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Chaperone-mediated autophagy plays 
an important role in regulating retinal 
progenitor cell homeostasis
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Abstract 

Purpose: To explore the function and regulatory mechanism of IFITM3 in mouse neural retinal progenitor cells (mNR‑
PCs), which was found to be very important not only in the development of the retina in embryos but also in NRPCs 
after birth.

Methods: Published single‑cell sequencing data were used to analyze IFITM3 expression in mNRPCs. RNA interfer‑
ence was used to knock down the expression of IFITM3. CCK‑8 assays were used to analyze cell viability. RNA‑seq was 
used to assess mRNA expression, as confirmed by real‑time quantitative PCR, and immunofluorescence assays and 
western blots were used to validate the levels of relative proteins, and autophagy flux assay. Lysosomal trackers were 
used to track the organelle changes.

Results: The results of single‑cell sequencing data showed that IFITM3 is highly expressed in the embryo, and 
after birth, RNA‑seq showed high IFITM3 expression in mNRPCs. Proliferation and cell viability were greatly reduced 
after IFITM3 was knocked down. The cell membrane system and lysosomes were dramatically changed, and lys‑
osomes were activated and evidently agglomerated in RAMP‑treated cells. The expression of LAMP1 was signifi‑
cantly increased with lysosome agglomeration after treatment with rapamycin (RAMP). Further detection showed 
that SQSTM1/P62, HSC70 and LAMP‑2A were upregulated, while no significant difference in LC3A/B expression was 
observed; no autophagic flux was generated.

Conclusion: IFITM3 regulates mNRPC viability and proliferation mainly through chaperone‑mediated autophagy 
(CMA) but not macroautophagy (MA). IFITM3 plays a significant role in maintaining the homeostasis of progenitor cell 
self‑renewal by sustaining low‑level activation of CMA to eliminate deleterious factors in cells.
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Introduction
Retinal progenitor cells (RPCs) have been investigated 
for years, and their transplantation or endogenous acti-
vation represent promising potential therapeutic avenues 

in eye disease in the future [1, 2]. Therefore, investiga-
tion into the effective amplification of these cells in vitro 
for a long period [3] and the mechanisms by which they 
are regulated are particularly important. Here, we ana-
lyzed the published dataset of the developing murine 
retina of single-cell RNA sequencing, and the results 
suggested that interferon (IFN)-induced transmembrane 
protein 3 (IFITM3) was highly expressed not only in the 
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development of the retina in embryos but also in the ret-
ina after birth [4].

IFITM3 is a transmembrane protein that localizes to 
several cellular components, including the apical part 
of the cell, cell surface and endoplasmic reticulum (ER), 
and is well-known for its role in modulating the inter-
feron-mediated innate immune system to defend against 
invading pathogenic viruses [5–10]. IFITM3 is involved 
in germ cell homing and maturation during embryonic 
development [11–13]. It has been reported that IFITM3 
regulates viral infection through autophagy [14, 15]. 
However, its regulatory mechanism in retinal progenitor 
cells remains unclear and has not been reported.

Autophagy is involved in regulating the homeostasis 
of eukaryotic cells [16–20] and plays an important role 
in maintaining cell proliferation and self-renewal, espe-
cially in mesenchymal stem cells (MSCs) [21–23]. Here, 
we investigated the possible regulatory mechanisms 
of IFITM3 in mouse neural RPCs (mNRPCs) we estab-
lished previously [3] through knockdown of IFITM3 
expression. The data showed that knockdown of IFITM3 
markedly inhibited mNRPC proliferation and cell viabil-
ity through the chaperone-mediated autophagy (CMA) 
pathway. When IFITM3 was knocked down, cell prolif-
eration decreased significantly, along with the disruption 
of the cell membrane transport system and destruction of 
the cell membrane structure, and the CMA pathway was 
continuously activated during this process. The results 
suggested that IFITM3 is a gatekeeper of progenitor 
cells that keeps the cells healthy during growth and self-
renewal. In addition, RNA-seq data suggest that other 
regulatory factors, such as amino acid metabolism and 
fat metabolism, were also involved in regulating prolif-
eration after IFITM3 knockdown, which suggests that 
inhibition of the expression of IFITM3 caused destruc-
tion of the cell membrane and eventually induced a meta-
bolic crisis resulting in cell death. Taken together, these 
data indicate that IFITM3 is the first line of protection 
for RPC homeostasis and regulates mNRPC viability and 
proliferation mainly through the CMA pathway.

Materials and methods
Cell culture and RNA interference
Adult mouse neural RPCs (mNRPCs) established by our 
laboratory as our previous description [3] were plated 
onto dishes coated with 2% Matrigel (Corning, USA) and 
cultured in 1 × N2/B27 (Thermo Fisher Scientific, USA), 
10  ng/ml bFGF (PeproTech, USA), 2  μm CHIR99021 
(Selleck Chemicals, USA) and 0.11  mM 2-Mercaptoe-
thanol (Thermo Fisher Scientific, USA) in DMEM/F12 
medium (all other materials were from Thermo Fisher 
Scientific-Gibco, USA). To knock down IFITM3, com-
mercially validated IFITM3 siRNA was synthesized by 

Proteintech (Rosemont, IL, USA) and transfected into 
cells using Lipofectamine 3000 (Thermo Fisher Scientific, 
USA) according to the manufacturer’s protocol. After 
transfection for approximately 48  h, the cells were col-
lected for further assays. The targeted sequences for the 
experiments are listed in Additional file 6: Table S1.

Cell viability assay
For the cell viability assay, cells were seeded at a density 
of 1 ×  105 cells per 100 μL in each well in 96-well micro-
titer plates (Corning, USA) and transfected with siRNA 
for 48 h. Cells were grown in each medium in triplicate. 
Then, 10 μL of reagent from the Cell Counting Kit-8 
(CCK-8, TargetMol, USA) was added to each well, and 
the plates were incubated for 3 h at 37  °C. Cell viability 
was measured as the absorbance at 450 nm with a micro-
plate reader (iMark™ Microplate Absorbance Reader, 
BioRad, USA). The mean optical density (OD) values 
from triplicate wells containing each culture medium 
were used as the cell viability indices.

Real‑time quantitative PCR
To obtain total RNA, cells were lysed with TRIzol rea-
gent and treated with RNase-free DNase I (both from 
TaKaRa, China). Reverse transcription (RT) was per-
formed according to our previously published article 
[3]. Then, quantitative RT-RCR was performed using 
the SYBR Green Master Mix system (Tiangen Biotech, 
China). Each PCR mixture contained 10 μL of 2 × SYBR 
Green Master Mix, sense and antisense primers (Sangon 
Biotech, China) at 5 μmol/μL, 10 ng of cDNA in a total 
volume of 20 µl and was subjected to the following proto-
col: 45 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 
30  s. For relative quantification,  2−ΔΔCt values were cal-
culated and used as an indication of relative expression 
levels. The IFITM3 gene primer sequences used for RT-
PCR were 5′-TGT CCA AAC CTT CTT CTC TCC-3′ and 
5′-CGT CGC CAA CCA TCT TCC -3′. The internal control 
primer sequences for β-actin were 5′-GTG GAC ATC 
CGC AAA GAC -3′ and 5′-AAA GGG TGT AAC GCA ACT 
A-3′.

Immunofluorescence assay
Cells were fixed in 4% paraformaldehyde (PFA, Sangon 
Biotech, China) following the procedure described in our 
previously published article [3]. At the end of the experi-
ment, the cells were stained with compatible Alexa 488- 
or Alexa 555-conjugated secondary antibodies (Thermo 
Fisher Scientific, USA) for 30 min at room temperature. 
The antibodies are listed in Additional file 6: Table S2.
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Western blot analysis
Cells were harvested and homogenized in RIPA buffer 
(Beyotime, China) supplemented with protease and 
phosphatase inhibitor cocktails (TargetMol, USA) on 
ice and subjected to a previously described protocol [3]. 
The signal intensities of bands obtained were analyzed 
by ImageJ (NIH, USA). The antibodies used are listed in 
Additional file 6: Table S2.

Bioinformatics analysis
For the single-cell sequence analysis, all cells in the web-
site (https:// github. com/ goffl ab/ devel oping_ mouse_ 
retina_ scRNA Seq) were clustered and visualized using 
the method of uniform manifold approximation and pro-
jection (UMAP) with Seurat (v4.0.4)∷RunUMAP [4, 24]. 
The annotations of all cells were provided in the dataset. 
The expression of IFITM3 gene in each sample were visu-
alized using the function FeaturePlot in R package Seurat 
(v4.0.4).

For the RNA sequence analysis, RNA was extracted 
from mNRPCs and IFITM3-knockdown cells at 48 h with 
TRIzol reagent (TaKaRa, China). The RNA-seq library 
was sequenced with an Illumina NovaSeq 6000 PE150. 
The standard parameters |logFC|> 1 and P < 0.05 were 
used to screen differentially expressed genes (DEGs). The 
R package clusterProfiler was used for Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analyses. The results were visualized with 
GOplot.

Organelles involved in IFITM3‑knockdown cells
After 48 h of transfection with IFITM3 siRNA, cells were 
treated with or without 100-nM rapamycin (RAMP, 
Selleck, USA) for 4  h then analyzed after incubation 
with 50-nM LysoTracker (Beyotime, China), 50-nM 
MitoTracker (Beyotime) and 1-μM ER-Tracker (Beyo-
time) for 30 min. The nuclei were stained with Hoechst 
33342 (Sigma-Aldrich, Germany).

LC3‑GFP‑mCherry construction and infection 
and autophagy flux assay
The Ad-mCherry-GFP-LC3 plasmid was purchased from 
Addgene (plasmid #110060), amplified and sequenced 
following instructions from Addgene using the follow-
ing sequencing primers: forward: 5′-CGC GGA TCC GGT 

CGC CAC CAT GGT GAG CAA GGG CGA G-3′, reverse: 
5′-CGC GGC GCG CCG CTG GGT CTA GAT GCA TGC 
-3′. The PCR fragment was sequenced to verify that no 
errors had been introduced. LC3-GFP-mCherry lenti-
virus was produced by transfection in 293  T cells. The 
293  T cells were cultured in DMEM/F12 medium sup-
plemented with 10% fetal bovine serum (FBS, ExCell Bio, 
China). The virus-containing supernatant was collected 
after 48  h of transfection and subjected to a previously 
described protocol [3]. GFP and mCherry expression was 
verified by microscopy. The cells were treated with 100-
nM RAMP to study autophagic flux after IFITM3 knock-
down for 48 h. Then, the expression of GFP and mCherry 
was observed after staining with Hoechst 33342 (Sigma-
Aldrich, Germany).

Statistical analysis
All data are expressed as the mean ± SEM. All analy-
ses were performed with GraphPad Prism 9.3 software. 
One-way ANOVA was employed for the statistical com-
parisons. A value of P < 0.05 was considered to indicate 
statistical significance.

Results
IFITM3 is involved in mNRPC proliferation
Initially, to obtain information on the variation and distri-
bution of the IFITM3 gene during the development of the 
mouse retina in vivo, we integrated a published dataset of 
the developing murine retina in single-cell RNA sequenc-
ing and visualized the cell-type identification in Fig.  1A 
[4]. During the embryonic stage, the IFITM3 gene was 
mainly expressed in the early RPCs at embryological days 
11 (E11) and E12 (Fig.  1B). For the postnatal stage (P0, 
P2, P8), fewer positive expressed in the detected cells, but 
it also expressed in RPCs and Müller cells 14 days after 
birth. These results suggest that IFITM3 is important for 
retinal progenitor cells in retinal development.

To investigate the function of IFITM3 in mNRPCs, we 
transfected siRNA IFITM3 into the cells and examined 
cell viability. Cell growth (Fig.  1C–E; Additional file  1: 
Figure S1A-S1C) was clearly inhibited in the IFITM3 
siRNA-transfected group (siRNA IFITM3) compared 
with the c group and scramble control (SC) group, with 
significantly decreased expression of IFITM3 at the 
RNA (Fig. 1F) and protein levels (Fig. 1G) after IFITM3 

(See figure on next page.)
Fig. 1 mNRPC proliferation was greatly inhibited after IFITM3 knockdown for 48 h. A DimPlot showing the cell types in the murine retina during 
the embryonic stage and postnatal stage. B FeaturePlot showing the expression and distribution of IFITM3 at E11, E12, E14, E16, P0, P2, P8 and P14. 
C–E Immunofluorescence assays showed decreased expression of IFITM3 in mNRPCs. Magnification: × 400; scale bar: 50 μm. F qRT–PCR showed 
decreased expression of IFITM3 in mNRPCs. G The results of WB assays were consistent with the qPCR results. H The CCK‑8 assay was used to assess 
cells after IFITM3 knockdown for 48 h. Data are presented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01 (one‑way ANOVA and Sidak’s multiple 
comparisons test). I Cell division‑related protein expression was decreased in IFITM3‑knockdown cells, as determined by WB assays. The results are 
representative of at least three independent experiments, and representative blots are shown. Abbreviation: BC, blank control; SC, scramble control

https://github.com/gofflab/developing_mouse_retina_scRNASeq
https://github.com/gofflab/developing_mouse_retina_scRNASeq
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Fig. 1 (See legend on previous page.)
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knockdown, but there was no significant decrease in 
ARPE19 cell growth (Additional file 1: Figure S1D-E). The 
cell viability was greatly decreased after IFITM3 knock-
down, as shown by the CCK-8 assay, which significantly 
differed among the groups (Fig.  1H), and the protein 
expression of Cyclin D1 (CCND1) decreased in the cor-
responding cell groups (Fig.  1I). These results indicated 
that IFITM3 was not only involved in the regulation of 
cell division and activity of retinal progenitor cells during 
retinal development but also involved in the proliferation 
and division of in vitro cultured RPCs.

Cell membrane structure and function were dramatically 
changed after IFITM3 knockdown
To further explore the regulatory effect of IFITM3 knock-
down on the cells, RNA-seq analysis was performed. 
Among the GO terms, cell membrane and extracellular 
matrix (ECM)-related, transmembrane transport-related 
and synaptic transmission enrichment-related terms 
were the most enriched after knockdown of the IFITM3 
gene. These results revealed that genes related to ion 
transmembrane transport, vacuoles, lysosomes and cel-
lular calcium ion homeostasis were upregulated in the 
knockdown group, while genes involved in regulation of 
the ECM, WNT pathway and cell proliferation were sig-
nificantly downregulated (Fig.  2A), suggesting that the 
stability of the cell membrane system was seriously dam-
aged and that its material transport function was blocked, 
ultimately leading to cell death because of constant nutri-
ent deficiency. These findings further reveal how IFITM3 
is involved in regulating the proliferation of mNRPCs. 
The KEGG pathway enrichment assay further revealed 
that the signaling pathways enriched in the DEGs mainly 
included the synaptic vesicle cycle, lysosome pathway, 
calcium signaling pathway, MAPK signaling pathway and 
other upregulated pathways (Fig.  2B; Additional file  2: 
Figure S2A), as well as downregulated pathways, such as 
the WNT, amino acid biosynthesis and fatty acid metab-
olism pathways (Fig. 2C; Additional file 2: Figure S2B).

Furthermore, GO analysis of the ECM pathway 
showed that the expression of ion channel-related 
genes, including the genes encoding calcium (such as 
CACNB2), potassium (such as KCNB1, KCNF1 and 
KCNC3) and chloride (such as CLCN1) ion channels, 
was clearly changed after IFITM3 knockdown (Addi-
tional file  2: Figure S2C); additionally, genes that reg-
ulate cell proliferation involved in metabolism (such 
as TNC and MVD) and proliferation-related pathway 
genes (such as CCND3, STAT1 and IL6) (Additional 
file  2: Figure S2D) also showed significant changes 
in expression, indicating that inhibition of IFITM3 
expression led to damage to the cell membrane, abnor-
mal material transport, abnormal metabolism of 

intracellular substances, decreased cell proliferation 
and ultimately cell death. Taken together, these results 
indicate that the integrity of the membrane system 
(including the cell membrane, vacuole, lysosome and 
ECM) was impaired after IFITM3 knockdown and that 
cells could no longer survive without sufficient nutri-
tion, eventually leading to cell death.

Lysosome activation in IFITM3‑knockdown cells
Because membrane-related systems were severely dam-
aged after IFITM3 knockdown, we investigated changes 
in membranous organelles, including the endoplas-
mic reticulum (ER), mitochondria and lysosomes in the 
cells. The lysosome is an important site of regulation 
for mTORC1 signaling, which mainly controls eukary-
otic cell growth. We treated cells with 100 nM RAMP, a 
specific mTOR inhibitor and an autophagy activator, and 
then treated the cells with 50-nM LysoTracker, 50-nM 
MitoTracker and 1-μM ER-Tracker for 30  min. Lys-
osomes showed agglomeration in IFITM3-knockdown 
cells without RAMP treatment, while lysosomes showed 
agglomeration in all RAMP treatment groups, but there 
was no significant difference in IFITM3-knockdown 
cells with or without RAMP treatment (Fig.  3A). Mito-
chondria and ERs were increased in IFITM3-knockdown 
cells treated with RAMP, but there was no significant 
difference among the groups (Fig.  3B, C), suggesting 
that mitochondria and ERs were not involved in regulat-
ing mNRPC proliferation after IFITM3 knockdown and 
microautophagy (mA) was not activated.

The lysosome-specific markers lysosome-associated 
membrane protein 1 (LAMP1) and LAMP2A were 
detected in RAMP-treated and untreated cells, which 
showed that the expression of LAMP1 (Fig.  4A) and 
LAMP2A (Fig.  4B) was significantly increased and 
accompanied by significantly activated lysosomes in 
RAMP-treated cells, especially in IFITM3-knockdown 
cells (Fig.  4A, B), suggesting that the lysosomal system 
is activated immediately following the destruction of 
the cell membrane system, eventually causing cell death. 
These results suggest that IFITM3 in the cell membrane 
provides the first protective barrier for mNRPCs, and 
its decreased expression leads to the breakdown of cell 
homeostasis and initiation of lysosome formation to 
eliminate damaged cells. Furthermore, there was no sig-
nificant difference among the IFITM3-knockdown cells 
with or without RAMP treatment, suggesting that MA 
was not activated in the cells when the IFITM3 gene was 
knocked down. However, IFITM3 knockdown led to a 
cascade of effects causing increased membrane perme-
ability, activation of lysosomes and the CMA pathway, 
eventually leading to cell death.
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Fig. 2 High‑throughput sequencing analysis of IFITM3‑knockdown cells. A GO analysis revealed the expression of genes in IFITM3‑knockdown 
cells. B, C KEGG Chord analysis showed the signaling pathways enriched in differentially expressed genes (DEGs)
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Fig. 3 Organelles involved in IFITM3‑knockdown cells with or without rapamycin treatment. A Fluorescent images showing the localization of 
lysosomes in cells treated with 50 nM LysoTracker for 30 min. B Fluorescence images showing the localization of mitochondria in cells treated 
with 50 nM MitoTracker for 30 min. C Fluorescence images showing localization after the ER in cells treated with 1 μM ER‑Tracker for 30 min. 
Magnification: × 400; scale bar: 50 μm. Abbreviation: BC, blank control; SC, scramble control
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Activation of the CMA pathway when IFITM3 is knocked 
down
Cell viability was significantly inhibited and eventually 
caused cell death after IFITM3 knockdown. Therefore, 
signal pathways regulating cell proliferation includ-
ing mTOR pathway and MAPK pathway were detected, 
the data showed no significant activation of the mTOR 
pathway (Fig.  5A), but obviously decreased expression 
of ERK1/2 among the groups (Fig.  5B), suggesting that 
the downregulation of IFITM3 resulted in decreased cell 
survival and that the ability of the cells to proliferate was 
severely reduced.

Then, the results of western blot analysis showed sig-
nificantly increased expression of the antiapoptotic pro-
tein BCL2 (Fig. 5C, F) and decreased expression of P53 

(Fig.  5C) in IFITM3-knockdown cells, which suggested 
that the apoptotic pathway was not activated when 
IFITM3 was knocked down. Additionally, we examined 
apoptotic cells by staining the cells with Annexin V-PE, 
the results showed no obvious apoptosis in IFITM3-
knockdown cells (Additional file 3: Fig. S3A–C), and no 
apoptotic bodies were detected by Hoechst 33342 stain-
ing (Additional file 3: Fig. S3D–F), which consistent with 
WB results.

Next, the further investigation focused on the MA and 
CMA pathways. The expression of MA pathway-related 
proteins is complicated, there was no significant change 
in ATG13, BECLIN1, ATG5, ATG7 and LC3A/B, but 
P62 and LAMP1 were significantly upregulated (Fig. 5D, 
F), the increased LAMP1 suggested the formation of 

Fig. 4 Lysosome activation in IFITM3‑knockdown cells treated with or without rapamycin. Immunofluorescence staining of LAMP1 and LAMP2A 
in cells treated with or without RAMP for 48 h that were labeled with 50 nM LysoTracker for 30 min. A The blank control group, B Scramble control 
group and C IFITM3‑knockdown group. Abbreviation: BC, blank control; SC, scramble control
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Fig. 5 IFITM3 increases the survival and maintains the proliferation of mNRPCs mainly through the CMA signaling pathway. A The expression of 
mTOR pathway‑related proteins in cells after IFITM3 knockdown. B The expression of ERK1/2 was significantly decreased in IFITM3‑knockdown cells. 
C The expression of BCL2 and P53 in IFITM3‑knockdown cells. D The expression of MA pathway‑related proteins in cells after IFITM3 knockdown. 
E CMA was activated, accompanied by increased expression of LAMP2A and HSC70 in cells in which the IFITM3 gene was knocked down. The 
results are representative of at least three independent experiments, and representative blots are shown. F Bar graph showing the relative protein 
expression levels from the western blot. G Results of IHC analysis of LC3A/B and fluorescent images showing mCherry‑GFP‑LC3 expression after 
IFITM3 knockdown used to assay autophagic flux in the cells. Magnification: × 400; scale bar: 50 μm
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autophagy lysosomes, and the results suggested that the 
MA pathway was not activated after IFITM3 knockdown. 
Therefore, MA is not the pathway of this regulatory 
effect.

However, the expression of LAMP2A and HSC70 
(Fig.  5E, F) was significantly upregulated, which indi-
cated and confirmed the activation of CMA in the cells 
after IFITM3 knockdown. Although the mRNA expres-
sion (Additional file  4: Fig.  S4) was not consistent with 
the protein expression after knockdown IFITM3 for 48 h, 
the specific reasons need to be further studied in the 
future. To further confirm the activation of MA or CMA, 
the expression of LC3A/B in IFITM3-knockdown cells 
was analyzed with immunohistochemical (IHC) first, the 
results showed that there was no significant difference 
in the cells (Fig. 5G). Then, the generation of autophagic 
flux was examined by constructing stable LC3-GFP-
mCherry-expressing mNRPCs. The results showed that 
no autophagic flux was generated in the cells (Fig.  5G; 
Additional file 5: Fig. S5).

Some of the above results were consistent with IHC 
results. When IFITM3 was knocked down (Fig.  6A–C), 
the results of IHC analysis showed slightly increased 
expression of BCL2 (Fig.  6D–F) and no significant 
changes in ATG7 expression (Fig.  6G–I), while the 
expression of LAMP1 (Fig. 6J–L), P62 (Fig. 6M–O) and 
LAMP2A (Fig. 6P–R) was significantly changed. The data 
were consistent with the WB results and IHC data dur-
ing lysosome activation, indicating no activation of MA 
or the apoptotic pathway, while the CMA pathway was 
activated in IFITM3-knockdown cells. According to the 
above data, we believe that IFITM3 regulates cell viability 
mainly by regulating the CMA pathway, suggesting that 
the IFITM3 gene has a protective function that increases 
progenitor cell survival and self-renewal.

Discussion
Stem cell-related cell therapies have developed rapidly 
around the world. In the field of cellular ophthalmology 
therapy, safety data have emerged from several phase I/
II clinical trials of cell transplantation with retinal pig-
ment epithelial (RPE) cells or MSCs [25–35]; however, 
some issues, such as host-graft rejection, validation over 
too short a duration (less than 12 months) and a lack of 
clinical significance, remain. Although RPC transplanta-
tion is considered a very promising approach [2, 36–38], 
its application is limited because of insufficient donor 
cells. Therefore, the need to obtain enough seed cells 

has become urgent. Previously, we established mNRPCs 
that can be cultured long-term in  vitro and maintain 
their self-renewal properties based on the combina-
tion of bFGF and CHIR99021 [3]. In further biological 
studies, RNA-seq data showed the high expression of 
some genes that are expressed at low levels in adult reti-
nal tissue, such as IFITM3, an intrinsic host factor with 
extensive function in the organism, including antiviral 
function [39, 40], immune function [41–44] and germ 
cell specification [45] that is localized in several cellular 
components, including the apical part of the cell, cell sur-
face and endolysosomal membrane. Currently, limited 
reports on the role of IFITM3 in stem cells are available, 
and its specific function in the field is still unclear. Here, 
we studied the function of the IFITM3 gene in mNR-
PCs by knocking it down, and we focused on investigat-
ing the changes in the autophagy pathway, which is very 
important to cell death and homeostasis. In mNRPCs, we 
found that chaperone-mediated autophagy (CMA) plays 
a very important function in regulating retinal progenitor 
cell homeostasis.

Our analysis provides a series of studies of signaling 
pathways involved in regulating cell growth and death, 
and mNRPCs showed significantly decreased cell via-
bility and proliferation after IFITM3 knockdown. The 
significantly decreased expression of CCND1, a key mol-
ecule in the regulation of cell cycle progression from G1 
to S phase, suggests that IFITM3 affects the proliferation 
of mNRPCs by regulating cell division. In addition, the 
expression of ERK1/2 was decreased accordingly after 
IFITM3 knockdown, indicating that IFITM3 regulates 
cell proliferation and may be associated with the MAPK 
pathway. And the apoptotic pathway was not activated 
when IFITM3 was knocked down. Further detection 
revealed that the CMA pathway was activated with high 
expression of HSC70 and LAMP2A, although the mRNA 
expression was not consistent with the protein expres-
sion. It has been reported that CMA began to increase at 
8 h after serum starvation and peaked at 36 h, lasting for 
3 days [46]. Overall, our work provides a basis for under-
standing how IFITM3 regulates RPC proliferation and 
homeostasis.

As one of the important members of the autophagy 
family, macroautophagy (MA), mitophagy (mA) 
[47–49] and CMA [49–52], CMA starts with HSC70, 
and HSC70 targets cargo proteins and then binds to 
LAMP2A to translocate the proteins into the lysoso-
mal lumen. CMA activity is detectable under basal 

Fig. 6 IHC assay upon IFITM3 knockdown. A–C Immunofluorescence staining of IFITM3 in the different groups. D–F Expression of the classic 
apoptosis pathway‑related protein BCL2. G–O MA pathway‑related proteins: ATG7, LAMP1 and P62. P–R The expression of the CMA pathway protein 
LAMP2A was consistent with the WB results. The results are representative of at least three independent experiments, and representative views are 
shown. Magnification: × 400; scale bar: 50 μm. Abbreviation: BC, blank control; SC, scramble control

(See figure on next page.)
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conditions in most cells, but overactivation occurs 
during stress, such as nutrient deprivation [53] and 
lipid overload [54, 55]. Consistently, our IFITM3 
knockdown cell model demonstrated that IFITM3 
maintains RPC cell homeostasis by stabilizing the cell 
membrane or cellular membranous organelles. Con-
sistent with the LAMP2A immunolabeling data, WB 
and lysosome activation assays confirmed the over-
activation of CMA. Moreover, RNA-seq data showed 
significant changes in the membrane system, and GO 
and KEGG analysis of the RNA-seq results suggested 
that IFITM3 is involved in regulating mNRPC prolif-
eration by changing the structure and function of the 
cell membrane. Additionally, lysosomes also showed a 
marked increase in abundance in this abnormal mem-
brane system. Our results suggest that CMA activation 
is due to the instability of the cell membrane system, 
lysosomal activation and accumulation caused by 
IFIMT3 knockdown.

Knowing that lysosomes are a key factor in 
autophagy and important for regulating mTORC1 
signaling [56–59], the main regulator of autophagy, 
especially MA, we studied changes in lysosomes and 
the autophagy pathway after RAMP treatment when 
IFITM3 was knocked down. An increase in the expres-
sion of LAMP1 and LAMP2A in knockdown cells sug-
gests the activation of lysosomes, consistent with the 
LysoTracker results. We believe that IFITM3 regulates 
cell proliferation mainly by activating the CMA path-
way, and lysosomes are the key member of this regula-
tory process. Some similarity exists between our data 
and another study that observed protein quality con-
trol in quiescent steady-state hematopoietic stem cells 
(HSCs) of CMA [52].

Taken together, this evidence suggests a protective 
role for IFITM3 interactions in mediating self-renewal 
and cellular homeostasis in mNRPCs. The decreased 
expression of IFITM3 in mNRPCs resulted in the 
destruction of the cell membrane system and activa-
tion of lysosomes, a key factor in the autophagy path-
way. Similar to our findings, IFITM3 has been reported 
to shuttle virus particles directly to lysosomes [60]. 
In mNRPCs, lysosomes were activated to remove the 
stress damage in cells caused by IFITM3 knockout and 
accompanied by activation of the CMA pathway, and 
continuous overactivation of CMA caused cell death.

Overall, the study provides novel insights into the 
role of IFITM3 in RPCs, such as solving the problem 
of maintaining self-renewal in  vitro by regulating the 
CMA pathway or attempting to activate quiescent 
in  vivo RPC cells to repair damaged retinas in retinal 
degenerative diseases.

Conclusion
In this report, we found that IFITM3 plays an impor-
tant role in RPC proliferation by activating the CMA 
pathway, suggesting that the low-level activation of 
CMA is important in maintaining the homeostasis of 
RPCs, while the overactivation of CMA leads to cell 
death.
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