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Purrosk. The transparency of the ocular lens is essential for refracting and focusing light
onto the retina, and transparency is controlled by many factors and signaling pathways.
Here we showed a critical role of chromatin remodeler zinc finger HIT-type containing
1 (Znhitl) in maintaining lens transparency.

Mernops. To explore the roles of Znhitl in lens development, the cre-loxp system
was used to generate lens-specific Znhitl knockout mice (Znhit1M"1%-¢; Znhitl cKO).
Morphological changes in mice lenses were examined using hematoxylin and eosin stain-
ing. RNA sequencing (RNA-seq) and assay for transposase accessible chromatin using
sequencing (ATAC-seq) were applied to screen transcriptome changes. Immunofluores-
cence staining were performed to assess proteins distribution and terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling staining were used for determining apopto-
sis. The mRNAs expression was examined by quantitative RT-PCR and proteins expres-
sion by Western blot.

Resurrs. Lens-specific conditional knockout mice had a severe cataract, microphthalmia
phenotype, and seriously abnormal lens fiber cells differentiation. Deletion of Znhitl in
the lens resulted in decreased cell proliferation and increased cell apoptosis of the lens
epithelia. ATAC-seq showed that Znhitl deficiency increased chromatin accessibility of
cyclin-dependent kinase inhibitors, including p57%? and p21“P! | and upregulated the
expression of these genes in mRNA and protein levels. And we also showed that loss of
Znhit1 lead to lens fibrosis by upregulating the expression of p21¢iPL,

Concrusions. Our findings suggested that Znhitl is required for the survival of lens epithe-
lial cells. The loss of Znhitl leads to the overexpression of p21“P!  further resulting in
lens fibrosis, and impacted the establishment of lens transparency.

Keywords: zinc finger HIT-type containing 1 (Znhit1), p21°P!  lens, fibrosis, cataract

he ocular lens is a transparent and avascular tissue

located in the eye behind the iris, and the main func-
tion is to efficiently refract light onto the retina for near
and far visual targets. The lens is composed of two morpho-
logically different cell types: a monolayer of cuboidal lens
epithelial cells lines the inner surface of the anterior lens
capsule and elongated lens fiber cells that are located at the
posterior pole form the bulk of the lens tissue. During lens
development, lens progenitor cells proliferate and migrate
to the equator, where they exit the cell cycle and convert to
lens fiber cells.'~* During terminal differentiation, the fiber
cells form in a precisely aligned hexagonal arrangement and
express abundant crystallin proteins. The highly ordered
alignment of the differentiated cells minimizes the scatter-
ing of light that enters through the pupil.> Defects that occur
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during the development of the mature lens fiber cells lead
to cataract formation.> Although several signaling pathways
and some effectors have been defined for lens development,
the epigenetic regulation of lens embryogenesis remains to
be determined.®’

Chromatin remodeling is a key step in the epige-
netic regulation of gene transcription in eukaryotes.®?’
During embryogenesis, ATP-dependent chromatin remod-
eling complexes such as SWI/SNF, ISWI, CHD, and INOS80
control chromatin accessibility to regulate cell fate deter-
mination.!®!! The SRCAP complex belongs to the INOS0
family and its core components contains catalytical subunit
SRCAP (3230 amino acids, molecular weight 334 kDa) and
other much smaller subunits zinc finger HIT-type containing
1 (Znhitl) or p18Hamlet (154 amino acids, molecular weight
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17.5 kDa), YL-1, and ARPG6. At the molecular level, this
complex can replace histone H2A with its variant H2A.Z in
the nucleosomes to regulate chromatin remodeling and gene
transcription.!?17 Znhitl as a core subunit of the SRCAP
complex has been proved to exert crucial function in main-
taining the role of the complex.'*'%-2! During mammalian
organ development and tissue homeostasis, Znhitl controls
intestinal stem cell maintenance and preserves hematopoi-
etic stem cell quiescence.?’>! However, how Znhit1 regulates
lens development is completely unknown.

In this study, we constructed a lens-specific Znhitl condi-
tional knockout (Znhitl cKO) mouse strain to investigate
the biological functions of Znhitl in lens development. The
Znhitl cKO mice had a severe cataract and microphthalmia
phenotype. The depletion of Znhitl increased the expres-
sion of p57%iP? and p21“P! in mRNA and protein levels,
which caused cell cycle arrest. In Znhitl cKO mice, the loss
of Znhitl caused lens fibrosis, which is regulated by the
overexpressed p21°Pl, And in vitro experiments provided
compelling evidence that Znhitl regulates the expression of
p21°P! to exert its function. Taken together, our findings
establish the vital role of Znhitl in cell cycle exit and lens
transparency.

METHODS
Animal Experiments

The use of animals in this research was approved by the
Animal Care and Ethics Committee at Wenzhou Medical
University, Wenzhou, China. All breeding and experimental
procedures were conducted in accordance with the Associ-
ation for Research in Vision and Ophthalmology statement.

Znbit "' mice were generated by Model Animal Research
Center of Nanjing University (Nanjing, China).”® The target-
ing strategy is shown in Supplementary Figure S1A. Mir10-
cre mice were obtained from Dr. Michael Robinson. Mir10-
cre mice were on a FVB background and backcrossed to
wild-type C57BL/6] mice to generate cre-transgenic mice
on the C57BL/6J background.?? For the Miri0-cre line, the
expression of cre were restricted to the lens epithelial and
fiber cells.”® All mice were maintained in C57BL/6 back-
ground, and genotypes were determined by the relevant
primers (Supplementary Figs. S1B, C, Supplementary Table
S1). Pregnant mice were euthanized by CO, inhalation, and
embryos were harvested for follow-up experiments. For
subsequent experiments, postnatal mice were euthanized
by anesthesia using a mixture of ketamine (96 mg/kg) and
xylazine (14.4 mg/kg) via intraperitoneal injection.

UC2288 (ab146969, Abcam, Cambridge, UK) were
dissolved in DMSO (D2650, Sigma-Aldrich, St. Louis, MO).
For the following experiments, mice were randomly divided
into two subgroups. Vehicle-treated mice, designated as
Znhitl cKO + DMSO, received only the solvent. UC2288
(10 mg/kg body weight) was administered by intraperitoneal
injection four times per week, designated as Znhitl cKO +
UC2288.

Preparation of Mouse Embryo Fibroblasts (MEFs)
and siRNA Knockdown

We used C57BL/6 pregnant mice for MEFs isolation. Female
mice on days 13 to 16 of gestation were euthanized and
dissected to extract the fetuses. The heads and visceral
tissues of the fetuses were discarded, and the remain-
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ing tissues were washed two times in cold Dulbecco’s
phosphate-buffered saline (14190144, Gibco, Carlsbad, CA).
The washed tissues were then cut into tiny pieces and trans-
ferred into a 15-mL centrifuge tube. After centrifugation at
1500 x g for 5 min at 4°C, the tissue pieces were rinsed
with 10 mL 0.05% trypsin for 30 min at 37°C. To fully
digest the tissues, they were shaken gently every 5 min.
Afterward, the digestion medium was neutralized with MEFs
growth medium (DMEM [11995, Gibco] supplemented with
2 mM L-glutamine [35050061, Gibco], 100 U/mL of penicillin-
streptomycin [15140122, Gibco], and 10% fetal bovine serum
[10099141C, Gibco]). The suspended cells, tissue fragments,
and debris were then filtered, centrifuged, and the cells were
counted. We use trypan blue (C0011, Beyotime Biotechnol-
ogy, Shanghai, China) to determine cell viability, and the
living cells were seeded at 3 x 10° cells in 75 cm? culture
flasks. After 24 h, the culture medium was changed.

The siRNAs against Znhbitl, p21 were designed by
and purchased from Gene Pharma Co., Ltd. (Shanghai,
China) and RiboBio Co., Ltd. (Guangzhou, China), and were
transfected into the MEFs using Lipofectamine RNAiMAX
Transfection Reagent (13778150, ThermoFisher Scientific,
Waltham, MA). The negative control (NC), Znhitl, and
p21 siRNA sequences were designed and synthesized as
follows:

si-NC: 5-UUCUCCGAACGUGUCACGUTT-3'/5-ACGUGACA-
CGUUCGGAGAATT-3'

si-Znhit1-Mus: 5-GAGCAGAACCUGAGUGCAUTT-3'/5"-AUG-
CACUCAGGUUCUGCUCTT-3'

si-p21-Mus: 5-CGAGAACGGTGGAACTTTG-3'

Histology

For histology, the tissues were extracted and fixed in a
mixture of formaldehyde:ethyl alcohol:ddH,O:acetic acid
glacial (1:4:4:1) at room temperature (RT) for 24 h. After
alcohol dehydration, the tissues were embedded in paraf-
fin. To clearly display the difference of section direc-
tion, schematics of lens cross-section and lens longitudinal
section were shown in Figure 1A. Slices (5-um thick) were
then stained with hematoxylin and eosin. Masson staining
was performed as instructions.

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling (TUNEL) Staining

TUNEL staining, which identifies apoptotic cells, was
performed using the In Situ Cell Death Detection Kit
(12156792910, Roche, Basel, Switzerland) on cryosections
according to the manufacturer’s instructions. Apoptosis rates
were calculated as the ratio of TUNEL-positive cells to DAPI-
positive cells in controls and Znhitl cKO lenses, and results
were analyzed by the Student #-test.

Immunofluorescence and Confocal Microscopy

For immunofluorescence microscopy, the tissues were fixed
in freshly prepared 1% paraformaldehyde for 5 h at
4°C. The tissues then were dehydrated in a gradient of
sucrose solutions at 4°C, embedded in Tissue Tek O.C.T.
Compound (4853, Sakura Finetek, Torrance, CA), frozen in
liquid nitrogen, and stored at —80°C until sectioned (10-um
thick).
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Expression of Znhitl in lens. (A) Schematic of mice lens section. Diagram of a lens (left) with the longitudinal section plane

(red) through the lens pole and the cross-section plane (blue) through the lens equator. Schematics (7ight) of the resulting lens longitudinal
section (#p) and lens equatorial cross-section (down). The longitudinal section of lens showed that lens fiber cells nuclei gradually move to
the anterior and subsequently eliminate during lens maturation. And the cross-section of lens showed that epithelial cells are located at the
periphery and hexagonal morphology of fiber cells are orderly arranged. (B) Expression pattern of Znhitl during mouse lens development
as shown by Western blot. «-Tubulin served as the loading control. (C-G’) Distribution of Znhitl proteins (red) during normal C57BL/6
mouse lens development was assessed by immunofluorescence microscopy. Znhitl puncta were located in the lens epithelial and fiber cells.
LECs, lens epithelial cells; LFCs, lens fiber cells. Merge, combined immunolabeled and DAPI-stained images. Scales bars, 100 um.

After rinsing, the frozen slices were immersed in blocking
buffer (4% bovine serum albumin, 0.5% Triton X-100 in 0.1
M PBS) for 2 h at RT. The slices were then incubated with
primary antibodies overnight (>16 h) at 4°C. Staining was
achieved by the appropriate secondary antibodies. A full list
of antibodies is shown in Supplementary Table S2. Images
were collected using a Zeiss LSM880 with Airyscan confocal
microscopy (Zeiss, Gottingen, Germany).

The proliferation rates in the lens epithelium were calcu-
lated as the ratios of Ki67-positive cells to DAPI-positive
cells within the epithelium and the statistical significances
between controls and Znhitl cKO lenses were evaluated by
the Student -test.

Western Blot Analysis

Lenses and MEF cells were homogenized in icy radio
immunoprecipitation assay lysis buffer (P0013B, Beyotime
Biotechnology) with 1 mmol/L phenylmethylsulfonyl fluo-
ride (ST506, Beyotime Biotechnology) and Complete
Protease Inhibitor Cocktail (11836153001, Roche). The
proteins were separated on a 12% sodium dodecyl sulfate-
polyacrylamide gel, and then transferred to a polyvinyli-
dene fluoride membrane (IPFLO0010, Millipore, Billerica,

MA). Membranes were blocked using nonfat milk (dissolve
in TRIS-buffered saline containing 0.1% Tween 20 [A600560-
0500, Sangon Biotech, Shanghai, China]) for 1.5 h at RT
and incubated with primary antibody overnight at 4°C. They
were then incubated with secondary antibodies for 2 h at
RT. The information of antibodies is shown in Supplemen-
tary Table S2.

Densitometric analysis of the protein bands was
conducted using Image J software (National Institutes of
Health, Bethesda, MD), and the values were normalized
to the corresponding loading control, glyceraldehyde phos-
phate dehydrogenase (GAPDH) or «-Tubulin. For each
experiment, at least three extracts from control and Znhit1
cKO tissues were analyzed.

RNA Extraction, cDNA Preparation, and
Quantitative RT-PCR

Total lens RNA was extracted using the RNeasy Fibrous
Tissue Mini Kit (74704, Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions. Then the lens
RNA was treated with RQ1 RNase Free DNase (M6101,
Promega, Madison, WI) to inactivate DNA. The cDNAs were
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synthesized using random primers (C1181, Promega) and
Moloney Murine Leukemia Virus Reverse Transcriptase
(M1701, Promega). quantitative RT-PCR was performed with
the specific primers (Supplementary Table S1) and Power
SYBR Green PCR Master Mix (4367659, Applied Biosystems,
Carlsbad, CA) on an Applied Biosystems ViiA 7 Real-Time
PCR system. The expression of mRNA relative to GAPDH
was determined by using threshold cycle values and the 22 Ct
method.?

RNA Sequencing (RNA-seq)

The collection of lenses from P0.5 eyes and total RNA extrac-
tion was as described elsewhere in this article. Three biolog-
ical replicates of RNAs from different Znhir1"1%< and
Znbit1“"" mice were used. High-throughput sequencing was
performed using an Illumina Novaseq platform (San Diego,
CA). For each sample, the RNA-seq data was mapped by
Hisat2 with no more than two mismatches to the reference
genome, and then only the uniquely mapped reads were
used to estimate the gene level expression values by frag-
ments per kilobase of exon model per million mapped frag-
ments.?>2% The statistical significance tests of differentially
expressed genes were performed by DEseq2R package.?’
Corrected P values of 0.05 and absolute foldchanges of 2
were set as the threshold for significantly differential expres-
sion. Enrichment analysis of differentially expressed genes
was implemented by the cluster Profiler R package.”®

Assay for Transposase Accessible Chromatin
Using Sequencing (ATAC-seq)

ATAC-seq of Znhitl cKO and control lenses were performed
by Romics (Shanghai, China). We collected frozen lens
samples of control and Znhitl cKO at P0.5, each sample
extracted more than 40,000 nuclei for following steps.
Two biological replicates from different Znhit1""1%<r and
Znhit1°"! mice were used. Quality filtered reads were then
mapped to the GRCm38/mm10 reference genome using
the Burrows-Wheeler Aligner program, and MASC2 soft-
ware for peak calling with a g-value of less than 0.05 set
as the cut-off.?*:3® The HOMER’s findMotifsGenome.pl tool
was used for motif analysis. Differentially accessible regions
(DARs) were annotated by the function of HOMER’s anno-
tatePeaks.pl.>!

Statistical Analysis

All data were analyzed by GraphPad Prism 8 (GraphPad
Inc., La Jolla, CA) and expressed as the means + standard
deviation. Data analysis was performed on a minimum of
three mice for each genotype. For comparison of two groups,
the differences were assessed by Student #-test. One-way
ANOVA was performed for comparisons among more than
two groups. P values of less than 0.05 were considered
significant and noted with asterisks.

RESULTS

Ablation of Znhitl Causes Lens Defects

The SRCAP complex is one of the ATP-dependent chro-
matin remodeling complexes and can replace histone H2A
with its variant H2A.Z in nucleosomes for activation of gene
transcription.!” Gene transcription is of crucial importance
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during lens development, playing complex and extensive
roles in cell fate decisions and tissue morphogenesis.>?33
Znhitl is a core subunit of this complex; we speculate that
Znhitl could regulate gene expression and play essential
roles during lens development.

To analyze the molecular function of Znhitl during lens
development, we first determined the expression pattern
of the Znhitl protein. By immunofluorescence microscopy
and Western blot analysis, we observed that the expres-
sion of lens Znhitl in wild-type mice stayed at a high level
throughout the embryonic (E13.5) and early postnatal (P0.5
and P7) stages. However, expression gradually diminished
during the growth to adulthood (Figs. 1B-G"). The strong
expression pattern in the early stages of lens development
suggested that Znhitl may have special roles in mouse lens
morphogenesis.

To understand the roles of Znhitl in mouse lens growth,
we deleted Znhitl using the MIri0-cre transgene crossed
with Znbit?’”' mice. The lenses of newborn Znhit"/;
Mlr10-Cret mice (referred to as Znhitl cKO) exhibited seri-
ous lens differentiation defects (described elsewhere in this
article). And, the Znbit1""; Mlrio-Cre~ littermates were
normal and served as controls. For Mlr10 mice, cre expres-
sion was started at E10.5, and detectable in the majority of
both the lens epithelium and differentiating lens fiber cells
at E12.5.% By immunofluorescence microscopy, we found
that the expression of Znhitl was decreased in both the
lens epithelial cells and fiber cells of Znhitl cKO at E13.5
and newborn of P0.5 (Figs. 2A-D"). Further examination of
Znhitl mRNA and protein levels confirmed the Znhitl dele-
tion in mouse lens cells at P0.5 (Figs. 2E-G).

In 3-week-old mice, approximately 61% of the Znhitl
cKO mice had a severe cataract phenotype compared with
control groups (Figs. 3A-B"). The 12-week-old control mice
had normal sized eyes with lenses that were transparent and
smooth. In contrast, the 12-week-old Znhitl cKO mice had
microphthalmia, and the lenses were small, hard, opaque,
and lacked a regular and smooth surface (Figs. 3C, D), imply-
ing a lack of transparency, which were similar to lens fibrosis
phenotype. Microphthalmia suggested reduced cell growth
and/or increased cell apoptosis in the anterior cells of the
lens vesicle due to the deletion of Znhitl. Consistent with
the phenotype, deletion of Znhitl increased programmed
cell death, as revealed by TUNEL staining (Figs. 4A-B").
In contrast, we estimated cell proliferation by analysis of
the expression of the Ki67 protein (Figs. 4C-D"), a marker
specifically expressed in proliferating cells that are not in
Gy * Collectively, these data likely accounted for the smaller
size in Znhitl cKO lenses.

Loss of Znhitl Disrupts Lens Differentiation

Next, we performed a histological assessment to investi-
gate the morphological alterations in Znhitl cKO lenses at
different stages. At E13.5, lenses underwent primary lens
fiber cell differentiation that fill the lumen of the lens vesi-
cle.’ The lens structures appeared to be normal in both the
control and Znhitl cKO eyes at E13.5 (Figs. 5A, A"). At E15.5,
the primary lens fiber cells of the control lenses reached
the lens epithelium, and the lens epithelial cells located at
the equator were differentiating into secondary fiber cells
(Figs. 5B, 5C). However, the Znhitl cKO lenses at E15.5
had accumulations of nucleated cells at the lens posterior
pole (Figs. 5B', 5C"). And at E17.5, the growth deficiency of
Znhitl cKO lens was similar with E15.5 (Figs. 5D-D’). At
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Ficure 2. Tissue-specific Znhitl deletion in lens. (A-D’) Immunofluorescence analysis of Znhitl expression (red) in E13.5 and P0.5 control
and Znhitl cKO lenses. (E) Lenses were harvested from control and Znhitl ¢cKO mice at P0.5 to examine Znhitl mRNA expression by
quantitative RT-PCR. GAPDH was used as the internal control. (F, G) Lenses were isolated from control and Znhitl cKO mice at P0.5 for
western blot examination of Znhitl expression. a-Tubulin served as the loading control. All values were expressed as means + standard

deviations. Merge, combined immunolabeled and DAPI-stained images. Scales bars, 100 pm. Student #-test: ***P < 0.001.

postnatal stages P0.5 and P7, the Znhitl cKO lens fiber
cell nuclei had moved to the posterior pole, and there was
progressive deterioration in which the lens fiber cell region
had numerous vacuoles (Figs. SE-H'), indicating severe
defects of lens development. In transverse sections of control
mice lenses at P7, the hexagonal fiber cells had a highly
ordered arrangement (Figs. 5I). However, the lens fiber cells
of the Znhitl cKO mice were formed into irregular cellular
structures and vacuoles (Figs. 5I').

Using phalloidin staining for F-actin showed that control
lenses exhibit normal cellular patterns (Supplementary Figs.
S2A-A"). In contrast, deletion of Znhitl caused disordered
and abnormal fiber cells organization and morphology
(Supplementary Figs. S2B-B"). During lens development,
the transcription factors Pax6 and Prox1 critically regu-
late the normal differentiation of the transparent lens. Pax6
controls lens induction and fate determination while Prox1
regulates fiber cells elongation, differentiation and morpho-
genesis.>>3 Interestingly, albeit the severe morphological
defects including the numerous vacuoles and accumula-
tions of nucleated cells at the lens posterior pole, Pax6 and

Prox1 were still expressed in Znhitl cKO lenses (Supple-
mentary Figs. S2C-F). In addition, the polarity of the lens
fiber cells was also preserved as evidenced by the location
of N-cadherin (Supplementary Figs. S2G-H"), respectively.

Taken together, these data indicated that Znhitl proteins
are dispensable for lens fiber cells elongation and polarity,
but are essential for proliferation, survival of the epithelial
cells, and organization of the fiber cells that make up the
structurally transparent lens.

Loss of Znhitl Leads to Lens Fibrosis

Based on the morphological alterations, such as disorgani-
zation of lens fiber cell morphology and stiff tissue archi-
tecture, we hypothesized that Znhitl inactivation activates
the expression of myofibroblasts, which can lead to progres-
sive fibrosis. Indeed, Znhitl knockout induces the expres-
sion of myofibroblasts marker a-smooth muscle actin (a-
SMA),?” focal adhesion protein vinculin, as well as extensive
accumulation of extracellular matrix, including expression of
fibronectin, gradually increased from PO0.5 to P14 of Znhitl
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Figure 3. Cataract and microphthalmia phenotype in Znhitl cKO mice. (A, B') Slit lamp view of a 3-week-old mice lens showing the cataract
phenotype in Znhitl cKO. (C, D) Representative images of eyes and lenses from control and Znhitl cKO mice at 12 weeks. Znhitl cKO mice
had obvious microphthalmia and rough lenses. Inset image is magnified picture of Znhitl cKO lens.

cKO mice (Fig. 6A, B). And Masson staining also showed
Znhitl cKO lens fiber cells were surrounded by extracel-
lular matrix accumulation, compared with controls (Figs.
6C-F). These results revealed that Znhitl deletion leads to
lens fibrosis lesions, likely causing organ deformation and
dysfunction. To figure out the molecular mechanisms of cKO
Znhitl-caused fibrosis, we further performed in vivo and in
vitro experiments.

Znhitl Deletion Increases Chromatin Accessibility
of CDKIs

The INO80 chromatin remodeling complexes regulate gene
expression through specific molecular mechanisms.*® Thus,
we performed RNA-seq to analyze Znhitl-regulated genes.
We found 1766 differentially expressed transcripts in the
Znhitl cKO lenses, including 958 upregulated and 808
downregulated genes (fold change > 1.0; P < 0.05) (Fig.
7A). Gene ontology and Kyoto Encyclopedia of Genes and
Genomes analyses showed that upregulated genes were
involved in cell locomotion, cell migration, focal adhesion,
and cell cycle (Supplementary Fig. S3A, B).

The INO80 chromatin remodeling complex modifies
chromatin in many ways, including nucleosome sliding
and replacement of variant histones that modulate chro-
matin accessibility and, consequently, regulate gene expres-
sion.? % To determine whether Znhitl-mediated chromatin
remodeling alters the organization of accessible chromatin,
we performed ATAC-seq in control and Znhitl cKO lenses.
By analyzing the ATAC-seq data from two biological repli-
cates, we found that Znhitl deletion led to 14,586 changes
in chromatin accessibility, including 6639 upregulated DARs
and 7947 downregulated peaks (Fig. 7B). The opened
ATAC DARs were present mainly in the promoters, where
most transcription factor binding sites are located.*! The
closed ATAC DARs were accumulated in intergenic regions
and introns, indicating that Znhitl in mouse lenses mainly
regulates the accessibility of chromatin. The altered ATAC

DARs were annotated to a total of 5654 genes. Comparing
them with the Znhitl-regulated genes identified by RNA-
seq, we found that 312 Znhitl-regulated genes had signif-
icant changes in chromatin accessibility (Fig. 7C). Several
cell cycle regulators have been examined that are partic-
ularly significant for maintaining normal patterns of lens
cell proliferation, including CDKIs and fibroblast growth
factor signaling.” And the data showed that Znhit1 deletion
led to increased accessibility of promoter regions of cyclin-
dependent kinase inhibitors, p57%iP* (Cdknla) and p21%P!
(Cdknlo), all of which function mainly in cell cycle regu-
lation (Fig. 7D). However, loss of Znhitl did not change
the chromatin accessibility of p27¥P! (Cdknlb), another
member of the cyclin-dependent kinases inhibitors (Fig.
7D). Together, our results indicated that Znhitl loss led to
marked changes the in chromatin dynamics of the mouse
lens.

Motif enrichment assays identified five of the most
enriched transcriptional factor motifs in the differential
chromatin-accessible regions of Znhitl cKO lenses, includ-
ing CTCF, CTCFL, SP1, SP2, and SP5 (Fig. 7E). These tran-
scription factors were mainly associated with cell prolif-
eration, cell differentiation, cell apoptosis, and embryo-
genesis.#~# Of note, it has been reported that multiple
signaling pathways are associated with Spl regulation of
the p219P' promoter.> These results demonstrated that
Znhitl-mediated chromatin remodeling regulates, at least
in part, access of transcription factors for transcriptional
regulation.

Dysregulation of CDKIs in Znhitl cKO Lens Fiber
Cells

To investigate the causes of disrupted lens development
and determine whether lens fibrosis is coupled with cell
cycle arrest, we examined the expression of genes involved
in the control of cell cycle exit. In P0.5 control (Figs. 8A—
A" and Znhitl cKO (Figs. 8B-B’) lenses, CDKI p27%P! was
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(red) in P0.5 control lenses showed that the proliferating epithelial cells were present from the anterior of the lens epithelium to the lens
equator. In the Znhitl cKO lenses, the number of proliferating lens cells was reduced. (E) Quantification of proliferation and apoptosis in
control and Znhitl cKO lenses. Merge, combined immunolabeled and DAPI-stained images. Scale bars, 100 pm. Student #-test: **P < 0.01;
P < 0.001.
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similarly expressed in cells localized in the lens equatorial (Figs. 8D-D"). Notably, quantitative RT-PCR (Supplementary

region that undergo cell cycle exit and are beginning to
differentiate into lens fiber cells.*® CDKI p57%? in control
lenses were similarly distributed with p27%P! (Figs. 8C-C").
However, in Znhitl cKO lenses, the expression of p57¥iP?
was markedly elevated in the lens central region where cells
had already exited the cell cycle and become differentiated

Fig. S4) and Western blot analysis (Figs. 8E-F, 8]) indicated
that, compared with controls, the expression of p57%iP? was
increased and the expression of p27%iP! was unchanged in
Znhitl cKO lenses.

In normal lens development at PO0.5, the expres-
sion of p21“P! was not detected by immunofluorescence
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FiGure 5. Znhitl is necessary for mouse lens differentiation. (A, A") Primary fiber cells fill the entire lens at E13.5. (B-D') At E15.5 and
E17.5, Znhitl cKO lenses showed that fiber cell nuclei had moved to posterior pole (black arrows). (E-H') The early stages (P0.5 and P7)
of Znhitl mutant lenses had numerous vacuoles in the fiber cell region (white arrows), as well as nuclei that were located at the posterior
pole (black arrows). (I, I') Compared with P7 controls, Znhitl cKO lens fiber cells had an irregular and disorderly organization owing to
the loss of hexagonal cellular structure. Scale bars, 50 pm.
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examine the expression of fibronectin, vinculin and ¢-SMA. (B) Quantification of fibronectin, vinculin and «¢-SMA expression level in control
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Ficure 7. Deletion of Znhitl alters the transcriptome in lens. (A) Volcano plot showed differentially expressed genes between Znhitl cKO
and control lenses at P0.5 (n = 3). Red dots, upregulated genes; green dots, downregulated genes. (B) Distribution of differentially accessible
ATAC DARs in genome of control and Znhitl cKO lenses. (C) Venn diagram indicating genes associated with the chromatin-accessible
regions from ATAC-seq and differentially expressed genes from RNA-seq following Znhitl knockout. (D) Changes in chromatin accessibility
of Cdknla, Cdknlb, and Cdknlc genes. Tracks in gray show normalized and input-corrected ATAC-seq signal in control mice, and tracks in
red show normalized and input-corrected ATAC-seq signal in Znhitl cKO mice. The chromatin-accessible regions are indicated with light blue
bars on the promoters. (E) Motif analysis of differential chromatin-accessible regions in Znhitl-regulated genes for putative transcription

factor (TF)-binding sites by using HOMER database.

microscopy (Figs. 8G—-G"), but in Znhitl cKO mice at P0.5, it
was ectopic expressed in differentiated lens fiber cells (Figs.
8H-H'"). Moreover, the p21¢P! mRNA transcript levels were
also increased in the Znhitl cKO lenses (Supplementary Fig.
S4). Western blot analysis also supported the upregulation
of p21%P! in Znhitl cKO lenses (Figs. 8I-)).

Based on these results, the overexpression of CDKIs in
Znhitl cKO lens fiber cells indicated an aberrant differenti-
ation process, especially at the terminal stages. Hence, the
depletion of Znhitl negatively regulated cell cycle progres-
sion, and sustained cell cycle arrest may result in maladap-
tive repair, eventually leading to tissue fibrosis.*’
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Ficure 8. Depletion of Znhitl disrupts expression of CDKIs in lens. (A, B') At P0.5, in both control and Znhitl cKO mice, p27XiP! (green)
was expressed in lens fiber cells located at the lens equator transitional zone. (C, D’) At the same time, the distribution of p57Kipz (red) in
Znhitl cKO mice was greater in the central region of the lens compared to the controls. (E, F) Western blots of control and Znhitl cKO lenses
at P0.5 were examined for p27XiP! and p57XiP? expression. a-Tubulin/GAPDH served as the loading control. (G-H'") The expression level
of p21©P! as shown by immunofluorescence microscopy, was repressed in the control mice at P0.5. In Znhitl cKO mice, the expression of
p21°PL (red) in the nuclei (white arrows) was increased in the lens fiber cells. (I) Western blots of control and Znhitl cKO lenses at P0.5
were examined for p21¢P1 expression. a-Tubulin served as the loading control. (J) The protein relative expressions of p27%iP1 p57XiP2 and
p21¢P in control and Znhitl cKO lenses were assessed by western blot. All values were expressed as means =+ standard deviations. Merge,
combined immunolabeled and DAPI-stained images. Scale bars, 100 pm. Student #test: *P < 0.05; **P < 0.01.

Upregulated p21°P! in Znhitl cKO Mice Caused
Lens Fibrosis

Znhitl cKO causes CDKIs overexpression that has a negative
regulatory effect on cell cycle, as well as increases the prolif-
eration of myofibroblasts, which leads to tissue contraction
and dysfunction. Recent studies have suggested that the

upregulation of the CDKI p21%P! induces cell cycle arrest
and mediates renal fibrosis and liver fibrosis.**~>° Therefore,
we considered the possibility that the upregulation of p21¢iP!
was associated with the fibrosis observed in the Znhitl cKO
lenses.

To further identify whether upregulated p21“P! could
have contributed to lens fibrosis, we used a recently



Investigative Ophthalmology & Visual Science

The Role of Znhit1 in Lens Development

A

ViInCulin | s— — ——— — R S————

= T e e

C-tUDULIN | S ————— A

Control Znhit1 cKO Znhit1 cKO Znhit1 cKO
+ DMSO +UC2288

IOVS | April 2022 | Vol. 63 | No.4 | Article 18 | 12

Vinculin «-SMA

IS
-
o
::|

}

-

Relative protein expression
(fold of control)
N
Relative protein expression
(fold of control)

Ficure 9. Upregulated p21¢P! caused lens fibrosis in Znhitl cKO mice. (A) At P7, control, Znhitl cKO, Znhitl ¢cKO + DMSO and Znhit1 +

UC2288 lenses were isolated for western blotting to examine the expre.

ssion of vinculin, a-SMA, p219P! and Znhitl. (B) Quantification of

vinculin and «-SMA expression level in control, Znhitl cKO, Znhitl cKO + DMSO and Znhitl + UC2288 lenses at P7. a-Tubulin served as

the loading control. Student #-test: *P < 0.05; **P < 0.01; **P < 0.001.

identified pharmacological p21“P! inhibitor, UC2288, that
downregulates p21°P! levels through transcriptional and
post-transcriptional mechanisms.”! Then by treatment with
UC2288, DMSO in Znhitl cKO mice, we observed that treat-
ment with UC2288 led to decreased p21“P! levels. And
compared with the Znhitl cKO and Znhitl cKO + DMSO
groups, Znhitl deletion combined with p21°P! inhibition
suppressed the expression of ¢-SMA and vinculin (Figs. 9A,
B). These results provided compelling evidence that Znhitl
deletion caused p21°P! overexpression, which further lead
to myofibroblasts activation and lens fibrosis.

Znhitl Knockdown Causes Myofibroblasts
Activation in MEFs

To further verify that Znhitl could regulate p21“P! to exert
its function, we used primary MEF cells to explored the
function of Znhitl in vitro. We isolated MEFs from C57BL/6
embryos and infected them with siRNA to ablate Znhitl. We
observed that si-Znhitl in MEFs upregulated the expression
of a-SMA and fibronectin (Figs. 10A, B). In conclusion, it
seems that the knockdown of Znhitl caused myofibroblast
activation in MEFs.

To determine whether p21“P! played a key role in the
development of MEFs transdifferentiation, we were inter-
ested in the effects of knocking down Znhit1 individually or
together with p21“P! in MEFs. Surprisingly, the combined
knockdown of Znhitl and p21“P! (si-Znhitl+p21“P!) in
MEF cells rescued the si-Znhitl-induced fiber cells trans-
differentiated into myofibroblasts, as detected by the
decreased expression of a-SMA and fibronectin (Figs. 10A,
B). Consistent with these results, immunofluorescence stain-
ing showed si-Znhitl increased the expression of p21“P! and
a-SMA, and si-Znhit1+p21“P! could rescue them (Figs. 10C—
K"). Together, these results of in vitro experiments provide
positive evidence that the loss of Znhitl upregulated the
expression of p21“P!  which further led to myofibroblast
activation.

DISCUSSION

The ocular lens undergoes an orderly set of successive
differentiation changes, including the regular arrangement

of hexagonal fiber cells, accumulation of functional crys-
tallin proteins, and degradation of subcellular organelles.
The impairment of any of these processes leads to cataract
formation, which is the leading cause of blindness. During
embryogenesis, modifications of chromatin architectures
allow the transcriptional activation or repression of particu-
lar genes. However, the molecular mechanisms of chromatin
remodeling in lens development remain uncertain. Here, we
examined the role of Znhitl in mice lens embryogenesis and
demonstrated that it is essential for lens fiber cell differenti-
ation and lens transparency maintenance.

During lens development in mice, many signals are asso-
ciated with lens placode invagination and lens vesicle forma-
tion. Cells at the posterior lens vesicle differentiate into
highly elongated primary lens fiber cells that fill the lumen
of the lens vesicle at E13.5.° Soon thereafter, epithelial cells
having a high proliferative index relocated to the germina-
tive zone at a region anterior to the lens equator, where they
differentiate into secondary lens fiber cells.®>? In histological
analyses, we did not detect any morphological abnormalities
in Znhitl cKO lenses at E13.5. We speculate that, because
Miri0-cre is expressed from E10.5 and then expands to most
of the lens cells by E12.5,%® the duration of Znhitl knockout
may insufficient at E13.5 to impact the differentiation of lens
fiber cells.

The balance between cell proliferation and differenti-
ation requires the coordinated regulation of cell division
cycle progression.” Changes in cell cycle states affect the
determination of cell fate because cells in different cell
cycle states have distinct molecular features and functions.>®
During the course of normal lens embryogenesis, the epithe-
lial cells at the lens equator irreversibly withdraw from the
cell cycle to initiate fiber cell differentiation, which is coor-
dinated between cyclin, CDKs, and cell-cycle CDKIs.“® The
CDKIs p57%iP2 and p27%iP! are highly enriched in newly
differentiated fiber cells, suggesting that these factors, which
are usually thought to be involved only in cell growth, may
also play a role in cell differentiation.>* For the normal devel-
opment of the lens, both p57%iP? and p27XiP! are essential,
but the CDKI p21°P! is dispensable.>® In this study, we found
that the loss of lens Znhitl causes the upregulation of the
mRNA and protein levels of both p57%iP? and p21°P!, leading
to cell cycle arrest. And sustained cell cycle arrest may result
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in releasing profibrogenic factors, activating myofibroblasts,
eventually leading to fibrosis.”” However, the expression
of p27%P! was not different between the Znhitl cKO and
control mice. Although p27%P! expression is normally not
required for lens development, it may provide some compen-
satory function when p57%P? is absent. %

To access the binding of transcription factors, chromatin
needs to be modulated by histone modifications and struc-
ture remodeling. In this study, the loss of Znhitl increased
the chromatin accessibility of p57%iP* and p21“P! which
elucidates that chromatin accessibility ensures lens fiber
cells differentiation. In addition, the loss of Znhitl also
decreased the chromatin accessibility of some genes; these
data provided new ideas for researching the signaling path-
way of Znhitl-regulated lens development. Further investi-
gations of how Znhit1 to remodel chromatin architecture for
lens development are warranted.

Fibrosis is a common pathway to organ injury and
malfunction, which is initiated by myofibroblast activation
and defined by the accumulation of excess extracellular
matrix components. Fibrosis affects nearly every tissue in the
body.>®>’ In lens, fibrotic disorders lead to anterior subcap-
sular cataract and posterior capsule opacification, which can
be triggered by aberrant signaling of various molecules,
such as TGF-8, EGF, fibroblast growth factor, and Notch.>-%
However, how epigenetic regulators and chromatin remod-
eling complexes regulate lens fibrosis through altering gene
expression patterns remains to be determined. Our results
showed that the loss of Znhitl caused lens fibrosis and
resulted in organ deformation and dysfunction. The expres-
sion of p21°P! is repressed in normal lens development,>
but its overexpression leads to Morgagnian globule accumu-
lation and cataract formation in BubR1'”" mice.' And these
features of the Znhitl cKO lenses are comparable with the
defects found in BubR1"/" mice. Upregulated p21°P! expres-
sion is a main driver of cell cycle arrest and tissue fibro-
sis,029 as well as p27¥iP! 0465 However, CDKI it has not been
determined whether is p57%iP? associated with fibrosis. In
this study, our data demonstrated that the loss of Znhit1 lead
to overexpressed p21“P! and lens fibrosis. Intraperitoneally
injected p21©P! inhibitor rescued Znhitl cKO-induced
fibrosis.

Recent studies had demonstrated that Znhitl incorpo-
rates H2A.Z for stem cell maintenance.?’:?! Breast cancer is
the most frequently diagnosed cancer; Znhitl overexpres-
sion inhibited breast cancer tumorigenesis possibly through
PTEN-mediated inactivation of the PI3K/Akt/mTOR path-
way.®® These researches explored that Znhitl could through
mediate the incorporation of H2A.Z and the expression of
PTEN to exert its function. In this study, we verified that
Znhitl controls lens development by regulating the expres-
sion of p21“Pl. However, whether Znhitl modulated the
expression of p21“P! through H2A.Z or PTEN requires addi-
tional experiments to be proved.

In conclusion, by applying the cre-loxp approach to
generate Znhitl cKO mice, our study pinpoints a domi-
nant function of Znhitl in regulating lens differentiation.
These Znhitl cKO-associated changes caused morpholog-
ical anomalies in lens development, including a decrease
in size and vacuolization, the mislocation of lens fiber cell
nuclei to the posterior pole, and the disruption of lens fiber
cell differentiation. As transcription factors attract increasing
attention as viable therapeutic targets,”’ it will be important
to elucidate the potential role of Znhitl in development and
diseases.
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