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The Alu element, the most abundant transposable element, is 
transcribed to Alu RNA. We hypothesized that the PIWI 
protein regulates the expression of Alu RNA in retinal pigment 
epithelial (RPE) cells, where accumulated Alu RNA leads to 
macular degeneration. Alu transcription was induced in RPE 
cells treated with H2O2. At an early stage of oxidative stress, 
PIWIL4 was translocated into the nucleus; however, 
subsequently it was sequestered into cytoplasmic stress 
granules, resulting in the accumulation of Alu RNA. An 
elevated amount of Alu RNA was positively correlated with 
the disruption of the epithelial features of RPE via induction of 
mesenchymal transition. Therefore, we suggest that oxidative 
stress causes Alu RNA accumulation via PIWIL4 sequestration 
into the cytoplasmic stress granules. [BMB Reports 2019; 
52(3): 196-201]

INTRODUCTION

Transposable elements (TEs) account for ∼45% of the human 
genome, which is a remarkable contribution compared to 
protein-coding genes that comprise only 1.5% of the human 
genome (1). Among the transposable elements, most of the 
mobile elements are retrotransposons that utilize the reverse 
transcription process. Retrotransposons duplicate themselves 
by the “copy and paste” process, in which retrotransposons are 
transcribed into RNA intermediates, reverse-transcribed to 
DNAs, and then inserted back into a new genomic position 
(2). Alu elements are one of the most abundant retrotrans-
posable mobile elements that are present at more than one 
million copies in the human genome, which comprises 10% 
of the genome (1). 

Alu elements have been suggested to play a role as a 
“necessary junk” factor that leads to evolutionary diversity of 

the human genome (3, 4). However, abnormal regulation of 
their retrotransposon activities often leads to many diseases 
(5). The Human Genetic Mutation Database illustrated that Alu 
elements are associated with approximately 0.1% of human 
genetic diseases (5), including neurofibromatosis (6), leukemia 
(7), Alzheimer’s disease (8), and breast cancer (9). These 
diseases are caused by inappropriate insertions of Alu 
elements in the coding regions of the respective causative 
genes. Besides this, excessive amounts of transcription 
products, such as Alu RNAs, have been reported to elicit 
toxicity in cells (10).

Alu RNA transcribed from the Alu element by RNA 
polymerase III is a ∼300 nucleotide long non-coding RNA 
containing both single- and double-stranded regions. Despite 
the huge amounts of Alu elements, they are usually transcribed 
into Alu RNAs at very low levels (102-103 molecules/cell) due 
to their weak promoter (11). However, Alu RNA expression is 
elevated under various stress conditions, such as heat shock, 
protein synthesis inhibition, and viral infection (10, 11). 
Recent studies have suggested the accumulation of Alu RNA 
as a pathological causative factor of age-related macular 
degeneration (AMD), which is one of the major eye diseases 
that results in blindness. Deficiencies in the RNA processing 
enzyme DICER1 has been suggested to cause Alu RNA 
accumulation in the retina, which then triggers NLRP3 
inflammasome activation, resulting in the degeneration of 
retinal cells (12, 13). In addition to AMD, excessive amounts 
of Alu RNA have been also reported in colorectal cancer cells, 
in which tumor progression have been correlated with Alu 
RNA amounts. Alu RNA has been observed to sequester 
microRNA (i.e. miR-566), which led to epithelial-to-mesenchymal 
transition (EMT) in the cancer cells (14). Although augmented 
Alu RNA amounts have been suggested due to DICER1 
deficiency in an AMD model mouse, the relationship between 
DICER1 expression and Alu RNA transcript level was not 
correlated in tissues from patients with colorectal cancer (14). 
Thus, it is necessary to further investigate whether Alu RNA 
accumulation is caused by a lack of RNA processing by 
DICER1 and/or elevated transcription of Alu elements, which 
causes the same increase of endogenous Alu transcripts.

P-element induced wimpy testis in Drosophila (PIWI), a 
member of the Argonaute protein family, is an RNA-based 
genetic immune system that represses the invasion of retro-
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Fig. 1. Alu RNA expression was induced in retinal pigment 
epithelial (RPE) cells under oxidative stress. (A) Relative amount of 
Alu RNA was measured by real-time PCR in ARPE-19 cells 
treated with various concentrations of H2O2 (0, 19, 38, 75, 150, 
and 300 M) for 24 h. (B) Total RNA and genomic DNA were 
obtained from ARPE-19 cells treated with 300 M H2O2 for 6, 
12, and 24 h. Alu RNA and gDNA were quantified by real-time 
PCR, which was normalized to the amount of Alu RNA and 
gDNA in control cells. (C) Western blot analysis of DICER1, 
PIWIL4, AKT, and its phosphorylated form (p-AKT) in ARPE-19 
cells treated with H2O2 (300 M) for 6, 12, and 24 h. Bar graph 
represents protein level normalized to GAPDH in the western 
blot images. Data are presented as the ± S.E.M. n = 3. *P ＜
0.05, ***P ＜ 0.001.

transposons, including Alu elements (15). PIWI specifically 
binds to PIWI-interacting RNAs (piRNAs), which are different 
from miRNAs and siRNAs because piRNAs (26-31 nts in 
length) are not processed by DICER1. When PIWI/piRNA 
complexes are formed, they translocate into the nucleus and 
epigenetically diminish retrotransposon expression via 
heterochromatin formation to maintain genomic stability (16). 
Although PIWI proteins mainly play a role in protecting the 
genome in germ cells, other functions of PIWI have also been 
identified in somatic cells. Various types of tumors, including 
breast, cervical, and colorectal cancer showed overexpression 
of piwi genes (17). Increased amounts of PIWIL4, a PIWI-like 
protein in humans, inhibited the p14ARF/p53 apoptosis 
pathway, which led to the proliferation of cervical cancer cells 
(18). Moreover, mRNA and protein expression levels of 
PIWIL1 was highly upregulated in hepatocellular carcinoma 
patients, while depletion of PIWIL1 in hepatocellular 
carcinoma cells reduced the cellular proliferation rate (19). In 
addition to their expression in cancer cells, PIWI-like proteins 
were also detected in human ocular tissues. It has been 
observed that knockdown of PIWI-like protein 4 (HIWI2) 
disrupted the expression and localization of tight junctions in 
retinal epithelial cells (20). Loss of tight junctions is pathologic 
to retinal epithelial tissues since it causes a collapse of the 
barrier against new blood vessels (21). However, the 
relationship between PIWI proteins and the levels of Alu RNAs 
in oxidative stress-inflicted retinal epithelial cells and its 
subsequent pathology have not been fully elucidated. 

Herein, we report that sequestration of PIWI proteins is a 
possible cause for the abundance of Alu RNA in retinal 
pigment epithelial (RPE) cells under oxidative stress. We 
observed that PIWIL4 was co-localized with stress granules in 
H2O2-treated RPE cells with upregulated expression of Alu 
RNAs. When PIWIL4 was translocated into the nucleus 
through the inhibition of stress granule formation, the amounts 
of Alu transcripts were decreased. Accumulation of Alu RNAs 
was correlated with a disruption of tight junction in retinal 
epithelial cells under oxidative stress. Based on these results, 
we suggest that sequestration of PIWIL4 into the cytoplasmic 
stress granule impedes silencing of Alu RNA transcription, 
leading to an increase of Alu RNA in RPE cells under oxidative 
stress.

RESULTS AND DISCUSSION

Oxidative stress induces Alu transcription in retinal pigment 
epithelial cells
It has been reported that various stress conditions, such as heat 
shock and viral infection, increased the levels of Alu RNAs in 
HeLa and K562 cells (10). We thus hypothesized that the 
amount of Alu RNA may increase in retinal epithelial cells 
under oxidative stress conditions. Retinal pigment epithelial 
cells (ARPE-19) were treated with various concentrations of 
H2O2 ranging from 19 M to 300 M for 24 h. The amount of 

Alu RNA was increased as the concentration of H2O2 
increased (Fig. 1A). A 300 M H2O2 treatment increased Alu 
RNA by 2-fold in ARPE-19 cells, and this concentration was 
used for further experiments. Oxygen radicals were generated 
in cultured ARPE-19 cells exposed to H2O2 for 24 h, as seen 
by monitoring the increase in 2’,7’-dichlorofluorescin diacetate 
(DCFDA) fluorescence in cells (Fig. S1). We next investigated 
levels of Alu genomic DNA copies and transcripts in cultured 
ARPE-19 cells exposed to H2O2 at increasing durations up to 
24 h. Prolonged exposure to H2O2 for 24 h resulted in a 2-fold 
accumulation of Alu RNA compared to untreated cells, while a 
significant decrease of Alu RNA was observed with a 
short-term H2O2 treatment for 6 h. Since Alu transcripts are 
known to induce the insertion of Alu elements via 
retrotransposition, we quantified the amount of Alu genomic 
DNA copies. ARPE-19 cells exposed to H2O2 for 24 h did not 
show significant changes in the levels of Alu genomic DNA 
(Fig. 1B). These results indicate that RPE cells under oxidative 
stress undergo changes in Alu transcripts levels, with a 
decrease and increase in the early and late phases of ROS 
exposure, respectively, without altering Alu genomic DNA 
amounts.

Subsequently, we investigated the amounts of several factors 
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Fig. 2. Levels of PIWIL4 were increased in the nucleus during 
the early phase of oxidative stress. (A) Western blot analysis of 
PIWIL4 isolated from cytoplasmic and nuclear fractions in 
ARPE-19 cells treated with H2O2 (300 M) for 6, 12, and 24 h. 
Bar graph indicates fractions of PIWIL4 present in the cytoplasm 
and nucleus, which were normalized to -tubulin (cytoplasmic 
marker) and p84 (nuclear marker). The numbers on the top of 
the quantitative bar graph represents the total amount of PIWIL4 
normalized to the control (i.e. Con). (B) Fluorescence microscopy 
images of PIWIL4 (green fluorescence) in ARPE-19 cells treated 
with H2O2 (300 M) for 6 h. Scale bar: 10 m. (C) Fluorescence 
images representing co-localization of PIWIL4 (green fluorescence) 
with mitochondria stained with Mitotracker (red fluorescence) in 
control cells. Scale bar: 10 m.

such as DICER1, PIWIL4, AKT, and its phosphorylated form 
(p-AKT), which might affect Alu RNA accumulation under 
oxidative stress (Fig. 1C). Although a deficiency of DICER1 has 
been reported to be responsible for the accumulation of Alu 
RNA in the retinal epithelium (12, 13), we were not able to 
detect any significant changes in the level of DICER1 in 
cultured ARPE-19 cells exposed to H2O2 for 24 h. In contrast, 
the expression level of PIWIL4, which is likely involved in the 
suppression of retrotransposons, was transiently enhanced in 
the early phase of ROS exposure, which then diminished to 
control levels after 6 h. Similar to the transient enhancement of 
PIWIL4 expression, AKT-phosphorylation was altered in a 
time-dependent manner, in which the phosphorylated form of 
AKT increased and decreased during the early (6 and 12 h) 
and late (24 h) phases of ROS exposure, respectively. The 
PI3K/AKT pathway, which promotes cell survival and growth, 
has been known to be activated to cope with oxidative stress 
in cells (22, 23). Consistent with this result, we previously 
observed ROS-induced activation of the AKT/mTOR pathway 
in RPE cells under oxidative stress for 2-12 h (24). Based on 
these results, we suggest that RPE cells under oxidative stress 
display changes in Alu transcripts levels, which is concomi-
tantly correlated with the expression level of PIWIL4 and 
AKT-phosphorylation in the early phase of ROS exposure. 
However, augmentation of Alu RNA expression in the late 
phase of ROS exposure was not related with the expression of 
Alu RNA generation nor processing factors such as PIWI-like 
protein and DICER1. 

PIWIL4 is translocated into the nucleus as an immediate 
response to the oxidative stress 
Since PIWIL4 has been known to silence the transcription of 
genetic elements in the nucleus, we investigated whether 
PIWIL4 proteins were responsible for the downregulation of 
Alu transcripts levels in the nucleus during the early phase of 
ROS exposure. The presence of PIWIL4 in the cytoplasm and 
nucleus was assessed by western blot analysis of two fractions 
containing cytosolic -tubulin and nuclear p84 marker 
proteins (Fig. 2A). As compared with the amount of PIWIL4 
without ROS treatment (control lanes), cytosolic PIWIL4 
decreased and nuclear PIWIL4 increased at 6 h of H2O2 
treatment. Furthermore, immunocytochemistry results showed 
that PIWIL4 was mainly located in the nucleus under the H2O2 
treatment for 6 h (Fig. 2B), which was consistent with the 
western blot analysis of PIWIL4 enrichment in the nucleus. 
Based on these results, we inferred that a decrease of Alu 
transcript levels during the early phase of ROS exposure was 
ascribed to the downregulation of Alu transcription by the 
PIWIL4-enriched nucleus as an immediate response to the 
oxidative stress. 

We also noticed that subcellular localization of fluorescently 
labeled PIWIL4 was juxtaposed onto the mitochondria in the 
cytoplasm prior to exposure to ROS (Fig. 2C). It has been 
previously demonstrated that piRNAs associated with PIWI 

proteins are processed by the endonuclease Zucchini (Zuc), 
which is present in the outer membrane of mitochondria (25). 
Thus, PIWIL4 proteins associated with piRNAs are mainly 
located near the mitochondria in the cytoplasm during 
quiescence without oxidative stress. 

PIWIL4 is sequestrated into stress granules under prolonged 
oxidative stress conditions
When cells are exposed to stress, such as heat, oxidation, and 
viral infection, they form large cytoplasmic foci that are called 
as stress granules (SGs). By accumulating RNAs and 
RNA-binding proteins (RBPs) into granules, cells halt protein 
synthesis and protect important RNAs from extraneous stresses 
(26). Despite its cytoprotective role through ribostasis, 
prolonged formation of SGs may evoke cell death by hindering 
translation of proteins that are necessary for cell survival (27). 
A previous study reported that Ago2, an Argonaute family 
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Fig. 3. Sequestration of PIWIL4 into stress granule impedes 
silencing of Alu RNA transcription. (A) Co-localization of PIWIL4 
(green fluorescence) with TIA1 (stress granule marker; red 
fluorescence) in ARPE-19 cells treated with H2O2 (300 M) in the 
absence or presence of cycloheximide (CHX) (50 g/ml) for 24 h; 
scale bar: 10 m. (B) ARPE-19 cells were treated 300 M H2O2

for 6, 12, and 24 h, and immunostained with PIWIL4 and TIA1. 
The bar graph indicates the percentage of cells expressing PIWIL4 
that co-localized with stress granule. (C) Western blot analysis of 
PIWIL4 isolated from cytoplasmic and nuclear fractions in 
ARPE-19 treated with H2O2 (300 M) in the absence or presence 
of CHX (50 g/ml) for 24 h. Bar graph indicates fractions of 
PIWIL4 present in the cytoplasm and nucleus, which were 
normalized to -tubulin and p84. (D) ARPE-19 cells were treated 
with H2O2 (300 M) for 12 and 24 h in the absence or presence 
of CHX (50 g/ml). After incubation, total RNA was obtained and 
amplified to cDNAs. Alu RNAs were relatively quantified by 
real-time PCR and normalized to the control cells. Data are 
presented as the ± S.E.M. n = 3. *P ＜ 0.05.

Fig. 4. Oxidative stress induces upregulation of Alu RNA as well 
as epithelial-to-mesenchymal transition in RPE cells. (A) ARPE-19 
cells were treated H2O2 (300 M) in the absence or presence of 
cycloheximide (CHX) (50 g/ml) for 24 h, and subsequently 
immunostained for E-cadherin (green fluorescence) and vimentin 
(red fluorescence). The nuclei were visualized with DAPI (blue 
fluorescence); scale bar: 20 m. (B) Cell migration assay of 
ARPE-19 cells after H2O2 (300 M) treatment in the absence or 
presence of CHX (50 g/ml) for 24 h using a transwell. Migrated 
cells were stained with crystal violet. (C) The bar graph represents 
the relative amounts of Alu RNAs normalized to GAPDH in 
ARPE-19 cells treated with H2O2 (300 M) in the absence or 
presence of CHX (50 g/ml) for 24 h. Data are presented as the 
± S.E.M. n = 3. *P ＜ 0.05.

protein similar to PIWI, aggregated into SGs under oxidative 
stress with NaAsO2, which led to the obstruction of RNA 
cleavage activity of Ago2 (28). Moreover, most proteins that 
accumulate in SGs have RNA-binding function (29). Hence, 
we hypothesized that prolonged exposure of oxidative stress 
may lead to sequestration of PIWIL4 proteins into SGs. To test 
this hypothesis, SGs were fluorescently stained using an 
antibody against the SG-specific marker TIA1 in ARPE-19 cells 
that were treated with H2O2 for 24 h (Fig. 3A). When the cells 
were exposed to H2O2 for 24 h, SGs were formed that showed 
TIA1 in an aggregated granular form with enhanced fluore-
scence. Importantly, PIWIL4 co-localized with TIA1 as shown 
by its fluorescence with a similar shape and distribution as the 
stress granules. When the H2O2 treated cells were co-treated 
with CHX, which blocks formation of SGs, fluorescence of 
TIA1 showed a reduced aggregated form with reduced 
intensity, and PIWIL4 signal was mainly detected in the 
nucleus. The percentage of cells with PIWIL4 co-localized 
with SGs showed a steady increase up to 80% as the cells 
were continuously exposed to H2O2 up to 24 h (Fig. 3B). 
Interestingly, accumulation of PIWIL4 in the nucleus was only 

observed in the early phase (i.e., 6 h) of ROS exposure, 
consistent with the preceding result (Fig. 2).

To further clarify the unequal distribution of PIWIL4 in the 
nucleus and cytoplasm, the subcellular presence of PIWIL4 in 
the cells treated with H2O2 with or without CHX for 24 h were 
analyzed with western blot analysis of nuclear and cytoplasmic 
fractions (Fig. 3C). Consistent with the immunocytochemistry 
results (Fig. 3A), PIWIL4 was mainly present in the cytoplasm 
under the prolonged oxidative stress condition (24 h). 
However, the nuclear localization of PIWIL4 was significantly 
diminished with CHX co-treatment, suggesting that PIWIL4 
localization in the cytoplasm depended on SG formation. 
Thus, the subcellular distribution of PIWIL4 was governed by 
SG formation, by which PIWIL4 was sequestrated into SGs 
under prolonged oxidative stress conditions. 

Next, we monitored the levels of Alu RNA expression in the 
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cells treated with H2O2 with or without CHX for 24 h (Fig. 
3D). As compared to the control, levels of Alu RNA transcripts 
significantly increased with prolonged exposure of H2O2 up to 
24 h. However, the increase of Alu RNA expression was not 
observed in the cells co-treated H2O2 and CHX for 24 h, 
which shows a similar level to untreated cells. This result 
demonstrates that inhibition of SG formation causes 
suppression of Alu RNA transcription in the RPE cells under 
prolonged oxidative stress conditions. Taken together, these 
data suggest that accumulation of Alu RNAs was likely caused 
by an entrapment of PIWIL4 into SGs, resulting in a failure in 
the epigenetic silencing of Alu RNA transcription by PIWIL4.

Accumulation of Alu RNA was correlated with EMT transition 
of RPE cells under oxidative stress condition
Since Alu RNA has been observed to be related with EMT in 
cancer cells (14), we next investigated whether augmented 
expression of Alu RNAs was correlated with EMT in RPE cells. 
To monitor the progression of EMT in the cells under oxidative 
stress, the expression of E-cadherin and vimentin, markers of 
EMT, were examined by immunocytochemistry (Fig. 4A). 
Control RPE cells maintained a high level of well-structured 
E-cadherin and low expression of vimentin, showing a 
sustained epithelial feature. However, prolonged exposure of 
H2O2 induced downregulation of E-cadherin and overex-
pression of vimentin, representing the progression of EMT. 
Importantly, when the cells were co-treated with H2O2 and 
CHX, mesenchymal transition was significantly diminished as 
shown by the intact epithelial E-cadherin and reduced 
expression of vimentin. 

In addition, we performed a transwell migration assay to 
examine the migratory properties of RPE cells that were 
undergoing the EMT process under the oxidative stress 
condition (Fig. 4B). Migrated cells were stained with crystal 
violet, and migratory effects were compared with the control 
group. The cells treated with H2O2 for 24 h showed enhanced 
migratory properties, as compared to the control cells without 
H2O2 treatment. In contrast, when the cells were co-treated 
with H2O2 and CHX, cellular migration was significantly 
diminished. This result was consistent with the EMT pro-
gression, in which oxidative stress causes mesenchymal transition 
and migration of RPE cells. However, the mesenchymal 
transition of the RPE cells was significantly attenuated by the 
CHX treatment, which blocks the formation of SGs that 
sequester PIWIL4, and subsequent downregulation of Alu RNA 
transcription (Fig. 3). 

To test whether accumulation of Alu RNA is correlated with 
EMT of RPE cells, the amount of Alu RNAs in RPE cells under 
the same conditions as above was quantified and compared 
(Fig. 4C). When the cells were treated with H2O2 for 24 h, 
approximately 2-fold increase of Alu RNA expression was 
observed as compared to the control. Consistent with the 
previous result (Fig. 3D), Alu RNA expression was not 
enhanced in the cells co-treated with H2O2 and CHX. These 

results suggest that accumulation of Alu RNA was positively 
correlated with the progression of mesenchymal transition of 
RPE cells under prolonged oxidative stress, resulting in loss of 
cell-cell tight junctions and subsequent cellular migration. 

In conclusion, the present study demonstrated that the 
temporal and spatial distribution of PIWIL4 altered levels of 
Alu RNAs in RPE cells under oxidative stress. We found that 
PIWIL4 mainly localized to the nucleus and subsequently 
downregulated the expression of Alu RNAs during the early 
phase of ROS exposure. As the oxidative stress continued, 
PIWIL4 was sequestered into cytoplasmic stress granules, 
resulting in a failure of epigenetic silencing of Alu RNA 
transcription in the nucleus and an accumulation of Alu RNA. 
When the formation of stress granules was inhibited, the 
nuclear localization of PIWIL4 was restored and the 
expression of Alu RNAs was attenuated. In addition, an 
elevated amount of Alu RNA was positively correlated with a 
disruption of the epithelial features of RPE cells via induction 
of mesenchymal transition. Thus, we propose that oxidative 
stress causes Alu RNA accumulation via PIWIL4 sequestration 
into the cytoplasmic stress granule. Furthermore, our study 
suggests that inhibition of stress granule formation may relieve 
the mesenchymal transition of RPE cells under oxidative stress 
by allowing PIWIL4 to downregulate expression of Alu RNA. 

MATERIALS AND METHODS

Detailed materials and methods are available in Supple-
mentary Data.
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