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Purrose. HSF4 mutations are responsible for congenital cataract formation. Dysfunction
of HSF4 leads to defects in lens terminal differentiation. We aimed to study the mechanism
of how HSF4 promotes organelle degradation during lens differentiation.

MerHoDs. HSF49%2 mutant mice that developed congenital cataracts were employed.
The organelle degradation and autophagic function in lens fibers were detected by
immunofluorescence and Immunoblotting. Transcriptome analysis was performed to
investigate the differentially expressed genes in HSF49? lenses, whereas luciferase
report assay and ChIP assay were used to confirm the directly transcriptional regula-
tion of ATG9a by HSF4.

Resurrs. HSF49¢2 mice displayed delayed organelle clearance and impaired autophagic
degradation function in lens fibers. Activation of autophagy by rapamycin ameliorated the
defects in organelle clearance in HSF49°“? lenses ex vivo and in vivo. Depletion of HSF4
attenuated autophagic flux by disrupting autophagosome biogenesis and maturation in
lens epithelial cells. HSF4 directly transcriptionally activated the core autophagy protein
ATG9a. Instead of the canonical ATG9a isoform, the ATG9a-X2 isoform was predomi-
nantly expressed in the lens and alleviated autophagic defects in HSF4 KO lens epithelial
cells. The ATG9a-X2 protein displayed a short half-life, and rapamycin treatment restored
its levels in HSF4 KO lens epithelial cells and HSF49“? lenses.

Concrusions. Our findings demonstrate that HSF4 facilitates organelle degradation prob-
ably by transcriptionally activating autophagy during lens terminal differentiation. We
first report the involvement of HSF4 in autophagy and the tissue specific splicing of
ATG9a. Our study indicates that autophagy activation is a possible therapeutic strategy
for HSF4-related congenital cataracts.
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he ocular lens is an avascular and transparent organ

that can focus light onto the retina to enable accu-
rate vision. During embryogenesis, the anterior part of the
polarized lens vesicle forms the epithelium and the poste-
rior part differentiates into primary fibers.''> Lens growth
occurs throughout an organism’s lifetime concomitantly with
continuous cellular differentiation events in which epithelial
cells at the equator of the lens withdraw from the cell cycle
and differentiate into secondary fiber cells3* To achieve
transparency, fiber cells in the core of the lens undergo
terminal differentiation, which is characterized by the clear-
ance of nuclei and organelles (forming the organelle-free
zone [OFZ]) and robust expression of lens crystallins.s’6
Defects in the removal of nuclei or organelles in lens
fibers cause congenital cataracts.” For instance, knockout
of lens-specific DNase in mice (DNase II8) and zebrafish
(DNase 1111) abrogates the denucleation process and causes

Copyright 2023 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

cataracts.®® However, the detailed molecular mechanism of
lens organelle degradation is still being elucidated.
Autophagy is a conserved lysosomal degradation
pathway that maintains cell homeostasis via removal
and recycling of needless cellular contents, such as
damaged organelles.'"!! Autophagy can be divided into
macroautophagy, microautophagy, and chaperone-mediated
autophagy, among which macroautophagy (hereafter
referred to as autophagy) has been extensively studied.
Defects in autophagy related genes are associated with
congenital cataract formation. Mutations in human FYCO1,
an autophagy receptor for autophagosome transport
by linking LC3, are responsible for autosomal recessive
congenital cataracts.'>"'* EPG5 is an RAB7 effector and is
specifically required for fusion between autophagosomes
and lysosomes during autophagy.!” Homozygous muta-
tions of EPG5 are associated with Vici syndrome, which is
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characterized by congenital cataracts and other neurode-
velopmental symptoms.'®'7 Rab3GAP1, Rab3GAP2 and
TBC1D20 mutations cause Warburg micro syndrome, whose
clinical features include congenital cataracts, and brain
and endocrine abnormalities.’®=2° Studies have indicated
that Rab3GAP1, Rab3GAP2, and TBC1D20 are involved in
autophagosome biogenesis and maturation.?!=? However,
it is unclear how the aberrant autophagy induced by gene
mutations leads to congenital cataracts.

Although evidence suggests that autophagy partici-
pates in embryogenesis and numerous tissue differentiation
processes, the role of autophagy in lens fiber terminal differ-
entiation is controversial. ATG5 and VPS34 lens-specific
knockout mice have normal degradation of organelles
in lens fiber cells, although Atg5-deficient mice develop
age-related cataracts and VPS34-deficient mice develop
congenital cataracts.>#?> However, constitutively activated
autophagy can indeed be observed in the lens epithe-
lium and fibers during lens differentiation. Autophagic
vesicles containing organelles (e.g., mitochondria) exist in
human lens epithelial cells and differentiating fiber cells.?
Autophagy structures are present in chick embryo lenses,
and mitophagy can be induced by serum starvation in
chicken primary lens cells.?® Experiments using transgenic
mouse models have suggested that pronounced autophagy
occurs in embryonic and adult lenses, whereas only a
low degree of mitophagy is observed.”” Both inactivation
of mechanistic target of rapamycin (mTOR) by rapamycin
exposure and suppression of PI3K signaling can induce
autophagy and premature loss of organelles in chicken
embryo lens fibers.?®? Moreover, autophagy activated by
rapamycin treatment alleviates the organelle degradation
defects and the cataract phenotype in gja8b mutant zebrafish
lenses.*® Deletion of the mitophagy receptor BNIP3L/NIX
in mice leads to retention of mitochondria, endoplas-
mic reticulum and Golgi apparatus in differentiating lens
fiber cells.*® Deficiency in Tdrd7, a gene responsible for
congenital cataract, disrupts autophagic flux and matura-
tion of autophagosomes and then causes failure to clear of
organelles during the lens fiber differentiation process in
mice.?>3? Dysfunction of FYCO1 in mice leads to impaired
autophagic flux, defects in organelle degradation of lens
fibers and cataract formation.!> These data suggest that
autophagy is indispensable during lens differentiation and
that its intricate role needs to be further investigated.

HSF4, a member of the heat shock factor family, is specif-
ically expressed in the ocular lens.?33* Mutations in human
HSF4 cause autosomal dominant and recessive congeni-
tal cataracts.>>=37 Both HSF4-deficient mice and zebrafish
develop congenital cataracts and display lens differenti-
ation defects including failures in degrading nuclei and
organelles of lens fiber cells?*3%-% OQur previous stud-
ies have suggested that HSF4 transcriptionally activates
lens-specific DNase to promote nuclear DNA degradation
during lens de-nucleation process.”*! However, the molec-
ular mechanism by which HSF4 promotes the clearance of
organelles during lens fiber differentiation is unknown. In
the present study, we found that both organelle clearance
and autophagic degradation function were impaired in lens
fibers of HSF49¢"2 mice. Rapamycin treatment ameliorated
organelle degradation defects in the HSF49¢%? lens ex vivo
and in vivo. Deficiency in HSF4 attenuated autophagic flux
by disrupting autophagosome initiation and maturation in
lens epithelial cells. HSF4 transcriptionally regulated the
expression of ATG9a, which was highly expressed in differ-
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entiating lens fibers. Rapamycin treatment restored the levels
of the lens-dominant ATG9a isoform ATG9a-X2. Our data
demonstrate that HSF4 transcriptionally activates autophagy
by regulating lens-dominant ATG9a isoform during lens
differentiation.

MATERIALS AND METHODS
Animals

Wild-type (WT) and HSF4942 C57/BL6 mice were fed and
bred in an SPF-grade animal room as described in our
previous study.”? The HSF49?"2 mice were generated by the
CRISPR-Cas9 technology which gRNAs targeted the exon
5 of Hsf4. A 42-amino acid (121-163 aa) in-frame dele-
tion was introduced into HSF4 protein and disrupted its
transcription activities. All animal experiments in this study
were approved by the Ethics Committee of Henan Univer-
sity School of Medicine. For lens culture ex vitro, p3 mice
were euthanized, and then the lenses were isolated care-
fully and cultured in complete M199 medium (12350039;
Thermo Fisher Scientific, Waltham, MA, USA) with 20% fetal
bovine serum at 37°C. The cultured lenses were incubated
with 10 pM rapamycin (51039; Selleck Chemicals, Houston,
TX, USA) for 12 hours. For intraperitoneal administration,
p3 mice were anesthetized with isoflurane and injected with
7.5 mg/kg rapamycin (dissolved in 2% DMSO, 30% PEG300,
and 5% Tween 80) using 29 G insulin syringes (U-40; BD
Bioscience, Franklin Lakes, NJ, USA). Forty-eight hours later,
the mice were euthanized, and the lenses were dissected for
further analysis.

Cell Lines, Plasmids, Antibodies, and Reagents

The mouse lens epithelial cell lines and HEK293T cells
were cultured in DMEM (11965092; Thermo Fisher Scien-
tific) containing 10% FBS and 1 x streptomycin and peni-
cillin (15070063; Thermo Fisher Scientific) in 37°C incu-
bators with 5% CO,. The WT mouse lens epithelial cell
line was generated from p2 lens epithelial cells of C57/BL6
mice and immortalized by SV40. The HSF4 knockout cell
lines were constructed by CRISPR-Cas9 technology from
the WT lens cell line as described in our previous study.®
The full-length STX17 and ATG9a CDSs were cloned from
mouse lens cDNA and separately inserted into the pmcherry-
C1 vector and 3 x Flag CMV 7.1 vectors. ATG9a (67096-
1-1g), HSF4 (18797-1-AP), ATG3 (11262-2-AP), and GRP78
(11587-1-AP) antibodies were purchased from Proteintech
Group (Rosemont, IL, USA), whereas p62 (ab109012), WIPI2
(ab105459), Tomm?20 (ab186735), and KDEL (ab176333)
antibodies were purchased from Abcam plc (Cambridge,
MA, USA). Antibodies against lamin A/C (4777), Gabarapll
(6632), HA-tag (3724) and B-actin (3700) were obtained
from Cell Signaling Technology (Danvers, MA, USA). An
LC3 antibody (NB100-2220) was purchased from Novus
Biologicals (Littleton, CO, USA), and a GM130 antibody
(610822) was purchased from BD Biosciences. Rapamycin
(581039), MG132 (S2619) and Baf-A1 (S1413) were purchased
from Selleck Chemicals, and chloroquine (50-63-5) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
mTOR siRNAs (5iG161206075457-1-5 and siG161206075517-
1-5) were ordered from Guangzhou RiboBio company
(Guangzhou, China).
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Histology and Immunofluorescence

For paraffin sections, eyes from WT and HSF49%? mice

were fixed in 4% PFA overnight at 4°C and then embed-
ded in paraffin. The lenses were sliced into 2 pm slices
with a microtome (Leica Biosystems, Wetzlar, Germany).
After antigen retrieval, the slices were blocked with 1% goat
serum for two hours and incubated with primary antibod-
ies overnight at 4°C. After being washed with TBST buffer
(0.1% Triton X-100 in TBS), the slices were incubated with
Alexa Fluor 488/594-conjugated secondary antibodies (A-
11001 and A-11005; Thermo Fisher Scientific) for one hour
at room temperature. Then, the sections were washed with
TBST buffer, and the nuclear DNA was stained with DAPI
dye (D9542; Sigma-Aldrich). The images were captured with
a confocal laser-scanning microscope (Nikon Precision, A1R;
Nikon Inc., Melville, NY, USA).

Immunoblotting, RNA-Sequence, and qRT-PCR

The immunoblotting and gRT-PCR procedures were
described in our previous study.*? Lysates of lens tissues
and cell lines were prepared with 1 x SDS buffer (62.5
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol) with a protease
inhibitor cocktail (A32961; Thermo Fisher Scientific). Equal
amounts of total protein were subjected to SDS-PAGE anal-
ysis and transferred to PVDF membranes. After incubation
with the primary and HRP-conjugated secondary antibod-
ies, the signals were developed with ECL substrates (34580;
Thermo Fisher Scientific) and detected with a chemilumi-
nescence imaging system (Tanon Biology, Shanghai, China).
Densitometry of immunoblotting bands was measured by
Quantity One software.

For RNA-sequence, next-generation sequencing and
data analysis were performed by GENEWIZ (Suzhou,
China) using Illumina NovaSeq platform. For qRT-PCR,
2 pg of total RNA was used to synthesize cDNA,
which was mixed with SYBR Green PCR Master Mix
(Applied Biosystems, A46111) and amplified in an ABI
7500 Fast System. The primers for mouse ATG9a were
as follows: forward, 5'ggatttacctgtatgctgctgggagaa3’ and
reverse, 5'cgcatcggggagagtaactttcaag3’. Student’s ¢ test was
used for statistical analysis, and * represents P < 0.01.

Luciferase Reporter Assay and Chromatin
Immunoprecipitation Assay

The promoter of mouse ATG9a (from -2632 to -7) was
obtained from mouse lens genomic DNA and inserted into
pGL3-basic vectors. Then, HEK293T cells were cotransfected
with mATG9 promoter luciferase reporters, flag-HSF4, and
pRL-TK Renilla vectors for 36 hours. The cell lysates were
prepared with passive lysis buffer, and luciferase activi-
ties were determined with a Dual-Luciferase Assay system
(E1910; Promega Biotech, Finnboda Varvsvig, Sweden)
following standard protocols. Renilla luciferase activity was
used as the control.

The ChIP assay was performed following the standard
protocol of chromatin immunoprecipitation kits (17-295;
Upstate Biotechnology, Charlottesville, VA, USA). Briefly,
5 x 10° cells were fixed with 1% PFA for 10 minutes
at 37°C to cross-link the protein-DNA complex. The cells
were lysed with SDS buffer, and the genomic DNA was
broken into 200 to 2000 bp fragments by ultrasonication.
After incubation with an anti-HA antibody overnight at 4°C,
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the protein-DNA complex was precipitated with protein
A agarose plus salmon sperm DNA and then dissociated
at 65°C for four hours. The DNA was purified with the
phenol-chloroform extraction method and used for qRT-
PCR. The primers for the predicted HSEs of mATG9a were
as follows: HSE1-forward, 5’ aggggcaggggaggaaacttt 3’ and
HSE1-reverse, 5' ccaggccagagggaatgagaaa 3'; HSE2-forward,
5' aggcacccagggaacccacttat 3’ and HSE2-reverse, 5’ acccagt-
gcagagtgagtcagtacag 3'; HSE3-forward, 5’ gcgggtgacagtgaat-
gacagacg 3’ and HSE3-reverse, 5' cgcgcgccctctatcaaaacat
3'; HSE4-forward, 5’ cccgctcccacaaatcagttctg 3’ and HSE4-
reverse, 5' gccgecgaattgttgtggtgtt 3'.

Statistical Analysis

Statistical analysis was performed with SPSS 13.0 and Graph-
Pad Prism 8 software. Differences were statistically analyzed
using Student’s ¢ test.

RESULTS

HSF49'“2 Mice Displayed Defective Organelle
Clearance in Lens Fibers

In our previous study, an HSF4-mutated mouse line
(HSF4%"2) was generated using CRISPR-Cas9 technology.*?
The HSF4““2 mice harbored a 42-aa deletion of the HSF4
protein, which disrupted its transcriptional activity, and
developed congenital cataracts (Figs. 1A, 1B). To determine
organelles degradation in HSF49%? Jenses, the amounts of
nuclei, mitochondria, endoplasmic reticulum (ER), and Golgi
apparatus were first detected in p7 WT and HSF4%"? mouse
lens fibers with immunoblotting. Our data showed that the
levels of the organelle protein markers lamin A/C, Tomm?20,
GRP78, and GM130 were obviously elevated in HSF44¢42
lens fibers compared with those in WT lens fibers (Fig. 10).
Then immunofluorescence was performed to confirm
organelle degradation in p7 WT and HSF44? Jenses. Our
results indicated that the fluorescence signals of lamin A/C,
Tomm?20, KDEL, and GM130 were restricted to superficial
cortical fibers in WT lenses. In contrast, lamin A/C, Tomm20,
KDEL, and GM130 signals could be observed in both cortical
and central fibers in HSF49¢2 Jenses (Figs. 1D-F). These data
suggested that the clearance of nuclei and membrane-bound
organelles was disturbed in HSF49"*> mouse lens fibers.

HSF49¢“2 Lens Fibers had Impaired Autophagic
Degradation Function

To determine whether autophagic function was impaired
in HSF4-deficient lenses. Autophagic function was first
assessed in p7 WT and HSF4?“? lenses using immunofluo-
rescence with antibodies against the autophagy markers LC3
and SQSTM1/p62. Our data showed that p62-positive puncta
were present from cortical fibers to central fibers in HSF44¢!42
lenses, while they were observed only in superficial cortical
fibers in WT lenses (Fig. 2A). Similar data were obtained
for LC3-positive puncta in both cortical and central fibers
in HSF49%142 lenses compared with WT lenses (Fig. 2B). To
further confirm the autophagic function, the protein levels
of LC3 and p62 were determined in WT and HSF49°? mouse
lenses with immunoblotting. Consistent with the immunoflu-
orescence data, we found that the levels of lipidated LC3-II
and p62 were significantly higher in HSF49¢“? lenses than in
WT lenses (Figs. 2C-E). Moreover, both LC3-1I and p62 levels
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were obviously increased in HSF49¢%? lens fibers (Supple-
mentary Fig. S1). The levels of polyubiquitinated proteins
were also detected in WT and HSF4%!“? lens fibers. Our
results suggested that depletion of HSF4 led to accumulation
of ubiquitinated protein in mouse lens fibers (Supplemen-
tary Fig. S2). These data suggested an impaired autophagic
degradation function in HSF49¢4? Jenses.

Rapamycin Treatment Ameliorated Lens
Organelle Degradation Defects in HSF49°'42 Mice
Ex Vivo and In Vivo

Given that both organelle clearance and autophagic degra-
dation function were impaired, we wondered whether
the failure of organelle clearance in HSF494? lens fibers

A
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was due to defective autophagic degradation. To address
this issue, autophagy was induced by exogenous stimuli
(e.g., rapamycin), and the organelle clearance in HSF49¢!42
lenses was detected. The p3 WT and HSF49'%? lenses were
dissected carefully and cultured ex vivo for 24 hours.
The lenses in ex vivo models were treated with 10 pM
rapamycin for 12 hours to induce autophagy and subjected
to immunoblotting. The elevated LC3-II levels and decreased
p62 levels demonstrated an obvious induction of autophagy
in WT and HSF49!? lenses treated with rapamycin (Fig.
3A). Although rapamycin treatment did not alter the levels
of the membrane-bound organelle markers GM130, GRP78,
and Tomm20 in WT lenses, it indeed reduced the GM130,
GRP78, and Tomm20 levels in HSF494? lenses (Fig. 3A).
Unexpectedly, the nuclear envelope component lamin A/C
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levels were not changed in either WT or HSF49'%? lenses
when treated with rapamycin (Fig. 3A). Then, we assessed
the effect of rapamycin treatment on organelle degrada-
tion in HSF49*2 lens in vivo. Newborn HSF49“? mice were
injected intraperitoneally (I.P.) with 7.5 mg/kg rapamycin at
pP3, and then the lenses were dissected carefully for further
analysis at p5. Our immunoblotting results indicated that
L.P. administration of rapamycin efficiently increased LC3-
II levels and reduced p62 levels in HSF49¢#? lens fibers as
a consequence of autophagy induction (Fig. 3B). Intraperi-
toneal injection of rapamycin caused sharp declines in
GM130, GRP78, and Tomm20 protein levels in the lens fibers
of HSF4%"2 mice compared with those of vehicle-injected
mice (Fig. 3B). These observations supported the idea that
autophagy induction by rapamycin facilitated the degrada-
tion of detained membrane-bound organelles, such as mito-
chondria, endoplasmic reticulum, and Golgi apparatus, in
HSF4“%2 lens fibers.

Depletion of HSF4 Attenuated Autophagic Flux by
Disrupting Autophagosome Biogenesis and
Maturation

The defects in autophagic degradation function could have
been a result of the disturbance in autophagic flux, impaired
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lysosomal activity, or both. Although our previous study
showed that HSF4 is involved in the maintenance of lyso-
somal acid pH,”® we focused on its function in autophagic
flux in this study. To confirm the roles of HSF4 in autophagic
flux, the LC3 and p62 levels were assessed in WT and three
HSF4-knockout mouse lens epithelial cell lines*? (referred
to as mLEC, #1, #2, and #3, respectively) that were treated
with 20 pM chloroquine to inhibit autolysosome activities.
The immunoblotting data indicated that knockout of HSF4
significantly reduced LC3-II levels and increased p62 levels
in lens epithelial cells (Figs. 4A-C). The LC3-II and p62 levels
were obviously elevated under chloroquine treatment in WT
mLECs, whereas they increased less in HSF4 knockout #3
(referred to as HSF4 KO) mLECs (Figs. 4A-C). These data
suggested a weaker autophagic flux in HSF4 KO mLECs
than in WT mLECs. Then, autophagic flux was monitored by
mRFP-EGFP-LC3 assay in WT and HSF4 KO mLECs treated
with rapamycin. An abundance of LC3 puncta, including
all GFP-positive (GFP+) and RFP-positive (RFP') puncta,
accumulated in WT mLECs, while there were only sparse
enlarged LC3 puncta in HSF4 KO mLECs (Figs. 4D, 4E).
Moreover, the percentage of GFP~RFP* LC3 puncta in HSF4
KO mLECs was significantly lower than that in WT mLECs
(Figs. 4D, 4F). Mature autophagosomes fuse with lyso-
somes to form autolysosomes that degrade cargos. Thus, the
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Figure 4. HSF4 maintained autophagic flux by facilitating autophagosome biogenesis and maturation. (A-C) The levels of LC3-1I and p62
were detected and analyzed in WT and three HSF4 knockout mLEC stable lines (referred to as HSF4 KO) treated with/without 20 uM
chloroquine (CQ) for four hours. The B-actin was used as the control. Student’s ¢ test was used for statistical analysis. (D) GFP and RFP
signals were observed in WT and HSF4 knockout mLEC lines transfected with GFP-RFP-LC3 vectors. The nuclei were stained with DAPI.
Bar, 10 pm. (E, F) The numbers of total LC3 foci and GFPTRFP™ foci in (D) were counted. Student’s ¢ test was used for statistical analysis. n
= 15, *P < 0.05. (G) The colocalization between GFP-LC3 and lysosomes (labeled with RFP-lamp1) was detected in WT and HSF4 knockout
mLEC lines. The nuclei were stained with DAPI. Bar: 10 pm. (H) The biogenesis of autophagosomes was indicated with WIPI2 in WT and
HSF4-knockout mLECs. The nuclei were stained with DAPIL. Bar: 10 pm. (I) The numbers of WIPI2 foci in (H) were counted. Student’s # test
was used for statistical analysis. n = 10, *P < 0.05. (J) The maturation of autophagosomes was indicated with GFP-LC3 and mCherry-STX17
in WT and HSF4 knockout mLECs. The nuclei were stained with DAPI. Bar: 10 pm. (K) The numbers of LC3-positive STX17 foci in (J) were
counted. Student’s ¢ test was used for statistical analysis. n = 15, *P < 0.05.
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colocalization between autophagic vacuoles and lysosomes
was determined in WT and HSF4 KO mLECs that expressed
GFP-LC3 and RFP-lampl. In WT mLECs, numerous colo-
calizations between LC3 puncta and lysosomes existed.
In contrast, the enlarged LC3 puncta hardly overlapped
with lysosomes in HSF4 KO mLECs (Fig. 4G). These
data suggested that HSF4 deficiency resulted in defective
autophagic flux in lens epithelial cells.

The failure of autolysosome formation could have
been induced by defects in autophagosome maturation or
autophagosome fusion. As shown in Figure 4D, there were
sharp declines in LC3 puncta numbers and abnormally
enlarged LC3 puncta in HSF4 KO mLECs. We speculated that
knockout of HSF4 may have impaired the autophagosome
formation process. To further characterize the steps at which
autophagy was blocked, autophagy factors essential for
autophagosome biogenesis and maturation were analyzed
in WT and HSF4 KO mLECs. WIPI2, which exists on the
phagophore but not on mature autophagosomes, is consid-
ered to be a marker of autophagosome initiation.* Our
results indicated that the accumulation of WIPI2 puncta was
obviously decreased in HSF4 KO mLECs compared with WT
mLECs. The colocalization between the LC3 foci and WIPI2
puncta was also reduced in HSF4 KO mLECs (Figs. 4H, 4D).
To assess the maturation of autophagosomes, mCherry-
STX17, a complete autophagosome marker,*> was expressed
in WT and HSF4 KO mLECs. Robust accumulation of LC3-
positive STX17 puncta was observed in WT mLECs under
rapamycin treatment. In contrast, diffuse STX17 signals with
few puncta were observed in HSF4 KO mLECs (Figs. 4], 4K).
These data suggested that HSF4 deficiency resulted in aber-
rant autophagosome initiation and maturation. In summary,
these data demonstrated that HSF4 maintained autophagic
flux by promoting autophagosome biogenesis and matura-
tion in lens epithelial cells.

HSF4 Transcriptionally Regulated ATG9a
Expression

To ascertain the molecular mechanism by which HSF4
transcriptionally regulates autophagy, transcriptomes were
sequenced in p3 and p7 WT and HSF4%“? mouse lens
fibers. In total, 82 upregulated and 417 downregulated
genes were identified in both p3 and p7 HSF4%? lens
fibers (Fig. 5A). KEGG pathway and Gene Ontology analysis
indicated that the genes with altered expression contained
a pack of autophagy related genes, among which ATG3,
ATGY9a, and Gabarapll are core autophagy factors (Figs.
5B, 5C). Immunoblotting data showed that the ATG9a
protein levels were markedly decreased in HSF49%? lens
fibers (Figs. 5D, 5E). In contrast, the protein levels of
Gabarapll were moderately decreased while the ATG3
protein levels remained unchanged in HSF49°"? lens fibers
(Figs. 5D, 5F, 5G). The significant decrease of ATG9a mRNA
levels were further verified in WT and HSF49!“? lens fibers
(Figs. 5SH). ATG9a is the sole integral membrane protein of
core autophagy-related genes and is required for both initi-
ation and expansion of the autophagosome.*® Accordingly,
we focused on ATG9a in our following studies. Moreover,
both the ATG9a mRNA and protein levels were reduced
in all three HSF4-knockout mLEC cell lines compared with
WT mLECs (Supplementary Fig. S3). To confirm whether
HSF4 directly transcribes ATG9a, ATG9a luciferase reporters
containing a 2.6 kb fragment of the mouse ATG9a promoter
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(from -2632 to -7) were cotransfected with HSF4 vectors
into HEK293T cells. Compared with that in cells transfected
with empty vectors, the luciferase activity of ATG9a reporters
was raised nearly sixfold in cells overexpressing HSF4 (Fig.
51). HSF4 transcribes downstream genes via direct binding
to heat shock elements (HSEs) at their promoters, and four
HSEs were predicted to exist in the mouse ATG9a promoter.
Because of lacking a suitable HSF4 antibody for immuno-
precipitation, the binding abilities of HSF4 to these HSEs
were determined by the ChIP assay using a HA-tag antibody
in HSF4 KO mLECs overexpressing HA-HSF4. Our ChIP data
showed that HSF4 robustly bound to HSE2 (-887 to —-880 and
-829 to -807), slightly bound to HSE1 (-338 to -331 and —264
to —257), but not to HSE3 (-1522 to -1515) and HSE4 (-1979
to =1967) in lens epithelial cells (Fig. 5]). These results indi-
cated that HSF4 activated ATG9a expression through direct
binding to its promoter.

To elucidate the function of ATG9a during lens fiber
differentiation, the expression pattern of ATG9a was deter-
mined in p3 WT mouse lenses with immunofluorescence.
The signals indicated that ATG9a was highly expressed in
the central anterior epithelia (EC), equatorial epithelia (EQ)
and cortical fiber (FP), and moderately expressed in the
transitional zone (TZ), but not in the central fiber (FC)
(Figs. 6A-E). In lens cortical fibers where organelles undergo
intensive degradation, ATG9a formed puncta and colocal-
ized with LC3-positive autophagic vesicles (Figs. 6F-Fii).
Moreover, ATG9a puncta colocalized with membrane-bound
organelles, such as mitochondria (Figs. 6G-Gii), the endo-
plasmic reticulum (Figs. 6H-Hii) and the Golgi apparatus
(Figs. 6I-1ii), as well as the nuclear envelop (Supplementary
Fig. S4). These data implied that ATG9a-mediated autophagy
played an essential role in membrane-bound organelle clear-
ance in differentiating lens fibers.

Rapamycin Treatment Elevated Lens-Dominant
ATG9a Isoform Levels in HSF4 Deficient Lens and
mLECs

Several ATG9a protein isoforms are produced by alternative
splicing in mice, among which isoform a (NP_001275541.1,
referred to as ATG9a-a) is the most studied. Unexpect-
edly, we found that the ATG9a transcript variant X3
(XM_011238689.4) was dominantly expressed in mouse
lens tissue (Figs. 7A, 7B). The ATG9a transcript variant X3
skipped exon 13 and caused a frameshift from serine at the
677 sites, which produced the ATG9a protein isoform X2
(XP_011236991.1, referred to as ATG9a-X2) with a distinc-
tive C-terminus (Fig. 7A, 7C). The ATG9a-X2 isoform formed
puncta colocalized with LC3 foci in mLECs when treated
with the lysosomal activity inhibitor bafilomycin A1 (Baf-A1)
(Fig. 7D). Both ATG9a-a and ATG9a-X2 mRNA levels were
decreased in HSF49““? lens fibers (Supplementary Fig. S5).
Overexpression of ATG9a-X2 partially recovered the LC3-II
levels and decreased p62 levels in HSF4 KO mLECs (Fig. 7E).
These data indicated that ATG9a-X2 could fulfill autophagic
functions in mLECs. Compared to isoform a, ATG9a isoform
X2 displayed a lower protein level and was restored by
both Baf-Al and the proteasome inhibitor MG132, which
suggested a short half-life (Fig. 7F). As shown in Figure
3, rapamycin treatment alleviated the organelle degradation
defect in HSF49'2 Jenses, in which the ATG9a mRNA levels
were irreversibly decreased by HSF4 deficiency. Previous
studies have suggested that rapamycin treatment can restore
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Figure 5. HSF4 transcriptionally regulated ATG9a. (A) The volcano plot shows the differentially expressed genes (82 upregulated and
417 downregulated) between both p3 and p7 WT and HSF49"2 lens fibers identified by RNA-seq. The red and blue points indicate the
upregulated and downregulated genes, respectively. (B) Gene ontology (GO) analysis was performed to classify the differentially expressed
genes between WT and HSF4942 lens fibers. (C) Heatmap showing the differentially expressed autophagy related genes in WT and HSF49¢142
lens fibers. (D) Protein levels of the core autophagy genes ATG9a, ATG3, and Gabarapll were verified in p7 WT and HSF49¢"?2 lens fibers.
The B-actin was used as the control. (E-G) Levels of ATG9a, ATG3, and gabarapll in (E) were statistically analyzed. Student’s ¢ test was used
for statistical analysis. n = 3, **P < 0.01. (H) The mRNA levels of ATG9a were detected by real-time PCR in WT and HSF49°142 lens fibers.
Student’s ¢ test was used for statistical analysis. n = 3, **P < 0.001. (I) Luciferase activities of ATG9a promoter reporters were measured in
HEK293T cells overexpressing HSF4. Student’s ¢ test was used for statistical analysis. n = 3, **P < 0.01. (J) HSEs were predicted in the ATG9a
promoter and the conserved nucleotides of HSE sequence (nGAAn) were marked in red. The ability of HSF4 to bind to the predicted HSEs
was detected by ChIP assay with a HA-tag antibody in HSF4 KO mLECs overexpressing HA-HSF4. Student’s ¢ test was used for statistical

analysis. n = 3.

ATG9a protein levels in yeast.*” We wondered whether
rapamycin treatment could recover ATG9a-X2 protein levels
in mLECs and HSF49? lenses. Our data indicated that
ATG9a-X2 protein levels were increased in mLECs that were

treated with rapamycin for 3 hours, 6 hours, and 12 hours
(Fig. 7G). Knockdown of mTOR by siRNA also elevated the
ATG9a-X2 protein levels in HSF4 KO mLECs (Fig. 7H). More-
over, ATG9a-X2 levels were also increased in p3 HSF49¢42
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FiGure 6. ATGYa is highly expressed in differentiating lens fibers. (A) The expression of ATG9a was analyzed by immunofluorescence in
p7 WT mouse lenses. The nuclei were stained with DAPI. Bar, 100 pm. EC, central epithelium. EQ, equatorial epithelium. TZ, transition
zone. FP, cortical fiber. FC, central fiber. (B-E) magnification of ATG9a expression in the EQ, TZ, FP, and FC in (A). Bar: 10 um. (F-Fii)
The colocalization between ATG9a and LC3 foci was observed in differentiating lens fibers. The nuclei were stained with DAPI. Bar, 5 pm.
(G-Gii) The colocalization between ATG9a foci and Tomm20 was observed in differentiating lens fibers. The nuclei were stained with DAPI.
Bar: 5 ym. (H-Hii) The colocalization between ATG9a foci and GRP78 was observed in differentiating lens fibers. The nuclei were stained
with DAPI. Bar, 5 pm. (I-1ii) The colocalization between ATG9a foci and GM130 was observed in differentiating lens fibers. The nuclei were

stained with DAPI. Bar: 5 pm.

lenses when treated with rapamycin for 12 hours ex vivo
(Figs. 71, 7]). Although HSF4 deficiency led to defective
transcription of ATG9a, our results support the idea that
the turnover of ATG9a protein by rapamycin treatment may
have facilitated autophagy-mediated organelle degradation
in HSF49"2 lenses.

Di1scusSION

Mutations in HSF4 lead to congenital cataracts in humans.®
In our previous studies, we found that knockout of HSF4
resulted in organelle degradation defects in lens fiber cells.’®
HSF4 transcriptionally activates lens specific DNases (e.g.,
DNase2f in humans and mice, and DNasellll in zebrafish)

to promote the denucleation process during lens fiber termi-
nal differentiation.”*! However, the mechanism by which
HSF4 governs the degradation of other organelles is still
unclear. In our present study, we find that HSF4 transcrip-
tionally activates autophagy during lens differentiation, and
activation of autophagy facilitates the organelle degrada-
tion in HSF49!“? lens fibers. There are some controversies
regarding the roles of autophagy in the organelle removal
of lens fibers. Morishita et al. found that knockout of
ATG5 and VPS34 in mouse lenses did not affect the forma-
tion of the OFZ, although cataracts were indeed induced.?
Those authors concluded that the organelle degradation of
lens fibers occurs in an autophagy-independent manner.
Subsequent studies have indicated that autophagy can also
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12 hours ex vivo. The a-tubulin levels were used as controls. Student’s ¢ test was used for statistical analysis. n = 3, *P < 0.05.
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be accomplished independently of ATG5 and VPS34.%:%
ATG5-independent alternative autophagy is required for the
clearance of mitochondria during erythroid maturation and
iPSC reprogramming.’®:>! These data suggested that alterna-
tive (ATG5- and VPS34- independent) autophagy may also
contribute to organelle clearance during terminal differen-
tiation of lens fibers. In a recent study, Morishita et al.>?
found that PLAAT phospholipases (PLAAT1 in zebrafish
and PLAAT3 in mouse) translocated from the cytosol to
organelles and destructed organelle membrane, and then
caused organelle degradation during lens fiber differen-
tiation. HSF4 is required for both the initial organelle
membrane damage and then the following induced translo-
cation of PLAATs.>? Selective autophagy is required for
degradation of intracellular organelles. It is interesting to
investigate whether and how HSF4-controlled autophagy
is involved in PLAATs-mediated organelle degradation. The
organelle localization of ATG9a was similar with PLAAT3
in mouse differentiating lens fibers (Figs. 6G-D.>* So, the
roles of ATG9a in PLAAT? translocation and thus organelle
membrane damage require further study.

Our data indicated that rapamycin treatment also amelio-
rated organelle degradation defects in HSF49“? lenses.
Previous studies have shown that yeast ATG9 is degraded
via the proteasome and that ATG9 turnover is impeded
by rapamycin treatment.”” We also found that rapamycin
treatment stabilized the lens-dominant ATG9a isoform in
lens epithelial cells and HSF49'%? lenses. ATG9a is the
sole transmembrane protein among the core autophagy
proteins. Our data showed that ATG9a is highly expressed
and colocalizes with cellular organelles in differentiating
lens fibers (Fig. 6). By interacting with the mitophagy
receptor OPTN, ATG9a initiates the synthesis of autophagic
membranes near ubiquitin-coated damaged mitochondria
and promotes mitophagy.>®> ATG9A is ubiquitinated and then
cooperates with GRASP55 to mediate Golgi fragmentation
under heat stress.>® With respect to the essential roles of
ATG9a in macroautophagy and organelle-related selective
autophagy, the stabilization of ATG9a by rapamycin treat-
ment may at least partially contributes to the alleviation
of OFZ defects in lenses. In addition, a recent study asso-
ciated ATG9a mutations with immune dysregulation and
hyperplasia in a patient exhibiting increased proliferation
of T and B cells in lungs and brain and defects in lympho-
cyte memory cell populations after infection with Epstein-
Barr virus.>> Rapamycin treatment reduced the prolifera-
tion of the patient’s cell and successfully cured the symp-
toms in the lungs and brain.>> These data support the idea
that rapamycin treatment could be an effective strategy for
ATG9a-related disorders, including congenital cataracts.

It is still puzzling why and how ATG9a isoform X2 is
particularly highly expressed in ocular lenses rather than
other tissues. Compared with ATG9a isoform a, ATG9a-X2
has a distinct C-terminus produced by alternative splicing of
exon 13. Although it has fewer amino acid residues, ATG9a-
X2 was observed to have a higher molecular weight than
ATG9a-a via immunoblotting (Figs. 7E-G). Our immunoflu-
orescence data indicated that ATG9a-X2 formed more and
larger LC3-positive foci than the ATG9a-a isoform in lens
epithelial cells treated with the lysosome inhibitor Baf-A1l
(Fig. 7D, Supplementary Fig. S6). These data hint that ATG9a-
X2 may undergo posttranslational modifications, such as
lipidation, to facilitate ATG9a association with autophagic
vesicles. Another mystery exists regarding how rapamycin
restored the ATG9a-X2 protein levels. Hu et al. demon-
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strated that degradation of the yeast ATG9a protein is regu-
lated by the proteasomal pathway and can be impeded
by rapamycin treatment. However, no essential ubiquitin-
conjugating enzyme (E2 and E3 ligases) or ATG9a protein
domain was identified for ATG9a degradation.”’ These data
imply the existence of an intricate mechanism for ATG9a
degradation. Zhang et al.>® showed that mTORC1 activation
promotes protein degradation by elevating intact and active
proteasome levels. Whether ATG9a turnover by rapamycin
treatment depends on the regulation of proteasome levels
requires further investigation. We speculate that a more effi-
cient ATG9a isoform is required for the fast and dramatic
formation of the OFZ during lens fiber terminal differentia-
tion, although more evidence is needed.

In conclusion, HSF49!“? mice displayed defects in
organelle removal and autophagic degradation function in
lens fibers. Activation of autophagy ex vivo and in vivo accel-
erated the degradation of nonnuclear organelles in HSF49<!4?
mouse lenses. HSF4 facilitated autophagosome biogene-
sis and maturation, and transcriptionally regulated ATG9a
expression. The lens-dominant ATG9a isoform had vulner-
able protein stability, and rapamycin treatment increased
the levels of ATG9a in HSF4-deficient lenses. Our data indi-
cate the essential role of ATG9a-related autophagy in HSF4
mediated lens differentiation and shed light on therapies for
congenital cataracts.
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