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A positive feedback loop between SMAD3 and PINK1 in
regulation of mitophagy
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PTEN-induced kinase-1 (PINK1) is a crucial player in selective clearance of damaged mitochondria via the autophagy-lysosome
pathway, a process termed mitophagy. Previous studies on PINK1 mainly focused on its post-translational modifications, while the
transcriptional regulation of PINK1 is much less understood. Herein, we reported a novel mechanism in control of PINK1
transcription by SMAD Family Member 3 (SMAD3), an essential component of the transforming growth factor beta (TGFβ)-SMAD
signaling pathway. First, we observed that mitochondrial depolarization promotes PINK1 transcription, and SMAD3 is likely to be the
nuclear transcription factor mediating PINK1 transcription. Intriguingly, SMAD3 positively transactivates PINK1 transcription
independent of the canonical TGFβ signaling components, such as TGFβ-R1, SMAD2 or SMAD4. Second, we found that
mitochondrial depolarization activates SMAD3 via PINK1-mediated phosphorylation of SMAD3 at serine 423/425. Therefore, PINK1
and SMAD3 constitute a positive feedforward loop in control of mitophagy. Finally, activation of PINK1 transcription by SMAD3
provides an important pro-survival signal, as depletion of SMAD3 sensitizes cells to cell death caused by mitochondrial stress. In
summary, our findings identify a non-canonical function of SMAD3 as a nuclear transcriptional factor in regulation of PINK1
transcription and mitophagy and a positive feedback loop via PINK1-mediated SMAD3 phosphorylation and activation.
Understanding this novel regulatory mechanism provides a deeper insight into the pathological function of PINK1 in the
pathogenesis of neurodegenerative diseases such as Parkinson's disease.
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INTRODUCTION
To maintain mitochondrial quality control and cellular home-
ostasis, dysfunctional mitochondria are selectively degraded
through the autophagy-lysosome pathway, a process termed as
mitophagy1. Defects in mitophagy has been implicated in various
human disorders such as cancer, neurodegenerative and cardio-
vascular diseases2,3. Multiple molecular mechanisms of mitophagy
have been reported, and among them the mechanism involving
Phosphatase and Tensin homolog (PTEN)-induced kinase 1 (PINK1)
and the E3 ubiquitin (Ub) ligase Parkin has been extensively
studied as a critical player in control of mitophagy in response to
mitochondrial stress4,5.
PINK1, a serine/threonine kinase, once synthesized in the

cytosol, is readily imported into mitochondria via the translocases
of the outer membrane (TOM) complex, where it is subjected to
cleavage and degradation by mitochondrial proteases presenilin-
associated rhomboid-like protein (PARL) and mitochondrial
processing peptidase6–8. The remaining C-terminal of PINK1 is
then retrieved back to the cytosol and quickly degraded by the

proteasome via the N-end rule pathway9. Upon mitochondrial
damage or depolarization, the above-described process of PINK1
proteolysis is inhibited, leading to its accumulation and stabiliza-
tion on the outer mitochondrial membrane (OMM)8,10. The
stabilized PINK1 forms a homodimer, leading to its autopho-
sphorylation and activation. The activated PINK1 then directly
phosphorylates Ub11–13 and Parkin, both at Ser6514–16. Notably,
the phosphorylated Ub chains also function as a Parkin activator,
which in turn, activates Parkin and recruits more Ub at the OMM
for PINK1 phosphorylation17–20. Therefore, PINK1-mediated phos-
phorylation and Parkin-mediated ubiquitination form a positive
feedforward loop for the induction of mitophagy. All these
findings highlight a fundamental role of PINK1 in regulating
mitophagy through its post-translational modifications (PTMs).
Unwarranted and dysregulated PINK1 is harmful to cell survival

and needs to be tightly regulated21. In contrast to the well-studied
PTMs of PINK1, at present, its transcriptional modulation under
mitochondrial stress remains largely unexplored. At present,
several nuclear transcriptional factors have been reported to
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regulate PINK1 transcription, such as nuclear forehead box O3
(FoxO3) under oxidative stress condition22. In addition, some other
nuclear proteins such as lysine acetyltransferase 8 (KAT8) and
KAT8 Regulatory NSL Complex Subunit 1 (KANSL1) have also been
reported to regulate PINK1 function23. However, in the context of
mitophagy induced by acute mitochondrial damage, the tran-
scriptional regulation of PINK1 has not been fully investigated.
In this study, by combining bio-informatic analysis and

biochemical as well as cell biology approaches, we disclose a
novel function of SMAD3 in regulation of PINK1 transcription and
mitophagy, a process independent of the canonical TGFβ
signaling pathway. Importantly, SMAD3 is directly phosphorylated
and activated by PINK1, thereby constituting a positive feedfor-
ward loop between SMAD3 and PINK1 for induction of mitophagy.
Our findings thus shed new lights on the molecular mechanisms
of mitophagy via regulation of PINK1 transcription. This study
might provide rationales for development of interventional
strategies for mitophagy-related disorders such as Parkinson's
disease (PD) by targeting the SMAD3-PINK1 signaling loop.

RESULTS
Association of SMAD3 with PINK1 expression
To understand the regulatory mechanisms of PINK1 at the
transcriptional level, we first treated HeLa cells stably expressing
YFP-Parkin (HeLa YFP-Parkin cells) with two mitochondrial damage
agents oligomycin and antimycin A (O/A) to induce PINK1
stabilization on the depolarized mitochondria24. An upregulation
of mRNA and protein level of PINK1 were detected (Fig. 1a‒c). Of
note, treatment with Actinomycin D, an inhibitor of de novo
mRNA synthesis, almost completely abolished both the mRNA and
protein level of PINK1 (Fig. 1a‒c), suggesting that PINK1 is under
active transcription upon mitochondrial damage. Consistently,
there is also a remarkable reduction of PINK1 protein level under
the treatment of cycloheximide (CHX) to block de novo protein
synthesis (Fig. 1d, e).
Since the loss of MMP is considered as a driver to promote

PINK1 accumulation16, we wondered whether the reduction of full
length PINK1 caused by CHX and Actinomycin D was due to the
recovery of MMP. To test this possibility, we used TMRE staining to
detect MMP25. As shown in Supplementary Fig. S1a, O/A
treatment resulted in a significant decrease in MMP, which was
not affected by the pre-treatment with CHX and Actinomycin D. It
is well-known that O/A-induced the activation and degradation of
Zinc Metallopeptidase (OMA1) can cleave long-active L-OPA1
(Mitochondrial Dynamin Like GTPase) to fusion-inactive S-OPA1
isoforms26. As shown in Figs. 1b, d, OMA1 and its well-known
substrate OPA1 were also not affected by CHX and Actinomycin D,
suggesting that inhibition of mRNA and protein synthesis does
not affect mitochondrial depolarization.
To rule out the possibility that the decreased level of PINK1 in

response to Actinomycin D and CHX was due to increased cell
death, cell viability was measured by propidium iodide (PI)
exclusion assay coupled with flow cytometry. The results showed
that the presence of Actinomycin D and CHX did not change the
cell viability under treatment with O/A for 24 h (Supplementary
Fig. S1b). Thus, it is believed that the reduction of PINK1 mRNA
and protein level caused by Actinomycin D and CHX are not
caused by increased cell death.
In addition, we were able to observe similar trends of changes

of PINK1 mRNA and protein levels in HeLa cells without Parkin
expression (Supplementary Fig. S1c‒e) and HEK293T cells with
endogenously expressed Parkin (Supplementary Fig. S1g‒i), which
also showed no effect of pre-treatment of Actinomycin D and CHX
on O/A-induced decrease of MMP (Supplementary Fig. S1f, j).
Here we also used a mitochondrial uncoupler carbonyl cyanide

chlorophenylhydrazone (CCCP) and observed similar effects on
PINK1 mRNA level as O/A (Supplementary Fig. S1m). Moreover, we

quantified PINK1 mRNA level by using two additional primers
targeting different regions of PINK1 cDNA (Supplementary Fig. S1k)
and the specific size of qPCR product by these three primers were
shown in Supplementary Fig. S1l. Notably, there was a similar
trend in cells treated with CCCP with or without Actinomycin D
(Supplementary Fig. S1m). All these data suggest that PINK1 is
under active transcription and translation upon mitochondrial
damage, a process independent of Parkin.
To identify the potential transcriptional factors in control of

PINK1 transcription under mitochondrial damage, we conducted a
bioinformatics prediction analysis (MotifMap | RNA (uci.edu),
https://motifmap-rna.ics.uci.edu/search)27 and several potential
candidates were identified, of which we focused on SMAD Family
Member 3 (SMAD3) based on its positive orientation, statistical
significance and score ranking (Fig. 1f). Furthermore, correlation
analysis using a human brain cohort-GSE118553 (acquired from
GEO database) revealed a positive correlation between the mRNA
levels of PINK1 and SMAD3, but not SMAD2 and SMAD4, in
temporal cortex and frontal cortex (Fig. 1g, h; Supplementary S1n‒
q). In line with this, the same result could also be obtained from
another independent human brain cohort-GSE205450, in which
positive correlative relationships between PINK1 and SMAD3 in
putamen and caudate region were found (Fig. 1i, j).
Consistently, SMAD3 is also listed as one of the positive

modulators of Parkin translocation in selective mitophagy
according to the Genome-wide high-content siRNA screen28,
which further supports the relevance between SMAD3 and PINK1.
Taken together, these results suggest that PINK1 is transcription-
ally upregulated under mitochondrial stress whereas SMAD3 is
possibly implicated.

SMAD3 is a positive nuclear transcription factor of PINK1
Since SMAD3 is a well-known transcription factor29, the positive
association between PINK1 mRNA levels and SMAD3 shown above
indicates the possibility that SMAD3 is the potential transcription
factor for PINK1. To test this hypothesis, we first tested the cells
with stable knockdown of SMAD3 and found that SMAD3
deficiency resulted in a significant downregulation of PINK1 mRNA
level induced by O/A (Fig. 2a, b; Supplementary S2a‒f), indicating
that SMAD3 plays an important role in mediating PINK1
transcription. Next, we performed a chromatin immunoprecipita-
tion (ChIP)-seq assay through immunoprecipitating DNA with
SMAD3 antibody and identified three potential putative SMAD3
responsive elements in the PINK1 promoter region (ARE1, ‒
4871 ~ ‒4847 bp; ARE2, ‒4394 ~ ‒3483 bp; ARE3, ‒592 ~ ‒504 bp)
(Fig. 2c). We then generated different mutations by region-
directed deletion of these AREs (Fig. 2c). The luciferase reporter
assay revealed that cells with PINK1-ARE-0 (with deletion of ARE1,
ARE2 and ARE3) and PINK1-ARE-3 (with deletion of ARE1 and
ARE2) dramatically decreased the reporter activity, suggesting that
the two responsive elements (ARE1, ‒4871 ~ ‒4847 bp; ARE2, ‒
4394 ~ ‒3483 bp) are required for SMAD3-mediatd PINK1 tran-
scription (Fig. 2d). This result was further supported by the ChIP
assay, in which deletion of ARE1 and ARE2 let to remarked
reduction of SMAD3 recruitment to the PINK1 promoter region
(Fig. 2e). Furthermore, knockdown of SMAD3 significantly reduced
the PINK1 luciferase activity only in cells with expression of PINK1-
ARE-1-2-3 and PINK1-ARE-2-3, but not in cells with expression of
PINK1-ARE-3 and PINK1-ARE-0 (Fig. 2f). Together, the above data
suggest that the transcriptional regulation of PINK1 by SMAD3 is
mainly dependent on the ARE1 and ARE2 elements.
It is well-known that in response to transforming growth factor

beta (TGFβ), SMAD3 is phosphorylated at Ser423/425, which is
necessary for its nuclear translocation to drive its target gene
transcription30–32. Thus, we examined the cellular localization of
SMAD3 under mitochondrial damaging condition and found that,
similar to the results obtained with TGFβ-treated cells, there is a
drastically enhanced SMAD3 nuclear translocation after O/A
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treatment (Fig. 2g, h). In agreement with the results obtained by
fluorescence assay, O/A treatment led to an accumulation of
SMAD3 in the nuclear fraction (Fig. 2i, j). These data collectively
suggest that SMAD3 is capable of promoting PINK1 transcription
upon mitochondrial damage.

SMAD3 up-regulates PINK1 expression
Next, we examined the impact of SMAD3 on PINK1 expression by
both pharmacological and genetic approaches. First, we blocked
SMAD3 by E-SIS3, a potent and specific inhibitor of SMAD3 known
to suppress SMAD3 phosphorylation and hence its transcriptional
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function33,34. As shown in Fig. 3a, b, the accumulation of full-
length PINK1 and its downstream p-Ub (Ser65) levels were
markedly reduced in the presence of E-SIS3 in cells treated with
O/A.
It has been shown that inhibition of SMAD3 via E-SIS3 is linked

to decreased cell viability35. To exclude the involvement of cell
death in the reduction of PINK1 protein level, cell viability was
measured and the results showed that the presence or absence of
E-SIS3 had no impact on cell viability (Supplementary Fig. S3a).
Besides, we also showed that the inhibition of SMAD3 has no
effect on O/A-induced loss of MMP as well as the cleavage of
OMA1 and OPA1 (Fig. 3a; Supplementary Fig. S3b), indicating that
SMAD3 suppression does not affect mitochondrial depolarization.
Moreover, we generated SMAD3 stable knockdown cells and

found that shSMAD3 resulted in a significant decrease of full-
length PINK1 and p-Ub (Ser65) in cells treated with O/A (Fig. 3c, d).
Similar changes were observed in HeLa cells without expression of
Parkin (Supplementary Fig. S3d, g, h, k), HEK293T cells (Supple-
mentary Fig. S3e, i, l) and SY5Y cells (Supplementary Fig. S3f, j)
with endogenous expression of Parkin, suggesting that the
regulatory effect of SMAD3 on PINK1 is independent of Parkin.
Similarly, deletion of SMAD3 did not reverse MMP in response to
O/A treatment (Supplementary Fig. S3c), thus confirming that
MMP is not implicated in the reduction of PINK1 protein level
caused by SMAD3 suppression.
To further confirm the role of SMAD3 in regulation of PINK1

expression, we performed reconstitution of Flag-SMAD3 in cells
with stable knockdown of SMAD3 and observed that the
reconstituted SMAD3 was able to restore PINK1 and p-Ub
(Ser65) level in SMAD3-knockdown cells treated with O/A
(Fig. 3e, f). Moreover, SMAD3 overexpression also led to significant
increase of PINK1 protein level (Fig. 3g, h). Therefore, we conclude
here that SMAD3 is capable of upregulating PINK1 expression
upon mitochondrial damage.

SMAD3 promotes mitophagy
Having established that SMAD3 plays a positive regulatory role in
PINK1 expression, we tried to assess the functional influence of
SMAD3 on PINK1-dependent mitophagy. To do this, we studied
the impact of the chemical inhibitor of SMAD3, E-SIS3, on
mitochondrial protein degradation in cells treated with O/A.
Reduction of mitochondrial proteins such as MFN1 (an OMM
protein) and COXIV (an IMM protein) were assessed to evaluate
the mitophagy level. We found that pre-treatment with E-SIS3
markedly reduced O/A-induced mitochondrial protein degrada-
tion (Fig. 4a, b; Supplementary Fig. S4a, b). Consistently, SMAD3
knockdown also abolished O/A-induced degradation of mitochon-
drial proteins (MFN1 and COXIV) (Fig. 4c, d; Supplementary
Fig. S4c, d). Similar results were also found with the degradation of
mitochondrial outer membrane protein TOMM20 examined by
immunofluorescence (Fig. 4e, f). Since the recruitment of Parkin to
damaged mitochondria is mediated by PINK1 as a critical step for
mitophagy10,24,36, we utilized a previously established HeLa cells
stably expressing mCherry-Parkin and mitoGFP to further examine
whether SMAD3 could affect Parkin mitochondrial localization37.

Indeed, the inhibition of SMAD3 effectively blocked Parkin
translocation to mitochondria induced by O/A (Fig. 4g, h). Then,
we examined the clearance of mtDNA, a well-known indicator of
mitophagy38–40. By using qPCR to quantify the ratio of mtDNA to
nuclear DNA, the clearance of mtDNA was markedly blocked in
SMAD3-knockdown cells (Fig. 4i), indicating the defective
mitophagy.
Moreover, we used mito-Keima assay, a well-established tool to

monitor mitophagic flux and quantify mitophagy41,42. As shown in
Fig. 4j, k and Supplementary Fig. S4e, upon O/A treatment, a
remarkable gradual shift to longer-wavelength excitation was
detected in the control cells, which was clearly reversed by either
SMAD3 knockdown or SMAD3 inhibition with E-SIS3, indicating a
decreased level of mitophagy upon SMAD3 suppression. Overall,
the above data collectively suggest that SMAD3 promotes
mitophagy.

SMAD3 regulates PINK1 transcription independent of TGFβ
signaling
It is well known that in the TGFβ signaling pathway, SMAD3 works
together with other SMAD family members including SMAD2 and
SMAD4 to control the transcription of downstream target genes43.
To test whether other SMAD members are implicated in regulation
of PINK1 transcription, we knocked down SMAD2 and SMAD4 and
found that both PINK1 and p-Ub (S65) levels were not affected
upon mitochondrial damage (Fig. 5a‒d; Supplementary S5b‒d and
f‒h), indicating that only SMAD3, but not SMAD2 or SMAD4, is
involved in the regulation of PINK1 transcription.
To further exclude the effect of SMAD2 or SMAD4 on MMP upon

O/A treatment, we measured MMP upon SMAD2 or SMAD4
knockdown with/without O/A treatment. As shown in Supple-
mentary Fig. S5a, e, the effect of O/A on MMP upon SMAD2 or
SMAD4 knockdown is rather similar and comparable. Besides, the
activation and degradation of OMA1 through its self-cleavage and
its well-known substrate OPA1 caused by O/A-induced mitochon-
drial depolarization, were not affected by SMAD2 or SMAD4
knockdown (Fig. 5a, b). Thus, our data indicate that SMAD2 or
SMAD4 knockdown does not alter mitochondrial depolarization
induced by O/A treatment. In addition, we also found that PINK1
mRNA level was not affected in cells with SMAD2 or SMAD4
knockdown (Fig. 5e), Therefore, it is believed that SMAD2 or
SMAD4 has no regulatory role in the modulation of PINK1
expression.
Next, we examined whether TGFβ stimulation would affect

PINK1 transcription. As expected, the stimulation of TGFβ led to
phosphorylation of SMAD2 and SMAD3, and increased the protein
level of p21, a known downstream target of the TGFβ signaling
pathway44, while TGFβ stimulation did not show any effect on
PINK1 and p-Ub (Ser65) (Fig. 5f, g, Supplementary Fig. S5i, j).
Consistently, TGFβ did not affect PINK1 mRNA level (Fig. 5h,
Supplementary Fig. S5j), suggesting that PINK1 transcription is not
regulated by the canonical TGFβ signaling pathway.
To further test the role of TGFβ signaling pathway in activation

of SMAD3 caused by O/A, we utilized Galunisertib, a selective
TGFβ-RI inhibitor45. As expected, we found that Galunisertib

Fig. 1 Association of SMAD3 with PINK1 expression. a PINK1 mRNA level was quantified using RT-PCR in HeLa YFP-Parkin cells followed by
with or without O/A (1/1 μM) induction for the indicated time in the presence or absence of Antinomycin D (2 μg/mL) pre-treatment. b, d HeLa
YFP-Parkin cells were pre-treated with or without Antinomycin D (2 μg/mL) (b) or CHX (50 μM) (c) for 1 h. Subsequently, the cells were treated
with O/A (1/1 μM) for the indicated time and subjected to western blotting analysis with the indicated antibodies. c The indicated proteins
were quantified by normalizing to GAPDH as loading control in cells treated as in b. e The indicated proteins were quantified by normalizing
to GAPDH as loading control in cells treated as in d. f Bioinformatics analysis about the prediction of transcriptional factors for PINK1 by
(MotifMap | RNA (uci.edu). Red labeling indicates the most possible transcription factor for PINK1 among the top candidates. g, h The
correlation analysis between PINK1 and SMAD3 in human temporal cortex, and frontal cortex from cohort-118553 (GEO database). i, j The
correlation analysis between PINK1 and SMAD3 in human putamen and caudate region from cohort-GSE205450 (GEO database). Data shown
represent the means ± SD of three biological replicates, ***P < 0.001, ****P < 0.0001; significance was determined by one-way ANOVA test
followed by Tukey’s correction (a, c, e).
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effectively abolished SMAD3 phosphorylation induced by TGFβ
but failed to affect SMAD3 phosphorylation caused by O/A
(Fig. 5i, j; Supplementary S5k). These findings thus suggest a non-
canonical function of SMAD3 in control of PINK1 transcription
independent of TGFβ signaling.

Finally, we compared the different effects of TGFβ and O/A
treatment on phosphorylation of SMAD2 and SMAD3. As shown in
Fig. 5k, l, TGFβ caused an evident increase in SMAD2 and SMAD3
phosphorylation, accompanying by upregulation of p21 (Fig. 5k, l).
In comparison, only SMAD3, but not SMAD2, was phosphorylated
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following O/A treatment (Fig. 5k, l). These data clearly suggest that
O/A treatment specifically induces SMAD3 phosphorylation, but
not affecting other components in the canonical TGFβ signaling
pathway.

SMAD3 is phosphorylated by PINK1
Since mitochondrial stress induces SMAD3 phosphorylation
independent of TGFβ-R1 and PINK1 is a protein kinase, we
speculated whether PINK1 could serve as a direct kinase for
SMAD3. To test this hypothesis, we first utilized bioinformatics
approaches to test the location of binding residue between
human PINK1 (hPINK1) and SMAD3. The structure domain of
PINK1 and SMAD3 are shown in Supplementary Fig. S6a.
AlphaFold2 database was utilized to perform the structure
prediction about Pediculus humanus corporis (human body louse)
and Tribolium castaneum (Red flour beetle) PINK1. The Insertion-3
region (residues 188‒213) in the hPINK1 was known as a binding
site for ubiquitin and was selected as the initial starting location
for SMAD3 to bind46. For SMAD3, we focused on the protein
binding structure MH2 domain regions that function in protein‒
protein interaction while MH1 is responsible for direct DNA
binding47. Therefore, MH2 domain of SMAD3 is strategically
placed in proximity to hPINK1 (Supplementary Fig. S6a).
A total of 3.6 µs all atomistic molecular dynamics (MD)

simulation was used for analyzing SMAD3‒PINK1 complex and
MM/GBSA calculations. The average effective binding energy for
nine different starting configurations was ‒45.2 ± 16.6 kcal mol‒1

for MH2 domains, with the highest effective binding energy
structure achieved at ‒88.4 ± 10.0 kcal mol‒1 (Supplementary Fig.
S6b). The residues E382 on SMAD3 and R326 on PINK1 contributed
to 15.3% (13.5 ± 5.7 kcal mol‒1) of effective binding energy.
Similarly, K377 on SMAD3 and D294 on PINK1 contributed 7.5%
(6.6 ± 6.4 kcal mol‒1) to the effective binding energy.
Next, we used co-immunoprecipitation assay to examine the

protein‒protein interaction between PINK1 and SMAD3 and con-
firmed the interaction of PINK1 with SMAD3 in cells with or without
Parkin expression, suggesting that this interaction is likely indepen-
dent of Parkin (Fig. 6a, b; Supplementary Fig. S6c, d). Furthermore,
endogenous PINK1 could also be immunoprecipitated by SMAD3
(Fig. 6c; Supplementary Fig. S6e). To further verify that the kinase
activity of PINK1 was responsible for SMAD3 binding, we generated a
PINK1 kinase-dead mutant (PINK1-KD, K219A/D362A/D384A) and
found that the PINK1-KD failed to interact with SMAD3 (Fig. 6d),
suggesting that the interaction between PINK1 and SMAD3 is
dependent on the kinase activity of PINK1.
Second, we performed in vitro kinase assay to examine SMAD3

phosphorylation at its serine 423/425 that have been proposed as

key sites for its activation43. Indeed, we found that PINK1 was able
to directly phosphorylate SMAD3 at serine 423/425 (Fig. 6e).
Increase of p-Ub was used a positive control of PINK1 kinase
activity11. It is worth noticing that, PINK1-KD was unable to
phosphorylate SMAD3 (Fig. 6f). This set of data thus clearly
demonstrate that PINK1 is capable of phosphorylating SMAD3 at
serine 423/425. Based on the fact that phosphorylation of SMAD3
at serine 423/425 is a key event in the TGFβ signaling
pathway43,48, we further tested the specificity of PINK1-mediated
SMAD3 phosphorylation by using their phosphorylation-defective
mutants of SMAD3. Indeed, the mutant forms of S423/425 are
much less responsive to PINK1 in vitro (Fig. 6g), confirming that
PINK1 is capable of phosphorylating SMAD3 at S423/425.
Meanwhile, we tried to assess whether SMAD2 could also be

phosphorylated by PINK1 at its serine 465/467, well-known sites
for its phosphorylation and activation in the TGFβ signaling
pathway49. Strikingly, only p-SMAD3 (serine 423/425), but not
p-SMAD2 (serine 465/467) was detected (Fig. 6h), thus indicating
that only SMAD3, but not SMAD2, is a direct substrate of PINK1 for
phosphorylation.
After knowing the direct interaction and phosphorylation of

SMAD3 by PINK1, we next attempted to explore whether SMAD3
is recruited to the damaged mitochondria. As shown in Fig. 6i, j,
only in the presence of O/A-induced mitochondrial stress, but not
TGFβ stimulation, SMAD3 exhibited a significant mitochondrial
translocation. Such findings may help to explain the phenomenon
that only O/A exposure, but not TGFβ treatment, caused a
remarkable increase of PINK1 mRNA and protein level even
though both TGFβ and O/A could induce p-SMAD3.
Next, to further verify that SMAD3 phosphorylation observed

in cells treated with O/A is dependent on PINK1, we generated
PINK1-KO cells (Fig. 6k, l) and found that the phosphorylation of
SMAD3 elicited by O/A treatment was markedly diminished in
PINK1-KO cells, which could be restored by the reconstitution of
PINK1 (Fig. 6k, l). Moreover, PINK1 did not show any effect on
SMAD3 phosphorylation induced by TGFβ (Fig. 6k, l). Such
results thus indicate that O/A-induced SMAD3 phosphorylation
is PINK1-dependent while TGFβ-induced p-SMAD3 does not
require PINK1.
Finally, to establish the role of SMAD3 phosphorylation in its

regulation of PINK1 transcription, we examined the effect of
phosphorylation-defective mutants of SMAD3. Reconstitution of
SMAD3-WT, but not its mutation forms in cells depleted of SMAD3,
was able to restore PINK1 mRNA (Supplementary Fig. S6g)
and protein level following O/A treatment (Fig. 6m, n). Of note,
p-SMAD3, stabilization of PINK1 and reduction of mitochondrial
proteins (MFN1 and COXIV) were only found in cells with

Fig. 2 SMAD3 is a positive nuclear transcription factor of PINK1. a HEK293T WT and SMAD3 knockdown cells were treated with O/A (1/
1 μM) for 4 h and harvested for western blotting analysis with the indicated antibodies. b PINK1 mRNA level was quantified using RT-PCR in
HEK293T SMAD3 knockdown cells followed with or without O/A (1/1 μM) induction for 4 h. c Schematic presentation of SMAD3 and PINK1
binding sites. The scheme represents the PINK1 promoter construct lacking different SMAD3 response elements (ARE1, ARE2, ARE3). PINK1-
ARE-0 is shown as a negative control. d Different PINK1 promoter constructs (PINK1-ARE-1-2-3, PINK1-ARE-2-3, PINK1-ARE-3) were co-
transfected in HEK293T cells with the pRL-TK reporter gene (normalize transfection efficiencies) for 24 h. Data are expressed as a percentage of
firefly luciferase activity (promoter constructs-transfected cells)/Renilla luciferase activity (pRL-TK-transfected cells) by Dual-Glo luciferase assay
system and presented as the means ± SD of 3 independent experiments performed in triplicates. e ChIP analysis of SMAD3 binding to the
PINK1 locus in HEK293T cells. GAPDH was used as a negative control. f Different PINK1 promoter construct (PINK1-ARE-1-2-3, PINK1-ARE-2-3,
PINK1-ARE-3) were co-transfected in HEK293T cells or HEK293T SMAD3 knockdown cell with the pRL-TK reporter gene (normalize transfection
efficiencies) for 24 h. Data are expressed as a percentage of firefly luciferase activity (promoter constructs-transfected cells)/Renilla luciferase
activity (pRL-TK-transfected cells) by Dual-Glo luciferase assay system and presented as the means ± SD of 3 independent experiments
performed in triplicates. g HeLa WT cells were treated with OA (1/1 μM) for 4 h and analyzed by confocal microscopy followed by immune-
staining with SMAD3 (red) and DAPI. Scale bars, 10 μm. h The colocalization of SMAD3 with DAPI in g was quantified by Pearson’s correlation
overlapping coefficient. i Subcellular fractionation was performed to isolate the cytosolic and nuclear fractions in HeLa WT cells treated with
O/A (1 μM) for 4 h. The samples were then analyzed by western blotting with the indicated antibodies. Lamin A/C and GAPDH were used as
nuclear and cytosolic markers, respectively. j SMAD3 in nucleus was quantified by normalizing to that in cytosol of cells treated as in i. Data
shown represent the means ± SD of three biological replicates, ***P < 0.001, ****P < 0.0001; significance was determined by one-way ANOVA
test followed by Tukey’s correction (b, d, e, f, h, j).
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reconstitution of SMAD3-WT, but not in cells with overexpression
of mutant SMAD3 (Fig. 6m, n). Similar data were found when
mitophagy was detected using the mito-Keima assay (Supple-
mentary Fig. S6h). Thus, data from this part of our study provide
clear evidence that PINK1 is a kinase mediating SMAD3

phosphorylation at serine 423/425 both in vivo and in vitro, a
process important for the transcriptional activity of SMAD3. Taken
together, our results suggest the existence of a positive feedback
loop between PINK1 and SMAD3 in response to mitochondrial
damage.
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Activation of SMAD3 provides a pro-survival mechanism
against mitochondrial stress
It has been reported that PINK1 plays an important role in
regulating cell survival upon mitochondrial depolarization50–52.
Thus, we tried to evaluate how SMAD3 affected the susceptibility
to cell death caused by mitochondrial depolarization. After
knocking down SMAD3, apoptosis was monitored by analyzing
CASP (caspase)-mediated PARP cleavage following O/A treatment.
As shown in Fig. 7a, b and Supplementary Fig. S7a, b, f, the
cleavage of PARP was greatly increased in SMAD3-knockdown
cells. We then checked the cell viability of WT and SMAD3-
knockdown cells under O/A treatment and found that SMAD3-
depleted cells were much more sensitive to cell death compared
to control cells (Fig. 7c; Supplementary Fig. S7c, g). The same
results were further confirmed by the PI exclusion assay (Fig. 7d, e;
Supplementary Fig. S7d, e, h), which showed that SMAD3-
depleted cells were more sensitive to cell death induced by O/A.
To clarify the type of cell death caused by SMAD3 inhibition under
mitochondrial stress, we applied different cell death inhibitors
such as caspase inhibitor Z-VAD-FMK, ferroptosis inhibitor-
Ferrostatin-1 and necroptosis inhibitor-Necrostatin-1. As shown
in Supplementary Fig. S7i, only Z-VAD-FMK can abolish the
increased cleaved PARP stimulated by SMAD3 inhibition under
mitochondrial stress. Thus, our data collectively suggest that
SMAD3 mediates an anti-apoptotic response to mitochondrial
damage, probably via activation of PINK1-mediated mitophagy.

DISCUSSION
In this study, we made two major findings. First, we found a novel
non-canonical function of SMAD3 in transcriptional regulation of
PINK1, a process independent of the TGFβ signaling pathway.
Second, we found that PINK1 directly binds to and phosphorylates
SMAD3 at serine 423/425, and this form of PTM promotes the
transcriptional activity of SMAD3. Thus, we reveal a novel non-
canonical regulatory role of SMAD3 in PINK1 transcription and
mitophagy. The activated PINK1 then targets SMAD3 for
phosphorylation, which results in a positive feedforward loop in
control of PINK1 expression and mitophagy (Fig. 7f).
PINK1 is an important serine-threonine kinase for the process of

mitophagy, working upstream of the E3-ligase Parkin53–55. At
present, most of the studies on regulation of PINK1 are focusing
on its PTMs such as cleavage, ubiquitination and proteasomal
degradation, while relatively much less is known about its
transcriptional regulation. A recent report revealed the importance
of intracellular localization of PINK1mRNA in control of its translation
and expression and ultimately in regulation of mitophagy56, but
without elaborating the transcription of PINK1 per se. Data from the
current study demonstrating a novel function of SMAD3 in
promoting mitophagy via regulation of PINK1 transcription are
indeed consistent with some of the earlier reports linking SMAD3
with mitochondrial function. For instance, it has been reported that
SMAD3 deficiency impaired mitochondrial biogenesis through
reducing oxidative enzyme activity57. In addition, SMAD3 could be

degraded by LAMP2A-mediated CMA-lysosome pathway and impair
mitochondrial biogenesis58. Moreover, SMAD3 has been identified
as a key player to induce autophagy dysregulation through blocking
TFEB-dependent lysosome biogenesis59. Another report showed
that SMAD3 is involved in TGFβ-induced mitochondrial translocation
of Parkin and mitophagy, without alteration of mitochondrial
function60. Thus, all these findings suggest the possible participation
of SMAD3 in regulation of mitophagy. Of note, FOXO3 was
recognized as a transcriptional activator of PINK1 to mediate cell
survival signaling22. Interestingly, FOXO3 and SMAD3 coordinately
regulate the transcription of genes in a DNA-binding-dependent
manner61. It would be of interest to examine whether SMAD3-
mediated PINK1 transcriptional activation involves FOXO3 or other
transcription factors (TFs). Thus, our data make a significant step
forward by establishing a novel function of SMAD3 in promoting
PINK1 transcription.
SMAD3 is a well-known TGFβ effector required for transferring

TGFβ signal into the nucleus with the coordination of SMAD2 and
SMAD462–64. In search of the molecular mechanisms underlying
the regulation of PINK1 transcription by SMAD3, we had a rather
surprising finding that this function of SMAD3 is independent of
SMAD2, SMAD4 and TGFβR1, indicating a non-canonical function
of SMAD3 without involving the canonical TGFβ signaling
pathway. Although it is genuinely believed that SMAD2 or SMAD4
is required for SMAD3’s function in TGFβ signaling pathway65,66,
there are reports showing the functions of SMAD3 and SMAD2
independent of each other. For instance, chaperonin containing
TCP1 subunit 6A (CCT6A) only binds to and inhibits SMAD2 but
not SMAD3 to promote metastasis in lung cancer cells67,
suggesting opposite functions of SMAD3 and SMAD2 in mediating
lung cancer metastasis. Similarly, another study from the same
group demonstrated that SMAD3 is capable of directly repressing
the transcription of a series of cell cycle-promoting genes and
consequently causes cellular senescence in lung epithelial cells,
and this function of SMAD3 is independent of SMAD2 or SMAD468.
Therefore, it remains to be established whether SMAD3 has other
partner to coordinate its nuclear colocalization in response to
mitochondrial damage and transcriptional activation of PINK1.
Another important aspect of our study was the demonstration

that O/A-induced mitochondria stress can activate SMAD3 by
increasing SMAD3 phosphorylation at serine 423/425, same sites
that are activated by the TGFβ signaling. In this study, via both
in vitro and in vivo kinase assays we established that PINK1, a
mitochondrial kinase, could directly phosphorylate SMAD3 serine
423/425. At present, only very limited reports available showing
that SMAD3 could be phosphorylated by kinases other than
TGFβ-R1 in the TGFβ signaling pathway. For example, p38
mitogen-activated protein kinase (MAPK) has been reported to
mediate SMAD3 phosphorylation69. The decreased SMAD3
phosphorylation elicited by impaired MAPK is involved in PD
pathology while PINK1 deficiency acted as a causative factor of
autosomal recessive PD34,70.
In this study, we suggest that only SMAD3 phosphorylation by

PINK1, but not by TGFβ, even at the same phosphorylation site, is

Fig. 3 SMAD3 up-regulates PINK1 expression. a HeLa YFP-Parkin cells were pre-treated with E-SIS3 (20 μM) for 1 h. Subsequently, the cells
were treated with or without O/A (1/1 μM) for 4 h and subjected to western blotting analysis with the indicated antibodies. b The indicated
proteins were quantified by normalizing to GAPDH as loading control in cells treated as in a. c SMAD3 level was detected by infection with
control, shSMAD3#1 or shSMAD3#2 lentiviral particles in HeLa YFP-Parkin cells. Cells were then incubated with OA (1/1 μM) for 4 h for western
blotting analysis with the indicated antibodies. d The indicated proteins were quantified by normalizing to GAPDH as loading control in cells
treated as in c. e HEK293T WT and SMAD3-knockdown cells transfected with either empty vector (EV) or Flag-SMAD3 for 24 h were treated
with O/A (1/1 μM) and harvested at the indicated time points for western blotting analysis with the indicated antibodies. f The indicated
proteins were quantified by normalizing to α-Tubulin as loading control in cells treated as in e. g HEK293T cells transfected with Flag-SMAD3
for 24 h were treated with O/A (1/1 μM) and harvested at the indicated time points for western blotting analysis with the indicated antibodies.
h The indicated proteins were quantified by normalizing to α-Tubulin as loading control in cells treated as in g. Data shown represent the
means ± SD of three biological replicates, ****P < 0.0001; significance was determined by one-way ANOVA test followed by Tukey’s correction
(b, d, f, h).

M. Tang et al.

8

Cell Discovery



capable of activating PINK1 transcription. One possibility is that, as
shown in Fig. 6i, j, only in the presence of O/A-induced
mitochondrial stress, but not under TGFβ stimulation, SMAD3
exhibited a significant mitochondrial translocation. That is to say,
even though both O/A and TGFβ could trigger SMAD3

phosphorylation at the same site, only O/A treatment can promote
SMAD3 recruitment to the damaged mitochondria for further
stabilization and activation by PINK1, which in turn, form a positive
feedback loop through activating PINK1 transcription. Moreover,
our current data could not exclude other possibilities such as
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PINK1-mediated phosphorylation of SMAD3 at other sites which
would lead to different preferences in control of its downstream
target genes. Therefore, more work is needed to further establish
the molecular mechanisms underlying PINK1-mediated SMAD3
phosphorylation.
Finally, we also attempted to establish the functional implica-

tion of this functional interaction between SMAD3 and PINK1 in
control of cellular homeostasis in response to mitochondrial stress.
Our data found that the feedback loop of SMAD3-PINK1 provides
strong protective effects against cell death caused by mitochon-
drial stress although it needs more evidence to show the high
susceptibility of SMAD3-KD cells is causatively linked to mito-
phagy. Taking the strong positive correlation between PINK1 and
SMAD3 expression in human brain tissues (Fig. 1g‒j), we believe
that SMAD3 could serve as a protective mechanism in the
progression of PD. Future work should include quantification of
SMAD3 expression level in specific brain regions or neuronal cells.
Therefore, it might be of interest and importance to evaluate
whether targeting the SMAD3-PINK1 loop could be used for the
development of therapeutic approaches for mitochondria or
mitophagy-related diseases.
Despite the novel discovery on the reciprocal effects between

SMAD3 and PINK1, this study has several important limitations.
First, it is not clear how SMAD3 works alone in regulation of PINK1
transcription independent of the canonical TGFβ signaling path-
way and independent of its usual partners such as SMAD2 and
SMAD4. Second, the exact phosphorylation sites of SMAD3 by
PINK1 remain to be further investigated. A comprehensive mass
spectrometry (MS) analysis is needed to see whether there are any
other phosphorylation sites in addition to S423/425. Third, this
unique relationship between SMAD3 and PINK1 needs to be
further evaluated using other cells such as primary neurons and in
the context of in vivo disease models such as PD which is known
to be closely associated with mitophagy defects.
Taking together, our findings highlight the presence of a positive

feedback loop between SMAD3 and PINK1: SMAD3 promotes
transcription of PINK1 and PINK1 in turn mediates SMAD3
phosphorylation and activation in response to mitochondrial stress.
Understanding this novel regulatory mechanism provides a deeper
insight into the pathological function of PINK1 and SMAD3 in the
pathogenesis of neurodegenerative diseases such as PD.

MATERIALS AND METHODS
Cell culture
HeLa cells, HeLa YFP-Parkin cells, HEK293T cells and SY5Y cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11965092)
supplemented with 10% (v:v) fetal bovine serum (FBS, Thermo Fisher

Scientific, Cat# 10270106), 100 U/mL penicillin (Gibco, Cat# 15140122) and
100mg/mL streptomycin (Gibco, Cat# 15140122) at 37 °C in a humidified
atmosphere containing 5% (v:v) CO2.

Reagents and antibodies
Reagents used in this study. Antimycin A (Sigma-Aldrich, Cat# A8674),
Oligomycin (Sigma-Aldrich, Cat# 11342), CCCP (Med Chem Express, Cat#
HY-100941), propidium iodide (PI, Sigma-Aldrich, Cat# P4170), Actinomycin
D (Sigma-Aldrich, Cat# A9415), Cycloheximide (Sigma, Cat# C4859), E-SIS3
(Med Chem Express, Cat# HY-13013), Galunisertib (Med Chem Express, Cat#
HY-13226), Cisplatin (Med Chem Express, Cat# HY-17394), Z-VAD-FMK (Med
Chem Express, Cat# HY-16658B), Necrostatin-1 (Med Chem Express, Cat#
HY-15760), Ferrostatin-1 (Med Chem Express, Cat# HY-100579), Puromycin
dihydrochloride (Med Chem Express, Cat# HY-B1743A), Anti-Flag Magnetic
Beads (Med Chem Express, Cat# HY-K0207), Recombinant SMAD3 protein,
Human (Flag-His) (Med Chem Express, Cat# HY-P71323), Recombinant P.
humanus PINK1 Protein (R&D systems, Cat# AP-182-100), Recombinant
SMAD3 protein (Med Chem Express, HY-P71323), Recombinant Human
Ubiquitin Protein, CF (R&D systems, Cat# U-100H-10M).

Primary antibodies used in this study. anti-PINK1 (Cell Signaling Technol-
ogy, Cat# 6946), anti-phospho-ubiquitin (Cell Signaling Technology, Cat#
62802s), anti-Parkin (Cell Signaling Technology, Cat# 4211s), anti-MFN1/
mitofusin 1 (Cell Signaling Technology, Cat# 14739), anti-COXIV (Cell
Signaling Technology, Cat# 4850), anti-MYC-tag (Cell Signaling Technology,
Cat# 2276S), anti-OMA1 (Cell Signaling Technology, Cat# 95473S), anti-
OPA1 (Cell Signaling Technology, Cat# 67589), anti-FLAG (Cell Signaling
Technology, Cat# 14793), anti-SMAD3 (Cell Signaling Technology, Cat#
9523S), anti-p-SMAD3 (Cell Signaling Technology, Cat# 9520S), anti-SMAD2
(Cell Signaling Technology, Cat# 5339S), anti-p-SMAD2 (Cell Signaling
Technology, Cat# 18338T), anti-SMAD4 (Cell Signaling Technology, Cat#
46535S), anti-p21 (Cell Signaling Technology, Cat# 2947s), anti-Lamin A/C
(Cell Signaling Technology, Cat# 4777S), anti-PARP (Cell Signaling
Technology, Cat# 9542S), anti-DNA (Progen Biotechnik, 61,014), anti-
TOMM20 (Santa Cruz Technology, Cat# sc-17764), anti-TIM23 (Proteintech,
Cat# 11123-1-AP), anti-GAPDH (Proteintech, Cat# 60004-1-Ig), anti-α-Tubulin
(Proteintech, Cat# 11224-1-AP).

Secondary antibodies used in this study. Peroxidase-conjugated Affinity
Pure Goat anti-mouse IgG (H+ L), (Jackson Immuno Research, Cat# 115-
035-146); Peroxidase-conjugated Affinity Pure Goat anti-Rabbit IgG (H+ L),
(Jackson Immuno Research, Cat# 111-035-144); Alexa Fluor-594 goat anti-
mouse (Thermo fisher scientific, Cat# A-11032); Peroxidase-conjugated
affinity pure goat anti-mouse IgG, light chain specific (Jackson Immuno
Research, Cat# 115–035-174); Peroxidase-conjugated IgG fraction mono-
clonal mouse anti-rabbit, light chain specific (Jackson Immuno Research,
Cat# 211-032-171).

Plasmids and shRNA
Plasmids used in this study: PenCMV-3× Flag-SMAD3 (MiaoLingBio, China,
Cat# P1198), pCMVTNT-PINK1 C-myc (Addgene, Cat# 13314); pLenti6-DEST

Fig. 4 SMAD3 promotes mitophagy. a HeLa YFP-Parkin cells were pre-treated with E-SIS3 (20 μM) for 1 h. Subsequently, the cells were treated
with or without OA (1/1 μM) for 4 h and subjected to western blotting analysis with the indicated antibodies. b The indicated proteins were
quantified by normalizing to GAPDH as loading control in cells treated as in a. c SMAD3 level was detected by infection with control,
shSMAD3#1 or shSMAD3#2 lentiviral particles in HeLa YFP-Parkin cells. Cells were then incubated with OA (1/1 μM) for 4 h for western blotting
analysis with the indicated antibodies. d The indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as
in c. e HeLa YFP-Parkin WT and SMAD3-knockdown cells were treated with OA (1/1 μM) for 24 h and analyzed by confocal microscopy
followed by immuostained with an anti-TOMM20 antibody (Red) and DAPI. Scale bars, 10 µm. f The colocalization of TOM20 with YFP-Parkin in
e was quantified by Pearson’s correlation overlapping coefficient. g HeLa WT cells with stable expression of mcherry-Parkin (Red) and mito-
GFP (Green) were infected with shcontrol or shSMAD3 lentiviral particles specific shRNA. HeLa mcherry-Parkin and SMAD3-knockdown cells
were treated with OA (1/1 μM) for 60 min and analyzed for mcherry-Parkin (Red) and mito-GFP (Green) by confocal microscopy. Scale bars,
10 µm. h The colocalization of mcherry-Parkin with mito-GFP in g was quantified by Pearson’s correlation overlapping coefficient.
i Quantification of mtDNA by qPCR through amplifying mtDNA gene ND1 after treatment with O/A (1/1 µM) for 24 h. j HeLa YFP-Parkin mito-
Keima cells were pre-treated with E-SIS3 (20 μM) for 1 h and treated with OA (1/1 μM) for 8 h. Subsequently, the cells were harvested for FACS
analysis by excitation at 405 nm (neutral pH) and 561 nm (acidic pH). k The relative mean mt-Keima 561/405 ratio was quantified by
normalizing to DMSO group in cells treated as in j. l HeLa YFP-Parkin mito-Keima WT and SMAD3-knockdown cells were treated with OA
(1/1 μM) for 8 h and harvested for FACS analysis by excitation at 405 nm (neutral pH) and 561 nm (acidic pH). m The relative mean mt-Keima
561/405 ratio was quantified by normalizing to DMSO group in cells treated as in l. Data shown represent the means ± SD of three biological
replicates, **P < 0.01, ***P < 0.001, ****P < 0.0001; significance was determined by one-way ANOVA test followed by Tukey’s correction
(b, d, f, h, i, k, m).
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PINK1-V5 WT (Addgene, Cat# 13320); pLenti6-DEST PINK1-V5 KD (Addgene,
Cat# 13319), pLV-mitoGFP was a kind gift from Pantelis Tsoulfas (Addgene
Cat# 44385); pBMN-mCherry-Parkin (Addgene Cat# 59419) was a kind gift
from Richard Youle; pMD2.G-VSVg (Addgene Cat#12259); psPAX2
(Addgene, Cat# 12260); pLKO.1 (Addgene, Cat# 8453); lentiCRISPR v2
(Addgene, Cat# 52961).

PenCMV-3× Flag-SMAD3 S423A, PenCMV-3× Flag-SMAD3 S425A,
PenCMV-3× Flag-SMAD3 S423/435A, PenCMV-3× Flag-PINK1 KD, were
generated by the primers based on the vector of PenCMV-3× Flag-SMAD3
(MiaoLingBio, China, Cat# P1198).
3× Flag-SMAD3 S423A-F: 5’-GTTCCGCTGTGTCTTAGCTCGAGTCT-3’
3× Flag-SMAD3 S423A-R: 5’-ACACAGCGGAACAGCGGATGCTTGG-3’
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3× Flag-SMAD3 S425A-F: 5’-GTGGCTTAGCTCGAGTCTAGAGGGC-3’
3× Flag-SMAD3 S425A-R: 5’-GAGCTAAGCCACACTGGAACAGCGGATGC-3’
3× Flag-SMAD3 S423/425A-F: 5’-GCTGTGGCTTAGCTCGAGTCTAGAGGG-3’
3× Flag-SMAD3 S423/425A-R: 5’-CTAAGCCACAGCGGAACAGCGGATGC

TTGG -3’
3× Flag-PINK1 KD-F: 5’-CGCGGATCCAATTCGGTACCATGGCGG-3’
3× Flag-PINK1 KD-R: 5’-CTAGTCTAGAAGCTTCAGGGCTGCCCTCCATGA-3’
Site-directed mutagenesis constructs were confirmed by DNA

sequencing.
The shRNA sequences against human SMAD3: shSMAD3#1, 5ʹ-TGAGCAG

AACAGGTAGTATTA -3ʹ; and shSMAD3#2, 5ʹ-GAGCCTGGTCAAGAAACTC
AA-3,
The shRNA sequences against human SMAD4: shSMAD4#1, 5ʹ-GTACTTC

ATACCATGCCGATT-3ʹ; and shSMAD4#2, 5ʹ-CGAGTTGTATCACCTGGAATT-3
The shRNA sequences against human SMAD2: shSMAD2#1, 5ʹ-TGG

TGTTCAATCGCATACTAT -3ʹ; and shSMAD2#2, 5ʹ-CGATTAGATGAGCTTGAG
AAA-3
They were synthesized and subcloned into the lentiviral vector pLKO.1

(Addgene, Cat# 8453) to drive the expression of shRNAs. Cells infected with
lentivirus were selected with 2 µg/mL puromycin for 4 days in 10 cm dish.

Western blotting
Western blotting was performed as previously described71. Briefly, cells were
harvested with Lysis buffer (62.5mM Tris-HCl, pH 6.8, 25% glycerol, 2% SDS,
phosphatase inhibitor and proteinase inhibitor cocktail (Thermo Fisher
Scientific, Cat# 78446), DTT (Thermo Fisher Scientific, Cat# R0861). Equal
amounts of proteins by protein concentration determination Kit (Bio-Rad, Cat#
5000116) were loaded and separated on SDS-PAGE gels, and then transferred
onto a PVDF membrane (Bio-Rad, Cat# 1620177). Membranes were then
blocked by SuperBlock™ T20 (TBS) Blocking Buffer (Thermo Fisher Scientific,
Cat# 37536) for 15min, incubated overnight with primary antibodies, washed,
and then incubated with secondary antibodies for 1 h at room temperature
(RT). Detection was achieved using enhanced chemiluminescence (Millipore,
Cat# WBLUR0500) and signals were visualized with the imager (Bio-Rad 170-
8370 Touch Gel Documentation Imaging & Western Blot System).

Co-IP assay
After the indicated transfection, all cells were suspended with Pierce™ IP
Lysis Buffer (Thermo Fisher Scientific, Cat# 87787) together with
phosphatase inhibitor and proteinase inhibitor cocktail (Thermo Fisher
Scientific, Cat# 78446) and DTT (Thermo Fisher Scientific, Cat# R0861) for
centrifugation at 14,000× g for 10min at 4°. Part of the supernatant (2 mg)
was transferred to a new tube as Input group. For FLAG IP or MYC IP, the
remaining supernatant was incubated with either control IgG or anti-FLAG
or anti-MYC overnight with gentle rotation at 4 °C. And then, Anti-c-Myc
Magnetic Beads (Med Chem Express, Cat# HY-K0206) or Anti-Flag Magnetic
Beads (Med Chem Express, Cat# HY-K0207) were subsequently added for
additional gentle rotation for 4 h at RT. Next, the immunoprecipitants were
washed with TBST buffer for 3 times and eluted by boiling for 10min in 1×
sample loading buffer (Bio-Rad Laboratories, Cat# 1610747) and analyzed
on SDS-PAGE followed by western blotting analysis.

Mito-Keima mitophagy assay
Mito-Keima mitophagy assay was performed as previously described71.
Briefly, HeLa cells stably expressing YFP-Parkin harboring the mito-Keima
vector were gifts from Dr. Jia-Hong Lu (University of Macau), which were

infected with a lentivirus containing shSMAD3 and grown for several days.
Next, cells were treated with or without OA in fresh growth medium for
8 h, and subsequently analyzed by flow cytometry.

Generation of knockout cells
HeLa cells lacking PINK1 were generated using CRISPR/Cas9 gene editing.
Briefly, specific DNA fragments targeting human PINK1 DNA was subcloned
into Lenti CRISPR plasmid (Addgene, Cat# 49535).
(Primer: F, 5’-CACCGTGGACCATCTGGTTCAACA-3´,
R, 5’-AAACTGTTGAACCAGATGGTCCAC-3´)
To produce lentivirus, recombinant Lenti-CRISPR was transfected in

HEK293T cells together with plasmids psPAX2 and VSVG by PEI Max
Transfection Grade Linear Polyethylenimine Hydrochloride (Equl, Cat#
24765-2). The medium containing lentiviral particles was collected and used
for infecting HeLa cells. The infected cells were selected with puromycin
(2 μg/mL) and grow into the single cells in 10 cm dish for the screen of
PINK1 knockout lines. The surviving clones were picked and selected by
detecting PINK1 mRNA level by Quantitative real-time PCR analysis.
PINK1 sense F: 5’-CAAGAGAGGTCCCAAGCAAC-3’
PINK1 anti-sense R: 5’-GGCAGCACATCAGGGTAGTC-3’

Subcellular fractionation
Cells were harvested, pelleted by centrifugation at 1000× g for 3 min at 4 °C.
We isolated the Nuclear and Cytoplasmic fraction by NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific, Cat# 78835)
or isolated the Mitochondrial and Cytoplasmic fraction by Mitochondria
Isolation Kit for Cultured Cells (Thermo Fisher Scientific, Cat# 89874).

Immunofluorescence staining
After the indicated treatment, the cells were fixed with 4% formaldehyde
(Solarbio, Cat# P1110) for 15min at RT. After being washed with PBS three
times, the cells were blocked 10% BSA at RT for 0.5 h followed by the
incubation with 0.1% Triton X-100 buffer for 15min. Next, cells were
incubated with the primary antibody overnight at 4° and washed with PBS
buffer for three times. Subsequently, the cells were incubated with the
secondary antibody for 1 h in the dark at RT. Finally, the cells were washed
three times with PBS, and the slides were analyzed using a Leica confocal
microscopy (Leica microsystem, Germany).

RNA isolation and quantitative real-time PCR analysis
Total cellular RNA was extracted using PureLink RNA Mini Kit (Thermo
Fisher Scientific, Cat# 12183025) following manufacturer’s instructions.
cDNA synthesis was performed by iScript™ cDNA Synthesis Kit (Bio-Rad,
Cat# 1708891) and then samples were subjected to real-time PCR by Bio-
Rad CFX96 Touch Real-Time PCR Detection System. Relative expression of
the mRNA was calculated by 2−ΔΔCt method and normalized to GAPDH.
The specific primers subjected to qPCR analysis are listed as follows:
PINK1-A sense F: 5’-CAAGAGAGGTCCCAAGCAAC-3’
PINK1-A anti-sense R: 5’-GGCAGCACATCAGGGTAGTC-3’
PINK1-B sense F: 5’-GCCTCATCGAGGAAAAACAGG-3’
PINK1-B anti-sense R: 5’-GTCTCGTGTCCAACGGGTC-3
PINK1-C sense F: 5’-CTGCCTTCCCCT TGGCC ATCAAG-3’
PINK1-C anti-sense R: 5’-GGGCTAGTTGCTTGGGACCTCTC-3
GAPDH sense F: 5’-GGAGCGAGATCCCTCCAAAAT-3’
GAPDH anti-sense R: 5’-GGCTGTTGTCATACTTCTCATGG-3’

Fig. 5 SMAD3 regulates PINK1 transcription independent of TGFβ signaling. a, b SMAD2 (a) or SMAD4 (b) level was detected after infection
with control or shSMAD2 or shSMAD4 lentiviral particles in HeLa WT cells. Cells were then incubated with OA (1/1 μM) for western blotting analysis
with the indicated antibodies. c The indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as in a. d The
indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as in b. e PINK1 mRNA level was quantified using
RT-PCR in HeLa WT shCtrl cells or HeLa WT shSMAD2 cells or HeLa WT shSMAD4 cells in the presence or absence of O/A (1/1 μM) for 4 h. f HeLa
WT cells were treated with O/A (1/1 μM) for 4 h or TGFβ (100 ng/mL) for 12 h or 24 h and then collected for western blotting analysis with the
indicated antibodies. g The indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as in f. h PINK1 mRNA
were analyzed in HeLa WT cells followed by O/A (1/1 μM) for 4 h or TGFβ (100 ng/mL) for 12 h or 24 h. i HeLa WT cells were pretreated with
Galunisertib (20 μM) for 1 h. Subsequently, the cells were treated with or without O/A (1/1 μM) or TGFβ (100 ng/mL) for 4 h and subjected to
western blotting analysis with the indicated antibodies. j The indicated proteins were quantified by normalizing to GAPDH as loading control in
cells treated as in i. k HEK293T WT cells, HEK293T SMAD3-knockdown cells or HEK293T SMAD2-knockdown cells were treated with O/A (1/1 μM) or
TGFβ (100 ng/mL) for 4 h and then subjected to western blotting analysis with the indicated antibodies. l The indicated proteins were quantified
by normalizing to GAPDH as loading control in cells treated as in k. Data shown represent the means ± SD of three biological replicates,
***P < 0.001, ****P < 0.0001, ns no significance; significance was determined by one-way ANOVA test followed by Tukey’s correction (c–e, g, h, j, l).
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Actin sense F: 5’-CATGTACGTTGCTATCCAGGC-3’
Actin anti-sense R: 5’-CTCCTTAATGTCACGCACGAT-3’

Real-time PCR for quantitative detection of mtDNA
Detection of mtDNA was mentioned as described previously72. In brief, Total
cellular genomic DNA was extracted using FastPure Cell/Tissue DNA Isolation

Mini Kit (vazyme, Cat# DC102-01) following manufacturer’s instructions.
Then, DNA samples were acted as templates and subjected to real-time PCR
by Bio-Rad CFX96 Touch Real-Time PCR Detection System. Relative copy
number of the mRNAwas calculated by 2−ΔΔCt method based on the forward
primer (ND1-F) and reverse primer (ND1-R) for amplifying mtDNA gene ND1
and normalization to human single-copy nuclear gene β-globin. The specific
primers subjected to qPCR analysis are listed as follows:
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ND1 sense F: 5’-CCCTAAAACCCGCCACATCT-3’
ND1 anti-sense F: 5’- GAGCGATGGTGAGAGCTAAGGT-3’
β-globin sense F: 5’- CTATGGGACGCTTGATGT-3’
β-globin antisense R: 5’- GCAATCATTCGTCTGTTT-3’

Luciferase reporter assay
Human full-length PINK1 promoter-luciferase constructs were generated
by the primers (5’- CTAGCTAGCGGAAGGGGGATTCAGATATGCC -3’, 5’-
CCGCTCGAGTGCGCAGGCGCAGGCGCTGGT-3’) based on pGL3-Basic vector.
The transcriptional regulation of PINK1 promoters was measured after co-
transfection of above cDNA or PINK1-Δ1/2/3, PINK1-Δ1/2, PINK1-Δ1,
together with pRL-TK to normalize for transfection efficiencies. Luciferase
activity was measured by Dual-Glo luciferase assay system (Promega, Cat#
E2940) and tested by PerkinElmer Victor X3 Microplate Reader.

ChIP assay
ChIP was performed by Simple ChIP® Plus Enzymatic Chromatin IP Kit (Cell
Signalling Technology, Cat# 9005) according to the manufacture’s
instruction. Briefly, collected cells were fixed with 1% formaldehyde for
10min, quenched with 0.125M glycine for 5 min at 37 °C and lysed in SDS
Lysis Buffer. Cell lysate was sonicated to shear chromatin DNA to a size
range of 200‒1000 bp. The supernatant was diluted in ChIP Dilution Buffer
and precleared with 60 μL agarose beads for 30min. The supernatant
fraction was immunoprecipitated with primary antibody against SMAD3
overnight at 4 °C. Antibody‒chromatin complexes were pulled down with
protein A agarose/salmon sperm DNA beads for 1 h at 4 °C. De-crosslinked
DNA was subjected to qPCR analysis using specific primers as following:
PINK1-ARE-1-2-3-F
5’-CTAGCTAGCACGTATTCTCTCTGAAGCCTGCTAC-3’
PINK1-ARE-1-2-3-R
5’-CCGCTCGAGTGCGCAGGCGCAGGCGCTGGT-3’
PINK1-ARE2-3-F
5’- CTAGCTAGCATATATCCAATTTCACCTTTTTGGGATACC-3’
PINK1-ARE-2-3-R
5’-CCGCTCGAGTGCGCAGGCGCAGGCGCTGGT-3’
PINK1-ARE-3-F
5’-CTAGCTAGCCAGGCTGTGAGCTACCACACCC-3’
PINK1-ARE-3-R
5’-CCGCTCGAGTGCGCAGGCGCAGGCGCTGGT-3’

In vitro protein kinase assay
2 μg Recombinant P. humanus PINK1 Protein (R&D systems, Cat# AP-182-
100) and 1 μg Recombinant SMAD3 protein (Med Chem Express, Cat#
HY-P71323) or 1 μg Recombinant Human Ubiquitin Protein, CF (R&D
systems, Cat# U-100H-10M) were mixed with kinase buffer (30mM HEPES,
50mM potassium acetate, 5 mM MgCl2), and then incubated at 30 °C for
2 h in the presence of cold ATP (500 μM). The reaction mixture was
terminated with 2× SDS loading buffer and subjected to SDS-PAGE.

3× Flag-tagged SMAD3 S423A, 3× Flag-tagged SMAD3 S425A, 3× Flag-
tagged SMAD3 S423/425A protein were purified from HEK293T SMAD3
knockout cells transiently transfected with 3× Flag-tagged SMAD3 S423A,
3× Flag-tagged SMAD3 S425A, 3× Flag-tagged SMAD3 S423/425A plasmid
for 24 h.
3× Flag-tagged PINK1 KD protein was purified from HEK293T PINK1-KO

cells transiently transfected with 3× Flag-tagged PINK1-KD plasmid for 24 h.
Then cells were lysed with RIPA buffer and subjected to immunopre-

cipitation with Anti-Flag Magnetic Beads (Med Chem Express, Cat# HY-
K0207). Samples were washed 4 times with TBST and eluted with Flag
peptide (50 µg/mL, Sigma-Aldrich, Cat# F4799) for 2 h at RT. The eluted
proteins were subjected to kinase reaction in the kinase buffer in the
presence of ATP for 2 h at 30° and subjected to SDS-PAGE and
immunoblotting.

The MD simulations for protein-protein binding
The predicted human PINK1 (hPINK1) protein crystal structure model was
obtained from the AlphaFold2 database73. The Alphafold2 model showed
the N-terminus model confidence is low (pLDDT < 50) and we used the
Chimera package to remove the tail regions, with the remainder model
containing residues from 101–581 aa74. For the SMAD3 protein, we used
the MH2 (PDB ID: 1MJS, resolution 1.91 Å, residues 228–424) domain from
the protein database (https://www.rcsb.org/, accessed 23rd November
2023). The MODELLER software in the Chimera package was used to fix the
missing atoms in the SMAD3 PDB files by generating 10 predicted
models75. We position the SMAD3 in close proximity to the hPINK1 protein
insertion-3 region (residues 188–213)46.
Following the docking protocols of the RosettaDock 5.0 package, we

generated the approximation position of SMAD3 and hPINK176. Briefly, the
relax and backrub protocols in the package were utilized for the initial low-
resolution prediction to generate 100 structures for each protein. The
information was relayed to the high-resolution docking protocols, where
the beta_nova16 energy function was applied. For each system, 50,000
iterations were used to acquire a global search for the interaction site
between the proteins. We used the highest 9 interface score (I_sc) as the
basis for determining the initial 9 protein structure configurations for
protein–protein binding.
The MD simulations were computed by the GROMACS v.2023 software77.

The selected 9 configurations generated were used as the starting position
of MD simulations and the AMBER14sb forcefield was employed for
modeling the protein complex and ions78. For each system, the protein
complex is situated at the center of the simulation box and the periodic
boundaries were set at 1.5 nm away from the protein complex. Then the
system is saturated with TIP3P water and neutralized by Cl– ions, with the
concentration of salt ions set at 0.15mol/L. The steepest descent algorithm
was first performed and followed by a 1.2 ns equilibration run. During the
equilibration run, six temperature annealing points ranging from 270 K to
310 K were used to relax the system. Berendsen pressure coupling and
temperature coupling were used to regulate 1 bar and the annealing

Fig. 6 SMAD3 is phosphorylated by PINK1. a Lysates of HeLa WT cells overexpressing Flag-SMAD3 and/or PINK1-MYC were subjected to
reciprocal co-IP to detect protein interaction. b Lysates of HeLa WT cells overexpressing PINK1-MYC and/or Flag-SMAD3 were subjected to
reciprocal co-IP to detect protein interaction. c Lysates of HeLa WT cells were treated with/without O/A (1/1 μM) for 4 h followed by
overexpressing Flag-SMAD3, and then subjected to reciprocal co-IP to detect protein interaction. d Lysates of HeLa WT cells overexpressing
Flag-SMAD3 and PINK1-WT-V5/PINK1-KD-V5 were subjected to reciprocal co-IP to detect protein interaction. e SMAD3 and Ubiquitin (used as
positive control substrate) phosphorylation by recombinant PINK1 were performed as described in Methods for further western blotting
analysis with the indicated antibodies. f SMAD3 phosphorylation by recombinant wild-type PINK1 (WT PINK1) or kinase-dead mutant PINK1
(PINK1 KD) were performed as described in Methods for further western blotting analysis with the indicated antibodies. g The
phosphorylation of SMAD3, SMAD3-S423A, SMAD3-S425A or SMAD3-S423/425A by recombinant PINK1 was performed as described in
Methods for further western blotting analysis with the indicated antibodies. h SMAD2 and SMAD3 (used as positive control substrate)
phosphorylation by recombinant PINK1 was performed as described in Methods for further western blotting analysis with the indicated
antibodies. i Subcellular fractionation was performed to isolate the cytosolic and mitochondrial fractions in HeLa WT cells treated with O/A
(1 μM) for 4 h. The samples were then analyzed by western blotting with the indicated antibodies. TIM23 and GAPDH were used as
mitochondrial and cytosolic markers, respectively. j SMAD3 in mitochondria was quantified by normalizing to that in cytosol of cells treated as
in i. k HeLa WT cells and HeLa WT PINK1-KO cells were treated with O/A (1/1 μM) or TGFβ (100 ng/mL) for 4 h in the presence or absence of
PINK1-MYC transfection for 24 h and harvested at the indicated time points for western blotting analysis with the indicated antibodies. l The
indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as in k. m HeLa YFP-Parkin WT and SMAD3
knockdown cells transfected with Flag-SMAD3, Flag-SMAD3 S423A, Flag-SMAD3 S425A or Flag-SMAD3 S423/425A for 24 h were treated with
O/A (1/1 μM) or TGFβ (100 ng/mL) for 4 h and harvested at the indicated time points for western blotting analysis with the indicated
antibodies. n The indicated proteins were quantified by normalizing to GAPDH as loading control in cells treated as in m. Data shown
represent the means ± SD of three biological replicates, ****P < 0.0001; significance was determined by one-way ANOVA test followed by
Tukey’s correction (j, l, n).
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temperature in the equilibration run79. Subsequently, a 200 ns production
run was simulated per system, with Parrinello-Rahman pressure coupling
and V-rescale temperature coupling to maintain the conditions as 1 bar and
310 K80. The Particle Mesh Ewald (PME) method treated the long-range
electrostatic potentials, and the cut-off distance was set at 0.8 nm. Leap-
frog algorithms were used for integrating Newton’s equation of motion
with a 2-fs time step. LINC algorithms were used to constrain hydrogen
bonds at equilibrium length81. The trajectories for each system were used
as the input of MM/GBSA and the calculations were performed by gmx
MMPBSA software82. Only the final 100 ns (5000 frames) were used for
calculating the effective binding energy between the protein. The implicit
solvent model was approximated by the modified generalized Born model
and the ion radius was approximated by using the “mbondi2”83,84.

Cell death measured by PI staining
PI (Sigma-Aldrich, Cat# P4170) is a red-fluorescent DNA dye which
penetrates damaged cellular membranes and used for the determination
of cell viability. Briefly, after cell plated in six-well plates and treatment
finished, cells were collected and suspended in cold PBS buffer. Then, cells
were stained with PI and detected by flow cytometry.

Statistical analysis
The statistical significance of the mean differences observed between two
samples was determined by the student's two-tailed t-test. The means of
more than 3 samples were performed by One-way ANOVA with Dunnett’s
multiple comparisons test, whereas Two-way ANOVA with Sidak’s multiple
comparisons test was utilized to compare multiple groups of two factors
using GraphPad Prism 8. Data are shown as means ± SD. of the results from
3 independent experiments. Statistical significance is shown as *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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