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ABSTRACT ARTICLE HISTORY
Aged and damaged mitochondria can be selectively degraded by specific autophagic elimination, Received 7 March 2018
termed mitophagy. Defects in mitophagy have been increasingly linked to several diseases including ~ Revised 20 June 2018
neurodegenerative diseases, metabolic diseases and other aging-related diseases. However, the mole- Accepted 10 July 2018
cular mechanisms of mitophagy are not fully understood. Here, we identify PRPF8 (pre-mRNA processing KEYWORDS

factor 8), a core component of the spliceosome, as an essential mediator in hypoxia-induced mitophagy Autosomal dominant
from an RNAi screen based on a fluorescent mitophagy reporter, mt-Keima. Knockdown of PRPF8 retinitis pigmentosa;
significantly impairs mitophagosome formation and subsequent mitochondrial clearance through the hypoxia; mitophagy; mRNA
aberrant mRNA splicing of ULKT, which mediates macroautophagy/autophagy initiation. Importantly, splicing; PRPF8; ULK1
autosomal dominant retinitis pigmentosa (adRP)-associated PRPF8 mutant R2310K is defective in

regulating mitophagy. Moreover, knockdown of other adRP-associated splicing factors, including

PRPF6, PRPF31 and SNRNP200, also lead to ULKT mRNA mis-splicing and mitophagy defects. Thus,

these findings demonstrate that PRPF8 is essential for mitophagy and suggest that dysregulation of

splicecosome-mediated mitophagy may contribute to pathogenesis of retinitis pigmentosa.

Introduction role in the pathophysiology of diseases are not well
understood.

mt-Keima is a mitochondrial-targeted form of Keima [18],
which is a coral-derived, lysosomal degradation resistant and
pH-sensitive fluorescent protein. We chose to depict the mt-
Keima fluorescence signal from 561-nm laser excitation (in
lysosomes) in red and the signal from 458-nm laser excitation
(in neutral cytoplasm) in green. This property of mt-Keima
allows rapid and sensitive determination as to whether the
mitochondrion is in the cytoplasm or in the lysosome, and the
ratio of Keima-derived fluorescence (561 nm:458 nm) can
indicate mitophagic flux and qualitatively assess the
mitophagy level [18]. Thus, mt-Keima has been increasingly
utilized to measure mitophagy in vitro and in vivo [19-23]. In
this study, we performed an RNAI screening based on the mt-
Keima reporter for novel regulators of hypoxia-induced mito-
phagy. We identified PRPF8 (pre-mRNA processing factor 8)
as a novel regulator of mitophagy.

The spliceosome is a large multi-component RNA-pro-
tein machinery that catalyzes precursor messenger RNA
(pre-mRNA) to form a functional mRNA in the nucleus
via removing the non-coding introns and ligating the exons
[24]. Splicing of pre-mRNA is a central step in the post-

Selective autophagy mediates cellular quality control by deli-
vering intracellular material to lysosomes for degradation.
Damaged or unwanted mitochondria can be selectively
removed by autophagy, termed mitophagy. The most studied
mitophagy pathway involves PINK1 (PTEN induced putative
kinase 1) and PRKN/PARK2 (parkin RBR E3 ubiquitin pro-
tein ligase). PINK1 specifically accumulates on damaged mito-
chondria, recruiting and phosphorylating PRKN, to activate
the mitophagic progress. Mutations in PINKI and PRKN are
involved in neurodegenerative diseases such as Parkinson
disease [1,2]. Given the critical roles of the PINK1-PRKN
pathway in regulating mitophagy, several genome-wide
RNAI screenings based on the cytosol-to-mitochondria trans-
location of PRKN have been performed to identify new reg-
ulators of mitophagy [3-8]. In addition to the PINK1-PRKN
pathway, PRKN-independent mitophagy has been reported to
be involved in various pathophysiological processes [9-12].
For example, hypoxia induces mitophagy in a PRKN-inde-
pendent manner in multiple pathophysiological processes
such as angiogenesis [13], tumors [14], neurodegenerative
diseases [15,16] and metabolic disorders [17]. However, the
molecular mechanisms of hypoxia-induced mitophagy and its
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transcriptional regulation of gene expression [25], and mis-
regulation of splicing is a common feature of many human
diseases, such as retinitis pigmentosa, amyotrophic lateral
sclerosis and spinal muscular atrophy [26]. Accumulating
evidence suggests that splicing events affect many cellular
processes [27]. It has been reported that several autophagy-
related genes, such as BECNI1/Beclinl and GABARAPL2
(GABA type A receptor associated protein like 2), have
alternative splicing variants, suggesting that the spliceo-
some could modulate autophagy [28,29]. However,
mechanistic details underlying deregulated splicing in
mitophagy, especially hypoxia-induced mitophagy are still
limited. In this study, we demonstrate that the autosomal
dominant retinitis pigmentosa-associated gene PRPFS8, a
core component of the spliceosome, is essential for hypoxic
mitophagy through ensuring proper mRNA splicing of
ULKI (unc-51 like autophagy activating kinase 1), which
mediates mitophagy initiation.

Results
RNA:i screen identifies PRPF8 as a regulator of mitophagy

To identify novel regulators of mitophagy, we established a
high-content screening system of mitophagic activity based on
the mitochondrial localized fluorescent protein mt-Keima. We
depicted the mt-Keima fluorescence signal from 458-nm laser
excitation in green and the signal from 561-nm laser excita-
tion in red. We first detected and confirmed the rapid, sensi-
tive and pH-dependent fluorescent properties of mt-Keima by
changing medium with different pH (Figure S1A). Then, we
accessed mitophagy induced by hypoxia in HeLa cells stably
expressing mt-Keima by confocal microscopy. We noted that
hypoxia induced a marked rise in the red-to-green fluores-
cence ratio, indicating mitophagy increased cumulatively over
time (Figure 1(a) and Figure S1B).

Based on this system, we performed a small interfering RNA
(siRNA) screen using a library [30] containing 320 siRNA pools
to identify novel regulators of mitophagy under hypoxia condi-
tions. To do so, HeLa cells stably expressing mt-Keima were
transfected with siRNA duplexes in 96-well plates. After the
siRNA transfection, the cells were subsequently treated with
hypoxia for 24 h to induce mitophagy. Mitophagy activities
were assessed with green and red mt-Keima signals (see details
in Methods) by automated image analysis (Figure S1C). We set
initial thresholds for putative hits at —2.0 or 2.0 Z-scores to
identify positive or negative regulators of hypoxia-induced
mitophagy, respectively. We observed a significant inhibitory
effect on mitophagy following the transfection with positive-
control siRNAs against ULKI or BECNI compared with non-
targeting control siRNA (siCtrl) (Figure 1(b)). In the first round
of screening, 11 genes were hit below the thresholds at -2
Z-score, suggesting that they are potential positive regulators
of mitophagy. We therefore knocked down these genes by
siRNAs and assessed their roles in mitophagy. However,
among these genes, only PRPF8 was further validated to be
required for mitophagy.

PRPEF8 (pre-mRNA processing factor 8) is a core component
of the spliceosome and is involved in messenger RNA
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processing. To further evaluate the role of PRPF8 in mitophagy,
we first transfected mt-Keima-expressing HeLa cells with 3
siRNAs that target different regions of the PRPF8 mRNA.
When the cells were cultured under hypoxia for 24 h, we
noted that hypoxia induced a marked rise in mitophagic activity
indicated as ‘mitophagy index’ (see details in Methods). In
contrast, the induction of mitophagy by hypoxia was signifi-
cantly inhibited in these PRPF8-knockdown cells (Figure 1(c-
d)). Consistent with this result, western blotting analysis showed
that knockdown of PRPF8 dramatically inhibited mitochondrial
protein (TOMM20 and TIMM23) degradation in response to
hypoxia (Figure 1(e)). In order to rule out the off-target effects
of the siRNAs, we transfected plasmid expressing siRNA-resis-
tant GFP-tagged PRPF8 in PRPF8 knockdown cells, and found
that the reconstituted GFP-PRPF8 was able to restore the mito-
phagic activity in these cells (Figure 1(f-g), and Figuer S2).
Taken together, these results indicate that PRPFS8 is indispen-
sable for hypoxia-induced mitophagy.

PRPF8 is required for hypoxia-induced mitophagosome
formation

We next sought to explore the mechanism by which PRPF8
regulates mitophagy. MAP1LC3B/LC3B (microtubule asso-
ciated protein 1 light chain 3 beta) puncta are widely used
as autophagosome markers [31]. We found that HeLa cells
with PRPF8 knockdown showed less autophagosome forma-
tion compared with the control cells after hypoxia treatment
as demonstrated by a decrease in the number of GFP-LC3B
puncta per cell (Figure 2(a-b)). We next investigated
whether PRPF8 is required for mitophagosome formation.
As expected, the colocalization of GFP-LC3B puncta and
mitochondria was remarkably reduced in PRPF8-knock-
down cells under hypoxia by confocal microscopy analysis
(Figure 2(c-d)). We also used electron microscopy to
examine the autophagosomes in murine 661W photorecep-
tor-derived cells at 36 h after hypoxia. The typical double-
membrane autophagosomes (as indicated by arrows) were
seen in control cells. Engulfment of entire organelles (pos-
sibly mitochondria) was occasionally observed. However,
there were few autophagosomes and autolysosomes
observed in cells with PRPF8 knockdown (Figure 2(e-f)).
Collectively, these results suggested that PRPF8 regulates
hypoxic mitophagy activity through inhibiting mitophago-
some formation.

PRPF8 regulates ULK1 gene expression during mitophagy

We next sought to investigate the molecular mechanism of
PRPF8 in regulating mitophagosome formation. Although
PRPF8 predominantly localizes in the nucleus [24], it was
also reported that PRPF8 localizes in other cellular compart-
ments, such as the inner segments and apical connecting cilium
of the photoreceptors [32]. We therefore sought to investigate
the subcellular localization of PRPF8 during mitophagy in
HeLa cells. Subcellular fractionation assays showed that
PRPFS8 localized in the nucleus in both normoxic and hypoxic
conditions (Figure 3(a)). To further confirm this observation,
we performed immunofluorescence staining with antibodies
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Figure 1. RNAi screen identifies PRPF8 as a regulator of mitophagy. (a) Representative confocal images of Hela cells stably expressing mt-Keima subjected to hypoxia
(1% O,) for the indicated times. (b) Graphical representation of the siRNA screen output. The ‘Z-score’ conveys the distribution of mitophagic activity per well across
the entire library (see details in Methods). Data ordered from most negative to positive. Dashed lines are screen-specific cutoffs for active siRNA reagents. Blue dots
represent positive control siRNAs. (c) mt-Keima imaging in Hela cells transfected with the indicated siRNAs in a normoxic (21% O,) environment or after 24 h of
hypoxia (1% 0,). (d) Quantified mitophagy index in (c). Mitophagy index in hypoxia-treated control cells was normalized to ‘1. n = 3 independent experiments. (e)
Western blot analysis of Hela cells transfected with siRNAs after hypoxia treatment (1% O,, 24 h) with the indicated antibodies. (f) mt-Keima imaging in Hela cells
transfected with PRPF8 siRNA and GFP-PRPF8 siRNA-resistant plasmid after hypoxia treatment (1% O,, 24 h). GFP fluorescence is depicted in gray. Arrows indicate
GFP-PRPF8-transfected cells. (g) Quantification of mitophagy index of GFP-positive cells in (f). Mitophagy index in hypoxia-treated control cells was normalized to ‘1".
n = 3 independent experiments. Data are shown as the mean + SD (One-way ANOVA, *p < 0.05, ***p < 0.001). Scale bars: 10 pm.

against PRPF8 and the mitochondria protein HSPD1/HSP60 localized in the nuclear speckles and it did not colocalize with
(heat shock protein family D [Hsp60] member 1). Confocal HSPDI1/HSP60. Again, hypoxia did not alter PRPF8 subcellular
microscopy analysis showed that PRPF8 predominantly localization (Figure 3(b). These data indicated that PRPF8
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Figure 2. PRPF8 is required for hypoxia-induced mitophagosome formation. (a) Representative images of Hela cells expressing GFP-LC3B transfected with the
indicated siRNAs following normoxia or hypoxia (1% O,, 12 h) treatment. Scale bar: 10 pm. (b) Quantification of the number of GFP-LC3B puncta per cell in (A).n =3
independent experiments. Data are shown as the mean + SD. (c) Representative confocal images of colocalization of GFP-LC3B puncta and mitochondria (red, anti-
TOMM20) in Hela cells transfected with the indicated siRNAs during growth in normoxia or hypoxia (1% O,) for 32 h. Scale bar: 10 pm. White arrows indicate GFP-
LC3B puncta colocalized with mitochondria. (d) Quantification of colocalization of GFP-LC3B puncta and mitochondria in (c). n = 3 independent experiments. Data are
shown as the mean + SD. (e) Electron microscopy images of murine 661W photoreceptor-derived cells transfected with the indicated siRNAs after hypoxia (1% O,,
36 h) treatment. N, nucleus. Scale bar: 1 um. Arrows indicate autophagosomes. (f) Quantification of the number of autophagosomes per um? in (E). n = 13 siCtrl cells
and 16 siPrpf8 cells. Data are shown as the mean = SD in (B) and (D) (One-way ANOVA, ***p < 0.001). Data are shown as the mean £ SD in (F) (Mann-Whitney test,

*%p < 0.001).

remains localized in nucleus during the mitophagic process,
suggesting that its function in the nucleus as a splicing factor
might be important for mitophagy.

PRPF8 is the ‘master regulator’ of the spliceosome, the
molecular machine executing pre-mRNA splicing, which is
critical for gene expression [33]. We therefore investigated
whether PRPF8 regulates the expression of core autophagy
genes that affect the formation of mitophagosomes. Among
the genes, we found that the mRNA expression of ULKI,
which plays a crucial role in the initiation of mitophagosome
formation [34], was significantly increased after hypoxia

treatment (Figure 3(c)). Interestingly, this increase was inhib-
ited when PRPF8 was knocked down. Other genes, however,
remained unchanged in PRPF8 knockdown cells (Figure 3(c)).
This observation was further confirmed by western blot analysis
where PRPF8 knockdown inhibited the elevation of ULK1
protein levels after hypoxia treatment, whereas other proteins
that are essential for mitophagosome formation, such as
BECNI, ATGS5 (autophagy related 5) and ATG7 (autophagy
related 7) [35], remained unchanged (Figure 3(d)). Together,
these data suggested that PRPF8 regulates ULKI gene expres-
sion during mitophagy.
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Figure 3. PRPF8 regulates ULKT gene expression during mitophagy. (a) Western blot analysis of subcellular fractions of HeLa cells in normoxia or hypoxia (1% O,) for
24 h with the indicated antibodies. WCL, whole-cell lysate. (b) Representative immunofluorescence images of Hela cells in normoxia or hypoxia (1% O,) for 24 h with
the indicated antibodies. Mitochondria are labelled with HSPD1/HSP60 and nuclei are labelled with Hoechst. Scale bar: 5 um. (c) Quantitative real-time PCR analysis
of mRNA levels for the indicated genes in Hela cells. Data are shown as the mean + SD from a representative of 3 independent experiments (One-way ANOVA,
**p < 0.01). (d) Western blot analysis of ULK1 and other genes involved in mitophagosome formation in Hela cells transfected with the indicated siRNAs during

normoxia or hypoxia (1% O,, 24 h). ‘O'indicates the ATG12-ATG5 conjugate.

PRPF8 is required for mitophagy through regulating ULK1
mMRNA splicing

Human ULKI has 28 exons. To further investigate how ULKI
expression is regulated by PRPF8, we assessed the pre-mRNA
splicing of the ULKI gene in control and PRPF8 knockdown
cells using the reverse transcription-polymerase chain reaction
(RT-PCR). We found that knockdown of PRPF8 in HelLa cells
led to enhanced ULKI exon 22 and exon 22-23 skipping. We
also noted that the level of ULKI normal spliced transcript was
decreased (Figure 4(a-b), and Figure S3), which is consistent
with the observation that ULKI gene expression was reduced
in PRPF8 knockdown cells (Figure 3(c-d)). Next, to evaluate
whether PRPF8 controls mitochondrial clearance under hypoxia
depending on its role in regulating ULKI mRNA splicing, we
transfected a GFP-ULKI plasmid into PRPF8 knockdown cells.
We found that the reconstituted GFP-ULKI1 was able to restore
the number of LC3B puncta under hypoxia (Figure 4(c-d)).
Similarly, the overexpression of GFP-ULKI1 in PRPF8 knock-
down cells also rescued the mitophagic activity (Figure 4(e-f)).
Thus, these results collectively suggest that PRPFS is required for
mitophagy by regulating ULKI mRNA splicing and expression.

PRPF8 retinitis pigmentosa disease-associated mutant
has defects in mitophagy

Mutations in PRPF8 cause progressive degeneration of the retina
and finally autosomal dominant retinitis pigmentosa (adRP) [36].

It is known that there is a low oxygen level in the outer retina due
to the high oxygen consumption in the inner segments of the
photoreceptors [37,38]. In addition, retinal hypoxia induces
autophagy [39,40]. Hence, we asked whether PRPF8 retinitis
pigmentosa disease-associated mutants have any defects in regu-
lating hypoxic mitophagy. To test this possibility, we compared
the effects of siRNA-resistant wild-type (WT) and disease-asso-
ciated mutation of PRPF8 (R2310K) on mitophagy in HeLa cells
as well as retinal pigment epithelium (RPE) cells. Whereas siRNA-
resistant WT PRPF8 rescued the mitophagy defect in PRPF8
knockdown cells, the disease-associated mutant PRPF§"**'%%
was not able to do so in both cell lines (Figure 5(a-d)). Similarly,
unlike the WT PRPFS, the PRPF8"**'F was incapable of rescuing
the decreased number of LC3 puncta in PRPF8-depleted HeLa
and RPE cells (Figure 5(e-f) and Figure S4). These data indicate
that the adRP-associated PRPF8"**'°% mutation is defective in
regulating hypoxic mitophagy in RPE and HeLa cells.

Retinitis pigmentosa-associated spliceosomal proteins
regulate mitophagy under hypoxia

The mRNA splicing process is performed by the spliceosome,
which consists of several small nuclear RNAs and splicing factors.
We therefore asked whether other splicing factors, such as
SNRNP200/BRR2 (small nuclear ribonucleoprotein U5 subunit
200), PRPF6 (pre-mRNA processing factor 6), PRPF31 (pre-
mRNA processing factor 31) and PRPF19 (pre-mRNA processing
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Figure 4. PRPF8 is required for mitophagy through regulating ULKT mRNA splicing. (a) A representative gel picture shows bands corresponding to normal and aberrant
skipping spliced products of ULKT mRNA in Hela cells transfected with the indicated siRNAs during normoxia or hypoxia (1% O,, 24 h) in RT-PCR assays. (b) The percentage
of the PCR product representing exon 22 and exon 22-23 skipped transcripts in the total transcripts is calculated by band intensity quantification in (a) and is shown as
‘percent skipped’ on the y axis. n = 3 independent experiments. (c) Representative confocal images of RFP-LC3B signals in Hela cells transfected with the siRNAs and
plasmids as shown under normoxia or hypoxia (1% O,) for 12 h. (d) Quantification of the number of RFP-LC3B puncta per cell in (C). n = 3 independent experiments. (e) mt-
Keima imaging in HeLa cells transfected with PRPF8 siRNA and GFP-tagged ULK1 plasmid after hypoxia treatment (1% O,, 24 h). GFP fluorescence is depicted in gray. Arrows
indicate GFP-ULK1-transfected cells. (f) Quantification of mitophagy index of GFP-positive cells in (E). Mitophagy index in hypoxia-treated control cells was normalized to ‘1'.
n = 3 independent experiments. Data are shown as the mean + SD (One-way ANOVA, **p < 0.01, ***p < 0.001). Scale bars: 10 um.

factor 19) are also required for proper ULKI mRNA splicing
under hypoxia. We knocked down these genes by siRNA transfec-
tion, and the knockdown efficiency of these genes were tested by a
quantitative-PCR assay (Figure S5A). Similar to PRPFS, the
knockdown of SNRNP200, PRPF6 and PRPF31 resulted in
increased ULKI exon 22 and exon 22-23 skipping, whereas
PRPFI9 knockdown did not affect ULKI mRNA splicing
(Figure 6(a-b)). Interestingly, the mutations of SNRNP200,

PRPF6 and PRPF31, but not PRPFI9, cause adRP [41-44].
Moreover, we tested the protein level of ULK1 following the
knockdown of these spliceosomal proteins by western blotting.
We found that knockdown of SNRNP200, PRPF6 or PRPF31, but
not PRPFI9, remarkably reduced the hypoxia-induced ULK1
expression (Figure 6(c)). Furthermore, the knockdown of
SNRNP200, PRPF6 or PRPF31 but not PRPFI9 inhibited
hypoxia-induced mitophagy (Figure 6(d-e)). This effect was
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rescued by co-transfection of siRNA-resistant plasmids expressing ~ effect (Figure S5B-D). Thus, these results suggested that retinitis
SNRNP200, PRPF6 or PRPF31 in RPE cells, indicating that the  pigmentosa-associated spliceosomal proteins regulate ULK1I spli-
corresponding gene knockdowns were not exerting a nonspecific  cing and mitophagy under hypoxia.
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Figure 6. Retinitis pigmentosa-associated spliceosomal proteins regulate mitophagy under hypoxia. (a) A representative gel picture shows bands corresponding to normal
and aberrant skipping spliced products of ULKT mRNA in Hela cells transfected with the indicated siRNAs during normoxia or hypoxia (1% O,, 24 h) in RT-PCR assays. (b) The
percentage of the PCR product representing exon 22 and exon 22-23 skipped transcripts in the total transcripts is calculated by band intensity quantification in (a) and is
shown as ‘percent skipped’ on the y axis. n = 3 independent experiments. (c) Western blot analysis of HeLa cells transfected with siRNAs after hypoxia treatment (1% O,
24 h) with the indicated antibodies. ‘O'indicates the ATG12-ATG5 conjugate. (d) mt-Keima imaging in Hela cells transfected as indicated in a normoxic (21% O,)
environment or after 24 h of hypoxia (1% O,). Scale bar: 10 um. (e) Quantified mitophagy index in (d). Mitophagy index in hypoxia-treated control cells was normalized to
1. n = 3 independent experiments. Data are shown as the mean + SD (One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, NS, nonsignificant).

Discussion

Previous studies on the screening of mitophagy were mainly
based on PRKN translocation to mitochondria [4-6], how-
ever, these strategies are limited to identifying either regula-
tors of PRKN or upstream molecules in mitophagy and
cannot be used to examine the entirety of the mitophagic
process. In this study, we established a new mitophagy screen-
ing system based on the mt-Keima fluorescent reporter to
identify novel regulators of mitophagy under hypoxia. Based
on this system, we identified the spliccosome component
PRPF8 as an indispensable positive regulator of mitophagy.
We show that the proper mRNA splicing of ULKI controlled
by PRPF8 and other spliceosome components is a previously
unknown key nuclear event for the mitophagic process.
Although the components of mitophagy in the cytoplasm
have been well studied, the molecular mechanism for the

transcriptional and post-transcriptional regulation of mito-
phagy in the nucleus is poorly understood [45,46]. Our find-
ings therefore contribute to a better understanding of the
mitophagic process with a ‘whole-cell view’.

ULKI is a serine/threonine protein kinase and plays impor-
tant roles in the initiation of autophagosome formation during
autophagy [47,48]. Our study indicates that ULKI can be regu-
lated by PRPF8 at the post-transcriptional level (Figure 3(d)).
This post-transcriptional regulation of ULKI is indispensable
particularly in the hypoxia-induced mitophagic process. Given
that ULKI is transcriptionally upregulated, and the ULK1 pro-
tein translocates to mitochondria to induce mitophagy initiation
under hypoxic conditions [49,50] (Figure 3(c)), it is therefore
possible that PRPF8 is essential to ensure proper splicing of the
newly transcribed ULKI mRNA in order to sustain sufficient
mitophagy activity for cells to survive the hypoxic stress. It is
worth noting that proper ULKI mRNA splicing under resting
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conditions also required PRPF8 (Figure 4(a-b)). However,
because the basal autophagy level is low, it seems that the
aberrant splicing of ULKI mRNA caused by PRPF8 deletion
has less effect on the autophagic process compared to that on
hypoxic mitophagy (Figure 2(a-b)). Therefore, our findings sug-
gest that the PRPF8-mediated post-transcriptional regulation of
ULK]1 is critical particularly for hypoxic mitophagy.

Autosomal dominant retinitis pigmentosa is a hereditary
degenerative eye disease due to progressive cell death in rod-
type and cone-type photoreceptor cells [51]. Mutations in several
core spliceosomal components such as PRPF8, SNRNP200,
PRPF6 and PRPF31 have been reported to be closely related to
adRP [26,41-44]. However, the precise mechanism by which
these gene mutations lead to adRP remains unknown. In this
study, we find that a series of spliceosome components which are
mutated in adRP patients are essential for hypoxia-induced
mitophagy. In particular, we demonstrate that PRPF8 adRP
disease-associated mutant R2310K has defects in mitophagy.
These findings thus for the first time suggest that adRP might
be due in part to the impaired mitophagic activity caused by the
mutations of spliceosomes and aberrant mRNA splicing in the
neurons of retina. In support of this hypothesis, several studies
have shown the correlation between the dysregulation of autop-
hagy and RP in vivo [52-55].

The mammalian retina is one of the most metabolically
active tissues, consuming oxygen more rapidly than any other
tissues [56-60]. The high oxygen consumption rate is not only
accompanied with increased oxidative stress and damaged
mitochondria, but also leads to local physiological hypoxic
conditions in the normal retina [37,38,53,60-63]. In addition,
hypoxia could also be caused by pathologies such as central
retinal artery occlusion and ischemic central retinal vein
thrombosis [64-68]. Whereas it has been shown that hypoxia
in the retina is sufficient to induce photoreceptor cell death
that results in retinal degeneration diseases [56,69-72], several
lines of evidence have also suggested that some hypoxia-
induced cellular responses could be protective. For instance,
in the hypoxic retina, HIF1A/HIF1la (hypoxia inducible factor
1 subunit alpha) induces some proteins, such as EPO (ery-
thropoietin) [62] and HDAC4 (histone deacetylase 4) [73],
which protect against retinal degeneration. Similarly, our
observation that the wild-type, but not adRP-associated
mutated, PRPF8 induces hypoxic mitophagy (Figure 5(a-d))
supports a model that the local hypoxia condition would
induce PRPF8-mediated mitophagy, which is helpful for ret-
inal functions by eliminating damaged mitochondria to pro-
tect against retinitis pigmentosa [74]. Further studies are
needed to investigate the roles of dysfunction of the spliceo-
some in hypoxic mitophagy and the pathogenesis of retinitis
pigmentosa in mice or RP patients. Mitophagy could be
targeted for prevention and control of adRP and may extend
to the pathogenesis of other spliceosome-associated diseases.

Materials and methods
Cell culture and transfection

HeLa and RPE (retinal pigment epithelium) cell lines were
obtained from American Type Culture Collection (ATCC,

CCL-2; CRL-2302). The 661W photoreceptor cell line was
purchased from Oulu biotechnology (Shanghai, XB-3247)
and originated from Muayyad Al-Ubaidi (University of
Oklahoma Health Science Center). HeLa and 661W cells
were maintained in DMEM (Gibco, 41965-039) containing
10% fetal bovine serum (Gibco, 10270) and RPE cells were
cultured in DMEM/F12 (Gibco, 10565018) medium contain-
ing 10% fetal bovine serum under standard conditions (37°C,
5% CO,). HeLa and RPE cells stably expressing mt-Keima
were generated using lentiviral vectors of pLVX-Puro-
mtKeima. For transfection, plasmids or siRNAs were trans-
fected into cells with TurboFect (Thermo Fisher Scientific,
R0531) or Lipofectamine RNAiMax (Invitrogen, 13778150)
following the manufacturer’s instruction.

siRNAs and plasmids

PRPF8, SNRNP200, PRPF6 and PRPF31 siRNA were pur-
chased from Sigma-Aldrich, and the sequences targeting
those siRNA duplexes are provided in Table S1. PRPFI19
siRNA was described previously [75]. The PRPF8 expression
construct was generated by PCR amplification from cDNA
derived from HeLa cells. SNRNP200, PRPF6, and PRPF31
expression constructs were generated by PCR amplification
from cDNA derived from RPE cells. pLVX-Puro-mtKeima
plasmid was kindly provided by Dr. Toren Finkel (Aging
Institute of UPMC and the University of Pittsburgh). The
LC3B plasmid was a gift from Dr. Li Yu (Tsinghua
University) [76] and was subcloned into pEGFP-C1 vector
(Clontech, PT3028-5) to generate GFP-LC3B. The ULK1 plas-
mid was a gift from Dr. Quan Chen (Chinese Academy of
Sciences) [49]. Point mutation of PRPF8 was introduced by
site-directed mutagenesis (TransGen Biotech, FM111).

High-content image screen

An siRNA library containing 320 siRNA SMART pools was
purchased from Dharmacon. Pooled siRNAs at a final con-
centration of 50 nM was used for transfection in HeLa cells
stably expressing mt-Keima in 96-well optical plates. 48 h
after the siRNA transfection, cells were treated with 1% O,
for 24 h, and then high-content imaging was acquired using
a x 20 objective of an Operreta automated microscope (Perkin
Elmer, Waltham, MA, USA). mt-Keima localized within the
mitochondria was excited by 410- to 430-nm light and mt-
Keima delivered within lysosomes by mitophagy was excited
by 560- to 580-nm light and both of them were detected by a
590- to 640-nm filter. Images were quantitatively analyzed
using Harmony software 3.5. We calculate the ratio of (560-
580 nm):(410-430 nm) fluorescence of each single cell. Ratio
values ranged from 0 to 0.32 in cells under normoxia. We
defined the cell with a higher ratio as a ‘mitophagic-positive
cell’. The percentage of mitophagic-positive cell in each well
represents its mitophagic activity. The screen data were nor-
malized using the Z-score method, incorporating the median
absolute deviation [77]. The hit cutoff was defined as —2.0
or 2.0.



Fluorescence microscopy

Fluorescence of mt-Keima was imaged in 2 channels via 2
sequential excitations (458 nm, green; 561 nm, red) and using
a 609- to 735-nm emission range. We identified the ratio of
561 nm:458 nm fluorescence as the ‘mitophagy index’. For
immunofluorescence analysis, the cells were grown on cover-
slips and were fixed in 4% paraformaldehyde (for TOMM20) or
in —20°C methanol (for HSPD1/HSP60 and PRPF8) for 15 min
and then permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich, X100). Newborn goat serum (3%; Thermo Fisher
Scientific, 16210072) in PBST (Thermo Fisher Scientific,
28352) was used for blocking. Fixed cells were incubated over-
night at 4°C with the corresponding primary antibodies: rabbit
anti-TOMM20 (Santa Cruz Biotechnology, sc-11415; 1:400),
mouse anti-HSPD1/HSP60 (Santa Cruz Biotechnology, sc-
59567; 1:200) and rabbit anti-PRPF8 (Santa Cruz
Biotechnology, sc-30207; 1:200). Coverslips were then washed
in phosphate-buffered saline (PBS; Gibco, 10010023) and
stained for 45 min with Alexa Fluor 488- or Alexa Fluor 546-
conjugated secondary antibodies (Invitrogen, A-11010, A11003
and A27034; 1:400). Coverslips were washed again with PBS
and mounted with VectaShield containing Hoechst (Invitrogen,
H3570). Confocal images were obtained using a 60x oil lens
objective on an inverted fluorescence microscope (Nikon
Eclipse Ti-E, Melville, NY USA) or ZEISS LSM 880 (Zeiss,
Germany). Images were viewed and analyzed using ZEISS
ZEN Imaging Software or Volocity 6.1.1 software.

Western blotting

Cells were collected and resuspended in RIPA lysis buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40 [Santa Cruz
Biotechnology, CAS 9016-45-9], 0.5% Na-deoxycholate [Sigma-
Aldrich, D6750]) containing certain protease inhibitors
(0.1 mM phenylmethanesulfonyl fluoride [Target Molecule
Corporation, T0789], 1x EDTA-free Protease Inhibitor
Cocktail [ROCHE, 11873580001]) on ice. Antibodies were
used at the following concentrations: rabbit anti-PRPF8 (Santa
Cruz Biotechnology, sc-030207; 1:1000), mouse anti-TOMM20
(Santa Cruz Biotechnology, sc-17764; 1:1000), mouse anti-
TIMM23 (Santa Cruz Biotechnology, sc-514463; 1:1000),
mouse anti-BNIP3 (Santa Cruz Biotechnology, sc-56167;
1:1000), rabbit anti-PARP1 (Cell Signaling Technology, 9532s;
1:2000), mouse anti-BECN1 (Santa Cruz Biotechnology, sc-
48341; 1:1000), rabbit anti-ULK1 (Cell Signaling Technology,
8054s; 1:1000), rabbit anti-ATG5 (Cell Signaling Technology,
12994s; 1:1000), rabbit anti-ATG7 (Cell Signaling Technology,
8558s; 1:1000), rabbit anti-HIF1A (GeneTex, GTX127309;
1:3000), rabbit anti-PINK1 (Novus Biologicals, D-2; 1:2000),
goat anti-SNRNP200/BRR2 (Santa Cruz Biotechnology, sc-
68563; 1:1000), rabbit anti-PRPF6 (Santa Cruz Biotechnology,
sc-48786; 1:1000), and mouse anti-PRPF31 (Santa Cruz
Biotechnology, sc-166792; 1:1000) incubated overnight at 4°C;
mouse anti-GAPDH (Proteintech, 60004-1-Ig; 1:5000) and
mouse anti-TUBA4A/tubulin (Sigma-Aldrich, T5168; 1:5000)
incubated for 1 h at room temperature (RT). Membranes were
incubated with HRP-conjugated secondary antibodies (Dako
Cytomation, P0447 and P0448) for 1 h at room temperature
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and immunopositive bands visualized with Supersignal West
Femto chemiluminescent substrate (Pierce, 34095).

Reverse transcription-PCR and quantitative real-time PCR

RNA was prepared using TRIzol Reagent (Invitrogen,
15596018). Diluted RNA was reverse-transcribed using ran-
dom priming and M-MLV Reverse Transcriptase according to
the manufacturer’s instructions (Promega Corporation,
M1701). For PCR analysis, primers are listed in Table S2.
Quantification of all gene expression was carried out by
quantitative real-time PCR using the SYBR Premix Ex Taq
kit (TaKaRa, RR820A). ACTB was used as internal control.
The primers were provided in the Table S3.

Transmission electron microscopy

661W cells were transfected with siCtrl or siPrpf8 (mouse)
siRNAs and subjected to hypoxia (1% O,) for 36 h. The cells
were washed with PBS and collected by centrifugation at 600 g
for 10 min. The cell mass was fixed in 3% glutaraldehyde
(Sigma-Aldrich, G5882). Ultrathin sections were examined
with the H-7650 transmission electron microscope (Hitachi-
Science & Technology, Tokyo, Japan).

Statistical analysis

All data presented as histograms refer to a mean value + SD of
the total number of independent experiments. Statistical com-
parisons between only 2 groups were carried out using a Mann-
Whitney test. One-way ANOVA was used for multiple-group
comparisons. Statistical calculations were carried out using
GraphPad Prism 6.0. We tested data for normality and variance
and considered a P-value of less than 0.05 significant.
Quantification of RT-PCR was done by using Image] software.

Abbreviations

adRP autosomal dominant retinitis pigmentosa
ATG5 autophagy related 5

ATG7 autophagy related 7

BECN1 beclin 1

GFP green fluorescent protein

HSPD1/HSP60 heat shock protein family D (Hsp60) member 1
MAPILC3/LC3 microtubule associated protein 1 light chain 3
PINK1 PTEN induced putative kinase 1

PRKN/PARK2 parkin RBR E3 ubiquitin protein ligase

PRPF6 pre-mRNA processing factor 6

PRPE8 pre-mRNA processing factor 8

PRPF19 pre-mRNA processing factor 19

PRPF31 pre-mRNA processing factor 31
SNRNP200/BRR2  small nuclear ribonucleoprotein U5 subunit 200
ULK1 unc-51 like autophagy activating kinase 1.
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