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Significance

In this study, we identify HKDC1 
(hexokinase domain containing 1)  
as a direct target gene of TFEB 
(Transcription factor EB). The 
TFEB–HKDC1 axis plays an 
essential role in PINK1 (PTEN-
induced kinase 1)/Parkin-
dependent mitophagy by PINK1 
stabilization. Additionally, HKDC1 
and the VDACs (voltage-
dependent anion channels) with 
which it interacts are important 
for the repair of damaged 
lysosomes and maintaining 
mitochondria–lysosome contact. 
Importantly, mitochondrial and 
lysosomal homeostasis 
maintained by HKDC1 
counteracts cellular senescence. 
Our study reveals the mechanism 
through which the cells 
simultaneously maintain 
mitochondrial and lysosomal 
homeostasis and provides a 
potential therapeutic target for 
aging-related diseases.
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Mitochondrial and lysosomal functions are intimately linked and are critical for cellu-
lar homeostasis, as evidenced by the fact that cellular senescence, aging, and multiple 
prominent diseases are associated with concomitant dysfunction of both organelles. 
However, it is not well understood how the two important organelles are regulated. 
Transcription factor EB (TFEB) is the master regulator of lysosomal function and is also 
implicated in regulating mitochondrial function; however, the mechanism underlying 
the maintenance of both organelles remains to be fully elucidated. Here, by compre-
hensive transcriptome analysis and subsequent chromatin immunoprecipitation-qPCR, 
we identified hexokinase domain containing 1 (HKDC1), which is known to function 
in the glycolysis pathway as a direct TFEB target. Moreover, HKDC1 was upregulated 
in both mitochondrial and lysosomal stress in a TFEB-dependent manner, and its 
function was critical for the maintenance of both organelles under stress conditions. 
Mechanistically, the TFEB–HKDC1 axis was essential for PINK1 (PTEN-induced 
kinase 1)/Parkin-dependent mitophagy via its initial step, PINK1 stabilization. In 
addition, the functions of HKDC1 and voltage-dependent anion channels, with which 
HKDC1 interacts, were essential for the clearance of damaged lysosomes and maintain-
ing mitochondria–lysosome contact. Interestingly, HKDC1 regulated mitophagy and 
lysosomal repair independently of its prospective function in glycolysis. Furthermore, 
loss function of HKDC1 accelerated DNA damage–induced cellular senescence with 
the accumulation of hyperfused mitochondria and damaged lysosomes. Our results 
show that HKDC1, a factor downstream of TFEB, maintains both mitochondrial and 
lysosomal homeostasis, which is critical to prevent cellular senescence.

TFEB | HKDC1 | mitophagy | mitochondria–lysosome contact | cellular senescence

Mitochondria and lysosomes are both essential organelles for cellular homeostasis. 
Mitochondria are double-membrane organelles that function as the main energy-producing 
center, while lysosomes are single-membrane acidic organelles that degrade a wide range 
of materials delivered from both inside and outside cells. Mitochondrial and lysosomal 
behaviors are intimately linked, and dysfunction of these organelles is associated with 
cellular senescence, aging, and multiple prominent diseases. For instance, mitochondrial 
dysfunction caused by oxidative stress or genetic deletion of mitochondrial proteins impairs 
lysosomal structure and function, leading to abnormal protein aggregation or storage of 
lipid (1–4). Macroautophagy (hereafter, autophagy) is a cytoplasmic degradation system 
in which double-membrane structures called autophagosomes randomly or selectively 
sequester cytoplasmic materials and deliver them to lysosomes for degradation. Acute 
mitochondrial stress stimulates autophagosome formation and thereby promotes lysosomal 
biogenesis as well as the degradation of mitochondria in lysosomes through selective 
autophagy termed mitophagy (1, 3). On the other hand, disturbed lysosomal function 
reduces mitochondrial metabolism and triggers mitochondrial proteome remodeling and 
mitochondrial functional decline (2, 5, 6). There has recently been increasing evidence 
that mitochondria and lysosomes communicate with each other through mitochondria–
lysosome contact sites (7, 8). Mitochondria–lysosome crosstalk allows for bidirectional 
regulation of mitochondrial and lysosomal dynamics and metabolic exchange between 
the two organelles (7–11). However, it remains unclear how the coordination of mito­
chondrial and lysosomal homeostasis is achieved.

Mitochondrial dysfunction is induced by numerous endogenous and exogenous factors, 
such as nutrient deprivation, hypoxia, oxidative stress, and oxidative phosphorylation 
uncoupling. One protective process is the efficient elimination of damaged mitochondria 
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through mitophagy. Among several mitophagy pathways identified 
thus far, one is that dependent on PTEN-induced kinase 1 (PINK1) 
and the E3 ubiquitin (Ub) ligase Parkin has been well characterized. 
Under basal conditions, newly synthesized PINK1 is imported to 
the mitochondrial inner membrane (MIM) and then sequentially 
cleaved by matrix-resident protease, mitochondrial processing pep­
tidase after mitochondria targeting sequence and MIM-resident 
protease, presenilin-associated rhomboid-like protease (PARL) in 
the transmembrane domain (TMD). Cleaved PINK1 is subse­
quently degraded by proteasomes in the cytosol through the N-end 
rule pathway (12, 13). Upon mitochondrial depolarization, 
full-length (FL) PINK1 accumulates on the mitochondrial outer 
membrane (MOM), where it phosphorylates Ub and the Ub-like 
domain of Parkin. Parkin-dependent MOM ubiquitylation drives 
recruitment of autophagy receptors to damaged mitochondria; 
these mitochondria are subsequently engulfed by autophagosomes 
and delivered to lysosomes for degradation. On the other hand, 
lysosomes are also often damaged by internalized pathogens, crys­
tals, or lysosomotropic agents (14–17). Harmful lysosomal leakage 
triggers multiple responses, collectively called the “lysosomal dam­
age response,” which include repair of damaged lysosomes with 
relatively small ruptures by the endosomal sorting complexes 
required for transport (ESCRT) machinery (17–19), removal of 
damaged lysosomes by selective autophagy termed lysophagy (16, 
20), and TFEB (Transcription factor EB)-mediated transcriptional 
upregulation of lysosomal biogenesis.

TFEB has been identified as the master transcription factor for 
autophagy and lysosomal biogenesis (21–23). During lysosomal 
damage, TFEB is dephosphorylated and then translocated to the 
nucleus, where it induces the expression of genes involved in lys­
osomal biogenesis (24, 25). It has recently been shown that TFEB 
is involved in mitochondrial biogenesis (26, 27). TFEB is also 
upregulated under mitochondrial stress, which in turn induces 
the expression of mitophagy receptors, including NDP52 and 
Optineurin (28, 29). This leads us to question whether there are 
factors downstream of TFEB that coordinate the homeostasis of 
both mitochondria and lysosomes.

Here, based on comprehensive transcriptome analysis followed 
by chromatin immunoprecipitation (ChIP)-qPCR, we demon­
strated that hexokinase (HK) domain containing 1 (HKDC1), a 
member of the HK family, is the previously unidentified gene that 
is directly targeted by TFEB. During both mitochondrial depo­
larization and lysosomal damage, HKDC1 is significantly upreg­
ulated. HKDC1 is critical for maintaining mitochondrial 
homeostasis by regulating PINK1/Parkin-dependent mitophagy. 
Besides, HKDC1 is significant to maintain the lysosomal integrity 
and mitochondria–lysosome contact. In particular, the dual effect 
of HKDC1 physiologically prevents cellular senescence.

Results

HKDC1 Is a Direct Target of TFEB that Is Upregulated upon 
Mitochondrial Depolarization. We considered it useful to uncover 
factors downstream of TFEB that coordinate the homeostasis of 
both mitochondria and lysosomes. To achieve this goal, we first 
sought to identify TFEB targets that are essential for mitochondrial 
homeostasis. Consistent with the previous report (28), we confirmed 
that mitochondrial depolarization promotes TFEB nuclear 
translocation in the HeLa cells stably expressing TFEB-mNeonGreen 
(mNG) (SI Appendix, Fig. S1A) after simultaneous treatment with 
antimycin A and oligomycin (A/O), which inhibit mitochondrial 
respiration. We compared transcriptome data obtained by RNA 
sequencing (RNA-seq) of differentially expressed genes (DEGs) 
between TFEB-3xFLAG-expressing and 3xFLAG-expressing HeLa 

cells under mitochondrial depolarization condition and identified 
627 genes upregulated (Fig.  1A and SI Appendix, Fig.  S1B). In 
parallel, we identified 96 genes downregulated in TFEB knockout 
(KO) HeLa cells (25) compared to wild-type (WT) HeLa cells under 
mitochondrial depolarization condition. The following 9 genes were 
overlapped between both sets and therefore possibly regulated by 
TFEB: PLCD1, RNLS, TTYH2, FGFR2, SERPINB3, HKDC1, 
SH3TC1, GGT1, and PDK3. To extract protective genes under 
mitochondrial depolarization condition, we next compared the 
transcriptomes of HeLa cells under mitochondrial depolarization 
condition and that under healthy condition. Comparison between 
them revealed that 1,468 genes were upregulated. Extracted from 
the intersection between the aforementioned 9 and 1,468 genes, 
HKDC1 and GGT1 are the most likely to be the target genes 
of TFEB and involved in maintenance of mitochondrial function 
(Fig. 1A). From the two candidates, the mitochondrially localized 
protein HKDC1 attracted our attention. Consistent with the RNA-
seq analysis, HKDC1 transcripts were significantly upregulated in 
a TFEB-dependent manner during mitochondrial depolarization 
induced by valinomycin (Fig.  1B). TFEB KO cells consistently 

Fig. 1. HKDC1 is a direct target of TFEB that is upregulated upon mitochondrial 
depolarization. (A) RNA-seq analysis results are shown in Venn diagrams 
depicting the numbers of DEGs of these groups: upregulated genes in TFEB-
3xFLAG expressing HeLa cells relative to 3xFLAG expressing HeLa cells under 
mitochondrial depolarization condition, downregulated genes in TFEB KO HeLa 
cells relative to WT HeLa cells under mitochondria depolarization condition, 
the overlap of two groups above, and upregulated genes in HeLa cells with 
depolarized mitochondria relative to healthy HeLa cells. N = 3. (B) Relative 
mRNA expression of HKDC1 in WT or TFEB KO HeLa cells treated with 10 μM 
val for 0 h, 3 h, or 6 h. Data were normalized by Glyceraldehyde-3-Phosphate 
Dehydrogenase (GAPDH) and are expressed relative to WT untreated with val. 
N = 3. (C and D) Representative western blot (WB) (C. Upper) and quantitated 
(C. Lower) and relative (D) mRNA expression of HKDC1 in immortalized kidney 
PTECs extracted from TFEBflox/flox (WT) and TFEBflox/flox; Kap-cre (KO) mice. N = 3.  
(E) ChIP-qPCR analyses of HeLa cells transiently expressing 3xFLAG or TFEB-
3xFLAG in the regions 3,000 or 10,000 bp upstream of HKDC1 TSS. The bar chart 
shows the amount of immunoprecipitated DNA as detected by qPCR assay.  
N = 3. Values are represented as the mean ± SD, and P-values (**P < 0.01, ***P 
< 0.001, ****P < 0.0001) were determined by one-way ANOVA with Tukey’s 
multiple comparison test (B and E) or unpaired t test (C and D).
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showed reduced HKDC1 protein levels compared to WT HeLa 
cells (SI Appendix, Fig. S1C).

HKDC1 is a member of the HK family, which contains HK1–4 
and HKDC1. To determine whether HKDC1 is specifically regu­
lated by TFEB, we examined the expression of HK1–4 mRNA in 
WT HeLa cells and TFEB KO HeLa cells with or without valino­
mycin treatment. While the expression of both HK2 and HKDC1 
was increased upon mitochondrial depolarization, only that of 
HKDC1 was dependent on TFEB (Fig. 1B and SI Appendix, 
Fig. S1D). Neither HK3 nor HK4 transcripts were detectable in 
HeLa cells, consistent with a previous report (30). Additionally, 
prompted by a recent report that kidney tubules are a major site of 
mammalian mitophagy (31), we examined HKDC1 expression in 
mouse immortalized kidney proximal tubular epithelial cells 
(PTECs) extracted from PTEC-specific TFEB-deficient (TFEBflox/flox; 
Kap-cre) and control (TFEBflox/flox) mice (25) and found that both 
mRNA and protein levels of HKDC1 were lower in TFEB KO 
PTECs than in control cells, even under steady-state conditions 
(Fig. 1 C and D). Therefore, HKDC1 expression is specifically reg­
ulated by TFEB in both human and mouse cell lines.

We next examined whether TFEB directly regulated HKDC1 
expression. ChIP-Atlas integrating public ChIP-seq data (32) 
suggested that TFEB could bind to an approximately 3,000-bp 
region upstream of HKDC1 transcription start sites (TSS) 
(SI Appendix, Fig. S1E). ChIP-qPCR analysis indeed revealed that 
this 3,000-bp region upstream of TSS, but not a 10,000-bp region 
upstream of TSS, was strongly enriched in the TFEB-3xFLAG 
immunoprecipitated fraction, suggesting that HKDC1 is a direct 
target gene of TFEB (Fig. 1E).

HKDC1 Deficiency Impairs PINK1/Parkin-Mediated Mitophagy. 
We confirmed that in agreement with a previous report (33), 
transiently expressed HKDC1-EGFP in HeLa cells was colocalized 
with a MOM protein, namely translocase of outer mitochondrial 
membrane 20 (TOM20) (SI Appendix, Fig. S1F). To address the 
possible role of HKDC1 in mitophagy, we first examined whether 
HKDC1 affected the well-characterized PINK1/Parkin-dependent 
mitophagy pathway. We knocked down its function using short 
interfering (si) RNA in stably EGFP-Parkin-expressing HeLa 
cells and examined the protein levels of TOM20 and the MIM/
mitochondria matrix protein ubiquinol-cytochrome c reductase 
core protein 1 (UQCRC1) after A/O treatment. As the A/O 
treatment time was extended, TOM20 and UQCRC1 levels 
gradually decreased in HeLa cells transfected with siLuciferase 
(siLuc), while the reduction of these mitochondrial proteins was 
completely blocked in siHKDC1-transfected cells (Fig. 2A). We also 
found that Ub phosphorylation and EGFP-Parkin recruitment on 
mitochondria, both of which are critical steps during PINK1/Parkin-
dependent mitophagy, were dramatically inhibited in HKDC1- 
deficient cells compared to siLuc-treated cells (Fig.  2 B and C 
and SI  Appendix, Fig.  S2A). Likewise, phosphorylated Ub and 
ubiquitinated EGFP-Parkin were manifest in the depolarized 
mitochondria extracted from siLuc-treated HeLa cells in comparison 
with those from siHKDC1-treated HeLa cells (SI  Appendix, 
Fig. S2B). By contrast, HKDC1 depletion did not affect starvation-
induced autophagy (SI  Appendix, Fig.  S2C), suggesting that 
HKDC1 is preferentially required for PINK1/Parkin-dependent 
mitophagy but not for non-selective bulk autophagy.

Remarkably, we found that PINK1 accumulation on damaged 
mitochondria, which is the initial step of mitophagy, was severely 
compromised by HKDC1 knockdown (Fig. 2D and SI Appendix, 
Fig. S2 D and E). Similar phenotypes were observed in lung cancer 
cell line A549 (SI Appendix, Fig. S2F). Importantly, the PINK1 tran­
script level was not altered by HKDC1 knockdown under normal 

or mitochondrial depolarization conditions (Fig. 2E). Furthermore, 
under normal conditions, the proteasome inhibitor MG132 restored 
the cleaved form of PINK1 (52 kDa) in HKDC1-depleted cells as 
well as negative control knockdown cells (Fig. 2D), suggesting that 
HKDC1 is dispensable for mitochondrial targeting of PINK1 fol­
lowed by PARL-mediated processing in healthy mitochondria. 
Intriguingly, neither treatment with MG132 nor another proteasome 
inhibitor, bortezomib, restored the accumulation of FL PINK1 upon 
mitochondrial depolarization in HKDC1 knockdown cells (Fig. 2D 
and SI Appendix, Fig. S2 D, E, and G), suggesting that the reduction 
of PINK1 in HKDC1-deficient cells is not mediated by proteasomes. 
We then investigated whether PINK1 is degraded in a lysosomal- 
dependent manner and found that the lysosomal inhibitor bafilo­
mycin A1 (BafA1) did not restore PINK1 accumulation on depo­
larized mitochondria in HKDC1 knockdown cells (SI Appendix, 
Fig. S2H). We also examined whether mitochondrial proteases may 
be involved in PINK1 degradation following A/O treatment. OMA1 
has been shown to inappropriately cleave PINK1 in depolarized 
mitochondria, and neither its depletion nor that of PARL suppressed 
the mitochondrial depolarization–dependent reduction of PINK1 
in siHKDC1-treated cells (SI Appendix, Fig. S3A). Furthermore, 
knockdown of several mitochondrial proteases, as indicated in 
SI Appendix, Fig. S3A, did not inhibit the reduction of PINK1 in 
siHKDC1-treated cells. We also expressed several PINK1-YFP 
mutants in PINK1 KO cells, as shown in SI Appendix, Fig. S3B, but 
none of them accumulated in HKDC1-deficient cells upon mito­
chondrial depolarization, suggesting that the specific region tested 
is not responsible for the reduction of PINK1.

By contrast, HKDC1 overexpression sufficed to accelerate 
PINK1 accumulation upon mitochondrial depolarization (Fig. 2F). 
TFEB overexpression also consistently enhanced PINK1 stabiliza­
tion on depolarized mitochondria (Fig. 2G). Importantly, HKDC1 
silencing in the context of TFEB overexpression obviously inhib­
ited PINK1 accumulation (Fig. 2G). Taken together, HKDC1 is 
required and sufficient for PINK1 accumulation under mitochon­
drial depolarization condition.

The Mitochondrial Localization of HKDC1 Is Required for PINK1 
Accumulation and Parkin Recruitment. Next, we sought to determine 
which function of HKDC1 is required for PINK1 accumulation 
and Parkin recruitment. We overexpressed constructs containing a 
siHKDC1-resistant sequence and one of the following: C-terminal 
mNG-tagged HKDC1: full-length HKDC1 (FL HKDC1), an N-
terminal 20-amino-acid deletion mutant [∆N20 HKDC1, which fails 
to localize on mitochondria due to lack of its N-terminal hydrophobic 
mitochondrial binding domain (MBD)], and the S155/602A mutant 
(SA HKDC1), which corresponds to the S155/603A mutant of 
HK2 that lost its HK activity (Fig. 3A and SI Appendix, Fig. S4 A 
and B) (34). We found that FL HKDC1 and SA HKDC1 rescued 
Parkin recruitment on mitochondria in HKDC1 knockdown cells, 
while ∆N20 HKDC1, which dispersed in the cytoplasm instead 
of remaining on the mitochondria, did not restore this recruitment 
(Fig. 3B and SI Appendix, Fig. S4 C–F). FL HKDC1 and SA HKDC1 
partially rescued PINK1 accumulation on depolarized mitochondria 
in HKDC1 knockdown cells, whereas the effect of ∆N20 HKDC1 
was less prominent (Fig. 3C). These results suggest that HKDC1 has 
a scaffolding function in mitochondria, and it is this role, rather than 
prospective HK activity, that is required for PINK1 accumulation 
and subsequent Parkin recruitment.

HKDC1 Interacts with the PINK1 Import Receptor TOM70 on 
Mitochondria. HKDC1 localizes to mitochondria via its N-
terminal MBD. To gain insight into the mechanism through 
which HKDC1 regulates PINK1/Parkin-dependent mitophagy, 
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Fig. 2. HKDC1 deficiency hampers PINK1/Parkin-mediated mitophagy. (A) Representative WB (Left) and quantification (Right) of TOM20, UQCRC1, and HKDC1 expression 
in siLuc- or siHKDC1-transfected HeLa cells overexpressing Myc-Parkin treated with A/O for 0, 4, 7, or 10 h. N = 3. (B) Representative images of EGFP-Parkin, TOM20, 
and Ub detected by immunofluorescence (IF) in siLuc- or siHKDC1-transfected HeLa cells overexpressing EGFP-Parkin treated with or without 10 μM val for 6 h. Nuclei 
were stained with DAPI. N = 3. (Scale bar, 10 μm.) (C) Expression of p-Ub in siLuc- or siHKDC1-transfected HeLa cells overexpressing EGFP-Parkin treated with 10 μM val 
for 0, 2, 4, or 6 h and detected by WB. N = 3. Ponceau S staining was performed for loading control. (D) Representative WB of full-length PINK1 (FL-PINK1) and cleaved 
PINK1 (cle-PINK1) in siLuc- or siHKDC1-transfected HeLa cells overexpressing Myc-Parkin treated with or without A/O and 10 μM MG132 for 3 h. Relative amounts of 
FL-PINK1 are quantified on the Right. N = 3. The asterisk denotes non-specific bands. (E) Relative mRNA expression of PINK1 in siLuc- or siHKDC1-transfected HeLa 
cells overexpressing Myc-Parkin treated with or without A/O for 1 h. N = 3. (F) Representative WB (Left) and quantification (Right) of FL-PINK1 in EGFP-Parkin-expressing 
HeLa cells with transient control 3xFLAG or HKDC1-3xFLAG overexpression treated with or without 7.5 μM CCCP for 1.5 h. N = 3. (G) Representative WB (Upper) and 
quantification (Lower) of FL-PINK1 in siLuc- or siHKDC1-transfected HeLa cells overexpressing EGFP-Parkin with transient control 3xFLAG or TFEB-3xFLAG overexpression 
treated with or without 7.5 μM CCCP for 1.5 h. N = 3. Values are represented as the mean ± SD, and P-values (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) were 
determined by one-way ANOVA with Tukey’s multiple comparison test.
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we conducted an interactome analysis to find proteins that 
preferentially interact with HKDC1 on mitochondria. We 
immunoprecipitated the mNG-tagged FL HKDC1 or ∆N20 
HKDC1 in HeLa cells stably expressing c-Myc–Parkin with or 
without A/O treatment, and performed mass spectrometry and 
label-free quantification (Fig. 4A). In comparison with the ∆N20 
HKDC1-mNG-expressing samples, the FL HKDC1-mNG-
expressing samples demonstrated significantly greater enrichment 
of a number of proteins (i.e., those with high abundance ratios) 
in both the untreated and A/O treated conditions (Fig. 4B). The 
proteins with the strongest interactions in the FL HKDC1-mNG-
expressing samples under both conditions were the mitochondrial 
protein ATAD1 (outer mitochondrial transmembrane helix 
translocase) and HK family members HK2, VDAC1, and 
mitochondrial import receptor subunit TOM70. Under the A/O 
treated condition, Parkin and Ub (UBA52) showed the strongest 
interactions. The identification of these proteins demonstrated 
the effectiveness of our strategy to determine which proteins are 
in close proximity to mitochondria. Among these candidates, 
TOM70 attracted our attention since previous studies showed 
that TOM70 was an important protein for PINK1 import into 
mitochondria and that knockdown of TOM70 inhibited PINK1 
accumulation in the PINK1–TOM complex in depolarized 
mitochondria (35, 36). Through co-immunoprecipitation, we 
confirmed that HKDC1 interacted with TOM70, and notably, 
PINK1 was also present in the HKDC1–TOM70 complex, 
especially under A/O treated conditions (Fig. 4C). In parallel, the 
physical interaction between PINK1-FLAG or HKDC1-FLAG 
and endogenous TOM70 was also detected by using a proximity 

ligation assay (PLA) (SI Appendix, Fig. S5 A and B). Moreover, to 
demonstrate that the interaction with TOM70 mediates HKDC1-
dependent mitochondrial recruitment of PINK1, we assessed 
the effect of TOM70 knockdown on PINK1 accumulation. The 
silencing of TOM70 certainly blunts PINK1 recruitment in 
HKDC1-overexpressing cells (Fig.  4D). These data imply that 
HKDC1 functions as a scaffold-like protein in the initial step of 
mitophagy through interaction with TOM70.

The MBD of HKDC1 enables its localization on mitochondria 
and interaction with mitochondrial TOM70. To further corrobo­
rate the role of its MBD, we utilized another two constructs: N20 
HKDC1-mNG and TOM20TMD HKDC1-mNG (Fig. 4E). 
N20 HKDC1-mNG is the construct with only MBD of HKDC1. 
TOM20TMD HKDC1-mNG is the construct designed with the 
MBD of HKDC1 replaced by TOM20 N-terminal hydrophobic 
TMD regarding that TOM20 interacts with TOM70 via a 
C-terminal DDVE motif rather than its TMD (37). As expected, 
N-terminal-20-amino-acid of HKDC1 is sufficient to interact with 
TOM70-3xFLAG. Surprisingly, TOM20TMD HKDC1-mNG 
was also immunoprecipitated by TOM70-3xFLAG (Fig. 4F). 
Taken together, our results suggest that although the MBD of 
HKDC1 is sufficient to interact with TOM70, there might be 
another critical region other than its MBD for this interaction.

Complexes of HKDC1 with VDACs (Voltage-Dependent Anion 
Channels) Regulate Mitochondria–Lysosome Contact and Are 
Essential for Lysosomal Repair. We recently showed that TFEB is 
activated upon lysosomal damage as part of the lysosomal damage 
response and is required for subsequent lysosomal recovery, 

Fig. 3. Localization of HKDC1 in mitochondria is required for PINK1 accumulation and Parkin recruitment. (A) Schematic domain structure of FL HKDC1, ∆N20 
HKDC1, and SA HKDC1, showing the N-terminal MBD site, two HK domains, and the mNG tag. a.a. represents amino acids. (B) Representative images of mNG-
HKDC1, Myc-Parkin, and TOM20 detected by IF in siHKDC1-transfected HeLa cells overexpressing mNG, FL HKDC1-mNG, ∆N20 HKDC1-mNG, or SA HKDC1-mNG, 
and treated with A/O for 3 h. Nuclei were stained with DAPI. N = 3. (Scale bar, 10 μm.) (C) Representative WB of FL-PINK1, exogenous (exo) and endogenous 
(endo) HKDC1 in siLuc- or siHKDC1-transfected HeLa cells overexpressing Myc-Parkin and either mNG, FL HKDC1–mNG, ∆N20 HKDC1–mNG, or SA HKDC1–mNG, 
and treated with A/O for 1 h. N = 3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
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Fig. 4. HKDC1 interacts with the PINK1 import receptor TOM70 on mitochondria. (A) Experimental strategy for interactome analysis to identify proteins that 
interact with HKDC1 on mitochondria. (B) Volcano plots showing the distribution of quantified immunoprecipitated proteins from FL HKDC1-mNG-expressing 
cells vs. ∆N20 HKDC1-mNG-expressing cells under steady condition (Left) or mitochondrial depolarization condition (Right). Red puncta indicate candidates with a 
difference more than twofold and a Student’s t test P-value < 0.05. N = 3. (C) Representative immunoblots of FLAG, TOM70, and PINK1 in EGFP-Parkin-expressing 
HeLa cells transiently expressing TOM70-ECFP, PINK1-YFP, and 3xFLAG or FL HKDC1-3xFLAG treated with or without A/O for 1 h followed by immunoprecipitation 
with antibody against FLAG. N = 3. The asterisk denotes non-specific bands. (D) Representative WB (Upper) and quantification (Lower) of FL-PINK1 in siLuc- or 
siTOM70-treated HeLa cells overexpressing EGFP-Parkin with transient control 3xFLAG or HKDC1-3xFLAG overexpression treated with or without 7.5 μM CCCP for 
1.5 h. N = 3. (E) Schematic domain structure of FL HKDC1, TOM20TMD HKDC1, and N20 HKDC1, showing the N-terminal MBD site or TMD site, two HK domains, 
and the mNG tag. a.a. represents amino acids. (F) Representative immunoblots of FLAG and mNG in EGFP-Parkin-expressing HeLa cells transiently expressing 
TOM70-3xFLAG and mNG, FL HKDC1-mNG, TOM20TMD HKDC1-mNG, or N20 HKDC1-mNG followed by immunoprecipitation with antibody against FLAG. N = 3. 
Red arrowheads denote TOM20TMD HKDC1-mNG or N20 HKDC1-mNG. Values are represented as the mean ± SD, and P-values (***P < 0.001) were determined 
by one-way ANOVA with Tukey’s multiple comparison test.
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presumably through induction of lysosomal biogenesis (25), 
although the actual TFEB targets during lysosomal damage remain 
elusive. To compare transcriptomes between WT and TFEB KO 
cells, we performed RNA-seq 6 h or 12 h after inducing lysosomal 
damage with the lysosomotropic compound Leu–Leu methyl 
ester (LLOMe), or after no treatment. Interestingly, HKDC1 
was one of 14 genes with greater downregulation in TFEB KO 
cells compared to WT cells between 6 h and 12 h after LLOMe 
treatment (Fig.  5A). Furthermore, HKDC1 was significantly 
upregulated after LLOMe treatment in a TFEB-dependent 
manner (Fig. 5B). By contrast, HK1 and HK2 were not changed 
by LLOMe treatment (SI Appendix, Fig. S6A), suggesting that 
HKDC1 is specifically regulated by TFEB even under lysosomal 
damage conditions.

To determine whether HKDC1 plays a role in the lysosomal 
damage response, we knocked down HKDC1 and examined the 
turnover of damaged lysosomes after LLOMe treatment by detect­
ing galectin-3 (Gal3) (16), a β-galactose–binding lectin and a 
marker of damaged endosomes and lysosomes. When lysosomes 
are damaged, its luminal glycochain is exposed to and then recruit 
cytosolic Gal3, forming puncta. Importantly, knockdown of 
HKDC1 impaired the clearance of Gal3 puncta within 10 h after 
LLOMe washout (Fig. 5C), suggesting that HKDC1 is also essential 
for the clearance of damaged lysosomes. To determine its role in 

this process, we first examined the possible involvement of HKDC1 
in lysophagy. Upon lysosomal damage, damaged lysosomes are 
ubiquitinated and are thought to be recognized by the autophagic 
receptor p62/SQSTM1 (16, 20). We found that the numbers of 
Ub and p62 puncta in HKDC1-deficient cells were comparable to 
those in siLuc-treated cells (SI Appendix, Fig. S6B), suggesting that 
HKDC1 did not affect lysophagy. We then assessed whether 
HKDC1 participates in ESCRT-mediated repair, which is critical 
for lysosomal homeostasis after damage (18, 19). Intriguingly, 
knockdown of HKDC1 restrained the recruitment of ESCRT com­
ponents on damaged lysosomes as shown by decreased numbers of 
puncta of the ESCRT-III component CHMP4B, the CHMP4A- 
interacting protein ALIX, and the ESCRT-III interactor VPS4 
(Fig. 5D). Furthermore, we verified that HKDC1 mitochondrial 
localization is necessary for its role in lysosomal repair (SI Appendix, 
Fig. S6C). Because a previous report suggested that ESCRT recruit­
ment requires calcium (19), we investigated intra-luminal calcium 
dynamics in lysosomes using Oregon Green 488 BAPTA-5N 
(OG-BAPTA-5N) and a calcium-insensitive probe, Texas Red–con­
jugated dextran. Of note, lysosomal calcium intensity was signifi­
cantly reduced in HKDC1-deficient cells only under lysosomal 
damage conditions (SI Appendix, Fig. S6D). It was recently shown 
that mitochondria–lysosome contact mediated by mitochondrial 
VDAC1 and lysosomal TRPML1 is critical for calcium transport 

Fig. 5. Complexes of HKDC1 with VDACs regulate mitochondria–lysosome contact and are essential for lysosomal repair. (A) RNA-seq analysis results are shown 
in Venn diagrams depicting the numbers of DEGs from WT vs. TFEB KO HeLa cells with or without treatment with LLOMe for 1 h followed by washout for 6 h or 
12 h. N = 4. (B) Validation of qPCR-detected HKDC1 expression in WT or TFEB KO HeLa cells treated with LLOMe for 1 h followed by washout for 3 h or 10 h. N = 3.  
(C) Representative Gal3-antibody immunostaining images (Left) and quantification (Right) of damaged lysosomes in HKDC1 knockdown HeLa cells treated with 
LLOMe for 1 h followed by washout for 3 h or 10 h. Nuclei were stained with DAPI. N = 3. (Scale bar, 10 μm.) (D) Representative IF images (Left) and quantification 
(Right) of CHMP4B, ALIX, or VPS4 puncta in siLuc- or siHKDC1-transfected HeLa cells treated with 1 mM LLOMe for 0, 30, or 60 min. N = 3. (Scale bar, 10 μm.)  
(E) VDAC1-, VDAC2-, and VDAC3-3xFLAG were transiently expressed in HeLa cells stably expressing FL HKDC1–mNG. HKDC1-mNG was immunoprecipitated with 
mNG agarose beads. N = 3. Red arrowheads represent VDAC1, 2, and 3, respectively. (F) Schematic domain structure (Left Upper) of SPLICS reporter to detect 
lysosome–mitochondria (LY-MT) contact sites. Representative images (Left Lower) and quantification (Right) of SPLICS GFP punctate spots in siLuc- or siHKDC1-
treated HeLa cells with or with LLOMe for 2 h. Nuclei were stained with DAPI. N (number of analyzed cells) ≥ 30. (Scale bar, 10 µm.) Values are represented as 
the mean ± SD, and P-values (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) were determined by one-way ANOVA with Tukey’s multiple comparison test 
(B, D, and F) or unpaired t test (C).

http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
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(7). Our interactome analysis confirmed that HKDC1 interacts 
with VDAC1, 2, and 3 (Fig. 5E). Notably, HKDC1 interacts with 
all the VDACs not through the MBD alone (SI Appendix, Fig. S6E), 
resembling TOM70. These results led us to hypothesize that 
HKDC1 contributes to lysosomal homeostasis through the mito­
chondria–lysosome contact site. We examined whether loss of 
HKDC1 function affected mitochondria–lysosome contact by 
using HeLa cells expressing split-GFP fragments—TOM20-GFP1-10 
and nonfluorescent β11-LAMP1. The fluorescence signal of GFP 
exhibits when TOM20-GFP1-10 and β11-LAMP1 are located in 
close proximity (8 to 50 nm) (38). The number of GFP puncta was 
significantly increased upon lysosomal damage, in an HKDC1- 
dependent manner (Fig. 5F). Simultaneously, CLEM observations 
confirmed the GFP puncta locate between mitochondria and 
lysosomes (SI Appendix, Fig. S6F). We also verified the mito­
chondria–lysosome contact by using a PLA to evaluate the phys­
ical interaction between EGFP-TRPML1 and endogenous 
VDAC1 (SI Appendix, Fig. S6G). Similarly, knockdown of all 
VDACs (VDAC1, 2, and 3) showed a higher residual percentage 
of damaged lysosomes after LLOMe treatment (SI Appendix, 
Fig. S7A) and inhibition of VDAC1 decreased the number of 
ALIX puncta (SI Appendix, Fig. S7B). By contrast, depletion or 
overexpression of all three VDACs did not block PINK1 accu­
mulation (SI Appendix, Fig. S7 C and D). These data suggest that 
HKDC1–VDACs is crucial for maintaining lysosomal homeo­
stasis by affecting mitochondria–lysosome contact, and this ulti­
mately affects lysosomal calcium levels that are essential for 
ESCRT-mediated repair.

Mitochondrial and Lysosomal Homeostasis Maintained by HKDC1 
Counteracts Cellular Senescence. Mitochondria and lysosomes are 
critical organelles involved in cellular homeostasis, and abnormal 
mitochondria and lysosomes are implicated in cellular senescence 
(39–41). Since TFEB and HKDC1 are essential to maintain the 
homeostasis of both organelles, we wondered whether the TFEB–
HKDC1 axis plays a pivotal role in preventing cellular senescence. 
We detected HKDC1 expression during DNA damage–induced 
senescence using human retinal pigment epithelial (RPE1) cell 
lines induced with the genotoxic agent doxorubicin (DXR) 
(42). Intriguingly, the HKDC1 expression level was upregulated 
under DXR treatment, and this upregulation was dependent 
on TFEB (Fig. 6A). We next examined DNA damage–induced 
senescence with knockdown of TFEB or HKDC1. In the siLuc-
transfected group, DXR treatment for 3 d and 6 d induced 
cellular senescence, as shown by the increased expression of p16 
and p21, whereas the siHKDC1-transfected group displayed 
further enhanced levels of p16 and p21 (Fig. 6B and SI Appendix, 
Fig.  S8A). Similarly, knockdown of TFEB promoted elevation 
of p21 after DXR treatment for 3 d (SI Appendix, Fig. S8B). In 
addition, the number of senescence-associated β-galactosidase (SA-
β-gal)–positive cells after DXR treatment for 5 d was markedly 
increased by HKDC1 knockdown (Fig. 6C). Senescent cells also 
showed the senescence-associated secretory phenotype (SASP), as 
demonstrated by increased levels of IL-1α and IL-1β (43). The 
lack of HKDC1 significantly stimulated IL-1α and IL-1β mRNA 
expression after DXR treatment for 3 d (Fig. 6D). To further clarify 
whether HKDC1's role in glycolysis or its scaffolding function 
in mitochondria is primarily responsible for this effect, we also 
performed rescue experiment utilizing the △N20 HKDC1 and 
SA HKDC1 mutant during cellular senescence. Compellingly, 
only ∆N20 HKDC1 mutant was unable to rescue the increased 
IL-1α and IL-1β, whereas SA HKDC1 mutant as well as FL 
HKDC1 showed restored IL-1α and IL-1β (Fig. 6D). It denotes 

that HKDC1’s responsibility for preventing cellular senescence lies 
in its scaffolding function on mitochondria.

Since HKDC1’s inhibitory effect on cellular senescence is 
dependent on its localization on mitochondria, we next detected 
how mitochondrial function is affected by suppression of HKDC1. 
We found knockdown of HKDC1 led to mitochondrial dysfunc­
tion by assessing mitochondrial reactive oxygen species (ROS) and 
oxygen consumption rate during cellular senescence (Fig. 6E and 
SI Appendix, Fig. S8C). Moreover, mitochondria in senescent cells 
always exhibited a hyperfused tubular structure (43, 44). HKDC1 
knockdown resulted in an increased number of tubular mitochon­
dria, as shown by immunostaining with TOM20, indicating a 
cell-cycle defect and accelerated cellular senescence (Fig. 6F). In 
addition to causing mitochondrial morphological changes, 
HKDC1 deficiency impaired mitophagy in EGFP-Parkin-expressing 
senescent RPE1 cells (Fig. 6G).

We then examined whether HKDC1 regulates lysosomal home­
ostasis in senescent cells as well. Knockdown of HKDC1 acceler­
ated the accumulation of damaged lysosomes (identified by Gal3 
puncta) during cellular senescence (Fig. 6H). Taken together, our 
results suggest that HKDC1 counteracts cellular senescence by 
maintaining both mitochondrial and lysosomal homeostasis.

Discussion

Our findings demonstrated that HKDC1, a direct target gene of 
TFEB, is upregulated by both mitochondrial and lysosomal stress. 
The TFEB–HKDC1 axis plays an essential role in PINK1/Parkin-
dependent mitophagy by PINK1 stabilization, presumably through 
the interaction of HKDC1 with TOM70. Additionally, HKDC1 
and the VDACs with which it interacts are important for the repair 
of damaged lysosomes, possibly as a result of regulating mitochon­
dria–lysosome contact. We also showed that HKDC1 plays a key 
role in preventing DNA damage–induced cellular senescence in 
human cells through the maintenance of both mitochondrial and 
lysosomal homeostasis (Fig. 7).

Our work expanded upon the previously described physiological 
roles of HKDC1. HKDC1 is a putative fifth HK that mainly 
functions in glucose metabolism (45, 46). A recent report showed 
that mitochondrial localization of HKDC1 plays an essential role 
in liver cancer progression by regulating ATP levels (47). Here, we 
show that HKDC1 scaffolding in mitochondria is required for 
PINK1 accumulation and Parkin recruitment, the initial steps of 
PINK/Parkin-dependent mitophagy. Together with the previously 
demonstrated functions of TOM70 (36), HKDC1 stabilizes 
PINK1 by interacting with TOM70; this stabilization is important 
for PINK1 import into mitochondria under mitochondrial depo­
larization. Although we demonstrated that HKDC1 interacts with 
VDACs and it was previously reported that VDACs are required 
for Parkin recruitment into defective mitochondria (48), we proved 
that VDACs are not essential for PINK1 accumulation. Therefore, 
we exclude the possibility that HKDC1 stabilizes PINK1 via its 
interaction with VDACs. There is a broader range of possibilities 
as to why PINK1 becomes undetectable in HKDC1 KD cells after 
A/O treatment. On one hand, an efficient translation of mRNAs 
and trafficking of proteins across organelles allow cells to function 
exactly. Increasing evidence demonstrates that mitochondrial pro­
teins are co-translated by mRNAs in its close proximity (49–51). 
Therefore, PINK1 translation could be achieved surrounding the 
mitochondria, which might be affected by HKDC1 deficiency. On 
the other hand, knockdown of HKDC1 might lead to PINK1 
import into mitochondria and degraded by other peptidases in 
mitochondria, such as ATP23, IMMP1L, IMMP2L, HTRA2, and 

http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2306454120#supplementary-materials
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Fig. 6. Mitochondrial and lysosomal homeostasis maintained by HKDC1 counteracts cellular senescence. (A) qPCR-determined relative mRNA expression of 
HKDC1 in TFEB knockdown cells with or without DXR treatment for 3 d. N = 3. (B) Representative WB (Left) and quantification (Right) of p16 and p21 in siLuc- or 
siHKDC1-transfected RPE1 cells treated with 150 ng/mL DXR for 0, 3, or 6 d. N = 3. (C) Representative staining images (Left) and quantification (Right) of SA-β-
gal–positive cells in siLuc- or siHKDC1-treated senescent RPE1 cells induced by DXR treatment for 5 d. N = 3. (Scale bar, 100 μm.) (D) qPCR-determined relative 
mRNA expression of IL-1α and IL-1β in siLuc- or siHKDC1-transfected RPE1 cells stably expressing FL HKDC1-mNG, ∆N20 HKDC1-mNG or SA HKDC1-mNG and 
treated with or without DXR for 3 d. N = 3. (E) Representative images (Left) and quantification (Right) of ROS with MitoSOX staining in siLuc- or siHKDC1-transfected 
RPE1 cells treated with or without 150 ng/mL DXR for 3 d. N = 3. (Scale bar, 10 μm.) (F) Representative images (Left) and quantification (Right) of mitochondrial 
morphology in siLuc- or siHKDC1-transfected RPE1 cells in the absence of DXR treatment detected by immunostaining with TOM20 antibody. N = 3. (Scale bar, 
10 μm.) (G) Representative WB (Upper) and quantification (Lower) of TOM20 and UQCRC1 in siLuc- or siHKDC1-transfected RPE1 cells treated with 150 ng/mL DXR 
for 3 d, and with or without val for 10 h. N = 3. (H) Representative images (Left) and quantification (Right) of Gal3 puncta in siLuc- or siHKDC1-transfected RPE1 
cells stably overexpressing GFP-Gal3 with or without DXR treatment. N = 3. (Scale bar, 10 μm.) Values are represented as the mean ± SD, and P-values (*P < 0.05, 
**P < 0.01, ****P < 0.0001) were determined by one-way ANOVA with Tukey’s multiple comparison test (A–E, G, and H) or unpaired t test (F).
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LACTB, etc., given that there have been various reports in which 
a single substrate can be cleaved by multiple mitochondria proteases 
(52–54). It would be interesting to examine why the level of PINK1 
is reduced in HKDC1-deficient cells. It is also noteworthy that 
another HK, HK2, was highly expressed during mitochondrial 
depolarization and it was one of the prominent HKDC1-interacting 
proteins. Heo et al. recently found that the scaffolding function of 
HK2 promoted the assembly of a high-molecular-weight complex 
of PINK1, but the absence of HK2 had no obvious effect on 
PINK1 accumulation (55). Our findings demonstrate potential 
additional functions of mitochondrial HK family members in 
PINK1 stabilization on depolarized mitochondria.

We also revealed that HKDC1 was upregulated upon lysosomal 
stress and that lack of HKDC1 led to defective clearance of dam­
aged lysosomes. HKDC1 deficiency impaired ESCRT recruitment 
on damaged lysosomes within 1 h after the damage, suggesting 
that HKDC1 is involved in a rapid response to lysosomal damage. 
Together with our experimental results that VDAC1 interacts with 
HKDC1, and they behave alike when forming mitochondria–lys­
osome contact and responding to lysosomal damage rather than 
accumulating PINK1, we assume that HKDC1 controls lysosome 
homeostasis through mitochondria–lysosome contact. The recruit­
ment of ESCRT machinery is highly dependent on damage-related 
lysosomal calcium efflux that is sensed by the calcium-binding 
protein apoptosis-linked gene-2 (56). We found that knockdown 
of HKDC1 reduced the lysosomal luminal calcium level only dur­
ing lysosomal damage, which could be due to decreased recruit­
ment of ESCRT components. What then are the mechanisms by 
which HKDC1 maintains this calcium level during lysosomal 
damage? It was recently shown that at mitochondria–lysosome 
contact sites, calcium is transferred from lysosomes to mitochon­
dria via the lysosomal channel TRPML1, mitochondrial VDAC1 
(MOM protein), and the mitochondrial calcium uniporter (MIM 
protein) (7, 11). Importantly, we found that the number of mito­
chondria–lysosome contact sites was increased during lysosomal 
damage, and this increase was HKDC1-dependent. On the other 
hand, the calcium concentration in the lysosomal lumen is higher 
than that in the mitochondria; therefore, it is unclear whether the 
transfer of calcium from mitochondria to lysosomes via the 
increased number of mitochondria–lysosome contact sites actually 

occurs and is a mechanism by which HKDC1 maintains the cal­
cium concentration in the lysosomal lumen. Interestingly, it has 
recently been reported that substance exchange takes place between 
the endoplasmic reticulum (ER), lysosomes, and mitochondria as 
a result of three-way contact between these structures (57). It has 
also been shown that calcium transfer from the ER to lysosomes 
is selectively mediated by ER–lysosomal contact sites when lyso­
somes are damaged (58). Considering that the ER is the primary 
site of intracellular calcium storage, the hypothesis that HKDC1 
efficiently replenishes lysosomes with calcium by promoting the 
formation of three-way contact between ER, lysosomes, and mito­
chondria is attractive, although further examination is needed.

In addition to calcium, ions, ATP, and lipids are transferred at 
mitochondria–lysosome contact sites. The interaction between 
VDAC2 on mitochondria and PI3K on endolysosomes promotes 
endolysosomal maturation by contributing to ATP release from 
mitochondria and subsequent proton influx into endosomes (59). 
Furthermore, contact site–dependent lipid transfer via interaction 
between lysosomal Niemann–Pick type C1 protein and mitochon­
drial translocator protein is known to be involved in the mainte­
nance of lysosomal and mitochondrial function (9, 10). In view 
of the above, future studies should verify in detail the specific 
HKDC1-regulated transfer of substances (other than calcium) 
between mitochondria and lysosomes.

Dysfunction of both mitochondria and lysosomes is closely 
associated with cellular senescence. The role of the TFEB–HKDC1 
axis in maintaining mitochondria and lysosomes is essential for 
cellular senescence. A recent report has shown that the TFEB 
activation is a hallmark of senescence (40), which supports our 
observation that, as the target gene of TFEB, HKDC1 was 
increased in the DNA damage-induced senescent cells. Accumu­
lating evidence shows that inhibition of glycolysis attenuates cel­
lular senescence (60). However, deletion of HKDC1, which poorly 
impacts glycolytic activity (33), promoted cellular senescence. 
Moreover, our results demonstrated that expressing HK-deficient 
mutant in HKDC1 knockdown RPE1 cells was able to repress 
SASP expression, while the mutant without MBD was incapable. 
Thus, HKDC1 prevents cellular senescence in a mitochondrial 
anchor-dependent manner. Another point is worth mentioning 
that p16 and p21 levels are already higher in HKDC1 knockdown 
cells, even in the absence of DNA damage induction. We com­
pared the fold increase in p16 and p21 levels. Due to increased 
level under no DXR condition in siHKDC1-transfected cells, the 
fold increase of DXR condition vs. Ctrl condition in siHKDC1- 
transfected cells was lower than that in siLuc-transfected cells. As 
it has been reported that the cell cycle inhibitors can be activated 
by depletion of HK2 (61) and HKDC1 structurally resembles 
HK2, we reasonably speculate that knockdown of HKDC1 also 
activates these cell cycle inhibitors, p16 and p21, the upregulation 
of which might simply reflect cell cycle inhibition without impli­
cated in deleterious effects (62). Importantly, the SA-β-gal–positive 
cells and SASP in siHKDC1-transfected cells under no DXR 
condition did not show significant difference compared to 
siLuc-transfected cells, implying HKDC1’s key role in preventing 
cellular senescence. We, besides, confirmed that HKDC1 defi­
ciency resulted in mitochondrial dysfunction, increased numbers 
of hyperfused mitochondria, impaired mitophagy, and the accu­
mulation of damaged lysosomes, all of which are implicated in 
cellular senescence and multiple diseases exhibiting a senescence- 
like phenotype (41, 63–66). Therefore, our findings highlight that 
HKDC1 may be a potential therapeutic target for aging-related 
diseases.

In conclusion, HKDC1, which is the direct downstream target 
of TFEB, functions as a convergent factor regulating both 

Fig. 7. Schematic model of HKDC1-mediated organelle maintenance. Both 
mitochondrial and lysosomal stress stimulate TFEB nuclear translocation, 
followed by increased HKDC1 expression. HKDC1 stabilizes PINK1 through 
interaction with TOM70, thereby facilitating PINK1/Parkin-dependent 
mitophagy. Additionally, HKDC1 and the VDAC proteins with which it 
interacts are important for repair of damaged lysosomes and maintaining 
mitochondria–lysosome contact. HKDC1 prevents DNA damage–induced 
cellular senescence by maintaining mitochondrial and lysosomal homeostasis.
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mitochondrial and lysosomal homeostasis, and plays an important 
role in attenuating cellular senescence by improving mitochondrial 
and lysosomal function.

Materials and Methods

Cell Lines and Cell Culture. HeLa Kyoto, A549, plat-E, and RPE1 cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM, D6046, Sigma) supplemented with 
10% fetal bovine serum (FBS, 10270106, Gibco) and 1% penicillin/streptomycin 
(P4333, Sigma). PTECs were cultured in low-glucose DMEM (08456-65, Nacalai) 
with 5% FBS and 1% penicillin/streptomycin (P4333, Sigma). All cells were cultured 
at 37 °C and 5% CO2. For transient expression studies, each plasmid was transfected 
by Lipofectamine 2000 (11668019, Invitrogen) and samples were used 24 h after 
transfection. For drug treatment experiments, cells were incubated in medium 
containing one or more of the following compounds: 10 μM valinomycin (V0627, 
Sigma), 7.5 μM carbonyl cyanide 3-chlorophenylhydrazone (CCCP, C2759, Sigma),  
4 μM antimycin A (A8674, Sigma), 10 μM oligomycin (495455, Sigma), 10 μM 
MG132 (474790, Sigma), 1 mM LLOMe hydrobromide (LLOMe, L7393, Sigma), 150 
ng/mL DXR (040-21521, FUJIFILM Wako Chemicals), 125 nM Bafilomycin A1 (BafA1, 
11038, Cayman Chemical), 10 μM Bortezomib (504314, Sigma), or 10 μM MK6-83 
(21944, Cayman Chemical), as indicated in the figure legends. For the nutrient star-
vation, the cells were cultured in Earle’s Balanced Salt Solution (EBSS, E2888, Sigma).

The remaining methods are described online in SI Appendix.

Data, Materials, and Software Availability. RNA-seq data, Proteomic data 
have been deposited in National Center for Biotechnology Information Gene 
Expression Omnibus, Proteome Xchange (jPOST) (GSE226743, PXD040970 for 
ProteomeXchange and JPST002097 for jPOST) (67, 68).
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