
with LUMPLFLN 40x water-immersion, 0.8 numerical- 
aperture objective lenses. The WT and fyco1−/− mice lenses 
expressing RFP-EGFP-MAP1LC3B were extracted as 
described above for generation of fyco1−/− mice and were 
immediately fixed in 3.7% paraformaldehyde 
(MilliporeSigma, P62148) overnight at 4°C. Lenses were 
placed on agarose gel with the anterior side of the lens facing 
the objective. Multiple lens images were collected at an incre-
ment of 10 µm (Z-stacks) using three fluorescent channels 
(blue, green, and red). Mean RFP and GFP fluorescence 
intensities of the first five stacks (anterior lens including lens 
epithelium) and the combination of all stacks (whole lens) 
were quantitated using Fiji software (https://imagej.net/soft 
ware/fiji/).

CRISPR-Cas9-mediated genome editing to generate 
FYCO1 KI HLE cells

HLE cells (HLE-B3; ATCC, CRL-11421) were cultured in 
Eagle’s Minimum Essential Medium (EMEM; ATCC, 30– 
2003) supplemented with 20% fetal bovine serum (Sigma, 
F6178), 100 IU/ml penicillin-100 μg/ml streptomycin solution 
(MilliporeSigma, P0781) and 2.5 μg/ml amphotericin B 
(MilliporeSigma, A2942) in a 5% CO2 incubator at 37°C.

The HLE cells harboring the cataract causing mutation in 
FYCO1 (c.2206C>T; p.Q736*) were engineered using the 
CRISPR-Cas9 genome editing methodology. A guide RNA 
(gRNA) targeting the genomic sequence in FYCO1 (i.e., 
c.2206C) was cloned into a GFP-CRISPR-Cas9 vector com-
mercially (ATUM, pD1401-AD). The plasmid was trans-
formed into Stbl3 competent cells (Invitrogen, C737303) and 
endotoxin-free plasmid DNA was purified using the Endo- 
Free Plasmid Maxi Kit (QIAGEN,12362). In parallel, genomic 
DNA of a patient homozygous for the FYCO1 (c.2206C>T) 
allele was amplified through PCR using a forward primer (5`- 
AGCAGGCCAGC ATCCGGCACTTGG-3`) and reverse pri-
mer (5`-TGCAGCCGTTGGACCTCCCCCTGA-3`) to pre-
pare the donor DNA.

Transfection was performed in a large Nucleocuvette 
(Lonza, V4XC-1012). HLE cells were grown to nearly 70% 
confluency and approximately 3 × 106 cells, cell count deter-
mined using an automated cell counter (Countess; 
Invitrogen), were pelleted by centrifugation at 100 g for 
3 min. The pelleted cells were resuspended in 100 μl of SE 
buffer (Lonza, V4XC-1012) and supplement solution con-
taining 7.5 µg of plasmid DNA harboring the gRNA, and 
5.8 µg of double-stranded donor DNA. The 100 μl mixture 
was gently transferred to a large Nucleocuvette, and the 
transfection was performed as per manufacturer’s instruc-
tions using a pre-optimized Nucleofector program (Lonza). 
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Subsequently, 500 µl of pre-warmed EMEM medium was 
added to the Nucleocuvette and transferred to a T-75 culture 
flask. The medium was changed 6 h post-transfection and 
single cells expressing GFP were sorted into 96-well plates 
24 h post-transfection using FACS Aria IIu Sorter (BD 
Biosciences).

The 96-well plates were examined under the microscope 24 
h post-sorting to validate that each well had a single cell and 
the wells with more than one cell were discarded. The single 
cells in the selected wells were grown and upon being con-
fluent, a portion of the colony was removed from each well, 
and the genomic DNA was extracted from harvested cells. 
The genomic DNA was examined to confirm the presence of 
the FYCO1 (c.2206C>T) allele through bi-directional Sanger 
sequencing.

WT and FYCO1 KI HLE cells were harvested to evaluate 
the endogenous expression of FYCO1 mRNA. Total RNA was 
isolated by TRIzol reagent, and the quality of the total RNA 
was determined on a NanoDrop Lite Spectrophotometer. The 
first-strand cDNA synthesis was completed using the 
Superscript III kit as per the manufacturer’s instructions. 
The qRT-PCR was performed on STEP ONE Real-Time 
PCR System (Applied Biosystems) using a pre-designed 
FYCO1 TaqMan probe (Applied Biosystems, 
Hs00225888_m1). The Delta–delta CT method was used to 
determine relative expression [43], with ACTB TaqMan probe 
(Applied Biosystems, Hs01060665_g1) as an internal control 
to normalize the expression.

shRNA-mediated knockdown of FYCO1 in HLE cells

A cocktail of four pre-designed shRNAs in a lentiviral GFP 
vector targeting FYCO1 was purchased (OriGene, TL304437) 
along with scrambled shRNA (OriGene, TR30021). The plas-
mids were transformed into Stbl3 competent cells (Invitrogen, 
C737303) and endotoxin-free plasmid DNA was purified 
using the EndoFree Plasmid Maxi Kit.

Transfections were performed in triplicate for both FYCO1 
and scrambled shRNA (used as a control) in a 16-well 
Nucleocuvette strip (Lonza, V4XC-1032). HLE cells were 
grown to nearly 70% confluency approximately 3 × 105 cells, 
cell count determined using an automated cell counter, were 
pelleted by centrifugation at 100 g for 3 min and resuspended 
in a 20 μl SE solution (Lonza, V4XC-1032). A total of 1 μg 
plasmid DNA (combining 250 ng DNA from each of the four 
shRNAs) targeting FYCO1 or 1 μg of the scrambled shRNA 
was used for single transfection. Transfection was performed 
as per manufacturer’s instructions using a pre-optimized 
Nucleofector program (Lonza).

After transfection, cells were immediately resuspended in a 
pre-warmed EMEM medium and were gently transferred to a 
100 mm cell culture petri dish. The medium was changed 6 h 
post-transfection and transfected cells were harvested 48 h 
post-transfection for RNA isolation followed by cDNA synth-
esis as described above for the FYCO1 KI HLE cells. The 
expression of FYCO1 in transfected cells was examined by a 
TaqMan assay as described above for the FYCO1 KI HLE 
cells.

Functional analysis of FYCO1 KI HLE cells

The quantification of endogenous SQSTM1/p62 protein in 
FYCO1 KI HLE cells was completed by antibody-based flow 
cytometry. Briefly, WT and FYCO1 KI HLE cells were washed 
with 1 x PBS (ThermoFisher Scientific, 10010023), fixed with 
1% paraformaldehyde at 4°C for 15 min, and permeabilized 
with 0.5% PBST (0.5% Tween-20 [MilliporeSigma, P9416] in 
1 x PBS) at 4°C for 15 min. Next, the permeabilized cells were 
incubated with SQSTM1/p62 mouse monoclonal antibody 
(1:100 dilution; Abcam, ab56416) and mouse IgG2a isotype 
control (ThermoFisher Scientific, MA1-10419) at 4°C for 1 h. 
Next, the cells were washed one time with 0.1% PBST (0.1% 
Tween-20 in 1 x PBS) and incubated with FITC-conjugated 
anti-mouse secondary antibody (1:50 dilution; Santa Cruz 
Biotechnology, sc-2099) at 4°C for 40 min. Finally, cells 
were washed with 0.1% PBST and fixed with 1% paraformal-
dehyde. Cells (10,000 per sample) were analyzed using a guava 
easyCyte flow cytometer (EMD Millipore) and data were 
analyzed by guavaSoft (guavaSoft v3.1.1; EMD Millipore).

The autophagic flux in FYCO1 KI HLE cells was mea-
sured by the relative fluorescence of MAP1LC3B-tagged 
mRFP and GFP in FYCO1 KI HLE cells. Briefly, WT and 
FYCO1 KI HLE cells were transfected with mRFP-GFP- 
LC3 plasmid (21074; Addgene; deposited by Tamotsu 
Yoshimori) as described above for generation of FYCO1 
KI HLE cells. The transfected cells were treated with 
500 nM rapamycin (MilliporeSigma, R8781), an autophagy 
inducer, and two lysosomal protease inhibitors, E64d 
(10 µg/ml; MilliporeSigma, E8640) and pepstatin A 
(10 µg/ml; MilliporeSigma, P5318) 24 h post-transfection 
for 4 h. The treated cells washed with ice-cold 1 x PBS and 
resuspended in ice-cold 1 x PBS containing 0.05% bovine 
serum albumin (BSA; MilliporeSigma, A-9647). The cells 
(10,000 per sample) were analyzed using a guava easyCyte 
flow cytometer (EMD Millipore) and the red and green 
fluorescence intensities were calculated for WT and 
FYCO1 KI HLE cells (guavaSoft, Ver. 3.1.1; EMD 
Millipore).

The quantification of LC3B-II in FYCO1 KI HLE cells was 
examined by relative fluorescence of MAP1LC3B-tagged GFP 
in FYCO1 KI HLE cells. Briefly, WT and FYCO1 KI HLE cells 
were transfected with an EGFP-LC3B plasmid (Plasmid 
11546; Addgene; deposited by Karla Kirkegaard) as described 
above for generation of FYCO1 KI HLE cells. The transfected 
cells were treated with 50 μM chloroquine (MilliporeSigma, 
C6628) 24 h post-transfection for 4 h and the cells were 
harvested in a 15 ml polypropylene conical tube followed by 
a single wash with ice-cold 1 x PBS. Next, cells were treated 
with freshly prepared 0.05% saponin (MilliporeSigma, 
SAE0073) in 1 x PBS for 30s. After saponin treatment, the 
cells were washed with 1 x PBS and resuspended in ice-cold 1 
x PBS containing 0.05% BSA. The resuspended samples were 
transferred into 5 ml polypropylene FACS tubes (Falcon, 
352063) and kept on ice until further analysis. 30,000 cells 
per sample were analyzed using the LSR II flow cytometer 
(Becton Dickinson). The mean GFP fluorescence intensity 
was calculated for each sample by FlowJo (Ver. 10; Tree 
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Star, Inc Ashland, OR). The mean GFP fluorescence intensity 
of WT HLE cells was set to 100% to compare and normalize 
the mean GFP fluorescence intensity of FYCO1 KI HLE cells.

The autophagic flux in WT and FYCO1 KI HLE cells was 
examined through the detection of autophagic vacuoles using 
the CYTO-ID autophagy detection kit (Enzo Life Sciences, 
ENZ-51031-K200). Briefly, WT and FYCO1 KI HLE cells were 
treated with 50 μM chloroquine (MilliporeSigma, C6628) for 
4 h and harvested in a 15 ml polypropylene conical tube. The 
chloroquine treated cells were washed with 1 x assay buffer 
and resuspended in 250 µl of CYTO-ID followed by incuba-
tion at 37°C for 30 min as per the manufacturer’s instructions. 
Finally, the CYTO-ID-stained cells were washed one time 
with 1 x assay buffer and resuspended in 300 µl of 1 x assay 
buffer supplemented with 0.05% BSA. 30,000 cells per sample 
were analyzed using the guava easyCyte flow cytometer for 
data acquisition and analysis (guavaSoft, Ver. 3.1.1; EMD 
Millipore). The mean fluorescence intensity was calculated 
for each sample. The mean fluorescence intensity of WT 
HLE cells was set to 100% to compare and normalize the 
GFP MFI in FYCO1 KI HLE cells.

CRISPR-Cas9-mediated genome editing to generate 
FYCO1 KI hESCs

The H9 hESCs (WiCell Research Institute, WA09) were cul-
tured in mTeSR1 medium (StemCell Technologies, 85850) in 
feeder-free conditions on Matrigel (Corning, 354277) coated 
plates in a 5% CO2 incubator at 37°C. The culture medium 
was changed each day and the cells were passaged using 
0.5 mM EDTA in 1 x PBS every 4–5 days.

The hESC harboring the cataract causing mutation in 
FYCO1 (c.2206C>T; p.Q736*) was developed through 
CRISPR-Cas9 genome editing as described above for KI 
HLE cells. The plasmid containing the gRNA, targeting the 
genomic sequence in FYCO1 (i.e., c.2206C) and the donor 
DNA homozygous for FYCO1 (c.2206C>T) allele were pre-
pared as described above for developing the KI HLE cells. The 
FuGene 6 reagent (Promega, E2691) was used for transfection 
of hESCs according to the manufacturer’s instructions. The 
hESCs were grown for 3–4 passages in mTeSR1 medium for 
transfection. Upon 70–80% confluence, the mTeSR1 medium 
was removed and the colonies were washed twice with 
DMEM/F12 (ThermoFisher Scientific, 11330032), dissociated 
into single cells by accutase (MilliporeSigma, A6964), replated 
at 750,000 cells per well in a 6-well plate, and transfected 4– 
5 h later.

The FuGene 6 reagent (10.5 ul) added to 50 μl of Opti- 
MEM (ThermoFisher Scientific, 31985062) was mixed with a 
DNA mixture (1.5 µg of plasmid DNA harboring the gRNA, 
Cas9 and GFP, and 2 µg double-stranded donor DNA in 50 μl 
of Opti-MEM) in a 3:1 ratio and placed at room temperature 
for 15 min. The FuGene 6 transfection Reagent-DNA mixture 
was added to a well containing the single hESC colony seeded 
in 2 ml fresh mTeSR1 medium. The plate was gently shaken 
and placed in an incubator and the mTeSR1 medium was 
replaced 12 h post-transfection.  The transfected hESCs were 
sorted based on GFP 48 h post-transfection using FACS Aria 

IIu Sorter and plated in a 6-well plate at low density. A 
portion of the single hESC clones was picked to confirm the 
presence of FYCO1 (c.2206C>T) allele through bi-directional 
Sanger sequencing. The clones positive for the FYCO1 
(c.2206C>T) allele were subcloned to establish single cell 
clonality. The FYCO1 KI hESCs were evaluated for endogen-
ous expression of FYCO1 mRNA as described for FYCO1 KI 
HLE cells.

Differentiation of FYCO1 KI hESCs to lentoid bodies

H9 hESCs were differentiated into lentoid bodies using the 
“fried-egg” method published initially by Fu et al [24] and 
later by Ali et al [25,26] with a few modifications. Briefly, 60– 
70 H9 hESC colonies with roughly 25 cells in each colony 
were cultured in mTeSR1 medium on a Matrigel-coated, 35- 
mm culture plate. The differentiating hESCs were treated with 
100 ng/ml of Noggin (a BMP [bone morphogenetic protein] 
inhibitor; R&D Systems, 6997-NG-025) 4 h post-plating, 
which continued for six days (day 0 to day 6).

On day 6, 60–65 differentiating hESCs along with sur-
rounding epithelial-like cells were mechanically detached 
and reseeded in Matrigel-coated 35-mm plates containing a 
cocktail of 100 ng/ml of FGF2/bFGF (fibroblast growth factor 
2; R&D Systems, 233-FB-025), 20 ng/ml BMP4 (bone mor-
phogenetic protein 4; R&D Systems, 314-BP-010), and 20 ng/ 
ml BMP7 (bone morphogenetic protein 7; R&D Systems, 354- 
BP-010) for nine days (day 6 to day 15). On day 11, cell 
clusters that did not form “fried egg” morphologies were 
mechanically removed while the cells clusters forming the 
“fried egg” morphologies were further treated with 100 ng/ 
ml of FGF2, 20 ng/ml BMP4, and 20 ng/ml BMP7 until day 
15. On day 15, cell clusters were treated with 20 ng/ml 
WNT3A (Peprotech, 315–20) along with 100 ng/ml FGF2 to 
differentiate lens epithelial-like cells into lens fiber-like cells 
until the lentoid bodies were harvested i.e., day 25.

Phase-contrast microscopy was performed at multiple time 
points during the differentiation process using a Zeiss micro-
scope (Zeiss) equipped with Q-Capture camera (QImaging 
Inc) at 5x, 10x, 20x, and 40x magnifications.

Proteome profiling of FYCO1 KI hESC-derived lentoid 
bodies

The proteome of WT hESC- and FYCO1 KI hESC-derived 
lentoid bodies on differentiation day 25 was examined 
through mass-spectrometry-based TMT proteome profiling 
as described [26,46]. A total of five WT hESC- and FYCO1 
KI hESC-derived whole lentoid bodies on differentiation day 
25 were harvested and pooled as one biological replicate. 
Three biological replicates of WT hESC- and FYCO1 KI- 
derived lentoid bodies were examined in the 6-plex TMT 
experiment to identify proteins exhibiting differential concen-
trations (abundance or deficiency) in FYCO1 KI lentoid 
bodies.

A total of 400 µg of each sample was processed for protein 
isolation and digestion as described [26]. The peptides were 
separated by basic pH reversed-phase liquid chromatography 
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(bRPLC) into 96 fractions followed by concatenation into 24 
fractions as described [26]. The labeling with TMT reagents, 
liquid chromatography, and mass spectrometry was per-
formed on a ThermoFisher instrument as described [46]. 
The mass spectrometry data of FYCO1 KI hESC-derived len-
toid bodies have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository and are acces-
sible through the dataset identifier PXD017001.

The reporter ion intensities were imported into Partek 
Genomics Suite (Ver. 6.6; Partek Inc.) to investigate proteins 
exhibiting differential concentrations in FYCO1 KI hESC- 
derived lentoid bodies. The normalized reporter ion intensi-
ties were examined for the SD to identify proteins exhibiting 
higher (i.e., accumulated) or lower levels (i.e., diminished) in 
FYCO1 KI hESC-derived lentoid body proteome. The statis-
tical significance was estimated by a two-tailed one-sample t- 
test statistical procedure, assuming a hypothesized mean of 0 
change.

TEM of FYCO1 KI hESC-derived lentoid bodies

The WT hESC- and FYCO1 KI hESC-derived lentoid bodies 
on differentiation day 25 were harvested  and immediately 
rinsed with 1x PBS for 30s, followed by treatment with a 
mixture of 2.5 ml of 2.5% glutaraldehyde in 0.1 M phosphate 
(Sorenson’s) and 5 mM MgCl2 buffer (pH 7.4) for 4 h with 
slow rocking at room temperature. Subsequently, lentoid 
bodies were fixed with 1% OsO4 (EMS, 19190) in 0.1 M 
phosphate buffer (pH 7.4; Baker, Monobasic 3818, Dibasic 
3824) for 2 h with slow rocking at 4°C. The remaining steps 
including sample processing, sectioning, and imaging are the 
same as described above for P60 WT and fyco1−/− mice lenses.

TEM of developing fyco1−/− mice lenses

The WT and fyco1−/− mice lenses at P0, P7, and P14 were 
extracted as described above for generation of fyco1−/− mice. 
The extracted lenses were subjected to sample preparation 
including fixation, sectioning, staining, and imaging for 
TEM as described above for P60 WT and fyco1−/− mice lenses.

Western blot of fyco1−/− mice lenses

WT and fyco1−/− mice lenses were extracted as described 
above for generation of fyco1−/− mice at four time points 
(P0, P7, P14, and P21) and lens fiber cells were subjected to 
Western blot analysis. An equal amount of protein (~400 µg) 
was electrophoresed in 10% SDS-PAGE gel in 1x running 
buffer (25 mM Tris, 190 mM Glycine, 0.1% SDS) using a Bio- 
Rad Mini-Protean II system (Bio-Rad). After electrophoresis, 
the proteins were transferred from the PAGE gel to a nitro-
cellulose membrane (0.45 µm; ThermoFisher Scientific, 
LC2003) using a Blot transfer system (Bio-Rad). Subsequent 
to the transfer, the membranes were rinsed twice with 1x 
TBST buffer (20 mM Tris-HCl, pH 7.4, 0.137 M NaCl, 0.1% 
Tween 20) and blocked in 5% nonfat dry milk (Bio-Rad, 
1706404) in 1x TBST for 20 min at room temperature, fol-
lowed by incubation with anti-rabbit monoclonal primary 
antibodies; HSPA5/BiP (1:1000; Cell Signaling Technology, 

3177) in 5% nonfat dried milk in TBST overnight at 4°C. 
After the primary antibody treatment, membranes were 
washed three times in 1x TBST and incubated with an anti- 
rabbit immunoglobulin IgG, HRP-linked secondary antibody 
(1:1000; Cell Signaling Technology, 7074) for 1 h at room 
temperature. After the secondary antibody treatment, the 
membranes were washed five times with 1x TBST, and incu-
bated for 5 min in SuperSignal West Dura Extended Duration 
Substrate (ThermoFisher Scientific, 34075). The blots were 
visualized using a ChemiDoc XRS+ system (Bio-Rad) and 
densitometry analysis was performed using Image Lab soft-
ware (Bio-Rad). Equal loading was determined by the quanti-
fication of ACTB/β-actin (Cell Signaling Technology, 4967).

The capillary electrophoresis-based Western blot analysis 
was performed using PDIA4/ERp72 (Cell Signaling 
Technology, 5033) and GOLGA1/Golgin-97 (Cell Signaling 
Technology, 13192) as described above for SQSTM1/p62.

Statistical analyses

The statistical significance was estimated by a one- or two- 
tailed, t-test. The estimate of the spread within a dataset was 
measured by calculating SD of three or more replicates of 
each experiment.
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